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1 ABSTRACT

p53 is the most frequently mutated tumor suppressor in human cancer. By acting as a transcription
factor for its target genes, it causes downstream effects such as cell cycle arrest or apoptosis. To
avoid excessive p53 activity under unstressed conditions, negative regulation of p53 by its
antagonists MDM2 and MDM4 is essential. Regulation of MDM2 and MDM4 in turn allows for p53
activation upon different stresses, including nucleolar stress resulting from an impairment of
ribosome biogenesis. An important mechanism of how MDM4 is regulated consists in alternative
splicing of the MDM4 pre-mRNA and patrticularly the differential inclusion of its exon 6. MDM4
exon 6 inclusion results in the formation of the MDM4-FL variant encoding full-length, functional
MDM4 protein. In contrast, upon exon 6 skipping, the truncated, nonfunctional MDM4-S variant is
formed. Correlation analyses of differential RNA splicing and gene mutations in large panels of
cancer cell lines revealed a correlation of mutations of the ribosomal protein L22 (RPL22; eL22)
and enhanced MDM4 exon 6 inclusion. Based on this, we asked whether L22 regulates MDM4

splicing, promoting exon 6 skipping.

We found that L22 indeed regulates MDM4 splicing, promoting exon 6 skipping. This effect was
particularly pronounced when impaired ribosome biogenesis caused nucleolar stress and
redistribution of L22 to the nucleoplasm. L22 depletion not only led to the presence of functional
MDM4 despite nucleolar stress, but it also reduced p53 activity. Previous work revealed that some
RNAs bind L22, and that this is mediated by a specific L22-binding consensus motif within RNA.
We identified three L22-binding consensus sequences in MDM4 intron 6, and these directly
associated with L22. Deletion of these sequences abolished the regulation of MDM4 splicing by
L22, reduced p53 activity, and caused resistance of cells to nucleolar stress-induced growth
arrest. Overlapping sequences were required for the MDM4 splicing regulation by ZMAT3, but this
involved a mechanism that was at least partially independent of L22. Finally, L22 regulated the
splicing of additional genes besides MDM4, i.e. L22L1 (RPL22L1) and UBAP2L.

In summary, we identified a new mechanism of how p53 is activated and cell proliferation is
reduced upon disrupted ribosome biogenesis and nucleolar stress. In this context, L22
redistributes to the nucleoplasm of cells. This allows L22 to bind MDM4 pre-mRNA at its
consensus sequence and promote the skipping of exon 6, thereby lowering functional MDM4
levels. This increases p53 activity and suppresses cell proliferation. Through this mechanism, L22
interconnects different layers of gene expression, i.e. ribosome biogenesis, RNA splicing, and

transcription.



2 INTRODUCTION

2.1 p53: the most frequently mutated human tumor suppressor

In 1979, several research groups independently identified a novel protein named p53. Lane and
Crawford demonstrated binding of p53 to the large T antigen in simian virus 40 (SV40)-
transformed mouse cells (Lane and Crawford, 1979). At the same time, other groups identified the
p53 protein in cells transformed by SV40 virus or in other ways (DeLeo et al., 1979; Kress et al.,
1979; Linzer and Levine, 1979). Initial findings suggested that p53 acts as an oncogene, promoting
the transformation of cells (Eliyahu et al., 1985; Eliyahu et al., 1984; Jenkins et al., 1984; Parada
et al., 1984; Wolf et al., 1984). However, in 1989, ten years after its discovery, it turned out that
functional p53 actually suppresses transformation, instead of enhancing it (Eliyahu et al., 1989;
Finlay et al., 1989). Moreover, p53 was found to be mutated in cancer (Baker et al., 1989; Nigro
et al., 1989; Takahashi et al., 1989). Together, these findings demonstrated that p53 represents
a tumor suppressor. Its importance was further demonstrated by the finding that 50% of all human
cancers carry a p53 (TP53) mutation, a mutation frequency that exceeds that of all other cancer-
associated genes (Levine and Oren, 2009). This raises the question why and how p53 became
such an important tumor suppressor during evolution. Strikingly, p53 is strongly conserved, and it
seems to have exerted different functions originally in the past, protecting the germ-line DNA
against damage and later, along with the development of the innate immune system, protecting
against infectious diseases. Only after that, its protective effect against tumorigenesis in somatic

cells evolved as an additional function of p53 (Levine, 2019, 2020).

2.2 Structure and function of p53

To understand how p53 suppresses tumorigenesis, it is important to know how its structural
features allow it to exert different functions. The p53 protein, which is encoded by the TP53 gene,
is composed of 393 amino acids and has a molecular weight of 53 kDa, explaining its name. p53
is a transcription factor containing five different structural domains. The N-terminal transactivation
domain (TAD) of p53 consists of the two subdomains TAD1 and TAD2. Of these, TADL1 is
particularly relevant for p53 to mediate the transactivation of most of its target genes. Strikingly,
however, both TAD subdomains of p53 are required for its tumor-suppressive function, as
indicated by knockin (KI) mouse models with alterations of either or both TADs (Brady et al., 2011).
p53 also contains a proline-rich domain (PRD), followed by a DNA-binding domain (DBD). The

DBD mediates the binding of the transcription factor p53 to its response elements in DNA which
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contain a specific consensus sequence, i.e. two copies of the sequence
PuPuPuC(A/T)(T/A)GPyrPyrPyr (Pu = purine, Pyr = pyrimidine) (el-Deiry et al., 1992). Moreover,
p53 contains a tetramerization domain (TD) mediating its tetramer formation, which is required for
it to bind to DNA and activate transcription, followed by a C-terminal domain (CTD) (Indeglia and
Murphy, 2024; Liu et al., 2024).

p53 becomes active when cells are exposed to different stresses such as DNA damage, oncogene
activation, hypoxia, and nucleolar stress. Its activation frequently involves post-translational
modifications (PTMs) of p53, especially through phosphorylation. p53 can then promote the
expression of its target genes that mediate its downstream effects, such as DNA repair, cell cycle
arrest, and apoptosis (Joerger and Fersht, 2016). Several canonical target genes of p53 are well
established, including CDKN1A (Cyclin Dependent Kinase Inhibitor 1A), BBC3 (BCL2 Binding
Component 3), PMAIP1 (Phorbol-12-myristate-13-acetate-induced protein 1), and BAX (BCL2
Associated X). CDKN1A encodes the cyclin-dependent kinase (CDK) inhibitor p21 that can induce
cell cycle arrest and senescence (el-Deiry et al., 1993; Harper et al., 1993). In contrast, BBC3-
encoded Puma (p53 upregulated modulator of apoptosis), PMAIP1-encoded Noxa (Latin for
3SGPDJH" DQG %$; DUH S  WDUJHWWMiydsbitd ¢t aD,J1994 RiigashRa/dnd
Reed, 1995; Nakano and Vousden, 2001; Oda et al., 2000). In addition to its canonical targets,
non-canonical p53 targets and their roles in p53-mediated tumor suppression are more and more
being identified and characterized (Indeglia and Murphy, 2024).

2.3 MDM2 and MDM4: negative regulators of p53 with oncogenic role S

While the importance of p53 as a stress-responsive tumor suppressor is well established, at the
same time, its tight regulation is essential to avoid excessive activation and resulting harmful
effects, especially under non-stressed, physiological conditions. The two major proteins negatively
regulating p53 are MDM2 (murine double minute 2) and its paralog MDM4 (also known as MDMX).
MDM2 was discovered as a gene amplified on extrachromosomal double minutes in
spontaneously transformed 3T3 mouse cells, hence its name (Cahilly-Snyder et al., 1987). By
screening a murine complementary DNA (cDNA) library, MDM4 was identified a few years later
as a p53-binding protein with similarity to MDM2 (Shvarts et al., 1996). Strikingly, mouse knockout
(KO) studies soon revealed the essentiality of both MDM2 and MDM4 for controlling p53 activity:
first, the embryonic lethality of MDM2-deficient mice, rescued by the concomitant KO of p53, was
demonstrated (Jones et al., 1995; Montes de Oca Luna et al., 1995). Then, the same observations

were made for MDM4, suggesting that it has a non-congruent role for regulating p53 compared to
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MDM2 (Finch et al., 2002; Parant et al., 2001). Moreover, and as expected, considering that they
negatively regulate the central tumor suppressor p53, oncogenic functions of both MDM2 and
MDM4 were identified. Firstly, both proteins are tumorigenic when overexpressed in cells (Danovi
et al., 2004; Fakharzadeh et al., 1991). Secondly, both MDM2 and MDM4 are overexpressed in
various tumors as an alternative to p53 mutation. Examples of tumors which often show a high
MDM2 expression are soft tissue tumors and osteosarcomas retaining wild-type (WT) p53 (Leach
et al., 1993; Momand et al., 1998; Oliner et al., 1992). MDM4 overexpression has been identified
in several types of cancer including glioma (Riemenschneider et al., 1999), breast, lung and colon
cancer (Danovi et al., 2004), retinoblastoma (Laurie et al., 2006), and melanoma (Gembarska et
al., 2012). Like MDM2-overexpressing tumors, these tumors usually do not show p53 mutations.
Consequently, MDM2 and MDM4 are potential targets for p53 reactivation in WT p53 tumors

overexpressing the respective MDM protein.

2.4  Structure and function of MDM2 and MDM4

As mentioned above, mouse KO studies suggested non-overlapping functions of MDM2 and
MDM4 in the regulation of p53 and demonstrated an essentiality of both proteins. Besides these
studies, many additional findings contributed to our current understanding of how MDM2 and
MDM4, based on their structural and functional similarities as well as differences, keep p53

inactive, and to what extent they work together or independently of each other.

The earliest finding was that MDM2 can bind to p53 and inhibit its transcriptional activity (Momand
et al., 1992; Oliner et al., 1992). Interestingly, MDM2 was then identified as a transcriptional target
of p53, establishing a negative feedback loop in which p53 promotes the expression of its own
inhibitor (Barak et al., 1993). Later, it was found that MDM2 can serve as an E3 ubiquitin ligase,
promoting the degradation of p53 (Haupt et al., 1997; Honda et al., 1997; Kubbutat et al., 1997).

How does MDM2 exert these various functions towards p53?

The MDM2 protein is composed of 491 amino acids and has an apparent molecular weight of
around 90 kDa. It contains five different structural domains (Karni-Schmidt et al., 2016; Shadfan
et al., 2012) (Figure 1). The N-terminal p53-binding domain of MDM2 binds to the TAD of p53,
and this interaction allows MDM2 to inhibit the transcriptional activity of p53 (Chen et al., 1993;
Lin et al., 1994). In addition, the N terminus of MDM2 also interacts with the C terminus of p53
(Poyurovsky et al.,, 2010). The next MDM2 domain is the linker region. It contains nuclear

localization signal (NLS) and nuclear export signal (NES) sequences, through which MDM2 can



shuttle between the nucleoplasm and cytoplasm of cells (Roth et al., 1998). These sequences are
also required for MDM2 to promote the nuclear export of p53, as described in more detail below.
The central acidic domain of MDM2 helps in the degradation of p53 (Kawai et al., 2003b;
Meulmeester et al., 2003), and it represents a site of interaction of MDM2 with the DBD of p53
(Ma et al., 2006; Wallace et al., 2006; Yu et al., 2006). The zinc-finger domain is the region at
which various proteins including ribosomal proteins (RPs) and p14ARF (alternative reading frame)
interact with MDM2 (Manfredi, 2010). Last, MDM2 contains a Really Interesting New Gene (RING)
domain at its C terminus. This domain is required for the E3 ubiquitin ligase activity of MDM2
towards p53, but also towards MDM4 or itself (Fang et al., 2000; Honda and Yasuda, 2000; Pan
and Chen, 2003). However, it is not completely clear how relevant MDM2 autoubiquitination is for
its stability (Klein et al., 2021). Moreover, the RING domain of MDM2, and especially sites at its
extreme C terminus, mediate the interaction of MDM2 with MDM4 (Poyurovsky et al., 2007,
Uldrijan et al., 2007). Finally, the RING domain of MDM2 also allows it to promote the mono-
instead of polyubiquitination and the nuclear export of p53 (Boyd et al., 2000; Geyer et al., 2000;
Li et al., 2003); and MDM2 can remove p53 from its target gene promoters, also depending on the
ubiquitination of p53 by MDM2 (Henningsen et al., 2021).

When MDM4 was identified as a new p53-binding protein, its homology with MDM2, especially at
its N and C termini, was striking (Shvarts et al., 1997). We know now that there is 55% homology
between MDM2 and MDM4 (Chen et al., 2012b). So in which way is MDM4 similar to and in which
way does it differ from MDM2 in the regulation of p53?

In contrast to MDM2, MDM4 is not a classical target gene of p53. There are results suggesting
that MDM4 transcription might be regulated by p53: Phillips et al. described that p53 activation
can promote MDM4 transcription from an additional promoter containing a p53 response element
in MDM4 intron 1. This would lead to the generation of a messenger RNA (MRNA) more efficiently
translated than the mRNA generated from the usual promoter, and a protein with slight functional
changes compared to the usual protein would be formed. However, it needs to be noted that the
second promoter is relatively weak and probably subject to additional regulation, rather arguing
against MDM4 being a transcriptional target of p53 (Phillips et al., 2010).

The MDM4 protein consists of 490 amino acids and has an apparent molecular weight of around
80 kDa. As MDM2, it contains five different structural elements (Karni-Schmidt et al., 2016;
Shadfan et al., 2012) (Figure 1). The N-terminal p53-binding domain, as the related domain of
MDMZ2, can bind to the TAD of p53 to inhibit the transcriptional activity of p53 (Shvarts et al., 1997,
Shvarts et al., 1996). This domain also allows MDM4, as MDM2, to inhibit the acetylation of p53
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by the transcriptional coactivators p300 and CBP (CREB-binding protein). Nevertheless, there are
differences between the p53-binding domains of MDM2 and MDM4 affecting their respective
binding to the p53 TAD; e.g., the p53-binding domain of MDM2 but not MDM4 contains a
particularly flexible lid structure that can be modified (McCoy et al., 2003). Another difference
between the two paralog proteins is that MDM4 does not contain NLS or NES sequences in
contrast to MDM2. Because of this, MDM4 is mainly localized to the cytoplasm in the absence of
MDMZ2, but it can be shuttled to the nucleoplasm if MDM2 is present (Migliorini et al., 2002),
especially upon DNA damage (Li et al., 2002). Notably, a preferential nuclear localization of MDM4
seems to be common in cancer, as shown in melanoma (Gembarska et al.,, 2012) DQG % XUNLWW "
lymphoma (Leventaki et al., 2012). A structural feature that is unique to MDM4 is the autoinhibitory
WWW element near tryptophan (Trp) residues 200 and 201, which binds to the N-terminal domain
of MDM4, thereby preventing it from p53 TAD binding (Bista et al., 2013). As MDM2, MDM4
contains central acidic and zinc-finger domains which represent additional binding sites of p53,
contributing to MDM4 inhibiting the transcriptional activity of p53 (Haupt et al., 2019). These
domains are also the site at which CK1 D(casein kinase 1 alpha) interacts with MDM4 to cause
phosphorylation of MDM4 at S289. This further supports MDM4 in binding p53 and inhibiting its
transcriptional activity (Chen et al., 2005b). Finally, the RING domain of MDM4, in contrast to the
respective domain of MDM2, does not have E3 ubiquitin ligase activity itself, but it mediates the
MDM2-MDM4 heterodimer formation via RING-RING interaction of both proteins. As for MDM2,
especially the C-terminal tail of MDMA4 is required for this. This interaction leads to the stabilization
of MDM2, as the MDM2-MDM4 heterodimer is more stable than both homodimers (Sharp et al.,
1999; Tanimura et al., 1999). Moreover, besides stabilizing MDM2, MDM4 enhances its E3
ubiquitin ligase activity towards p53 (Kawai et al., 2007).

Initially, it was not clear whether MDM2 and MDM4 inhibit p53 together or play distinct roles.
However, the requirement of the MDM2-MDM4 complex formation for effective inhibition of p53
suggested that the two proteins act together. In line with this, and as described above, MDM2 and
MDM4 are functionally dependent on each other; MDM2 requires MDM4 to be stabilized and
cause p53 degradation, and MDM4 needs MDM2 to be localized to the nucleoplasm of cells (Gu
et al., 2002). The model of an MDM2-MDM4 complex requirement for p53 inhibition was further
supported by additional studies as reviewed by Shadfan et al. (Shadfan et al., 2012), and finally
by genetic studies: MDM4 Kl mice with a point mutation of the RING domain and MDM4 KO mice
lacking the RING domain both have MDM4 proteins which can bind to p53, but not MDM2. Both
types of mice dye during embryonic development, demonstrating the requirement of the MDM2-

MDM4 heterocomplex to control p53 activity in this context (Huang et al., 2011; Pant et al., 2011).
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Figure 1: Structural elements of MDM2 and MDM4. Amino acid positions, N terminus (N) and C terminus (C) are
indicated for both proteins. The MDM2 protein is composed of 491 amino acids and contains five domains: a p53-
binding domain (orange), a linker region with nuclear localization signal (NLS) (red) and nuclear export signal (NES)
(pink) sequences, an acidic domain (green), a zinc-finger domain (Zn) (blue), and a RING domain (purple). The MDM2
paralog MDM4 contains 490 amino acids. Its domains are indicated as for MDM2. Note that MDM4 does not have NLS
and NES sequences but an autoinhibitory WWW element (W) (rose) near the tryptophan (Trp) residues 200 and 201.
Based on Karni-Schmidt et al., 2016.

2.5 Regulation of MDM2 and MDM4
An important question is how the balance of p53 and its antagonists is regulated on the level of

MDM2 and MDM4, to allow for p53 activation upon stress.

In case of MDM2, three major stresses can prevent its inhibitory effect towards p53, leading to the
activation of p53 (Shadfan et al., 2012). The first of these stresses is DNA damage, the impact of
which on MDM2 and p53 is particularly well studied, and which can result in cell cycle arrest,
senescence or apoptosis depending on the severity of the damage, demonstrating the general
versatility of the p53 response. In this context, the ATM (Ataxia Telangiectasia Mutated) kinase
phosphorylates MDM2 at serine (S) 395, preventing it from causing the nuclear export and
degradation of p53 (Maya et al., 2001). Moreover, DNA-PK (DNA-activated Protein Kinase)
phosphorylates MDM2 at S17, keeping it from interacting with p53 (Mayo et al., 1997). In addition
to the phosphorylation of MDM2, p53 is phosphorylated by ATM, ATR (Ataxia Telangiectasia and
Rad3-related) and, downstream of these, Chk2 (checkpoint kinase 2) and Chk1l kinases upon

DNA damage, inducing displacement of MDM2 and stabilization of p53 (Rizzotto et al., 2021).



The second stress that acts on MDM2 is oncogenic stress. In this context, E2F1 (E2 promoter
binding factor 1) causes accumulation of p14ARF, which binds to MDM2 and prevents it from
promoting p53 degradation (Bates et al., 1998; Stott et al., 1998). An interaction of other proteins
with MDM2 is also involved in the third type of stress, i.e. nucleolar stress. Upon this stress, RPs
bind and inhibit MDM2, particularly the 5S ribonucleoprotein (RNP) consisting of L5 (RPL5; uL18),
L11 (RPL11; uL5) and the 5S ribosomal RNA (rRNA) (Sloan et al., 2013).

The same stressors as for MDM2 act on MDM4, but via different mechanisms. Upon DNA
damage, MDM2 promotes the degradation of MDM4, contribution to the activation of p53. This is
caused in part by direct ATM-mediated phosphorylation of MDM4 at S403 and indirect ATM-
induced and Chk2-dependent MDM4 phosphorylation at S367 and S342 (Chen et al., 2005a;
Kawai et al., 2003a; Pereg et al., 2005). In particular, the MDM4 S367 phosphorylation caused by
Chk2 leads to 14-3-3 binding, nuclear import of MDM4 and its degradation by MDM2 (LeBron et
al., 2006; Pereg et al., 2006). In this context, it is important to note that MDM4 degradation by
MDM2 also causes destabilization and degradation of MDM2 itself, which has been proposed to
occur rapidly upon DNA damage and to be important for the activation of p53. This reduction of
MDM2 levels as a fast response to DNA damage happens despite p53 inducing MDM2
transcription, and only after the repair of the DNA damage, MDM2 levels increase, allowing it to
again inhibit p53 so that the cell cycle can proceed (Shadfan et al., 2012; Stommel and Wabhl,
2004). MDM4 S367 phosphorylation and 14-3-3 binding can also be caused by Chk1, but in this
case, the consequence is cytoplasmic retaining of MDM4 (Jin et al., 2006). Interestingly, the ATM-
mediated phosphorylation of MDM4 at S403 can induce MDMA4, in a non-redundant way together
with MDM2, to promote p53 synthesis by inducing translation from an internal ribosome entry site
(IRES) within p53 mRNA, involving a binding of the MDM4 RING domain to the IRES of p53
(Malbert-Colas et al., 2014).

Oncogenic stress can affect MDM4 as well. The binding of p14ARF to MDM2 promotes MDM2-
mediated degradation of MDM4, whereas it keeps MDM2 from ubiquitinating p53 (Li et al., 2012;
Pan and Chen, 2003). In addition, the receptor tyrosine kinase AXL can cause phosphorylation of
MDM4 at S314 via the CDK4, CDK6 and p38 kinases. In contrast to the effect of p14ARF, this
promotes the inhibitory function of MDM4 towards p53 (de Polo et al., 2017). Finally, nucleolar
stress, as the other two types of stress, causes MDM4 degradation by MDM2, which in this case
is stimulated by the binding of RPs to MDM2. This contributes to the activation of p53 in this
context and accordingly, MDM4 overexpression promotes resistance to low 5-fluorouracil (5-FU)

concentrations inducing nucleolar stress (Gilkes et al., 2006). Interestingly, the 5S rRNA inhibits



the MDM2-mediated degradation of MDM4, and this pathway might be less active upon nucleolar

stress to allow for a reduction of MDM4 levels (Li and Gu, 2011).

In total, while the regulation of MDM2 and its response to stress are already quite well understood,
the question how MDM4 levels and activity are affected by different types of stress still awaits
further investigation. Interestingly, during the last years, it increasingly turned out that alternative

MRNA splicing might have a central role in the regulation of MDM4.,

2.6  Alternative splicing of MDM4 pre-mRNA

A previous study in retinoblastoma described high MDM4 protein levels which would not have
been predicted based on MDM4 mRNA levels (McEvoy et al., 2012). Similarly, in melanoma,
increased protein rather than mRNA levels indicated MDM4 overexpression (Gembarska et al.,
2012). Taken together, these findings highlighted the importance of post-transcriptional
mechanisms in addition to gene amplification for MDM4 overexpression in cancer, at least in some
cases. One such post-transcriptional mechanism might be alternative pre-mRNA splicing, and this
seems to be particularly relevant in case of MDM4 pre-mRNA.

The MDM4 gene consists of 11 exons, which can be combined in different ways resulting in
several different splice variants (Wu et al., 2021). Two of these variants are of particular interest,
and they differ in the inclusion of one exon, exon 6 (Figure 2A). If exon 6 is included during
alternative splicing, this leads to the production of the full-length MDM4-FL variant, encoding
functional MDMA4 protein. In contrast, exon 6 skipping results in the formation of the short MDM4-
S transcript in which the loss of exon 6, which has a length of 68 nucleotides (nt), causes a

frameshift and a premature stop codon.

The MDM4-S transcript would thus encode a truncated protein only containing the p53-binding
domain and a few additional amino acids (Bardot and Toledo, 2017; Rallapalli et al., 1999). Initially,
based on overexpression studies, MDM4-S protein was assumed to be functional. These studies
even demonstrated that MDM4-S can localize to the nucleus more efficiently, bind p53 with higher
affinity and inhibit it more effectively than MDM4-FL, therefore suggesting that MDM4-S has a
particular oncogenic role (Rallapalli et al., 1999; Rallapalli et al., 2003). This hypothesis was in
line with the fact that MDM4-S lacks the autoinhibitory WWW element (Bista et al., 2013).

However, it turned out that endogenous MDMA4-S protein could not be detected; neither under

conditions leading to the preferential formation of MDM4-S rather than MDM4-FL mRNA such as



DNA damage, nor in cell lines with higher MDM4-S compared to MDM4-FL mRNA levels. These
findings led to the hypothesis that MDM4 exon 6 skipping might mainly serve as a mechanism to
reduce functional MDM4(-FL) protein levels (Lenos and Jochemsen, 2011) (Figure 2A). In line
with this theory, the MDM4-S transcript is probably targeted by nonsense-mediated decay (NMD)
(Bezzi et al., 2013; Boutz et al., 2015). To investigate the impact of differential MDM4 pre-mRNA
splicing in more detail, mice with obligatory MDM4 exon 6 skipping, preventing MDM4-FL
expression, were generated. Homozygous mice showed p53-dependent embryonic lethality. The
heterozygous alteration led to increased MDM4-S mRNA levels, but still no detectable MDM4-S
protein. Upon proteasome inhibition, MDM4-S protein was somewhat better detectable,
suggesting that MDM4-S protein might be efficiently degraded by the proteasome, in addition to
degradation of the MDM4-S transcript by NMD. In total, these mouse studies further highlighted
the model that more MDM4 exon 6 skipping results in less functional MDM4 protein (Bardot et al.,
2015). Finally, this model was also supported by studies in which mice overexpressed MDM4-S
in the B-cell lineage, based on the observation that the MDM4-S transcript is frequently
overexpressed in B-cell chronic lymphocytic leukemia (B-CLL) patient samples. These mice did
not show tumorigenesis, arguing that MDM4-S generation is rather a consequence than a cause
of cancer formation (Pant et al., 2017).

2.7 Regulation of MDM4 alternative splicing

Alternative splicing of MDM4 pre-mRNA thus seems to be an important mechanism of how the
levels of functional MDM4 can be changed. So how is this process regulated, and what is the role
of both MDM4-S and MDM4-FL splice variants under physiological and transformed conditions?

Interestingly, MDM4 protein, in contrast to MDM2, shows only a very low or no detectable
expression in most adult tissues, and is mainly just expressed and detectable in brain, spleen,
thymus, and breast epithelial cells (De Clercq et al., 2010; Haupt et al., 2015). In addition, in mice
with loss of MDM4 in the intestinal epithelium, p53 activation and apoptosis are restricted to the
strongly proliferative intestinal epithelial cells (Valentin-Vega et al., 2009). It was therefore
suggested that MDM2 inhibits p53 in proliferating and differentiated cells, but that MDM4 supports
MDM2 in this function especially in highly proliferating cells, i.e. in embryonic cells and in strongly
proliferative adult cells (Figure 2A); MDM4 inhibition for cancer treatment might therefore be
relatively well tolerated (Marine and Jochemsen, 2016). Strikingly, Dewaele et al. further proposed
that a shiftin MDM4 levels and activity might be mediated by an alternative splicing switch, leading

primarily to exon 6 skipping and MDM4-S formation in normal adult tissues, but to exon 6 inclusion
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and MDM4-FL expression in cancers as well as during embryogenesis. The authors also
demonstrated the importance of alternative splicing for MDM4 overexpression in tumors (Figure
2A): in melanoma, the ratio between MDM4-FL and combined MDM4-FL and MDM4-S mRNA
levels was found to be a better predictor of MDM4 protein amounts than just total MDM4 mRNA
levels. Interestingly, antisense oligonucleotides designed to specifically promote MDM4 exon 6
skipping showed promising anti-tumorigenic results when tested in models of this system
(Dewaele et al., 2016).

If MDM4 alternative splicing is frequently altered in tumors to promote MDM4 expression, this
raises the question of how MDM4 splicing is regulated in general, but particularly during
tumorigenesis. Some regulators of MDM4 splicing with a link to cancer have already been
described. Among factors promoting MDM4 exon 6 inclusion, the splicing factor SRSF3
(serine/arginine rich splicing factor 3) (SRp20), an oncogenic role of which has been described
(Corbo et al., 2013), is required but not sufficient for MDM4 exon 6 inclusion in melanoma
(Dewaele et al., 2016). Moreover, PRMTS5 (protein arginine methyltransferase 5) promotes MDM4
exon 6 inclusion, as indicated by MDM4 exon 6 skipping and p53 activation upon its depletion or
inhibition (Bezzi et al., 2013; Gerhart et al., 2018). The effect of PRMT5 on MDM4 splicing might
be via RBMX (RNA binding motif protein X-linked) and SRSF1 (Cai et al., 2021). As for SRSF3, a
potential role of PRMT5 in tumorigenesis and especially lymphomagenesis has been described,
along with an upregulation by MYC (Koh et al., 2015). Factors that have been shown to promote
MDM4 exon 6 skipping and thus MDM4-S formation include RBM11 (RNA binding motif protein
11) in glioblastoma (Pavlyukov et al., 2018), and the p53 target ZMAT3 (zinc finger matrin-type 3)
in lung and liver cancer (Bieging-Rolett et al., 2020). Other factors have been linked to MDM4
splicing, but not (yet) in the context of cancer, including PRMT1, BCAS2 (breast carcinoma
amplified sequence 2) (Wu et al., 2021) and PRPF19 (pre-mRNA processing factor 19) (Yano et
al., 2021).

Among the above-mentioned proteins previously found to act on MDM4 splicing, ZMAT3 is
particularly interesting, considering its known link to the p53 pathway. Two independent research
groups first described this protein in 1997. Both groups expressed a temperature-sensitive p53
mutant in p53-deficient cells to identify new targets of WT p53. This led to the identification of
ZMAT3, also named Wig-1 (Wild type p53-inducible gene 1) or PAG608, as a novel target induced
by WT p53. The results of both studies revealed that ZMAT3 is a zinc-finger protein containing
three zinc-finger motifs. In addition, Varmeh-Ziaie et al. identified a potential NLS sequence in the

ZMATS3 protein. In line with this, Israeli et al. demonstrated the nuclear localization of ZMAT3
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overexpressed in cancer cells. Their results also suggested an apoptosis-promoting role of
overexpressed ZMATS3 at least in some cell lines, and they found ZMAT3 to be induced upon DNA
damage, depending on p53 (Israeli et al.,, 1997; Varmeh-Ziaie et al., 1997). Later studies
suggested that ZMAT3 could bind RNAs, especially at their 3 suntranslated regions (UTRS),
potentially at AU-rich elements (ARES), thereby affecting RNA stability (Bersani et al., 2016;
Bersani et al., 2014; Vilborg et al., 2009). Finally, a tumor-suppressive function of ZMAT3 was
described and linked to its function as an RNA-binding protein. Janic et al. performed in vivo short
hairpin RNA (shRNA) screens to identify new mechanisms of how p53 exerts its tumor-
suppressive function. Specifically, they transduced Puma- and p21-deficient hematopoietic stem
and progenitor cells (HSPCs) with shRNAs directed against p53 target genes, and they
transplanted these cells into lethally irradiated mice. Following this, the leukemia and lymphoma
development in these mice was monitored, and it was determined which shRNAs were enriched
in arising tumors. These studies revealed ZMAT3 to be a p53 target mediating tumor suppression
in this context, and validation experiments confirmed that ZMAT3 loss in this system promoted
tumorigenesis (Janic et al., 2018). Bieging-Rolett et al. also identified ZMAT3 when looking for
new targets mediating the tumor-suppressive function of p53, in this case using RNA interference
(RNAI) and CRISPR (clustered regularly interspaced short palindromic repeats)/Cas9 (CRISPR-
associated protein 9) screens in mice. They specifically demonstrated the tumor-suppressive
function of ZMAT3 in Kras®**°-driven mouse lung and liver cancer models, and they showed that
reduced ZMAT3 expression in human carcinomas correlated with a worse prognosis, in a p53-
dependent manner. Moreover, they examined the function of ZMAT3 as a protein binding and
regulating RNAs; and they found that it affected exon inclusion events of several target RNAs
including MDM4, as mentioned above (Bieging-Rolett et al., 2020). Finally, a recent study used
mouse models with a KO of ZMAT3, alone or combined with KOs of either or both of the classical
p53 targets p21 and Puma. This study revealed that the tumor frequency was particularly high if
all three p53 targets were lost. In addition, depending on the respective genetic backgrounds of

the mice, tumor formation affected specific tissues most prominently (Brennan et al., 2024).

Interestingly, a study from Ghandi et al. suggested that the ribosomal protein L22 (RPL22; eL22)
might also regulate MDM4 splicing. In this study, big panels of cancer cell lines were used and
characterized in many different ways, including correlation analyses of differential RNA splicing
and gene mutations. One result of these studies was that L22 mutations, but also copy number
loss, significantly correlated with enhanced inclusion of MDM4 exon 6 (Ghandi et al., 2019) (Figure
2B). These findings suggested that L22 might be an important additional regulator of MDM4

splicing, promoting exon 6 skipping.
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Figure 2: MDM4 alternative splicing and its correlation with functional L22. A. Among MDM4 splice variants, two
variants differing in the inclusion of exon 6 are particularly relevant. If exon 6 is included during alternative splicing of
MDM4 pre-mRNA, the full-length MDM4-FL variant, encoding functional MDM4 protein, is produced. In contrast, exon 6
skipping leads to the formation of the short MDM4-S transcript with a frameshift and a premature stop codon. This
transcript would encode a truncated protein, but it is targeted by nonsense-mediated decay (NMD). Therefore, enhanced
MDM4 exon 6 skipping mainly reduces functional MDM4 levels. Functional MDM4 is only expressed in a few normal,
adult tissues, but it often shows enhanced levels and function during embryogenesis and in cancers, which might be
due to an alternative splicing switch. B. In a previous study from Ghandi et al., correlation analyses of differential RNA
splicing and gene mutations were performed in big panels of cancer cell lines. L22 copy number loss or mutations
correlated with enhanced MDM4 exon 6 inclusion, suggesting that L22 might promote MDM4 exon 6 skipping. The
image in panel B was obtained from Ghandi et al., 2019.

2.8 L22, a haploinsufficient tumor suppressor

The ribosomal protein L22 is a component of the large (60S) ribosomal subunit and a ubiquitously
expressed protein (Ferreira et al., 2014). Strikingly, it is not essential for ribosome assembly or
global translation, as suggested by an early in vitro study (Lavergne et al., 1988). L22 probably
still plays a role for ribosome function, but this role can most likely be taken over by its paralog
L22L1 (RPL22L1), the expression of which is actually repressed by L22 (O'Leary et al., 2013). On
the ribosome, L22 is located on the surface, with distance from the subunit interface and from the

MRNA entry and nascent protein exit tunnels, and it can be extracted with salt (Fahl et al., 2015).

The L22 protein is composed of three domains (Figure 3A). The N-domain, containing the first
nine amino acids, is hydrophobic. Within the I-domain (amino acids 80-93), two repeats of the

basic sequence KKYLK can be found zrespectively one repeat of the KRYLK sequence (amino
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acids 80-84) and one repeat of the KKYLK sequence (amino acids 88-92), as shown using UniProt
(UniProt, 2023). Last, nine acidic amino acids (120-128) contained in many nucleolar proteins
form the C-domain. Moreover, L22 contains a basic KKKK sequence at positions 13-16 close to
the N-domain, which is similar to a classical NLS sequence and mediates its nuclear import.
Nucleolar import of L22 is supported by the KKYLKK sequence (amino acids 88-93) within the I-
domain. Interestingly, an L22 protein without the N-domain does not reach the nucleolus but a
version without the N- and C-domains does, suggesting a nuclear retention role of the C-domain

masked by an interaction with the N-domain (Shu-Nu et al., 2000).

If L22 is not an essential component of the ribosome but linked to lower functional MDM4 levels
as suggested by the above-mentioned study, it would be expected to be mutated in tumors. This
is indeed the case, as shown already by several studies preceding the large-scale cancer analyses
by Ghandi et al. (Ghandi et al., 2019). Novetsky et al. checked for L22 mutations in endometrial
tumors and found such mutations especially in microsatellite instable (MSI) but not in microsatellite
stable (MSS) tumors. In MSI tumors, mutations in nucleotide repeats are particularly common due
to their dysfunctional mismatch repair. In line with this, a frequently identified L22 mutation, i.e.
the single nucleotide deletion 43delA, occurred in an As repeat in exon 2. This mutation was
always heterozygous, and at least in exemplary tumors, no additional L22 mutations were
identified. Also endometrial cancer cell lines mainly showed the heterozygous mutation, whereas
the homozygous mutation just occurred in one case, i.e. in AN3CA cells. By direct sequencing of
MSI endometrial tumors, the heterozygous L22 43delA mutation frequency was determined to be
52%. Functionally, the mutation (i.e., deletion of one and in a few cases of two adenine (A)
residues) resulted in a frameshift at amino acid 14, leading to a heavily truncated protein with a
length of only 18 respectively 22 amino acids (Novetsky et al., 2013) (Figure 3A). Ferreira et al.
screened for the same mutation in MSI tumors, but they also included colorectal tumors. They
found a similar mutation frequency as in the previous study in endometrial tumors (50%), and
showed an even higher mutation frequency of 77% in colorectal cancer. These mutation
frequencies were above background frequency, suggesting that L22 loss provided an advantage
for the tumors. Again, all mutations were heterozygous and mainly one base was deleted, with
deletion of two bases or insertion of one base in only a few cases (Ferreira et al., 2014). Mutation
of L22 seems to be specific for certain tumor types and especially for the MSI subtypes, as
suggested by its mutation frequencies in uterine corpus endometrial carcinoma (UCEC) and pan-

cancer of 11% and 1%, respectively (Kandoth et al., 2013).
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The database cBioPortal contains large datasets of cancer genomics. Notably, searching for L22
mutations in The Cancer Genome Atlas (TCGA) PanCancer Atlas Studies, using this database,
also reveals the typical frameshift mutation to be the major L22 mutation, seen again in
endometrial and colorectal tumors but e.g. also in stomach cancer. Interestingly, at least for these
tumor types, this database reveals a mutual exclusivity of L22 and p53 mutations (Cerami et al.,
2012; Gao et al., 2013), at least suggesting that L22 mutations might attenuate p53 activity.
Moreover, when searching for L22 co-dependencies identified based on large RNAI screens of
tumor cell lines, using the DepMap database, L22 is among the top hits for p53, MDM2 and MDM4,
and vice versa, indicating that alterations in L22 and in the p53 pathway might work in the same
direction (Tsherniak et al., 2017). Supporting this hypothesis, L22 was the most frequently deleted
RP gene in a study of 30 cancer cell lines with WT p53 (Ajore et al., 2017). However, the latter
finding is not very surprising, considering that RPs are usually essential for ribosome biogenesis

(Petibon et al., 2021), with the above-mentioned exception of L22.

Considering the fact that it shows heterozygous mutations in tumors, L22 seems to be a
haploinsufficient tumor suppressor. Studies in mice further strengthened this hypothesis. Notably,
homozygous L22 KO in mice is not lethal because L22 is not essential, and it only causes a defect
in the development of DET lymphocytes by affecting the Eselection checkpoint, while not impairing
JGI' lymphocytes (Figure 3B). This defect is caused by selective p53 activation and can be
rescued by concomitant p53 KO. These findings indicated that L22 is especially important for
certain cell types and states (Anderson et al., 2007; Stadanlick et al., 2011). Based on this
observed role of L22 in normal T-cell development, its impact on T-cell malignancies was
investigated. This was first done using mice with only heterozygous L22 KO, resembling the mainly
heterozygous mutations seen in tumors. Of note, heterozygous mutations of L22 were also found
in around 10% of T-acute lymphoblastic leukemia (T-ALL) cases, in this case comprising larger
deletions and not just mutations, while 30% of T-ALL cell lines showed the characteristic,
frameshift-causing single A deletion, here named K15fs (Figure 3A). In mice, if the heterozygous
L22 KO was combined with T-cell-specific AKT overexpression, it accelerated the development of
T-cell lymphoma. Such a haploinsufficient tumor-suppressive function of L22 was also observed
in transformation assays using mouse embryonic fibroblasts (MEFs). Mechanistically, the
expression of the tumor-linked stemness factor Lin28B was found to be increased upon L22 loss,
at least partly via NF- NB signaling (Rao et al., 2012). Following this study, the effect of complete
L22 loss on tumorigenesis was also assessed, by crossing L22 homozygous KO mice with the

lymphoma-prone mice with T-cell-specific AKT pathway activation (Figure 3B). The homozygous
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L22 KO resulted in bigger and more vascularized tumors compared to the tumors in WT or
heterozygous L22 KO mice. Interestingly, however, it prevented the migration of tumor cells to the
periphery so that they preferentially remained in the thymus, even if there were migration signals.
Mechanistically, homozygous L22 loss was suggested to be linked to restricted migration via a
downregulation of the transcription factor KLF2 (Kruppel-like Factor 2) and its targets such as
S1PR1 (sphingosine-1-phosphate receptor 1). Importantly, the mice with homozygous L22 KO still
died faster compared to WT mice, but this effect was due to the tumor mass itself and not due to

tumor dissemination (Rao et al., 2016).

2.9  Extraribosomal functions of L22

So what is the role of L22 in preventing tumorigenesis? Even though there have been some mouse
model-derived suggestions concerning this question as described above, this still remains to be
more thoroughly investigated. In order to find answers, it is important to consider what is known
about this protein so far in general; and interestingly, its extraribosomal functions seem to be

particularly relevant.

L22 has been linked to viruses already since it was discovered. Originally, it was identified as EAP
(EBER-associated protein) based on its binding to Epstein-Barr virus (EBV)-expressed RNAs
(EBERS) (Dobbelstein and Shenk, 1995; Toczyski and Steitz, 1991) (Figure 3B). In the first-
mentioned study, the authors identified the RNA motif required for (GST-) L22 binding, using the
systematic evolution of ligands by exponential enrichment (SELEX) approach and a randomized
RNA library. The L22-binding RNA maotif identified was a stem loop with three conserved
nucleotides: a guanine-cytosine (GC) base pair at the top of the stem, and a uracil (U) residue at
the 3« H @f@he loop. Such a motif was found twice in EBERL, in line with the fact that two L22
proteins were shown to be able to interact with EBER1. Moreover, searching for a cellular RNA
ligand of L22, using a cDNA-derived RNA library prepared from RNA precipitated with L22 in the
absence of EBV, the RNA motif was also found in 28S rRNA between nucleotide positions 302
and 317; and additional L22 binding sites within 28S rRNA but also within 18S rRNA were
identified (Dobbelstein and Shenk, 1995). Later, it was specified that EBER1 actually contains
three L22 binding sites, allowing for the binding of one, two or three L22 proteins to this RNA (Fok
et al., 2006). EBER1 and EBER?2 are abundant noncoding RNAs localized in the nucleus of EBV-
infected cells. They were demonstrated to mediate the L22 redistribution from the nucleoli or
cytoplasm to the nucleoplasm of cells. Functionally, the L22-EBER interaction was suggested to
promote the growth of EBV-infected cells (Houmani et al., 2009). On the other hand, RNA binding
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can also promote the nucleolar localization of L22. As mentioned above, its amino acids 88-93
promote its nucleolar import. In a later study, both this region and amino acids 80-84 of L22 were
shown to be needed for both its high affinity binding to 28S rRNA and EBER1, and its nucleolar
accumulation and ribosome incorporation (Figure 3A). The latter process might thus be mediated
by rRNA interaction (Houmani and Ruf, 2009).

The virus-related function of L22 seems not to be restricted to EBV, as additional studies
suggested it to be linked to other viruses as well. For example, an association of L22 with ICP
(infected cell protein) 4 and with ICP22 was described. These ICPs are regulatory proteins of
herpes simplex virus (HSV) 1 that facilitate transcription of viral genes in host cells (Leopardi and
Roizman, 1996; Leopardi et al., 1997; Rivas et al., 2021). Moreover, L22 can bind to the 3 *UTR
of hepatitis C virus (HCV) and stimulate its translation under the control of the HCV IRES (Wood
et al., 2001).

Besides a role in viral infections, different additional extraribosomal functions have been linked to
L22. RNA binding seems to be a common feature of how L22 works. For example, it can bind to
telomerase RNA, which is part of the telomerase holoenzyme. This RNA also contains an L22
consensus motif, whereas a mirror of the motif can be found in the above-mentioned 3 *UTR of
HCV (Le et al., 2000; Wood et al., 2001). Moreover, L22 seems to have cell type-specific functions.
In pulmonary arterial smooth muscle cells, its depletion lowered cyclin D1 expression and reduced
cell proliferation (Sun et al., 2012). Following up on the mouse KO studies described above, at
least one way of how L22 affects DET-cell development seems to be by controlling endoplasmic
reticulum (ER) stress responses in these cells (Figure 3B): Solanki et al. showed increased ER
stress followed by p53 activation and cell cycle arrest specifically in the DET-cell lineage upon
L22 loss, maybe involving L22-mediated translational repression (Solanki et al., 2016). Finally,
besides the above-mentioned tumors, L22 expression is often reduced in myelodysplastic
syndrome (MDS) and acute myeloid leukemia (AML), and one way of how L22 loss promotes
cancer progression in this context seems to be by affecting cell metabolism, via de-repression of
the L22 target ALOX12 (arachidonic acid 12-lipoxygenase), promoting fatty acid oxidation (FAO)
(Harris et al., 2023).

In summary, L22, besides having a non-essential function in the ribosome, was initially identified
as EBER-associated protein, and it has cell type-specific roles, particularly in DET-cell
development and as a haploinsufficient tumor suppressor. Moreover, as mentioned above, a link

between L22 and MDM4 splicing has been found. Taken together, this raises the question whether
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L22 might regulate several processes by binding RNA and influencing splicing, and this hypothesis

is indeed supported by several findings.

2.10 Potential role of L22 as a splicing regulator

One hint that L22 might act as a splicing regulator came from zebrafish. In this model organism,
not only the impact of L22 but also of L22L1 on RNA splicing was assessed (Zhang et al., 2017).
To better put L22L1 into perspective: what is known about this protein so far?

Whereas RP genes in yeast are normally duplicated, there is mostly just one copy of mammalian
RP genes. However, and as mentioned above, mammalian L22 has a paralog named L22L1, the
expression of which is repressed by L22, potentially through L22 binding to an internal hairpin
structure within L22L1 mRNA (Figure 3B). Accordingly, in L22 KO mice, L22L1 is increasingly
expressed and incorporated into ribosomes, probably explaining why these mice do not have
translation defects. In line with this, MEF growth is particularly impaired by combined L22 and
L22L1 knockdown, but also single L22L1 knockdown leads to some growth impairment, whereas
L22 knockdown does not. In total, and as briefly mentioned above, it seems that L22L1 can partly
compensate for the loss of L22, particularly with regard to the ribosomal function of the latter.
Nevertheless, the paralogs also differ in some functions, at least in certain tissues, and they might
lead to the production of specialized L22- or L22L1-containing ribosomes in some cases (O'Leary
et al., 2013). As expected if there are overlapping, but also specific functions of L22 and L22L1,
the two paralogs are characterized by structural similarities as well as differences. In general, they
have 73% identity and the RNA-binding helices of L22 are conserved in L22L1, suggesting at least
some similarities in RNA binding. In their N and C termini, the two proteins show more differences,
though (Fahl et al., 2015). Notably, L22 and L22L1 are also special in that they can be found free
and outside of ribosomes in cells, in contrast to many other ribosomal components (Genuth and
Barna, 2022; O'Leary et al., 2013).

In zebrafish, it first was found that both L22 (Rpl22) and L22L1 (Rpl22I1, Likel), although
ubiquitously expressed, are specifically needed for T-cell development, but via different
mechanisms. L22 knockdown blocked T-lineage development in the thymus, depending on p53.
In contrast, L22L1 knockdown affected hematopoietic stem cell (HSC) development via reduced
Smadl (Mothers against decapentaplegic homolog 1) and Runxl (Runt-related transcription
factor 1) expression, independently of p53. Both L22 and L22L1 bound to smadl RNA, and L22

consensus binding sites were identified in this RNA and were assumed to be bound not only by
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L22, but also by L22L1. However, Smadl expression was affected in opposite ways by both

paralogs; L22L1 facilitated it, whereas L22 hampered it (Zhang et al., 2013).

Following this study, knockdown of both maternal and zygotic L22 and L22L1 mRNAs in zebrafish
embryos was performed to investigate the impact of the paralog proteins in early development
(Figure 3B). It turned out that L22 and L22L1 antagonistically regulate zebrafish embryogenesis.
L22L1 knockdown, depending on L22, led to a disturbed convergence and extension (C&E) phase
during gastrulation and to exon 9 skipping in smad2 pre-mRNA, preventing the production of
Smad2 protein. At certain morphogenesis stages, L22 and L22L1 localized to the nucleoplasm
where they could affect splicing, indicating developmentally regulated relocalization. Two possible
explanations for the nuclear localization were suggested. The proteins might either first undergo
ribosome incorporation, followed by separation from the ribosome in the cytoplasm and
localization back to the nucleus, e.g. mediated by protein-protein interactions or PTMs.
Alternatively, L22 and L22L1 might directly be localized to the nucleus after being synthesized in
the cytoplasm, by binding nascent RNA transcripts. Mechanistically, L22 was shown to bind to its
consensus motif in smad2 intron 8, i.e. the intron preceding the regulated exon 9, and it seemed
to work together with the splicing modulator hnRNP-A1 (heterogeneous nuclear ribonucleoprotein
Al). Interestingly, L22L1 knockdown affected the splicing and particularly exon skipping of many
other RNAs besides smad2. Also in these RNAs, the characteristic consensus motif of L22 (and
presumably L22L1) was typically found in the intron upstream of the skipped exon. The consensus
motif was also identified in U2 small nuclear RNA (snRNA) of zebrafish as well as humans, and
so the U2 small nuclear ribonucleoprotein (snRNP) might be involved in the splicing regulation by
L22 and L22L1 (Zhang et al., 2017).

After these studies in zebrafish had suggested a role of L22 (and maybe L22L1) in splicing
regulation, additional findings obtained in mice argued in favor of such a function of L22 as well.
Wang et al. performed transcriptomic and proteomic analyses of thymic lymphomas from mice
with WT L22, homozygous L22 KO, or the latter genotype with L22 reconstitution. They particularly
found protein rather than RNA changes upon L22 loss, and the affected proteins were involved in
RNA processing and especially splicing. In line with this, the transcriptome data indicated L22-

dependent alternative exon usage (Wang et al., 2016; published abstract).
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Figure 3: Structure and extraribosomal functions of L22 as previously described. A. L22 structure indicating the
domains (black labeling) and their functions (orange labeling), as well as amino acid positions. L22 contains a
hydrophobic N-domain, a basic KKKK sequence, a basic I-domain with two KK/RYLK motifs, and an acidic C-domain.
The KKKK sequence mediates the nuclear import of L22, whereas the I-domain promotes its nucleolar import and RNA
(e.g. 28S rRNA, EBER1) binding. The C-domain seems to have a nuclear retention role, masked by its interaction with
the N-domain. The most common tumor-associated L22 mutation is a heterozygous frameshift mutation at K15 in the
KKKK sequence. B. Several extraribosomal functions have been linked to L22. Top left: findings from mouse studies.
Homozygous L22 knockout (KO) mice show a specific defect in DET-cell development, which is p53-dependent and
probably partly due to endoplasmic reticulum (ER) stress. If combined with T-cell-specific activation of the AKT pathway,
L22 KO leads to increased tumor size and vascularization but, presumably due to KLF2 and S1PR1 downregulation, to
reduced tumor cell migration. Nevertheless, L22 KO enhances tumor-induced death of mice. Top right: role of L22
related to Epstein-Barr virus (EBV). L22 binds EBV-expressed RNAs EBER1 (shown) and EBER2 via its consensus
motif, a stem loop with the three conserved nucleotides G, C (at the top of the stem) and U (atthe3* HQG RI WKH ORRS
This interaction promotes the growth of EBV-infected cells. Bottom: regulation of gene expression and splicing by L22.
Knockdown (KD) of the L22 paralog L22L1 in zebrafish embryos, depending on L22, causes exon 9 skipping in smad2
pre-mRNA preventing Smad?2 production. It also leads to a convergence and extension (C&E) defect, interfering with
the convergence (narrowing) of notochord precursors and with the anterior-posterior extension (elongation) (shown)

during gastrulation. Moreover, L22 represses the expression of L22L1, and L22 KO or KD thus increases L22L1 levels.
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2.11 Nucleolar stress *what is known so far

In general, there is increasing evidence highlighting the importance of extraribosomal functions of
RPs, and various examples of such functions are already known. Those functions would be
expected to become effective in particular if ribosome biogenesis is impaired, if a specific RP is
expressed more than other RPs, or if a certain stimulus would cause RP release from the
ribosomes (Zhou et al., 2015). In case of L22, if this protein indeed regulates splicing as mentioned
above, it would need to localize to the nucleoplasm to do so, and this might happen upon nucleolar
stress. In order to understand how this type of stress is induced, it is important to know how

ribosome biogenesis occurs under unperturbed conditions.

The cytosolic 80S ribosome is composed of two subunits. The large 60S subunit contains the 5S,
5.8S and 28S rRNAs and 47 RPs and mediates the peptidyl-transferase reaction. The small 40S
subunit consists of the 18S rRNA and 33 RPs and is required for mRNA decoding by aminoacyl-
transfer RNAs (tRNAs). Ribosome biogenesis is essential for gene expression and connected with
cell growth. Given this central cellular function it has, it is a logical consequence that ribosome
biogenesis involves a complex and energy-consuming process requiring many factors, including
those mediating its regulation. A central organelle in this process is the nucleolus, a subnuclear
compartment containing factors needed for rRNA transcription and processing as well as for
ribosome subunit assembly. The nucleolus is the place where 90S pre-ribosomes are formed.
These are then modified and separated into pre-60S and pre-40S particles that mature and are
separately transported to the cytoplasm, where the mature 60S and 40S subunits finally form the
ribosome. Importantly, ribosome biogenesis requires the activity of all three RNA polymerases. In
the nucleolus, 47S pre-rRNA is transcribed by RNA polymerase | (RNA Pol |) and processed to
yield the 5.8S, 18S and 28S rRNAs. In contrast, the 5S rRNA is transcribed by RNA Pol Il in the
nucleoplasm and is then imported into the nucleolus. Finally, RNA Pol lI-dependent transcription
in the nucleoplasm followed by translation in the cytoplasm leads to the production of the RPs,
which are imported into the nucleoplasm and assembled into pre-ribosomal particles (Boulon et
al., 2010; Pecoraro et al., 2021).

If normal ribosome biogenesis is perturbed, a cell state named nucleolar stress, or ribosomal
stress, is caused (Figure 4). Nucleolar structure and function is changed upon this type of stress,
finally leading to p53 activation and the resulting downstream effects on the cells. Importantly, not
only canonical stressors interfering with normal ribosome biogenesis, such as RP imbalance,
impaired rRNA transcription or processing, or ribosomal DNA (rDNA) damage, can induce

nucleolar stress. Various non-canonical stressors, e.g. general DNA damage or transcription
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defects, hypoxia and starvation, can cause this type of stress, too. Upon nucleolar stress, nucleoli
undergo different types of characteristic morphological changes affecting their activity, and these
can be detected by immunofluorescence staining of nucleolar markers such as NPM1
(nucleophosmin), which is the most abundant nucleolar protein, or FBL (fibrillarin). Moreover,
NPM1 and other nucleolar proteins are frequently redistributed to the nucleoplasm in this context
(Rubbi and Milner, 2003; Yang et al., 2018).

As mentioned above, nucleolar stress usually causes p53 activation. Adding to this, it has been
suggested that normal ribosome biogenesis and nucleolar structure and function are needed for
maintaining low p53 levels if cells are unstressed, so that any type of stress affecting ribosomes
and nucleoli would result in p53 activation (Yang et al., 2018). One central mechanism of how p53
is activated upon nucleolar stress is via RPs binding and inhibiting MDM2, as shown for L5 (Dai
and Lu, 2004), L11 (Lohrum et al., 2003; Zhang et al., 2003) and L23 (RPL23; uL14) (Dai et al.,
2004; Jin et al., 2004); summarized as the Impaired Ribosome Biogenesis Checkpoint (IRBC)
(Lindstrom et al., 2022). It later was found that particularly L5 and L11 are important and that the
5S RNP consisting of L5, L11 and the 5S rRNA is central for inhibiting MDM2 to activate p53 upon
nucleolar stress (Figure 4). The 5S RNP was shown to accumulate in the nucleoplasm in this
context, and it was suggested to be redirected from being incorporated into pre-60S particles to
binding and inhibiting MDM2 (Donati et al., 2013; Sloan et al., 2013). However, while it is clear
that RPs are localized in the cytoplasm and nucleoli under unstressed conditions, and that MDM2
particularly binds and inhibits p53 in the nucleoplasm, it remains to be investigated in more detail
if RPs really redistribute to the nucleoplasm upon nucleolar stress, and there have been some
controversial findings related to this point in the past (Yang et al., 2018). Moreover, there are hints
for additional mechanisms mediating p53 activation upon nucleolar stress. For example, NPM1, if
relocalized to the nucleoplasm upon UV stress and perhaps upon other types of nucleolar stress,
can also bind and inhibit MDM2 (Kurki et al., 2004).
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Figure 4: Nucleolar stress. Canonical stressors interfering with ribosome biogenesis, such as rDNA damage, RNA
polymerase | (RNA Pol I) inhibition, and depletion of essential ribosomal proteins (RPs), as well as non-canonical
stressors, e.g. general DNA damage, RNA Pol Il inhibition, hypoxia, and starvation, can cause nucleolar stress.
Characteristic for this type of stress are changes in the nucleolar structure and function. The morphological changes of
the nucleoli vary depending on the specific stressor, but frequently, partial or full redistribution of nucleolar proteins such
as NPM1 (nucleophosmin) or FBL (fibrillarin) from the nucleoli to the nucleoplasm occurs. RPs also accumulate in the
nucleoplasm in this context, and the 5S RNP (ribonucleoprotein), consisting of the RPs L5 and L11 as well as the 5S
rRNA, can bind and inhibit MDM2. This allows p53 to activate the transcription of its target genes that mediate its

downstream effects, such as cell cycle arrest and apoptosis.

2.12 Scope of the thesis

Firstly, alternative splicing of the MDM4 pre-mRNA is an important mechanism to regulate
functional MDM4 levels, particularly in cancer, but it remains to be understood how exactly this
process is regulated. Secondly, the ribosomal protein L22 (RPL22; eL22) can bind to RNAs at a
specific stem loop motif and, at least in non-mammalian vertebrates, can regulate splicing, but it
is not clear whether its tumor-suppressive function in mammals is also carried out via splicing
regulation. Thirdly, the impact of MDM4 on p53 activation upon nucleolar stress is less well known
than the role of MDM2 in this context.
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A previous study demonstrated a correlation between L22 mutations and MDM4 exon 6 inclusion.
Based on this, we asked whether L22 regulates MDM4 splicing, promoting exon 6 skipping and
thereby potentially linking the three processes described above.

We found that L22 indeed regulates MDM4 splicing, promoting exon 6 skipping, particularly when
nucleolar stress caused by impaired rRNA synthesis or imbalance of ribosomal proteins allows it
to redistribute to the nucleoplasm of cells. Upon L22 removal, functional MDM4 is present despite
nucleolar stress, along with reduced p53 activity. We identified three L22 consensus sequences
in MDM4 intron 6, and we demonstrated that L22 directly binds to these sequences in MDM4 pre-
MRNA. Targeted removal of these sequences abolished the MDM4 splicing regulation by L22,
reduced p53 activity, and allowed cells to proliferate despite nucleolar stress.

In total, we demonstrated that upon impaired ribosome biogenesis and nucleolar stress, L22
redistribution to the nucleoplasm of cells allows it to specifically bind to MDM4 pre-mRNA and
promote exon 6 skipping, thereby causing p53 activation and cell cycle arrest. This represents a

mechanism of how cell proliferation is reduced if cells encounter nucleolar stress.
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Summary

The tumor suppressor p53 and its antagonists MDM2 and MDM4 integrate stress signaling.
For instance, dysbalanced assembly of ribosomes in nucleoli induces p53. Here we show that
the ribosomal protein L22 (RPL22; eL22), under conditions of ribosomal and nucleolar stress,
promotes the skipping of MDM4 exon 6. Upon L22 depletion, more full-length MDM4 is
maintained, leading to diminished p53 activity and enhanced cellular proliferation. L22 binds
to specific RNA elements within intron 6 of MDM4 that correspond to a stem-loop consensus,
leading to exon 6 skipping. Targeted deletion of these intronic elements largely abolishes L22-
mediated exon skipping and re-enables cell proliferation, despite nucleolar stress. L22 also
governs alternative splicing of the L22L1 (RPL22L1) and UBAP2L mRNAs. Thus, L22 serves
as a signaling intermediate that integrates different layers of gene expression. Defects in
ribosome synthesis lead to specific alternative splicing, ultimately triggering p53-mediated

transcription and arresting cell proliferation.

Key words

Ribosomal proteins L22, L22L1, S13; nucleolus; RNA polymerase |; ZMAT3; UBAP2L; pre-
MRNA splicing; exon skipping; RNA stem-loop



Introduction

p53 is the most frequently mutated tumor suppressor in human cance When not affected
by mutations, the transcription factor p53 is kept in check by its antagonist MDM2, which is
itself encoded by a p53-responsive genefﬁl MDM2 binds, ubiquitinates and thus destabilizes

p53, thereby providing negative feedback®°| This system serves to integrate stress signals
such as the kinase cascade triggered by DNA damag The kinases ATM/ATR and
CHK2/CHK1 phosphorylate both p53 and MDM2, thus decreasing MDM2-mediated
ubiquitination of p53 and enhancing p53 levels and activity*j

Besides DNA damage, nucleolar stress (also known as ribosome assembly stress, triggering
the impaired ribosome biogenesis checkpoint) represents an important inducer of p5 i but
the underlying mechanisms remain to be fully explored. Nucleolar stress occurs when
ribosome assembly is impaired, e.g. by alterations in ribosomal RNA (rRNA) synthesis, or by
the failure to synthesize or correctly assemble a specific ribosomal component. Under such
circumstances, nucleolar proteins, including ribosomal proteins, accumulate in the
nucleoplasm. This can induce a p53 response in multiple ways. For example, the 5S
ribonucleoprotein complex (5S RNP), consisting of the 5S rRNA and the ribosomal proteins L5
(RPL5; uL18) and L11 (RPL11; uLb), associates with MDM2 and decreases p53

ubiquitinatior)t¢-1®

Besides MDM2, the MDM4 protein is an essential regulator of p53, and the deletion of MDM4

is embryonic lethal unless accompanied by a deletion of TP53'°| MDM4 binds both p53 and

MDMZ2, and it supports MDM2-mediated ubiquitination of p53%%-??| Thus, MDM4 can also serve

as an integrator of stress signals to trigger p53. One of the mechanisms that modulate MDM4
in response to stress consists of the skipping of exon 6 in the MDM4 pre-mRNA. When
alterations in splicing lead to elimination of this exon from the pre-mRNA, only a small and
unstable form of MDM4 is synthesized, whereas inclusion of exon 6 allows the synthesis of

full-length, stable and active MDM4. As a consequence, conditions that increase exon 6

skipping enhance p53 activity=2

Massive gene expression analyses in tumors revealed a positive correlation between the
skipping of exon 6 in MDM4 and the presence of two intact alleles encoding the ribosomal
protein L22 as one of the most striking correlation This suggests that L22 and MDM4 might
DIITHFW HDFK RWKHUTTV H [&drdstingly, BuR edklidr ipsedvdh Ydvedled that L22
binds to a specific stem-loop motif in RNA, consisting of a G-C base pair on top of the stem,
DQG D 8 D \ahdvifikhé lofp. This motif is found in viral RNAs, but its role in mammalian
RNA is less weII-define Research in non-mammalian vertebrates suggested a role for L22
in splicing regulatio Moreover, low L22 expression levels correlate with worse outcome of

myelodysplastic syndrome in patients and in a mouse mode Taken together, these



observations raise the possibility that the MDM4 mRNA precursor might contain L22 binding
motifs, thus allowing L22 to influence MDM4 expression.

Here we show that L22 binds to three cognate elements within intron 6 of the MDM4 pre-
MRNA. L22 promotes skipping of exon 6 and thus prevents the synthesis of stable and active,
full-length MDM4, thereby increasing the expression of p53 target genes and diminishing cell
proliferation. Thus, L22 provides a link between three different aspects of gene expression, i)
its extra-ribosomal pool is increased when ribosome biosynthesis is impaired, ii) it then
regulates the splicing of MDM4 and iii) it ultimately triggers the activation of p53 as a
transcription factor of specific mMRNAs. This signaling mechanism supports cells in responding
to nucleolar stress by activating a key tumor suppressive mechanism.



Results

Nucleolar stress triggers L22 -dependent MDM4 exon 6 skipping and p53 activity .

To test the impact of L22 on MDM4 pre-mRNA splicing, we first induced nucleolar stress in
Retinal Pigment Epithelial (RPE) cells, a non-transformed cell line, by treating them with an
inhibitor of RNA polymerase | (RNA Pol 1), the enzyme that synthesizes three of the four
ribosomal RNAs. In parallel to RNA Pol | inhibition with the small compound BMH-2 using
a standard concentration that diminishes RNA Pol | activity by more than 50

efficiently depleted L22 by siRNA transfection (Figure 1A, B). As expecte depletion of L22

we

triggered a compensatory increase in the mRNA level of the L22 paralogue L22L1 (Figure 1A,
Suppl. Figure 1A), explaining why L22 it not essential unlike other ribosomal proteins, and why
its depletion does not compromise ribosome biogenesis. RNA Pol | inhibition reduced the level
of full-length MDM4 mRNA while increasing expression of the short isoform in which exon 6 is
skipped, at least compatible with nucleolar stress and a role of L22 in exon skipping. Strikingly,
depletion of L22 dramatically diminished this short isoform and restored expression of full-
length MDM4 mRNA, even upon RNA Pol | inhibition (Figure 1A), suggesting that L22 depletion
restores the inclusion of MDM4 exon 6. Consistent with this, L22 knockdown also increased
the level of MDM4 full-length protein and prolonged its presence despite nucleolar stress
(Figure 1B). MDM4-FL suppression preceded MDM4-S increase (Figure 1A), perhaps due to
different turnover rates of MDM4-S versus MDM4-FL mRNA.

Treatment with BMH-21, but also with a medically relevant inhibitor of rRNA processing and

ribosome maturation, 5-fluorouracil (5-FU)**3¢] caused redistribution of L22, which is

predominantly present in the nucleolus and cytoplasm in untreated cells, to enhance its
presence within the nucleoplasm. Specifically, we observed increased total nuclear intensity
and a greater nucleoplasmic versus cytoplasmic ratio of the L22 signal upon treatment with
BMH-21 or 5-FU (Figure 1C-E, Suppl. Figure 1B-F). Both BMH-21 and 5-FU reduced the levels
of MDM4 full-length protein (Suppl. Figure 1G). Treatment with these compounds also caused
p53 accumulation and augmented the levels of p53 target gene products, p21 and MDM2. By
contrast, L22 protein levels were not affected. Thus, the intracellular redistribution of L22
(Suppl. Figure 1G; Figure 1C-E), rather than its levels, seem to induce the observed MDM4
exon skipping, either through differential interactions with the target RNA or with additional
interaction partners. Nucleoplasmic enrichment of L22 was also seen upon treatment with
BMH-21 or 5-FU in a stably transfected HEK293 Flp-In cell line engineered for the tetracycline-
inducible expression of L22 with a C-terminal FLAG tag (Suppl. Figure 2A-C).

We also investigated the impact of L22L1 on expression of MDM4 isoforms in RPE cells and
found that its knockdown induced similar splicing changes as depletion of L22, i.e. decreased

expression of the short isoform and increased expression of the full-length mRNA (Suppl.



Figure 1A). In HEK293T cells, L22 knockdown again reduced the levels of the short MDM4
isoform and led to increased full-length MDM4 mRNA and protein levels. In these cells,
however, the effect of L22L1 knockdown on MDM4 splicing was much less pronounced (Suppl.
Figure 2D, E), suggesting that, in this system, L22 has a stronger role than L22L1 in regulating
MDM4 pre-mRNA splicing. To further consolidate the influence of L22 and L22L1 on MDM4
isoform expression, the paralogous ribosomal proteins were overexpressed in HEK293T cells,
which are particularly suited for plasmid transfection. Reciprocally to the effects of the
knockdowns, this revealed enhanced MDM4 exon skipping, indicated by reduced expression
of the full-length MDM4 mRNA and increased levels of the short MDM4 isoform (Suppl. Figure
2F, G).

We also investigated whether L22 regulates the skipping of additional MDM4 exons besides
exon 6 (Suppl. Figure 3A-C). Using primers binding in MDM4 exons 3 and 10 (Suppl. Figure
3A), we identified MDM4 transcripts lacking either exon 8 or exons 8 and 9, with or without
concomitant exon 6 loss, in RPE cells (Suppl. Figure 3B). The levels of these transcripts, in
comparison to MDM4 mRNA that was either full length or only lacking exon 6, were not affected
by L22 depletion or BMH-21 treatment, indicating L22-independent mechanisms cause the

skipping of these additional exons (Suppl. Figure 3B, C).

BMH-21 is an inhibitor of RNA Pol I, intercalating with DN and it might thus affect cell fate
through pathways that may or may not include p53. Therefore, we next induced nucleolar
stress independent of drugs, by depletion of a ribosomal protein that belongs to the small
ribosomal subunit, S13 (RPS13; uS15), alone or together with L22 depletion (Figure 1F, G).
The depletion of S13 alone led to L22 accumulation in the nucleoplasm (Figure 1H-J and
Suppl. Figure 4A-C). Lack of S13 alone also diminished full-length MDM4 mRNA, increased
the levels of the short MDM4 isoform, and triggered the expression of the p53-responsive
genes CDKN1A/p21, MDM2 and BBC3/Puma (Figure 1F). However, when L22 was depleted
along with S13, these effects were substantially diminished (Figure 1F). L22 co-depletion also
restored the presence of detectable MDM4 protein upon S13 knockdown, and it reduced the
protein levels of the p53-responsive gene products p21 and MDM2 (Figure 1G). As expected,
depletion of MDM4 induced the expression of the p53 target genes p21 and Puma (Suppl.
Figure 1A).

We also induced nucleolar stress by depleting the ribosomal proteins L5 and L11, which are
part of the large ribosomal subunit sub-complex, the 5S RNP. As the 5S RNP binds and inhibits
MDM2, this raises the question whether the depletion of these ribosomal proteins decreases
p53 activity through free MDM2, or whether this still activates p53 through removal of full-length
MDMA4. To test this, we combined the depletion of L5 or L11 with L22 knockdown (Suppl. Figure
4D, E). Notably, L5 knockdown caused a reduction of the L11 protein level and vice versa,

presumably due to mutual stabilization of the two proteins within the 5S RNP (Suppl. Figure



4E). Depleting the 5S RNP led to the nucleoplasmic accumulation of L22 (Figure 1H-J and
Suppl. Figure 4A-C). Similar to the depletion of S13, depleting L5 or L11 reduced the levels of
full-length MDM4 mRNA and protein, and it increased the expression of p53 target genes,
depending on L22 (Suppl. Figure 4D, E).

Furthermore, we investigated whether the impact of L22 on MDM4 splicing affects p53 activity
even upon depletion of MDM2. MDM2 was depleted from RPE cells by siRNA, alone or in
combination with knockdowns of MDM4 or S13. The mRNA levels of the p53 target genes p21
and Puma, as well as p21 and p53 protein levels, were higher upon co-depletion of MDM2 and
MDM4 or MDM2 and S13, compared to the single depletions (Suppl. Figure 5A, B). Thus,
MDM4 and nucleolar stress still affect p53 activity in the context of MDM2 depletion.

Finally, removing S13 or L11 caused a similar L22 re-distribution in a stably transfected
HEK293 Flp-In cell line expressing FLAG-tagged L22, compared to RPE cells (Suppl. Figure
5C-E). In conclusion, L22 not only mediates exon-skipping of MDM4 in response to various

nucleolar stressors, but it also contributes to the subsequent activation of p53.

Intron 6 of the MDM4 pre-mRNA contains three consensus L22 binding sites and

their deletion abolishes the impact of L22 on MDM4 splicing.

L22 has long been known as a ligand of the Epstein Barr Virus Expressed RNAs (EBERs i
and in vitro selection has revealed a specific stem-loop RNA motif that binds L2(Figure 2A).
As L22 induces MDM4 exon skipping, a direct interaction of L22 with the pre-mRNA of MDM4,
perhaps through similar RNA motifs, is possible. Consistent with this hypothesis, subjecting
the RNA sequence around exon 6 to a folding algorithm, i.e. the RNAfold web server minimum
free energy (MFE) function (http://rna.tbi.univie.ac.at/cgi-bin/RNAWebSuite/RNAfold.cgi),
revealed the presence of three L22-binding consensus motifs within intron 6, in close proximity
to each other and to the adjacent exon 6 (Figure 2B, C). Strikingly, all of the three sequences
are conserved in the MDM4 homologous gene within the murine genome (Suppl. Figure 6A).
We therefore tested whether the portion of intron 6 that contains the L22-binding motifs is
required for L22-mediated alternative splicing. To this end, we removed this portion of the
intron in RPE cells by CRISPR/Cas9 genome editing (Figure 2B, red scissors; Suppl. Figure
6B). Cells that carry the deletion in a homozygous fashion remained viable. When these cells
were subjected to nucleolar stress via S13 depletion, MDM4 pre-mRNA splicing was not
affected, and L22 depletion did not detectably change the splice pattern of MDM4 either (Figure
2D-G). In line with this, cells lacking the three L22 consensus sequences showed reduced p53
activity upon S13 depletion, as evidenced by diminished expression of p21, MDM2 and Puma
(Suppl. Figure 6C, D). This demonstrates that the region of the MDM4 pre-mRNA containing

the consensus L22 binding sites is strictly required for the impact of L22 on MDM4 splicing.



L22 also regulates the expression of UBAP2L and L22L1 isoforms.

The previous analysis of exon inclusion versus genotype in tumor cells not only revealed a
correlation between L22 deletions and full-length MDM4 expression, but also between L22
deletions and expression of the gene UBAP2 which encodes a strongly conserved
ubiquitin- and RNA-binding protei We therefore hypothesized that L22 might also act as a
regulator of UBAP2L splicing, and we investigated whether this is the case by combining L22
and S13 depletions (Figure 3A-C). Here, L22 depletion strongly reduced the abundance of a
transcript isoform (UBAP2L-201) that contains the last UBAP2L exon, exon 27, in a more distal
position (Figure 3A, B). Depleting L22 rather enhanced the inclusion of a more proximal exon
27, corresponding to the isoform UBAP2L-207 that is considered the major one (Figure 3A, B),
thereby enhancing the protein levels of this main UBAP2L version (Figure 3C). This might be

explained by the presence of L22 binding sites within the above-mentioned exons (Figure 3B).

We (Figures 1A, 1F, 2D) and otherhave observed that L22 depletion increases the levels
of L22L1 mRNA. This raised the guestion whether L22 also induces alternative splicing of
L22L1. Indeed, the depletion of L22 enhanced the abundance of a functional mRNA encoding
L22L1 and reduced a non-coding variant of this mMRNA, while S13 depletion led to increased
levels of L22L1 non-coding RNA (Figure 3A, D). We found juxtaposed L22-binding consensus
sites in this case as well (Figure 3E, F). In conclusion, L22 regulates the splicing of at least two

more genes.

ZMAT3 requires an overlapping portion of intron 6 to induce MDM4 exon
skipping, but does not affect the splicing of L22L1 and UBAP2L.

In previous studies, the protein ZMAT3 was characterized as a splicing factor that also triggers
MDM4 exon skippin We therefore asked whether ZMAT3 might act on similar RNA
sequence elements as L22 to modulate splicing. To investigate this, we combined L22 and
ZMAT3 depletions (Figure 4A-C). Indeed, the depletion of ZMAT3 enhanced the abundance
of full-length MDM4 and reduced the amount of short isoform mRNA. Moreover, the partial
deletion of intron 6 (including the consensus L22 binding sites) abolished the response of
MDM4 splicing to ZMAT3, at first glance suggesting a similar splicing-regulatory mode for
ZMAT3 and L22 (Figure 4A, B). However, the simultaneous depletion of ZMAT3 and L22
diminished the short MDM4 isoform even more strongly than the single knockdowns,
suggesting that they may not only be part of the same splicing-regulatory mechanism (Figure
4A, B). Moreover, ZMAT3 depletion did not affect the ratio of L22L1 and UBAP2L isoforms,
again suggesting that the activity of L22 and ZMAT3 is not the same (Figure 4A). Previous
studies demonstrated that ZMAT3 interacts with MDM4 pre-mRNA but also with many
additional RNA ZMAT3 might thus regulate MDM4 splicing directly but also indirectly



through splice variants of additional genes. In total, we propose that ZMAT3 and L22 act
through similar portions of the MDM4 intron 6, but that they use different and at least partially
independent mechanisms for doing so.

L22 binds to its cognate stem -loop elements within  MDM4 pre-mRNA.

To define more precisely how L22 influences MDM4 pre-mRNA splicing, we first performed
reporter assays. The reporter expresses the enhanced green fluorescent protein (eGFP) upon
exon skipping. MDM4 exon 6, along with the flanking intronic regions, was cloned into this
reporter (Figure 5A). As expected, siRNA-mediated depletion of L22 led to enhanced exon
inclusion and thus diminished eGFP levels (Figure 5B and Suppl. Figure 7A, B). Next, we
mutated the three L22-binding motifs of intron 6 within this reporter construct, individually or in
combination, or deleted all three motifs. Upon removal of the first and/or second L22
consensus motif, exon skipping became less dependent on, or even entirely independent of,
L22 (Figure 5B and Suppl. Figure 7A, B). Hence, these two RNA motifs are of particular

importance for pre-mRNA splicing regulation by L22.

Next, we addressed whether L22 binds to the MDM4 pre-mRNA, and more specifically intron
6. Indeed, L22 co-precipitated the endogenous MDM4 pre-mRNA, and the RNA
immunoprecipitation (RIP) efficiency was significantly higher for MDM4 intron 6 RNA compared
to other RNA species (Figure 5C and Suppl. Figure 7C).

To determine whether the role of L22 in promoting exon skipping depends on its binding to the
consensus motifs in intron 6, the reporter constructs were utilized. HEK293T cells were
transfected with the wildtype MDM4 reporter plasmid (containing MDM4 exon 6 and flanking
regions of intron 6), or with a construct that carried mutations of the three L22 motifs, along
with an expression construct for FLAG-tagged L22. Subsequently, we performed RIP using
anti-FLAG antibody coupled to beads (Figure 5D and Suppl. Figure 7D). As expected, MDM4
RNA corresponding to the region directly downstream of the L22 consensus sequences in
intron 6 was co-precipitated with L22 (Figure 5D), but strikingly, this precipitation was reduced
by two thirds if the exogenous MDM4 RNA contained mutated L22 motifs (Figure 5D),
indicating that the observed exon skipping arises due to interaction of L22 with the consensus

sequence.

To confirm that the interaction of L22 with these motifs is direct, the ability of L22 to bind
wildtype and mutant MDM4 intron 6 RNA was monitored in vitro using glutathione S transferase
(GST) pulldown assays. GST-L22 purified from bacteria specifically bound in vitro transcribed

wildtype MDM4 intron 6 RNA, whereas much less interaction was detected when using an



RNA in which the key elements of the L22 consensus motifs were mutated (Figure 5E and

Suppl. Figure 7E).

Finally, to gain a quantitative perspective on how mutations in the L22 consensus motifs affect
binding of L22, fluorescence anisotropy measurements, using fluorescently labelled RNA
corresponding to the first L22 consensus sequence in MDM4 intron 6, were performed. This
approach demonstrated the high affinity binding of recombinant L22 to the wildtype L22
consensus motif 1 from the MDM4 pre-mRNA (Figure 5F and Suppl. Figure 7F). The
corresponding mutant RNA still bound to L22, albeit with significantly lower efficiency, perhaps
indicating a non-specific RNA binding activity of L22 that overlaps with its specific binding to

the consensus stem-loop motif.

Taken together, these results indicate that L22 binds to its consensus motifs in the MDM4 pre-
MRNA in vitro and in cells, suggesting a mechanistic explanation for its ability to modulate
MDM4 splicing.

Removing L22 -binding sites within intron 6 of the MDM4 pre-mRNA suppresses

p53 activation and enables cell proliferation during nucleolar stress.

Finally, we sought to clarify how L22-mediated splicing regulation of the MDM4 pre-mRNA
influences p53 activity and cell proliferation, especially when cells are confronted with a
clinically relevant compound inducing nucleolar stress, 5-F We treated RPE cells, with or
without the critical region within MDM4 intron 6 containing the L22 binding motifs, with 5-FU,
followed by quantification of cell proliferation (Figure 6A-D), and monitoring of p53-responsive
gene expression (Figure 6E). As expected, 5-FU induced a p53 response, and it compromised
cell proliferation during the following days. However, when the L22-binding sites within MDM4
intron 6 had been removed, the cells not only displayed reduced expression of p53-responsive
genes, but they also proliferated to a significantly higher extent than the parental cells (Figure
6A-E). As expected, 5-FU induced MDM4 exon 6 skipping and reduced full-length MDM4
MRNA expression only if the L22 consensus sequences in MDM4 intron 6 were present (Figure
6E-G). By contrast, the reduction of L22L1 expression upon 5-FU treatment was similar in both
cell lines (Figure 6E). In conclusion, L22 serves to integrate nucleolar stress signaling into
growth arrest, reaching from compromised rRNA synthesis or processing, through alternative
MDM4 splicing and p53-mediated gene expression, as well as the loss of p53-independent

MDM4 functions, to a pronounced block in cell proliferation (Figure 7).



Discussion

Our results identify L22 as a signaling transmitter that triggers a p53 response upon impaired
ribosome synthesis. When biogenesis of the translation machinery is perturbed, L22
accumulates in the nucleoplasm and associates with a cognate binding motif within a subset
of pre-mRNAs, including that of MDM4. Upon L22 binding, splicing of the MDM4 pre-mRNA is
adjusted towards the skipping of exon 6, leading to increased expression of a truncated and
poorly functional isoform of MDM4. This promotes p53 to activate the transcription of its target
genes.

Interestingly, a link between L22 and alternative splicing of the MDM4 pre-mRNA was recently
reported in the context of colon cancer of the microsatellite instability (MSI) subtyp implying
that our findings in RPE and HEK293T cells are broadly applicable. These complementary
studies both also reveal a role for L22 in modulating the splicing of the L22L1 pre-mRNA.
Importantly, our work provides additional mechanistic details on the impact of nucleolar stress
in this context, on the critical nucleotides within the L22-binding motifs in the MDM4 pre-mRNA,
and on the role of ZMAT3. Moreover, we identify the UBAP2L pre-mRNA as an additional

target of L22-modulated alternative splicing.

Nucleolar stress is a widely encountered cellular condition. It is not only triggered by
dysbalanced ribosomal protein synthesis, e.g. in aneuploid cells, but also occurs in response
to DNA damage, as the DNA encoding rRNA responds to damage by perturbed transcription
and disintegration of nucleol A number of chemotherapeutics can trigger nucleolar stress,
including 5-FU used in our study, but also oxaliplati 5-FU causes nucleolar stress through

incorporation into rRNA¥*| Oxaliplatin differs from cisplatin by its ability to modify rRNA,

whereas cisplatin primarily acts on DNA*Y*’] These agents are thus plausible triggers of L22-

mediated MDM4 exon skipping. Nonetheless, compounds like 5-FU, which interferes with DNA
and RNA synthesis in genera may affect MDM4 splicing and cell fate by additional, L22-

independent mechanisms.

Alongside L22, the p53-inducible factor ZMAT3, the arginine methyltransferases PRMT5 and
PRMT1, and the splicing factor PRPF19 can modulate the splicing of MDM44%#9-51| This

emphasizes the role of MDM4 exon skipping in integrating the responses to multiple stresses,
all leading to p53 activation. Our data suggest, however, that L22 is the first factor found to

transmit nucleolar stress signals to MDMA4.

In addition to MDM4, the MDM2 protein is also a target of stress signaling, and this is already
known to include nucleolar stress. Not only the 5S RNP, including the ribosomal proteins L5
and L11, binds to MDM2 and prevents p53 ubiquitinatio other nucleolar proteins, such as

nucleophosmin and p14*%F, move from nucleoli to the nucleoplasm upon nucleolar stress,



where they bind and antagonize MDMZ°*°’| Besides the 5S RNP, additional ribosomal proteins

were found in association with MDM2, including iﬁ Thus, L22 may activate p53 in two
ways, by triggering MDM4 exon skipping and by directly binding MDM2. Moreover, additional
ribosomal proteins may contribute to the activation of p53 that we observed in response to
nucleolar stress. Still, impaired activation of p53 in the absence of L22-binding RNA motifs
within MDM4 intron 6, as observed in our study, emphasizes the importance of the interaction
between L22 and MDM4 pre-mRNA.

Both MDM2 and MDM4 have additional functions besides inhibiting p53. For example, our
previous studies revealed that MDM2 acts as a chromatin modifie and supports DNA
replicatio W and that MDM4 prevents replication stress independently of p5 Therefore,
nucleolar stress and diminished MDM4-FL levels may impair cell proliferation by disrupting

such additional MDM4 functions, too.

Strikingly, in a genome-wide search for associations between exon expression levels and gene
mutations in cancers, the link between MDM4 exon 6 inclusion and deletions in the L22-
encoding gene was one of the top hit Our results provide a mechanistic explanation for this;
when L22 levels are lowered by deletion of at least one L22 allele, this presumably prevents
L22-induced exon skipping of MDM4 and thus increases the inclusion of exon 6. Even more
remarkably, gene losses of L22 are particularly found in endometrial carcinomas of the MSI
subtyp This subtype often retains wildtype TP5 In this situation, it is conceivable that
elevating full-length MDM4 through L22 deletions will diminish p53 activity and thus allow
enhanced tumor cell proliferation. L22 may thus be considered a haploinsufficient tumor
suppressor, based on the tumor-promoting traits induced by deleting one of its alleles. L22 is
not only unique in this regard, but it is also the only dispensable ribosomal protein, due to the
existence of the paralogue L22L1. Indeed, the targeted deletion of L22 does not preclude the
survival of mice due to back-up by L22L

L22 and some other ribosomal proteins display extra-ribosomal function For example, S14
(RPS14; uS11) and L22 bind and inhibit CDK4/cyclin D1 in senescent cells, thereby reducing
RB phosphorylatio Wiﬁ Such functions may well act in parallel to the impact of L22 on MDM4

in regulating cell fate.

Beyond MDM4, our study highlights two additional pre-mRNA targets of L22, the L22L1 and
UBAP2L pre-mRNAs. A broader spectrum of splicing regulation is consistent with a previously
reported role of both L22 and L22L1 in zebrafish embryos; there, the ribosomal proteins affect
the splicing and translation of smad2 and smad1l in opposite direction

To maintain the total levels of L22/L22L1, the negative control of L22L1 expression by L22
appears to be required. The ability of L22 to bind the L22L1 pre-mRNA and suppress its



expression was reported previousl but the precise impact of L22 on the L22L1 splicing
pattern is first described here.

The other newly identified L22 splicing target, UBAP2L (aka NICEA4), is essential for RNA
polymerase 1l degradation when the enzyme hits a DNA Iesio Moreover, it is a core
component of stress granules that modulate mRNA processing and storage under various
stress condition Interestingly, UBAP2L is an RNA-binding protein that regulates the
expression of genes that determine the global level of translation, such as EIF4G It is thus
tempting to speculate that L22-mediated suppression of UBAP2L might serve to adapt global
translational activity to the availability of ribosomes.

L22 was first discovered as a target of viral RNAs, especially the EBERSs, i.e. highly abundant
transcripts of RNA polymerase lll, encoded by Epstein-Barr viru It is still unknown which
evolutionary advantage led viruses to express L22-interacting RNAs, but one possibility is that
this might allow them to modulate the p53-regulatory system. By competing with the binding
of L22 to MDM4 pre-mRNA, the virus might increase the levels of full-length MDM4 and thus

attenuate the p53 response.

Our results demonstrate that L22 connects three layers of gene expression: biogenesis of the
translational machinery, mRNA maturation via pre-mRNA splicing, and RNA synthesis by
transcription. Dysfunctional production of the ribosomal subunits triggers an extra-ribosomal
splicing-regulatory function of L22. Subsequently, L22-driven alternative splicing of MDM4
determines the activity of p53, the most prominent transcriptional regulator in the context of

tumor suppression.

Limitations of the study

Our data reveal that L22 can promote MDM4 exon skipping in RPE cells, a non-transformed
cell line derived from retinal epithelia. It remains unknown how many other cell types display
the same phenomenon in the context of an organism, and which nucleolar stressors can trigger
it in each case. The same applies to the specific contribution of L22 and MDM4 exon 6 skipping
to the regulation of p53, as compared to the impact of nucleolar stress on MDM2. Moreover,
mechanistic details remain to be determined of how L22-binding to its cognate RNA element
results in exon skipping. Finally, L22 may well act on additional pre-mRNAs, in addition to
MDM4, UBAP2L and L22L1. Identification of the full spectrum of such L22 target pre-mRNAs

is a subject for future research.
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Main figure titles and legends

Figure 1: Regulation of MDM4 and L22L1 pre-mRNA splicing via L22 upon
inhibition of RNA polymerase |, and L22 -dependent p53 activation upon S13

depletion.

A.-E. Corresponding to Suppl. Figure 3A-C. RPE cells were transfected with siRNA to deplete
L22 or with control (ctrl) siRNA for 48 h. Treatment with 1 pM BMH-21 was performed for the
indicated periods to inhibit RNA polymerase | and cause nucleolar stress. Ctrl, no BMH-21
treatment. A. RT-gPCR analyses using primers against the indicated sequences were
performed. Expression levels were normalized relative to the mRNA levels of 36B4
(housekeeping gene) and then to the control sample. The average of five biological replicates

is depicted. The statistical significance was assessed by an unpaired 6 W X G H @3V 1fsynot

VLIQLILFDQW 37 37 37 37 (UURU EDUV

mean. B. Western blot analysis of the indicated proteins was performed, with GAPDH as a
sample control. *, background band. C.-E. Corresponding to Suppl. Figure 1B-F.
Immunofluorescence analysis upon 4 h and 8 h BMH-21 treatment was performed to detect
L22. C. Representative images (100x objective, bar: 40 um) of the nuclear (DAPI, blue) and
L22 (green) staining. D. Quantification of the nuclear L22 signal in single cells. Red lines
represent the mean fluorescence intensities. At least 400 cells were evaluated for each
condition. The statistical significance was assessed by a Mann-Whitney U test. E. Comparison
of cytoplasmic versus nucleoplasmic L22 signal intensities. At least 150 cells were analyzed
in each case. The average of three biological replicates is depicted in each case. The statistical
significance for the fractions 3 F\WRSODVPLF ! QXFOHRSODVPLF DQG

was assessed by an unpaired t-test. F.-G. RPE cells were transfected with siRNA to deplete
L22 and/or S13 (the latter to induce nucleolar stress), for 48 h. F. RT-gPCR analyses of the
indicated mRNAs were performed. Expression levels were normalized to the mRNA levels of
36B4. The average of three biological replicates is depicted. G. Western blot analysis of the
proteins indicated was performed, using Eactin as a sample control. H.-J. Corresponding to
Suppl. Figure 4A-C. RPE cells were transfected with siRNA to deplete L22 and/or S13 or L11
for 48 h. Immunofluorescence staining of L22 was performed. H. Representative images (100x
objective, bar: 40 um) of the nuclear (DAPI, blue) and L22 (green) staining. |. Quantification of
single nuclear intensities of L22 signal. A minimum of 130 cells were quantified for each
condition. J. Quantification of cytoplasmic versus nucleoplasmic intensity of L22 signal. At least
150 cells were analyzed for each condition. The statistical significance was assessed for all

three fractions.

SF\WRSO



Figure 2: Abolished splice regulation by L22 upon deletion of L22 -binding

consensus sequences from  MDM4 intron 6.

A. RNA motif that mediates the interaction with L22: a stem-loop structure with a G #C base
pair (bp) at the top of the stem (G on the 5' side, C on the 3' side) and U at the 3' end of the
loop. The conserved bases G, C and U are marked in bold. Adapted from a previous stud
B. Corresponding to Suppl. Figure 6A, B. Schematic view of the MDM4 gene with correct
proportions of exons and introns, with a magnified view of the last 46 bp of exon 6 (marked in
yellow) and the first 387 bp of intron 6. Sequences in intron 6 predicted to form L22-binding
stem loops are marked in green, and the characteristic bases G, C and U (T) are indicated in
bold. Red scissor symbols show cleavage sites for CRISPR/Cas9-mediated deletion of all
three L22-binding stem loop sequences in MDM4 intron 6. C. Corresponding to Suppl. Figure
6A, B. RNA folding prediction of the last 46 bp of exon 6 and the first 268 bp of intron 6 of the
MDM4 gene (i.e., most of the sequence shown in B) using the RNAfold web server
(http://rna.tbi.univie.ac.at/cgi-bin/RNAWebSuite/RNAfold.cgi) minimum free energy (MFE)
function. Exon 6 and sequences predicted to form L22-binding stem loops are marked as in B.
D.-G. Corresponding to Suppl. Figure 6C, D. RPE Cas9 or RPE MDM4 ' intron 6 cells were
transfected with siRNA to deplete L22 and/or S13 for 48 h. D. RT-gPCR analyses using
primers against the indicated sequences were performed. Expression levels were normalized
to the mRNA levels of 36B4 6WDWLVWLFDO VLJQLILFDQFH QV QRW VLJQLI
37 3”7 E.-F. RT-gPCR analysis using primers leading to a longer product
for MDM4-FL and a shorter product for MDM4-S was performed. E. RT-gPCR products were
visualized by agarose gel electrophoresis and staining with SERVA DNA Stain Clear G. F.
Based on band quantification, MDM4-S/MDM4-FL ratios were calculated. The average of three
biological replicates is depicted. The statistical significance was assessed by an unpaired t
test. G. Western blot analysis was performed to indicate MDM4 protein levels largely

corresponding to the mRNA.



Figure 3: Splicing regulation of L22L1 and UBAP2L by L22.

A. RPE p53” cells were transfected with siRNA to deplete L22 and/or S13 as indicated for
48 h. RT-gPCR analyses using primers against the indicated sequences were performed.
Expression levels were normalized to the mRNA levels of 36B4. Statistical significance: ns,
QRW VLJQLILFDQW 3" 3" B Schematic vievd bf the
UBAP2L gene and magnified view of the end of its sequence. The last exon, exon 27, is
marked in yellow for the main UBAP2L variant UBAP2L-207, and in orange for the UBAP2L
variant UBAP2L-201. Within both exons, sequences predicted to form L22-binding stem loops
are marked in green, and the characteristic bases G, C and U (T) are indicated in bold. C. RPE
p537 cells were transfected with siRNA to deplete L22 and/or S13 for 48 h. Western blot
analysis revealed L22-dependency of UBAP2L protein levels. D. RT-gPCR analysis of the
same samples as in A was performed, using primers leading to a longer product for L22L1
ncRNA and a shorter product for L22L1 mRNA. RT-gPCR products were visualized by agarose
gel electrophoresis. E. Schematic view of the L22L1 gene. Magnified view: sequence of exons
2 and 3 (marked in yellow) and intron 2. Sequences in intron 2 predicted to form L22-binding
stem loops are marked in green as in B. The splice acceptor site of intron 2 and an alternative
splice acceptor site leading to the formation of the L22L1 non-coding RNA (ncRNA) variant are
indicated in bold and orange. F. RNA folding prediction of the last 10 bp of exon 2, intron 2,
and the first 10 bp of exon 3 of the L22L1 gene (i.e., part of the sequence shown in E) using
the RNAfold web server (http://rna.tbi.univie.ac.at/cgi-bin/RNAWebSuite/RNAfold.cgi)
minimum free energy (MFE) function. Exonic sequences and L22-binding motifs are indicated

according to the scheme used in B and E.



Figure 4: Overlapping intronic sequences required for splice regulation of MDM4
by L2 2 and ZMAT3.

A.-C. RPE Cas9 or RPE MDM4 ' intron 6 cells were transfected with siRNA to deplete L22
and/or ZMAT3 for 48 h. A. RT-gPCR analyses using primers against the indicated sequences
were performed. Expression levels were normalized to the mRNA levels of 36B4. Statistical
VLIQLILFDQFH QV QRW VLJQLILFDQW 3" 3B. RT-
gPCR analysis using primers leading to a longer product for MDM4-FL and a shorter product
for MDM4-S was performed. RT-gPCR products were visualized by agarose gel
electrophoresis. C. Western blot analysis of the proteins indicated was performed, using

GAPDH as a sample control.



Figure 5: L22 binding to consensus sequences in intron 6 of MDM4 pre-mRNA.

A.-B. Corresponding to Suppl. Figure 7A, B. A splicing reporter assay based on a previous
studwas used to investigate the sequence requirements needed for L22 to regulate MDM4
pre-mRNA splicing. A. To generate the control plasmid FMv2, the following sequences were
inserted into the pcDNA3.1/Hygro(+) vector containing the CMV promoter by using the
restriction enzymes Nhel and Xho, WKH P&KHUU\ FRGLQJ VHTXH@GEHR WKH -
JHQHeGFP),thH <« H@WIRIL QW UR QMD intron 18), a Multiple Cloning Site (MCS),
WKH « HDQID IRQWUR@MD LQWURQ DQG W kBFPsJHQG-e&FP)V KH
To generate the MDM4 splicing reporter plasmid FMv2-MDM4, the following sequences were
inserted into the MCS of FMv2 by using the restriction enzymes Hindllland Bam+, WKH « HQG
(34 bp) of MDM4 L Q W U RI@DM4 intron 5), MDM4 exon 6 (68 ES DQG WKH BpHQG
of MDM4 L Q W U RI@DM4 intron 6) containing all three previously identified L22 consensus
sequences. Upon transfection of either FMv2 or FMv2-MDM4, mCherry is constitutively
expressed and serves as a transfection marker. eGFP is constitutively expressed upon FMv2
overexpression, but only if MDM4 exon 6 is skipped in case of FMv2-MDM4 overexpression,
therefore serving as a splicing marker. B. FMv2-MDM4 versions with either deletion of all three

L22 consensus sequences in MDM4 intron 6 (FMv2-MDM4_del_1,2,3) or with mutations of the

three conserved nucleotides of the single or combined L22 consensus sequences as indicated
(FMv2-0'0 BPXWB>«@ ZHUH JHQHie&el hGagehesisL MAR99 cells were
transfected with siRNA to deplete L22 for 72 h, and with FMv2, FMv2-MDM4 and the different
mutated versions of FMv2-MDM4, at 24 hours after the siRNA transfection, followed by
incubation for 48 h. Red fluorescence (mCherry) and green fluorescence (eGFP) were
detected. The eGFP fluorescence intensity among cells with high mCherry intensity (>20 cells

per sample) was quantified, and the change of the eGFP/mCherry ratio with L22 compared to
control depletion was visualized. The average of three biological replicates is depicted. The
VWDWLVWLFDO VLIJQLILFDQFH zZzDV DVVHVVHG E\ DQ XQSDLUHG W
3" 3" C.-F. Assays to demonstrate L22 binding to MDM4 pre-mRNA. C.
Corresponding to Suppl. Figure 7C. HEK293 Flp-In cells, stably transfected for tetracycline-
inducible expression of L22-FLAG, or parental control cells, were treated with tetracycline

(1 pg/mL) for 24 h. Beads coupled to anti-FLAG-antibody were used to precipitate tagged L22
along with bound endogenous RNA. RT-gPCR analyses using primers against the indicated
sequences were performed and normalized to input. D. Corresponding to Suppl. Figure 7D.
HEK293T cells were transfected with pCMV6Entry or pCMV6EEnNtry-L22 and with either FMv2,
FMv2-MDM4 or FMv2-MDM4_mut_1,2,3 for 42 h, followed by RNA immunoprecipitation (RIP)

using FLAG beads to precipitate tagged L22. RT-gPCR analyses using primers against the



indicated sequences (MDM4 intron 6 primers binding downstream of the three L22 consensus
sequences, and eGFP primers binding in the +eGFP region of FMv2 plasmids) were
performed for the immunoprecipitation (IP) and 5% input samples shown, and IP signal was
normalized to input signal. E. Corresponding to Suppl. Figure 7E. GST or GST-L22, bound to
glutathione sepharose beads, was incubated with wildtype or mutant RNA corresponding to
MDM4 intron 6. The RNA was generated by in vitro transcription using the plasmids FMv2-
MDM4 or FMv2-MDM4_mut_1,2,3. RNA bound to beads was quantified by RT-gPCR and
normalized to input. F. Corresponding to Suppl. Figure 7F. GST or GST-L22, in concentrations
ranging from O uM to 0.8 uM, were incubated with20 Q0 R1 < IO X R U H VdbélledRNAS O
comprising the wildtype (WT) or mutated (mut) sequence of the first L22-binding consensus
motif in MDM4 intron 6, and the resulting fluorescence anisotropy was measured. Maximum
binding values (Bmax) Were calculated, and the statistical significance was assessed by an

unpaired t-test.



Figure 6: Resistance towards 5 -fluor ouracil upon abrogation of MDM4 splicing
regulation by L22.

A.-D. RPE Cas9 (dark) or RPE MDM4 ' intron 6 (light) cells were treated with 5-fluorouracil
(5-FU) for 20 days. Every other day, the treatment was refreshed and cell confluence was
measured. A.-C. For each condition, results of three biological replicates (with three technical
replicates each) are depicted. D. Statistical analysis was performed by comparing the area
under the curve (AUC) values, which were calculated from the confluence graphs (A-C), of
ERWK FHOO OLQHV XVLQJ DQ XQSDLUHG W WHVW QV QRW VLJQL

37 E.-G. RPE Cas9 or RPE MDM4 ' intron 6 cells were treated with 5-FU as in
A-D. After 10 days of treatment, cells were harvested for RNA isolation. E. RT-gPCR analyses
to quantify mRNA levels corresponding to the indicated genes were performed, normalized to
36B4. F.-G. RT-gPCR analysis using primers leading to a longer product for MDM4-FL and a
shorter product for MDM4-S was performed. F. RT-qPCR products were visualized by agarose
gel electrophoresis. G. Based on band quantification, the MDM4-S/IMDM4-FL ratio was
calculated.



Figure 7: Alternative MDM4 splicing and p53 activation through L22 upon

nucleolar stress.

L22, by promoting alternative splicing of MDM4 pre-mRNA, activates p53-mediated gene
expression and potentially causes a loss of p53-independent MDM4 functions, thus translating

nucleolar stress into growth arrest.
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fulfilled by the lead contact, Matthias Dobbelstein (mdobbel@uni-goettingen.de).

Materials availability

Cell lines and plasmids generated in this study will be shared by the lead contact upon request.

Data and code availability

x All data reported in this paper will be shared by the lead contact upon request.

X This paper does not report original code.

x Any additional information required to reanalyze the data reported in this paper is
available from the lead contact upon request.

Experimental model and study participant details

Cell culture

The human non-small cell lung cancer cell line H1299 and the human embryonic kidney cell
line containing the SV40 T-antigen HEK293T were maintained in Dulbecco’s Modified Eagle’s
Medium (DMEM, 31600091, Thermo Fisher Scientific) supplemented with 10% Fetal Bovine
Serum (FBS) (ACSM0190, Anprotec), 2 mM glutamine (25030123, Thermo Fisher Scientific),
50 U/mL penicillin, 50 pg/mL streptomycin (15140122, GIBCO), 10 pyg/mL ciprofloxacin
(PZN03277618, Fresenius Kabi), and 2 ug/mL tetracycline (87128, Sigma-Aldrich). To
generate a stably transfected cell line for the inducible expression of L22 with a C-terminal
FLAG tag, HEK293 FIp-In T-Rex cells were reverse transfected with an appropriate pcDNA5-
based plasmid and pOG44, which expresses the Flp recombinase, using X-tremeGENE HP
DNA transfection reagent (6366546001, Sigma-Aldrich/Roche) according to the
PDQXIDFWXUHUYY LOQVWUXFWLRQVY &HOOV ZLWK DH$Hudw&SULDWH
were selected using 100 pg/mL hygromycin B (10687010, Thermo Fisher Scientific) and
10 pg/mL blasticidin S (R21001, Thermo Fisher Scientific) for approximately two weeks.
Colonies were resuspended, pooled and cells were maintained in DMEM GlutaMAX
(61965059, Gibco) supplemented with 10% FBS, penicillin, streptomycin, and 100 pg/mL

hygromycin B. Additionally, 10 pg/mL blasticidin S was added to the culture medium once a



week. The selection markers hygromycin B and blasticidin S were removed from culturing
medium 24 h prior to experiments. Expression of L22 was induced by adding 1 pg/mL
tetracycline for 24 h to 48 h. The non-tumorigenic human retinal pigment epithelial cell line
RPE and its derivatives RPE p53' RPE Cas9 and RPE MDM4 ' intron 6 were cultured in
DMEM GlutaMAX supplemented with 10% FBS, penicillin, streptomycin, ciprofloxacin, and
50 pg/mL hygromycin B for hTERT activation. Hygromycin B was removed from culturing
medium 24 h prior to experiments. All cell lines were cultured at 37 °C with 5% CO. and

routinely tested for mycoplasma contamination.

Cells were treated with BMH-21 (S7718, Absource Diagnostics/Selleckchem), 5-fluorouracil
(51209, Selleckchem), and DMSO (A3672, Geyer).

Transfections of sSiRNAs were performed using Lipofectamine 3000 (L3000015, Thermo Fisher
Scientific). Cells were reverse transfected with final sSiRNA concentration of 12.5 nM siRNA.
Medium was refreshed after 24 h, and cells were harvested after 48 h or 72 h.

Cells were forward transfected with plasmids in amounts of 2.5 ug per well of 6-well plates.
Medium was refreshed after 6 h (except for HEK293-derived cell lines, to avoid cell

detachment), and cells were harvested after 42 h or 48 h.

Method details
CRISPR/Cas9-mediated knockout

To delete all three L22 consensus sequences in MDM4 intron 6, crRNAs binding upstream
(Mdm4l61) and downstream (MDM4_sli6all_1) of these sequences were designed using the
web tool CRISPOR.or For crRNA:tracrRNA (Integrated DNA Technologies) 50 uM duplex
formation, equal volumes of 100 uM crRNA and 100 uM tracrRNA were mixed, incubated at

95 °C for 5 min and cooled to room temperature.

crRNA:tracrRNA duplexes were transfected into RPE Cas9 cells by reverse transfection using
Lipofectamine 3000 transfection reagent (L3000015, Thermo Fisher Scientific) with a final
crRNA:tracrRNA concentration of 25nM (12.5nM upstream crRNA:tracrRNA, 12.5nM

downstream cr:tracrRNA). Medium was refreshed after 24 h.

At 48 h post transfection, cells were trypsinized and 50, five or two cells per well were seeded

on 96-well plates. After around three weeks, cells from different wells were passaged further

to larger plates. RPE MDM4 ' intron 6 cells, a cell line generated from the 96-well plate with



50 cells per well, were chosen for subsequent experiments since they showed a complete

knockout in genotyping and sequencing.

DNA isolation, genotyping, and sequencing

Genotyping and sequencing were performed to identify RPE cell lines generated by
CRISPR/Cas9 with deletion of all three L22 consensus sequences in MDM4 intron 6. For DNA
isolation, a 2 mL aliquot of cell suspension was centrifuged briefly (3000 rpm, 5 min, 4 °C) and
pellets were washed once with PBS. Each pellet was resuspended in 50 pL 0.1% SDS
shearing buffer (1% Triton X-100, 0.15 M NaCl, 1 mM EDTA [pH 8.0], 0.5 mM EGTA [pH 8.0],
20 mM HEPES [pH 7.6], 0.1% SDS), followed by the addition of 50 uL 10 mM Tris, 100 pL 2x
DNA isolation buffer pH 8.0 (100 mM Tris-HCI [pH 8.8], 20 mM EDTA [pH 8.0], 2% SDS) and
2 pL 20 mg/mL proteinase K (25530049, Thermo Fisher Scientific). Samples were incubated
overnight at 65 °C and 800 rpm, 200 pL 10 mM Tris was added, and DNA was isolated using
the MinElute PCR Purification Kit (28006X4, Qiagen).

For genotyping, MDM4_sli6all_1 primers binding upstream and downstream of the crRNA
binding sites were used. One genotyping PCR sample contained 10 pL OneTaq® Quick-Load®
2X Master Mix (M0486L, New England Biolabs), 1 yL 10 puM forward primer, 1 L 10 pM
reverse primer, 3 uL ddH-0, and 5 uL DNA. The PCR program was a preheating step (2 min,
95 °C), followed by 36 cycles of 95 °C for 30 sec, 56 °C for 1 min and 72 °C for 1.5 min, with
a final step at 72 °C for 5 min. Genotyping PCR products were separated by agarose gel
electrophoresis using SERVA DNA Stain Clear G (39804.01, SERVA) for DNA detection under
a UV illuminator.

DNA samples showing the PCR product sizes expected for successful knockout in genotyping
were sequenced for further confirmation. For this, genotyping PCR products were purified
using MinElute PCR Purification Kit (28006X4, Qiagen), DNA concentration was measured by
spectrophotometry, and samples were sequenced with MDM4_sli6all_2 forward and reverse

primers (Eurofins Genomics).

RNA isolation and real-time quantitative PCR

Cells were washed with PBS and harvested in TRIzol™ reagent containing phenol (15596018,
Life Technologies). For total RNA extraction, 200 pL chloroform per 1 mL TRIzol™ was added.
Samples were centrifuged for phase separation, and the upper aqueous phase was used for
precipitating the RNA by adding 500 pL isopropanol * and optionally 2 uL GlycoBlue
Coprecipitant (AM9516, Thermo Fisher Scientific) +and centrifuging. The RNA pellet was



washed once with 75% ethanol, dried, and resuspended in nuclease-free H,O (AM9939, Life

Technologies). RNA concentration was measured by spectrophotometry.

For reverse transcription, 1 pg total RNA was incubated with 6.25 pM oligo-dT (Metabion) and
1.875 pM random nonamer primers (Metabion) as well as 0.625 mM dNTPs (R0182, Thermo
Fisher Scientific) at 70 °C for 5 min for primer annealing. Next, 10 U of RNase Inhibitor, Human
Placenta (M0307, New England Biolabs) and 25 U of M-MuLV Reverse Transcriptase with
corresponding buffer (M0253, New England Biolabs) were added and the reaction was
incubated at 42 °C for 1 h, followed by 5 min incubation at 95 °C for inactivating the reverse
transcriptase. A control reaction without reverse transcriptase (no reverse transcriptase
control, NRT) was included. Finally, the synthesized cDNA was diluted by adding 130 uL
ddH-0 per 20 pL cDNA reaction mixture and used as a template for real-time quantitative PCR
(RT-gPCR).

For quantification, RT-gPCR was performed in technical duplicates. One well of a 96-well plate
contained one reaction consisting of 1 pL 10 uM forward primer, 1 uL 10 uM reverse primer,
3 UL cDNA, 6 pL ddH.0O, and 14 pL of a homemade RT-gPCR reaction mixture containing
518 mM trehalose (stock in 10 mM Tris pH 8.0), 130 mM Tris-HCI [pH 8.8], 35 mM ammonium
sulphate, 0.017% Tween-20, 0.43% Triton X-100, 5.18 mM MgCl,, 0.43x concentrated SYBR
Green (S7567, Life Technologies), 0.35 mM dNTPs (R0182, Thermo Fisher Scientific), and
35 U/mL Taq polymerase (1800, Primetech). The program used for the thermocycler was a
preheating step (2 min, 95 °C), followed by 45 cycles of 95 °C for 15 sec and 60 °C for 1 min.
Subsequently, a melting curve was generated, followed by a final incubation at 95 °C for

30 sec.

Gene expression levels were normalized to the mRNA levels of the housekeeping gene 36B4,

and the analysis was conducted using the ' ' Ct method.

For semi-quantitative detection of MDM4 and L22L1 splice variants using common primers
leading to products of different sizes for the respective splice variants, RT-qPCR was
performed as usual. Next, 6x DNA Gel Loading Dye (R0611, Life Technologies) was added to
RT-gPCR products and they were separated and visualized by agarose gel electrophoresis
using SERVA DNA Stain Clear G (39804.01, SERVA) for DNA detection under a UV
illuminator. Band quantification was performed using ImageJ. Each band was defined as a
region of interest (ROI) and a background ROI was defined as well. Band intensities were
GHWHUPLQHG DQG UHVXOWLQJ 3PHDQ" YDOXHV RI VDPSOH PLQXV

splice variant ratios.

For detection of additional MDM4 splice variants with primers binding in MDM4 exons 3 and
10 (MDM4_exon3+10_cm_3), a longer RT-gPCR extension step (2 min at 60 °C) was used.



Transcripts were visualized using the 5300 Fragment Analyzer System (Agilent) with the NGS
Fragment Kit (DNF-473-0500, Agilent) and the FA 12-Capillary Array Short, 33cm (A2300-
1250-3355, Agilent).

Immunoblot analysis

Cells were washed with PBS and harvested in lysis buffer, i.e. 14 mM Tris-HCI [pH 7.5],
100 mM NaCl, 9 mM EDTA, 1% Triton X-100, 1% deoxycholate, 0.1% SDS, 2.7 M urea,
supplemented with protease inhibitors (aprotinin, leupeptin hemisulfate, aminoethyl-benzene-
sulfonyl fluoride/Pefabloc, pepstatin A). The samples were briefly sonicated and pushed
through a syringe to disrupt chromatin. Protein concentration was measured using a BCA
protein assay kit (23227, Thermo Fisher Scientific). Equal protein amounts of each sample
were boiled in Laemmli buffer at 95 °C for 5 min and separated by SDS-PAGE. Proteins were
transferred to a nitrocellulose membrane. Membranes were blocked with 5% (w/v) non-fat milk
in TBS containing 0.1% Tween-20 for 1 h and incubated with the primary antibodies at 4 °C
overnight. Next, membranes were incubated with horse radish peroxidase (HRP)-conjugated
secondary antibodies (donkey anti-mouse or anti-rabbit IgG, Jackson ImmunoResearch Labs),
followed by protein detection using either Immobilon Western HRP Substrate (WBKLS0500,
Geyer/Millipore) or SuperSignal West Femto Maximum Sensitivity Substrate (34095, Thermo

Fisher Scientific).

For Coomassie dye staining, Quick Coomassie Stain (NB-45-00078-1L) was used, followed

by 0.5 M NacCl for de-staining and ddHO for gel storage.

RNA immunoprecipitation of plasmid-encoded RNA

For RNA immunoprecipitation (RIP) to precipitate FLAG-tagged L22 and its bound exogenous
RNAs, following overexpression of MDM4 reporter plasmid and FLAG-L22 plasmid, cells
grown on six wells of 6-well plates per sample were washed once with PBS, and RNA and
protein were crosslinked with 0.75% paraformaldehyde (PFA) in PBS for 10 min. Fixation was
guenched by adding 0.125 M glycine for 5 min. Next, cells were washed once with PBS and
harvested on ice in RIP high salt buffer (500 mM NacCl, 50 mM Tris [pH 7.5], 5 mM EDTA
[pH 8.0], 0.5% NP-40), supplemented with protease inhibitors (11836170001, Sigma-Aldrich)
and, in case of samples used not only for protein but also for bound RNA precipitation, with
0.1 U/uL RNase inhibitor RNasin (RNAsIn #4 DG3275, kindly provided by D. Gorlich). All
following steps were performed on ice. Samples were pushed through a syringe and sonicated

to disrupt chromatin, followed by centrifugation for 10 min at 16100 rcf and 4 °C to remove cell



debris, proceeding with the supernatant. The cell lysate was pre-cleared with Protein G
Sepharose (115544935, Thermo Fisher Scientific) for 2 h at 4 °C, and 5% of each sample was
preserved as input. This was followed by an overnight incubation at 4 °C with 30 pL (15 pL
beads) per sample of Anti-FLAG M2 Affinity Gel (A2220, Sigma-Aldrich). Additionally,
20 pg/mL yeast RNA (AM7118, Thermo Fisher Scientific) was added for this precipitation step
as a competitor RNA. Beads were washed three times with RIP high salt buffer and three times
with RIP low salt buffer (5 mM NaCl, 50 mM Tris [pH 7.5], 5 mM EDTA [pH 8.0], 0.5% NP-40),
supplemented with protease inhibitors and RNase inhibitor as described above. Samples only
used for protein precipitation were washed once more with RIP high salt buffer. Beads were
then resuspended in Laemmli buffer and boiled at 95 °C for 5 min prior to SDS-PAGE and
immunoblot analysis using FLAG antibody covalently conjugated to horse radish peroxidase
for detection of precipitated L22 (A8592, Sigma-Aldrich).

For samples also used for RNA precipitation, a digestion with RNase Ill (AM2290, Thermo
Fisher Scientific) was performed to generate smaller fragments from precipitated RNAs. For
this, beads were incubated with 0.05 U/uL RNase Ill and corresponding buffer at 37 °C for
30 min, followed by another washing step with RIP high salt buffer. The RNA-protein
complexes of immunoprecipitation (IP) and input samples were then decrosslinked by adding
0.4 pg/pL proteinase K (25530049, Thermo Fisher Scientific) in RIP high salt buffer for 1 h at
60 °C. 500 uL TRIzol™ reagent was added per sample to input and beads, and RNA was
isolated as usual. Each RNA pellet was resuspended in 11 pL nuclease-free H,O, and DNase
treatment was performed by incubating 8.8 uyL RNA with 2 U DNase |, RNase-free with
corresponding buffer (EN0521, Thermo Fisher Scientific) and 20 U RiboLock RNase Inhibitor
(EO0381, Thermo Fisher Scientific) at 37 °C for 30 min. Next, 4.5 mM EDTA was added and
samples were incubated at 65 °C for 10 min for DNase inactivation. 10 pL from 22 uL DNase-
treated RNA was used as a template for reverse transcription as described above, except that
RNA was incubated with 6.25 uM random nonamer primers. An NRT control reaction was
included for each sample. Finally, the synthesized cDNA was diluted by adding 130 pL ddH.0O
per 20 yL reaction mixture, and used as a template for RT-gPCR. The quantification of the RT-

gPCR signal was performed relative to the input.

RNA immunoprecipitation of endogenous RNA

For RNA immunoprecipitation (RIP) to precipitate FLAG-tagged L22 and its bound
endogenous RNAs, HEK293 Flp-In L22-FLAG cells and parental control cells, grown on two
10 cm plates per sample, were treated with 1 pg/mL tetracycline (87128, Sigma-Aldrich) for
24 h to induce the expression of FLAG-tagged L22. Cells were washed twice with PBS and
harvested on ice in RIP lysis buffer (100 mM NaCl, 50 mM Tris [pH 7.5], 0.5% NP-40),



supplemented with protease inhibitors (11836170001, Sigma-Aldrich) and with 0.1 U/uL
RNase inhibitor RNasin (RNAsIn #4 DG3275, provided by D. Gdrlich). Samples were pushed
through a syringe and sonicated to disrupt chromatin. CaCl, was added to 5 mM, followed by
the addition of 0.001 gel U/uL micrococcal nuclease (MNase) and incubation for 1 h at 25 °C
with shaking (500 rpm), to release RNA from chromatin and to induce limited fragmentation.
EGTA (pH 8.0) was added to 20 mM for MNase inactivation, and the NaCl concentration was
increased to 500 mM. Centrifugation for 10 min at 16000 rcf and 4 °C was performed to
remove cell debris, the supernatant was pre-cleared with Protein G Sepharose (115544935,
Thermo Fisher Scientific), and 5% of each sample was preserved as input. Each sample was
then incubated with 30 pL (15 pL beads) of Anti-FLAG M2 Affinity Gel (A2220, Sigma-Aldrich)
overnight at 4 °C.

Beads were washed three times with RIP high salt buffer (500 mM NacCl, 50 mM Tris [pH 7.5],
0.5% NP-40, 20 mM EGTA [pH 8.0]) supplemented with protease and RNase inhibitors, three
times with RIP low salt buffer containing 5 mM NaCl, and once more with RIP high salt buffer.
The input samples were diluted by adding an equal volume of nuclease-free H,O to lower the
NaCl concentration to 250 mM. 250 uL TRIzol™ reagent was added per sample to input and
beads, and RNA was isolated. Each RNA pellet was resuspended in 11 pL nuclease-free H-0.
4 uL RNA was used as a template for reverse transcription, using a mixture of 3.125 uM
random nonamer primers and 0.625 pM (68 ng) of the MDM4_in vitro PCR_22 nt_WT reverse
primer. The same primer was also used for PCR and reverse transcription steps in the in vitro
RNA-protein binding assay (see below). An NRT control was included for each sample. The
synthesized cDNA was diluted by adding 130 pL ddH-O to 20 L reaction volume and used as
a template for RT-gPCR. The quantification of the RT-gPCR signal was performed relative to
the input.

In vitro RNA-protein binding assay

For MDM4 wildtype and mutant transcript preparation, the MDM4 reporter plasmids FMv2-
MDM4 and FMv2-MDM4_mut_1,2,3 served as templates for generation of PCR products
which then were used for in vitro transcription. For the PCR, MDM4_in vitro PCR_42 nt WT
(forward) and MDM4_in vitro PCR_22 nt_WT (reverse) primers for the wildtype plasmid, and
primers with the respective nucleotide changes for the mutant plasmid were used to generate
a 168 nt PCR product from MDM4 intron 6 containing the three L22 consensus sequences.
The forward primers contained the T7 RNA polymerase promoter sequence at their « HQG
One PCR reaction sample with a total volume of 100 yL contained 50 uL OneTag® Quick-
Load® 2X Master Mix (M0486L, New England Biolabs), 5 L 10 uM forward primer, 5 uL 10 uM

reverse primer, and 5 pg plasmid DNA. The same PCR program as for genotyping was used.



PCR products were purified using the MinElute PCR Purification Kit (28006X4, Qiagen). In
vitro transcription, followed by DNase | digestion for removal of template DNA, was performed
using TranscriptAid T7 High Yield Transcription Kit (KO441, Thermo Fisher Scientific), with
5 pg purified PCR product serving as template for 100 pL reaction. PCR products and in vitro
transcripts were visualized by agarose gel electrophoresis for validation and estimation of

transcript concentration.

The protocol for the in vitro RNA-protein binding assay was based on the protocol used in a
previous stud A glutathione S-transferase (GST)-L22 fusion proteior, as control, GST
(from the plasmid pGEX-3X) were expressed in E. coli DH5 D One liter of bacterial culture,
with an optical density at 600 nm of 0.7, was induced with 1 mM isopropyl ED-1-
thiogalactopyranoside (IPTG) for 3 h at 30 °C. For lysis, bacterial pellets were resuspended in
10 mL lysis buffer (20 mM Tris-HCI [pH 8.0], 100 mM NaCl, 1 mM EDTA [pH 8.0], 0.5% NP-
40, 0.5% Emercaptoethanol, 0.5 mM Pefabloc, 0.5 pg/mL pepstatin A, 0.5 pg/mL aprotinin,
0.5 yg/mL leupeptin hemisulfate) and lysed by sonication. The NaCl and aprotinin
concentrations were increased to 500 mM and 0.5 mg/mL, respectively. Lysates were
centrifuged for 15 min at 12000 rcf and 4 °C, proceeding with the supernatant. Glycerol was
added to 20% (vol/vol). 750 uL lysate (in case of GST diluted 1:25 in bacterial lysis buffer
containing 500 mM NacCl) was incubated with 10 L (packed volume) of glutathione sepharose
beads for 30 min at 4 °C and washed four times with washing buffer (lysis buffer containing
500 mM NaCl and 0.035% Emercaptoethanol). The amounts of lysate were adjusted to result
in a pulldown of ca. 20 pug protein. The in vitro transcript was diluted in binding buffer (20 mM
Tris-HCI [pH 7.5], 500 mM NaCl, 0.1 mM EDTA [pH 8.0], 1 mM MgCl,, 0.05% NP-40, 1 mM
dithiotreitol, 0.5 mM Pefabloc, 0.5 pg/mL pepstatin A, 0.5 pg/mL aprotinin, 0.5 pg/mL leupeptin
hemisulfate, 0.1 U/puL RNasin [RNAsIn #4 DG3275]) for a transcript concentration of 20 ng/pL.
500 pL (ca. 10 ug RNA) of the MDM4 wildtype or mutant transcript, diluted in binding buffer,
were incubated with the beads containing bound GST or GST-L22 for 1 h at 4 °C, followed by
five times short and one time long (30 min) washing with binding buffer. 25 uL of each transcript
dilution, corresponding to 5% of the volume used per reaction, were preserved as input and
diluted with nuclease-free H,O to lower the NaCl concentration to 100 mM prior to RNA

isolation.

250 uL TRIzol™ reagent was added per sample to input and beads, and RNA was isolated.
Each RNA pellet was resuspended in 11 pL nuclease-free H,O. 1 pL of fourfold diluted RNA,
corresponding to up to 100 ng RNA per sample, was used as a template for reverse
transcription as described above, but with 68 ng of the reverse primer (wildtype or mutant)
used for the PCR to generate the template for the in vitro transcription. An NRT control was

included for each sample. The cDNA was diluted by adding 130 pL ddH,O per 20 uL reaction



mixture. A 1:10000 dilution was prepared and served as a template for RT-gPCR using
MDM4_in vitro gPCR_1 primers, leading to a 70 nt PCR product for both wildtype and mutant
transcripts. The quantification of the RT-qPCR signal was performed relative to the input.

Fluorescence anisotropy assays

GST—L20r GST (from pGEX-3X) were expressed in E. coli BL21 (C2530H, New England
Biolabs). Two liters of bacterial culture, with an optical density at 600 nm of 0.7 to 1.1, were
induced with 1 mM IPTG for 3 h at 30 °C. For lysis, bacterial pellets were resuspended in
20 mL lysis buffer (20 mM Tris-HCI [pH 8.0], 100 mM NaCl, 1 mM EDTA [pH 8.0], 0.5% NP-
40, 0.5% Emercaptoethanol, 0.5 mM Pefabloc, 0.5 pg/mL pepstatin A, 0.5 pg/mL aprotinin,
0.5 pg/mL leupeptin hemisulfate) and sonicated. The NaCl and aprotinin concentrations were
increased to 500 mM and 0.5 mg/mL, respectively. Lysates were centrifuged for 15 min at
12000 rcf and 4 °C, proceeding with the supernatant, and glycerol was added to 20% (vol/vol).
The lysate was incubated with 350 puL (packed volume) of glutathione sepharose beads
(divided into two identical reactions) overnight at 4 °C, followed by four washes with washing
buffer (lysis buffer containing 500 mM NaCl and 0.035% Emercaptoethanol) and two washes
with washing buffer containing only 100 mM NaCl. The GST and GST-L22 proteins were eluted
with 1 mL elution buffer containing 50 mM glutathione (20 mM Tris-HCI [pH 7.5], 100 mM
NaCl, 0.1 mM EDTA [pH8.0], 1 mM MgCl,, 0.05% NP-40, 1 mM dithiotreitol, 50 mM
glutathione, 0.5 mM Pefabloc, 0.5 pg/mL pepstatin A, 0.5 pug/mL aprotinin, 0.5 pg/mL leupeptin

hemisulfate) overnight at 4 °C.

For fluorescence anisotropy measurements, proteins were first dialyzed against anisotropy
buffer (20 mM Tris-HCI [pH 7.5], 100 mM NaCl) overnight at 4 °C using Slide-A-Lyzer MINI
Dialysis Devices (69570, Thermo Fisher Scientific). Protein concentration was measured using
a Bradford protein assay kit (1856210, Thermo Fisher Scientific). Increasing concentrations of
protein (GST or GST-L22) ranging from 0 uM to 0.8 uM were briefly incubated with 20 nM of

e |OXRUHYV FHhballed RINA (Integrated DNA Technologies) in anisotropy buffer at RT,
with a sample volume of 120 pL. The RNA comprised the wildtype or mutant sequence of the
first L22 consensus motif in MDM4 intron 6 and was named MDM4 16 L22BM_WT and
MDM4_16_L22BM_MUT accordingly. For measurement, the samples were transferred to a
Quartz Suprasil® 10x2 mm high precision cuvette (105-250-15-40, Hellma). Fluorescence
anisotropy measurements were performed on a FluoroMax-4 spectrofluorometer (HORIBA
Scientific) with the FluorEssence V3.9 software at 30 °C, making use of the EXT-440 Liquid
Cooling System (Koolance) and the Temperature Control TC125 (Quantum Northwest). The

excitation and emission wavelengths were set to 493 nm and 517 nm, respectively. Excitation



slit width was set to 5 nm and emission slit width to 10 nm. The integration time was 1 sec, the
maximal trials per sample were set to 5 and the target standard error was 5%. Between
measurements, the cuvette was cleaned three times with ddH.O, once with methanol, and
dried by pressured air. The G factor measured for buffer and respective RNA without protein
served as a correction factor during measurements. Data were analyzed using the following

equation:

6
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where rg is the anisotropy of free RNA, ‘rmax is the amplitude, and [protein]o: and [RNA]w: are
the total protein and total RNA concentrations respectively. The data were fitted and maximum
binding values were calculated using GraphPad Prism software.

Immunofluorescence

Cells were grown in 8-well chambers on PCA slides with removable frame (946140802,
Sarstedt). They were fixed in 3.7% PFA in PBS for 30 min, rinsed with PBS, and permeabilized
with 0.5% Triton X-100 in PBS for 30 min. After 2x 5 min washing with PBS, blocking solution
(10% FBS 0.1% Tween-20 in PBS) was added to the cells for 10 min, followed by incubation
with primary antibody produced in rabbit, diluted in blocking solution, at 4 °C overnight. Cells
were washed 2x 5 min with PBS, and secondary antibody (Alexa Fluor 488 goat anti-rabbit; A-
11034, Thermo Fisher Scientific) (1:500) and 4',6-diamidino-2-phenylindole (DAPI; D9542,
Sigma-Aldrich) (1:3000) diluted in blocking solution were added for 1 h at room temperature.
Two more washing steps with PBS were performed, gaskets were removed and slides were
mounted onto coverslips using Fluorescence Mounting Medium (S302380-2, Agilent). Images
were acquired using a Zeiss Axio Scope.Al fluorescence microscope with 40x and 100x
magnifications and further analyzed with ImageJ. For quantification of nuclear L22, the DAPI
channel was used to create binary images (segmentation) to define the nuclei as regions of
interest (ROIs). These ROIs were then used to quantify the L22 signal within these regions.

Mean fluorescence intensity values were visualized.

MDM4 splicing reporter plasmid generation

FMv2 (control plasmid) was generated by inserting the following sequences into the
pcDNA3.1/Hygro(+) vector containing the CMV promoter using the restriction enzymes Nhel
and Xhol: the mCherry coding region, the 5« HQG RGRAN e WKH < BNDGntROh



D OXOWLSOH &0RQLQJ 6LWBHMDOKBW WRIQH + DIQG \WKeEFR HQG RI

gene. FMv2-MDM4 (MDM4 splicing reporter plasmid) was generated by inserting the following

sequences into the MCS of FMv2 using the restriction enzymes Hindlll and BamHI: WKH <« HQG

(34 bp) of MDM4 intron 5, MDM4 exon 6 (68 bp), and the 5« HQ G bp) of MDM4 intron 6

containing all three L22 consensus sequences. For both plasmids, the GeneArt Gene

Synthesis service (Thermo Fisher Scientific) was used. Different FMv2-MDM4 versions

containing mutations or deletions of single or combined L22 consensus sequences in MDM4

intron 6 were generated by QuikChange site-directed mutagenesis (200516, Agilent).

MDM4 splicing reporter assay

The principle of this assay is as follows: upon overexpression of either FMv2 or FMv2-MDM4
or its mutated versions in cells, mCherry protein is constitutively expressed and serves as a
transfection marker. eGFP, the sequence of which is split into two parts in all plasmids, is also
constitutively expressed upon FMv2 overexpression, but only if the MDM4 exon 6 is skipped
in case of FMv2-MDMA4 (or variant) overexpression, thus serving as a splicing marker.

For the assay, cells were grown on 24-well plates (3524, Corning Costar/Geyer), transfected
with control (ctrl) or L22 (L22) siRNAs for 72 h, and with control plasmid (FMV2 MDM4
reporter plasmid (FMv2-MDM4) or different FMv2-MDM4 versions for 48 h. Using the ZEISS
Celldiscoverer 7 live cell fluorescence microscope with 5x magnification, red fluorescence
(mCherry, exposure time 100 ms, intensity 30%) and green fluorescence (eGFP, exposure

time 20 ms, intensity 30%) were detected, and five to six images per well were taken.

Images were further analyzed with ImageJ. The mCherry channel was used to create binary
images (segmentation) to define strongly transfected cells (i.e., cells with high mCherry
intensity above a threshold) as regions of interest (ROIs). These ROIs were then used to
guantify the eGFP signal within these regions. 7TKH DYHUDJH RI DOO UHVXOWLQJ 3P}

calculated and the L22/ctrl ratio of these values was determined.

Cell confluence measurements

Cells were plated on 24-well plates (3524, Corning Costar/Geyer) and continuously treated
with the indicated compounds starting on the day after seeding, with a refreshment of treatment
every other day. On each day of treatment, cell confluence was measured and analyzed using
the Celigo Adherent Cell Cytometer.



Quantification and statistical analysis

Statistical analysis was performed using GraphPad Prism software. Unpaired Student 's t-test

was used for statistical analysis of RT-gPCR, fluorescence anisotropy, agarose gel band
guantification, reporter experiments, quantification of cytoplasmic versus nucleoplasmic

intensities of the L22 immunofluorescence signal, and confluence measurements. Mann-

Whitney U test was used for statistical analysis of quantification of single nuclear intensities of

/ LPPXQRIOXRUHVFHQFH VLIQDO 1V QRW VLJQLILFDQW 3"
37 All of the statistical details can be found in the figure legends.
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MDM4 intron 6 3' of L22 motifs reverse Metabion N/A
5'-TGAACTTAACTGCAACACGCC-3'

MDM4_exon3+10_cm_3 forward Metabion N/A
5'-CAGGTGCGCAAGGTGAAATG-3'

MDM4_exon3+10_cm_3 reverse Metabion N/A
5'-AGGTAACCTCTACATCGGTATCA-3'

MDM4_in vitro PCR_22 nt_mut reverse Metabion N/A
5-GGTTCAGACTCTGGAAGTCTGT-3'

MDM4_in vitro PCR_22 nt_WT reverse Metabion N/A
5'-GGTTCAGAGACTGGAACTCTGT-3'

MDM4 _in vitro PCR_42 nt_mut forward Metabion N/A

5'-
TAATACGACTCACTATAGGGTTTTGTTGTACAG
ACTGGCCCC-3




MDM4 _in vitro PCR_42 nt WT forward Metabion N/A
15'AATACGACTCACTATAGGGTTTTGTTGTACAG

AGTGGCCCC-3

MDM4_in vitro gPCR_1 forward Metabion N/A
5'-AAGACCTTTCCCTGAATGTGGT-3'

MDM4 _in vitro gPCR_1 reverse Metabion N/A
5-TCTGTCCCTGGTCTGTGAACTC-3'

MDM4_sli6all_1 forward Metabion N/A
5'-TCAGACTCTCGCTCTCGCAC-3'

MDM4_sli6all_1 reverse Metabion N/A
5'-AAGGCAACACCTCTCCTCAAC-3'

MDM4_sli6all_2 forward Metabion N/A
5-TCTCGCACAGGATCACAGTATG-3'

MDM4_sli6all_2 reverse Metabion N/A
5'-CCTCAACCCACTGTGAGCAAA-3'

MDM4-FL forward (K. Wohlberedt) Metabion N/A
5'-CTCAGACTCTCGCTCTCGCA-3'

MDM4-FL reverse (K. Wohlberedt) Metabion N/A
5'-CTCAAATCCAAGGTCCAGCCT-3

MDM4-S forward Metabion N/A
5'-CTACTGGGACGTCAGAGCTTC-3'

MDM4-S reverse Metabion N/A
5'-CCTCTGCACTTTGCTGTAGTA-3'

Nascent p21 forward (K. Henningsen) Metabion N/A
5'-AGACCAGCATGACAGGTGCG-3'

Nascent p21 reverse (K. Henningsen) Metabion N/A
5'-GCCTGGCATAATGAACATTCCCA-3'

Oligo-dT Metabion N/A
S5"“TTTTTTTTTTTTTTTTTTTTTTTV-3" with wobble

N 3' modification

p21 forward (V. Manzini) Metabion N/A
5-TAGGCGGTTGAATGAGAGG-3'

p21 reverse (V. Manzini) Metabion N/A
5'-AAGTGGGGAGGAGGAAGTAG-3'

p53 forward (V. Manzini) Metabion N/A
5'-ATGGAGGAGCCGCAGTCAGATC-3'

p53 reverse (V. Manzini) Metabion N/A
5'-GGGAGCAGCCTCTGGCATTCTG-3'

Puma forward (V. Manzini) Metabion N/A

5'-GACGACCTCAACGCACAGTA-3'




Puma reverse (V. Manzini) Metabion N/A

5'-CTAATTGGGCTCCATCTCG-3'

Random nonamer Metabion N/A

5'-NNNNNNNNN-3'

L11 forward Metabion N/A

5'-GATCCTTTGGCATCCGGAGAA-3'

L11 reverse Metabion N/A

5'-CAGGCCGTAGATACCAATGCT-3'

L5 forward Metabion N/A

5'-CAGCGTATGCACACGAACTG-3'

L5 reverse Metabion N/A

5'-AACCTATTGAGAAGCCTGCGG-3'

S13 forward Metabion N/A

5'-AGGGACTTGCTCCTGATCTTCC-3'

S13 reverse Metabion N/A

5'-ACCAGGGCAGAGGCTGTAGAT-3'

UBAP2L-201 forward Metabion N/A

5'-CAGCAGCCGCATTCTCAGAT-3'

UBAP2L-201 reverse Metabion N/A

5'-CCAAGCTGGTCATCGACGAAA-3'

UBAP2L-207 forward Metabion N/A

5'-TGCCTTCAGCCCTAGGAAGT-3'

UBAP2L-207 reverse Metabion N/A

5'-AGCTGTAGCTGTTGTAGGCAG-3'

ZMAT3 forward Metabion N/A

5'-ATCCTCAGAGCTGGGTCAAC-3'

ZMAT3 reverse Metabion N/A

5'-TGGCCACTTGGAGTAACACA-3'

L22 fw_Kozak BamHI N/A N/A

,SATATATGGATCCG CCACCATGGCTCCTGTGAA

AAAGCTTGTGG-3'

L22_rv_Nhel_nostop N/A N/A

iTATATGCTAG CATCCTCGTCTTCCTCCTCTTC

TTCG-3'

Recombinant DNA

FMv2 (control) Based on previous Project ID
study?#; this paper; 2023AAAUVC

Thermo Fisher
Scientific (GeneArt
Gene Synthesis)




FMv2-MDM4 (reporter)

This paper; Thermo
Fisher Scientific
(GeneArt Gene
Synthesis)

Project ID
2023AAA6HC

FMv2-MDM4_del_1,2,3

This paper (generated
from FMv2-MDM4
using FMv2-
MDM4_KO1 primers)

N/A

FMv2-MDM4_mut_1

This paper (generated
from FMv2-MDM4
using FMv2-
MDM4_A1+2 primers)

N/A

FMv2-MDM4_mut_1,2,3

This paper (generated
from FMv2-
MDM4_mut_1+3 using
FMv2-MDM4_B1+2
primers)

N/A

FMv2-MDM4_mut_1+2

This paper (generated
from FMv2-
MDM4_mut_2 using
FMv2-MDM4_A1+2
primers)

N/A

FMv2-MDM4_mut_1+3

This paper (generated
from FMv2-
MDM4_mut_1 using
FMv2-MDM4_C1+2
primers)

N/A

FMv2-MDM4_mut_2

This paper (generated
from FMv2-MDM4
using FMv2-
MDM4_B1+2 primers)

N/A

FMv2-MDM4_mut_2+3

This paper (generated
from FMv2-
MDM4_mut_3 using
FMv2-MDM4_B1+2
primers)

N/A

FMv2-MDM4_mut_3

This paper (generated
from FMv2-MDM4
using FMv2-
MDM4_C1+2 primers)

N/A

pPcDNA5-L22-FLAG

This paper (generated
from Bohnsack lab
plasmid pMB187 using
primers
L22_fw_Kozak_BamHI
and
L22_rv_Nhel_nostop)

N/A

pCMV6Entry (empty control) Origene/VWR Cat# PS100001
pCMV6EnNtry-L22 Origene Cat# RC208910
pCMV6ENtry-L22L1 Origene Cat# RC211790




pGEX-3X Provided by Prof. N/A
Ralph Kehlenbach,
Géttingen

pOG44 Thermo Fisher Cat# V600520
Scientific

Software and algorithms

BioRender BioRender https://app.biorender.c

om

Fijiv. 2.0.0 NIH N/A

Image Lab v. 5.2.1 Bio Rad N/A

Prismv. 9.3.1 GraphPad N/A

RNAfold web server Institute for Theoretical http://rna.tbi.univie.ac.
Chemistry, University at/cgi-
of Vienna bin/RNAWebSuite/RN

Afold.cgi
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Figure 7

Unstressed cells

Nucleolar stress



Supplementary figures and legends

Supplementary Figure 1: Gene expression upon L22, L22L1, MDM2 and MDM4
depletion, and nucleoplasmic accumulation of L22 upon 5-FU or BMH-21

treatment.

A. RPE cells were transfected with siRNAs to deplete L22, L22L1, MDM2, or MDM4, or with

control (ctrl) siRNA, for 48 h. RT-gPCR analyses to detect the indicated target mMRNAs were

performed, with normalization to the 36B4 (housekeeping gene) mRNA level and then to the

control sample. The average of three biological replicates is depicted. Error bars, standard

error of the mean. The statistical significance was assessed by an unpaired 6 W X G H @3tV |V

QV QRW VLJQLILFDQW 3" 3" B.-8” RPE cells were”

treated with 10 or 20 uM 5-fluorouracil (5-FU) or 1 uM BMH-21 for 24 h or 48 h to induce

nucleolar stress, or they were control-treated (ctrl). B.-F. Corresponding to Figure 1C-E.
Immunofluorescence was performed to detect L22. B.-C. Representative images (100x

objective, bar: 40 um) of the nuclear (DAPI, blue) and L22 (green) staining upon 24 h (B) and

48 h treatment (C). D.-E. Quantification of nuclear intensities of L22 signal in single cells upon

24 h (D) and 48 h (E) treatment. Red lines represent the mean fluorescence intensity values.

A minimum of 180 cells were quantified for each condition. The statistical significance was

assessed by a Mann-Whitney U test. F. Quantification of cytoplasmic versus nucleoplasmic

intensity of the L22 signal. At least 150 cells were analyzed in each case. The average of three
ELRORJLFDO UHSOLFDWHY LV GHSLFWHG 7KRHQV W BWLR/S\OLF\DROL I/ L
QXFOHRSODVPLF DQG *F\WRSODVPLF QXFOHRSODVPGF" zZzDV DV
Western blot analysis monitoring the levels of the indicated proteins upon induction of nucleolar

stress by treatment with 10 or 20 pM 5-FU or 1 uyM BMH-21 for 24 h. *, background band.















































































































































































































