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Abstract: Colorectal cancer (CRC) is one of the most common cancers that is characterized by a high
mortality due to the strong metastatic potential of the primary tumor and the high rate of therapy
resistance. Hereby, evasion of apoptosis is the primary underlying cause of reduced sensitivity of
tumor cells to chemo- and radiotherapy. Using RNA affinity chromatography, we identified the
tripartite motif-containing protein 25 (TRIM25) as a bona fide caspase-2 mRNA-binding protein
in colon carcinoma cells. Loss-of-function and gain-of-function approaches revealed that TRIM25
attenuates the protein levels of caspase-2 without significantly affecting caspase-2 mRNA levels.
In addition, experiments with cycloheximide revealed that TRIM25 does not affect the protein
stability of caspase-2. Furthermore, silencing of TRIM25 induced a significant redistribution of
caspase-2 transcripts from RNP particles to translational active polysomes, indicating that TRIM25
negatively interferes with caspase-2 translation. Functionally, the elevation in caspase-2 upon
TRIM25 depletion significantly increased the sensitivity of colorectal cells to drug-induced intrinsic
apoptosis as implicated by increased caspase-3 cleavage and cytochrome c release. Importantly, the
apoptosis-sensitizing effects by transient TRIM25 knockdown were rescued by concomitant silencing
of caspase-2, demonstrating a critical role of caspase-2. Inhibition of caspase-2 by TRIM25 implies a
survival mechanism that critically contributes to chemotherapeutic drug resistance in CRC.
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1. Introduction

The occurrence of drug resistance is a major obstacle that frequently limits the therapeutic benefit
of cancer therapeutics. For this reason, the implementation of novel therapies that resensitize tumor
cells towards current tumor therapies is urgently needed. In addition to disturbances in drug–target
interactions leading to an increased drug efflux due to elevated expression of efflux transport proteins,
e.g., the P-glycoproteins, defects in apoptosis programs represent further important reasons for therapy
resistance (for a review, see [1,2]). Mechanistically, the reduced sensitivity towards apoptotic insults in
tumor cells is achieved by the enhanced activation of cell survival pathways either due to mutations in

Cells 2019, 8, 1622; doi:10.3390/cells8121622 www.mdpi.com/journal/cells

http://www.mdpi.com/journal/cells
http://www.mdpi.com
https://orcid.org/0000-0001-5277-9931
http://www.mdpi.com/2073-4409/8/12/1622?type=check_update&version=1
http://dx.doi.org/10.3390/cells8121622
http://www.mdpi.com/journal/cells


Cells 2019, 8, 1622 2 of 20

tumor suppressor genes and/or as a consequence of impaired transcriptional or posttranscriptional
control of apoptosis regulatory factors. A prominent example is the overexpression of members
of the inhibitor of apoptosis (IAP) protein family, including the X-linked IAP (XIAP) and survivin,
which is closely associated with a resistant phenotype of human malignancies, including advanced
colorectal cancer [3,4]. As a consequence, therapy-resistant tumor cells are characterized by impaired
activation of caspases, a family of cysteine-aspartate proteases that mediate the proteolytic processing
of diverse downstream substrates in response to disruptive insults (for a review, see [2,5]). In addition
to elevations in IAP proteins, we previously identified direct inhibition of caspase-2 translation by
the ubiquitous mRNA-binding protein human antigen R (HuR) as a novel path of therapy resistance
in colon carcinoma cells [6–8] (for a review, see [9]). In contrast to other members of the caspase
family, the defined role of caspase-2 in apoptosis is still debated. Regardless, by acting as an initiator
caspase, caspase-2 plays a critical role in the execution phase of apoptosis in response to DNA damage,
genotoxic drugs, or mitotic catastrophe (for a review, see [10–12]).

In addition, recent data demonstrated that caspase-2 is critically involved in the control of various
nonapoptotic functions, including tumor suppression [13–17], genomic stability [18,19], oxidative
stress [20], and autophagy [21]. The pathophysiological relevance of caspase-2 is underscored by data
from animal tumor models demonstrating that the loss of caspase-2 critically contributes to tumor
development [13–15]. Correspondingly, diminished caspase-2 levels have been observed in different
human carcinomas [22–24]. Although many studies have elucidated the different modes of enzymatic
activation of caspase-2, less attention has focused on the control of caspase-2 expression.

In this study, using RNA affinity chromatography, we searched for RNA-binding proteins
potentially involved in the regulation of caspase-2 translation. Thereby, we identified the tri-partite
motif-containing protein (TRIM) 25, synonymously denoted as estrogen responsive finger protein (Efp),
as a novel binding protein of caspase-2 mRNA. Originally, TRIM25 was described as an E3 ligase that
mediates lysine (K) 63-linked polyubiquitination of the viral RNA sensor retinoic acid-inducible gene 1
(RIG-1), crucially involved in interferon signaling (for a review, see [25]). In addition to an antiviral
cell response, evidence is accumulating that TRIM25 can exert important tumorigenic functions, e.g.,
control metastatic gene signatures at the transcriptional and post-transcriptional level [26]. Accordingly,
an overexpression of TRIM25 has been demonstrated in many human cancers and correlates with a
poor prognosis of patients (for a review, see [27]). Interestingly, recent data demonstrated a direct
interconnection between the regulation of mRNA functions and the ubiquitin proteasome system.
Although TRIM25 lacks any typical RNA binding domains (RBDs), previous studies showed that it
can influence the processing and stability of bound mRNA (reviewed by [25]). In the present study, we
unveil a novel mRNA modulatory function of TRIM25, which is critically involved in the negative
regulation of caspase-2 in different colon carcinoma cell lines. Furthermore, our data implicate that
inhibition of caspase-2 by TRIM25 protects tumor cells from chemotherapeutic drug-induced apoptosis
and may constitute a novel mechanism of drug resistance in human colorectal carcinoma cells.

2. Materials and Methods

2.1. Reagents and Antibodies

Doxorubicin was purchased from Biotrend Chemicals (Cologne, Germany). Actinomycin D and
rapamycin were obtained from Calbiochem (Schwalbach, Germany) and Merck KGaA (Darmstadt,
Germany). The caspase-2-specific chemical inhibitor (Z-VDVAD-FMK) was from R & D Systems
(Wiesbaden, Germany). Antibodies used in this study included the following: Anti-TRIM25
(#115737) from Abcam (Berlin, Germany) and (sc-166926) from Santa Cruz (Heidelberg, Germany),
respectively. Anti-caspase-2 (#611022) from BD Biosciences (Heidelberg, Germany), anti-caspase-3
(#9662), anti-phospho-S6 ribosomal protein (Ser240/244, #2215), and anti-cytochrome c (#4272) from
Cell Signaling (Frankfurt, Germany), anti-β-actin (#A2228) were from Sigma-Aldrich (Merck KGaA,
Darmstadt, Germany). Secondary Horseradish Peroxidase HRP-linked antibodies sc-2054 and sc-20559
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were obtained from Santa Cruz and a Cy5-coupled goat anti-mouse antibody was derived from
Life Technologies (Darmstadt, Germany). Hyperfilm and the ECL system were purchased from GE
Healthcare (Freiburg, Germany). Go-Taq polymerase was from Promega (Mannheim, Germany).
Medium and supplements as well as modifying enzymes were from Invitrogen (Karlsruhe, Germany).

2.2. Cell Culture

The colon carcinoma cell lines DLD-1 bearing a heterozygous mutation in p53 were derived from
the German Collection of Microorganisms and Cell Cultures (Braunschweig, Germany). The p53
wild-type cell line RKO and HEK293 cells were received from LGC-Promochem (Wiesbaden, Germany).
Cells were maintained in Dulbecco′s modified eagle′s medium with 10% heat-inactivated fetal calf
serum and a combination of 100 U/mL penicillin and 100 µg/mL streptomycin (Merck KGa, Frankfurt
am Main, Germany).

2.3. RNA Interference

Subconfluent cells were transiently transfected with siRNAs by employing the Oligofectamine
reagent from Invitrogen (Karlsruhe, Germany) according to the manufacturer′s instructions.

The transient knockdown of genes was achieved by transfection of siRNA-duplexes from
50 nM validated siRNAs from Thermo Scientific against human TRIM25 (ID#15204, “siTRIM25#1”),
or alternatively, a mixture of FlexiTube siRNAs for human TRIM25 (SI0000072170, SI0000072163,
SI0000072156, and SI0000072149, “siTRIM25#2”) from Qiagen (Hilden, Germany) or the same amounts
of FlexiTube siRNA-duplexes for caspase-2 (SI00299551, “siCasp-2”) from Qiagen (Hilden, Germany).
For double siRNA transfections with siTRIM25#1 and siCasp-2, each siRNA was employed at
a concentration of 25 nM while a non-targeting siRNA (siCtrl, #D001206-13) from Dharmacon
(St. Leon-Rot, Germany) was used as a control.

2.4. Transient Overexpression of TRIM25

Subconfluent RKO cells were grown on 60-mm dishes and transiently transfected with 6 µg of
pFLAG-CMV-TRIM25 (pFLAG-CMV2-EFP from Addgene), or alternatively, with the same amount of
empty vector (pFLAG-CMV2) by using the Lipofectamine 2000 reagent (Thermo Scientific, Dreieich,
Germany) by following the instructions of the manufacturer. Routinely, 48 h after transfection, the cells
were used for further applications.

2.5. Western Blot Analysis

Cells were lysed by using a method described previously [6]. In brief, the cells were lysed in cold
lysis buffer (137 mM NaCl, 20 mM Tris-HCl pH 8.0, 5 mM EDTA pH 8.0, 10% glycerol, and 1% Triton
X-100) supplemented with a protease inhibitor mix from Roche (Mannheim, Germany). Snap-frozen
lysates were subsequently subjected to five freeze-thaw cycles by using liquid nitrogen. Total cell
lysates containing 20 to 30 µg of protein were prepared in SDS sample buffer and resolved by 12% or
15% SDS-PAGE and transferred for immunodetection onto nitrocellulose membranes by using specific
primary antibodies and the appropriate secondary antibodies. Thereafter, signals were visualized with
chemiluminescence using an ECL system from PerkinElmer (Rodgau, Germany). To confirm equal
loading of protein amounts, blots were probed with β-actin antibodies.

2.6. Mitochondrial Cytochrome C Release

Apoptosis-induced release of cytochrome c from the mitochondrial intermembrane space into
the cytoplasm [28] was monitored by cellular fractionation as described previously [8]. Thereafter,
cytosolic cytochrome c levels were analyzed by Western blot analysis using specific antibodies.
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2.7. qRT-PCR-Analysis

Total RNA was extracted from whole cells by using the Tri reagent (Merck KGaA). First strand
cDNA from equal amounts of RNA was synthesized by using random hexamer primer and the
RevertAid First Strand cDNA synthesis kit (Thermo Fisher Scientific, Darmstadt, Germany). Two-step
real-time PCR was performed using a Taqman (ABI 7700) from Applied Biosystems. The mRNA
levels for human TRIM25, caspase-2, and glyceraldehyde 3-phosphate dehydrogenase (GAPDH) were
determined by using a protocol according to the ‘hot start′ real-time PCR procedure with gene-specific
TaqMan probes (TRIM25: #Hs01116121_m1, Casp-2: #Hs00892481_m1 and GAPDH: #4310884E) from
Thermo Scientific. (Cycle Threshold) ct values were normalized to the ct values of GAPDH mRNA
within the same sample and quantified by using the 2−∆∆CT method.

2.8. Ribonucleoprotein- (RNP) IP RT-PCR Assay

Endogenous TRIM25-mRNA complexes were precipitated by using RNP-IP-qRT-PCR analysis as
described previously [29].

Briefly, cells were treated with ice-cold lysis buffer complemented with 40 U/mL RNasin. For
immunoprecipitation (IP) of endogenous TRIM25, total cell lysates (500 µg) were incubated overnight
at 4 ◦C either with 2 µg of a monoclonal anti-TRIM25 antibody (#sc-166926) diluted in lysis buffer
containing 5% fetal calf serum. Instead of anti-TRIM25 antibodies, the same amount of mouse
(immunoglobulin G) IgG was used in control IP reactions. Routinely, the cell lysates were precleared
for 1 h at 4 ◦C with protein G-Sepharose 4 Fast Flow (GE Healthcare, Freiburg, Germany) before
antibodies were added. Subsequently, fresh protein G-Sepharose beads were added and incubated at
4 ◦C for another 2 h with continuous rotation. After centrifugation for 2 min at 3000× g, precipitates
were washed three times with low-salt buffer (50 mM Tris-HCl pH 7.5, 150 mM NaCl, 0.2% Triton
X-100, 2 mM EDTA, 2 mM EGTA, 0.1% SDS, 40 U/mL RNasin) and three times with high-salt buffer
(50 mM Tris-HCl pH 7.5, 500 mM NaCl, 0.2% Triton X-100, 2 mM EDTA, 2 mM EGTA, 0.1% SDS,
40 U/mL RNasin), respectively. Thereafter, the precipitated RNA was extracted by using the Tri
reagent. TRIM25-bound transcripts were reverse transcribed (RT) using a random hexamer primer
and the RevertAid First Strand cDNA synthesis kit (Thermo Fisher Scientific, Darmstadt, Germany)
and analyzed by quantitative RT-PCR. The following primer sets were used: Caspase-2 fwd.: 5′-ACA
GGG GAC GCA GGA TAT TGG GA-3′, Caspase-2 rev.: 5′-GGT GGC CTT GCT TGG TCT CCC T-3′;
GAPDH fwd.: 5′-CAC CAT CTT CCA GGA GCG AG, GAPDH rev.: 5′-GCA GGA GGC ATT GCT
GAT -3′. The PCR products were separated on a 1% agarose gel containing GelRed from Biotium
(Biotrend, Cologne, Germany).

In addition, semiquantitative RT-PCR was performed by using Go-Taq hot start polymerase
(Promega, Mannheim, Germany) and conditions described for quantitative PCR.

Normalization of input RNA was confirmed by RT reaction of total cellular RNA isolated from
10% of cell extract as was used for IP and subsequent assessment of GAPDH levels. Similarly, mRNA
complexes associated with ectopically expressed Flag-tagged TRIM25 were precipitated by incubation
of anti-Flag-M2 magnetic beads with 500 µg of total cell lysates from RKO cells overexpressing
Flag-tagged cDNA constructs. To reduce unspecific binding of the tag to RNA, cell lysates were
precleared with 1 µg of transfer RNA for 1 h at 4 ◦C with continuous rotation before the addition of the
magnetic beads. The protocol used for RNA isolation was similar as described ahead.

2.9. RNA Affinity Chromatography

RNA affinity chromatography (Biotin pull down) was performed as described in [7]. In brief,
10 µg of BamHI-linearized plasmid bearing pCR2.1-5′-UTR-caspase-2 was used as an RNA sense probe
(based on NM_032982) with the help of a RiboMax-Large Scale RNA Production System-T7 from
Promega. Subsequently, in vitro transcribed RNA was biotinylated at the 5′-end with biotin-maleimide
(Linaris, Dossenheim, Germany) by use of an End Taq Labeling Kit from Vector Laboratories (Biozol,
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Eiching, Germany). In total, 20 µg of biotin-labeled transcript was mixed with streptavidin-conjugated
agarose beads and incubation buffer (10 mM Tris-HCl, pH 7.5; 150 mM KCl; 1.5 mM MgCl2; 0.5 mM
DTT supplemented with 40 U/mL RNasin) at 4 ◦C for 2 h under rotation. Thereafter, 300 µg of total cell
extract were incubated with the beads for 1 h at 4 ◦C with continuous rotation. Beads were washed
several times with incubation buffer before being resuspended with 20 µL of Laemmli buffer and
heated at 95 ◦C for 10 min. Eluted pull-down material was analyzed by Western blot analysis using a
TRIM25-specific antibody and equal input material was confirmed by Western blotting with the same
antibody used for the detection of pull-down material.

2.10. Liquid Chromatography/Mass Spectrometry (LC/MS)

For the identification of novel 5′UTR-caspase-2-binding proteins, RNA affinity chromatography
was performed as described above, but in contrast to resuspending the protein bound beads with
Laemmli buffer, they were incubated with 50 µL of 8 M urea, 50 mM Tris/HCl, pH 8.5, 10 mM DTT,
and incubated at 22 ◦C for 30 min. Reduced thiols were alkylated with 40 mM chloroacetamide and
samples were diluted with 25 mM Tris/HCl, pH 8.5, 10% acetonitrile to obtain a final urea concentration
of 2 M. After digestion with trypsin, the remaining peptides were analyzed by using LC/MS on a Q
Exactive Plus from Thermo Scientific™ and an ultra-high-performance liquid chromatography unit
(Thermo Scientific Dionex Ultimate 3000). For peptide identification, raw files were directly searched
against the Uniprot human reference proteome using the Mascot 2.2. search engine.

2.11. Separation of Polysomes from Translational Inactive RNP Granules

Separation of polysomes from RNP granules was achieved as described previously [30]. Briefly,
subconfluent cells from at least three 6-cm dishes were scrapped in ice-cold PBS/0.02% EDTA buffer
and collected by centrifugation for 5 min at 3000× g at 4 ◦C before the cell pellets were resuspended
with ice-cold lysis buffer (137 mM NaCl, 20 mM Tris-HCl pH 8.0, 5 mM EDTA pH 8.0, 10% glycerol, and
1% Triton X-100, 100 U/mL RNasin) and protease inhibitor mix (Roche, Mannheim, Germany) followed
by centrifugation at 10,000× g or 15 min at 4 ◦C. Supernatants were pooled and equal protein amounts
(500 to 1000 µg) were loaded on a sucrose cushion (1 M). Polysomes were isolated by centrifugation at
100,000× g for 2 h at 4 ◦C without a brake using a fixed angle rotor (in a Beckmann ultracentrifuge
and polysomal pellets dissolved in ice-cold polysome extraction buffer (PEB) buffer (10 mM Tris-HCl,
100 mM NaCl, 10 mM EDTA, 1% SDS, pH 7.4, 100 U/mL RNasin)). For isolation of postpolysomal
RNP fractions, the sucrose-containing supernatants were centrifuged a second time at 300,000× g for
3 h at 4 ◦C and pellets with RNPs dissolved in PEB buffer. RNA from both fractions was precipitated
overnight with 5 M LiCl and absolute ethanol. The precipitated RNA was further purified by using the
Nucleo Spin RNA Kit (Machery-Nagel, Düren, Germany) following the manufacturer′s instructions.
After cDNA synthesis, individual mRNA contents were measured by semi-quantitative RT-PCR as
described before.

2.12. Confocal Microscopy

Staining of intracellular TRIM25 was performed by a confocal microscopy as described [31]. Colon
carcinoma cells were seeded on cover glasses in 12-well plates (neoLab, Heidelberg, Germany) before
chemotherapeutic drugs were administered. Thereafter, cells were exposed to 4% paraformaldehyde
plus 0.25% Triton X-100 (AppliChem, Darmstadt, Germany) in PBS for 15 min for fixation and
permeabilization. After incubation in blocking solution (5% BSA in PBS), a monoclonal anti-TRIM25
antibody was added for 1 h at room temperature. Thereafter, cells were washed several times with
PBS before being incubated with a Cy5-conjugated anti-mouse antibody. Nuclei were counterstained
with 4′,6-diamidino-2-phenylindole (DAPI) (Life Technologies) for 2 min and finally washed with PBS.
Stained cells were finally monitored by using an LSM510 inverted laser scanning microscope from
Zeiss (Göttingen, Germany). Image analysis was performed with the help of ZEN2009 Light Edition
software from Zeiss.
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2.13. Statistical Analysis

Most experiments shown were performed at least three times. For proof of the statistical relevance,
the unpaired two-tailed t-test was used. p values ≤ 0.05 were considered as significant.

3. Results

3.1. Identification of TRIM25 as a Novel Caspase-2 mRNA-Binding Protein

Previously, we discovered a cell survival mechanism in colon carcinoma cells by which translation
of the pro-apoptotic caspase-2 is constitutively repressed by the ubiquitous mRNA-binding protein,
(human antigen R) HuR [6,8]. In order to identify further RNA-binding proteins that are critical
for caspase-2 translation, we performed streptavidin-tethered RNA affinity chromatography in
combination with mass spectrometry using total cell homogenates from untreated DLD-1 cells. Since
the negative regulation of caspase-2 by HuR depends on the 5′untranslated region (5′UTR), for
affinity purification, biotin-labelled in vitro-transcribed mRNAs encompassing either the 5′-UTR of
caspase-2, or alternatively, the coding region (cdr) of caspase-2 were used as baits. Proteins that
were bound to biotin-labelled RNAs were eluted and subsequently analyzed by mass spectrometry.
Among various eukaryotic translation initiation factors and some well-known RNA-binding proteins,
including HuR, we identified the tripartite motif-containing protein (TRIM) 25, synonymously denoted
as estrogen-responsive finger protein (Efp), as a protein strongly associated with the 5′UTR but only
with a weak affinity to the cdr of caspase-2 mRNA (Supplementary Table S1). Although results from the
mass spectrometry indicated a relatively low caspase-2 mRNA-binding affinity, we chose this candidate
because TRIM25 has previously been reported as a key determinant of breast cancer metastasis [26],
suggesting that it could also exert a tumorigenic role in colon carcinoma. An RNA-specific binding of
TRIM25 to caspase-2 mRNA in DLD-1 cells was validated by the RNP-IP RT-PCR assay (Figure 1A)
and confirmed in the colorectal cancer cell line RKO (Figure 1B). Western blot analysis furthermore
affirmed the specific binding of the antibody used for RNP-IP (right panels of Figure 1A,B). In addition,
the specificity of TRIM25 binding is indicated by the inability of the control, IgG, to yield appropriate
PCR amplicons (Figure 1A,B).

3.2. TRIM25 Negatively Interferes with Caspase-2 Translation

Next, we tested whether TRIM25 binding to caspase-2 mRNA would affect the translation
of caspase-2 in a similar way as we previously reported for HuR [6]. To this end, we analyzed
whether overexpression of TRIM25 would influence the abundance of caspase-2 protein. Due to
the lower transfection efficiencies in DLD-1 cells, these experiments were performed in RKO cells.
Transient transfection of Flag-tagged TRIM25 caused a robust overexpression of TRIM25 and was
concomitant with a clear and significant reduction in caspase-2 levels. Interestingly, a lower migrating
immunopositive band, which mainly appeared with ectopically expressed TRIM25 but also with
endogenous TRIM25, was also detected by using an anti-Flag antibody, suggesting that it probably
results from a post-translational modification of TRIM25. In contrast, an additional faster migrating
band in the lysates from ectopically expressed cells was not recognized by the anti-Flag antibody,
indicating that it may either represent an unspecific protein or results from a TRIM25 degradation
product devoid of the Flag tag. Instead, transfection of the empty vector did not significantly affect the
content of caspase-2 protein (Figure 2A). Notably, attenuation in caspase-2 levels upon ectopic TRIM25
expression was not observed in HEK cells, indicating that the inverse correlation of both proteins may
reflect a cell type-specific phenomenon (Figure 2B).
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Figure 1. TRIM25 is a bona fide caspase-2 mRNA-binding protein in the human colon carcinoma
cell line DLD-1 (A) and RKO (B). RNP-IP assays from total cell lysates of colon carcinoma cells were
performed and followed by RT-PCR. TRIM25-bound mRNA was precipitated by the addition of
monoclonal TRIM25-specific antibodies (anti-TRIM25) or, alternatively, the same amount of mouse IgG
(IgG) as a negative control. RNA samples were analyzed by semiquantitative RT-PCR using primersets
encompassing the coding region of caspase-2. The specific immunoprecipitation (IP) of TRIM25 in both
cell lines was validated by Western blot analysis (W.b.) as shown on the right-hand side. Input levels of
caspase-2 mRNA were monitored by RT-PCR (input). Graphs shown in the lower parts of the panels
show means ± SD (n = 3) and depict the relative caspase-2 binding to TRIM25 (filled bars) in relation to
IgG (open bars). *** p ≤ 0.001 vs. IgG.

Next, the inverse correlation between TRIM25 and caspase-2 proteins was tested by employing
transient TRIM25 knockdown. Monitoring of the time-dependent effectiveness of TRIM25 knockdown
(siTRIM25) revealed a strong and stable decrease in TRIM25 protein expression in both colon carcinoma
cell lines tested, whereas transfection with a scrambled siRNA (siCtrl.) had no effects (Figure 3A,B,
Figure S1A,B). Importantly, in both tested cell lines, the increase in caspase-2 levels upon TRIM25
knockdown was only transient and most obvious 48 h after siRNA transfection (Figure 3A,B, Figure
S1A,B). Similar to the effects observed after knockdown of TRIM25, an inducible effect on caspase-2
levels, which was only transient, was previously observed upon HuR depletion, indicating the existence
of compensatory mechanisms that counter-regulate the forced increase in caspase-2 in colon carcinoma
cells [7]. For this reason, we continued further experiments with an siRNA-mediated approach rather
than employing a stable knockdown of TRIM25. A similar TRIM25 knockdown-dependent rise in
caspase-2 protein was observed with siRNA duplexes targeting another sequence of TRIM25 (Figure
S1C,D), supporting that the induction of caspase-2 does not result from off-target effects. Furthermore,
the increase in caspase-2 upon TRIM25 knockdown was only observed on the protein level but not
on the mRNA level, independent of the colon carcinoma cell line that was assessed (Figure S2A,B).
Importantly, the protein content of caspase-2 was strongly diminished after 72 h of cell culturing
on Petri dishes probably because the synthesis and/or the stability of caspase-2 protein is negatively
affected if cells are cultured for such long periods (Figure S1A,B).
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Figure 2. TRIM25 reduces abundance of caspase-2 protein in RKO cells but not in HEK cells.
Subconfluent RKO (A) or HEK293 (B) cells mock transfected (-) or transfected with the indicated
amount of Flag-tagged human TRIM25 (pCMV-Flag-TRIM25) or, alternatively, with the same amount
of empty pCMV-Flag vector (pCMV-Flag). Then, 48 h after transfection, the amounts of endogenous
and ectopic TRIM25 and caspase-2 were monitored by Western blot analysis and β-actin was used as a
loading control. Graphs at the bottom show means ± SD (n = 3) and depict the relative abundance of
TRIM25 (open bars) and caspase-2 (filled bars) protein in both transfected cell populations. ** p ≤ 0.005,
*** p ≤ 0.001 (TRIM25), and # p ≤ 0.05 (Casp2), respectively, vs. empty vector transfected.

Together, these observations imply that the negative effects by TRIM25 on caspase-2 are not due
to changes in caspase-2 mRNA levels but rely mainly on the modulation of caspase-2 protein content.
To test whether the increase in caspase-2 upon TRIM25 knockdown is mainly due to an enhanced
translation or, alternatively, would rely on increased protein stability, we monitored the time-dependent
decay of caspase-2 in the presence or absence of cycloheximide (CHX), an inhibitor of eukaryotic
translation (Figure S3). After the administration of CHX 24 h post transfection, we found that the
TRIM25 silencing-dependent increase in caspase-2 was reduced in the presence of CHX, with a total loss
in caspase-2 increase seen after an additional 24 h (Figure 4A). In contrast, the levels of TRIM25 were not
affected by CHX, indicating that the TRIM25 protein has a long half-life. Similar results were obtained
with RKO cells (Figure 4B). Together, these results indicate that the increase in caspase-2 protein in
TRIM25 knockdown cells depends on de novo protein synthesis but does not result from elevated
caspase-2 protein stability or changes in corresponding mRNA expression levels. This assumption was
further verified by the results from polysomes/RNP fractionation experiments. Due to the low yield
of input material from transfected cells, we used a protocol that crudely separates fractions derived
from low- and high-molecular weight polysomes from fractions containing translational inactive
RNPs. Quantification of caspase-2 mRNA levels in polysomes and nonpolysomal RNP fractions
from both transfected cell populations (siCtrl. and siTRIM25) by quantitative RT-PCR revealed a
significant increase in the relative polysome:RNP ratio of caspase-2 mRNA in siTRIM25-transfected
cells, indicating increased caspase-2 translation when compared to control siRNA-transfected cells
(Figure 4C).
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Figure 3. Silencing of TRIM25 increases caspase-2 protein levels in colon carcinoma cells. Subconfluent
DLD-1 (A) or RKO (B) cells were transfected with control siRNA duplexes (siCtrl.) or with siRNA
duplexes of TRIM25 (siTRIM25). Then, 48 h after transfection, cells were harvested and total protein
lysates (20 µg) were subjected to SDS-PAGE. The abundance of TRIM25 and caspase-2 was analyzed by
Western blot analysis and β-actin was used as a loading control. Graphs at the bottom show means
± SD (n = 3) and depict the relative protein levels of TRIM25 (open bars) and caspase-2 (filled bars)
protein. ** p ≤ 0.005, (TRIM25) and ## p ≤ 0.005 (Casp2), respectively, vs. control siRNA-transfected
(siCtrl.) cells.
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Figure 4. TRIM25 silencing-mediated increase in caspase-2 depends on de novo protein synthesis.
Subconfluent DLD-1 (A) or RKO (B) cells were transfected with control siRNA duplexes (siCtrl.) or
with siRNA duplexes of TRIM25 (siTRIM25) for 24 h before translation was blocked by the addition
of cycloheximide (CHX, 25 µg/mL). After an additional 24 h, cells were harvested for total protein
extraction. Total protein lysates (20 µg) were subjected to SDS-PAGE before the abundance of TRIM25
and caspase-2 was analyzed by Western blot analysis, with β-actin used as a loading control. Graphs
at the bottom show means ± SD (n = 3) and depict the relative protein levels of TRIM25 (open bars)
and caspase-2 (filled bars) protein at 24 h after CHX application. * p ≤ 0.05 (TRIM25) vs. control
siRNA-transfected (siCtrl.) cells. (C). Subconfluent DLD-1 cells were transfected with control siRNA
duplexes (siCtrl.) or with siRNA duplexes of TRIM25 (siTRIM25) for 48 h before fractions of translational
inactive RNPs were separated from translational active polysomes by ultracentrifugation. The amount
of caspase-2 mRNA was determined by qRT-PCR using primer pairs that were complementary and
specific to the coding region of caspase-2. The graph shows means ± SD (n = 3) and depicts the
amount of caspase-2 mRNA levels normalized to GAPDH mRNA in polysomes relative to those in RNP
fractions from control siRNA- (open bars) and TRIM25 siRNA-transfected cells (filled bars). * p ≤ 0.05
(TRIM25) vs. control siRNA-transfected (siCtrl.) cells.
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3.3. Knockdown of TRIM25 Sensitizes Colon Carcinoma Cells to Drug-Induced Apoptosis

Given the functional role of caspase-2 in DNA damage-induced cell death [7,8], we tested whether
an increase in caspase-2 levels after knockdown of TRIM25 has a sensitizing effect on colorectal cancer
cells towards drug-induced intrinsic apoptosis by monitoring cleavage of caspase-3 as the major effector
caspase. In a first set of experiments, we tested two clinically established topoisomerase II inhibitors:
Etoposide and the DNA intercalating anthracycline antibiotic, doxorubicin. To achieve maximal effects,
the drugs were applied 24 to 48 h post-transfection, when caspase-2 levels peaked and caspase cleavage
was measured after an additional 24 h (Figure 5A,B). Western blot analysis revealed a weak basal and
a robust drug-induced processing of the effector caspase-3, which was significantly increased after
knockdown of TRIM25 (Figure 5A). When testing RKO cells, we found a similar significant sensitizing
effect by TRIM25 silencing only with doxorubicin but not with etoposide (Figure 5B). Next, we tested
whether the increase in the cleavage of effector caspases by doxorubicin would correlate with an
increase in cytochrome c release. Interestingly, results from cell fractionation and subsequent Western
blot analysis showed that TRIM25 silencing caused a moderate increase in cytosolic cytochrome c levels,
which were not further increased by doxorubicin (Figure 6A). In contrast, a cytoplasmic caspase-3
cleavage product at 17/19 kDa was only detected in siTRIM25-transfected DLD-1 cells that were
treated with doxorubicin (Figure 6A). Notably, when monitoring caspase-8 cleavage, we observed a
robust decrease in procaspase-8, an initiator caspase of receptor-dependent apoptosis, by doxorubicin,
which is in line with previous studies showing an induction of FAS-mediated cell death by this
chemotherapeutic agent [32]. Similar effects were observed in RKO cells (Figure 6B). Together, these
data suggest that the increased sensitivity of colon carcinoma cells to doxorubicin-induced apoptosis
by TRIM25 silencing results from convergent activation of mitochondrial apoptosis (via silencing of
TRIM25) and drug-mediated activation of receptor-triggered apoptosis.

Figure 5. Knockdown of TRIM25 causes an increase in chemotherapeutic drug-induced intrinsic
apoptosis in colon carcinoma cells. DLD-1 cells (A) or RKO cells (B) were either transfected with
control siRNA (siCtrl.) or with siRNA duplexes against TRIM25 (siTRIM25) for 24 (A) or 48 (B) h
before stimulation with doxorubicin (Doxo.) or etoposide (Etopo.) for a further 24 h. Thereafter, the
cells were lysed for total protein extraction and caspase-3 cleavage and knockdown of TRIM25 were
determined by Western blot, with β-actin used for equal loading. Graphs at the bottom summarize
the densitometric analysis of cleaved caspase-3 (Casp3*) levels in relation to full-length caspase-3.
Data show means ± SD (n = 3) * p ≤ 0.05, ** p ≤ 0.01 siTRIM25 (filled bars) vs. siCtrl. (open bars)
transfected cells.
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Figure 6. Silencing of TRIM25 via increased mitochondrial cytochrome c release leads to a sensitization
of doxorubicin-induced caspase-3 cleavage. DLD-1 cells (A) or RKO cells (B) were transfected with
control siRNA duplexes (siCtrl.) or with siRNA duplexes targeting TRIM25 (siTRIM25) for 48 h
before being stimulated with the indicated doses of doxorubicin (Doxo.). After a further 24 h, cells
were harvested for cytoplasmic cell lysates. The content of cytoplasmic cytochrome c (Cyt c), mature
caspase-8, and cleavage of caspase-3 as well as the knockdown efficiency of TRIM25 was subsequently
determined by Western blot using β-actin as a loading control. Data are representative of two
independent experiments giving similar results.

3.4. Caspase-2 is Critical for Sensitization by TRIM25 Silencing

Next, we tested the functional impact of caspase-2 on the increased cleavage of both effector
caspases-3 by TRIM25 depletion by the additional silencing of caspase-2. As previously demonstrated,
the transfection of two different sets of caspase-2-specific siRNA duplexes caused a similar reduction
in caspase-2 levels in colon carcinoma cells [8]. Western blotting of total cell lysates confirmed a
high knockdown efficiency of TRIM25 and caspase-2 in DLD-1 and RKO cells (Figure 7A,B). In full
accordance with the results obtained with cytoplasmic fractions (Figure 6A,B), TRIM25 silencing
significantly sensitized DLD-1 cells to caspase-3 cleavage by doxorubicin (Figure 7A). Similarly, the
doxorubicin-induced processing of caspase-2 (indicated by a reduction in mature caspase-2) was
enhanced after TRIM25 silencing (Figure 7A). As expected, the additional knockdown of caspase-2 did
completely reverse the TRIM25 silencing and drug-induced increase in the processing of caspase-3
(Figure 7A). A caspase-2-dependent increase in doxorubicin-induced caspase-3 cleavage was also
observed in RKO cells (Figure 7B). Reciprocally, ectopic expression of TRIM25 caused a reduction
in drug-induced cleavage of caspase-3 (Figure 7C, left panel). Before, the specific interaction of
Flag-tagged TRIM25 with caspase-2 mRNA was confirmed by RNP-IP RT-PCR assay (Figure 7C,
right panel). Together, these results demonstrate that silencing of TRIM25 expression sensitizes colon
carcinoma cells to chemotherapeutic drug-induced intrinsic apoptosis by a mechanism that critically
depends on caspase-2.
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Figure 7. Silencing of caspase-2 prevents doxorubicin-induced apoptosis upon TRIM25 knockdown.
DLD-1 (A) or RKO (B) cells were transfected with control siRNA (siCtrl.) or with siRNA duplexes
either targeting caspase-2 (siCasp2) or TRIM25 (siTRIM25) or, alternatively, simultaneously transfected
with TRIM25 plus caspase-2-specific siRNAs for 24 (A) or 48 (B) h before cells were exposed to
doxorubicin for a further 24 h. Thereafter, cells were collected for total protein extraction and activation
of caspase-3 cleavage and knockdown efficiency of TRIM25 or caspase-2 determined by Western blot
using β-actin as a control for equal protein loading. Graphs summarize a densitometric analysis of
cleaved caspase-3 (Casp3*) levels in relation to full-length caspase-3. Values show means ± SD (n = 3)
*** p ≤ 0.005 siTRIM25 vs. siCtrl. and # p ≤ 0.05, ## p ≤ 0.01 siTRIM25/Casp2 vs. siTRIM25. (C, left
panel). Subconfluent RKO cells were transfected for 48 h with 6 µg of Flag-tagged human TRIM25
(pCMV-Flag-Trim25) or, alternatively, with the same amount of empty pCMV-Flag vector (pCMV-Flag)
before being treated with either the vehicle (-) or with the indicated chemotherapeutic drugs. After a
further 24 h, cells were harvested for total protein extraction and the cleavage of caspase-3 as well as the
overexpression of TRIM25 was determined by Western blot using β-actin as a loading control. (C, right
panel). RNP-IP assays from total cell lysates of RKO cells expressing either Flag-tagged human TRIM25
(pCMV-Flag-TRIM25) or pCMV-Flag (pCMV-Flag). TRIM25-bound mRNA was isolated by the use of
anti-Flag-M2 magnetic beads followed by RT-PCR. For PCR, primer pairs, complementary and specific
to the coding region of caspase-2, were used and the length of specific PCR products determined by a
DNA ladder. Data shown are representative of three independent experiments giving similar results.
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3.5. Increased TRIM25 Binding to 5′UTR of Caspase-2 by Doxorubicin

Next, we investigated whether treatment of cells with chemotherapeutic drugs would affect the
constitutive binding of TRIM25 to the 5′UTR of caspase-2 mRNA. For this purpose, we employed a
streptavidin-tethered pull-down assay with an in vitro-transcribed biotinylated mRNA encompassing
the complete 5′UTR of caspase-2. Since only doxorubicin was able to significantly enhance activation
of effector caspases in DLD-1 as well as in RKO cells, the following experiments were performed with
this drug. Exposure of DLD-1 cells with doxorubicin caused a clear increase in TRIM25 affinity to the
5′UTR of caspase-2 (Figure 8A) and similar results were obtained with RKO cells (data not shown).
Furthermore, the fact that the drug-evoked increase in TRIM25-caspase-2 RNA binding was found in
total and in cytoplasmic cell lysates indicates that the interaction mainly occurs in the cytoplasm. By
employing confocal microscopy, we observed that TRIM25 is mainly localized in the cytoplasm and the
pattern of TRIM25 staining was not affected after cells were treated with doxorubicin (Figure 8B). In
contrast, there was no staining if the primary antibody was omitted, indicating that the immune-positive
signals were specific (data not shown). Finally, we tested whether the doxorubicin-induced increase in
TRIM25 binding to the 5′UTR-caspase-2 corresponded with a reduced translation of caspase-2. To
this end, we monitored drug-induced changes in the ribosome occupancy of caspase-2 mRNA by
polysome/RNP fractionation experiments using sucrose density gradient centrifugation. As previously
demonstrated, long-term treatment of DLD-1 cells with doxorubicin at the concentration routinely
used induces a global inhibition in translation [8]. For this reason, we chose a short incubation period
of 6 h. Doxorubicin significantly reduced the basal content of caspase-2 mRNA in polysomes when
compared with GAPDH mRNA but had no effect on the contents of corresponding mRNAs associated
with RNPs (Figure 8C), thus implicating that caspase-2 translation is reduced by doxorubicin. Together,
these data demonstrate that transient siRNA-dependent depletion of TRIM25 via increased caspase-2
translation sensitizes colon carcinoma cells to the intrinsic apoptotic pathway.
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Figure 8. Doxorubicin induces TRIM25 binding to the 5′UTR of caspase-2 and reduces
recruitment of caspase-2 mRNA at polysomes. (A). Representative biotin pull-down assays showing
doxorubicin-induced TRIM25 affinity to the 5′UTR of caspase-2. The biotinylated transcript, which
encompasses 241 nucleotides of the 5′UTR of the human caspase-2 (5′UTR-Casp2), was incubated with
either total (left) or cytoplasmic (right) cell lysates from vehicle-treated DLD-1 cells (−) or from cells
treated with 10 µg/mL of doxorubicin (+) for 6 h. RNA binding of TRIM25 to the pull-down material
was assessed by Western blot analysis and an equal input TRIM25 levels were assayed by Western
blot analysis (input). Blots shown are representative of two independent experiments with similar
results. (B). DLD-1 cells were stimulated for 6 h with either vehicle or with 10 µg/mL doxorubicin
(Doxo.) before intracellular TRIM25 was analyzed by confocal microscopy. Cell nuclei were visualized
by DAPI staining (blue panel). Bar: 20 µm. (C). DLD-1 cells were stimulated for 6 h either with vehicle
(−) or doxorubicin (+) before fractions of translational inactive RNPs were separated from translational
active polysomes by ultracentrifugation. The amount of caspase-2 mRNA and GAPDH mRNA was
determined by semiquantitative RT-PCR using primer pairs that were complementary and specific to
the coding region of both genes The graph on the right panel shows means ± SD (n = 3) and depicts the
amount of caspase-2 mRNA levels normalized to GAPDH mRNA in polysomes (open bars) relative to
those in RNP (grey bars) fractions. ** p ≤ 0.01, doxorubicin vs. vehicle-treated cells.
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4. Discussion

In this study, we reported on the identification of TRIM25 as a novel potential regulator of
caspase-2 translation in human colon carcinoma cells. Despite most of the originally described
functions by TRIM25 being assigned to its E3 ubiquitin ligase activity, recent data from cross-linking
immunoprecipitation high-throughput sequencing (CLIP-seq) or related approaches indicate that
TRIM25 and some other members of the TRIM family of E3 ligases can influence the processing
and stability of bound mRNA targets due to specific RNA-binding capacities [33] (for a review,
see [25]). Using RNA-affinity chromatography, we demonstrated that TRIM25 is able to bind the
5′UTR of caspase-2 (Figure 1). Importantly, in the same experiment, the mRNA-binding protein
human antigen R (HuR), which we previously identified as a novel negative regulator of internal
ribosome entry site (IRES)-triggered caspase-2 translation [6,8], was identified to associate with the
5′UTR of caspase-2 with a similar affinity, which underpins the validity of our experimental approach
for identification of caspase-2 mRNA-binding proteins (Supplementary Material). A specific binding of
TRIM25 to caspase-2 mRNA in both cell lines was furthermore confirmed by RNA-pulldown analysis
and RIP assays using TRIM25-specific antibodies (Figure 1). Although none of the TRIM family
members contain any typical RNA-binding domains (RBP), the high RNA-binding affinity of TRIM25
is structurally mainly attributed to the C-terminal PRY/SPRY domain of the protein [34,35] while the
coiled coil (CC) domain, which is critical for dimerization, seems indirectly relevant for the RNA-protein
interaction [33]. The key finding of our study is that inhibition of caspase-2 by TRIM25 constitutes a so
far unrecognized pathway, which may be relevant for the resistance of human colon carcinoma cells to
chemotherapy-induced apoptosis. Specifically, by using siRNA-mediated depletion and overexpression
of human TRIM25, we demonstrated that TRIM25, via binding to the 5′UTR, does negatively interfere
with the translation of caspase-2. Importantly, in clear contrast to RKO cells, overexpression of TRIM25
in HEK cells had no comparable effects on caspase-2 levels (Figure 2B), suggesting that the negative
regulation of caspase-2 by TRIM25 could probably reflect a tumor-specific phenomenon. It is tempting
to speculate that TRIM25, in addition to its reported degradative activity on let-7 precursors [36], may
stabilize certain tumor cell-specific miRNAs. To the best of our knowledge, this is the first report
demonstrating a translation modulatory activity by TRIM25. This assumption is corroborated by the
following observations. Firstly, the TRIM25 depletion-dependent increase in caspase-2 is exclusively
on the protein level but not on the mRNA level, thus excluding the possibility that TRIM25 may
negatively affect caspase-2 transcription or the stability of caspase-2 transcripts. Furthermore, the
TRIM25 depletion-dependent increase in caspase-2 is completely blunted by cycloheximide (Figure 4),
indicating that TRIM25 mainly interferes with de novo synthesis of caspase-2. Regulation at the level of
protein synthesis is further underlined by the finding that silencing of TRIM25 caused a significant shift
in caspase-2 mRNA allocation from polysomes to translationally inactive RNP fractions when compared
with the caspase-2 distribution in control siRNA-transfected cells (Figure 4). Together, these results
indicate that TRIM25, in addition to the reported effects on transcriptional and posttranscriptional gene
expression [26,33], can directly interfere with the translation of mRNAs. However, the underlying
mechanisms are still unknown. Potentially, the binding of TRIM25 to the 5′UTR of caspase-2 may lead
to the ubiquitination of neighboring RNA-binding proteins or translation regulatory factors critically
involved in cap-dependent or IRES-mediated translation; the latter one seems critical for the control of
caspase-2 in colon carcinoma cells [8]. In addition, TRIM25 may utilize caspase-2 mRNA as a scaffold
to target translation initiation or elongation factors for proteasome-dependent degradation, which
may further implicate direct mRNA regulation by the ubiquitin proteasome system. Alternatively,
TRIM25 could act as a negative IRES trans-acting factor (ITAF) independent of its ligase activity, which
sterically hinders the recruitment of the 40S ribosome. Further investigations are needed to unveil the
detailed mechanism underlying inhibition of caspase-2 translation by TRIM25.

In accordance with this study, we previously demonstrated that the mRNA-binding protein
HuR through constitutive binding to the 5′UTR of caspase-2 mRNA exerts a direct inhibitory effect
on caspase-2 translation, a mechanism that critically contributes to the therapy resistance of human
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colon carcinoma cells [6–8]. Here, we demonstrated a significantly elevated sensitivity towards
intrinsic apoptosis induced by topoisomerase inhibitors (doxorubicin and etoposide), as indicated
by the increased cleavage of effector caspase-3 (Figure 5). The finding that cells were rescued from
TRIM25 depletion-dependent apoptosis after additional knockdown of caspase-2 underlines the
critical role of caspase-2 for apoptosis-sensitizing effects by TRIM25 silencing (Figure 7). Interestingly,
the upregulation of caspase-2 upon TRIM25 silencing alone is unable to trigger apoptosis in colon
carcinoma cells but requires an additional apoptosis-inducible stimulus, such as doxorubicin. This
is fully compatible with the assigned role of caspase-2 to mainly act as a damage sensor, allowing
cells to initiate apoptosis as the last resort to genotoxic insults [11,37]. Consequently, drug-induced
TRIM25 binding, which is accompanied by a reduced translation of caspase-2, may constitute a novel
cell survival mechanism by TRIM25. In accordance with our data, a previous study demonstrated that
TRIM25 can dampen p53-dependent DNA damage-induced cell death in the human colon carcinoma
cell line HCT116 via inhibition of p53 ubiquitination and degradation [38]. These data suggest
that in colon carcinoma cells, TRIM25 can exert a broad anti-apoptotic program through diverse
mechanisms. Interestingly, overexpression of TRIM25 has been reported in several human cancers,
including breast [26], ovarian [39], prostate [34], gastric [40], and lung [41]. In addition, TRIM25
via induction of TGFβ signaling pathways promotes proliferation and invasion of colorectal cancer
cells [42]. Consistently, TRIM25 is significantly upregulated in colorectal cancer tissues and different
human colorectal cancer cell lines [42], thus implying a tumorigenic role of TRIM25 in these carcinomas.
Together, our study implicates that TRIM25-dependent inhibition of caspase-2 may represent a so far
unrecognized survival mechanism of colorectal carcinoma cells. Targeting TRIM25 may reflect a novel
therapeutic avenue to improve the efficacy of current therapy regimes for the treatment of CRC.

5. Conclusions

Together, our study identified the E3 ligase TRIM25 as a novel caspase-2 RNA-binding protein in
colon carcinoma cells, which negatively affects protein expression of caspase-2. Our finding indicates
that besides the described roles in regulating the stability of pre-let-7a [36] and the postulated functions
in suppressing gene expression at the transcriptional and/or post-transcriptional levels [26], TRIM25
may directly interfere with mRNA translation. Functionally, the herein described TRIM25-dependent
inhibition of caspase-2 could represent a so far unrecognized post-transcriptional survival mechanism
utilized by colorectal carcinoma cells, and further supports the tumorigenic capacity of this particular
TRIM member. With regard to the multifunctional roles of caspase-2 in apoptosis and diverse
non-apoptotic processes, the negative regulation of caspase-2 by TRIM25 may have a strong impact on
cell survival and drug resistance. Targeting TRIM25 may therefore reflect an attractive therapeutic
avenue to improve the efficacy of current therapy regimes for the treatment of CRC.
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transient RNAi-mediated TRIM25 knockdown in DLD-1 and RKO cells, Figure S3: DLD-1 were transfected with
control siRNA duplexes (siCtrl.) or with siRNA duplexes of TRIM25 (siTRIM25) for 24 h before translation was
blocked by the addition of cycloheximide, Table S1: List of caspase-2 mRNA-binding proteins (depicted by gene
names) as identified by LC/MS using the biotin-labeled in vitro-transcribed 5′UTR and coding region (CDR) of
caspase-2 as a bait.

Author Contributions: Conceptualization, W.E.; methodology, U.N., K.H., A.B. and I.W.; software, U.N., I.W. and
W.E.; validation, U.N., K.H., A.B. and I.W.; formal analysis, U.N., K.H. and A.B.; investigation, U.N., K.H., A.B.
and I.W.; resources, J.P. and W.E.; writing—original draft preparation, W.E.; writing—review and editing, all
authors; visualization, U.N. and W.E.; supervision, W.E.; project administration, W.E.; funding acquisition, W.E.

Funding: This work was supported by the Deutsche Forschungsgemeinschaft (DFG) [EB 257/6-1 and 257/6-2].
U.N. was financially supported by a scholarship from the DAAD and from the higher education commission
(HEC) of the Islamic Republic of Pakistan. I.W. was supported by the Deutsche Forschungsgemeinschaft (DFG)
[SFB815/Z1].

http://www.mdpi.com/2073-4409/8/12/1622/s1
http://www.mdpi.com/2073-4409/8/12/1622/s1


Cells 2019, 8, 1622 18 of 20

Acknowledgments: We gratefully acknowledge Gergely Imre for helpful discussion and Roswitha Müller for
excellent technical assistance.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Hanahan, D.; Weinberg, R.A. The hallmarks of cancer. Cell 2000, 100, 57–70. [CrossRef]
2. Johnstone, R.W.; Ruefli, A.A.; Lowe, S.W. Apoptosis: A link between cancer genetics and chemotherapy. Cell

2002, 108, 153–164. [CrossRef]
3. Flanagan, L.; Kehoe, J.; Fay, J.; Bacon, O.; Lindner, A.U.; Kay, E.W.; Deasy, J.; McNamara, D.A.; Prehn, J.H.

High levels of X-linked Inhibitor-of-Apoptosis Protein (XIAP) are indicative of radio chemotherapy resistance
in rectal cancer. Radiat. Oncol. 2015, 10, 131. [CrossRef] [PubMed]

4. Sprenger, T.; Rodel, F.; Beissbarth, T.; Conradi, L.C.; Rothe, H.; Homayounfar, K.; Wolff, H.A.;
Ghadimi, B.M.; Yildirim, M.; Becker, H.; et al. Failure of downregulation of survivin following neoadjuvant
radiochemotherapy in rectal cancer is associated with distant metastases and shortened survival. Clin Cancer
Res. 2011, 17, 1623–1631. [CrossRef]

5. McKenzie, S.; Kyprianou, N. Apoptosis evasion: The role of survival pathways in prostate cancer progression
and therapeutic resistance. J. Cell Biochem. 2006, 97, 18–32. [CrossRef]

6. Winkler, C.; Doller, A.; Imre, G.; Badawi, A.; Schmid, T.; Schulz, S.; Steinmeyer, N.; Pfeilschifter, J.;
Rajalingam, K.; Eberhardt, W. Attenuation of the ELAV1-like protein HuR sensitizes adenocarcinoma cells to
the intrinsic apoptotic pathway by increasing the translation of caspase-2L. Cell Death Dis. 2014, 5, e1321.
[CrossRef]

7. Badawi, A.; Hehlgans, S.; Pfeilschifter, J.; Rodel, F.; Eberhardt, W. Silencing of the mRNA-binding protein
HuR increases the sensitivity of colorectal cancer cells to ionizing radiation through upregulation of caspase-2.
Cancer Lett. 2017, 393, 103–112. [CrossRef]

8. Badawi, A.; Biyanee, A.; Nasrullah, U.; Winslow, S.; Schmid, T.; Pfeilschifter, J.; Eberhardt, W. Inhibition
of IRES-dependent translation of caspase-2 by HuR confers chemotherapeutic drug resistance in colon
carcinoma cells. Oncotarget 2018, 9, 18367–18385. [CrossRef]

9. Eberhardt, W.; Nasrullah, U.; Haeussler, K. Inhibition of Caspase-2 Translation by the mRNA Binding Protein
HuR: A Novel Path of Therapy Resistance in Colon Carcinoma Cells? Cells 2019, 8, 797. [CrossRef]

10. Krumschnabel, G.; Sohm, B.; Bock, F.; Manzl, C.; Villunger, A. The enigma of caspase-2: The laymen′s view.
Cell Death Differ. 2009, 16, 195–207. [CrossRef]

11. Bouchier-Hayes, L. The role of caspase-2 in stress-induced apoptosis. J. Cell Mol. Med. 2010, 14, 1212–1224.
[CrossRef] [PubMed]

12. Vakifahmetoglu-Norberg, H.; Zhivotovsky, B. The unpredictable caspase-2: What can it do? Trends Cell Biol
2010, 20, 150–159. [CrossRef] [PubMed]

13. Ho, L.H.; Taylor, R.; Dorstyn, L.; Cakouros, D.; Bouillet, P.; Kumar, S. A tumor suppressor function for
caspase-2. Proc. Natl. Acad. Sci. USA 2009, 106, 5336–5341. [CrossRef] [PubMed]

14. Ren, K.; Lu, J.; Porollo, A.; Du, C. Tumor-suppressing function of caspase-2 requires catalytic site Cys-320
and site Ser-139 in mice. J. Biol. Chem. 2012, 287, 14792–14802. [CrossRef] [PubMed]

15. Parsons, M.J.; McCormick, L.; Janke, L.; Howard, A.; Bouchier-Hayes, L.; Green, D.R. Genetic deletion of
caspase-2 accelerates MMTV/c-neu-driven mammary carcinogenesis in mice. Cell Death Differ. 2013, 20,
1174–1182. [CrossRef]

16. Manzl, C.; Peintner, L.; Krumschnabel, G.; Bock, F.; Labi, V.; Drach, M.; Newbold, A.; Johnstone, R.;
Villunger, A. PIDDosome-independent tumor suppression by Caspase-2. Cell Death Differ. 2012, 19,
1722–1732. [CrossRef]

17. Puccini, J.; Dorstyn, L.; Kumar, S. Caspase-2 as a tumour suppressor. Cell Death Differ. 2013, 20, 1133–1139.
[CrossRef]

18. Dawar, S.; Lim, Y.; Puccini, J.; White, M.; Thomas, P.; Bouchier-Hayes, L.; Green, D.R.; Dorstyn, L.; Kumar, S.
Caspase-2-mediated cell death is required for deleting aneuploid cells. Oncogene 2017, 36, 2704–2714.
[CrossRef]

http://dx.doi.org/10.1016/S0092-8674(00)81683-9
http://dx.doi.org/10.1016/S0092-8674(02)00625-6
http://dx.doi.org/10.1186/s13014-015-0437-1
http://www.ncbi.nlm.nih.gov/pubmed/26071313
http://dx.doi.org/10.1158/1078-0432.CCR-10-2592
http://dx.doi.org/10.1002/jcb.20634
http://dx.doi.org/10.1038/cddis.2014.279
http://dx.doi.org/10.1016/j.canlet.2017.02.010
http://dx.doi.org/10.18632/oncotarget.24840
http://dx.doi.org/10.3390/cells8080797
http://dx.doi.org/10.1038/cdd.2008.170
http://dx.doi.org/10.1111/j.1582-4934.2010.01037.x
http://www.ncbi.nlm.nih.gov/pubmed/20158568
http://dx.doi.org/10.1016/j.tcb.2009.12.006
http://www.ncbi.nlm.nih.gov/pubmed/20061149
http://dx.doi.org/10.1073/pnas.0811928106
http://www.ncbi.nlm.nih.gov/pubmed/19279217
http://dx.doi.org/10.1074/jbc.M112.347625
http://www.ncbi.nlm.nih.gov/pubmed/22396545
http://dx.doi.org/10.1038/cdd.2013.38
http://dx.doi.org/10.1038/cdd.2012.54
http://dx.doi.org/10.1038/cdd.2013.87
http://dx.doi.org/10.1038/onc.2016.423


Cells 2019, 8, 1622 19 of 20

19. Dorstyn, L.; Puccini, J.; Wilson, C.H.; Shalini, S.; Nicola, M.; Moore, S.; Kumar, S. Caspase-2 deficiency
promotes aberrant DNA-damage response and genetic instability. Cell Death Differ. 2012, 19, 1288–1298.
[CrossRef]

20. Shalini, S.; Puccini, J.; Wilson, C.H.; Finnie, J.; Dorstyn, L.; Kumar, S. Caspase-2 protects against oxidative
stress in vivo. Oncogene 2015, 34, 4995–5002. [CrossRef]

21. Lopez-Garcia, C.; Sansregret, L.; Domingo, E.; McGranahan, N.; Hobor, S.; Birkbak, N.J.; Horswell, S.;
Gronroos, E.; Favero, F.; Rowan, A.J.; et al. BCL9L Dysfunction Impairs Caspase-2 Expression Permitting
Aneuploidy Tolerance in Colorectal Cancer. Cancer Cell 2017, 31, 79–93. [CrossRef] [PubMed]

22. Yoo, N.J.; Lee, J.W.; Kim, Y.J.; Soung, Y.H.; Kim, S.Y.; Nam, S.W.; Park, W.S.; Lee, J.Y.; Lee, S.H. Loss of
caspase-2, -6 and -7 expression in gastric cancers. APMIS 2004, 112, 330–335. [CrossRef] [PubMed]

23. Holleman, A.; den Boer, M.L.; Kazemier, K.M.; Beverloo, H.B.; von Bergh, A.R.; Janka-Schaub, G.E.; Pieters, R.
Decreased PARP and procaspase-2 protein levels are associated with cellular drug resistance in childhood
acute lymphoblastic leukemia. Blood 2005, 106, 1817–1823. [CrossRef] [PubMed]

24. Zohrabian, V.M.; Nandu, H.; Gulati, N.; Khitrov, G.; Zhao, C.; Mohan, A.; Demattia, J.; Braun, A.; Das, K.;
Murali, R.; et al. Gene expression profiling of metastatic brain cancer. Oncol Rep. 2007, 18, 321–328. [CrossRef]
[PubMed]

25. Heikel, G.; Choudhury, N.R.; Michlewski, G. The role of Trim25 in development, disease and RNA metabolism.
Biochem. Soc. Trans. 2016, 44, 1045–1050. [CrossRef]

26. Walsh, L.A.; Alvarez, M.J.; Sabio, E.Y.; Reyngold, M.; Makarov, V.; Mukherjee, S.; Lee, K.W.; Desrichard, A.;
Turcan, S.; Dalin, M.G.; et al. An Integrated Systems Biology Approach Identifies TRIM25 as a Key
Determinant of Breast Cancer Metastasis. Cell Rep. 2017, 20, 1623–1640. [CrossRef]

27. Hatakeyama, S. TRIM proteins and cancer. Nat. Rev. Cancer 2011, 11, 792–804. [CrossRef]
28. Martinou, J.C.; Green, D.R. Breaking the mitochondrial barrier. Nat. Rev. Mol. Cell Biol. 2001, 2, 63–67.

[CrossRef]
29. Doller, A.; Huwiler, A.; Muller, R.; Radeke, H.H.; Pfeilschifter, J.; Eberhardt, W. Protein kinase C

alpha-dependent phosphorylation of the mRNA-stabilizing factor HuR: Implications for posttranscriptional
regulation of cyclooxygenase-2. Mol. Biol. Cell 2007, 18, 2137–2148. [CrossRef]

30. Doller, A.; Schulz, S.; Pfeilschifter, J.; Eberhardt, W. RNA-dependent association with myosin IIA promotes
F-actin-guided trafficking of the ELAV-like protein HuR to polysomes. Nucleic Acids Res. 2013, 41, 9152–9167.
[CrossRef]

31. Schulz, S.; Doller, A.; Pendini, N.R.; Wilce, J.A.; Pfeilschifter, J.; Eberhardt, W. Domain-specific
phosphomimetic mutation allows dissection of different protein kinase C (PKC) isotype-triggered activities
of the RNA binding protein HuR. Cell Signal. 2013, 25, 2485–2495. [CrossRef] [PubMed]

32. Kim, H.S.; Lee, Y.S.; Kim, D.K. Doxorubicin exerts cytotoxic effects through cell cycle arrest and Fas-mediated
cell death. Pharmacology 2009, 84, 300–309. [CrossRef] [PubMed]

33. Kwon, S.C.; Yi, H.; Eichelbaum, K.; Fohr, S.; Fischer, B.; You, K.T.; Castello, A.; Krijgsveld, J.; Hentze, M.W.;
Kim, V.N. The RNA-binding protein repertoire of embryonic stem cells. Nat. Struct. Mol. Biol. 2013, 20,
1122–1130. [CrossRef]

34. Wang, S.; Kollipara, R.K.; Humphries, C.G.; Ma, S.H.; Hutchinson, R.; Li, R.; Siddiqui, J.; Tomlins, S.A.;
Raj, G.V.; Kittler, R. The ubiquitin ligase TRIM25 targets ERG for degradation in prostate cancer. Oncotarget
2016, 7, 64921–64931. [CrossRef]

35. Choudhury, N.R.; Heikel, G.; Trubitsyna, M.; Kubik, P.; Nowak, J.S.; Webb, S.; Granneman, S.; Spanos, C.;
Rappsilber, J.; Castello, A.; et al. RNA-binding activity of TRIM25 is mediated by its PRY/SPRY domain and
is required for ubiquitination. Bmc. Biol. 2017, 15, 105. [CrossRef]

36. Choudhury, N.R.; Nowak, J.S.; Zuo, J.; Rappsilber, J.; Spoel, S.H.; Michlewski, G. Trim25 Is an RNA-Specific
Activator of Lin28a/TuT4-Mediated Uridylation. Cell Rep. 2014, 9, 1265–1272. [CrossRef]

37. Kumar, S. Caspase 2 in apoptosis, the DNA damage response and tumour suppression: Enigma no more?
Nat. Rev. Cancer 2009, 9, 897–903. [CrossRef]

38. Zhang, P.; Elabd, S.; Hammer, S.; Solozobova, V.; Yan, H.; Bartel, F.; Inoue, S.; Henrich, T.; Wittbrodt, J.;
Loosli, F.; et al. TRIM25 has a dual function in the p53/Mdm2 circuit. Oncogene 2015, 34, 5729–5738. [CrossRef]

39. Sakuma, M.; Akahira, J.; Suzuki, T.; Inoue, S.; Ito, K.; Moriya, T.; Sasano, H.; Okamura, K.; Yaegashi, N.
Expression of estrogen-responsive finger protein (Efp) is associated with advanced disease in human
epithelial ovarian cancer. Gynecol. Oncol. 2005, 99, 664–670. [CrossRef]

http://dx.doi.org/10.1038/cdd.2012.36
http://dx.doi.org/10.1038/onc.2014.413
http://dx.doi.org/10.1016/j.ccell.2016.11.001
http://www.ncbi.nlm.nih.gov/pubmed/28073006
http://dx.doi.org/10.1111/j.1600-0463.2004.t01-1-apm1120602.x
http://www.ncbi.nlm.nih.gov/pubmed/15511277
http://dx.doi.org/10.1182/blood-2004-11-4296
http://www.ncbi.nlm.nih.gov/pubmed/15899912
http://dx.doi.org/10.3892/or.18.2.321
http://www.ncbi.nlm.nih.gov/pubmed/17611651
http://dx.doi.org/10.1042/BST20160077
http://dx.doi.org/10.1016/j.celrep.2017.07.052
http://dx.doi.org/10.1038/nrc3139
http://dx.doi.org/10.1038/35048069
http://dx.doi.org/10.1091/mbc.e06-09-0850
http://dx.doi.org/10.1093/nar/gkt663
http://dx.doi.org/10.1016/j.cellsig.2013.08.003
http://www.ncbi.nlm.nih.gov/pubmed/23978401
http://dx.doi.org/10.1159/000245937
http://www.ncbi.nlm.nih.gov/pubmed/19829019
http://dx.doi.org/10.1038/nsmb.2638
http://dx.doi.org/10.18632/oncotarget.11915
http://dx.doi.org/10.1186/s12915-017-0444-9
http://dx.doi.org/10.1016/j.celrep.2014.10.017
http://dx.doi.org/10.1038/nrc2745
http://dx.doi.org/10.1038/onc.2015.21
http://dx.doi.org/10.1016/j.ygyno.2005.07.103


Cells 2019, 8, 1622 20 of 20

40. Zhu, Z.; Wang, Y.; Zhang, C.; Yu, S.; Zhu, Q.; Hou, K.; Yan, B. TRIM25 blockade by RNA interference
inhibited migration and invasion of gastric cancer cells through TGF-beta signaling. Sci. Rep. 2016, 6, 19070.
[CrossRef]

41. Qin, Y.; Cui, H.; Zhang, H. Overexpression of TRIM25 in Lung Cancer Regulates Tumor Cell Progression.
Technol. Cancer Res. Treat. 2016, 15, 707–715. [CrossRef] [PubMed]

42. Sun, N.; Xue, Y.; Dai, T.; Li, X.; Zheng, N. Tripartite motif containing 25 promotes proliferation and invasion
of colorectal cancer cells through TGF-beta signaling. Biosci. Rep. 2017, 37. [CrossRef]

© 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1038/srep19070
http://dx.doi.org/10.1177/1533034615595903
http://www.ncbi.nlm.nih.gov/pubmed/26113559
http://dx.doi.org/10.1042/BSR20170805
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Materials and Methods 
	Reagents and Antibodies 
	Cell Culture 
	RNA Interference 
	Transient Overexpression of TRIM25 
	Western Blot Analysis 
	Mitochondrial Cytochrome C Release 
	qRT-PCR-Analysis 
	Ribonucleoprotein- (RNP) IP RT-PCR Assay 
	RNA Affinity Chromatography 
	Liquid Chromatography/Mass Spectrometry (LC/MS) 
	Separation of Polysomes from Translational Inactive RNP Granules 
	Confocal Microscopy 
	Statistical Analysis 

	Results 
	Identification of TRIM25 as a Novel Caspase-2 mRNA-Binding Protein 
	TRIM25 Negatively Interferes with Caspase-2 Translation 
	Knockdown of TRIM25 Sensitizes Colon Carcinoma Cells to Drug-Induced Apoptosis 
	Caspase-2 is Critical for Sensitization by TRIM25 Silencing 
	Increased TRIM25 Binding to 5'UTR of Caspase-2 by Doxorubicin 

	Discussion 
	Conclusions 
	References

