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Abstract

This study investigates the impact of genetic diversity, in the form of single-nucleotide
polymorphisms (SNPs), on the post-transcriptional control of gene expression, to identify a
novel class of functional SNPs, named tranSNPs, with potential applications as biomarkers for
cancer diagnosis, prognosis, or targeted therapy; tranSNPs are defined as SNPs whose allelic
fraction is significantly imbalanced across polysome-bound and total mRNAs.

We provide a comprehensive characterization of tranSNPs and their implications by exploring
their cell line and cancer-type specificity, as well as their mechanistic insights focusing on the
rs1053639 tranSNP (T/A) on DDIT4 3’UTR. This example demonstrated that a 3’UTR SNP can
significantly affect mRNA localization, modification, and polysomal recruitment through allele-
specific interaction with the trans-factor RBMX, eventually causing allele-specific differences
in protein levels and downstream phenotypes related to cancer. Indeed, autophagy, cell
competition, and in vivo xenotransplantation were significantly affected across TT and AA
clones homozygous for the SNP.

Furthermore, analysis of TCGA colorectal cancer data revealed that rs1053639 alleles are
prognostic for disease-free interval (DFl), and we uncovered allele-specific sensitivities to a
number of compounds. When further explored, tranSNPs could become an uncharted source
of SNPs to be used as biomarkers for cancer prognosis and to guide treatments based on SNP

genotype in the context of personalized medicine.
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Introduction

A notable layer of gene expression regulation occurs post-transcriptionally

Gene expression is a complex and finely modulated process that allows the temporal, level,
and tissue-specific expression of genes, enabling the generation of diverse phenotypes from
the same genome and ultimately establishing cell identities (Buccitelli and Selbach, 2020).
Indeed, the complexity of an organism is better reflected by the number of different cell types
and is driven by how genes are finely tuned, rather than by the haploid genome size (C-value
paradox) or the number of genes (G-value paradox) (Buccitelli and Selbach, 2020; Hahn and
Wray, 2002; Thomas, 1971). Consequently, the dysregulation of such a central process is one

of the most relevant topics in biomedicine.

Traditionally, transcription was considered the primary, if not the unique, regulator of gene
expression, with transcription factors (TFs), enhancers, and epigenetic marks being regarded
as the main regulatory components (Lee and Young, 2013; Maston et al., 2006). Although
transcription represents the initial step of gene expression and is undoubtedly critical, it does
not fully account for the diversity of gene output.

Over the past decades, post-transcriptional regulation emerged as another layer in tuning gene
expression. The mRNA splicing, modification, degradation, export, polyadenylation,
translation, and protein degradation are key events underlying post-transcriptional regulation

(Bertram and Schuster, 2014; Corbett, 2018) (Figure 1).
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Figure 1. Gene expression is dynamically regulated by transcriptional and post-transcriptional events.
The attention towards post-transcriptional events has grown in the last decade and includes mRNA processing,

modification, and translation (Bertram and Schuster, 2014).

While in some cases mRNA levels are mere proxies for protein levels, in other cases post-
transcriptional regulation can set protein levels independently from mRNA levels (Franks et al.,
2017). This is frequently observed for the regulators of metabolic fluxes, whose protein levels
must be rapidly adjusted in response to environmental changes (Daran-Lapujade et al., 2007;
Kim and Kyung Lee, 2012). The activation of the mTOR pathway itself, which is a master
regulator of cell metabolism, has been associated to the shortening of the 3’ untranslated
regions (UTRs) of its target mMRNAs through alternative polyadenylation, which in turn reduces
the space for the RNA-binding protein (RBP) and microRNA (miRNA)-mediated control of gene
expression (Yeh and Yong, 2020). Similarly, cells need a preponderance of post-transcriptional
regulation for genes involved in cell division to tightly couple cell cycle progression with cell
growth (Mulas, 2024; Polymenis and Schmidt, 1997). The most abundant modification on
messenger RNAs (MRNAs), N6-methyl-adenosine, referred to as m6A, has also been found to
control cell fate transitions in stem cells, highlighting a role for post-transcriptional regulation
in development as well (Batista et al., 2014; Chen et al., 2015; Jalkanen and Wilusz, 2014, Li et

al., 2021).



This renewed interest and awareness were stimulated by the development of RNA sequencing
and its variants, and studies highlighting that transcription and translation should not be
considered as completely distinct processes, but as interconnected and coordinated,
although they occur in separate cellular compartments in eukaryotes. Interestingly, the mTOR
pathway is considered a master coordinator of transcription and translation, eventually
shaping various cell responses (Adams-Brown and Reid, 2025). The mTOR can indeed
modulate the translation of transcription factors but also influence the activity of chromatin
remodelling complexes such as NURD and CoREST (Dufour et al., 2022). Conversely, p53,
which is considered a central transcription factor, can transcriptionally induce translation
initiation factors such as 4EBP1, affect ribosome biogenesis and transfer RNAs (tRNAs)
production by acting on the activity of the RNA Polymerases | and lll and broadly modulate
translation by acting as an RBP itself (Crighton et al., 2003; Marcel et al., 2018, 2015; Tiu et al.,
2021); p53 can also inhibit mTORC1 through its transcriptional targets Sestrin1 and Sestrin2
(Loayza-Puch et al.,, 2013), and perform protein-protein interactions with the m6A writer
METTL3 to be stabilized, promote the epitranscriptomic modification of p53 target genes and
reinforce p53-mediated effect as a tumour suppressor (Raj et al., 2022). There is now solid
evidence that splicing occurs co-transcriptionally and is, in turn, regulated by RNA folding
(Buratti and Baralle, 2004; Shenasa and Bentley, 2023). Moreover, dynamic interplays exist
between transcription, RNA decay, and ribosome dynamics (Heck and Wilusz, 2018; Murakami
et al., 2025).

Overall, there is strong literature evidence indicating that transcription, RNA processing, and
translation cannot be considered as separate events, but are intertwined, so that the
interpretations deriving from static RNA steady-state level analyses will need to be revised
(Furlan et al., 2020) and opened to the concepts of RNA decay rate and translation. The
evidence that post-transcriptional events matter in collectively regulating gene expression is
mounting, and there are already multiple examples of new therapeutic strategies arising from
the study of post-transcriptional events (Laham-Karam et al., 2020). Great effort is being made
to modulate the splicing of the SMN2 gene, to boost the levels of SMN protein, which in Spinal
Muscular Atrophy (SMA) are low due to mutations in SMN1 (Fitzgerald et al., 2018). Major global
health challenges such as diabetes, obesity, and hypercholesterolemia are also currently being

tackled by inhibiting target miRNAs (Hennessy and Moore, 2013). Chemotherapeutic drugs



such as Synribo are currently in clinical use for Chronic Myeloid Leukemia (CML) as translation

elongation inhibitors (Gandhi et al., 2014).

Single-nucleotide polymorphisms are crucial regulators of gene expression

A substantial proportion of the genetic contribution to complex disorders, including cancet, is
still unexplained. Multiple types of genetic variants exist and can be classified based on their
allelic frequency and effect size (Figure 2). Variants with a minor allele frequency (MAF) of 5%
or higher are defined as common variants, whereas those below this threshold are considered
rare. Rare variants often have large effects (e.g., in Mendelian disorders), while rare variants of
small effect remain challenging to detect with the current genetic tools and approaches.
Common variants are typically identified by Genome Wide Association Studies (GWAS) and
have modest effects but can synergize to generate complex traits. Importantly, common
genetic variants have a considerable potential to be broadly used as disease biomarkers due

to the high frequency of both alleles in the population (Yengo et al., 2022).

However, despite the huge effort invested into GWAS over the past decade, a substantial gap
persists between known and unknown disease-associated variants, which is named missing
heritability. While low-frequency variants with intermediate effect sizes may explain part of the
missing heritability in complex diseases, it is also increasingly evident that certain genomic
regions (e.g., UTRs), as well as ancestrally diverse populations, are underrepresented in GWAS
studies (Chen et al., 2024; Fitipaldi and Franks, 2023; Reshef et al., 2018; Tam et al., 2019). Itis
therefore possible that common genetic variants in UTRs, which escape detection by GWAS,
may play a larger role than currently appreciated and contribute to the missing heritability.
These variants must therefore be identified with alternative methods that extend beyond the

traditional association studies.
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Figure 2. The allele frequency-effect size spectrum illustrates the contribution of genetic variants to disease
risk.
The gap between the known and unknown genetic variants is named “missing heritability” (Gandhi et al., 2014;

Manolio et al., 2009).

Single-nucleotide polymorphisms (SNPs) are among the most abundant classes of genetic
variation in the human genome. SNPs are defined as germline substitutions of a single
nucleotide at a specific position in the genome with a minor allelic frequency greater than 1%
in the population. This feature makes SNPs particularly amenable to personalized medicine
(Ho et al., 2019; Weitzel et al., 2011). SNPs occur, on average, once every 300 base pairs of
sequence in the human genome (Kruglyak and Nickerson, 2001).

Over the past decade, GWAS have identified a large number of disease-associated SNPs with
low to modest effect sizes. However, as discussed above, such studies systematically
underscored the untranslated (UTR) regions of transcripts and largely focused on the
association with disease risk, rather than disease prognosis or therapy. Early functional
characterization highlighted variants located in promoters and enhancers, where they
influence transcription by impinging on the creation or disruption of TF binding sites, or by
changing the affinity of the TFs for their sites (Degtyareva et al., 2021; Menendez et al., 2019,
2007).

With the growing awareness and recognition of the post-transcriptional control of gene
expression, some studies have begun to explore SNPs affecting the post-transcriptional
regulation as well. Notably, one of the first studies described riboSNitches, which are
functional RNA structures disrupted by SNPs, while other studies reported specific examples

of functional SNPs in the 5’ and 3’ UTRs that altered microRNA-binding sites (Landi et al., 2008;

11



Solem et al., 2015). Despite these advances, SNPs affecting post-transcriptional regulation
have remained comparatively understudied, largely due to the limited availability of
experimental and computational tools for interrogating UTR-mediated regulation compared to
transcriptional regulatory regions (Bahrami-Samani et al., 2015; de Klerk and ’t Hoen, 2015).
Furthermore, these pioneering studies proved the importance of SNPs in modulating post-
transcriptional processes, but they did not provide a pipeline for systematically identifying

instances of SNPs involved in post-transcriptional regulation.

A pipeline for the identification of SNPs involved in post-transcriptional regulation

To this regard, a few years ago, the Laboratory of Transcriptional Networks (headed by Prof. A.
Inga) in which | am working — in collaboration with the Laboratory of Bioinformatics and
Computational Genomics (headed by Prof. Alessandro Romanel, University of Trento) —
published a pipeline for the identification of tranSNPs, where tranSNPs were defined as “a class
of functional SNPs affecting the mRNA translation potential” (Valentini et al., 2021). The
pipeline relies on the comparative analysis of the allelic fraction (AF) of the alternative allele
across polysome-bound mRNAs (POL) and total mRNAs (TOT) for the SNPs that are
heterozygous and transcribed in a certain cell line. Polysome-bound mRNAs are considered a
proxy for the actively translated mRNAs, while total mMRNAs are a proxy for less translated
MRNAs. We assume that when two SNP alleles are significantly imbalanced in the polysomal
compared to the total RNA, one allele is enriched in the polysomes; therefore, the SNP is

identified as a putative tranSNP (Figure 3).
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Figure 3. The pipeline for the identification of tranSNPs: RNA-seq-based quantification of allelic fraction
across polysome-bound and total mRNAs.

The pipeline captures instances of allelic imbalances in polysome-bound compared to total mRNAs.

Firstly, the requirement for SNP heterozygosity is addressed by performing (or using publicly
available) exome sequencing datasets covering the UTRs. SNPs with allelic fraction (AF) values
between 0.2 and 0.8 are classified as heterozygous. This wide range of allelic fractions,
divergent from the expected 0.5 allelic fraction, has been observed across all the datasets,
attributed to potential technical biases in the RNA-seq workflow, such as position-specific
sequencing properties.

Polysome-bound mRNAs are subsequently isolated by polysome profiling, a method based on
sucrose gradient ultracentrifugation that separates polysome-associated mRNAs from those
bound to monosomes or to the ribosomal subunits or ribosome-free MRNAs, which together
constitute the total mMRNA pool in the cytoplasm (Chassé et al., 2017; Rodriguez-Martinez and
Young-Baird, 2025). The total mRNA fraction thus includes the polysome-bound mRNAs, which
might dilute the magnitude of the observed effect. Alternatively, the free mRNA fraction, which
contains poorly translated mRNAs, may be used instead of total mMRNA. However, previous
reports as well as our data (see Figure 12A-C in the Results section) have shown that this

fraction contains a relatively low amount of mRNA (Panda et al., 2017), which may negatively
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affect the subsequent library preparation and sequencing quality. Indeed, both polysome-
bound and total mRNAs are then subjected to RNA sequencing (RNA-seq).

Only the SNPs identified in the preliminary genotyping are then interrogated in the RNA-seq
data, overcoming the intrinsic noise in SNP calling and coverage. Quality controls, such as a
depth of coverage of at least 20 reads at the SNP site across all biological replicates and
fractions, are subsequently applied, generating a more restricted set of “analyzable” SNPs.
Paired t-test statistics is performed to compare AF measures between matched polysomal and
total mMRNA samples across biological replicates. Analyzable SNPs displaying nhominal p-

values <0.05 are considered as putative tranSNPs.

Aside from mock conditions, the pipeline can also be applied to treated cells. The use of RNA-
seq data for identifying instances of allele-specific gene expression is consolidated (Mayba et
al., 2014; Pandey et al., 2013; Romanel, 2019), but this is the first example in which RNA
sequencing data is used to identify SNPs potentially affecting gene expression specifically at
the post-transcriptional level. Notably, new insightful technologies for studying translation,
such as Ribo-seq (Limbu et al., 2024), have recently come out. However, Ribo-seq does not
provide enough coverage of UTR regions, because the method captures ribosome-protected
fragments (footprints), and ribosome footprints are generally restricted to the coding region
(Brar and Weissman, 2015; Wang et al., 2020). Instead, the UTRs, which are the prominent
regulatory regions for translation, hold a huge potential for harbouring SNPs potentially
affecting gene expression at the post-transcriptional level; therefore, our pipeline for tranSNPs
identification sticks with the polysome-sequencing. Moreover, the whole study was originally
stimulated by the observation that some melanoma patients’ samples showed 5’ UTR variants
of uncertain significance rather than mutations in the typical predisposing genes for

melanoma, such as CDKN2A (Andreotti et al., 2016).

Three tranSNP catalogues: MCF7, HCT116 and RPE-1

Our tranSNP-identifying pipeline was applied to the breast cancer cell line MCF7 in the earliest
work (Valentini et al., 2021). This dataset relies on high coverage (80 million reads, minimal
local depth of 10X), pair-end RNA sequencing, but only two biological replicates. Cells were
exposed to either 10 uM Nutlin or 1 yM Doxorubicin for 16 hours, in addition to the mock

condition, to activate p53, given its emerging role in the regulation of translation. Overall, 147
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SNPs, corresponding to about 4% of the analyzable SNPs, were identified as putative tranSNPs.
Imbalances were almost equally divided between constitutive, doxorubicin-dependent, and
Nutlin-dependent. A slight overlap of only three tranSNPs was observed between mock and
treatments; it can probably be ascribed to differences in local coverage and quality control
thresholds, since a consistent subset of SNPs exhibited comparable imbalance across two or
three conditions, maintaining the same directional trend even when statistical significance was
not reached. The average global minor allele frequency (MAF) among tranSNPs was favorable,
not restricted to particularly rare or common variants. No enrichment for specific pathways
was observed among the genes harboring the tranSNPs. About 25% of tranSNPs were located
in the UTRs, with the remainder in coding regions. In this initial catalogue, statistical analysis
was built on variance estimates; indeed, correction for multiple testing was not applied, as the
independence of SNPs could not be reliably assessed due to the limited ability to reconstruct

haplotypes in this dataset.

To extend the approach to a different cancer cell line and increase the number of biological
replicates, the pipeline was applied to the colon cancer cell line HCT116 in the next work
(Hamadou and Alunno et al., 2025). This dataset consists of lower coverage than the previous
(20 million reads, minimum local depth of 20X), single-end sequencing, but four biological
replicates. Cells were untreated or exposed to 10 uM Nutlin for 16 hours. A total of 40 putative
tranSNPs, corresponding to approximately 7% of the analyzable SNPs, were identified. Asinthe
MCF7 dataset, no enrichment for specific pathways or gene networks was observed among the
putative tranSNPs. Statistical analysis was implemented compared to the MCF7 dataset by
using paired t-tests with nominal p-values, providing a more robust assessment. After a first
step of validation through Sanger sequencing on new biological replicates and luciferase
reporter assays, two tranSNPs were selected for an in-depth validation: rs1053639 on DDIT4 3’
UTR and the rs1554710467 missense variant on EIF4H coding sequence (CDS).

The first case described a UTR variantin a p53 target gene and proposed a mechanism of action
in which the tranSNP affects mMRNA localization, modification, and translation efficiency, upon
modelling the tranSNP in cells exploiting CRISPR/Cas9-mediated knock-in (Ghetti et al., 2021).
In addition, the clinical impact of this tranSNP was assessed by analyzing the disease-free

interval (DFI) in colorectal cancer cohorts from TCGA.
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The second case leveraged the use of proteomics to quantify the peptides derived from either
the alternative or the reference allele of a missense tranSNP at the endogenous level in a
heterozygous cell line. This approach represents an initial step towards exploiting the still

underscored power of allele-specific proteomics in the field of genetics.

The pipeline was subsequently applied to the human retinal pigment epithelial RPE-1 cell line
to explore the tranSNP phenomenon in non-cancer cells. Further, we compared polysome-
bound mRNAs to 80S-bound mRNAs in order to clarify the role of the 80S monosome in
translation. Overall, the three tranSNP datasets provided a deeper understanding of the

tranSNP phenomenon (Figure 4).

MCF7 HCT116 RPE-1
(Valentini et al., 2021) (Hamadou and Alunno et al.,
2025)
a catalogue of tranSNPs in a a catalogue of tranSNPs ina a catalogue of tranSNPs in a
breast cancer cell line colon cancer cell line non-cancer cell line

*rs1053639 in DDIT4 3'UTR

*rs1554710467 in EIF4H CDS

Figure 4. Schematic of the timeline and features of the three tranSNPs catalogues.

Allele-specific mMRNA fate: the example of rs1053639 in the 3’ UTR of DDIT4

Inthe HCT116 dataset, the rs1053639 tranSNP in DDIT4 mRNA emerged as the most promising
and was deeply characterized. The rs1053639 is a T>A SNP, in which the T allele represents the
ancestral (or reference) allele, and the A allele represents the alternative allele. According to
the 1000 Genome Project Phase 3, this SNP displays a MAF of 0.46 globally, with the lowest
frequency (0.2) among African populations and the highest (0.8) among East Asian populations.
The SNP-containing region of DDIT4 is quite conserved across species. The high prevalence of

both alleles across populations makes this variant a strong candidate biomarker for
16



personalized medicine. The computed allelic fraction imbalance from the RNA-seq data is -
0.136 for the alternative allele, indicating that the A allele is relatively more represented in the
total compared to the polysomal mRNA fraction. The rs1053639 is located approximately 90
nucleotides downstream of the stop codon, therefore, in the proximal region of DDIT4 3’ UTR,
which is about 0.85 kbp long. This feature is particularly relevant when considering that DDIT4
MRNA is only about 2.1 kbp long. Long 3’UTRs are generally associated with increased post-
transcriptionalregulation, as they tend to contain a higher density of regulatory elements, such
as RBP and miRNA binding sites, or alternative polyadenylation sites (Navarro et al., 2021).
Indeed, there is evidence that the 3’UTR of DDIT4 is targeted by multiple miRNAs (Sun et al.,
2021; Wang et al., 2018).

The SNP host gene is DDIT4 (DNA-damage-inducible transcript 4), which is also known as
REDD1 or RTP801. DDIT4 is located on the long arm of chromosome 10 and contains three
exons and two introns, resulting in three splice variants (Ellisen et al., 2002; Shoshani et al.,
2002). The two protein-coding isoforms share the SNP-containing region. DDIT4 has an
important paralog, with similar functions, named DDIT4L. The DDIT4 proteinis a 25 kDa protein
(migrating at 33 kDa in western blot gels due to the multiple C-terminal lysine residues)
characterized by low tissue specificity (Shoshani et al., 2002). DDIT4 protein is predominantly
localized in the cytoplasm; a few studies reported that nuclear and membrane DDIT4 protein
expression was associated with aggressive pancreatic and colon cancer samples (Dehghan
Manshadi et al., 2025; Fattahi et al., 2021; Tajik et al., 2023), suggesting that DDIT4 protein may
relocalize to the nucleus under specific conditions related to aggressive cancer behavior.
Structurally, the DDIT4 protein consists of two chains, each containing antiparallel a-helices
followed by four B-strands (Vega-Rubin-de-Celis et al., 2010). DDIT4 protein is degraded by the
proteasome system via a cascade starting with DDIT4 phosphorylation by GSK3-B and
continuing through CUL4A. The cascade is triggered by mTOR since DDIT4 degradation is
crucially required for the restoration of mTOR signalling as cells recover from stress (Katiyar et
al., 2009).

Indeed, functionally, DDIT4 is mostly known as a negative regulator of mTORC1 (Figure 5). The
mTORC1 inhibition by DDIT4 was widely observed and shown in HCT116 cells as well (Wang et
al., 2015). The inhibition occurs via multiple routes, such as the release of TSC1/2 from the

inhibitory 14-3-3 proteins, which impedes the TSC1/2-mediated blockage of Rheb, the GTPase,
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which in turn activates mTORC1 (Tirado-Hurtado et al., 2018). DDIT4 can also recruit the
phosphatase-2A to inhibit the phosphorylation of Akt, which occurs upstream in the mTOR
pathway (Gordon et al., 2016). Overall, DDIT4 does not act as an enzyme but rather as a stress-
responsive regulatory adaptor protein that interacts with the 14-3-3 proteins or phosphatase-
2A, ultimately inhibiting mTORC1. This function on the mTORC1 pathway has positioned DDIT4
as a putative tumor suppressor gene by inhibiting uncontrolled proliferation, growth, and
survival, which are features of active mTORC1. Moreover, DDIT4 mediates p53 functions
relative to metabolism and DNA damage response (Ellisen et al., 2002). It is debated whether
DDIT4 is a direct target of p53 or if the induction of DDIT4 by p53 occurs through the
intermediate RFX7 (Coronel et al.,, 2022). Indeed, while reporter assays supported the
existence of a putative p53-responsive element (RE) in the promoter of DDIT4, p53 ChlP-seq
data never confirmed the binding of p53 just upstream of the DDIT4 transcription start site (TSS)
(Coronel et al., 2022). Nevertheless, recent studies positioned DDIT4 as one of the major
mediators of the tumor suppressor functions of p53, comparable to the most well-known
CDKN2A and PUMA (Janic et al., 2018). However, the expression of DDIT4 is rapidly induced
upon different types of stresses, ranging from hypoxia (via HIF-1a) to DNA damage (via p53),
nutrient starvation, and endoplasmic reticulum (ER) stress (via ATF4) (Canal et al., 2014; Sofer
et al., 2005; Tirado-Hurtado et al., 2018; Whitney et al., 2009a). This role of DDIT4 in supporting
cellular adaptation to stress, which is further described with examples of DDIT4 promoting
autophagy (Ho et al., 2020; Wang et al., 2023; Y. Zhang et al., 2023), may instead sustain the
cellular transformation, giving DDIT4 oncogenic features as well. Indeed, the elevated
expression of DDIT4 correlates with worse outcomes compared to low DDIT4 expression in
acute myeloid leukemia, glioblastoma, and lung cancer (Cheng et al., 2020; Fattahi et al.,
2021), while the opposite association has been reported in breast, colorectal, and sporadic
clear cell renal cancer carcinoma (Chen et al., 2023; Kucejova et al., 2011). Conversely, DDIT4
expression is negatively regulated by YAP/TAZ (Hwang et al., 2024). DDIT4 knock-out is not
generally lethal.

Overall, these findings highlight the paradoxical role of DDIT4 in cancer, in which high
expression levels can be detrimental despite the expected inhibitory effect on mTORC1

signaling.
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Figure 5. Schematic representation of the DDIT4 network.
DDIT4 is a central stress-responsive regulator of cellular metabolism upstream of mTORC1. While DDIT4 inhibits
mTORC1 to suppress energy-consuming processes during stress conditions, it also contributes to cellular energy

conservation and autophagy activation.

While overexpression or downregulation of DDIT4 is frequently observed in cancer, DDIT4 is not
heavily mutated in cancer patients; only a limited number of studies have reported DDIT4
mutations, primarily in pancreatic cancer (Ding et al., 2021). Notably, two of the above-
mentioned mutations mapped to DDIT4 3’ UTR, and one corresponds to the tranSNP rs1053639
(m.990 T>A). Overall, the 3’ UTR of DDIT4 is not very polymorphic; according to the 1000
Genome Project, there are 94 SNPs across DDIT4. The most common haplotype, corresponding
to 41% of the observed cases (N=5008), features the alternative alleles for both rs1053639 and
rs8316, which is located 256 bp downstream of rs1053639. The reference alleles for those two
SNPs are in cis in 27% of the cases. The alleles are in cis in HCT116 cells. The third most
common haplotype (11%) contains the reference rs1053639 and the alternative rs8316 alleles.
Additional haplotypes exist, in which the alternative alleles of the two mentioned SNPs are in

cis with other variants, but with frequencies below 3%. The rs1053639 has been cited in
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additional studies: Xu et al., 2019 selected five SNPs related to the mTOR pathway and
performed a study involving 441 genotyped osteoarthritis patients and 553 genotyped controls,
concluding thatrs1053639 in DDIT4 increased the risk of osteoarthritis. In an earlier study, Mas
et al., 2015 interrogated mTOR-related SNPs and identified a network involving the rs1053639
and three other SNPs in Akt, Raptor, and FCHSD1, respectively, involved in extrapyramidal
symptoms induced by antipsychotic treatment. The double-edged nature of DDIT4 in cancer
complicates targeting DDIT4 as a therapeutic strategy, but at the same time, it fuels the

research around and upstream of DDIT4 to find novel actionable targets and strategies.

In this regard, the mechanism we will propose in this study for rs1053639 involves the trans-
factor RBMX, which holds the potential to be an actionable trans-factor. RBMX, which is also
known as hnRNP G, is a ubiquitous 43-kDa RNA-binding protein with multiple roles related to
transcriptional and post-transcriptional regulation. The gene coding for RBMX is located on the
X chromosome. RBMX protein is primarily found in the nucleus under normal conditions
(Heinrich et al., 2009; Johansson et al., 2024; Kanhoush et al., 2010). The DepMap portal

reported that RBMX is an essential protein in a large number of cancer cell lines.
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Figure 6. RBMXis a versatile RNA-binding protein with three functional domains.
This figure from Elliott et al., 2019 shows the functional domains of RBMX. Three functional domains have been

identified to date.

One of the best-characterized functions of RBMX is the regulation of pre-mRNA splicing

through its participation in splice site selection and the repression of cryptic splice sites,
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especially within ultra-long exons (Heinrich et al., 2009; Siachisumo et al., 2024a). RBMX also
interacts with the C-terminal domain of RNA Polymerase Il, increasing its dwell time on
chromatin, stabilizing it, and promoting exon inclusion rather than skipping. RBMX was also
found to act as a transcription factor, by binding and transactivating the promoter of Txnip in
vivo (Shin et al., 2008a). RBMX also emerged as an important component of DNA damage
response from a genome-wide homologous recombination (HR) screening. RBMX accumulates
at sites of DNA damage, recruited by PARP1, and promotes HR through favoring the correct
BRCA2 splicing (Adamson et al., 2012). More recently, RBMX has been identified as a secondary
reader for m6A in the nucleus through a ribo-switch mechanism involving its low complexity C-
terminal domain (Zhou et al., 2019). Biochemical assays showed that m6A can locally alter the
RNA secondary structure to favor the binding of RBMX (Liu et al., 2017). This interaction
supports the cooperation of RBMX with m6A in the regulation of splicing. Zhou et al., 2019
observed that m6A-modified exons close to splice junctions show enhanced RBMX binding. Liu
et al., 2023 also proposed a role for RBMX in maintaining telomere stability by regulating the
nuclear stability of telomeric repeat-containing RNA (TERRA), through direct interaction with
the nuclear exosome targeting protein ZCCHCS8, which directs the transcripts to nuclear
degradation. Interestingly, Zuccotti et al., 2020 provided preliminary evidence for RBMX in
triggering a cascade of post-transcriptional events related to homeotic gene regulation. They
proposed for the first time that RBMX might modulate translation, and they showed that
overexpressed RBMX co-sediments with the polysomes in sucrose gradient fractions in
HEK293 cells. Figure 7 summarizes the functions currently described for RBMX based on its

putative interacting partners.
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Figure 7. Summary of RBMX functions based on in silico RBMX interactors.

This figure from Zuccotti et al., 2020, summarizes putative functions of RBMX spanning mRNA transcription,
splicing, processing, stability, and translation based on STRING and IntAct interaction tools, followed by Enrichr
for the GO Biological Process ontology for the 83 protein-protein interactors of RBMX. Numbers correspond to the
count of RBMX interactors involved in each of the indicated pathways. RBM3, KHDRBS1, FXR2, CIRBP, and

HNRNPD are listed among the positive regulators of translation interacting with RBMX.

The rs1554710467 in EIF4H CDS as a proof-of-concept for allele-specific proteomics

The rs1554710467 G>A (R183H) in EIF4H emerged in the HCT116 dataset when extending the
analysis from UTR to missense tranSNPs. With the highest MAF being <0.01, rs1554710467 is a
single-nucleotide variant (SNV) rather than a SNP, as the alternative allele A is virtually absent
inthe population. The AF imbalance computed from the RNA-seq data is 0.1397 for the A allele,
suggesting that this allele is relatively more represented in the polysomal compared to the total
MRNA fraction. The amino acid substitution from arginine (R) to histidine (H) is not predicted to
have a severe impact on the protein structure, as it occurs within a loop protein region.
However, the CADD score for the alternative allele is 28.2. The CADD (Combined Annotation
Dependent Depletion) score is a tool for classifying the deleteriousness of single-nucleotide
variants based on the integration of multiple information, including evolutionary sequence
conservation, genomic location, and predicted protein effect. CADD scores between 0 and 10
indicate well-tolerated SNPs, while scores around 20 include the 1% most deleterious variants,

and scores around 30 correspond to the top 0.1% deleterious variants. Therefore, the CADD
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score of 28.2 indicates that the variantis close to the top 0.1% deleterious variants, suggesting
a potentially disruptive and deleterious functional impact. EIF4H has two transcript isoforms
due to alternative splicing, leading to two proteins of 27 and 25 kDa, respectively, but the
tranSNP is contained in both isoforms.

EIFAH encodes a translation initiation factor belonging to the elF4A/4G/4H complex. EIF4H
functions as an activator of the RNA helicase elF4A, which unwinds inhibitory RNA secondary
structures from the 5’ UTR to allow the 40S subunit to sit on the mRNA and start scanning
(Marintchev et al., 2009; Richter et al., 1999; Rozovsky et al., 2008). Indeed, EIF4H has been
described as a key contributor to translation initiation, even in the context of tumor promotion.
In lung cancer, EIF4H is considered an oncogene by facilitating the translation of IRES-
containing or structured 5 UTR mRNAs such as FGF-2, VEGF, and C-MYC (Vaysse et al., 2015).
Notably, the genomic region containing EIF4H belongs to a 1.6 Mbp region that is commonly
hemizygously deleted in the Williams-Beuren Syndrome, leading to broad symptoms ranging
from growth defects to neuronal and behavioral abnormalities (Capossela et al., 2012). This
observation reinforces the fundamental role of translation and how its regulation is relevant
and has broad consequences on virtually any cellular process, from development to

proliferation to cellular plasticity.
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Aims

This study investigates the impact of genetic diversity, in the form of single-nucleotide
polymorphisms (SNPs), on the post-transcriptional regulation of gene expression, to identify
and comprehensively characterize a novel class of functional SNPs, named tranSNPs. In
particular, the study aims to refine the tranSNP-identifying pipeline, explore the cell line and
cancer-type specificity of tranSNPs, and elucidate their mechanistic insights. Mechanistic
studies hold the potential to reveal novel relationships between tranSNP host genes and trans-
acting factors (such as RBPs and miRNAs), leading to the identification of actionable trans-
factors that could be therapeutically targeted in cancer. Moreover, when further explored,
tranSNPs could become an original and poorly explored source of SNPs to be used as

biomarkers for prognosis or for informing targeted therapy.

Specifically, this study pursues the following objectives:

e To improve the tranSNP-identifying pipeline, through the introduction of the 80S-
bound mRNAs as an additional fraction to increase the resolution in tranSNP
identification

e To characterize the molecular mechanisms and trans-factor dependency of
tranSNPs, using the tranSNP rs1053639 in DDIT4 3’ UTR as a model

e To assess the clinical relevance of tranSNPs, via the analysis of allele-specific drug
vulnerabilities and prognosis from TCGA data related to disease-free interval

e Toinvestigate the cancer specificity of tranSNPs, by generating a tranSNPs catalogue
in the non-cancer cell line RPE-1 and comparing it with the cancer cell line datasets

e To investigate the cell-line specificity and context dependency of tranSNPs, by
comparingthe effect of tranSNPs found in the cancer cell line HCT116 in the non-cancer
cell line RPE-1 and the lung cancer cell line A549 using luciferase reporter assays,
considering the cell lines as surrogates for the respective tissues, which express trans-

factors at different levels, to establish the context-dependent activity of tranSNPs
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Results

40 tranSNPs can be identified in HCT116 cells

We computed the allelic fraction imbalance across polysome-bound and total mRNAs for the
analyzable heterozygous SNPs to generate a catalogue of tranSNPs in the colon cancer cell line
HCT116.

Approximately 7% of the analyzable SNPs showed a significantimbalance, corresponding to 40
putative tranSNPs identified in this dataset. The analyzable SNPs were almost equally
distributed between CDS and 3’ UTR, and this distribution was preserved in the group of
tranSNPs, with 19 tranSNPs located in the CDS and 21 in the 3’ UTR (Figure 6A). Since the UTRs
are prominent regulatory regions for the post-transcriptional and translational regulation, we
focused on the 3’ UTR tranSNPs for experimental validation at this stage. We applied selection
criteria for the choice of the UTR tranSNPs to be validated experimentally: we primarily set a
threshold of 0.1 for the absolute magnitude of the imbalance (delta Allelic Fraction, dAF POL-
TOT) and 0.3 for the MAF, which indicates the frequency of the less common allele in the
population (Figure 6B). Subsequently, we prioritized the four resulting candidates (rs1053639,
rs3743518,rs137085, and rs763121) for the functional relevance of the gene harboring the SNP,
especially in cancer. The rs1053639 in DDIT4 and the rs137085 in POLDIP3 were the most

compelling candidates based on the overall criteria.
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Figure 6. Forty putative tranSNPs were identified in HCT116 cells.
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A) Distribution of the analyzable SNPs (left) and tranSNPs (right) across coding and UTR regions. B) For the 3’UTR
tranSNPs identified in this study, the absolute delta Allelic Fraction, the Minor Allele Frequency in the human
population, and the associated gene name are shown. The selected tranSNP candidates for experimental

validation appear in red in the upper right quadrant of the chart.

Generating homozygous rs1053639 clones via CRISPR/Cas9-mediated knock-in

While heterozygosity is an essential requirement for identifying transSNPs by our pipeline, we
expect that the homozygous state for the alternative and reference alleles would reveal the
maximum phenotypic impact. We thus exploited CRISPR/Cas9-mediated knock-in to generate
isogenic homozygous HCT116 clones for rs1053639 (T/A) in DDIT4 and rs137085 (T/C) in
POLDIP3 and to assess the tranSNP effect at the endogenous loci. We delivered the Cas9 and
single-guide RNA (sgRNA) as a ribonucleoprotein particle (RNP) to minimize the off-target
potential (Ghetti et al., 2021).

We first screened the gene sequences of the two candidate tranSNPs for the presence of the
Cas9 Protospacer Adjacent Motif (PAM) close to the SNP site to evaluate the possibility of
editing. We then designed a unique gRNA as close as possible to the tranSNP site to
simultaneously cut both alleles and maximize the efficiency of homology-directed repair
(HDR). We also used a single donor DNA for each tranSNP, carrying either the reference or the

alternative allele at the SNP site (Figure 7).

77 GAGGGACTGATTCCWGTGGTTGGAAAACTGAGGCAGCC 4/
77 77

sgRNA

PAM

# #
donor DNA

Figure 7. Schematic representation of the sgRNA and donor DNA design at the rs1053639 site.
A unique sgRNA was designed to target both alleles of rs1053639, along with a donor DNA containing W (T or A) at
the SNP site.

We initially delivered the RNP in the absence of donor DNA to test for the cutting efficiency at
the SNP site, as measured by TIDE analysis (Brinkman and van Steensel, 2019). The rs1053639
gRNA exhibited a cutting efficiency of 79.8%, whereas the rs137085 gRNA reached only 36%.
Given the intrinsically low efficiency of the following homology-directed repair (HDR), we set a
minimum cut efficiency threshold of ~ 80% as a starting point for HDR and therefore excluded

the rs137085 in POLDIP3 for further analyses.
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Upon knock-in of the best candidate rs1053639, the HDR efficiency, measured by the ICE
Synthego analysis tool (Conant et al., 2022), ranged from 5% to 9% in the initial bulk population.
With a single cell cloning efficiency of about 1 in 3, 85 clones were isolated and characterized
by Sanger sequencing. Figure 8 summarizes the workflow for editing the rs1053639 site.

Collectively, we obtained four clones homozygous for the rs1053639 T allele (#2, #3, #12, #13)
and four homozygous for the A allele (#5, #6, #7, #10). Despite extensive screening efforts,
clone #2 was the only isogenic homozygous T clone, while the remaining clones exhibited
additional small indels of variable extent around the SNP site when sequencing the DDIT4 3’
UTR (Table 4). Interestingly, three clones (#3 TT, #5 AA, and #6 AA) showed the same GGT three-
nucleotide deletion, starting three nucleotides downstream of the SNP site. To overcome the
possible influence of clonal selection and adaptation, and the above-mentioned editing
limitations, we included the clones harboring small indels, named as shown in Table 4, but we
considered multiple clones per genotype as cellular models to study the tranSNP effects in

most experiments.
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Figure 8. Knock-in strategy for the generation of rs1053639 TT and AA homozygous HCT116 clones.

TT homozygous clones exhibit significantly higher DDIT4 protein levels

The imbalance in the allelic fraction between polysome-bound and total mRNAs from our RNA-
seq data showed a significantly lower representation of the alternative rs1053639 A allele in the
polysome-bound compared to the total mRNAs, indicating the T allele as enriched in the
polysome-bound mRNAs. We asked whether this allele-specific polysomal loading would
result in different DDIT4 protein levels across TT and AA homozygous clones.

Interestingly, TT clones exhibited significantly higher steady-state DDIT4 protein levels

compared to AA clones, with the AT cells showing intermediate levels (Figure 9A, Appendix
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Figure 1). We found that the difference in steady-state DDIT4 protein levels was not attributable
to allele-specific changes in DDIT4 protein half-life (Figure 9B), DDIT4 mRNA turnover (Figure
9C), or steady-state DDIT4 mRNA levels across TT and AA clones (Figure 9D). We also assessed
steady-state DDIT4 mRNA levels by amplifying across all the possible exon junctions to
account for potential splicing effects. We did not find significant allele-specific differences in
DDIT4 mRNA splicing by amplifying across the two junctions and across TT and AA clones
(Figure 9E).

To investigate possible contributions by other regulatory elements, and particularly those
already described to regulate DDIT4 expression, we measured the levels of the antisense
DDIT4-AS1 RNA across our cellular models using published primer sequences. Indeed, a
portion of DDIT4-AS1 overlaps with the SNP-containing region of DDIT4 3’ UTR. However, we
detected very low expression of DDIT4-AS1 in our cellular models, and mostly, we did not find
significant differences in the expression of DDIT4-AS1 across TT and AA clones (Figure 9F). We
also attempted to measure the levels of the circular circDDIT4 RNA, which is generated by back
splicing at the DDIT4 3’ UTR (Kong et al., 2023), but the expression of the circDDIT4 was
undetectable across TT and AAHCT116 cellular models.

Overall, we found that TT homozygous clones exhibit significantly higher DDIT4 protein levels
compared to AA clones, which is concordant with the significantly lower relative polysomal
loading of the A allele from RNA-seq data. However, we did not find allele-specific DDIT4 mRNA
or protein features, nor allele-specific non-coding RNA regulation to mechanistically explain

the allele-specific differences in DDIT4 protein levels.
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Figure 9. The rs1053639 in the 3’UTR of DDIT4 impacts DDIT4 protein levels.

A) (Top) Western Blot analysis of DDIT4 protein levels across rs1053639 TT and AAHCT116 edited clones. B-tubulin
was used as a loading control. (Bottom) Densitometric analysis of DDIT4 protein levels across at least 6 individual
blots, considering at least two edited clones per genotype. ***p-value <0.001, ordinary one-way ANOVA. B) (Top)
Western Blot analysis of DDIT4 protein levels across TT and AA clones treated with 100 ug/ml cycloheximide (CHX)
at 10 and 20 minutes. B-tubulin was used as a loading control. (Bottom) Densitometric analysis of DDIT4 protein
levels across 2 individual blots, considering two edited clones per genotype. Ns, not significant, two-way ANOVA.
C) Estimation of DDIT4 mRNA half-life upon inhibition of transcription by Actinomycin D treatment (10 pg/ml) for
0-4 hours. The estimated half-life is expressed in hours and calculated by fitting the decay data in a one-phase
decay equation. The curve shows the residual DDIT4 mRNA levels relative to GAPDH mRNA levels at different
timepoints and presents results from at least 4 independent replicates. D) Steady-state DDIT4 mRNA levels,

measured by RT-gPCR and normalized to GAPDH and YWHAZ mRNA levels. Ns, not significant, ordinary one-way
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ANOVA. E) Relative steady-state DDIT4 mRNA levels measured using primers spanning either the junction
between exon 1 and exon 2, or the junction between exon 2 and exon 3. ns, not significant, two-way ANOVA. DDIT4
mMRNA levels were normalized to B2M mRNA levels. F) (Top) Schematic representation of the relative genomic
localization of the sense and antisense DDIT4 transcripts. The region amplified by primers is shown between
arrows (Bottom). Relative DDIT4 mRNA levels and DDIT4 antisense 1 (DDIT4-AS1) RNA levels measured by RT-

gPCR and normalized to GAPDH mRNA levels. Ns, not significant, ordinary one-way ANOVA.

To investigate whether we could more efficiently uncouple the transcriptional and post-
transcriptional events affecting DDIT4 and directly measure the translation efficiency of the two
alleles, we cloned either ~ 500 bp (Long) or ~ 109 bp (Short) fragments of DDIT4 3’ UTR
containing either the reference or the alternative rs1053639 allele downstream of a luciferase
reporter plasmid. This design eliminates the variable of DDIT4 transcriptional regulation by
removing the control exerted by the DDIT4 promoter; furthermore, the “Long”, but not the
“Short” construct, contained the rs8316 SNP, which is inherited together with rs1053639 in the
most common haplotypes, thereby allowing the discrimination of the contributions of the two
variants on the observed phenotypes.

We performed dual-luciferase assays, using the Renilla luciferase as a normalizer of the Firefly
luciferase signal first, and then normalizing the Firefly/Renilla ratio to Firefly mRNA levels.
Moreover, we performed the assay in both TT and AA homozygous HCT116 clones to exclude
the possibility that the observed allele-specific differences in DDIT4 protein levels were due to
clonal artifacts or to different global translation efficiencies attributable to different clonal
backgrounds, or due to off-target events of the editing process, considering the relatively low
number of successfully edited clones.

Overall, we found that rs1053639 and the immediate surroundings are sufficient to show allele-
specific differences in reporter activity related to translation efficiency (TE) (Figure 10). The
magnitude of translation efficiency decreases when comparing the “Long” and “Short”
constructs, likely due to the presence of additional regulatory sequences or the influence of
rs8316. However, the allele-specific differences remain unchanged, indicating that these
additional regulatory layers do not interfere with the effect of rs1053639. The observed
differences favored the T allele, reflecting the observed allele-specific DDIT4 protein levels.
This phenotype is then unrelated to the control by the DDIT4 promoter and persists irrespective

of the clone background.
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Figure 10. The reference T allele produces significantly higher luciferase signal compared to the alternative
A allele.

Luciferase reporter assay of a~ 500 bp (Long) and a~ 100 bp (Short) construct encompassing rs1053639in TT and
AA clones. Firefly luminescence was first normalized to Renilla luminescence, then to Firefly mRNA levels. ****p-

value < 0.0001, unpaired t-test.

TT homozygous clones exhibit higher DDIT4 protein levels, especially in ER-stress conditions

Next, we challenged the edited clones with the ER stressor thapsigargin (Thastrup et al., 1990).
Thapsigargin discharges the intracellular calcium stores by specifically inhibiting the ER
calcium-ATPase and was shown to strongly and acutely induce DDIT4 at the transcriptional
level via activating PERK, which in turn activates ATF4, which is the most important
transcription factor for DDIT4 (Whitney et al., 2009b). We therefore checked the status of the
ER stress response upstream of DDIT4 by measuring the protein levels of ATF4 in mock
conditions and upon thapsigargin treatment. ATF4 protein levels were comparable across TT
and AAhomozygous clones in both conditions, suggesting that the ER stress pathway upstream
of DDIT4 is unchanged, irrespective of the rs1053639 genotype (Figure 11A).

As expected, thapsigargin treatment led to a marked induction of DDIT4 at the transcriptional
level, which was comparable among genotypes (Figure 11B). However, the allele-specific
differences in DDIT4 protein levels were not only maintained but were even amplified upon

thapsigargin treatment (Figure 11C). This finding further supports the role of post-
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transcriptional events in regulating DDIT4 protein levels, which are possibly exacerbated under

ER stress conditions.
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Figure 11. The rs1053639 in the 3’UTR of DDIT4 impacts DDIT4 protein levels, especially in ER-stress
conditions.

A) Western Blot analysis of ATF4 protein levels across rs1053639 TT and AA HCT116 edited clones. B-tubulin was
used as a loading control. B) Fold change of DDIT4 mRNA levels, measured by RT-gPCR and normalized to GAPDH
and YWHAZ mRNA levels, upon 100 nM thapsigargin or vehicle for 4 hours. Ns, not significant, ordinary one-way
ANOVA. C) (Top) Western Blot analysis of DDIT4 protein levels across rs1053639 TT and AA HCT116 edited clones
treated with 100 nM thapsigargin or vehicle for 4 hours. B-tubulin was used as a loading control. (Bottom)
Densitometric analysis of DDIT4 protein levels across at least 6 individual blots, considering at least two edited

clones per genotype. ***p-value <0.001, ordinary one-way ANOVA.

To focus again on the post-transcriptional events affected by rs1053639 and expand the
analysis to thapsigargin treatment and other mRNAs, we performed polysomal profiling in TT
and AA homozygous clones. Polysomal profiling indeed shows the association of specific
mMRNAs with ribosomal subunits, monosomes or polysomes, highlighting the translation
efficiency of specific mMRNAs, irrespective of their mRNA levels.

We interrogated the relative distribution of DDIT4 mRNA across the sucrose gradient fractions
obtained upon polysome profiling, along with CDKN1A and RPS26 control mRNAs, using a
previously described method (Panda et al., 2017). While no significant shifts arose in the DDIT4,
CDKN1A, or RPS26 mRNA distributions in mock condition (Figure 12 A-C), we found a
significant enrichment, specific for DDIT4 mRNA, in heavier polysomes (fraction 10) in TT

clones compared to AA clones when both were challenged with thapsigargin, and a reduction
32



in subpolysomal fraction 6 and light polysomal fraction 8 in TT compared to AA clones (Figure

12A).

At the same time, since DDIT4 is a negative regulator of mMTORC1 and might impinge on global
protein synthesis, we evaluated the polysomal profiles in mock conditions or upon thapsigargin
treatment (Figure 12D, 12E) and quantified the relative abundance of signal in polysomes
compared to the 80S from polysomal profiling to estimate global protein synthesis rates. This
measurement did not highlight significant differences in global protein synthesis across TT and
AA clones, although AA clones were slightly more affected by thapsigargin treatment (Figure
12F).

Although this result may depotentiate DDIT4 as a global regulator, it also reinforces the
observation that the rs1053639 effect on DDIT4 translation efficiency and DDIT4 protein levels
is specificto DDIT4 mRNA and is not the result of a globally and indirectly dysregulated context,
but the result of a fine and specific regulation by the tranSNP.

The increased association of DDIT4 mRNA with heavy polysomes in TT clones, especially upon
thapsigargin treatment, further reinforced the fact that the post-transcriptional effect affecting
DDIT4 protein levels may exacerbate upon ER stress induction, and encouraged us to explore

possible trans-factors mediating this effect.
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Figure 12. The rs1053639 clones exhibit significant differences in DDIT4 TE, but not in global TE.

A) Distribution of DDIT4 mRNA across polysomal profile fractions in mock conditions (Top) and upon thapsigargin
treatment (100 nM, 4 hours) (Bottom), measured by RT-qPCR and expressed as a percentage of distribution over
the profile fractions. B) Distribution of CDKN1A mRNA across polysomal profile fractions in mock conditions (Top)
and upon thapsigargin treatment (100 nM, 4 hours) (Bottom), measured by RT-qPCR and expressed as a
percentage of distribution over the profile fractions. C) Distribution of RPS26 mRNA across polysomal profile
fractions in mock conditions (Top) and upon thapsigargin treatment (100 nM, 4 hours) (Bottom), measured by RT-
gPCR and expressed as a percentage of distribution over the profile fractions. Three independent biological
experiments were performed. *p-value <0.05, two-way ANOVA. D) Polysomal profile of TT and AA clones in mock
conditions. At least two clones per genotype were considered. E) Polysomal profile of TT and AA clones upon
thapsigargin treatment. At least two clones per genotype were considered. F) Global TE across TT and AA clones
was measured by quantifying the relative abundance of signal in polysomes compared to the 80S from the

polysome profiles in 12D and 12E. Ns, not significant, *p-value <0.05, ***p-value <0.001, one-way ANOVA.

The RNA-binding protein RBMX differentially binds to the T/A rs1053639 alleles.

To shed light on potential trans-factors interacting differentially with the rs1053639 alleles, we

took advantage of in silico predictions for allele-specific binding of RNA-binding proteins (RBPs)
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generated by the Laboratory of Computational Genomics (Prof. Alessandro Romanel,
University of Trento, ITA) using the TESS software (Schug, 2008) on a list of 552 RBPs. Although
binding data were available for 552 RBPs in the TESS software, consensus binding motifs were
available only for 53 RBPs. Based on these data, ACO1, RBMX, and YBX1 were predicted to
significantly differentially bind to the two rs1053639 alleles.

We decided to focus our attention on RBMX for multiple reasons. First, RBMX exhibited the
highest magnitude of allele-specific difference in binding, shifting from poor for one allele (13%
of the optimal score) to nearly maximal for the other allele (99% score). The two other
candidates showed much lower dynamic ranges of allele-specific binding. Moreover, recent
PAR-CLIP data (Liu et al., 2017) highlighted a signal for RBMX binding in the 3’UTR of DDIT4
mMRNA in HEK293T cells, and possible functional links between RBMX and DDIT4 already
existed as both are recognized components of the DNA damage response and TXNIP-mediated
autophagy (Shin et al., 2008b). RBMXis mainly located in the nucleus in normal conditions and
was reported to modulate mRNA splicing, modification, degradation, and possibly translation

(Heinrich et al., 2009; Liu et al., 2023, 2017; Zuccotti et al., 2020).

To investigate the predicted allele-specific binding in vitro, we performed RNA electromobility
shift assays (REMSA) using the full-length recombinant RBMX protein and RNA probes
corresponding to a portion of the endogenous DDIT4 mRNA sequence containing either the T
or the A allele. Moreover, since RBMX is sensitive to structural features of mRNAs (Liu et al.,
2017), we set up a collaboration with Dr. Sara Zaccara and Prof. Hashim M. Al-Hashimi
(Columbia University, USA) to design RNA probes long enough to preserve the structure of the
endogenous RNA to the maximum extent. We used three learning-based methods (EternaFold,
CONTRAfold, and Ufold), two thermodynamic-based methods (ViennaRNA and RNAstructure),
and one hybrid method (MXFold2) (Sato et al., 2021; Wayment-Steele et al., 2022) to identify
the minimum number of nucleotides required to maintain the endogenous RNA secondary
structures; based on this, we designed 25-nucleotide-long RNA probes differing only in the
base at the tranSNP site, which was located at position 15 out of 25 nucleotides (Figure 13A,
top). Although the global structure of DDIT4 3’UTR was not significantly impacted by the SNP,
significant differences in the local secondary structure were observed when changing the base
at the SNP site. We further explored the publicly available AlphaFold 3 tool, which was

implemented to generate accurate structural predictions for protein-RNA interactions.
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AlphaFold 3 provided several models suggesting that the T allele RNA probe adopts a more
favorable spatial conformation for RBMX binding than the A allele RNA probe (Figure 13A,
bottom). It also predicted that the C-terminal low complexity domain of RBMX binds to DDIT4
mRNA.

Overall, REMSA revealed that RBMX could bind to both RNA probes in vitro, but with a possible
preference for the T allele, as measured by the apparent dissociation constant (Kd app) (Figure
13B).

We thus performed RNA immunoprecipitation (RIP) experiments to evaluate RBMX binding to
DDIT4 mRNA within the complexity of a cellular context, specifically in TT and AA homozygous
clones. First, we proved that the protocol and antibody used for immunoprecipitating RBMX
were effective (Figure 13C). We then recovered the RBMX-bound RNAs (and IgG-bound RNAS)
and measured the enrichment of DDIT4 mRNA through RT-gPCR across TT and AA clones. RIP
experiments confirmed the preferential binding of RBMX to DDIT4 mRNA in TT homozygous
clones compared to AA clones (Figure 13D).

Overall, we found that the RNA-binding protein RBMX preferentially binds to the T allele of

rs1053639 compared to the A allele both in silico and in vitro.
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Figure 13. The RNA-binding protein RBMX differentially binds to the T/Ars1053639 alleles in silico and in vitro.
A) (Top) REMSA RNA probes were designed based on information from multiple RNA folding prediction tools.
(Bottom) AlphaFold3 was used to predict the interactions between the full-length RBMX protein and the RNA
probes used for the REMSA. Four models were explored; model 1 is shown as representative. The tool allows the
calculation of the distance between a selected RNA nucleotide and a selected protein portion. The distance
between the T SNP nucleotide and the RBMX protein was lower than the distance between the A SNP nucleotide
and the same protein in all four models. B) (Left) REMSA was performed using the full-length recombinant RBMX
protein and T or ADDIT4 RNA probes. In the ‘0’ lane, the RNA probe was incubated with the binding buffer and the
protein elution buffer. RNA-protein complexes were resolved on a native 6% gel. (Right) Apparent Kd were obtained
from the quantification of the shifted bands over the total bands in the REMSA experiments using a nonlinear
regression (curve-fit). Error bars plot the standard deviations among biological replicates. *p-value < 0.05, two-
way ANOVA with Sidék's test for multiple comparisons. C) The endogenous RBMX protein was specifically
immunoprecipitated across TT and AA cells with similarly high efficiencies in RIP assays. An IgG control antibody
of the same species as the anti-RBMX antibody was used as a control for specificity. FT: flow-through, unbound
lysate upon IP. D) RBMX RIP-qCPR results expressed as a fold of enrichment relative to the normal IgG for DDIT4
mMRNA across TT and AA clones. Three independent biological replicates were performed. **p-value < 0.01,

unpaired t-test.

The rs1053639 genotype impacts DDIT4 mRNA localization, but slightly through RBMX

To dive into potential mechanisms by which the allele-specific binding of RBMX could lead to
allele-specific differences in DDIT4 protein levels, we evaluated the subcellular localization of
RBMX protein in HCT116 cells. While we confirmed the expected, abundant nuclear
distribution of RBMX, Figure 14A shows that a fraction of RBMX also localizes to the cytoplasm
in HCT116, which is consistent with a previous report hypothesizing functions for RBMX outside
of the nucleus (Zuccotti et al., 2020).

Considering the dual subcellular localization of RBMX and its validated binding to DDIT4 mRNA
in our cellular models, we next evaluated the relative subcellular localization of DDIT4 mRNA
across TT and AA clones. Nuclear and cytoplasmic fractions were obtained and verified both at
the protein (Figure 14A) and RNA level (Figure 14B). Notably, DDIT4 mRNA showed higher
cytoplasmic localization in the TT clones while being significantly more nuclearin the AA clones
(Figure 14C).

To shed light on the contribution of RBMX to this phenotype, we confirmed that RBMX protein
levels were comparable across TT and AA clones and used siRNAs to deplete them partially

(Figure 14D). Subcellular fractions were again verified at the RNA level (Figure 14E). RBMX
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silencing led to a slight increase in nuclear DDIT4 mRNAs in TT but not in AA clones, which is

consistent with a stronger effect on the T allele, and with a role for RBMX in retaining mRNAs

from the T allele in the cytoplasm (Figure 14F).

The allele-specific differences in the subcellular localization of DDIT4 mRNA were only slightly

mitigated by RBMX silencing; therefore, the phenotype cannot be strongly ascribed to RBMX.

However, we found that the rs1053639 genotype dictated allele-specific differences in DDIT4

MRNA localization, favoring the enrichment of DDIT4 mRNA from the T allele in the cytoplasm,

which at least in part mechanistically explains the higher DDIT4 protein levels in TT clones

independently from RBMX.
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Figure 14. The rs1053639 genotype slightly impacts DDIT4 mRNA localization via RBMX.
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A) Cell fractionation was performed in HCT116 cells and validated at the protein level. Lamin A/C and B-Tubulin
were used as markers for the nuclear and cytoplasmic fractions, respectively. WCL: whole cell lysate. CYTO:
cytoplasm. B) Cell fractionation was performed in HCT116 cells and validated at the RNA level. U6 snRNA and
NEAT1 were used as markers for the nuclear fraction, 7SL and GAPDH were used as markers for the cytoplasmic
fraction. GAPDH mRNA is not completely cytoplasmic, which is consistent with previous reports. Control markers
for the AA clones are shown on the left, while markers for the TT clones are shown on the right. C) DDIT4 mRNA
localization was evaluated in TT and AA clones upon cell fractionation followed by RT-gPCR. Data represent the
mean * SD of at least four independent experiments. The relative expression of the gene in the cytoplasm was
calculated as the fold change of the Ct in the cytoplasm compared to the Ct in the nucleus, with nuclear and
cytoplasmic RNAs eluted in the same volume of water. ****p-value < 0.0001, unpaired t-test. D) TT and AA clones
were treated with either a mixture of two siRNAs targeting RBMX or the siRNA control (siNT) for 48 hours. (Top)
Representative immunoblot and (Bottom) densitometric analysis to evaluate the efficiency of RBMX depletion. B-
Tubulin was used as a loading control. E) Cell fractionation was performed in HCT116 cells and validated at the
RNA levelin control (siNT) and RBMX-depleted samples (siRBMX). U6 snRNA and NEAT1 were used as markers for
the nuclear fraction, 7SL and GAPDH were used as markers for the cytoplasmic fraction. F) DDIT4 mRNA
localization was evaluated in TT and AA cells upon cell fractionation, followed by RT-qPCR in control (siNT) and
RBMX-depleted samples (siRBMX). Data represent the mean = SD of three independent experiments. *p-value

<0.05 **p-value <0.01, unpaired t-test.

The rs1053639 alleles are differentially m6A-modified

To explore additional mechanisms by which RBMX could determine allele-specific DDIT4
protein levels, we leveraged the role of RBMX as an m6A reader and the finding that DDIT4
mMRNA fate, and primarily stability, is heavily regulated by the m6A modification (Li et al., 2025;
Qin et al., 2021; Zhao et al., 2024). We employed the online tool deepSRAMP to predict m6A
sites in silico based on sequence and genomic position features (Fan et al., 2024). By centering
on the SNP site and expanding by 100 nucleotides upstream and downstream, we detected 7
putative m6A sites (Figure 15A). Interestingly, two predicted m6A sites were located in close
proximity to rs1053639, specifically at positions -9 and +12 relative to the SNP. All the putative
MO6A sites were conserved when changing the base at the SNP site, but we observed a slight
difference in the m6A probability for the m6A site just downstream of rs1053639.

While being aware of this subtle difference of uncertain interpretation, this data prompted us
to investigate whether we could quantify the level of m6A at single-nucleotide resolution across
TT and AA clones. We employed GLORI (glyoxal and nitrite-mediated deamination of
unmethylated adenosines) followed by PCR and Sanger sequencing of DDIT4 fragments of

different lengths, but we were not able to obtain any amplicon upon deamination and base

39



conversion. The SNP-containing portion of DDIT4 3’ UTR is indeed extremely GC-rich, and this
feature can be exacerbated upon deamination of adenosines (A) into inosines (I) and their
conversion into guanosines (G); therefore, one possibility is that the region became
inaccessible for amplification by several tested DNA polymerases.

Given these technical limitations, we performed meRIP-gPCR to measure the enrichment of
m6A in the TT and AA clones across the same 200-nucleotide region predicted by deepSRAMP.
Although we lost single-nucleotide resolution with this technique, meRIP-gPCR showed a
significantly higher relative enrichment of m6A in the analysed portion of DDIT4 3’UTR in TT
clones compared to AA clones (Figure 15B).

To identify possible consequences of the differential modification on the major events
regulated by m6A, we used the METTLS3 inhibitor STC-15 and perturbed the m6A landscape by
impeding its deposition. Upon METTL3 inhibition, DDIT4 mRNA stability increased remarkably,
but we could not detect significant allele-specific differences in this phenotype (Figure 15C).
Similarly, we did not find significant differences in steady-state DDIT4 mRNA levels upon STC-
15 treatment (Figure 15D). Interestingly, and in the opposite direction compared to what we
observed when depleting RBMX, the relative subcellular distribution of DDIT4 mRNA
significantly shifted to the cytoplasm upon STC-15 treatment in the TT, but not in the AA clones
(Figure 15E); the control mMRNAs did not display significant changes in subcellular localization
upon STC-15treatment (Figure 15F). Interestingly, upon METTL3 inhibition, DDIT4 protein levels
were markedly more induced in the TT compared to the AA clones (Figure 15G). A similar and
possibly higher induction of DDIT4 protein in the TT compared to the AA clones was observed
when administering both STC-15 and thapsigargin (Figure 15H).

Overall, we found that TT clones exhibited significantly higher levels of m6A modification in the
portion of DDIT4 3’ UTR in proximity to the rs1053639, and only in TT clones, when inhibiting
METTL3, DDIT4 mRNA significantly shifted to the cytoplasm, and DDIT4 protein levels
significantly increased.

Despite the allele-specific m6A modification in TT and AA clones, the inhibition of METTL3 by
STC-15 did not reduce the allele-specific differences in DDIT4 protein levels, but possibly
amplified them, similarly to thapsigargin treatment. These findings call for the need to explore
alternative post-transcriptional paths to explain how a 3’UTR tranSNP could result in different

protein levels of its own protein.
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Figure 15. The rs1053639 alleles are differentially m6A-modified in DDIT4 3’'UTR, but DDIT4 protein levels do
not equalize upon METTL3 inhibition.

A) DeepSRAMP was used to predict the location and accuracy of m6A sites along 200 nt of DDIT4 3’UTR centered
on rs1053639. The region covered by meRIP-qPCR primers is also indicated in blue (Fw, Rv). B) MeRIP-gPCR was
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performed on TT and AA clones, and the enrichment of DDIT4 mRNA compared to the input sample and
normalized to the enrichment of a positive control was plotted. Data represent the mean + SD of two independent
experiments. *p-value <0.05, paired t-test. C) The curve shows the residual DDIT4 mRNA levels relative to GAPDH
mMRNA levels at different timepoints and presents results from two independent replicates. TT and AA clones were
treated with Actinomycin D (10 pg/ml) for 0-3 hours after 24 hours of STC-15 (2.5 pM) treatment or vehicle. D) Fold
induction of DDIT4 mRNA to vehicle upon STC-15 treatment (2.5 uM, 24 hours). The mRNA levels were measured
by RT-gPCR and normalized to GAPDH mRNA levels. Ns, not significant, ordinary one-way ANOVA. E) DDIT4 mRNA
localization was evaluated in TT and AA cells upon cell fractionation, followed by RT-qPCR in vehicle and STC-15-
treated samples (2.5 pM, 24 hours). Data represent the mean = SD of two independent experiments. **p-value
<0.01, ns, not significant, paired t-test. F) Cell fractionation was performed in HCT116 clones and validated at the
RNA level in vehicle and STC-15-treated samples (2.5 uM, 24 hours). U6 snRNA and NEAT1 were used as markers
for the nuclear fraction, 7SL and GAPDH were used as markers for the cytoplasmic fraction. G) (Top) Western Blot
analysis of DDIT4 and METTLS3 protein levels across rs1053639 TT and AAHCT116 edited clones treated with either
vehicle or STC-15 (2.5 uM, 24 hours). B-tubulin was used as a loading control. (Bottom) Densitometric analysis of
DDIT4 and METTL3 protein levels. Results were expressed as a fold change to the vehicle for each clone. H) (Top)
Western Blot analysis of DDIT4 and METTL3 protein levels across rs1053639 TT and AA HCT116 edited clones
treated with either vehicle or thapsigargin (100 nM, 4 hours) or thapsigargin (100 nM, 4 hours) and STC-15 (2.5 uM,
24 hours). B-tubulin was used as a loading control. (Bottom) Densitometric analysis of DDIT4 protein levels.

Results were expressed as a fold change to the vehicle for each clone.

The rs1053639 genotype directly impacts DDIT4 mRNA translation via RBMX

To further explore mechanisms by which RBMX could determine allele-specific DDIT4 protein
levels, next, we focused our attention on the possible roles of the cytoplasmic fraction of RBMX
protein.

Indeed, while we did not detect major changes in DDIT4 mRNA localization by silencing RBMX
(Figure 14F), we did detect a drop in DDIT4 protein levels specifically in TT clones when
silencing RBMX (Figure 16A), suggesting that a more direct role for RBMX in DDIT4 translation
could also exist. RBMX silencing did not affect DDIT4 mRNA levels (Appendix Figure 2). We
also observed that by increasing the efficiency of RBMX depletion, DDIT4 protein levels induced
by thapsigargin treatment progressively decreased (Figure 16B). We found that the induction of
DDIT4 by thapsigargin was dominant over the silencing of RBMX in regulating DDIT4 protein
levels; yet we observed a reduction of thapsigargin-induced DDIT4 protein levels when RBMX

was more effectively depleted (Figure 16B).
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Figure 16. The rs1053639 genotype directly impacts DDIT4 translation via RBMX.

A) (Top) Western Blot analysis of DDIT4 protein levels in control (siNT) and RBMX-depleted (siRBMX) TT and AA
clones. B-tubulin was used as a loading control. (Bottom) Densitometric analysis of DDIT4 protein levels from at
least three independent experiments. *p-value < 0.05, ns, not significant, unpaired t-test. B) (Top) Western Blot
analysis of DDIT4 and RBMX protein levels in control (siNT) and RBMX-depleted (siRBMX) TT and AA clones treated
either with thapsigargin (100 nM, 4 hours) or vehicle. RBMX was depleted using two different combinations of
siRNAs (low/high). B-tubulin was used as a loading control. (Bottom) Densitometric analysis of DDIT4 protein

levels.

Looking for more direct mechanisms relating RBMX to translation, as suggested by Figure 16A,
we found that RBMX co-sedimented with ribosomal subunits and polysomesin HCT116 clones,
similarly to the ribosomal protein RPS6 (Figure 17A, 17B). When polysomes were affected by
thapsigargin treatment, the distribution of both RPS6 and RBMX significantly shifted towards
the subpolysomal fractions, highlighting a specific association with ribosome subunits and
polysomes beyond the co-sedimentation (Figure 17A, 17B). We thus hypothesized that RBXM
could directly promote the translation of the mRNAs to which it preferentially binds, such as in
this case the DDIT4 mRNAfrom the T allele, by targeting them to the polysomes, improving their

polysomal loading. We also hypothesized that RBMX could significantly move to the cytoplasm
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upon ER stress, as described for other RBPs, but we did not find this evidence for RBMX (Figure
17C).

Conversely, to understand the consequences of poor RBMX binding, as for the A allele, we
performed smiFISH (single-molecule inexpensive fluorescence in situ hybridization) in
collaboration with the Laboratory of Cell Biology and Molecular Genetics (Dr. Glenda Paola
Grupelli and Prof. Emilio Cusanelli, University of Trento, ITA) to directly visualize patterns of
DDIT4 mRNA signal (e.g., aggregation or diffusion) and gather insights on the fate of DDIT4
MRNA. Indeed, the drop in DDIT4 protein levels (Figure 16A), with unchanged DDIT4 mRNA
localization and levels (Figure 14F, Appendix Figure 2) when depleting RBMX in TT clones,
suggested that DDIT4 mRNA, even though in the cytoplasm, was not available for translation in
the described condition. DDIT4 mRNA produced a diffuse signal in TT clones, while it showed
a more punctuated distribution, particularly in the perinuclear region, in AA clones in mock
conditions (Figure 17D). We quantified this pattern by measuring the number of cytoplasmic
spots per cell, which was significantly higher in the AA compared to the TT clones (Figure 17E).
Upon RBMX depletion, while the number of spots per cell remained unchanged for the AA
clones, the TT clones were significantly affected and exhibited a significant increase in the
number of spots per cell, which became comparable to that of the AA clones. Interestingly, the
number of cytoplasmic spots per cell inversely correlated with DDIT4 protein levels (Figure
16A, 17E), both in mock conditions and upon the down- and upregulation of DDIT4 protein
levels by RBMX depletion and thapsigargin treatment, respectively.

Since translationally stalled mRNAs are generally deposited in stress granules, we next used
markers for stress granules to shed light on the nature of the mRNA cytoplasmic spots and
refine our speculative hypothesis according to which, in mock conditions, the preferential
binding of RBMX to the T allele would guide DDIT4 mRNA to the polysomes. On the contrary,
DDIT4 mRNAs that are less bound by RBMX (e.g., TT upon siRBMX, AA upon siNT or siRBMX)
would not be directly targeted to the polysomes and would accumulate in cytoplasmic spots.
However, we did not detect a striking overlap between DDIT4 mRNA signal and G3BP1 or TIAR-
1 protein signals in mock conditions or ER-stress conditions induced by thapsigargin treatment
(Appendix Figure 3) to claim the specific association of poorly translated DDIT4 mRNAs with
stress granules.

Overall, we showed that RBMX directly contributes to the allele-specific DDIT4 protein levels;

we also provided novel evidence that RBMX co-sediments with ribosome subunits and
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polysomes, and potentially targets DDIT4 mRNAs for translation into polysomes. Conversely,
DDIT4 mRNAs that are poorly bound by RBMX aggregate into cytoplasmic spots, although not
overlapping with stress granules.

The 3’ UTR tranSNP rs1053639 thus impacts DDIT4 mRNA localization, granularity, and
translation via mechanisms encompassing the trans-factor RBMX and m6A, to eventually

produce allele-specific DDIT4 protein levels.
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Figure 17. RBMX is associated with polysomes, while poorly translated DDIT4 mRNAs accumulate into

cytoplasmic spots.

A) Western Blot analysis of endogenous RBMX and RPS6 protein levels across sucrose-gradient fractions from

polysome profiling in HCT116 clones in mock conditions (Top) and under thapsigargin treatment (Bottom). RPS3

is associated with the 40S subunit. B) Distribution of RBMX protein (Top) and RPS6 protein (Bottom) across the
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polysomal gradient fractions. Fractions 3-4 represent the free RNA, fractions 5-6 represent the ribosomal
subunits, fraction 7 represents the 80S subunit, and fractions 8-10 represent the polysomal subunits. *p-value <
0.05, two-way ANOVA. C) Cell fractionation was performed in HCT116 cells upon vehicle or thapsigargin treatment
(100 nM, 4 hours) and analyzed at the protein level via Western Blot. Lamin A/C and B-Tubulin were used as
markers for the nuclear and cytoplasmic fractions, respectively. WCL: whole cell lysate. CYTO: cytoplasm. NUC:
nuclei. D) Confocal images of smiFISH-IF of TT and AA clones in control (siNT) or RBMX-depleted samples. DDIT4
mMRNA is shown in yellow. Scale bar is 10 um. E) At least three fields (15-20 cells per field) for each coverslip and
each condition were imaged, and spots were quantified using Cell-Profiler 4.0.7 (Broad Institute, Inc.) and
segmented as objects with a typical diameter range of 10 to 30 pixels. The number of DDIT4 mRNA spots per cell

was plotted. ns = not significant, ** p< 0.01; *** p<0.001, ordinary one-way ANOVA.

TT clones exhibit enhanced control of the mTOR pathway, but AA outgrow them in co-culture

After proposing possible mechanisms underlying allele-specific DDIT4 protein levels, we asked
whether exhibiting different DDIT4 protein levels would be relevant to downstream cellular
phenotypes. Since DDIT4 is a well-established inhibitor of mMTORC1 (DeYoung et al., 2008), we
assessed mTOR pathway activity by measuring the levels of phosphorylated 4EBP1 and S6K
(Hay and Sonenberg, 2004), both in mock and thapsigargin treatment conditions, which is
when DDIT4 isinduced. TT clones significantly reduced the levels of phosphorylated 4EBP1 and
S6K, thus mTORCH1, in response to thapsigargin treatment. The same markers were not
significantly affected in the AA clones (Figure 18A, 18B, Appendix Figure 1B). This finding
suggested that TT clones may be more responsive to external cues and more adaptive by
effectively inhibiting the mTOR pathway in response to acute stress, such as thapsigargin-
induced ER stress.

Since mTOR is a major regulator of cell growth and proliferation, we asked whether the TT and
AA clones differed in their proliferation rate. Interestingly, although the TT clones had better
control of the mTOR pathway than the AA, they did not show any advantage in terms of cell
proliferation in the short term (Figure 18C) or in terms of global protein synthesis, as already

described (Figure 12F), which are major phenotypes downstream of the mTOR pathway.
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Figure 18. The TT clones exhibit a stronger inhibition of the mTOR pathway upon thapsigargin treatment.

A) (Top) Western Blot analysis of phosphorylated and total 4EBP1 protein levels across rs1053639 TT and AA
HCT116 edited clones treated with vehicle or thapsigargin (100 nM, 4 hours). B-tubulin was used as a loading
control. (Bottom) Densitometric analysis of phosphorylated 4EBP1 protein levels normalized to the total 4EBP1
and B-tubulin across at least 3 individual blots, considering at least two edited clones per genotype. *p-value <
0.05, ordinary one-way ANOVA. B) (Top) Western Blot analysis of phosphorylated S6K and total S6K protein levels
acrossrs1053639 TT and AAHCT116 edited clones treated with vehicle or thapsigargin (100 nM, 4 hours). B-tubulin
was used as a loading control. (Bottom) Densitometric analysis of phosphorylated S6K protein levels normalized
to the total S6K and B-tubulin across at least 3 individual blots, considering at least two edited clones per
genotype. *p-value < 0.05, ordinary one-way ANOVA. C) HCT116 clones were seeded and imaged every 24 hours
for 3 days using the Operetta High Content System. The plot shows the cell count at different timepoints relative
to the time-zero cell count as the mean of at least 5 replicates + standard deviation (SD). Ns, not significant.

Ordinary two-way ANOVA.

We therefore asked whether other functions of the mTOR pathway were affected in response to
different DDIT4 levels or whether mTOR-independent functions of DDIT4 could be implicated
as well.

For example, the induction of autophagy is a central function of DDIT4 in cells, and can be both
negatively modulated by mTORCH1, through the inhibition of ULK1 (Jung et al., 2009), the kinase
that initiates the autophagosome, and positively tuned by an mTOR-independent, but DDIT4-

dependent, axis involving the direct interaction of DDIT4 and the pro-oxidant protein TXNIP
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(Gao et al., 2020; Shin et al., 2008b). Hence, we measured the canonical autophagy readouts
both in mock and thapsigargin treatment conditions across TT and AA clones (Figure 19A-D).
While thapsigargin induces DDIT4 and exacerbates DDIT4-dependent responses, we also
found evidence that this treatment leads to the accumulation of mature autophagosomes by
blocking the fusion of the autophagosome with the endocytic system (Ganley et al., 2011).
While we did not find significant differences in the possibility to activate AMPK-mediated
autophagy via ULK1, we found significant allele-specific differences in the levels of LC3-1l upon
thapsigargin treatment and a trend for p62 protein levels.

However, the direction of the autophagic flux is generally determined by the treatment with
chloroquine, an antimalarial agent known to inhibit the autophagic flux by decreasing the
autophagosome-lysosome fusion (Mauthe et al., 2018). We thus inhibited autophagy by acute
chloroquine treatment and confirmed a prominent dose-dependent accumulation of LC3-Il in
TT clones compared to AA clones, along with a dose-dependentincrease of p62 protein (Figure
19E-G). It is known that changes in p62 levels are often subtle compared to LC3-II flux, because
of additional mechanisms of regulation (Klionsky et al., 2012). Conversely, the AA clones
showed a moderate accumulation of LC3-1l and stable p62 levels. Similarly to thapsigargin,
chloroquine was also reported to induce sustained ER stress (Jiaetal., 2018), and indeed, DDIT4
protein levels were induced upon chloroquine treatment in our models (Figure 19H).

Overall, we found evidence of allele-specific differences in the autophagic flux. The AA clones
exhibited a less efficient autophagic flux, whereas the autophagic markersinthe TT clones were
consistent with a largely functional and active autophagic flux, which is coherent with their
stronger ability to inhibit mTORC1 (which negatively regulates autophagy) due to higher DDIT4

protein levels.
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Figure 19. TT clones exhibit a largely functional and active autophagic flux.

A) Western Blot analysis of phosphorylated ULK-1 (Ser555), LC3-1l, and p62 protein levels across rs1053639 TT and
AA HCT116 edited clones treated with vehicle or thapsigargin (100 nM, 4 hours). GAPDH was used as a loading
control. Densitometric analysis of B) phosphorylated ULK-1 (Ser555), C) LC3-Il, D) p62 protein levels normalized
to GAPDH across two individual blots, considering two edited clones per genotype. ****p-value < 0.0001, two-way
ANOVA. E) Western Blot analysis of LC3-Il and p62 protein levels across rs1053639 TT and AA HCT116 edited
clones treated with either vehicle or chloroquine (CQ; 25 and 75 pyM, 6 hours). GAPDH was used as a loading
control. Densitometric analysis of F) LC3-Il G) p62 protein levels normalized to GAPDH upon chloroquine
treatment. H) Western Blot analysis of DDIT4 protein levels across rs1053639 TT and AA HCT116 edited clones
treated with either vehicle or chloroquine (CQ; 75 uM, 6 hours). B-tubulin was used as a loading control. Two

independent replicates are shown in the same blot.

We subsequently investigated whether cancer cells would benefit from a tighter regulation of
mTOR activity and more active autophagy, such as seen in the TT clones, or from a more relaxed
response to mTOR and hindered autophagy, such as in the AA clones.

We first generated EGFP-positive TT and AA clones with high clonal purity to effectively
distinguish the contribution of each genotype (Figure 20A). We then co-cultured EGFP-labelled
TT with non-labelled AA clones, and vice versa to control for the effect of the dye on
proliferation, for 15 days, with splitting and flow cytometry analysis every 4 days. Cell counts
were plotted in Figure 20B and converted into relative cellular fitness as recently described
(Louro et al., 2024a) in Figure 20C. Specifically, cellular competitive fitness (W) was calculated
as the natural logarithm of the ratio between the proportion of GFP-positive cells over the
proportion of GFP-negative cells at a certain time point, and the proportion of GFP-positive cells
over the proportion of GFP-negative cells at time zero.

Notably, while the TT clones showed higher fitness at early time points (3 days), the AA clones
showed a growth advantage in prolonged co-culture conditions. We ensured that this result
was not influenced by the presence of the fluorescent marker (Figure 20B), nor by differences

in cell cycle distribution at day 0 or after 7 days of co-culture (Figure 20D).
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Figure 20. AA clones show higher relative fitness when co-cultured with TT clones for 15 days.

A) TT and AA clones were transduced with lentiviral viruses carrying the EGFP and selected using blasticidin (5
pg/ml, for at least 15 days) to obtain populations with constitutive > 95% EGFP-positive cells. B) (Left) EGFP
labelled AA clones were mixed 1:1 with unlabeled TT clones and co-cultured for 15 days. (Right) EGFP-labelled TT
clones were mixed 1:1 with unlabeled AA clones and co-cultured for 15 days. 10K cells were analyzed by FACS to
retrieve cell counts at every time point. C) Cell count numbers were converted into a published measure of cellular
fitness (W) of EGFP+ cells compared to unlabeled cells using the following formula: pGFP+(t) = NGFP+(t) /
(NGFP+(t) + N GFP-(t)), W = ln ((pGFP+(ti) /pGFP-(ti) ) / (o GFP+(t0) /pGFP-(t0)). The error bars represent the mean
+ SD of at least eight independent experiments (half TT GFP+, half AA GFP+). *p-value < 0.05; **p-value < 0.01,
ordinary two-way ANOVA. D) FACS analysis of cell cycle for TT and AA clones at day 0 and upon 7 days of co-

culture via Hoechst and Propidium lodide (Pl) staining.

AA clones maintain their competitive advantage when xenografted into Zebrafish embryos

To further test the advantage of AA clones in co-culture settings and gain some information on
their potential aggressiveness, we developed xenograft experiments in Casper Zebrafish
embryos, in collaboration with the Laboratory of Experimental Cancer Biology (Dr. Francesca

Lorenzini and Prof. Marina Mione, University of Trento, ITA).
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Equal number of cells from EGFP-labelled TT or AA clones were injected into the swim bladder
of two-day postfertilization embryos. Cells were then imaged the following day (day 1) and
again 48 hours later (day 3) (Figure 21A). Results, plotted as the percentage of tumor cells’
growth, compared the tumor area from day 1 to day 3 post-injection and showed that, when TT
and AA were injected separately in vivo, the growth advantage of the AA clones was again

apparent after only 3 days (Figure 21B).
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Figure 21. The AA clones grow significantly more than the TT when xenografted in Zebrafish embryos.

A) EGFP-labelled TT or AA clones were xenotransplanted into zebrafish larvae two days post-fertilization. Tumor
growth was monitored over three days, with a minimum of 30 larvae per genotype condition. Representative
confocal microscopy images were obtained on day 1 and day 3 post-transplantation. TT clones are represented in
green, AAclonesinviolet. B) Bar graph showing the percentage of tumor growth relative to day 0 of transplantation.
Tumor growth is calculated as the percentage of the tumor (or cell) area on day 3 compared to the tumor area on

day 1. Each data point represents an individual larva. **p-value < 0.01. paired t-test.

The rs1053639 tranSNP genotype has prognostic significance in cancer patients

The phenotypic consequences of allele-specific DDIT4 protein levels led us to explore whether
the rs1053639 tranSNP genotype might also be relevant in a clinical context, specifically with
respect to colorectal cancer prognosis, since HCT116 are colorectal cancer-derived cells.
Patients with the AA genotype showed significantly worse prognosis than patients with the AT
genotype in the analyzed TCGA COAD cohort for colorectal cancer, considering the disease-
free interval endpoint (DFI) (Figure 22). We did not consider the association of rs1053639 with

additional covariates, such as p53 status or RBMX levels, in this analysis. However, it would be
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interesting to predict the potential impact of a tranSNP by combining multiple parameters and

generating a comprehensive score.
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Figure 22. TCGA patients with the AA genotype exhibit a worse prognosis than those with the TT genotype in
terms of disease-free interval (DFI).

Kaplan-Meier curve plotting the disease-free interval for rs1053639-stratified TT, AT and AA patients from the
COAD TCGA cohort.

The rs1053639 tranSNP genotype affects cell sensitivity to a range of compounds

Guided by the prognostic value of the rs1053639 genotype in terms of DFI, we asked whether
the SNP might influence the time between primary treatment and cancer recurrence (DFI) by
affecting the ability of cancer cells to survive or proliferate after treatment.

We thus investigated whetherthe rs1053639 genotype could influence cell sensitivity to a range
of compounds. Interestingly, in silico pancancer analyses performed by the Laboratory of
Bioinformatics and Computational Genomics (Prof. Alessandro Romanel, University of Trento,
ITA) using TCGA and RNA-seq data to inform possible germline-somatic interplays highlighted
that patients with TT and AA genotypes showed significantly different enrichment in gene
expression patterns. In particular, patients with the TT genotype for rs1053639 showed a wider
dysregulation of genes related to the Wnt, TGF-B, and MYC pathways, compared to AA patients.

Based on this, we tried to include compounds targeting these pathways.
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From a preliminary test, we found that the TT clones were significantly more resistant to the
METTL3 inhibitors UZH2 and STC-15 (Figures 23A and 23 B). We next performed dose-response
curves for a set of compounds with broader functions (Figure 23C-E). Niclosamide is an FDA-
approved anthelmintic that inhibits the STAT3, Wnt, mTORC1, and NF-kB pathways. Nutlinis a
well-known p53 activator, and thapsigargin is a potent inducer of ER stress and DDIT4.
Preliminary data for additional compounds are shown in the Appendix Figure 4. Appendix
Figure 5 instead shows the percentage of Pl-positive cells across the above-mentioned
treatments. Globally, we found that the TT clones were significantly more resistant to most of
the compounds and hypothesized that the higher DDIT4 protein levels could be responsible for
this phenotype; indeed, Figure 11C, 15G, and our recent report (Hamadou, Alunno et al.,
2025b) respectively highlighted that DDIT4 is induced upon STC-15, thapsigargin, and nutlin

treatment in an allele-specific manner to higher levels in the TT compared to the AA clones.
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Figure 23. The rs1053639 genotype determines allele-specific sensitivity to multiple compounds.

A) TT and AA clones were treated with 2.5 pM of UZH2 or vehicle, starting 24 hours post-seeding. The cell number
was monitored at time zero and every 24 hours for 3 days using the Operetta High Content System. The plot shows
the cell count at different time points relative to the time-zero cell count. ***p-value <0.001, ****p-value <0.0001.
Ordinary two-way ANOVA. B) TT and AA clones were treated with 2.5 pM of STC-15 or vehicle, starting 24 hours
post-seeding. The cell number was monitored at time zero and every 24 hours for 3 days using the Operetta High
Content System. The plot shows the cell count at different time points relative to the time-zero cell count. ***p-
value < 0.001, ****p-value < 0.0001. Ordinary two-way ANOVA. C-E) Cells were seeded using the automatic
VIAFILL dispenser and treated after 24 hours using the Echo Acoustic Liquid Handler with a wide range of

concentrations in the nanomolar and micromolar range of either niclosamide, nutlin, thapsigargin, or vehicle for
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48 hours. Cells were then incubated with Hoechst and PI (1:2000) for at least 40 minutes at 37 °C, and live imaging
was performed using the ImageXpress Micro Confocal High-Content Imaging System. (Top) Bar plot representing
ICso values for the respective treatments from at least four independent replicates, considering multiple clones
for each genotype. (Bottom) Dose-response curve indicating live cells (Hoechst-positive and Pl-negative)

normalized to the DMSO control on the y-axis and log, of the compound concentrations on the x-axis.

The effect of rs1053639 does not appear to be cell line-specific

Given the collective clinical relevance we demonstrated for rs1053639 in colorectal cancer
cells and patient data, we asked whether the effect of rs1053639 on DDIT4 translation was
conserved across other cancer or non-cancer cell lines, to gain insights into the potential
translatability of our findings.

Luciferase reporter assay using the “Long” and “Short” DDIT4 constructs in the lung cancer cell
line A549 showed that the higher translation efficiency of the T allele compared to the A allele
was maintained as in HCT116 cells (Figure 24A). The same result was obtained in the non-
cancer RPE-1 cell line (Figure 24B). We thus generated a set of AA and AT RPE-1 clones for
rs1053639; RPE-1 cells are indeed homozygous for the T allele. Although the editing was sub-
optimal in RPE-1 and generated multiple indels around the SNP site, we still detected higher
DDIT4 protein levels in the wild type TT compared to the AA edited clones (Figure 24C). Also,
DDIT4 protein levels were strongly induced by thapsigargin treatment in TT compared to AA
clones, as for HCT116 (Figure 24C).

Globally, although data is not robust enough to support a general statement, we observed that
the effect of rs1053639 was maintained both across another cancer cell line and a non-cancer
cellline. This suggests that tranSNPs may cooperate with trans-factors, such as RBMX, but they
can also exert at least part of their function independently, stimulating, but at the same time,
complicating the idea of predicting the protein output from integrating the SNP genotype and
the trans-factor levels, and based on that, predicting patients’ outcomes. We attempted to
correlate RBMX and DDIT4 protein levels with TCGA survival data; however, the limited

availability of RBMX protein data did not allow a robust exploration.
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Figure 24. The rs1053639 T allele maintains higher translation efficiency in A549 and RPE-1 cells.

A) Luciferase reporter assay of a~ 500 bp (Long) and a ~ 100 bp (Short) construct encompassing rs1053639 in wt
A549 cells (A/T). Firefly luminescence was first normalized to Renilla luminescence, then to Firefly mRNA levels.
*p-value < 0.05, unpaired t-test. B) Luciferase reporter assay of a ~ 500 bp (Long) construct encompassing
rs1053639 in wt RPE-1 cells (T/T). Firefly luminescence was first normalized to Renilla luminescence, then to Firefly
mMRNA levels. *p-value < 0.05, unpaired t-test. C) (Top) Western Blot analysis of DDIT4 protein levels across
rs1053639 TT, AT, and AA RPE-1 edited clones. B-tubulin was used as a loading control. (Bottom) Densitometric

analysis of DDIT4 protein levels across two individual blots. *p-value < 0.05, ordinary one-way ANOVA.

TranSNPs can be identified in non-cancer cell lines

To follow up on the potential clinical relevance of tranSNPs, we wondered whether the allelic
imbalance leading to the identification of tranSNPs was exclusive to cancer cell lines due to
their broad, rewired cellular deregulation or whether it also occurred in non-cancer cell lines.
Hence, we attempted to generate a new catalogue of tranSNPs in the hTERT-immortalized
retinal pigment epithelial cells (RPE-1). RPE-1 cells were selected as representatives of non-
cancer cell lines because of their established use in research, transfection, and editing
amenability, as well as their well-described and relatively stable karyotype (Volpe et al., 2025).
Starting from exome sequencing data, we identified about 7000 heterozygous analyzable SNPs
in RPE-1 cells. We calculated the allelic imbalance across polysome-bound and total
cytoplasmic mRNAs for the heterozygous and analyzable SNPs. This dataset was characterized

by high coverage (120 million reads), three biological replicates for each fraction, and a
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treatment with either 10 uM Nutlin or vehicle for 16 hours. The high coverage allowed the
identification of a large number of putative tranSNPs, even along the same mRNA, and allowed
a broader exploration of the tranSNP effect by opening the discussion on haplotype and
causality, besides possible mechanistic cross-talks. To investigate whether we could improve
the tranSNPs identification pipeline, we added a further fraction to this dataset, which is
represented by the 80S monosome-bound mRNAs (Figure 25). By applying the nominal p-value
< 0.05 threshold, we identified 411 tranSNPs in RPE-1 by comparing polysome-bound and total
MRNAs (POL-TOT) corresponding to about 5.5% of the analyzable SNPs, 359 tranSNPs by
comparing polysome-bound and 80S-bound mRNAs (POL-80S) corresponding to about 6.5%
of the analyzable SNPs, and 299 tranSNPs by comparing the 80S-bound and total mMRNAs (80S-
TOT) corresponding to about 5.4% of the analyzable SNPs, indicating that tranSNPs can be
identified in non-cancer settings.

We broadly explored this dataset by selecting both 5’ UTR, 3’ UTR, and coding (CDS) tranSNPs
for experimental validation. To guide the selection, we adopted a conservative approach and
applied a further threshold of -2SD > dAF > 2SD to the identified tranSNPs, considering the
variance, thus the magnitude of the effect. With this approach, we restricted the tranSNPs to
59 when comparing polysome-bound and total mRNAs (POL-TOT), 89 tranSNPs when
comparing polysome-bound and 80S-bound mRNAs (POL-80S), and 52 tranSNPs when
comparing the 80S-bound and total mRNAs (80S-TOT).
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Figure 25. Schematic representation of the tranSNP catalogue strategy in RPE-1 cells.
80S-bound mRNAs were introduced as a separate fraction to compare with total mRNAs and polysome-bound

mRNAs.

58



The use of 80S-bound mRNAs may improve resolution in the identification of tranSNPs

Since the translation status of the 80S monosome is still very debated (Blandy et al., 2025a;
Heyer and Moore, 2016), the comparison of polysomal and total mMRNAs with the 80S-bound
mMRNAs holds the potential to contribute to the field by clarifying the potential of the 80S, and
to diminish the potential bias originated by the incorporation of polysome-bound mRNAs in
total mMRNAs, by having a fraction completely free from polysome contamination.

We exploited our new RPE-1 dataset to address this gap by evaluating the allelic imbalance
(dAF, delta allelic fraction) of tranSNPs which were significantly imbalanced both in the 80S-
TOT and in the POL-80S comparisons.

Most of these tranSNPs displayed complementary allelic imbalance in the 80S-TOT compared
to the POL-80S comparison (Figure 26). Positive imbalance values in the 80S-TOT comparison
indicate that the alternative allele is enriched in the 80S over the TOT, while negative values in
the POL-80S comparison place the alternative allele in the 80S over the POL fraction. This
systematic observation led us to think that the 80S fraction and the polysomal fraction were
opposite to each other.

Furthermore, when we plotted the imbalance values in the TOT-POL comparison (even when
statistical significance was not achieved) for the same tranSNPs, we found that TOT-POL values
layinthe middle, creating a gradient between the POL-80S and 80S-TOT dAF values, which were
instead at the extreme points (Figure 26). This further supported the hypothesis that the
polysomal and 80S fractions were the furthest apart in terms of dAF, and opened the possibility
of the 80S-bound mRNAs being a better proxy for non-translated mRNAs compared to total
cytoplasmic mRNAs. The total cytoplasmic mRNAs indeed contain polysomal fractions as
well.

Ultimately, data suggested that the comparison between polysome-bound mRNAs and 80S-
bound mRNAs could give a higher resolution in tranSNPs identification, thus improving our

pipeline.
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Figure 26. The use of 80S-bound mMRNAs may increase the resolution in tranSNPs identification.
Heatmap plotting the delta allelic fraction (dAF) values for significant tranSNPs in the POL-80S and 80S-TOT

fractions. The trends of the corresponding POL-TOT values were also plotted.

UTR RPE-1 tranSNPs were validated by luciferase reporter assay

We performed luciferase reporter assays across 5’ and 3’ UTR tranSNP candidates from all
three comparisons. We selected candidates based on the magnitude of imbalance, frequency
of the alleles in the population, relevance of the host gene, and concordance of the imbalance
with other SNPs in cis in the same mRNA. Indeed, the coverage of the RPE-1 dataset enabled
the identification of multiple tranSNPs in the same mRNA and the reconstruction of
haplotypes. The selected tranSNPs are listed in Table 1.

For the 14 candidates, we cloned 109-nucleotide-long fragments of 5’ or 3’ UTRs containing
either the reference or the alternative allele upstream or downstream of a luciferase reporter

plasmid. We performed dual luciferase assays, using the Renilla luciferase as a normalizer of
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the Firefly luciferase signal first, and then Firefly mRNA levels to normalize the Firefly/Renilla

ratios.

SNP Code Gene Name SNP Code Gene Name
rsl40546414 ABLI rsl044631 EMLI
rs10546414 ARHGAP22 rs78686363; rs112437383 UNCI11SB
rs12983784 HuR rs3737577 SI1PRI
rs1357255885 PTPN14 rs1061625 TRIM27
rs193226396 CuL3 1$12984195; POLRIG
rsi2984194
rs1063181 SPRYD7
rs55899966 TRIB3
rs116896279 ZFP90

rs1404595755; rs796074088;

rs1463836962 P SHE

Table 1. List of UTR RPE-1 tranSNPs selected for experimental validation.

The list contains the SNP code and the name of the SNP host gene.

Beyond RPE-1 cells, in which this set of tranSNPs was originally identified, we extended the
validation to HCT116 cells, as cancer cells are known to have rewired translation machineries
(Fernandez-Calero et al., 2020) and higher transfection efficiencies. Figures 27A and 27B show
that most of the 5’ UTR candidates did not exhibit significantly different translation efficiencies
in RPE-1 cells, whereas significant differences were observed in HCT116 cells. This is
consistent with the fact that oncogenic signaling results in more translationally active cells,
which may rely more on the control of the UTRs and other translational features. However, we
appreciated significant allele-specific differences among the 3’UTR candidates bothin HCT116
and RPE-1 cells (Figure 27C, 27D). Notably, we detected a few cases in which the direction of
allelic imbalance was opposite in RPE-1 and HCT116 cells, possibly due to the different

availability or interaction with trans-factors such as RBPs, miRNAs, or tRNAs.
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Figure 27. UTR RPE-1 tranSNPs were validated by luciferase reporter assay.

A) Luciferase reporter assay of 5’UTR constructs encompassing candidate tranSNPs in RPE-1 cells. Ns, not
significant, **p-value < 0.01, unpaired t-test. B) Luciferase reporter assay of 5’UTR constructs encompassing
candidate tranSNPs in HCT116 cells. *p-value < 0.05, ***p-value < 0.001, ****p-value < 0.0001, unpaired t-test.
C) Luciferase reporter assay of 3’UTR constructs encompassing candidate tranSNPs in RPE-1 cells. **p-value <
0.01, ***p-value < 0.001, ****p-value < 0.0001, unpaired t-test. D) Luciferase reporter assay of 3’UTR constructs
encompassing candidate tranSNPs in HCT116 cells. **p-value < 0.01, ***p-value < 0.001, ****p-value < 0.0001,

unpaired t-test.

Coding tranSNPs influence ribosome stalling

We also selected four RPE-1 candidate tranSNPs located in the coding sequence (CDS) (Table
2) under the hypothesis that missense or silent changes in the CDS could influence ribosome
sliding and stalling on mRNAs, and thus translational pausing (Tsai et al., 2008). We selected

candidates based on the magnitude of imbalance, frequency of alleles in the population, host
62



gene function, and concordance of the imbalance with other tranSNPs in the same mRNA. We
also analyzed publicly available RNA-seq data coupled to Ribo-seq data (since ribosome
footprints are excluded from the UTRs but not from the CDS) and used them as proxies for total
RNA and polysomal RNA, respectively, to independently validate the imbalances observed with

our method.

SNP Code Gene Name
rs2411530; rs373444578 FRGI

rs4656078 GBP3
rs11540407; rs2070162 KRRI

rs1047991 MTPAP

Table 2. List of CDS RPE-1 tranSNPs selected for experimental validation.

The list contains the SNP code and the name of the SNP host gene.

For the 4 candidates, we cloned 109-nucleotide-long fragments of CDS, coding for 33 amino
acids and containing either the reference or the alternative SNP allele in ribosome stalling
plasmids, which consist of dual fluorescence plasmids characterized by the sequence of
interest cloned between a GFP and an mCherry and flanked by two P2A sequences (Kriachkov
et al., 2023) (Figure 28A). The ribosome stalling plasmids were kindly donated by the
Laboratory of Genomic Screening (Dr. Elisa Facen and Prof. Alessandro Provenzani, University
of Trento, ITA). Impaired ribosome sliding by the sequence of interest is expected to reduce the
mCherry signal, which lies downstream of the cloned sequence and thus the overall
mMChFP/GFP ratio. The SEC61B sequence, which is known to allow efficient readthrough, was
used as a negative control for stalling. A positive control for stalling, containing a sequence
coding for a stretch of 17 consecutive lysine residues (polyK), was also used.

The ribosome stalling induced by all the cloned sequences was not severe and comparable to
that of the negative control; however, Figures 28B and 28C provided evidence of allele-specific
differences in ribosome stalling induced by tranSNPs, with a stronger effect observed in

HCT116.
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Figure 28. Coding tranSNPs influence ribosome stalling.

A) Schematic representation of the ribosome stalling construct. The cloned sequences of interest (ALT/REF) were
flanked by P2A sites to allow ribosome skipping and the cleavage of the three peptides separately from a single
mRNA. SEC61B in the ribosome stalling construct was used as a positive control. The ratio between mCherry and
GFP signal intensities provides a measure of the efficiency of ribosome scanning on the sequence of interest.
mChFP/GFP ratios are reported in B) for RPE-1 cells and in C) for HCT116 cells. The fluorescence values were
obtained using the Operetta High Content System. Data represent the mean = SD of at least two independent

experiments. Ns, not significant, *p-value < 0.05, **p-value < 0.01, ****p-value < 0.0001, unpaired t-test.
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Discussion

This study stems from the identification of a novel class of functional SNPs (tranSNPs) by
empowering post-transcriptional regulation and sheds light on their mechanistic insights and
possible implications in personalized oncology; it provides a comprehensive characterization
of tranSNPs through the generation and experimental validation of tranSNPs from the cancer
cell line HCT116 and the non-cancer cell line RPE-1. The catalogue generated in HCT116
allowed the description of a specific tranSNP within the cancer-relevant gene DDIT4 and the
disclosure of possible mechanisms of action; the catalogue generated in RPE-1 instead
provided insights into possible steps to implement the pipeline for tranSNPs identification and
demonstrated that tranSNP-mediated regulation is not restricted to cancer cells. Additionally,
the study presented preliminary results on instances of cell line specificity among tranSNPs
and provided preliminary data on the potential use of the tranSNP genotype as a prognostic

marker, supported by evidence of allele-specific vulnerabilities to compounds.

TranSNPs identification pipeline and model generation

Our investigation started with the identification of instances of allelic imbalance between total
cytoplasmic mRNAs and polysome-bound mRNAs in the colorectal cancer cell line HCT116.

HCT116 cells were particularly suitable for our study since they represent an established model
for cancer research, and mostly, because they display a near-diploid genome and are not
extremely rearranged or genomically unstable; HCT116 cells are wild type for p53 and harbor
the heterozygous KRAS G13D mutation as a major oncogenic driver. However, the calculation
of the allelic imbalance through our pipeline should be protected from ploidy issues by the

internal normalization between total and polysomal RNA reads in the same cell line.

We established criteria to prioritize candidate tranSNPs for experimental validation and
narrowed our analysis to two candidates: rs1053639 (T/A) in DDIT4 3’ UTR and rs137085 (T/C)
in POLDIP3 3’ UTR. At this stage, we selected UTR tranSNPs for further validation, reflecting the
increasing recognition of the UTRs, which are rich in RBP and miRNA binding sites, as the most
important regulatory regions for post-transcriptional control of gene expression. Romo et al.,
2024 showed that pathogenic 3' UTR variants annotated in ClinVar are up to 20 times more likely

than benign variants to fall in a regulatory site. However, UTRs were neglected for a long time,
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given that few experimental and computational tools are available to study the UTRs, and the
functional readout of UTR variants is more difficult to detect compared to that of coding
variants, since UTRs do not produce proteins differing in the amino acid sequence (Romo et al.,
2024; Wieder et al., 2025). However, we think that UTRs might finely and quantitatively

modulate the amount of the same protein produced by the two alleles.

The intrinsic structure of the tranSNPs identification pipeline requires the SNPs to be
heterozygous, thus limiting the number of tranSNPs potentially identified by our pipeline;
however, we thought that the homozygous state would reveal the maximum phenotypic effect.
Hence, we exploited CRISPR/Cas9-mediated knock-in to generate homozygous clones at the
SNP site and have cellular models to study allele-specific phenotypes.

We encountered cut efficiency limitations for editing rs137085 in POLDIP3, while we
successfully obtained homozygous clones for rs1053639 in DDIT4. Editing limitations were
possibly due to the poor accessibility of the genomic region because of the elevated GC
content and the complex regulatory elements typical of 3’ UTR regions. Also, the requirement
to edit a very specific genomic location and find a suitable PAM did not allow high flexibility in
sgRNA design. The optimal cut occurs 3 nucleotides upstream of the PAM sequence. In the
case of DDIT4, rs1053639 coincided with the variable base (N, any base) of the PAM sequence,
by being followed by -GG, whereas for POLDIP3, rs137085 was located just downstream of the
PAM sequence. While this did not generate mismatches in the sgRNA recognition, the
increased distance between the SNP and the cut site may have compromised editing
efficiency. We used CRISPR/Cas9-mediated knock-in and administered the Cas9 as a
ribonucleoprotein particle (RNP) to reduce the off-target potential; nevertheless, more
recently, novel technologies such as base editing and prime editing were developed for
improving editing efficiency and precision (Kantor et al., 2020) and it might be interesting to use
them to generate precise editing, as for rescuing the editing of single-nucleotide variants.
However, at this stage and to overcome the editing limitations of our method, including
possible off-target effects, we considered at least two edited clones for each genotype in most
of our analyses. We did not perform a comprehensive analysis of potential off-target sites, nor
we sequenced the entire DDIT4 coding sequence beyond the 3' UTR. However, since we
observed consistent results across multiple edited clones for each genotype, both in terms of

cellular phenotypes and DDIT4 protein levels (Appendix Figure 1), we believe that the impact
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of potential off-target alterations on the observed allele-specific phenotypes might be limited.
Figure 10 also supports that the clonal background has a negligible impact on the observed

phenotypes.

Allele-specific DDIT4 protein levels and RBMX binding

We observed significantly different steady-state DDIT4 protein levels across TT and AA
rs1053639 clones. We confirmed that DDIT4 mRNA and protein are short-lived as widely
described in the literature (Katiyar et al., 2009; Kimball et al., 2008), but we did not find
significant allele-specific differences in protein and mRNA stability and mRNA levels. We also
assessed global protein synthesis rates across TT and AA clones to exclude that the higher
DDIT4 protein levels in TT clones were the result of a broader increase in translation efficiency,
instead of a specific effect on DDIT4 translation. Since the UTRs are extensively bound by
regulatory elements such as RBPs and miRNAs (Mayr, 2019) we next interrogated in silico
predictors for allele-specific binding of RBPs based on their described binding motifs. Such
analyses identified RBMX, YBX1, and ACO1 as candidate RBPs differentially binding to the
rs1053639 alleles. We focused our attention on RBMX; however, we cannot exclude that
beyond RBMX, other RBPs or other regulatory elements, such as miRNAs, may contribute to
modulating DDIT4 protein levels. We initially employed RNA electromobility shift assays
(REMSA) to dig into the interaction of RBMX with DDIT4 mRNA from the biochemical point of
view; however, the limited sensitivity of this technique forced us to use high concentrations of
RNA to visualize the RNA-protein complex. At the same time, insufficient protein concentration
prevented binding saturation and equilibrium, which is required to calculate the dissociation
constant (Kd) (Jarmoskaite et al., 2020). Consequently, we could not obtain a robust
quantification, but qualitative, preliminary indications of differential binding. We next
attempted to perform RNA immunoprecipitation (RIP) in the heterozygous (T/A) HCT116 cells to
measure the relative enrichment of the two alleles in their native context. However, we could
not obtain allele-specific primers for PCR or qPCR; we therefore subjected RIP samples to
Sanger sequencing, but the approach was not sufficiently sensitive to detect subtle
differences. We ultimately confirmed the differential RBMX binding by RIP-qPCR in both cross-
linked and non-cross-linked total lysates of TT and AA clones, confirming the preferential

binding with the T allele of DDIT4 mRNA.
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How a 3’ UTR tranSNP in DDIT4 can affect DDIT4 protein output

To gain mechanistic insights on how a SNP in the 3’ UTR can affect protein levels, and since
RBMX s primarily located in the nucleus, we assessed DDIT4 mRNA localization. We found that
DDIT4 mRNA was significantly more enriched in the cytoplasm than in the nucleus in the TT
compared to the AA clones. Allele-specific mMRNA localization may represent one possible
mechanism to explain the observed allele-specific protein levels, since translation occurs in
the cytoplasm; however, siRNA-mediated depletion of RBMX did not support a key role for
RBMXin regulating this phenotype. A possible limitation of our silencing approach is that RBMX
is a very abundant and essential RNA-binding protein, and we could not reduce its levels more
than 50% in this set of experiments. Furthermore, this subcellular localization mechanism,
although intriguing and apparent, cannot fully explain the observed allelic imbalance since the
imbalance between polysome-bound mRNAs and total cytoplasmic mRNAs should only

provide insights about differences in subcytoplasmic localizations.

We next accounted for the role of RBMX as an m6A reader; we predicted several high-
confidence m6A sites in proximity of the SNP position, and measured m6A enrichment across
TT and AA clones by meRIP-gPCR; TT clones exhibited significantly higher enrichment of m6A
on a SNP-containing fragment of DDIT4 mRNA. Interestingly, the subcellular localization of
DDIT4 mRNA in TT clones was significantly affected by the inhibition of the m6A writer METTLS3.
Unexpectedly, however, this perturbation did not reduce, but rather amplified, the allele-
specific differences in DDIT4 mRNA localization and DDIT4 protein levels. Based on the results
of these experiments aimed at aligning the m6A levels across TT and AA clones, we interpreted
that allele-specific m6A levels are unlikely to be responsible for allele-specific DDIT4 protein
levels. Nevertheless, an important limitation of this approach is that the widespread inhibition
of METTL3 cannot be considered fully equivalent to the specific modulation of selected m6A
sites around the SNP, which are slightly differentially m6A-modified among the TT and AA
clones according to meRIP-qCPR. Moreover, the global removal of m6A by STC-15 was strongly
associated with the activation of the innate interferon (IFN) immune response in response to
the m6A-naked mRNAs accumulating as double-stranded RNAs (dsRNAs) (Guirguis et al.,
2023). This datais strongly accepted and claimed since STC-15is currently evaluated in clinical
trials and has even been administered in combination with PD-1 inhibitors for its ability to

trigger the IFN response and transform the tumor microenvironment (TME) from

68



immunosuppressive to immunostimulatory. Hence, more targeted experiments would be
necessary to claim that allele-specific m6A levels, and not allele-specific response to stress
or activation of the innate immunity pathway, are responsible for the observed phenotypes
attributed to METTLS inhibition and ultimately allele-specific DDIT4 protein levels. However,
there are no documented links between DDIT4 and the activation or regulation of the innate

immune response to date.

Although we were still unable to envision the contribution of the allele-specific RBMX binding
on DDIT4 protein levels via mRNA localization or modification, we strikingly observed that
depleting RBMX resulted in significantly reduced DDIT4 protein levels in TT clones, which
dropped to comparable levels to the AA clones in a sort of “rescue” experiment, whereas the
levels in AA clones were unaffected. This observation suggested a possible direct role for
RBMX on mRNA translation, consistent with the differences in subcytoplasmic localizations
or polysomal loading directly suggested by our tranSNP-identifying pipeline. Interestingly, we
found that RBMX, although predominantly nuclear, can associate with ribosomes and
polysomes similarly to a ribosomal protein. To date, the roles of RBMX have been primarily
related to transcription and splicing. Siachisumo et al., 2024b described that RBMX can
maintain the correct splicing, especially of a class of ultra-long exons, through cryptic splice
site repression. The last exon of DDIT4 is an ultra-long exon (>1 kbp), and we found a possible
AG-rich RBMX binding site at a cryptic splice site, but Figure 9E eliminates the possibility of
splicing-related allele-specific RBMX regulation. Only Zuccotti et al.,, 2020 suggested a
possible role for RBMX in translation, although with an artificial construct, and by mining
RAPIDASH data to uncover ribosome-associated proteins (RAP), RBMX scored high as a RAP
candidate (Susanto et al., 2024); we thus provided novel evidence supporting a role in
translation for the cytoplasmic RBMX in the endogenous context. We proposed that RBMX
contributes to the allele-specific regulation of DDIT4 protein levels by directly guiding to the
polysomes the mRNA derived from the allele which it preferentially binds, increasing its
polysomal targeting, loading, translation efficiency, and ultimately protein levels; it is indeed
established that RNA-binding proteins determine the fate of their target mRNAs from the
moment in which the mRNAs leave the RNA polymerase machinery to when they reach the
polysomes, and hnRNP proteins, such as RBMX (also known as hnRNP G) are believed to be

among the first factors to bind the nascent transcripts (Neriec and Percipalle, 2018). Similar
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mechanisms have been described for other RBPs, including HuR, Staufen, and FMRP, whose
association with polysomes has been correlated with either increased mRNA translation or
targeting into translationally silenced complexes, as in the case of FMRP (Bergalet et al., 2011;
Gallouzi et al., 2000; Kurosaki et al., 2025). It is also possible that RBMX cooperates with other
RBPs, forming complexes to target mRNAs to specific subcellular or subcytoplasmic locations.
Interestingly, Zuccotti et al., 2020 performed a gene ontology enrichment analysis of protein
interactors of RBMX retrieved by STRING and other public databases. RBM3, FXR2, KHDRBS1,
CIRBP, and AUF1 were reported among the RBMX interactors, concluding that RBMX is
associated with positive regulators of translation. Interestingly, most of the listed RBMX
interactors are prevalently nuclear RBPs known to migrate to the cytoplasm to regulate
translation, particularly under stress conditions. RBM3, a translation regulatory protein, was
reported to migrate to the cytoplasm to bind the 60S subunit, especially during cold stress
(Dresios et al., 2005). The association of HUR with polysomes has also been reported to be
dynamic, depending on cellular conditions and stimuli. Hence, we cannot exclude thatin stress
conditions, RBMX could migrate to the cytoplasm to a greater extent and increase the targeting
of T allele DDIT4 mRNAs to the polysomes, thus amplifying the effect that we already observed
ontranslation. However, thapsigargin treatment (100 nM, for 4 hours) was insufficient to induce
a massive translocation of RBMX to the cytoplasm and was also dominant over RBMX depletion

in modulating DDIT4 protein levels.

Conversely, we suggested that when RBMX was poorly bound, DDIT4 mRNA was not directly
targeted to the polysomes, since we observed its accumulation into cytoplasmic spots
correlating with lower DDIT4 protein levels. The subcytoplasmic location of translation is
important to control protein output (Horste et al., 2023) and motivated us to further investigate
the nature of DDIT4 mRNA spots. Transcriptome-wide studies of stress granules (SGs) did not
detect a strong association of DDIT4 mRNA with SGs: about 7% of DDIT4 mRNA molecules
were associated with SGs induced by sodium arsenite in U20S cells (Khong et al., 2017;
Matheny et al., 2021, 2019). Also, subcytoplasmic maps developed by Horste et al., 2023 in
HEK293 proposed that DDIT4 mRNA was equally distributed among TIS granules (enriched in
the RBP TIS11B and where generally low-abundance proteins are translated), the endoplasmic
reticulum (ER), and the soluble part of the cytoplasm. We also experimentally interrogated co-

localization of DDIT4 mRNA with the self-aggregating RBP TIAR-1, which is predominantly
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nuclear and moves to the cytoplasm upon stress to transiently inhibit translation by promoting
the formation of translationally silent stress granules (Mazan-Mamczarz et al., 2006). However,
we did not detect co-localization, at least under ER stress, with either TIAR-1 or G3BP1. Given
the perinuclear localization of DDIT4 mRNA and the localization of TIS granules close to the ER,
it would be interesting to test their colocalization with DDIT4 mRNA as well. Although the
applied stress might have been too mild (100 nM thapsigargin, for 4 hours) to observe the typical
G3BP1 granules, we still observed the DDIT4 mRNA spots, which suggested that DDIT4 mRNA
localizes to a granule type thatis distinct from the classical SGs. Notably, Neriec and Percipalle,
2018 reported that upon nuclear export, translationally repressed complexes of mMRNAs bound
to RBPs (ribonucleoparticles; RNPs) assembled into larger granules, named cytoplasmic
transport granules, to be transported to specific cellular locations for storage or for translation;
transport granules were proposed to generate from the homo-dimerization of RNA-bound
hnRNPs and actin polymerization and contain only one type of mMRNA and a specific set of RBPs

(Sinnamon et al., 2012), which might correspond to the cytoplasmic DDIT4 spots we observed.

RBMX modulation may be beneficial to cancer patients based on the rs1053639 genotype

The evidence that allele-specific DDIT4 protein levels are at least in part regulated by the trans-
factor RBMX poses RBMX as a potential actionable target for cancer patients stratified for the
rs1053639 genotype. Indeed, based on our data, modulating RBMX levels could be relevant in
TT patients, whereas the same approach is unlikely to be effective in AA patients, who appear
insensitive to RBMX-dependent regulation.

Up to date, there is no evidence of pharmacological targeting of RBMX in the cancer field
(https://depmap.org); drugging RNA-binding proteins in general is not very common because
RBPs often lack defined, druggable pockets. Moreover, RBPs are often pleiotropic and part of
big complexes that regulate complex protein-RNA interactions, making it difficult to achieve
specific, targeted effects (Bertoldo et al., 2023).

However, RBMX is aberrantly expressed in multiple tumor types, such as esophageal cancer
and metastatic bladder cancer, and is associated with tumor invasion, metastasis, and
prognosis (Sheng et al., 2024; Tuersun et al., 2023a; Yan et al., 2021a). RBMX expression was
found significantly higher in osteosarcoma and esophageal cancer tissues compared to the
adjacent normaltissues, and the overall survival of esophageal cancer patients with high RBMX

expression was significantly lower than that of patients with low RBMX expression (Tuersun et
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al., 2023b). In the same tumor, RBMX underwent copy humber amplification, mutation, and
deep deletion, indicating that both its amount and function are perturbed in cancer.
Furthermore, RBMX expression was positively correlated with the levels of follicular helper T
cells, eosinophils, and initial B cells. Two additional and independent studies proposed a role
for RBMX in mediating the immunosuppressive tumor microenvironment by reducing immune
cell infiltration and proposed that inhibiting RBMX may help tumors to respond to
immunotherapy (Qiu et al., 2025; Sheng et al.,, 2024). When RBMX was depleted, the
recruitment and proportion of CD8+ T cells significantly increased via the downregulation of
H2-K1 and upregulation of THBS1; co-culture experiments confirmed that RBMX depletion
significantly enhanced the cytotoxic activity of CD8+ T cells. Instead, other studies in
metastatic bladder cancer patients showed that RBMX expression negatively correlated with

tumor stage, histological grade, and poor prognosis (Yan et al., 2021b).

Allele-specific DDIT4 protein levels determine allele-specific cancer-related phenotypes

Since DDIT4 is a recognized inhibitor of mMTORC1 (Foltyn et al., 2019), which is a central hub of
cancer metabolism, we expected differences in the ability of rs1053639 clones to support
specific cancer-related functions, such as proliferation, or to cope with changing
environmental conditions. Indeed, the mTOR protein can form two complexes, mTORC1 and
mMTORC2, which are composed of discrete protein binding partners and different functions;
while mTORC1 promotes cell growth, proliferation and biosynthesis in response to nutrients,
mMTORC2 regulates cell survival, metabolism, and cytoskeletal organization mainly in response
to growth factors (Jhanwar-Uniyal et al., 2019; Montero et al., 2012).

We expected lower activity of mTORC1 in TT clones in basal conditions, as TT clones exhibit
significantly higher protein levels of the mTORC1 inhibitor DDIT4, but we observed the opposite
phenotype. This result might be ascribed to cell adaptation through feedback loops that
compensate for chronically higher DDIT4 protein levels or to basal DDIT4 levels. Indeed, we
then confirmed that upon acute DDIT4 induction by thapsigargin treatment, TT clones inhibited
mTORC1 more effectively than the AA clones, as expected (Figure 18 A, 18B, Appendix Figure
1B).

Similarly, we did not observe significant differences in the proliferation rate of TT and AA clones

for up to 3 days in basal conditions, but we did observe allele-specific differences in the
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percentage of live cells upon thapsigargin treatment, which might indicate different abilities to
cope with cellular stress.

We thought that longer time points and more stressful conditions may engage the mTOR
pathway more strongly, revealing differences in proliferation; indeed, there is evidence that
during mouse embryonic development, cells can sense the fitness of the neighboring cells and
trigger p53 to repress MTOR in the less fit to be eliminated, thus outcompeting them (Bowling
etal., 2018). Thus, we co-cultured TT and AA EGFP-labelled clones to introduce an extra trigger,
and for a period of 15 days. Interestingly, we found fluctuations in the cellular fitness of the
clones, eventually favoring the AA clones, which are consistent with fluctuating DDIT4 and
mMTORC1 levels. We attempted to assess DDIT4 protein levels and mTORC1 activation markers
at various time points during the co-culture by FACS sorting, but insufficient material was
recovered to perform the subsequent Western Blot analyses.

Further insights into cell competition were obtained by injecting TT and AA clones separately
into Zebrafish larvae and evaluating their interactions with multiple host cell types for 3 days,
assuming that the extra triggers of the in vivo setting would accelerate the process of cell
competition and require a shorter time point; this set of experiments confirmed the higher
proliferative potential of AA clones under prolonged stress conditions, or in the presence of
additional cell types.

Overall, these findings are also consistent with the observed allele-specific differences in the
autophagic flux, which favored the TT clones. An increased autophagic flux is indeed likely a
consequence of higher DDIT4 protein levels and more effective mTORC1 inhibition, but mTOR-
independent autophagy has also been described. The RNA-binding protein RBM33 modulates
DDIT4 mRNA stability via m6A to eventually impact DDIT4/TXNIP-based autophagy (Yu et al.,
2023); RBMX also directly affects TXNIP transcription (Shin et al., 2008b), suggesting that RBMX
binding to DDIT4 mRNA might be part of an upstream signaling pathway aimed at ultimately
regulating autophagy. Despite the activation route, autophagy can represent an advantage by
clearing damaged organelles and protecting TT clones from oxidative stress, genomic
instability, and chronic inflammation in the short term (Sun et al., 2013). However, the double-
edged role of autophagy may be the cause for the AA clones outcompeting the TT clones when
co-cultured for 15 days. It has been described that while moderate autophagy can support
survival, excessive autophagy can lead to cell death and limit tumor growth (Maiuri et al., 2007).

Also, autophagy inherently demands energy supply (Mandic et al., 2024; Mijaljica et al., 2011;
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Plomp et al., 1989), and the TT clones may end up with poor resources for growth and for
autophagy itself in the long term, whereas the AA clones, which cannot effectively inhibit
mTOR, may become metabolically advantaged and have the possibility to outcompete.
Additionally, recent studies highlighted the role of autophagy in regulating metabolism within
the tumor microenvironment, proposing that cells with active autophagy can release
metabolites or signaling molecules that the defective ones can exploit (Lahiri et al., 2019; P.

Zhang et al., 2023).

Germline variants may shape the trajectory of cancer evolution and inform patient stratification

Our phenotypic data collectively demonstrated that the germline rs1053639 variant influenced
the rewiring of the mTOR pathway and relevant cancer-related phenotypes. While we
acknowledge that cancer evolution trajectories do not generally stem from one single mutation
or polymorphism but from the cooperation between multiple genetic and environmental
events, we definitely think that rs1053639 can contribute to shaping cancer evolution
trajectories by modulating key somatic regulatory pathways, such as mTOR and the cellular
stress response.

Pan-cancer analyses using TCGA data did not highlight a differential representation of TT or AA
patients in the cancer population compared to the non-cancer population; however, given the
double-edged role of DDIT4 in cancer, it would be more accurate to consider each cancer type
separately, which was not possible due to the small sample size. The same analyses
highlighted that tumors from patients with the TT genotype showed a wide dysregulation of
genes related to the Wnt, TGF-B, and MYC pathways, while such alterations were less prevalent
in AA patients. Based on our experimental findings, particularly the co-culture and the in vivo
assays, we propose that the genetic background of AA patients may be intrinsically more
permissive to tumor-related events and therefore may not require extensive rewiring of major
signaling pathways.

This germline-somatic interplay led us to hypothesize that TT and AA clones may display
differential vulnerability to compounds based on their different evolutionary trajectory related
to mTOR and stress response. We selected a list of FDA-approved and investigational
compounds to test this hypothesis. We first assessed the sensitivity to niclosamide, which is a
negative modulator of mTORC1, NF-kB, STAT3, and Wnt signaling approved by the FDA as an

anthelmintic drugto treat parasitic infections (Chen et al., 2018). Notably, as mTORC1 has been
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reported to inhibit DDIT4 through a negative feedback loop, STAT3 has also been described as
atranscriptional repressor of DDIT4 (Garcia-Segura and Malagelada, 2023; Katiyar et al., 2009);
therefore, this treatment may strongly derepress DDIT4 expression. Given the enrichment of
Whnt pathway dysregulation in TT patients, we further tested XAV939, a tankyrase (TNKS1/2)
inhibitor that stabilizes axin and promotes B-catenin degradation (Huang et al., 2009), and
WNT-C59, which is a potent inhibitor of porcupine (PORCN), a membrane-bound O-
acyltransferase required for palmitoylation, secretion, and the biological activity of Wnt
(Motono etal., 2016). However, we could not appreciate allele-specific differences in sensitivity
due to the extremely low potency of the compounds in our cellular models. We next tested
everolimus, which is an allosteric inhibitor of mMTOR used as an immunosuppressant to prevent
the rejection of organ transplants, but also approved to treat advanced breast cancer,
neuroendocrine tumors, and advanced renal cell carcinoma (Hasskarl, 2018). We also tested
the TGF-B inhibitor A-83-01, which is a potent inhibitor of TGF- type | receptor ALK5 kinase
(Tojo etal., 2005), butits potency was very limited across our cellular models. To target the MYC
pathway, we employed the peptide Omomyc, a selective MYC inhibitor. Omomyc forms a
heterodimer with MAX, hindering MYC binding to E-box sequences on DNA and thereby
reducing its full activation and transcription of genes involved in cell growth and proliferation
(Savino et al., 2011). In addition, we tested the susceptibility to Nutlin, which inhibits MDM2 to
stabilize the tumor suppressor p53 (Tovar et al., 2006; Vassilev et al., 2004), and the autophagy
inhibitor chloroquine (CQ). TT clones were significantly more resistant to the tested
compounds than the AA clones. Interestingly, recent data proposed that cells resistant to PI3K
inhibitors can be resensitized through the constitutive activation of mTORC1, which
suppresses the induction of autophagy, leading to energy stress, a critical depletion of
aspartate, and cell death (Gremke et al., 2025). The constitutive activation of mTORC1 is a
feature of the AA clones and is associated with their lower DDIT4 protein levels. Hence, DDIT4-
dependent mTORC1 rewiring in AA clones may reflect their increased sensitivity to most of the
tested treatments.

Overall, these findings, together with the prognostic value of rs1053639 in terms of DFI, suggest
that stratification of cancer patients based on rs1053639 genotype may help guide therapeutic
decision-making by identifying treatments to which patients are more likely to respond, while

sparing them from ineffective interventions and posing rs1053639 as an interesting cancer
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biomarker for targeted therapy and prognosis, but not for cancer risk; indeed, the rs1053639

did not appear as a hit in any GWAS study to date.

Exploring the cell line specificity of tranSNPs

We began interrogating the cell line specificity of rs1053639 by assessing the translation
efficiency of the two alleles in another cancer and a non-cancer cell line using the luciferase
reporter assay. Interestingly, in both cases, we confirmed higher translation efficiency forthe T
allele. By interrogating the Cancer Cell Line Encyclopedia (CCLE)/DepMap and CLISGen (Cell
Lines SNP Genotypes), we found examples of cancer cell lines with the AA genotype for
rs1053639 that nevertheless exhibited high DDIT4 protein levels (OSRC2 renal cell carcinoma
and C32 melanoma cell lines), but they also exhibited high DDIT4 protein levels. Notably, the
cell lines harboring higher DDIT4 protein levels and lower DDIT4 mRNA levels were
predominantly homozygous for the T allele (769P renal cell carcinoma, WM793 melanoma, and
SW620 colorectal adenocarcinoma cell lines).

It is therefore possible, and not surprising, that the trans-factor levels play a synergistic role
with the tranSNP genotype in eventually determining protein levels. While we mostly studied
epithelialcelllines (HCT116, RPE-1, A549), different tissues may exhibit different levels or types
of trans-factors and therefore opposite translational potential of the T allele. A larger and
integrated study would be needed to generalize the cell line specificity of rs1053639 and other
tranSNPs and elucidate the dependency of genetic variants on trans-factors.

In this regard, the online tool RegVar (https://regvar.omic.tech) integrates the sequence,
epigenetic, and evolutionary information of SNPs across 17 human tissues to give tissue-
specific predictions of regulatory probabilities. Interestingly, the highest regulatory score for
rs1053639 was detected in the sigmoid colon (0.37), followed by 0.28 in the lung and 0.27 in
the pancreas and whole blood. The lowest value was 0.056 in the anterior cortex. It would be
interesting to generate a score-based platform incorporating the allelic imbalance, the levels
of the predicted trans-factors insisting on that site, luciferase data, and survival data, to predict
the protein output of the alleles. However, the combinatorial complexity of the number of
potential trans-factors and their interactions makes such predictions challenging. We are
currently producing a fourth catalogue of tranSNPs in the pancreatic adenocarcinoma cell line

Mia-PaCa-2 to shed more light on the context-dependent properties of tranSNPs.
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Notably, we did not find tranSNPs in common across all three of our available catalogues, likely
because of the requirements for heterozygosity, the analyzability thresholds in the different
datasets, and the absence of common functional ontologies among tranSNPs. We only found
one tranSNP host gene shared among the HCT116 and RPE-1 tranSNPs, which is KRR1, which
is involved in ribosomal RNA (rRNA) processing in Saccharomyces cerevisiae and is the first
precursor of the small eukaryotic ribosomal subunit (Gromadka and Rytka, 2000; Singh et al.,

2021).

The use of 80S-bound mMRNAs may improve the resolution in tranSNPs identification

Our RPE-1 dataset provided evidence that the 80S-bound mRNAs may represent the less-
translated fraction in RPE-1 and may improve resolution in tranSNPs identification. However,
luciferase reporter assays performed in RPE-1 and HCT116 to validate UTR tranSNPs from the
RPE-1 dataset revealed that this observation may be cell-line specific. Indeed, the tranSNPs
identified through the comparison with the 80S were not necessarily better validated in HCT116
compared to the ones identified through the comparison with the total cytoplasmic mRNA.

This is not surprising as the translational potential of the 80S monosome is still very debated in
the field, and recent evidence suggested that it can be highly tissue-dependent, at least in
Drosophila melanogaster (Blandy et al., 2025b), complicating the use of 80S-bound mRNAs as
a proxy for untranslated mRNAs and opposed to the polysome-bound mRNAs in an absolute
sense in any cell line. Interestingly, 80S monosomes appeared to be translationally active in the
head and embryo, where translation regulation needs fine regulation (with extensive use of TOP
mMRNAs, upstream ORFs), whereas they appeared to be inactive in the testis and ovary, where
polysomes were the major source of protein synthesis. This observation may help predict the

translational potential of the 80S based on the translational regulation demand.

Interpreting the ribosome stalling assay

We acknowledge that performing the ribosome stalling assay on a restricted portion of the
entire CDS may not be fully representative; however, this approach allows us to focus more
specifically on the effect of the SNP itself. Moreover, recent data from our laboratory showed
that comparable results were obtained when cloning either a SNP-containing fragment of 33
amino acids or the entire CDS of the EIF4H protein in the same ribosome stalling plasmid

(Hamadou, Alunno, Peroni et al., 2025a).
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Nonetheless, a critical aspect of the ribosome stalling assay, as well as of the principle
underlying our tranSNPs-identifying pipeline, is the distinction between translationally active
and inactive mRNAs within polysome-bound fractions. Indeed, while engagement with
polysomes is generally considered a proxy for active translation, the number of ribosomes per
MRNA does not necessarily reflect translation efficiency, as it may also reflect ribosome
aggregation due to stalling. To overcome this ambiguity, it would be ideal to separately analyze
the individual fractions originated upon polysome profiling, although it may be difficult to
extract sufficient mRNA for RNA-seq. As an alternative, polysome fractions could be
subdivided into light and heavy polysomes, considering the light as a proxy for the actively
translating mRNAs and the heavy as potentially stalled ones. Based on this notion, the result of
the ribosome stalling assay cannot be interpreted univocally and must be carefully evaluated.
In parallel to the investigation of ribosome stalling as a mechanism of action for missense and
silent coding tranSNPs, we hypothesize that silent tranSNPs may cause different protein levels
by codon usage, which is the preferential use of one codon codifying for the same amino acid,

and ends up regulating the speed of translation elongation (Liu, 2020).
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Conclusions and Future Perspectives

Overall, this study provides a comprehensive characterization of a novel class of functional
SNPs, named tranSNPs, identified in the same laboratory by leveraging the renewed awareness
of post-transcriptional events in regulating gene expression. Through our investigation, we
proposed novel strategies to improve the tranSNP-identifying pipeline, we explored the cancer-
type specificity of tranSNPs, and the possibility of identifying tranSNPs in hon-cancer settings.
Beyond the global investigation of the phenomenon, we focused on the rs1053639 tranSNP in
the 3’ UTR of DDIT4 to gather mechanistic insights. We uncovered mechanistic links related to
mMRNA localization, modification, and polysome loading mediated at least in part by the allele-
specific binding of the RNA-binding protein RBMXto the rs1053639 T/A alleles. All mechanisms
converged on higher protein output from the T allele compared to the A allele, which ultimately
influenced downstream phenotypes such as mTORC1 inhibition, autophagy, and proliferation
during in vitro co-culture and in vivo xenotransplants in Zebrafish embryos. We also identified
allele-specific sensitivities to FDA-approved and investigational compounds, and prognostic
relevance for disease-free interval in a TCGA cohort for the rs1053639. When further explored,
the rs1053639 and tranSNPs in general could become an original source of SNPs to be used as

biomarkers for prognosis or for informed targeted therapy.

Since DDIT4 lies at the intersection of major cellular pathways, many avenues can still be
explored when studying rs1053639.

Firstly, it would be interesting to exploit novel genome editing technologies to implement the
generation of edited homozygous cellular models, such as prime editing, base editing, or
designing alternative allele-specific sgRNAs to minimize re-cutting during CRISPR/Cas9-
mediated knock-in.

From a mechanistic point of view and given the role of RBMX and the allele-specific
susceptibility to nutlin treatment, it would be interesting to study how rs1053639 affects the
DNA damage response (DDR) and whether TT and AA clones exhibit different levels of genomic
instability. Indeed, both RBMX and DDIT4 operate at the interface of the DDR, and their
interaction, beyond the regulation of autophagy, may serve to regulate the response to DNA
damage as well. It would also be interesting to study whether the RBMX binding affinity

changes upon DDIT4-modulating treatments.
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Also, pull-down of labelled DDIT4 T or A mRNA probes with cellular lysates coupled to mass
spectrometry experiments may discover novel allele-specific interactors, which may point to
additional mechanisms such as alternative polyadenylation, miRNA binding, alterations of
uORFs, or RNA secondary structures.

Moreover, it would be valuable to better characterize the contribution of thapsigargin
treatment to post-transcriptional regulation independently of its transcriptional effects, since
polysome profiling and western blot data clearly showed an effect on polysomal distribution
irrespective of the mRNA levels, and an amplification of the differences from mock to
thapsigargin-treated DDIT4 protein levels.

From a phenotypic point of view, it would be interesting to perform additional assays to zoom
in on the apparently higher aggressiveness of the AA clones, which overgrew in vitro and in vivo
under certain conditions. Clonogenic assays, tests of resistance to contact inhibition, and
longer timepoints in the in vivo experiments could help study their metastatic potential.
Other stressors, such as hypoxia or nutrient deprivation, may also be used to induce DDIT4
and study additional cellular phenotypes.

Finally, from a clinical point of view, it would be useful to strengthen clinical collaborations
and generate a local cohort of colorectal cancer samples of sufficient sample size to ensure
statistical power. This would allow robust correlations between DDIT4 protein levels and

prognosis first, and possibly also with RBMX protein levels.
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Materials and Methods

Cell culture

The human colorectal cancer cell line HCT116 was purchased from the Biological Resource
Center ICLC Cell bank. Cells were cultured in standard Roswell Park Memorial Institute (RPMI)
1640 medium (GIBCO) supplemented with 10% fetal bovine serum (FBS), 100 units/ml
penicillin, 100 mg/ml streptomycin antibiotic mix (GIBCO), and 1% L-Glutamine (GIBCO). The
human lung cancer cell line A549 was cultured in Dulbecco's Modified Eagle Medium and
Ham's F12 (DMEM/F12) supplemented with 10% fetal bovine serum (FBS), 100 units/ml
penicillin, 100 mg/ml streptomycin antibiotic mix (GIBCO), and 1% L-Glutamine (GIBCO). The
human non-cancer cell line of retinal pigmental epithelia RPE-1 was cultured in Dulbecco's
Modified Eagle Medium and Ham's F12 (DMEM/F12) supplemented with 10% fetal bovine
serum (FBS), 100 units/ml penicillin, 100 mg/ml streptomycin antibiotic mix (GIBCO), and 1%
L-Glutamine (GIBCO). The cells were maintained in a humidified atmosphere at 37°C and 5%
CO2. Cells were split twice a week.

RNA extraction

RNA was extracted using TRIzol™ Reagent (Invitrogen) or NucleoSpin® RNA (Macherey-Nagel)
according to the manufacturer’s instructions and depending on the downstream analyses.
Total RNA was extracted using the NucleoSpin® RNA, whereas cytoplasmic RNA was extracted
using TRIzol™. RNA purity and concentration were assessed by NanoDrop™ Spectrophotometer
(Thermo Fisher Scientific).

cDNA and RT-qPCR

RNA was retrotranscribed using the RevertAid First Strand cDNA Synthesis Kit (Thermo Fisher
Scientific) and random hexamer primers according to the manufacturer’s instructions. One pg
of RNA was retrotranscribed for most applications; exceptions will be discussed on a case-by-
case basis. The cDNA was diluted 1:8 in water, equivalent to a final concentration of 6.25 ng/pl.
RT-gPCR was performed using the PowerUp SYBR mix (Applied Biosystems) in 10 pl, using 12.5
ng of cDNA as input and 0.4 pM of each primer. Primers were designed using Primer Blast
(NCBI) and are listed in Table 5. The QuantStudio5 instrument was used to amplify the cDNA
and measure gene expression. Technical triplicates were performed, and average Cq values
were normalized to housekeeping genes (dCt) and to controls (ddCt) when possible.

Protein extraction and Western Blot

Adherent cells were detached with trypsin and centrifuged at 300 g for 5 minutes. The pellet
was washed once with PBS 1X. Total protein extraction was performed using RIPA lysis buffer
1X (50 mM Tris-HCL, pH 8, 150 mM NaCl, 1% Igepal, 0.5% Sodium Deoxycholate, 0.1% Sodium
Dodecyl Sulfate) supplemented with cOmplete™ Mini protease inhibitors (Roche) and
phosphatase inhibitors cocktail | (MedChemExpress).
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RIPA buffer was added to the cell pellet, and the samples were thoroughly vortexed every 10
minutes for 30 minutes while kept on ice. After the extraction, samples were centrifuged at
14000 rpm for 15 minutes at 4°C to remove cellular debris. Supernatants were transferred to
new tubes, and the protein content was quantified using the Pierce™ BCA Protein Assay Kit
(Thermo Fisher Scientific). For each sample, equal amounts of protein (20-30 pg) were loaded
on SDS-PAGE gels. Before western blotting, the lysates were denatured by boiling at 95°C for
10 min in 1X Laemmli Sample Buffer supplemented with DTT (Bio-Rad). Samples were loaded
on SDS-PAGE gels, run at 120 V for about 2 hours, and electrophoretically transferred to a
nitrocellulose membrane (Cytiva Amersham™) at 350 mA for 1.5 hours. Membranes were
blocked in 5% non-fat dry milk prepared in PBS 1X-Tween 0.1 % (PBST) for 1 hour and then
incubated for the appropriate primary antibody overnight at 4°C, or at room temperature for 1
hour. Table 7 lists the antibodies used in this study. Membranes were recovered and washed
three times for 5 minutes each with PBST. Membranes were then incubated with peroxidase-
conjugated secondary antibodies (1:10000 dilution) for 1 hour at room temperature.
Membranes were washed three more times for 5 minutes each with PBST. Signal was then
detected by using Amersham ECL Select Western Blotting Detection Reagent (GE Healthcare
Life Sciences) and BioRad ChemiDoc™ XRS+ Imaging System. Image processing and
densitometric quantification of the bands were performed using the Image Lab software.

mRNA Stability assay

3 x 10° cells were seeded in a 6-well plate format. After 24 hours, cells from the first timepoint
(t0) well were collected by trypsinization, washed with PBS 1X, resuspended in 500 pl of TRIzol™
(Invitrogen), and frozen at -80°C. Simultaneously, cells in the remaining wells were treated with
10 pg/ml of Actinomycin D to block de novo transcription. After 20 minutes, 40 minutes, 1 hour,
2 hours, and 4 hours from the treatment, cells were pelleted from the corresponding timepoint
wells and resuspended in TRIzol™ Once all the pellets were recovered and frozen, they were
thawed at room temperature for 15 minutes, and RNA was extracted following the TRIzol®
manufacturer’s instructions. RNA was quantified, and 1 pg of timepoint t0 RNA from each cell
line was retro-transcribed. For the timepoints following t0, RNA was retro-transcribed
volumetrically to the reference t0 for each cell line, and 12.5 ng were amplified via RT-qPCR.
Primers are listed in Table 5. GAPDH, whose levels do not quickly fluctuate over time, was used
as a housekeeping control. The mRNA abundance (remaining levels) at every time point was
then calculated relative to the start of transcription inhibition (t0) for each cell line (2*-ddCt).
The mRNA decay rate was calculated by a nonlinear regression curve fitting using the one-
phase decay function (GraphPad Prism 10).

Cycloheximide chase assay

6 x 10° cells were seeded in a 6-well plate format. After 24 hours, cells from the first timepoint
(t0) well were collected by trypsinization. The cell pellet was resuspended in 50 ul of RIPA lysis
buffer 1X supplemented with cOmplete™ Mini protease inhibitors (Roche). Simultaneously, the
media was aspirated from the remaining wells and replaced with 100 pyg/ml of cycloheximide
(CHX, Cayman Chemical) in 2 ml of fresh media to prevent further protein synthesis. CHX
indeed inhibits eukaryotic translation elongation by binding to the 60S ribosomal subunit's E-
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site and preventing the release of deacetylated tRNA. After 10 minutes, 20 minutes, 30 minutes,
and 1 hour from the treatment, cells were pelleted from the corresponding timepoint wells and
resuspended in RIPA buffer 1X as well. Once all the pellets were harvested, proteins were
extracted, quantified (see Protein Extraction Section), and Western Blot was performed on 35
pg of timepoint tO protein extract. For the following timepoints, the protein amounts were
loaded volumetrically to the reference t0 for each cell line. B-tubulin protein was used as a
control, being a stable protein over time and treatments. Normalized protein abundance was
calculated relative to the start of translation inhibition (t0) for each cell line.

Polysome profiling

Cells were grown in 150 mm dishes to 70-80% confluence and incubated for 10 min with 50
pg/ml (HCT116) or 100 pg/ml cycloheximide (RPE-1) at 37°C to block protein synthesis and
immobilize ribosomes on MRNAs. Cells were then rinsed with ice-cold PBS 1X containing 50
pg/ml (or 100 pg/ml) cycloheximide, scraped, and pelleted. The cell pellet was lysed with 600
pl of ice-cold lysis buffer (20 mM Tris-HCLl pH 7.5, 100 mM KCl, 5 mM MgCl2, 0.5 % NP-40, 0.2
U/plRNasin® Ribonuclease Inhibitor (Promega), cOmplete™ Mini Protease Inhibitor Cocktail 1X
(Roche), 100 pg/ml cycloheximide) by incubation on ice for 10 minutes and centrifugation at
12000 g at4°C for 10 min to remove cellular debris and nuclei. The cytoplasmic lysate was then
loaded on a 15-50% linear sucrose gradient dissolved in salt buffer (100 mM NaCl, 20 mM Tris-
HCL, pH 7.5, and 5 mM MgCl2) and processed by ultracentrifugation in a Beckman SW41 rotor
at 40000 rpm for 1 hour and 40 minutes at 4°C. The gradient was then fractionated in 1 ml
fractions, and the absorbance was measured at 254 nm by the Teledyne Isco model 160
gradient analyzer equipped with a UA-6 UV/VIS detector. RNA was extracted from the fractions
using TRIzol® based on the manufacturer’s instructions. Proteins were extracted from the
fractions by adding Laemmli Sample Buffer supplemented with DTT (Bio-Rad) and boiling the
samples at 95°C for 10 min before loading them on SDS-PAGE gels.

CRISPR/Cas9-mediated knock in

Edited HCT116 clones at the rs1053639 or rs137085 site were attempted by exploiting a
CRISPR-Cas9 mediated knock-in with the Cas9 delivered as a ribonucleoparticle (RNP), as
previously described (Ghetti et al., 2021). We designed single gRNAs (sequences are reported
in Table 3) in close proximity to the tranSNP site to cut both alleles at the same time and
maximize the efficiency of Homology-directed Repair (HDR). The same protocol with a few
modifications (i.e., not providing the donor DNA as a template for repair and not inhibiting
DNAPKcs)was used beforehand to test the cutting efficiency of the sgRNAs. For both protocols,
the sgRNA was prepared by mixing 1:1 the gene-specific portion Alt-R® CRISPR-Cas9 crRNA
(IDT) and the common scaffold AltR® CRISPR-Cas9 tracrRNA (IDT). The mixture was heated at
95°C for 5 minutes and allowed to cool down at room temperature for 5 minutes for optimal
annealing. 3 pl of sgRNA were further incubated with 120 pmol of recombinant Cas9 for 20
minutes at room temperature to generate the ribonucleoprotein (RNP). In parallel, cells were
harvested by trypsinization, and 2.5 x 10°cells per condition were electroporated in the 4D-
Nucleofector System (Lonza) using the SE Cell Line 4D-Nucleofector Kit S (Lonza). The
electroporation mixture combined 20 pl of cell suspension, 1.2 ul of Alt-R® Cas9
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Electroporation Enhancer (IDT), 5 pyl of RNP complex, and PBS to a final volume of 30 pl.
Additionally, 1.2 pl of Ultramer® DNA Oligonucleotide (100 uM, IDT) was added in the case of
knock-in generation to provide a template donor DNA for HDR. Electroporated cells were
recovered from the strip and seeded in a 12-well plate format either untreated or, in the case of
knock-in generation, treated with 1 uM of NU7441 DNA-PKcs inhibitor for 48 hours to favor HDR
occurrence. The medium, both with and without the drug, was changed after 24 hours. The cells
were kept in culture up to full recovery and expanded until 2.5 x 10° cells could be harvested
for DNA extraction and Sanger sequencing. DNA was extracted by adding 20 pl of the
QuickExtract™ DNA Extraction Solution (Lucigen) to the cell pellet. After vortexing, the sample
was incubated at 65°C for 15 minutes and 98°C for 10 minutes. 1 yl of this DNA was used for
the PCR amplification using the GoTaq® Green Master Mix (Promega) in 25 pl of reaction. PCR
primers (shown in Table 5) were specifically designed to produce 300-700 bp long amplicons
and to have the SNP of interest asymmetrically located 100-200 bp from one or the other end
of the amplicon, to have optimal sequencing interpretation. The PCR product was then purified
using the MinElute PCR Purification Kit (QIAGEN). 75 ng of purified PCR products were
sequenced using the Mix2Seq Kit and Sanger sequencing service provided by Eurofins. The
TIDE software (Brinkman and van Steensel, 2019) was employed to identify and quantify
insertions and deletions (indels) in the bulk edited population. The Synthego ICE software
(Synthego Performance Analysis, ICE Analysis. 2019. v3.0) was employed to assess the knock-
in efficiency in the edited bulk population. A limiting dilution assay was performed on the
knock-in edited bulk population by seeding 1 cell/well in a 96-well plate format to eventually
obtain clones. The media was changed once a week for 3-4 weeks, then potential clones were
expanded to 24-well plates, and at the same time, pellets were harvested for DNA extraction
and sequencing. The efficiency of clone production was about 1 in 3 seeded cells; 85 clones
were screened by sequencing.

REMSA (RNA electromobility shift assay)

The full-length recombinant RBMX protein was purchased from Origene (TP710403). FAM-
labelled fluorescent RNA probes (GAGGGACUGAUUCCU/AGUGGUUGGAA-3’FAM) for the T
and A alleles were purchased from Metabion. The binding reaction was setup in 10 pl of binding
buffer (10 mM HEPES, 50 mM KCl, 1 mM EDTA, 0.05% NP-40, 10% Glycerol, 0.5 mM DTT, pH
11.5). 10 U of RNasin (1 pl) were also added to each reaction and incubated for 30 minutes at
RT in the dark. Upon incubation, 1 ul of 6X Orange Dye was added to each reaction to facilitate
sample visualization. The RNA-protein complex was resolved by running the binding reaction
on a 6% TBE polyacrylamide native (non-denaturing) gel at 80V for 1 hour in TBE 1X at RT. The
gelwas pre-runin cold TBE 0.5X at 100V for 30 minutes and imaged using the SYBR filter in the
ChemiDocTM XRS imaging system (Bio-Rad).

RNA immunoprecipitation-qPCR (RIP-qPCR)

8 x 10° cells were seeded in 150 mm cell culture dishes (Sarstedt) and harvested by scraping
after 48 hours. Cells were lysed in 800 pl of HNTG lysis buffer (20 mM HEPES, pH 7.9, 150 mM
NaCl, 1% Triton-X 100, 10% glycerol, 1 mM MgCl2, 1 mM EGTA, 100 U/mL RNasin (Promega),
1X protease inhibitors (Roche)) for 30 minutes onice. The lysate was obtained by centrifugation
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at 15000 rpm, 4°C for 10 minutes, and the protein amount was quantified. Meantime, 20 pl of
Protein A Dynabeads (Invitrogen) per condition were washed twice with 500 pul of IPP500 buffer
(20 MM HEPES pH 7.4, 500 mM NaCl, 1.5 mM MgCl12, 0.5 mM DTT, 0.05% NP40) and incubated
with either 0.22 pg of anti-RBMX/hnRNP G antibody or 0.22 pg of anti-Normal Rabbit 1gG
antibody in 100 pl of IPP500 buffer for 1Th 30 at room temperature on a rotating wheel. After
antibody conjugation, beads were further washed once with 900 ul of IPP500 buffer and twice
with 900 pl of IPP150 1x buffer (20 mM HEPES pH 7.4, 150 mM NaCl, 1.5 mM MgCl2, 0.5 mM
DTT, 0.05% NP40) and once with 1X PBS. Nonspecific binding was blocked by incubating the
beads with 300 plof 10 mg/mlLBovine Serum Albumin (BSA) for 30 minutes atroom temperature
on a rotating wheel. Beads were further washed three times with 800 pl of IPP150 1X buffer and
incubated with 1 mg of the protein lysate in IPP150 1X buffer and 1X protease inhibitors in a final
volume of 400 pl O/N at 4°C on a rotating wheel. Before the incubation with the beads, 10% of
the lysate in IPP150 1X buffer was isolated as protein input for Western Blot analysis, and 1%
was isolated as RNA input for gPCR analysis. After O/N incubation, the flow-through (unbound
lysate) was collected for Western Blot analysis, the beads were washed four times with 800 pul
of IPP150 1X buffer, and 10% of the last wash was also collected for Western Blot analysis upon
elution in 1X Laemmli Sample Buffer. Samples were heated at 98°C for 10 minutes to detach
the proteins from the beads. Conversely, elution both for RIP samples (beads) and RNA inputs
was performed by incubation with 5 pl of >600 U/ml proteinase K solution (Qiagen) and 150 pl
of Proteinase K buffer (20 mM Tris-HCL, pH 7.4, 10 mM MgCl2, 0.2% Tween-20) at 55°C for 30
minutes in a heat block shaking at 700 rpom. The output RNA was extracted with TRIzol® reagent
(Invitrogen) according to the manufacturer’s instructions. The whole amount of eluted RNAwas
retrotranscribed using the RevertAid First Strand cDNA Synthesis Kit (Thermo Scientific), and 1
plof undiluted cDNA was used in the following RT-gPCR analysis in a final volume of 10 pl with
the gPCRBIO SyGreen Mix (PCR Biosystems) and the QuantStudio 5 Real-Time PCR System
(Applied Biosystems®) instrument. Primers are listed in Table 5.

Gene silencing

24 hours post-seeding, cells were transfected with a single or a mixture of siRNAs targeting
RBMX (IDT) at a final concentration of 40 nM for 72 hours. Control cells were transfected with
the same concentration of a non-targeting siRNA (IDT, 51-01-14-04) for 72 hours. The siRNAs
were diluted in Opti-MEM™ Reduced Serum Medium (Thermo Fisher Scientific), and
INTERFERIin (Polyplus) was used as a transfection reagent according to the manufacturer’s
instructions. The transfection reaction was incubated at room temperature for 10 minutes
before being added dropwise to the cells. The sequences of siRNAs used in this study are listed
in Table 6.

Cell fractionation

Cell fractionation was performed using a 0.1% Igepal buffer in PBS 1X as described in the
publicly available REAP fractionation protocol (Suzuki et al., 2010), coupled with an RNA
extraction protocol to improve the extraction of the RNA from the nuclei (Gagnon et al., 2014).
Cells were seeded in 10-cm dishes and, once confluent, were detached by trypsinization,
washed with PBS 1X, and lysed in 900 ul of ice-cold 0.1% Igepal buffer in PBS 1X buffer for 2
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minutes; 300 pl of this lysate were removed as whole cell lysate (WCL). The lysate was then
fractionated by centrifugation at 12000 rpm for 40 seconds at room temperature. 300 ul of the
supernatant were isolated as a cytoplasmic fraction (CYTO). The pellet was washed with 1 ml
of 0.1% Igepal buffer and centrifuged at 12000 rpm for 40 seconds at room temperature to
obtain the nuclear fraction (NUC). 50 pl out of 300 pl were isolated from each fraction for
Western Blot analyses upon further lysis by RIPA buffer 1X (see Protein Extraction Section). The
remaining 250 yl were used for TRIzol-based RNA extraction. To implement RNA extraction, the
CYTO and NUC fractions were resuspended in 1 ml of TRIzol; lower volumes of TRIzol did not
successfully extract RNA under our conditions. RNA was incubated for 10 minutes in TRIzol at
room temperature, then 10 pl of EDTA 0.5 M were added before incubation at 65°C for 5 min,
600 rpm (or until the pellet was completely dissolved). Subsequently, chloroform was added to
follow the conventional TRIzol protocol.

Nuclear and cytoplasmic RNA were eluted in the same volume of water (80 ul), quantified, and
1 pg per fraction was retro-transcribed and analysed via RT-qPCR. Primers are listed in Table 5.

MeRIP-gPCR

6 x 10° cells were seeded in 150 mm cell culture dishes (Sarstedt) and harvested by scraping
after 48 hours. The pellet was resuspended in 500 pl of TRIzol ® reagent (Invitrogen), and RNA
was precipitated overnight in isopropanol. The next day, 25 ul per sample of protein G
Dynabeads (Invitrogen) were washed with binding buffer (100 mM Tris-HCL, pH 7.4, 50 mM
NaCl, 0.5% NP-40) and conjugated with 5 pg of anti-m6A antibody or 5 pug of anti-Normal Rabbit
IgG antibody for 1 hour and 30 minutes at room temperature on a rotating wheel. Upon
conjugation, beads were washed three times with binding buffer. The beads were further
incubated with 2 pug of RNA in 500 pl of binding buffer supplemented with RNase inhibitors
(Promega) overnight at 4°C on a rotating wheel. The 1% input sample was harvested at this
stage and incubated under the same conditions as the IP samples. The next day, the flow-
through (unbound lysate) was harvested in new tubes, and the samples were washed twice
with binding buffer, twice with high salt buffer (50 mM Tris-HCl pH 7.4, 150 mM NaCl, 0.5% NP-
40), and twice with low salt buffer (50 mM Tris-HCL pH 7.4, 50 mM NaCl, 0.5% NP-40). RNA-
m6A complexes from the input and IP samples were released from the beads by incubation
with 5 ul of >600 U/ml proteinase K solution (Qiagen) and 150 pl of Proteinase K buffer (20 mM
Tris-HCL, pH 7.4, 10 mM MgCl2, 0.2% Tween-20) at 55°C for 30 minutes in a heat block shaking
at 700 rpm. The output RNA was extracted with TRIzol® reagent (Invitrogen) according to the
manufacturer’s instructions. The whole amount of eluted RNA was retrotranscribed using the
RevertAid First Strand cDNA Synthesis Kit (Thermo Scientific), and 1 pl of undiluted cDNA was
used in the following RT-gPCR analysis in a final volume of 10 pl with the gPCRBIO SyGreen Mix
(PCR Biosystems) and the QuantStudio 5 Real-Time PCR System (Applied Biosystems®)
instrument. Primers are listed in Table 5. A sequence around the stop codon of human EEF1A1
was used as a positive control, as in the Magna MeRIP™ m6A Kit (Millipore).

Single-molecule inexpensive Fluorescence In Situ Hybridization (smi-FISH)
The smiFISH protocol was adapted from Querido et al., 2020. 50000 cells per well were seeded

in 12-well plates on 22 x 22 mm glass coverslips (Prestige) previously stripped with 1 M HCl,
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sterilized, and stored in 100% ethanol. Cells were fixed in 4% paraformaldehyde (PFA) (Electron
Microscopy Science) for 20 min at room temperature and then washed twice with PBS 1X.
Permeabilization was performed in 0.5% Triton X-100, PBS 1X for 5 min at room temperature.
Once permeabilized, samples were incubated at room temperature in a solution containing
SSC 1X and 15% formamide, for 40 min and placed cell-side down on a 50-pl drop of
hybridization buffer containing the probe [SSC 11X, 15% formamide, bovine serum albumin
(BSA) (4.5 mg/ml), 10.6% dextran sulfate, 2 mM Vanadyl Ribonucleoside Complex (VRC), yeast
tRNA (0.4 mg/ml), 1 pl of probe mix] in an air-tight hybridization chamber protected from light
overnight at 37°C. The probe mix preparation is described in the next paragraph. The following
day, coverslips were washed twice with prewarmed SSC 1X solution containing 15% formamide
for 30 min at 37°C. After that, coverslips were rinsed twice with PBS 1X, cells were stained with
DAPI (1 ng/ul) (4',6-diamidino-2-phenylindole) in PBS 1X, for 12 min at room temperature, and
washed with PBS 1X. Samples were mounted on precleaned glass slides using ProLong
Diamond Antifade Mountant (Thermo Fisher Scientific).

Probe preparation was performed as described by Querido et al., 2020. For DDIT4 detection, 3
primary probes targeting the DDIT4 sequence were used and prepared as a 20 uM equimolar
mixture in milliQ water. Sequences of the probes are shown in Table S4. Primary probes were
mixed with 50 pmol of fluorescently labeled secondary probes in NEB3 1X solution [100 mM
NaCl, 50 mM Tris-HCL (pH 8), 10 mM MgCl2] in a final volume of 10 pl. Primary probes were
annealed with secondary probes in a PCR thermocycler (85°C for 3 min, 65°C for 3 min, 25°C
for 5 min. As described in the previous paragraph, the probe mix (1 yl) was used for the smiFISH
hybridization buffer preparation.

For smiFISH/IF experiments, the smiFISH technique was performed first, using the protocol
described in the smiFISH paragraph, and followed by the immunofluorescence protocol as
described hereafter. After the overnight probe hybridization, cells were washed twice in
prewarmed SSC 1X, 15% formamide solution. After two rinses in PBS 1X, cells were incubated
in blocking solution (PBS 1X, 2% BSA, 0.1% Triton X-100) for 3 hours and incubated for 1 hour at
room temperature with the primary antibody diluted in blocking solution. For RBMX detection,
we used the antibody in Table S7 at a 1:200 dilution. Cells were then washed five times for 6
min with PBS 1X, 0.1% Triton X-100, and incubated with the appropriate fluorescent secondary
antibody for 1 hour [goat anti-rabbit Alexa Fluor 488 (AF488), from Thermo Fisher Scientific,
catalog no. A-11034, 1:1500 dilution; donkey anti-mouse AF647, from Thermo Fisher Scientific,
catalog no. A-31571, 1:1000 dilution]. After incubation, cells were washed five times for 6 min
with PBS 1X, 0.1% Triton X-100, and stained with DAPI (1 ng/ul) in PBS 1X for 12 min. After two
washes with PBS 1X, coverslips were mounted on glass slides using ProLong Diamond Antifade
Reagent (Thermo Fisher Scientific).

Images were acquired using a confocal laser scanning Leica TCS SP8 inverted microscope
(Leica Camera AG) with a plan apochromatic 63x/1.40 oil immersion objective and 2x zoom.
Normal photomultipliers (PMTs) were used to detect DDIT4 smiFISH signal, RBMX, b-tubulin,
G3BP1, TIAR-1, and DAPI signals. Optimal acquisition parameters, including a nanometer range
of excitation, gain, offset, and laser power, were optimized for the visualization of each
fluorophore at the beginning of the acquisition and maintained throughout each experiment. Z-
stack images were acquired in each experiment with a 0.3-um step and 2048 x 2048-pixel size
resolution using Leica Application Suite X (LAS X) imaging software.
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Images were analyzed using CellProfiler 4.0.7 (Broad Institute, Inc.). Briefly, cell nuclei were
identified as the primary object using the DAPI signal. For each object, the cellular region was
defined by propagating from the nucleus, applying a low segmentation threshold to the
smoothed smiFISH signal. The cytoplasm was defined as a tertiary object by subtracting the
nuclear masks from the cellular regions. DDIT4 smiFISH signal spots were segmented as
objects with a typical diameter range of 10 to 30 pixels. Subsequently, objects were localized
based on their position relative to the nuclear or cytoplasmic regions. Since the majority of the
spots exhibited a perinuclear localization, the nuclear regions were reduced by 5% to prevent
misleading classification. Morphological features and intensity values for both DDIT4 smiFISH
and RBMX signals were calculated at the object level.

Cell proliferation

2500 cells per well were seeded into 96-well plates (Corning). The cell number was followed by
the high content fluorescent microscope Operetta (PerkinElmer) in digital phase contrast every
24 hours for 96 hours. The cell number was normalized to the cell number measured 24 hours
post-seeding (time-zero).

Cell transduction

Cells were seeded and, when at most 70-80% confluent, were transduced with lentiviral
particles and polybrene at MOI (multiplicity of infection) of 0.5 (1 viral particle every 2 cells) to
express GFP constitutively. 24 hours post-transduction, the medium was changed, and cells
were treated with 5 pg/ml blasticidin for at least 15 days, to reach at least 95% of GFP+ cells.

Competition assay and FACS analyses

Competition assay: For competition growth assays, GFP-labelled HCT116 clones and non-
fluorescent HCT116 clones of different genotypes were mixed at a 1:1 ratio and seeded into
duplicate wells. Cells were cultured in standard conditions for 15 days and detached using
trypsin and analysed every 4 days. The cell number (expressed as percentage of EGFP-positive
cells) at every time point was assessed using the FACSymphony™ Aria A1 (BD Biosciencies);
10K cells per sample were analysed. Analysis of flow cytometry data was performed using
FlowlJo software (FlowJo, LLC) in collaboration with Dr. Vincenza Vigorito (CIBIO, University of
Trento). Results were expressed either as the percentage of GPF+ cells, computing the raw
numbers from the FACS analysis, or as relative cellular fitness, calculated as described in a
recent report (Louro et al., 2024b) using the following formula.

Cellular fitness of the EGFP-positive clone relative to the EGFP-negative competitor clone:
pGFP+(t) = NGFP+(t) / (NGFP+(t) + N GFP-(t)), W = ln ((pGFP+(ti) /pGFP-(ti)) 400 / (pGFP+(t0) /pGFP-(t0))

Cell cycle analysis: On separate samples, cells were collected and washed once with PBS 1X
before fixation in 70% cold ethanol and stored for at least 4 hours at —20°C. Fixed cells were
then washed twice in PBS 1X and permeabilized. The cell cycle was analysed by staining the
cells with the fluorescent dye 7-aminoactinomycin D (7-AAD) to quantify the DNA content for
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cell cycle phase distribution (G0/G1, S, G2/M). The 7-AAD was incubated for about 30 minutes
at room temperature. Analysis of flow cytometry data was performed using Flowlo software
(FlowlJo, LLC) in collaboration with Dr. Alessandro Matté (CIBIO, University of Trento).

Xenotransplantation in Zebrafish larvae

Animal rearing: Zebrafish (Danio rerio) strains were raised and maintained in the Model
Organism Facility (MOF) at the Department CIBIO, University of Trento, under standard
conditions (Kimmel et al., 1995). The transgenic zebrafish line Casper (White et al., 2008) was
used to acquire live images in transparent larvae. All zebrafish studies were performed
according to European and Italian law, D.Lgs. 26/2014, authorization 11/2023-PR to MM.
Larvae preparation: Embryos were initially maintained at 28 °C at a maximum density of 50
embryos per Petri dish in fish water supplemented with 0.0002% methylene blue (Sigma,
Burlington, MA, USA) as an antifungal agent. After 24 h, embryos were placed in fish water
without methylene blue. Xenotransplantation of human cancer cell lines: the protocol of the
xenotransplantation procedure was adapted from (Lorenzini et al., 2025; Marines et al., 2023).
GFP labelled HCT116 clones (edited AA and TT for rs1053639) were harvested from a 100 mm
Petri dish on the day of xenotransplantation and resuspended in 70 pl of PBS. 0.5 pL of cell
suspension containing 200-400 cells was transplanted in the swim bladder of 2 dpf zebrafish
larvae anesthetized in 0.16 mg/ml PBS/Tricaine (MS-222) under a Nikon SMZ800
stereomicroscope, using a micromanipulator (Marzhouser Wetzkar MM 33 links) and the
manual microinjector (CellTram® 4r Air Eppendorf). Transplanted embryos were maintained at
33°C in fish water. Larvae were selected for a good transplantation profile using a Leica MZ 10F
fluorescence stereomicroscope.

Live-imaging and image analysis: each larval xenograft was imaged one day post-
transplantation (D1) and 3 days post-transplantation (D3) using Leica TCS SP8 laser scanning
confocal system (CD7) (Objectives: 10x/1). Images were acquired in z-stack mode with a z-step
interval of 7 um to a range of 170-230 pm, depending on the tumor size. The 488/633 nm lasers
were used with appropriate filters to acquire images of green fluorescent cancer cells. Image
analysis was performed using Fiji software. To study tumor growth of cancer cells in vivo, the
maximum projection of every image was created, and a threshold was applied for each larva
on day 1 (D1) and day 3 (D3) to generate a mask of the tumor area. The area on D3 was
normalized to the area of D1 to assess the percentage of tumor growth for each larva.

Compound screening

1000 GFP-labelled cells per well were seeded in 50 pl of medium in 384-well transparent
SpectraPlates™ (Revvity) using the VIAFILL™ (INTEGRA Biosciences) bulk reagent dispenser.
After 24 hours, cells were treated with multiple concentrations (100 pM - 1 nM) of compounds
using the Echo 650°® Series Acoustic Liquid Handler (Beckman Coulter) with the collaboration
of the High Throughput Screening facility at CIBIO (University of Trento). On the same day, cells
from a few wells were stained with Hoechst and Propidium lodide (PI) and imaged to produce
the time-zero measurement: 5 ul of a Hoechst and PI mixture (1:1000 each in RPMI medium)
were added to the cells, plates were centrifuged at 300 g for 30 seconds and cells were imaged
using the ImageXpress® Micro Confocal System (Molecular Devices). Images from the blue
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(Hoechst; staining nuclei, total cells), far red (PI; staining dead cells), and green (staining total
cells) channels were acquired. After 48 hours from the treatment, cells were stained with
Hoechst and Pl and imaged as just described for the time-zero measurement. Image analysis
was performed using KNIME, and data were shown as poc when normalized to the vehicle
control, or as npi when normalized to the time-zero and DMSO according to the GR (growth
rate) formula from Gupta et al., 2020; Hafner et al., 2016.

The following compounds were administered: Nutlin (Cayman Chemical), Everolimus (HTS
CIBIO Facility), Niclosamide (HTS CIBIO Facility), Thapsigargin (HTS CIBIO Facility), XAV939,
Omomyc (Basso Lab, CIBIO). All compounds were dissolved in DMSO except for Omomyc,
which was dissolved in a dedicated vehicle (20 mM Sodium Acetate, 200 mM Sorbitol, 0.02%
(w/v) Polysorbate (in Tween 20), pH 5.5).

Cloning

Forward and reverse primers containing the restriction sites and the sequence of interest
(insert) were designed (sequences are reported in Table 8), resuspended to a final
concentration of 100 pM, and simultaneously annealed and phosphorylated by mixing 1:1 (8.5
pleach) in a final volume of 20 pl with 2 pl of 10X DNA ligase buffer (Thermo Fisher Scientific)
and 0.5 pl of PNK kinase (New England Biolabs). Annealed inserts were diluted 1:500 in water.
Meantime, backbone plasmids (about 1 pg) were double-digested using restriction enzymes
for 3 hours at 37°C using 0.5 pl of each enzyme in a final volume of 20 pl. The digestion product
was purified from gel using the Promega Gel Extraction and PCR Clean-Up Kit and quantified
using the NanoDrop™ Spectrophotometer (Thermo Fisher Scientific).

About 50 ng of digested backbone were incubated with 1-2 ul of annealed insert (or water in the
insert negative sample) and 2 yl of DNA T4 Ligase (Thermo Fisher Scientific) in a final volume of
20 pl for 2 to 3 hours at 22°C. The ligation product was entirely transformed into competent
DH5a E. Coli bacteria (see Bacteria Transformation Section), and all bacteria were plated onto
Ampicillin Liquid Broth (LB) Agar plates and incubated overnight at 37°C. Single colonies were
picked and cultured in 5 mL of liquid LB supplemented with Ampicillin overnight at 37°C in a
shaking incubator. Plasmid DNA was extracted using the PureYield™ Plasmid Miniprep System
(Promega), quantified, and the correct insertion was verified via diagnostic digestion and
Sanger sequencing.

Competent cells preparation

Competent DH5a E. coli bacteria were streaked on LB plates without antibiotics. Single
colonies were inoculated in 20 ml of liquid LB without antibiotics overnight at 37°C in a shaking
incubator. 15 ml of liquid culture were diluted in 200 ml of liquid LB and placed for 2 hours at
37°Cin ashakingincubator. Cells were spun down for 5 minutes at 4°C at 4000 rpm. Cell pellets
were resuspended in 7.5 ml of LB PEG and 2.5 ml of glycerol 40% and aliquoted on dry ice
before storage at -80°C.
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Bacterial Transformation

100 pl of KCM buffer were added to each DNA tube (and one water tube as a negative control)
and incubated for 2 minutes. Competent DH5a E. coli bacteria were slowly thawed on ice, 100
ul per DNA tube were added, and incubated for 10 minutes on ice. Samples were then heat
shocked by incubation at 42°C for 1 minute, and quick movement to the ice for 2 minutes. 800
pl of LB without antibiotics were added to each sample for the pre-growth, and samples were
incubated at 37°C in shaking for at least 1 hour. Samples were pelleted for 2 minutes at 3000-
4000 g, aspirated, resuspended in 80 pl of LB, and streaked on Ampicillin LB Agar plates to grow
overnight at 37°C upside down. Single colonies were then picked from the plates and
inoculated in liquid cultures for downstream applications.

Luciferase reporter assay

5000 cells were seeded in a 96-well plate format in 100 pl of medium.

After 24 hours, cells were transfected with 75 ng of DNA from the cloned constructs on Firefly
backbone plasmids (pGL3 promoter for 5’UTR targets and linker pGL4.13 for 3’UTR targets, see
Table 6; a “linker” was added to the pGL4 plasmid to generate an EcoRl and an Ndel restriction
site around the Xbal site), and 25 ng of DNA from the Renilla luciferase plasmid. Plasmid DNA
was diluted in Opti-MEM™ Reduced Serum Medium (Thermo Fisher Scientific), and FUGENE®
HD (Promega) was used as a transfection reagent in a 4:1 ratio. The transfection reaction was
assembled in a 5 pl of volume and incubated at room temperature for 15 minutes before being
added dropwise to the cells.

After 48 hours from the transfection, cells were washed with 150 pl of PBS 1X and lysed using
50 pl per well of Passive Lysis Buffer 1X (PLB) in shaking at 500 rpm for 15 minutes. PLB and the
following reagents were part of the Dual-Luciferase® Reporter™ Assay System. 10 pl of lysate
were then transferred into white 384-well plates. 10 pyl of Luciferase Assay Reagent (LAR), which
is the Firefly Luciferase substrate, were added to each well. Upon brief shaking, the Firefly
luciferase signal was detected using the Varioskan™ LUX Multimode Microplate Reader
(Thermo Fisher Scientific). Three readings were performed. STOP&Glo reagent was then diluted
1:50 in the provided buffer, and 10 pl were added to each well. Upon brief shaking, the Renilla
luciferase signal was detected using the same instrument; three more readings were
performed. Data were analyzed by calculating the ratio between the Firefly and the Renilla
luminescence signals for each well. The remaining, untransferred 40 pl of lysate were
collected, and RNA was extracted using TRIzol™ (Invitrogen). RNA was then quantified,
retrotranscribed, and Firefly mRNA was amplified via RT-qPCR (as in the cDNA and RT-gPCR
Section).

Ribosome stalling assay

109-nucleotide long sequences (coding for 33 amino acids) comprising either the alternative
or the reference version of the CDS tranSNPs indicated in Table 2 were cloned in dual reporter
ribosome stalling plasmid constructs (Kriachkov et al., 2023) upstream of an mCherry and

downstream of a GFP sequence, separated by P2A sequences which induce the ribosomes to
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skip the formation of peptide bonds without interrupting translation, allowing the translation of
separate peptides from a single mRNA (Lin et al., 2013).

Cells were seeded in a 96-well plate format and, after 24 hours, transfected with 100 ng of the
above-mentioned ribosome stalling plasmids using the FuGene transfection reagent
(Promega) in a 4:1 ratio. A known staller sequence (coding for 17 consecutive lysines, polyK)
cloned in the same plasmid was used as a positive control. A SEC61B sequence (106 amino
acids), which is known to allow read-through, was cloned into the same plasmid and used as a
negative control. GFP and mCherry signals, and digital phase contrast were detected after 24-
, 36-, and 48-hours post-transfection using the Operetta High Content Imaging System (Perkin
Elmer). GFP and mCherry intensities were used to calculate mChFP/GFP ratios, which were
used as proxies for ribosome stalling. Low mChFP/GFP ratios indicated that stalling events
occurred.
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Tables

Tables 1 and 2 are embedded in the main text to improve text comprehension.

Table 3. Summary table for the sequences of the crRNA and donor DNA sequences.

Sequence Type Sequence (5'->3')
DDIT4 crRNA GTGGTTGGAAAACTGAGGCA
POLDIP3 crRNA AGAGGAAGTTCTCCAGAGTT
DDIT4 Ultramer® | TTTGGGGTGGAGACTAGAGGCAGGAGCTGAGGGACTGATTCCWGTGGTTGG
DNA Donor AAAACTGAGGCAGCCACCTAAGGTGGAGGTGGGG

Table 4. Summary table of the genotypes of selected rs1053639 edited clones.

Clone code SNP status Sequence Notes
#1 AT -
#2 1T -
#3 T GTG deletion starting at +1 from the SNP
#5 AA GTG deletion starting at +1 from the SNP
#6 AA GTG deletion starting at +1 from the SNP
#7 AA 9-nt deletion starting at +3 from the SNP
#10 AA 1-nt deletion starting at -1 from the SNP
and a 2-nt deletion at +1 from the SNP
#11 1T 1-nt deletion starting at +3 from the SNP
#12 T 2-nt deletion starting at +4 from the SNP
#13 T 1-nt deletion starting at +3 from the SNP

Table 5. Table of primers used in this study for RT-qPCR, RIP, and meRIP.

Gene Name Forward Primer Sequence (5'->3') Reverse Primer Sequence (5'->3')
18S GTAACCCGTTGAACCCCATT CCATCCAATCGGTAGTAGCG
7SL ATCGGGTGTCCGCACTAAGTT CAGCACGGGAGTTTTGACCT
B2M AGGCTATCCAGCGTACTCCA ATGGATGAAACCCAGACACA

CDKN1A CTGGAGACTCTCAGGGTCGAAA GATTAGGGCTTCCTCTTGGAGAA

DDIT4 CDS CTAGCTGCGGCTTCTACGC CCAAAGGCTAGGCATGGTGA

(e1_e2)

DDIT4 e2_e3 CGGAGGAAGACACGGCT TGCATCAGGTTGGCACACAA

DDIT4 3’'UTR | ACTTCAACCTGAGGGGGCCGACA CTAAGCCTTTGTTTCATGCT

DDIT4 TIDE CCAAGATCCAGGGGCTGTTT GTGCCTCTTCCTTCACCCTG

DDIT4-AS1 CTACAACAGGTCATAACAAAAAT ATGAAACAAAGGCTTAGGG
circDDIT4 CTCAGAGTGCCGGAGCGTAG GAGTGCCATCTGGGTCTTCC
GAPDH CCACTCCTCCACCTTTGAC ACCCTGTTGCTGTAGCCA

meRIP CGGTCTCAGAACTGTTTGTTTC AAACCAAAGTGGTCCACAAA
positive
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NEAT1 GGGGCGGATCGGTGTTGCTT CCCGGTTCCATCTGCTCGCC
RPS26 CCTAAGGATTCTCCCGGTGT GCACGACCATTGTTCCTTCT
U6 snRNA CTCGCTTCGGCAGCACATATACT ACGCTTCACGAATTTGCGTGTC
YWHAZ CAACACATCCTATCAGACTGGG AATGTATCAAGTTCAGCAATGGC

Table 6. Sequences of siRNAs used in this study.

Name Sequence (5'->3')
siRBMX 13.1 AUCAAGAGGAUAUAGCGAUAGAGAT
siRBMX 13.2 AUGUUCUCAGUACGAAAAACCUGAA
siRBMX Shashi CAAAUCAAGAGGAUAUAGCGAUAUU

Table 7. Table of antibodies used in this study.

Protein Name Antibody Code Host Specie Source
ATF4 sc-390063 Mouse SantaCruz
B-tubulin sc-5274 Mouse SantaCruz
DDIT4 67059-1-Ig Mouse Proteintech
DDIT4 IHC 10638-1-AP Rabbit Proteintech
GAPDH sc-32233 Mouse SantaCruz
G3BP1 E9G1M Rabbit Cell Signaling
Lamin-A/C ab40567 Mouse Abcam
p-4EBP1 Thr 37/46 236B4 Rabbit Cell Signaling
p53 (DO-1) sc-126 Mouse SantaCruz
p-RPS6 Ser 240/244 GTX133942 Rabbit Genetex
p-S6K Thr 421/Ser GTX635621 Rabbit Genetex
424
RBMX D7C2v Rabbit Cell Signaling
RPL21 sc-393663 Mouse SantaCruz
tot-4EBP1 9452 Rabbit Cell Signaling
tot-RPS6 GTX113542 Rabbit Genetex
tot-S6K GTX107562 Rabbit Genetex

Table 8. Sequences of primers used for molecular cloning.

Name

Gene Forward Primer Sequence (5'->3')

Reverse Primer Sequence (5'->3')

DDIT4 aattcGACGACTGAACTTTTGGGGT
GGAGACTAGAGGCAGGAGCTGAG
GGACTGATTCCWGTGGTTGGAAA
ACTGAGGCAGCCACCTAAGGTGG
AGGTGGGGGAATAGTGTTTCca

tatgGAAACACTATTCCCCCACCTCCACCT
TAGGTGGCTGCCTCAGTTTTCCAACCAC
WGGAATCAGTCCCTCAGCTCCTGCCTCT
AGTCTCCACCCCAAAAGTTCAGTCGTCg
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FRG1

g8ccgcGCCGAGTACTCCTAYGTGAA
GTCTACCAAGCTCGTGCTCAAGGG
AACCAAGACGAAGAGTAAGAAGAA
AAAGAGCAAAGAKAAGAAAAGAAA
AAGAGAAGAAGATGAAg

gatccTTCATCTTCTTCTCTTTTTCTTTTCTTMT

CTTTGCTCTTTTTCTTCTTACTCTTCGTCTTGG

TTCCCTTGAGCACGAGCTTGGTAGACTTCA
CRTAGGAGTACTCGGCgc

GBP3

g8ccgcCTGAAGCTAACGCAAGGTAC
CAGTCAAAAAGATAAAAATTTTAATC
TGCCCCRACTCTGTATCCGGAAGTT
CTTCCCAAAGAAAAAATGTTTTGTCT
TCGATCTGCCCg

gatccGGGCAGATCGAAGACAAAACATTTTTT

CTTTGGGAAGAACTTCCGGATACAGAGTYG

GGGCAGATTAAAATTTTTATCTTTTTGACTGG
TACCTTGCGTTAGCTTCAGgc

KRR1

ggccgcTATATCATCATTAGGGCCAGA
GATCTGATAAAACTGYTAGCAAGGA
GTGTTTCATTTGAACAGGCAGTACR
AATTCTTCAGGATGATGTTGCATGTG
ACATCATTAAAg

gatccTTTAATGATGTCACATGCAACATCATCC

TGAAGAATTYGTACTGCCTGTTCAAATGAAA

CACTCCTTGCTARCAGTTTTATCAGATCTCT
GGCCCTAATGATGATATAgc

MTPAP

ggccgcTTCAGATCACGTTTCTTCAAT
CTGAAGTTGAAAAACCAGACTTCTG
AACGGTCAYGCGTACGGTCAAGTAA
TCAGTTGCCACGTTCAAACAAGCA
GCTTTTTGAATTAg

gatccTAATTCAAAAAGCTGCTTGTTTGAACGT

GGCAACTGATTACTTGACCGTACGCRTGAC

CGTTCAGAAGTCTGGTTTTTCAACTTCAGAT
TGAAGAAACGTGATCTGAAgC

ABL1

aattcCTCCTGGACCTTGACAGAGCA
GCTAACTCCGAGAGCAGTGGGCAG
GTGGCCRCCCCTGAGGCTTCACG
CCGGGAGAAGCCACCTTCCCACC
CCTTCATACCGCCTCGTca

tatgACGAGGCGGTATGAAGGGGTGGGAAG

GTGGCTTCTCCCGGCGTGAAGCCTCAGGG

GYGGCCACCTGCCCACTGCTCTCGGAGTT
AGCTGCTCTGTCAAGGTCCAGGAGg

ARGHAP22

aattcGGAATGGCAGAGCTCACTTCT
GTACCACRTCTGCTGGTCTCCAGC
CTTGTATGGAGTTAGAAGCGTCTGTA
TCTCTGGAGCAGCCAGGCGCTCTG
GAGCCAGCTGGAGca

tatgCTCCAGCTGGCTCCAGAGCGCCTGGC

TGCTCCAGAGATACAGACGCTTCTAACTCC

ATACAAGGCTGGAGACCAGCAGAYGTGGTA
CAGAAGTGAGCTCTGCCATTCCg

HuR

aattcAGAGGCTTTGATTGAATTCCCT
TTTGACCCGTGTGTAACTTCCTCTG
GTAGTTRGACCCCAGGCAGCTCCG
AATTTGTGAACCTGCTTCCTGATGAA
TTCTCCCTTGTca

tatgACAAGGGAGAATTCATCAGGAAGCAGG

TTCACAAATTCGGAGCTGCCTGGGGTCYAA

CTACCAGAGGAAGTTACACACGGGTCAAAA
GGGAATTCAATCAAAGCCTCTg

PTNP14

aattcCACCCGGCTAATTTTTATATTTT
TAGTAGAGACGGGGTTTTGCCATGT
TGGCCRGACTGGTCTCAAACCTCT
GACCTCGTGATGACCCCCCTCGGC
CTCCCAAAGTGCca

tatgGCACTTTGGGAGGCCGAGGGGGGTCA

TCACGAGGTCAGAGGTTTGAGACCAGTCTG

GCCAACATGGCAAAACCCCGTCTCTACTAA
AAATATAAAAATTAGCCGGGTGg

CUL3

agcttAGCCGAGCCGGACGTGAGGG

GGACCCCGCGGAGCCGCCcGCGe

CAGCGCAGCCCCCCAGCCGCATC

GGAGTCGCCAGAGTCCGAGCCGC

CGCCGCeaLeaeeaeeacecececece
Gc

catggCGGGGGCGGCGGCGGCGGCGGCG

GCGGCTCGGACTCTGGCGACTCCGATGCG

GCTGGGGGGCTGCGCTGGCGCGGCGGCT

CCGCGGGGTCCCCCTCACGTCCGGCTCG
GCTa
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SPRYD7

agcttATAGACAAGTCCGGACCTCGG
GCGGGGGCAGGAGACGGAGCTGA
GCGGCGGGGGGCAGTGTCGCCTC
GGTCTAGGGACGGCGGCGGAGTC
GGTGGTCCCTGCGCGc

catggCGCGCAGGGACCACCGACTCCGCC

GCCGTCCCTAGACCGAGGCGACACTGCC

CCCCGCCGCTCAGCTCCGTCTCCTGCCC
CCGCCCGAGGTCCGGACTTGTCTATa

TRIB3

agcttGACCGGGGGCCGGGCGCGC
ACGAGACTCGCAGCGGAAGTGGA
GGCGGCTCCGCGCGCGTCCGCTG
CTAGGACCCGGGCAGGGCTGGAG
CTGGGCTGGGATCCCGAGCTCGGc

catggCCGAGCTCGGGATCCCAGCCCAGCT

CCAGCCCTGCCCGGGTCCTAGCAGCGGA

CGCGCGCGGAGCCGCCTCCACTTCCGCT

GCGAGTCTCGTGCGCGCCCGGCCCCCGG
TCa

ZFP90

agcttTCGGCGGGGGCGGGAGGAG
CTGCCCGAGGCTCTGGGTGGGCC
GGAGGTCGCGAAATCCGGAGCCC
CCCAGAGGCGCTCCTGCCCCGGA
GCCGGGCCCTGGCGAGGCAGGAC

catggTCCTGCCTCGCCAGGGCCCGGCTCC

GGGGCAGGAGCGCCTCTGGGGGGCTCCG

GATTTCGCGACCTCCGGCCCACCCAGAGC

CTCGGGCAGCTCCTCCCGCCCCCGCCGA
a

WASHC1

aattcCAGCCAGGACAAGCTGCTCA
GACCTGCTTCCCTGGGAGGGGGTG
ACGGAACCAGCAGTGTGTGGAGAC
CAGCTTCAAGGAGCGGAAGGCTG
GCTTGAGGCCca

tatgGGCCTCAAGCCAGCCTTCCGCTCCTTG
AAGCTGGTCTCCACACACTGCTGGTTCCGT
CACCCCCTCCCAGGGAAGCAGGTCTGAG
CAGCTTGTCCTGGCTGg

EML1

aattcTTTGTATTTTATGACCAAGTAGA

CCAAGTCAGAAAGATCTCTCTCGAG

CGTACCATAAACCTGCAGAGAGAA

GTCTCGAAAGGCTCCACCAGGTAC
CAAGGca

tatgCCTTGGTACCTGGTGGAGCCTTTCGAG

ACTTCTCTCTGCAGGTTTATGGTACGCTCGA

GAGAGATCTTTCTGACTTGGTCTACTTGGTC
ATAAAATACAAAgG

UNC119B

aattcGCGCGCCAAAGGAGCTGCCA

AACAGTGCTGTGTTTTCTTCCCCAG

TATTTTTTCTTCCCTTTITTTTCCTGCC

CCGTAGGTTGCAGAGGTACTATAGT
AAAGca

tatgCTTTACTATAGTACCTCTGCAACCTACG

GGGCAGGAAAAAAAGGGAAGAAAAAATAC

TGGGGAAGAAAACACAGCACTGTTTGGCA
GCTCCTTTGGCGCGCg

S1PR1

agcttTCACTCATCGAACCACCCCTG
AAGCCAGTGAAGGCTCTCTCGCCT
CGCCCTCTAGCGTTCGTCTGGAGTA
GCGCCACCCCGGCTTCCTGGGGA
CACAGGKTTGGCACCc

catggGGTGCCAAMCCTGTGTCCCCAGGAA

GCCGGGGTGGCGCTACTCCAGACGAACG

CTAGAGGGCGAGGCGAGAGAGCCTTCACT
GGCTTCAGGGGTGGTTCGATGAGTGAa

TRIM27

agcttCGCCCGGTGCCTCTCAGGAA
CAGCGAACCGGAGAGAGCGCCGG
AGAGTTGGGCTCAGTGCRGAGCTC
GGCGCCGGGGCCCATGCCCGTGC
GCCCCCGCAGGCCGGCGCc

catggGCGCCGGCCTGCGGGGGCGCACGG

GCATGGGCCCCGGCGCCGAGCTCYGCAC

TGAGCCCAACTCTCCGGCGCTCTCTCCGG
TTCGCTGTTCCTGAGAGGCACCGGGCGa

POLR1G

aattcCAGTGCTGGGATTATAGGTGTG

AGCCACTGCGCCTGGCTAAGTTATT

ATTATTTTTTTGAGACAGTCTCCTGGT

GTCACCCAGGCTGGAGTGCAGTGG
TGTca

tatgACACCACTGCACTCCAGCCTGGGTGA

CACCAGGAGACTGTCTCAAAAAAATAATAAT

AACTTAGCCAGGCGCAGTGGCTCACACCT
ATAATCCCAGCACTGg

A =adenine
C =cytosine
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G =guanine

T =thymine

R =G or A (purine)

Y =T or C (pyrimidine)
K=GorT (cheto)
M=Aor C (amino)

S =G or C (strong)
W=AorT (weak)
B=GorTorC (exceptA)
D=GorAorT (exceptC)
H=AorCorT (exceptG)
V=GorCorA (exceptT)
N=AorGorCorT (any)
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Appendix

Appendix Figure 1. Appendix to main Figures 9 and 18.
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Appendix Figure 1. Multiple HCT116 TT and AA clones were considered to overcome editing limitations in the
study.

A) Western Blot analysis (Top) and quantification (Bottom) of DDIT4 protein levels across all the available
rs1053639 TT and AA HCT116 edited clones. B-tubulin was used as a loading control. SNP genotypes are shown
in detail in Table 4. B) Western Blot analysis of DDIT4 and phosphorilated-4EBP1 protein levels across multiple
rs1053639 TT and AA HCT116 edited clones. B-tubulin was used as a loading control. The blot shows that the
differential phosphorylation of phospho-4EBP1 for clone 5 is not a feature of the AA genotype, but it is specific to

clone 5 only and may be due to the different number of residue which is phosphorylated.
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Appendix Figure 2. Appendix to main Figure 16.
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Appendix Figure 2. RBMX silencing significantly affects DDIT4 protein levels, whereas it does not affect
DDIT4 mRNA levels.
Cytoplasmic DDIT4 mRNA levels were normalized to cytoplasmic GAPDH levels. ns, not significant, unpaired t-

test.

Appendix Figure 3. Appendix to main Figure 17.

Appendix Figure 3. DDIT4 mRNA spots do not overlap with G3BP1 and TIAR-1.

Representative confocal images of smiFISH-IF of rs1053639 clones. DDIT4 mRNA is shown in yellow, TIAR-1
protein is shown in green, G3BP1 protein is shown in red, and DAPI is shown in blue. Scale baris 10 pm.
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Appendix Figure 4. Appendix to main Figure 23.
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Appendix Figure 4. The rs1053639 genotype determines allele-specific sensitivity to multiple compounds.

TT and AA clones were seeded using the automatic VIAFILL dispenser and treated after 24 hours using the Echo
Acoustic Liquid Handler with a wide range of concentrations in the nanomolar and micromolar range of either A)
everolimus B) XAV939, C) WNT-C59, D) A-83-01, E) Omomyc, or F) Chloroquine (CQ) for 48 hours. Cells were then
incubated with Hoechst and PI (1:2000) for at least 40 minutes at 37 °C, and live imaging was performed using the
ImageXpress Micro Confocal High-Content Imaging System. Dose-response curve indicating live cells (Hoechst-
positive and Pl-negative) normalized to the DMSO control on the y-axis and log,, of the compound concentrations
on the x-axis are shown for each compound. Since IC50 values could not be calculated for all the tested

compounds, dose-response curves were compared using the Extra sum-of-squares F statistical test; ns, not

significant.

Appendix Figure 5. Appendix to main Figure 23.
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Appendix Figure 5. Evaluation of Pl-positive cells upon niclosamide, nutlin, and thapsigargin treatments.
TT and AA clones were seeded using the automatic VIAFILL dispenser and treated after 24 hours using the Echo

Acoustic Liquid Handler with a wide range of concentrations in the nanomolar and micromolar range of either A)
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niclosamide, B) nutlin, or C) thapsigargin for 48 hours. Cells were then incubated with Hoechst and Propidium
lodide (PI) (1:2000) for at least 40 minutes at 37 °C, and live imaging was performed using the ImageXpress Micro
Confocal High-Content Imaging System. Curves indicate the percentage of cells positively stained by PI

normalized to the DMSO control.
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