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Abstract

Translation is a crucial regulatory mechanism involved in several diseases, includ-
ing cancer, where pro-inflammatory conditions within the microenvironment have
been shown to modulate the translation of specific mMRNAs. In the present study, we
focused on the regulation of insulin growth factor-like family member 1 (IGFLT) in
MCF7 breast cancer cells in response to pro-inflammatory IL-1 and observed an
induction of both transcription and translation. We characterized the 3’ untranslated
region as regulatory hub for the post-transcriptional regulation and identified a distinct
G-rich region to confer the IL-13-dependent translational increase. Our study there-
fore provides new insights into the translation regulation of /IGFL17 in the context of an
inflammatory tumor microenvironment.

Introduction

Post-transcriptional processes, including translation regulation, are increasingly
recognized as key regulatory mechanisms in several disease contexts, including
cancer [1,2] and inflammatory diseases [3,4]. Tumor progression is largely controlled
by the tumor microenvironment (TME) [5], and the TME is characterized by infiltrating
immune cells, including macrophages, that orchestrate the inflammatory, tumor-
promoting properties of the TME [6]. The secretion of cytokines and other mediators
within the TME has been demonstrated to affect translation, mainly by modulating
pathways affecting mTOR kinase activity [7,8]. Pro-inflammatory cytokines, such as
interleukin (IL)-6, IL-1a, and IL-1p, appeared to also affect the translation of specific
mRNA [9,10]. Concerning IL-1p, it was demonstrated to directly regulate the trans-
lation of THBD and EGR2 mRNAs in A459 human lung adenocarcinoma and MCF7
breast tumor cells, respectively [11,12].

The focus of the present work was the characterization of IGFL1, which was
previously shown to be involved in breast cancer and in inflammatory diseases
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[13,14]. The IGFL1 gene encodes the insulin growth factor (IGF)-like family member
1 (IGFL1) protein, belonging to the IGF-like family, consisting of 4 genes (IGFL1 to
IGFL4) and two pseudogenes (IGFL1P1 and IGFL1P2) [15]. IGFL1 expression was
first detected in ovary and spinal cords [15] and was shown to be upregulated in
skin from psoriasis patients and in primary keratinocyte cultures treated with tumor
necrosis factor (TNF)-a [14]. Furthermore, IGFL1 expression was detected in various
breast cancer cells [13,16]. Concerning IGFL1 expression regulation, it was found to
be modulated by the long non-coding RNA IGF-like family member 2 antisense RNA
1 (IGFL2-AS1) [16]. In detail, Wang and colleagues [13] showed that the expression
of both IGFL2-AS1 and IGFL1 was increased through KLF transcription factor 5
(KLF5) upon TNF-a stimulation in basal-like breast cancer cells and that IGFL2-AS1
contributed to KLF5-dependent IGFL1 upregulation. With respect to IGFL1 post-
transcriptional regulation, IGFL2-AS1 was proposed to act as a sponge for a
microRNA (miRNA) binding to the /IGFL1 3’ untranslated region (UTR) [13].

In this work, we identified IL-1p as a novel stimulus to induce IGFL1 transcription
and translation in MCF7 breast cancer cells and characterized its post-transcriptional
regulation to be mediated by a specific, G-rich region within its 3UTR.

Materials and methods
Chemicals

All chemicals were obtained from Sigma-Aldrich (Taufkirchen, Germany), if not stated
otherwise. Recombinant human IL-1 was purchased from PeproTech (Hamburg,
Germany).

Cell culture

MCF7 cells were purchased from ATCC-LGC Standards GmbH (Wesel, Germany)
and were cultured in RPMI 1640 GlutaMAX medium (Gibco, Dreiech, Germany) sup-
plemented with 10% heat-inactivated fetal calf serum (Capricon Scientific, Ebsdorfer-
grund, Germany), 1% sodium pyruvate, 100 U/mL penicillin, and 100 pg/mL
streptomycin. Cells were grown at 37 °C in a humidified atmosphere with 5% CO.,,

RNA isolation, reverse transcription, and quantitative polymerase chain
reaction (RT-qPCR)

Total RNA was isolated using TRIzol (Thermo Fisher Scientific, Dreieich, Germany)
according to the manufacturer’s instructions. RNA was reverse transcribed with the
Maxima First Strand cDNA Synthesis Kit (Thermo Fisher Scientific), and gPCR analy-
ses were accomplished by using PowerUp SYBR Green Master Mix on QuantStudio
3 and 5 PCR Real-Time Systems (Thermo Fisher Scientific). Primers were obtained
from Biomers (UIm, Germany) and are listed in S1 Table in S1 File.

Transcription inhibition using actinomycin D

3 x 105 MCF7 cells were seeded in 6-well plates, and the following day were treated
with IL-1B (50 ng/mL) 4 h before de novo transcription was blocked by the addition of
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actinomycin D (10 yg/mL). RNA was isolated using TRIzol according to the manufacturer’s instructions, either before (= 0
h) or 1, 2, and 4 h after the administration of actinomycin D and reverse transcription and gPCR analyses were performed
as previously described.

Polysomal fractionation

MCF7 were subjected to polysomal fractionation as described previously [12]. Briefly, 7.5 x 106 MCF7 cells were seeded
in a 15 cm dish, one day prior to polysome fractionation and treated with IL-1p (50 ng/mL) 4 h prior to harvest. Subse-
quently, cells were incubated with 100 ug/mL cycloheximide (CHX, Carl Roth, Karlsruhe, Germany) for 10 min, washed
with PBS/CHX (100 pg/mL), and lysed in 750 pL polysome lysis buffer (140 mM KCI, 20 mM Tris-HCI pH 8.0, 5 mM MgCl,,
0.5% NP-40, 0.5 mg/mL heparin, 1 mM DTT, 100 U/mL RNasin (Promega, Walldorf, Germany), 100 ug/mL CHX). After
pelleting the cell debris (16,000 x g, 5 min, 4 °C), 600 pL of the cell lysates were layered onto 11 mL of 10-50% continu-
ous sucrose gradients. Gradients were centrifuged at 35,000 rpm for 2 h at 4 °C without brake using a SW40 rotor in an
Optima L-90K Ultracentrifuge (Beckman Coulter, Brea, CA, USA). The gradient was collected into 1-mL fractions using a
Gradient Station (BioComp Instruments, Fredericton, Canada), and UV absorbance was measured at 254 nm. RNA was
precipitated by adding 1/10 volume of sodium acetate (3 M) and 1 volume of isopropyl alcohol. RNA was further purified
using the NucleoSpin RNA kit (Macherey-Nagel, Diren, Germany) according to the manufacturer’s instructions. RNA
obtained from polysomal fractions was reverse transcribed and quantified by qPCR as described above.

Plasmid constructs

The psiCHECK-2 vector (Promega) was digested with Nhel or with AsiSI and Notl (New England Biolabs, Frankfurt am
Main, Germany) to insert either the IGFL1 5’UTR and/or IGFL1 3'UTR, and IGFL1 3'UTR truncated versions, respectively.
All the inserts were amplified from human cDNA using appropriate PCR primer couples and the PCR product was purified
using the NucleoSpin Gel and PCR Clean-up kit (Macherey-Nagel). The fragments were inserted into the linearized vector
with the In-Fusion HD Cloning Kit (Takara Bio Europe, Saint-Germain-en-Laye, France) according to the manufacturer’s
protocol. The construct 1-413 A207—247 was obtained by a cloning reaction of two fragments. All the other constructs
containing either a deletion or a point mutation were obtained by site-directed mutagenesis, by means of the QuikChange
Il Site-Directed Mutagenesis Kit (Agilent Technologies, Waldbronn, Germany) following the manufacturer’s instructions.

All plasmids were purified using the NucleoSpin plasmid kit (Macherey—Nagel) and were verified by Sanger sequencing
(SeqLab-Microsynth, Géttingen, Germany).

All primers are listed in S1 Table in S1 File.

Transient transfection and luciferase reporter assay

5 x 10* MCF7 cells were seeded in 24-well plates 24 h prior to transfection and were transfected with 250 ng of plasmid
using jetPRIME (Polyplus, lllkirch-Graffenstade, France), as described by the manufacturer.

Cells were harvested 48 h after transfection. IL-1B-treated cells were treated with 50 ng/mL IL-1f during the last 4 h.
Cells were lysed in 100 ul Passive Lysis Buffer (Promega) and the activities of firefly/renilla luciferase were measured by
using the Dual-Luciferase Reporter Assay System (Promega) on a Spark multimode microplate reader (Tecan, Manne-
dorf, Switzerland). Renilla luciferase activity was normalized to the corresponding firefly luciferase activity, that served as
internal transfection control.

RNA secondary structure predictions

RNA secondary structures were predicted using RNAfold [17] with default parameters and subsequently drawn with the
RNA visualization tool VARNA [18].
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Statistical analyses

Statistical analyses were performed with GraphPad Prism v10.6.0 (GraphPad Software, San Diego, CA, USA). Data are
reported as means £ SEM of at least three independent experiments. Normal distribution was assessed using the D’Agos-
tino & Pearson test, Anderson-Darling test, Shapiro-Wilk test, and Kolmogorov-Smirnov test. If residuals were assumed to
be not normally distributed based on all four tests, data were log-transformed before statistical testing. Statistically signifi-
cant differences were calculated using paired t-test or two-way ANOVA (either with Tukey’s, Sidak’s, or Dunnett’s multiple
comparisons test).

Results
IL-18 induces IGFL1 expression transcriptionally and translationally

IGFL1 mRNA expression was shown earlier to be induced by TNF-a in basal-like breast cancer cells [13]. To assess, if
other inflammatory mediators of the tumor microenvironment might affect IGFL1 expression in breast tumor cells as well,
we stimulated MCF7 breast cancer cells with IL-13, IL-6, IL-10, and TNF-a (50 ng/mL, 4 h). While TNF-a induced /IGFL1
expression as expected, neither IL-6 nor IL-10 affected IGFL1 levels (S1A Fig in S1 File). Interestingly, /IGFLT mRNA
expression increased even more pronouncedly upon IL-1f stimulation in comparison to TNF-a (Fig 1A). IGFL1 expression
showed a time-depend, cumulative increase over the 4 h stimulation with IL-13 (S1B Fig in S1 File). To assess whether
the elevated IGFL1 expression in response to IL-1 might be due to increased /IGFL1 mRNA stability, we blocked de novo
mRNA synthesis by adding the transcription inhibitor actinomycin D (10 ug/mL) at the end of IL-1p treatment and followed
IGFL1 mRNA levels for up to 4 h. Yet, IGFL1 mRNA stability did not increase upon IL-1pB treatment (Fig 1B). Since we pre-
viously observed that IL-1 commonly affects translational processes in a macrophage-generated tumor microenvironment
[12], we next assessed the impact of IL-13 on IGFL1 translation by polysome profiling. While IL-1(3 treatment did not alter
global translation (Fig 1C) or translation of glyceraldehyde-3-phosphate dehydrogenase (GAPDH) mRNA as compared to
untreated controls (Fig 1D), /IGFL1 mRNA distribution in response to IL-1f treatment significantly increased in the late poly-
somal fractions (8—10), which contain the efficiently translated mRNAs (Fig 1E). Concomitantly, /IGFL1 mRNA abundance
decreased in the sub-polysomal (1-3) and early polysomal fractions (4-7). Of note, CXCL8, a transcript known to be upreg-
ulated by IL-1pB stimulation [19], showed the expected increase in mMRNA expression (S2A Fig in S1 File) with no increase in
mRNA stability (S2B Fig in S1 File) and slight changes in translation efficiency (S2C Fig in S1 File).

Thus, IL-13 apparently not only increases IGFL1 mRNA expression without altering the mRNA stability, but also
enhances IGFL1 translation efficiency.

IL-1B-dependent changes in IGFL1 translation are controlled by a distinct part of the 3’'UTR

Since translation regulatory mechanisms commonly involve the 5’UTR of transcripts, but can also be affected by the
3'UTRs [20,21], we asked if the UTRs might contribute to the IL-1B-dependent translational regulation of IGFL1 as well.
To this end, we cloned the IGFL1 5 and 3'UTRs into the psiCHECK-2 reporter vector up- and downstream of the renilla
luciferase coding region, respectively, and transfected the resulting vectors into MCF7 cells. Surprisingly, insertion of the
5'UTR neither altered the luciferase activity compared to the empty vector under control conditions nor in response to
IL-1B (Fig 2). In contrast, insertion of the IGFL1 3'UTR significantly increased the luciferase activity compared to both the
empty vector and the vector including the 5’UTR already under basal conditions. Moreover, the 3'UTR-containing vector
was markedly more responsive to IL-1 stimulation. Noteworthy, inserting 5’ and 3’'UTRs in combination resulted in an
intermediate phenotype.

To get further insights into the role of the 3’'UTR in the translational regulation of IGFL1, we aimed to identify the exact
region within the 3'UTR of IGFL1 responsible for the IL-1B-induced increased translation. Therefore, we systematically
shortened the IGFL1 3'UTR within the luciferase vector system. Specifically, we generated constructs representing 75%
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Fig 1. Effect of IL-1f on IGFL1 mRNA expression, mRNA stability, and translation. MCF7 cells were treated with IL-13 (50 ng/mL) for 4 h. (A)
IGFL1 mRNA expression was measured by RT-gPCR and normalized to GAPDH expression (n=6). (B) Transcription was blocked by the addition of
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actinomycin D (10 pg/mL) at the end of the IL-1p treatment and mRNA expression was followed for up to 4 h by RT-gPCR analyses (n=3). (C, D, E)
Translational status of IGFL1 was assessed by polysomal fractionation analysis. (C) Left panel: UV profiles obtained for the sucrose gradients during
fractionation for the untreated control and IL-1B-treated cells are shown (representative tracks of five independent experiments). Peaks corresponding to
408, 60S, and 80S ribosomes and polysomes are depicted. Sub-polysomal (sub, fractions 1-3), early (fractions 4-7), and late (fractions 8-10) polysomal
fractions are shown. Right panel: the area under the curve (AUC) was calculated for each fraction and depicted as % of the total for sub, early, and late
polysomal fractions. GAPDH (D) and /GFL1 mRNA (E) distribution across the gradients was analyzed by RT-gPCR (n=5). The distribution across all

the fractions and for sub, early, and late polysomal fractions are shown in the /eft and right panel, respectively. All data were presented as means + SEM
and statistically analyzed using paired t-test (A) or two-way ANOVA with Sidak’s multiple comparisons test (B-E); ** p<0.01, *** p<0.001 compared to
respective untreated controls.

https://doi.org/10.1371/journal.pone.0342288.9001
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Fig 2. IGFL1 3’UTR shows translation-regulatory properties. IGFL1 5°UTR and 3'UTR and a combination of both were inserted into the psiCHECK-2
vector upstream and downstream of the renilla luciferase coding region, respectively. Firefly luciferase served as internal transfection control. MCF7 cells
were transfected with the psiCHECK-2 vector (empty vector) or with the psiCHECK-2 vector containing either IGFL1 5’'UTR or 3'UTR or both. Renilla
(RL) and firefly luciferase (FL) activities were determined 48 h after transfection with or without treatment with IL-1p (50 ng/mL) during the last 4 h. Data
were normalized to the empty vector control, presented as means+ SEM (n=5), and statistically analyzed using two-way ANOVA with Tukey’s multiple
comparisons test; * p<0.05, ** p<0.01, *** p<0.001, # p<0.01, ¥ p<0.001 compared to the respective empty vectors, $ p<0.01, 5% p<0.001 com-
pared to the same condition in the 5’UTR + 3'UTR vector.

https://doi.org/10.1371/journal.pone.0342288.9002

(1-309), 50% (1-206), and 25% (1-103) of the full length (1-413) IGFL1 3'UTR, plus two constructs representing interme-
diate sizes (1-279 and 1-247) (Fig 3A). Under basal, i.e., unstimulated, conditions (Ctr), the increase in reporter activity
appeared to correlate rather directly with the length of the 3'UTR, i.e., the shorter the 3’'UTR fragment the lower the respec-
tive activity. Conversely, the IL-1(3-elicited increase of the 3’UTR-dependent luciferase activity remained comparable to the
vector containing the full length 3’'UTR for all constructs incorporating at least the first 247 nucleotides of the 3'UTR. Further
reduction of the IGFL1 3'UTR length to 206 nucleotides led to a substantial drop of the IL-1(3 response (Fig 3A). These
findings suggested that the region between nucleotides 207 and 247 might be relevant for the IL-13-dependent activation.
Modelling of the 2D structure of the entire IGFL1 3’'UTR reveals that this region encompasses a full, small hairpin structure
(nucleotides 211-228) and one arm of a larger hairpin structure (nucleotides 231-284) (Fig 3B). To validate the role of this
region and to further rule out a pure length effect, we deleted nucleotides 207-247 in the full length 3'UTR-containing vector
(Fig 3B; green marks). Indeed, deletion of nucleotides 207-247 (A207-247) (S3 Fig in S1 File; upper left panel) significantly
reduced the IL-1B-induced luciferase activity compared to the full length 3'UTR-bearing vector (Fig 3C). Next, we deleted
only nucleotides 235-247, corresponding to a G-rich region embedded within the larger hairpin structure (Fig 3B; yellow
marks). Strikingly, deletion of this restricted area led to a similar reduction in the IL-1B-induced luciferase activity compared
to the deletion of nucleotides 207-247, indicating that this G-rich region might be involved in the IL-1p responsiveness of
IGFL1 translation.
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Fig 3. Identification of a translation-regulatory region within the IGFL1 3’'UTR. MCF7 cells were transfected with the psiCHECK-2 empty vector or
with the psiCHECK-2 vector containing either the full length IGFL1 3’'UTR or parts of it. Renilla (RL) and firefly luciferase (FL) activities were determined
48 h after the transfection with or without treatment with IL-13 (50 ng/mL) during the last 4 h. (A) Schematic representation of the progressive 3’UTR
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deletion constructs generated in the psiCHECK-2 vector downstream of the renilla luciferase coding region and their associated luciferase reporter activi-
ties. Data were normalized to the empty vector, presented as means+SEM (n=4), and statistically analyzed using two-way ANOVA with Tukey’s multiple
comparisons test; *** p<0.001; #* p<0.001 compared to the IL-1B-treated full length 3'UTR vector (1-413). (B) RNA structure of the full length IGFL1
3'UTR (1-413 full length). The depicted structure was generated by VARNA [18]. Nucleotides 207-247 are highlighted in green, nucleotides 235-247

in yellow with a green rim. (C) Luciferase reporter data from MCF7 cells transfected with the psiCHECK-2 vector containing the full length IGFL1 3'UTR
(1-413 full length), the IGFL1 3'UTR deleted of nucleotides 207-247 (1-413 A207-247), and the IGFL1 3'UTR deleted of nucleotides 235-247 (1-413
A235-247). Data were normalized to the full length 3’'UTR control vector, presented as means + SEM (n=4), and statistically analyzed using two-way
ANOVA with Dunnett’s multiple comparisons test; # p<0.05, # p<0.01 compared to the IL-1B-treated full length 3’'UTR vector.

https://doi.org/10.1371/journal.pone.0342288.9003

Impact of a G-rich region on IGFL1 translation-regulatory properties

Detailed inspection of the G-rich region revealed that it in fact includes two distinct G-rich motifs, GGGGG at position
235-239 and AGGGA at position 243-247 (Fig 4A). We therefore decided to delete each motif individually (A235-239
and A243-247) in the full length IGFL1 3'UTR construct (S3 Fig in S1 File; lower panels). Single deletions of the two
motifs equally attenuated the IL-13-responsiveness of the IGFL1 3'UTR (Fig 4B), implying an equal importance of these
two G-stretches. Strikingly, deletion of the entire region (A235-247) (S3 Fig in S1 File; upper right panel) yielded a sim-
ilar reduction as deletion of the single motifs. As both motifs were predicted to be part of the same hairpin structure, we
aimed to assess, if the loss of IL-13 responsiveness might be due to a loss of this RNA structural element. Therefore,
we introduced point mutations within each motif, predicted to alter the local RNA structure of the IGFL1 3'UTR. Specifi-
cally, we mutated guanine (G) at position 238 in the lower part of the hairpin structure to a cytosine (C) and G at position
245 to a thymine (T) in the upper part both predicted to lead to massive local structural rearrangement, i.e., a loss of the
hairpin between nucleotides 231 and 284. Importantly, both mutations were predicted to leave the structures encom-
passing nucleotides 1-173 and 284-413 of the full length 3’'UTR unaltered, only disrupting the structure in the region in
between (Fig 4C; upper panels). To unambiguously validate the potential role of this specific structural element, we further
introduced corresponding reverse mutations (G238C_C277G; G245T_C269A) predicted to restore the RNA secondary
structure to the original IGFL1 full length 3'UTR structure (Fig 4C; lower panels). Introduction of the structure-disrupting
mutations indeed attenuated the IL-13-induced increase in luciferase activity (Fig 4D). Surprisingly though, the reverse
mutations did not rescue the IL-1B-induced luciferase activity compared to the structure-disrupting mutations. Since restor-
ing the predicted RNA secondary structure to the original IGFL1 full length 3'UTR structure did not rescue the IL-1p-
responsiveness, the IL-1B-dependent increase in IGFL1 translation likely does not depend on structural elements within
the 3'UTR. Moreover, the isolated introduction of nucleotides 207-247 directly after the stop codon of the regulated renilla
luciferase coding region did not recapitulate the IL-1(3 responsiveness of the full length 3’UTR (S4 Fig in S1 File).

Taken together, our results indicate that the IL-13-dependent increase in IGFL1 translation is not mediated by potential
RNA structures within the 3'UTR, but rather by regulatory G-rich sequence elements.

Discussion

In the present study, we demonstrate that IL-1f increases /IGFL1 mRNA transcription and translation in MCF7 breast
cancer cells. We further identify the IGFL1 3'UTR as regulatory hub for its post-transcriptional regulation and provide evi-
dence that the IL-1p responsiveness of IGFL1 translation is mediated by a G-rich region within the 3'UTR.

While IGFL1 has been increasingly recognized as a biomarker in several tumor types as well as in inflammatory
diseases [22-26], little is known about its exact function. Similarly, the details of its regulation remain largely elusive.
In fact, the pro-inflammatory cytokine TNF-a is the only reported /IGFL1-inducing stimulus so far, both in the context of
psoriasis and in breast cancer cells [13,14]. Here, we extend the panel of IGFL1 regulating stimuli to IL-1f. Specifically,
we observed an IL-13-dependent induction of IGFL1 expression in breast cancer cells, both at the level of IGFLT mRNA
expression and translation. This is in contrast to earlier reports, where IGFL1 expression was shown to remain not
affected by IL-1p in primary keratinocytes [14]. These differences point to a marked tissue- or cell type-specific regulation
of IGFL1, and, along the same lines, the cell type-specificity of the responses to IL-1p is well-characterized [27-29].
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Fig 4. Deletions and mutations in the translation-regulatory region of the /IGFL1 3’UTR attenuate the IL-1B-dependent increase in IGFL1
3’UTR-mediated translation. (A) RNA structure of the full length /GFL1 3'UTR. Nucleotides 235-247 are highlighted in yellow, nucleotides 235-239
in blue, and nucleotides 243-247 in red. The depicted structure was generated by VARNA [18]. (B) MCF7 cells were transfected with the psiCHECK-2
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vector containing either the full length IGFL1 3'UTR or 3’'UTRs subjected to deletions. Renilla (RL) and firefly luciferase (FL) activities were determined
48 h after the transfection with or without treatment with IL-13 (50 ng/mL) during the last 4 h. Data were normalized to the full length 3'UTR control vec-
tor, presented as means+SEM (n=4), and statistically analyzed using two-way ANOVA with Dunnett’s multiple comparisons test; # p<0.01, #* p<0.001
compared to the IL-1B-treated full length 3’'UTR vector. (C) RNA structures of the full length IGFL1 3'UTR with structure-disrupting and respective rescue
mutations. The depicted structures were generated by VARNA [18]. Structure-disrupting (G(238)>C) and respective rescue mutations (C(277)>G) are
circled in dark blue; structure-disrupting (G(245)>T) and respective rescue mutations (C(269)>A) are circled in red. (D) MCF7 cells were transfected

with the psiCHECK-2 vector containing either the full length IGFL1 3'UTR or 3’'UTRs subjected to structure-disrupting and respective rescue mutations.
Renilla (RL) and firefly luciferase (FL) activities were determined 48 h after the transfection with or without treatment with IL-1p (50 ng/mL) during the last
4 h. Data were normalized to the full length 3'UTR control vector, presented as means+SEM (n=4), and statistically analyzed using two-way ANOVA
with Dunnett’s multiple comparisons test; ## p<0.001 compared to the IL-1B-treated full length 3’'UTR vector.

https://doi.org/10.1371/journal.pone.0342288.9004

We further identified the 3'UTR rather than the 5’UTR of IGFL1 to contribute to its translational regulation. While
5'UTRs are well-established in the regulation of translation initiation, 3’UTRs have also been extensively recognized as
important players in the regulation of post-transcriptional processes, including mRNA stability, localization, and trans-
lation regulation [30]. 3’'UTRs indeed may harbor regulatory sequences including microRNA and RNA-binding protein
binding sites as well as structural elements affecting translation regulation [31]. Of note, IGFL1 was previously shown to
be regulated post-transcriptionally by the long non-coding RNA IGFL2-AS1, in part by impinging on the 3’'UTR of IGFL1
[13]. Specifically, IGFL2-AS1 was proposed to compete with IGFL1 for the binding of miR4795-3p, which is predicted
to bind at nucleotide 383 of IGFL1 3'UTR. In contrast, we identified the region between nucleotides 207-247 as crucial
for the response to IL-1B. Moreover, IGFL2-AS1 was not or barely detectable in MCF7 cells [13,16]. Instead, we identi-
fied two adjacent G-rich motifs (GGGGG and AGGGA) at positions 235-239 and 243-247 of the IGFL1 3'UTR, which
appeared to equally contribute to the IL-13-dependent post-transcriptional induction of /IGFL1. Indeed, deletion of the
single motifs markedly attenuated the IL-13-dependent induction of /IGFL1. Moreover, while single nucleotide mutations
within each motifs, predicted to disrupt the 3’UTR local structure, reduced the IL-1p responsiveness, reversing the local
structural changes with respective rescue mutations did not overcome the attenuating effects. This observation rather
speaks against the relevance of RNA structures suggesting a sequence-mediated regulatory mechanism in the case
of the IL-1B-dependent, post-transcriptional induction of IGFL1. It can be envisioned that the two G-rich motifs may be
bound by trans-acting factors responsible for regulating translation. Indeed, the two motifs, GGGGG at position 235-239
and AGGGA at position 243-247, were identified as hotspots for RNA binding proteins (RBPs) as they contained putative
binding sites for numerous proteins, as predicted by ATtRACT [32] (S5 Fig in S1 File). Interestingly, while deletion of the
single motifs markedly attenuated the IL-1B-dependent induction of IGFL1 translation, combined deletion of both motifs
displayed no additional effect. Thus, not only are both protein binding sites equally important, but they also appear to be
functionally connected. This finding is in line with the concept that many RBPs bind to bipartite motifs, i.e., two short motifs
(usually 3-mers) separated by a spacer of 1-10 nucleotides [33]. This aligns perfectly with the two GGG 3-mers separated
by four to six nucleotides within the 3’'UTR of /GFL1. In this case, the deletion of one motif would be sufficient to impair
the bipartite binding of the protein, thus, causing the reduction in the activity alike to our observation. Further studies are
needed to identify the exact RBPs interacting with this bipartite motif. As a side note, both single nucleotide mutations,
which were aimed at disrupting the 3'UTR structure, also happened to target the respective GGG 3-mers and similarly
reduced the IL-1p3 responsiveness. Noteworthy, while several G-rich motifs are found across the entire 3UTR of IGFL1,
the proposed bipartite motif is the only G-rich context within the identified regulatory region of the 3'UTR (207-247).

The fact that the isolated bipartite bearing region, when introduced directly after the renilla luciferase coding region, did
not recapitulate the IL-1p responsiveness of the full length 3’UTR is in line with proposed involvement of RBPs, as the
close proximity to the coding region, might prevent binding of regulatory RBPs due to steric interference of the translating
ribosomes.
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In conclusion, we provide evidence that IGFL1 can be regulated translationally by IL-1{ through a 3’'UTR-mediated
mechanism. In particular, we identify a distinct region within the IGFL1 3'UTR, which contains G-rich motifs contributing
to the IL-1B-mediated response. It will be interesting to see if the identified mode of regulation is responsible for the cell
type-specificity of the IGFL1 regulation, which might also allow for therapeutic targeting of /IGFL1 translation in tumors or
inflammatory diseases by blocking the G-rich bipartite motif, e.g., with specific antisense oligonucleotides.
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S3 Fig. Predicted structures of the deletion constructs; S4 Fig. Translation-regulatory activity of the isolated G-rich region
of the IGFL1 3’'UTR; S5 Fig. RBP prediction using ATtRACT.

(PDF)

S1 Data. Raw data.
(XLSX)

Author contributions

Conceptualization: Giulia Cardamone, Tobias Schmid.

Data curation: Giulia Cardamone.

Formal analysis: Giulia Cardamone.

Funding acquisition: Giulia Cardamone, Rolf Backofen, Tobias Schmid.
Investigation: Giulia Cardamone, Melanie Flohr, Rebecca Raue, Irina Bode, Sofie P. Meyer.
Methodology: Giulia Cardamone, Sven Hauns, Rolf Backofen.

Project administration: Tobias Schmid.

Resources: Tobias Schmid.

Supervision: Tobias Schmid.

Validation: Giulia Cardamone.

Visualization: Giulia Cardamone.

Writing — original draft: Giulia Cardamone, Tobias Schmid.

Writing — review & editing: Giulia Cardamone, Melanie Flohr, Rebecca Raue, Irina Bode, Sofie P. Meyer, Sven Hauns,
Rolf Backofen, Tobias Schmid.

References

1. Truitt ML, Ruggero D. New frontiers in translational control of the cancer genome. Nat Rev Cancer. 2016;16(5):288-304. https://doi.org/10.1038/
nrc.2016.27 PMID: 27112207

2. Micalizzi DS, Ebright RY, Haber DA, Maheswaran S. Translational Regulation of Cancer Metastasis. Cancer Res. 2021;81(3):517-24. https://doi.
org/10.1158/0008-5472.CAN-20-2720 PMID: 33479028

3. Piccirillo CA, Bjur E, Topisirovic |, Sonenberg N, Larsson O. Translational control of immune responses: from transcripts to translatomes. Nat Immu-
nol. 2014;15(6):503—-11. https://doi.org/10.1038/ni.2891 PMID: 24840981

4. Mazumder B, Li X, Barik S. Translation control: a multifaceted regulator of inflammatory response. J Immunol. 2010;184(7):3311-9.

5. Jewer M, Findlay SD, Postovit LM. Post-transcriptional regulation in cancer progression. J Cell Commun Signal. 2012 Dec;6(4):233—-48.

Mantovani A, Ponzetta A, Inforzato A, Jaillon S. Innate immunity, inflammation and tumour progression: double-edged swords. J Intern Med.
2019;285(5):524-32. https://doi.org/10.1111/joim.12886 PMID: 30873708

PLOS One | https://doi.org/10.1371/journal.pone.0342288 June 25, 2026 11/13



http://journals.plos.org/plosone/article/asset?unique&id=info:doi/10.1371/journal.pone.0342288.s001
http://journals.plos.org/plosone/article/asset?unique&id=info:doi/10.1371/journal.pone.0342288.s002
https://doi.org/10.1038/nrc.2016.27
https://doi.org/10.1038/nrc.2016.27
http://www.ncbi.nlm.nih.gov/pubmed/27112207
https://doi.org/10.1158/0008-5472.CAN-20-2720
https://doi.org/10.1158/0008-5472.CAN-20-2720
http://www.ncbi.nlm.nih.gov/pubmed/33479028
https://doi.org/10.1038/ni.2891
http://www.ncbi.nlm.nih.gov/pubmed/24840981
https://doi.org/10.1111/joim.12886
http://www.ncbi.nlm.nih.gov/pubmed/30873708

PLO\S\% One

10.

1.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24,

25.

26.

27.

28.

29.

Kroczynska B, Kaur S, Platanias LC. Growth suppressive cytokines and the AKT/mTOR pathway. Cytokine. 2009;48(1-2):138—43. https://doi.
org/10.1016/j.cyt0.2009.07.009 PMID: 19682919

Panwar V, Singh A, Bhatt M, Tonk RK, Azizov S, Raza AS, et al. Multifaceted role of mMTOR (mammalian target of rapamycin) signaling pathway in
human health and disease. Signal Transduct Target Ther. 2023;8(1):375. https://doi.org/10.1038/s41392-023-01608-z PMID: 37779156

ShiY, Frost P, Hoang B, Benavides A, Gera J, Lichtenstein A. IL-6-induced enhancement of c-Myc translation in multiple myeloma cells: critical role
of cytoplasmic localization of the rna-binding protein hnRNP A1. J Biol Chem. 2011;286(1):67-78. https://doi.org/10.1074/jbc.M110.153221 PMID:
20974848

Dhamija S, Doerrie A, Winzen R, Dittrich-Breiholz O, Taghipour A, Kuehne N. IL-1-induced post-transcriptional mechanisms target overlapping
translational silencing and destabilizing elements in IkB{ mRNA. J Biol Chem. 2010;285(38):29165-78. https://doi.org/10.1074/jbc.M110.146365
PMID: 20634286

Yeh C-H, Hung L-Y, Hsu C, Le S-Y, Lee P-T, Liao W-L, et al. RNA-binding protein HuR interacts with thrombomodulin 5’'untranslated region and
represses internal ribosome entry site-mediated translation under IL-1 beta treatment. Mol Biol Cell. 2008;19(9):3812-22. https://doi.org/10.1091/
mbc.e07-09-0962 PMID: 18579691

Rubsamen D, Blees JS, Schulz K, Déring C, Hansmann M-L, Heide H, et al. IRES-dependent translation of egr2 is induced under inflammatory
conditions. RNA. 2012;18(10):1910-20. https://doi.org/10.1261/rna.033019.112 PMID: 22915601

Wang H, ShiY, Chen C-H, Wen 'Y, Zhou Z, Yang C, et al. KLF5-induced IncRNA IGFL2-AS1 promotes basal-like breast cancer cell growth and
survival by upregulating the expression of IGFL1. Cancer Lett. 2021;515:49-62. https://doi.org/10.1016/j.canlet.2021.04.016 PMID: 34052325

Lobito AA, Ramani SR, Tom |, Bazan JF, Luis E, Fairbrother WJ. Murine Insulin Growth Factor-like (IGFL) and Human IGFL1 Proteins Are Induced
in Inflammatory Skin Conditions and Bind to a Novel Tumor Necrosis Factor Receptor Family Member, IGFLR1. J Biol Chem. 2011;286(21):18969—
81. https://doi.org/10.1074/jbc.M111.224626 PMID: 21454693

Emtage P, Vatta P, Arterburn M, Muller MW, Park E, Boyle B, et al. IGFL: A secreted family with conserved cysteine residues and similarities to the
IGF superfamily. Genomics. 2006;88(4):513-20. https://doi.org/10.1016/j.ygeno.2006.05.012 PMID: 16890402

Tracy KM, Tye CE, Page NA, Fritz AJ, Stein JL, Lian JB, et al. Selective expression of long non-coding RNAs in a breast cancer cell progression
model. J Cell Physiol. 2018;233(2):1291-9. https://doi.org/10.1002/jcp.25997 PMID: 28488769

Lorenz R, Bernhart SH, Honer zu Siederdissen C, Tafer H, Flamm C, Stadler PF, et al. ViennaRNA Package 2.0. Algorithms Mol Biol. 2011;6:26.
https://doi.org/10.1186/1748-7188-6-26 PMID: 22115189

Darty K, Denise A, Ponty Y. VARNA: Interactive drawing and editing of the RNA secondary structure. Bioinformatics. 2009;25(15):1974-5. https://
doi.org/10.1093/bioinformatics/btp250

Sunil Y, Ramadori G, Raddatzc D. Influence of NFkappaB inhibitors on IL-1beta-induced chemokine CXCL8 and -10 expression levels in intestinal
epithelial cell lines: glucocorticoid ineffectiveness and paradoxical effect of PDTC. Int J Colorectal Dis. 2010;25(3):323-33. https://doi.org/10.1007/
s00384-009-0847-3 PMID: 19921217

Leppek K, Das R, Barna M. Functional 5 UTR mRNA structures in eukaryotic translation regulation and how to find them. Nat Rev Mol Cell Biol.
2018;19(3):158-74. https://doi.org/10.1038/nrm.2017.103 PMID: 29165424

Mayr C. Regulation by 3’-Untranslated Regions. Annu Rev Genet. 2017;51:171-94. https://doi.org/10.1146/annurev-genet-120116-024704 PMID:
28853924

Zou B, Liu X, Gong Y, Cai C, Li P, Xing S. A novel 12-marker panel of cancer-associated fibroblasts involved in progression of hepatocellular carci-
noma. Cancer Manag Res. 2018;10:5303—11. https://doi.org/10.2147/CMAR.S176152 PMID: 30464627

Yin W, Ao Y, Jia Q, Zhang C, Yuan L, Liu S. Integrated single cell and bulk RNA-seq analysis identifies a prognostic signature related to inflamma-
tion in colorectal cancer. Sci Rep. 2025;15(1):874. https://doi.org/10.1038/s41598-024-84998-6 PMID: 39757274

Liang Z, An'Y, He J, Zhu Z, Jiang K, Chen K, et al. Comprehensive Pan-Cancer Analysis Identifies IGFL1 as an Oncogenic Biomarker and Immu-
notherapeutic Target with Experimental Validation in Bladder Cancer. Int J Gen Med. 2025;18:3881-900. https://doi.org/10.2147/IJGM.S517611
PMID: 40688459

Guo P, Luo Y, Mai G, Zhang M, Wang G, Zhao M, et al. Gene expression profile based classification models of psoriasis. Genomics.
2014;103(1):48-55. https://doi.org/10.1016/j.ygeno0.2013.11.001 PMID: 24239985

Zhou Y, Wang Z, Han L, Yu Y, Guan N, Fang R. Machine learning-based screening for biomarkers of psoriasis and immune cell infiltration. Eur J
Dermatol. 2023;33(2):147-56. https://doi.org/10.1684/ejd.2023.4453 PMID: 37431117

CuiA, Huang T, Li S, Ma A, Pérez JL, Sander C, et al. Dictionary of immune responses to cytokines at single-cell resolution. Nature.
2024;625(7994):377—-84. https://doi.org/10.1038/s41586-023-06816-9 PMID: 38057668

Dmitrieva-Posocco O, Dzutsev A, Posocco DF, Hou V, Yuan W, Thovarai V, et al. Cell-Type-Specific Responses to Interleukin-1 Control Microbial
Invasion and Tumor-Elicited Inflammation in Colorectal Cancer. Immunity. 2019;50(1):166—80.e7. https://doi.org/10.1016/j.immuni.2018.11.015
PMID: 30650375

Srinivasan D, Yen JH, Joseph DJ, Friedman W. Cell type-specific interleukin-1p signaling in the CNS. J Neurosci. 2004;24(29):6482-8. https://doi.
org/10.1523/JNEUROSCI.5712-03.2004 PMID: 15269258

PLOS One | https://doi.org/10.1371/journal.pone.0342288 June 25, 2026 12713



https://doi.org/10.1016/j.cyto.2009.07.009
https://doi.org/10.1016/j.cyto.2009.07.009
http://www.ncbi.nlm.nih.gov/pubmed/19682919
https://doi.org/10.1038/s41392-023-01608-z
http://www.ncbi.nlm.nih.gov/pubmed/37779156
https://doi.org/10.1074/jbc.M110.153221
http://www.ncbi.nlm.nih.gov/pubmed/20974848
https://doi.org/10.1074/jbc.M110.146365
http://www.ncbi.nlm.nih.gov/pubmed/20634286
https://doi.org/10.1091/mbc.e07-09-0962
https://doi.org/10.1091/mbc.e07-09-0962
http://www.ncbi.nlm.nih.gov/pubmed/18579691
https://doi.org/10.1261/rna.033019.112
http://www.ncbi.nlm.nih.gov/pubmed/22915601
https://doi.org/10.1016/j.canlet.2021.04.016
http://www.ncbi.nlm.nih.gov/pubmed/34052325
https://doi.org/10.1074/jbc.M111.224626
http://www.ncbi.nlm.nih.gov/pubmed/21454693
https://doi.org/10.1016/j.ygeno.2006.05.012
http://www.ncbi.nlm.nih.gov/pubmed/16890402
https://doi.org/10.1002/jcp.25997
http://www.ncbi.nlm.nih.gov/pubmed/28488769
https://doi.org/10.1186/1748-7188-6-26
http://www.ncbi.nlm.nih.gov/pubmed/22115189
https://doi.org/10.1093/bioinformatics/btp250
https://doi.org/10.1093/bioinformatics/btp250
https://doi.org/10.1007/s00384-009-0847-3
https://doi.org/10.1007/s00384-009-0847-3
http://www.ncbi.nlm.nih.gov/pubmed/19921217
https://doi.org/10.1038/nrm.2017.103
http://www.ncbi.nlm.nih.gov/pubmed/29165424
https://doi.org/10.1146/annurev-genet-120116-024704
http://www.ncbi.nlm.nih.gov/pubmed/28853924
https://doi.org/10.2147/CMAR.S176152
http://www.ncbi.nlm.nih.gov/pubmed/30464627
https://doi.org/10.1038/s41598-024-84998-6
http://www.ncbi.nlm.nih.gov/pubmed/39757274
https://doi.org/10.2147/IJGM.S517611
http://www.ncbi.nlm.nih.gov/pubmed/40688459
https://doi.org/10.1016/j.ygeno.2013.11.001
http://www.ncbi.nlm.nih.gov/pubmed/24239985
https://doi.org/10.1684/ejd.2023.4453
http://www.ncbi.nlm.nih.gov/pubmed/37431117
https://doi.org/10.1038/s41586-023-06816-9
http://www.ncbi.nlm.nih.gov/pubmed/38057668
https://doi.org/10.1016/j.immuni.2018.11.015
http://www.ncbi.nlm.nih.gov/pubmed/30650375
https://doi.org/10.1523/JNEUROSCI.5712-03.2004
https://doi.org/10.1523/JNEUROSCI.5712-03.2004
http://www.ncbi.nlm.nih.gov/pubmed/15269258

PLO\S\%- One

30. Hong D, Jeong S. 3'UTR Diversity: Expanding Repertoire of RNA Alterations in Human mRNAs. Mol Cells. 2023;46(1):48-56. https://doi.
org/10.14348/molcells.2023.0003 PMID: 36697237

31. Halbeisen RE, Galgano A, Scherrer T, Gerber AP. Post-transcriptional gene regulation: from genome-wide studies to principles. Cell Mol Life Sci.
2008;65(5):798-813. https://doi.org/10.1007/s00018-007-7447-6 PMID: 18043867

32. Giudice G, Sanchez-Cabo F, Torroja C, Lara-Pezzi E. ATtRACT-a database of RNA-binding proteins and associated motifs. Database (Oxford).
2016;2016:baw035. https://doi.org/10.1093/database/baw035 PMID: 27055826

33. Dominguez D, Freese P, Alexis M, Su A, Hochman M, Palden T. Sequence, Structure, and Context Preferences of Human RNA Binding Proteins.
Molecular Cell. 2018;70(5):854—67.€9. https://doi.org/10.1016/j.molcel.2018.04.018

PLOS One | https://doi.org/10.1371/journal.pone.0342288 June 25, 2026 13713



https://doi.org/10.14348/molcells.2023.0003
https://doi.org/10.14348/molcells.2023.0003
http://www.ncbi.nlm.nih.gov/pubmed/36697237
https://doi.org/10.1007/s00018-007-7447-6
http://www.ncbi.nlm.nih.gov/pubmed/18043867
https://doi.org/10.1093/database/baw035
http://www.ncbi.nlm.nih.gov/pubmed/27055826
https://doi.org/10.1016/j.molcel.2018.04.018

	Enhanced IGFL1 translation in response to IL-1β is controlled by distinct 3’UTR elements
	Introduction
	Materials and methods
	Chemicals
	Cell culture
	RNA isolation, reverse transcription, and quantitative polymerase chain reaction (RT-qPCR)
	Transcription inhibition using actinomycin D
	Polysomal fractionation
	Plasmid constructs
	Transient transfection and luciferase reporter assay
	RNA secondary structure predictions
	Statistical analyses

	Results
	IL-1β induces IGFL1 expression transcriptionally and translationally
	IL-1β-dependent changes in IGFL1 translation are controlled by a distinct part of the 3’UTR
	Impact of a G-rich region on IGFL1 translation-regulatory properties

	Discussion
	Supporting information
	References


