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Role of the RNA-binding protein La in cancer pathobiology
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ABSTRACT

RNA-binding proteins are important regulators of RNA metabolism and are of critical importance in all
steps of the gene expression cascade. The role of aberrantly expressed RBPs in human disease is an
exciting research field and the potential application of RBPs as a therapeutic target or a diagnostic
marker represents a fast-growing area of research.

Aberrant overexpression of the human RNA-binding protein La has been found in various cancer
entities including lung, cervical, head and neck, and chronic myelogenous leukaemia. Cancer-associated
La protein supports tumour-promoting processes such as proliferation, mobility, invasiveness and
tumour growth. Moreover, the La protein maintains the survival of cancer cells by supporting an anti-
apoptotic state that may cause resistance to chemotherapeutic therapy.

The human La protein represents a multifunctional post-translationally modified RNA-binding protein
with RNA chaperone activity that promotes processing of non-coding precursor RNAs but also stimu-
lates the translation of selective messenger RNAs encoding tumour-promoting and anti-apoptotic
factors. In our model, La facilitates the expression of those factors and helps cancer cells to cope with
cellular stress. In contrast to oncogenes, able to initiate tumorigenesis, we postulate that the aberrantly
elevated expression of the human La protein contributes to the non-oncogenic addiction of cancer cells.
In this review, we summarize the current understanding about the implications of the RNA-binding
protein La in cancer progression and therapeutic resistance. The concept of exploiting the RBP La as
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a cancer drug target will be discussed.

1. The RNA-binding protein La

RNA-binding proteins (RBPs) are important regulators of
RNA metabolism and are of critical importance in all steps
of the gene expression cascade. Over 2,000 RBPs are known
and they interact with RNA via different binding surfaces[1],
[2]. The role of aberrantly expressed RBPs [3-5] in human
disease, such as cancer, but also viral infections, is an impor-
tant and exciting research field and the potential application
of RBPs as either a therapeutic target or a diagnostic marker
represents a fast-growing research field.

The RBP La was first described in systemic autoimmune
diseases such as Lupus-associated (La) or Sjogren’s syndrome
B (SSB) auto-antigen [6,7]. The ubiquitously expressed La
protein has three RNA-binding domains referred to as La
motif, RNA Recognition Motif 1 (RRMI1) and RNA
Recognition Motif 2 (RRM2) (Fig. 1) [8-14]. The La motif
together with the RRM1 comprise the so-called ‘La module’,
a feature characterizing all family members of La-related
proteins (LARPs) [9,10,15-18] of which some are cancer-
associated [19-26]. Interestingly, in contrast to the La homo-
log found in yeast (Saccharomyces cerevisiae, referred to as
Lhpl; and Schizosaccharomyces pombe La, referred to as
Slalp) the La homologs in mammalian, drosophila, amoeba
(Dictyostelium  discoideum), and flagellate  protozoa
(Trypanosoma brucei) contain, in addition to the La module,
the RRM2 located in the C-terminal region [8,10,27]. Whereas

the La module is mainly involved in binding to the uridiny-
lated 3'-terminus common to the 3’end of all RNA Pol III
transcripts, the additional RNA-binding domain RRM2 allows
binding of the La protein to internal RNA sequences/struc-
tural elements as found in viral and cellular target mRNAs.
For binding of internal RNA sequences or structures both
RNA-binding domains, RRM1 and RRM2, are required
[16,28-30]. It is considered that the RRM2 confers cellular
functions to La proteins, which cannot be fulfilled by yeast La
homologs. Besides its RNA-binding domains, La has a nuclear
localization signal (NLS) [31], a nucleolar localization signal
(NoLS) [32,33], a nuclear retention element (NRE) [31,34,35],
and amino acid residues in RRM1 implicated in the nuclear
export of La [34] ensuring nuclear-cytoplasmic shuttling
[31,36-41] of the otherwise mostly nuclear localized La pro-
tein. The La protein contains a dimerization domain between
amino acids 293 to 348 in its C-terminal domain [42].
Although a minimal dimerization motif has not been estab-
lished, the deletion of those amino acids prevents dimeriza-
tion and addition of the recombinant expressed dimerization
domain impairs in vitro translation. It is considered that the
expression of this dimerization domain acts in a dominant-
negative manner in cells [43-45].

It has been suggested earlier that the La protein possesses
helicase activity [46,47]. Furthermore, it is well described that
La is an RNA chaperone assisting structural changes in
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Figure 1. Domain structure and key PTMs of human La protein (hLa, 408 aa).
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RRM = RNA Recognition Motif; green box = RiboNucleoProtein (RNP) motif; RCD = RNA chaperone domain (amino acids required for RCD-1 activity are located in the
loop 3 and the 53 helix of RRM1) [29,52,53]; NRE = Nuclear Retention Element [31,34,35]; NoLS = Nucleolar Localization Signal [32,33]; NLS = Nuclear Localization
Signal [31]; D = Dimerization domain [42]; IDR = Internal Disordered Region [54]; PTM = PostTranslational Modification; S = Sumoylation site [111,113]; P

= Phosphorylation site [29,37,100,101].

different RNA elements [48-51]. Two RNA chaperone
domains (RCD-1) [52,53] and RCD-2 [29] have been identi-
fied previously. Furthermore, La contains three intrinsic dis-
ordered regions (IDRs) that are probably involved in RNA
folding and the processing of bound RNA molecules [54].
Comparing structural information available for the La motif,
RRMI, and RRM2 located adjacent to the IRDs, we find that
the IDR boundaries are not sharply defined. The first IRD
starts with the N-terminal end of hLa and ends approximately
at aa 15 [54], however structural information available for the
N-terminal end of the La motif suggests an overlap of a few
amino acids with a helical fold of La [17,18,55]. The second
IRD (approximately aa 187 to 228, [54]) located in the linker
region between RRMI1 and RRM2 has no obvious overlap
with protein folds at the C-terminal end of RRM1 or the
N-terminal end of RRM2. In contrast, the alpha helix (aa
308 to 325) located at the C-terminal end of RRM2 [27]
overlaps with the predicted start of the third IRD (approxi-
mately aa 318 to 408, [54]). Hence, until a full structure of
RNA-associated La is determined, the exact boundaries
between the IRDs and the RNA-binding domains will remain
elusive.

The multifunctional La protein has been described as pro-
moting two critical cellular processes: (I) the processing of
non-coding RNA precursors and (II) the translation of selec-
tive mRNAs. Via the La module, La binds to the uridinylated
3'-terminus (UUU-3'OH) of RNA polymerase III precursor
transcripts such as pre-tRNAs and protects them from exo-
nucleolytic decay and ensures proper RNA folding
[10,12,17,18,48,56,57]. The La protein also regulates the
synthesis of specific tRNA-derived miRNAs [58,59] and is
implicated in the biosynthesis of miRNAs by binding to pri-
and pre-precursors [60,61]. The role and function of La in
processing of RNA polymerase III precursor transcripts and
the biogenesis of non-coding RNAs will not be reviewed
herein.

The La protein has been identified as an internal ribosome
entry site (IRES) trans-acting factor (ITAF) in viral RNA
translation [42,62-66] and the translation of IRES-
containing cellular mRNAs, as we will discuss below.

Moreover, recent studies showed that murine La (mLa)
and human La (hLa) proteins are intensively altered by post-
translational modifications (PTM) such as linkage of the small

ubiquitin-like modifier (SUMO) to specific lysine residues
and phosphorylation of specific serine and threonine residues,
as will be reviewed below.

In this review, we will summarize the understanding of
cancer-associated La including known La gene mutations and
aberrant expression level as found in various cancer entities.
The analysis of next-generation sequencing data sets shows
a correlation between increased La expression and patient
survival, as discussed below. Hence, clinical evidence is grow-
ing that elevated La expression contributes to cancer
progression.

We will review PTMs of the La protein and their potential
role in cancer. Finally, we will summarize the status quo about
the role of La in cancer progression, drug resistance,
and associated cellular pathways and molecular mechanisms
regulated by La. The focus of this review is the role of murine
and human La in cancer pathobiology and mRNA translation.

Experiments to directly test whether La is an oncogene,
such as BALB/c-3T3 cell transformation assays, have - to our
knowledge - not been studied yet. However, it has been
shown that small hairpin (sh)RNA-mediated depletion of
mLa in EMT-transformed hepatocytes reduces subcutaneous
tumour growth in murine models [39]. Those experiments
demonstrate that La is required for cancer growth in mice,
although they do not allow concluding that La is an oncogene
per se causing malignant transformation. Commonly, an
oncogene arises by mutations changing the functionality of
the encoded gene to promote cancer pathobiology. So-called
‘driver’ mutations [67] are causing a direct advantage for
cancer cells, oftentimes expressed as a significant gain in
survival and growth, resulting in chemotherapeutic resistance
and unrestricted proliferation of cancer cells. In contrast,
‘passenger’ mutations [67] are considered as a byproduct of
the transformation process and are not oncogenic per se.
Often passenger mutations do not or only indirectly support
cancer progression, whereas some of those mutations are
considered as tremendously important since they support
survival and growth leading to a non-oncogenic addiction of
cancer cells. The concept of non-oncogenic addiction is well
established [68,69] and refers to the function of a specific
cellular factor, which is not an oncogene per se but is required
for cancer cells to cope with cellular stress in order to be
excessively viable, resistant, and aggressive. Cancer cells
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experience a vast amount of stress caused by misregulated
cellular processes developed during the malignant transforma-
tion process such as increased proliferation, genomic instabil-
ity, and metabolic challenges. To overcome this increased
intrinsic stress and to be functional, cancer cells depend on
non-oncogenic addiction genes. As we will argue in this
review, the La gene encodes a non-oncogenic addiction factor
and aberrant expression or post-translational modifications of
La may modulate its non-oncogenic addiction functionality.
In this line, targeting La represents a promising and novel
therapeutic strategy in order to raise the cellular stress of
cancer cells to an unendurable level inevitably resulting in
cancer cell death but sparing normal cells.

2. Expression of La in cancer

Protein expression is regulated at the transcriptional and post-
transcriptional level. The activity of a protein is frequently
regulated by post-translational modifications. In cancer cells,
gene mutations often change the protein expression level or
protein function by altering the amino acid sequence. In this
chapter, we will review the information about cancer-associated
mutations in the human La (hLa) gene and summarize the
knowledge about the mRNA and protein expression of hLa in
cancer.

Almost thirty years ago, it was found that murine La protein
expression is increased by twofold in spontaneously trans-
formed fibroblasts BALB/3T12-3 (contact-insensitive and
tumorigenic) relative to their non-transformed counterpart
cell line BALB/3T3 (contact-sensitive and non-tumorigenic)
as well as in murine sarcoma virus-transformed rat fibroblasts
(KNRK) relative to the non-transformed counterpart cell line
NRK [70]. Thereafter, it has also been shown that the protein
expression of hla is elevated in numerous immortal cell lines
derived from solid tumours and blood cancer tissue relative to
its expression in the corresponding primary cell type [71]. This
study included CD3-enriched peripheral blood lymphocytes
versus Jurkat T-lymphocytes, normal human bronchial epithe-
lium (NHBE) versus A549 bronchogenic carcinoma cells, pros-
tate epithelial cells (PrEC) versus PC-3 and LNCaP prostate
cancer cells, CD14-enriched monocytes versus U937 myeloid
leukaemia cells, buccal cavity epithelial cells versus oropharyn-
geal squamous cell carcinoma SSC-25 cells, and human mam-
mary epithelial cells (HMEC) versus breast cancer MCF-7 and
MDA-MB-231 cells.

Aberrant expression of hla protein in patient-derived
tumour samples was first reported in 2003. In chronic myelo-
genous leukaemia (CML) hLa protein is more abundant in
patient-derived CML-BC (blast crisis) and CML-APe3#+
(accelerated phase) than CML-CP (chronic phase) mononuc-
lear cells [43]. Interestingly, the authors presented data sup-
porting the notion that the hLa protein level is increasing
during CML progression [43]. Furthermore, it has been
shown that hLa levels correlate with BCR/ABL oncoprotein
levels and tyrosine kinase activity. This study gave the first
hint about the molecular mechanism leading to elevated hLa
protein levels in BCR/ABL-transformed cells. Treatment of
BCR/ABL-transformed cells with tyrosine kinase inhibitor
STI571 (Gleevec/Imatinib) revealed that BCR/ABL signalling

leads to enhanced hLa protein level although hLa mRNA levels
stayed unchanged in STI571-treated when compared to con-
trol-treated cells. In addition, the finding that hLa protein
stability dropped from t;,, = 19.8h to t;;, = 11h upon STI571
treatment revealed that BCR/ABL signalling triggers the stabi-
lization of the hLa protein [43]. This observation suggests that
BCR/ABL-induced oncogenic signalling increases hLa protein
levels by a post-transcriptional mechanism.

Subsequently, it has been shown that hLa is not only over-
expressed in haematopoietic malignancies but also in solid
tumours. Tissue microarray analysis revealed significant ele-
vated expression of the hLa protein in cervical squamous cell
carcinoma (SCC) tissue compared to normal tumour adjacent
tissue [72]. The hLa protein level was also aberrantly elevated
in head and neck tumour samples applying an oral cavity
tissue microarray consisting of 9 normal tumour adjacent
tissues and 42 SCC tissues, diagnosed as SCC tissue ranging
from grades I to III [73]. Furthermore, in lung cancer >95% of
tumour cells showed robust nuclear La staining, whereas in
the normal lung tissue samples approximately 50% of cell
nuclei had weak-to-moderate hla staining [74]. Additionally,
hLa protein and mRNA levels were elevated in primary mye-
lofibrosis due to activation of the JAK2 signalling[75]. To
define a potential correlation between hla protein expression
in various tumour entities, tumour grades, and tumour recur-
rence a comprehensive analysis of larger numbers of tumour
tissue samples with matched normal tissue complemented
with patients’ data are required to develop deeper concepts
about the contribution of aberrant hLa expression in cancer
pathogenesis. Moreover, those studies might reveal that hLa
expression can be used as a prognostic marker in certain
cancer entities.

Available next-generation sequencing data combined with
patients’ information allows establishing associations
between transcript levels of the gene of interest and clinical
outcome. We used the R2 website (‘R2: Genomics Analysis
and  Visualization  Platform  (http://r2.amc.nl)  or
PROGgeneV2 - Pan Cancer Prognostics Database (http://
genomics.jefferson.edu/proggene/) to retrieve analysed high-
throughput sequencing data sets from a variety of cancer
entities. Interestingly, the provided data analysis revealed
that high La mRNA expression correlates significantly with
poor survival in some cancer entities - namely neuroblas-
toma, lung adenocarcinoma, and acute myeloid leukaemia
(Fig. 2), however high La mRNA levels are not in all cancer
entities associated with poor survival as found for bladder
cancer or ovarian cancer (not shown). In summary, accu-
mulating data demonstrate that the mRNA and/or protein
level of hLa are aberrantly elevated in various cancer entities
and that high hLa expression often correlates with poor
survival. So far, only little is known about the transcriptional
regulation of the La gene [76-78], the translation of La
mRNA by a potential IRES element located in the 5'-
untranslated region (5'UTR) [78], the regulation of La pro-
tein stability, and cleavage of La protein by specific proteases
[43,79-82]. Hence, the molecular mechanism regulating La
transcription and protein abundance in normal versus can-
cer cells and under various cellular conditions should be
studied in the near future.
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Figure 2. Kaplan Meyer survival curves suggest elevated expression of hLa mRNA as indicator for poor cancer prognosis.

The conclusion that high hLa mRNA expression correlates with low survival is drawn from: A) The neuroblastoma data set SEQC-498 consists of 498 cases including
487 patient samples with low (red) La and 11 with high (blue) La mRNA expression levels, leading to a significant difference (p = 0,027). B) The lung adenocarcinoma
data set TCGA-515 consists of 515 cases including 187 patient sample with low (red) La and 328 with high (blue) La mRNA expression levels, leading to a significant
difference (p = 0,0033). C) The acute myeloid leukaemia data set Bohlander-422 consists of 422 cases including 335 patient sample with low (red) La and 87 with
high (blue) La mRNA expression levels, leading to a significant difference (p = 0,0045). Datasets and Kaplan Meier curves were derived from the R2Platform (https://
r2.amc.nl). Red lines = low La mRNA expression; blue lines = high La mRNA expression.

Not only should the level of protein expression be under
consideration but also the occurrence of cancer-associated
mutations in the gene of interest. To address this question it
is beneficial to use the NCI’s Genomic Data Commons (GDC)
data portal of the National Institute of Health (https://portal.
gdc.cancer.gov) and the cBioPortal for Cancer Genomics devel-
oped at Memorial Sloan Kettering Cancer Centre (www.cbio
portal.org). The retrieved analysed data of 44,366 patients
included in 176 studies revealed a total of 100 mutations in
the hLa gene. By calculating the frequency of mutations in the
hLa gene only 10 out of 35 different cancer entities displayed
an alteration frequency of the hLa gene of more than 1%, with
a maximal frequency of about 4% in bladder/urinary tract
cancer due to gene amplification (Fig. 3). Furthermore, no
significant correlation between the frequency of hlLa gene
mutations and the survival of patients has been found when
combining data of 32 of The Cancer Genome Atlas (TCGA)
PANCancer studies. Even when studying 25 different cancer
entities only in liver cancer and myeloid cancer was hLa gene
amplification and deep deletion significantly associated with

hLa gene [%]
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123456728910
Cancer entities

Figure 3. Alteration frequency of the human La in different cancer entities.

poor survival (data not shown). In addition, hLa gene altera-
tions were not found in cancer entities of the peripheral ner-
vous system, the testis or bone (data not shown). Interestingly,
a few of the 100 alterations within the hLa gene (Fig. 4) may
affect post-translational modifications (PTM) of the hLa pro-
tein (Fig. 5). For example, in colon cancer phosphorylation at
threonine 389 (T389) might be impaired due to the T389R
mutation found in this type of cancer. Furthermore, some
mutations are occurring in close proximity to sites of amino
acid modifications, which could affect the consensus sequence
for a specific PTM. Whether genetic alterations leading to
changes in PTM can cause a cancer-relevant phenotype must
be studied. In summary, mutations in the La gene only
occurred in one-third of the different cancer entities tested
and only rarely was a correlation between La mutations and
patients’ survival observed. However, whether one or the other
mutation acts as ‘driver’ by actually changing the functionality
of La fostering cancer progression remains to be experimentally
addressed. By applying the CRISPR-Cas9 gene-editing system it
is possible to introduce specific mutations in the La gene and to

Cancer entities:
Bladder/urinary tract cancer
Endometrial carcinoma
Ovarian epithelial tumor
Prostate cancer

Bladder urothelial carcinoma
Prostate adenocarcinoma
Sarcoma

Head and neck squamous cell carcinoma
Adrenocortical carcinoma
Pancreatic adenocarcinoma

COWoo~NOOOPRAWN-

-

Human La gene alteration frequency found in different cancer entities. Top 10 cancer types are shown. Bars indicate type of gene alteration: Green = Point mutation;
Red = Amplification; Purple = Fusion; Blue = Deep Deletion; Gray = Multiple Alterations. The Top 10 cancer types shown; A and B are adapted graphs derived from
cBioPortal (www.cbioportal.org). Data were retrieved from: https://www.cbioportal.org. using the gene symbol SSB.
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Figure 4. Human La gene alterations.

Lollipop diagram indicating the distribution of common gene alterations in the open reading frame of the hLa gene. The phosphorylation site T389 is changed to
R389 in colon cancer (red arrow). The diagram is based on data obtained from 44,366 patients included in 176 studies. The somatic mutation frequency is 0.2%. Sixty-
one missense mutation (green dots), 29 truncating mutations (black dots, including nonsense, non-stop, frameshift deletion, frameshift insertion, splice site
mutations), 4 inframe deletions or insertions mutations (brown dots) and 6 mutations of other types (purple dots) are shown. The y-axis shows how often the
mutation was found in this patient cohort. Data were retrieved from: https://www.cbioportal.org. using the gene symbol SSB.
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Figure 5. Posttranslational modifications (PTM) in the human La protein.

Published PTMs are indicated such as sumoylation site K41 and K208 (red arrows) and phosphorylation site S366 and T389 (blue arrows). Most of those PTM sites
have been identified by high-throughput mass spectrometry. (Adapted from www.phosphosite.org). Red stars indicated identified gene alterations leading to

changes in the indicated PTM sites.

study the impact of a specific La mutation on cell proliferation,
chemoresistance and tumour growth in murine models.
Taken together, hLa mRNA levels are significantly elevated
in certain cancer entities and often correlate with poor clinical
prognosis. Elevated hLa protein levels have been documented
for liquid as well as solid tumour entities, and for some even
without increased hLa mRNA expression, indicating post-
transcriptional regulation of hlLa expression in some cancer
entities e.g. CML [43]. The frequency of hLa gene mutations
found in cancer is overall very low and in only two cancer
entities a significant association with poor patients’ survival has
been documented in the databases, however this conclusion
does not rule out that a specific mutation within the hLa gene
has a - so far unknown - major impact on cancer progression.
The data suggest further that hLa is not a standalone,
causative oncogene, which — when overexpressed or mutated -
is sufficient to promote cancer. It appears more convincing
that hLa requires cancer-type specific cellular settings, chan-
ging its expression and posttranslational modifications, to
facilitate cancer. Hence, in-depth correlation studies might
illuminate tumour-promoting gene expression circuits requir-
ing elevated hLa expression for manifestation and function-
ality and suggests that the hLa protein is rather important for
non-oncogenic addiction helping cancer cells to adapt to
cellular stress. The concept of non-oncogenic addiction
[68,69] is based on the finding that cancer cells have
a higher stress burden than normal cells and that cellular
factors critical for stress response pathways are eminently
required for cancer cells to cope with stress. Targeting such
a cellular factor (also referred to as synthetic lethal factor) in

combination with low dosed conventional chemotherapeutic
drugs may predominantly weaken the ability of cancer cells to
handle cellular stress [68,69]. As we will see below, hLa sup-
ports a tumour-promoting and an anti-apoptotic state of
cancer cells suggesting that targeting the hLa protein impairs
the ability of cancer cells to cope with stress and, conse-
quently, favourably sensitizes cancer cells for chemotherapeu-
tic treatment.

3. Cancer-associated La and the expression of tRNA
and tRFs

As mentioned in the introduction, La is required for proper
maturation of RNA polymerase III (Pol III) transcripts, many
of which are critical components of the translation machinery
during protein synthesis such as transfer RNAs (tRNAs) or
the 5S ribosomal RNA (rRNA). Hence, in the context of this
review, it is important to summarize the available information
about the potential impact of an aberrantly elevated La pro-
tein level in cancer cells on the expression of RNA Pol III
transcripts and the occurrence of tRNA-derived fragments
(tRFs). As an example, it is well established that tRNA levels
are not constant and are significantly increased in cancer cells
[83-85]. Furthermore, fluctuation of the tRNA level has been
reported for different metabolic stages and can have a strong
effect on the translation of certain mRNAs containing rare
codons or upstream open reading frames (uORFs) [86-89].
Additionally, it has been found that tRFs [90] are associated
with cancer progression [91,92]. To which extent elevated La
protein levels in cancer cells are modulating mature tRNA
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level and/or the generation of tRFs has to be determined.
However, studies using La knockout (KO) or conditional La
KO mice suggest no major differences in mature RNA Pol III
transcripts such as mouse Y3 RNA and most tRNAs. As an
example, only a small reduction in mature tRNA™" has been
found although the maturation of the intron-containing pre-
tRNAT™ was altered in mLa KO cells of the fore brain [93].
Interestingly, in the mouse cortex of conditional mLa KO
mice, the processing of the 5.85 rRNA, an RNA Pol
I transcript, was disturbed but it is not clear whether the
level of mature 5.85 rRNA was reduced, as would be expected
[94].

As long as we do not have a comprehensive set of data on
mature RNA Pol III transcript level [95] in La-depleted or
KO cells, or a correlation between elevated La and tRNA
levels in different cancer entities, we assume that the
reported differences in tRNA levels in cancer cells are due
to the metabolic stage and/or the misregulation of transcrip-
tion factors regulating RNA Pol III transcription, some of
which are actually oncogenes such as Myc [96]. Alike, we are
not aware of studies showing that tRFs are generated in a La-
dependent manner. Interestingly, experimental depletion of
hLa induces the generation of tRNA-derived miRNAs
[58,59]. Hence, experimental or therapeutic approaches
that change elevated La levels in cancer cells are not likely
to impact the level of mature RNA Pol III transcript but may
add alternative processing pathways of RNA Pol III precur-
sor transcripts due to lower La levels resulting in small non-
coding RNAs or tRFs with regulatory functions in cancer
pathobiology. Because of the large number of different RNA
Pol IIT precursor transcripts such as tRNA, 5S rRNA, U6
snRNA, 7SL RNA, which are all bound by the La protein
during maturation, future studies may reveal a novel La-
dependent regulatory Pol III transcript pathway in cancer
pathobiology.

4. Post-translational modifications of the La protein

Post-translational modifications (PTM) regulate cellular loca-
lization, stability, expression level, and functionality of pro-
teins. PTMs appear in response to extracellular and/or
intracellular cues, often exist in a reversible manner, and
multiple PTMs can occur in a single protein. Genome-wide
proteomic studies revealed phosphorylation, sumoylation,
ubiquitylation, and acetylation sites in hLa (Fig. 5, entry
name: LA_HUMAN; gene name: SSB; protein ID: 05455;
https://www.uniprot.org and https://www.phosphosite.org).
Phosphorylation of hLa is well established and has been
reported previously [97-100]. In summary, recombinant hLa
can be phosphorylated by protein kinase A (PKA), protein
kinase C (PKC), and casein kinase 2 (CK2) in vitro [100].
Whether PKA and PKC also phosphorylate endogenous hLa
remains to be demonstrated. In contrast, phosphorylation of
hLa by CK2 and AKT at serine 366 (S366) and threonine 389
(T389), respectively, has been characterized in more detail.
S366 is phosphorylated by CK2 in vitro as well as in cells
[100,101]. Phosphorylation of S366 regulates recycling of
RNA Pol III transcription complexes, 5’-end processing of
pre-tRNA molecules, subcellular localization, and translation
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of 5'-terminal oligopyrimidine tracts (TOP) mRNAs [36,101-
104]. Initial studies did not support the concept that hlLa
phosphorylation affects its subcellular localization [100], how-
ever later studies using an S366 phosphorylation (pS366)-
specific antibody suggests that hLaP>**® localizes to the
nucleus whereas non-phosphorylated hLa is found in the
nucleolus and cytoplasm [33]. Moreover, mLa and hLa can
be phosphorylated by AKT at T301 or T389, respectively
[29,37]. Platelet-derived growth factor (PDGF) triggers the
activation of the phosphoinositide 3-kinase (PI3K) pathway
and leads to AKT-mediated phosphorylation of mLa at T301.
Phosphorylation of mLa at T301 stimulates the nuclear export
and the association of mLa with polyribosomes and a selective
set of translationally active mRNAs. Hence, AKT-mediated
phosphorylation of mLa promotes protein synthesis of
mRNAs encoding many cancer-associated factors as RNA
sequencing analysis revealed [37]. In contrast in hLa, AKT-
mediated phosphorylation of recombinant hLa occurs at T389
and impairs La’s RNA chaperone activity in vitro.
Furthermore, expression of a green fluorescent (gfp)-tagged
phosphorylation-deficient mutant hLa (gpraT389A) in cells
suggests that T389 phosphorylation contrarily regulates Cap-
dependent and IRES-dependent translation [29].

Importantly, the aberrant expression/activity of CK2 and
AKT are implicated in cancer by supporting pro-proliferative
and pro-survival pathways and regulating cell plasticity during
tumour spread [105-110]. Hence, the phosphorylation of hLa
by these two cancer-associated protein kinases implies
a potential important regulation of the stability and function-
ality of hLa in cancer cells. As mentioned earlier constitutive
active JAK2 has been reported to elevate hLa mRNA levels
[75], however it remains to be studied whether this signalling
pathway, which is also implicated in facilitating tumour-
promoting processes such as epithelial-mesenchymal transi-
tion (EMT), leads to hLa phosphorylation.

Modification of mLa and hLa by the small ubiquitin-like
modifier (SUMO) has been first shown in rat neurons and
this modification has been linked to the anterograde trans-
port in rat neurons and the association with sumoylated mLa
with dynein [111]. Continuation of the study revealed that
sumoylation of recombinant hLa increases hLa’s RNA-
binding activity [112] and RNA immunoprecipitation fol-
lowed by RNA sequencing showed that sumoylated hLa is
differently associated with about 3,000 mRNAs compared to
sumoylation-deficient (ASUMO) hLa [113]. Interestingly, the
proliferation of cells expressing gfp-tagged sumoylation-
deficient La (ngLaASUMO) was impaired when compared to
wildtype La (g5La"") expressing cells. Investigation of the
underlying mechanism showed that proliferation was ham-
pered due to proteasome-dependent destabilization of signal
transducer and activator of transcription 3 (STAT3) in zgLa-
ASUMO expressing cells [113]. A growing body of data sug-
gests that aberrant activation of the sumoylation pathway,
especially under cellular stress, contributes to cancer
[114,115]. Hence, these data suggest that an increase in hLa
sumoylation has a pro-proliferative effect in cancer cells.

Taken together, extra- and intra-cellular signalling path-
ways including stress pathways often activated in cancer cells
are regulating a myriad of effector proteins by PTMs. The hLa
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protein is modified by phosphorylation and sumoylation (Fig.
5) and the modifying kinases and modification cascades are
activated in cancer cells. Thus, efforts to illuminate a role of
hLa in cancer has to consider that the degree of PTMs varies
from one cell type to another and changes quickly in response
to extra- and intra-cellular stimuli, such as stress signals
caused by chemotherapeutic drug treatment.

5. The role of the La protein in cancer pathobiology

So far, we have summarized information about the expression
of hla in cancer, cancer-associated alterations within the hLa
gene, and regulation of hLa by post-translational modifica-
tions. Now, we will focus on the role of La in cancer
pathobiology.

5.1. Proliferation, migration and invasiveness of cancer
cells

As mentioned above, hLa expression is elevated in many
cancer-derived cell lines. Small interference RNA (siRNA)-
mediated depletion of hLa in cancer cell lines is a useful tool
to study the role and function of hLa in cancer-associated
cellular processes such as cell proliferation, migration, and
invasion in vitro.

A first report applying La-specific siRNAs revealed that
La depletion reduces cell growth of cervical carcinoma cell
line HelLa without the induction of apoptosis [116]. In
a later study and by using again La-specific siRNAs
a profound defect in HeLa cell proliferation was determined
[72]. Analysis of the underlying molecular mechanism
revealed that hLa promotes translation of the proto-
oncogene CCND1 (cyclin D1), a key factor controlling the
cell cycle transition from Gl to S phase. Importantly, upon
overexpression of gfp-tagged siRNA-resistant hLa wildtype
protein (gpraSiR*WT) in La-depleted HeLa cells, CCND1
expression and cell proliferation was restored. In the same
study, it has been shown that La depletion in prostate
cancer cell lines LNCaP and PC3 also caused a defect in
cell proliferation, which was again accompanied by reduced
CCNDI1 expression [72].

Extending those studies to head and neck cancer revealed
very similar data. Cell proliferation of squamous cell carcino-
mas (SCC) cells was impaired upon hLa depletion, however
no profound effect on CCND1 expression was observed [73].
Moreover, hLa depletion led to significantly reduced SCC cell
motility and invasiveness. Overexpression of siRNA-resistant
hLa (ngLaSiR*WT) in hLa-depleted cancer cells restored cell
motility. Besides cell proliferation, motility and invasiveness,
which are important cancer- and metastasis-promoting pro-
cesses, the expression of B-catenin and matrix metalloprotei-
nase 2 (MMP-2) was significantly reduced in hLa-depleted
cancer cells [73]. It is well known that -catenin and MMPs
are strongly associated with cancer progression [117-119] and
it remains to be investigated by which mechanism hLa reg-
ulates the expression of those factors.

5.2. Tumour growth in murine models

Although the La protein supports cancer-promoting processes
it does not necessarily mean that La is required for tumour
growth. By using murine Ras-transformed hepatocellular can-
cer (HCC) cells (MIM-R), which underwent TGFp-induced
EMT (MIM-RT), the Mikulits laboratory showed in mouse
experiments that depletion of mLa in mesenchymal (MIM-
RT) but not epithelial (MIM-R) cells impairs subcutaneous
tumour growth [39]. The role of hLa in tumour growth is
further supported by our unpublished data demonstrating
that prostate cancer cells stably overexpressing gfp-tagged
mutant hLa defective in dimerization, post-translational mod-
ifications, or RNA-binding are forming fewer and smaller
tumours in xenograft experiments compared to wildtype hLa
(TH, GS unpublished data).

5.3. Survival of cancer cells

One of the hallmarks of cancer cells is a pro-survival pheno-
type established by either reduced or non-functional expres-
sion of pro-apoptotic factors and/or the overexpression of
anti-apoptotic proteins. The X-linked inhibitor of apoptosis
(XIAP) acts as an anti-apoptotic protein inhibiting caspase 3
and 9 activities. The first hint that hLa supports an anti-
apoptotic state came from studies in HeLa cells [120,121]. In
this study, the authors reported that hLa interacts with an
RNA element located in the 5'UTR of the mRNA encoding
XIAP. By using a biscistronic reporter system they showed
that the 5'UTR contains an internal ribosome entry site
(IRES) element bound by hLa.

An increase in XIAP expression is expected to correlate
with reduced apoptosis and to counteract the efficiency of
drugs intended to trigger apoptosis in cancer cells.
Interestingly, it has been shown that overexpression of
a trans-dominant negative hLa protein [42] downregulated
Mdm?2 level, an oncoprotein and negative regulator of tumour
suppressor p53, and increased sensitivity towards
Adriamycin-induced apoptosis in murine 32D-BCR/ABL
myeloid precursor cells [43]. Hence, those data suggest that
a hLa-dependent increase of the Mdm?2 level augments survi-
val of cancer cells expressing constitutively active tyrosine
kinases and contributes to the progression of CML into blast
crisis [122]. Interestingly, treatment of BCR/ABL-positive
cells with the tyrosine kinase inhibitor STI-571 (Imatinib)
not only reduced hLa [43] but also XIAP expression [123]
suggesting that hLa regulates XIAP expression in BCR/ABL-
positive cells and thereby counteracts Adriamycin-induced
apoptosis.

The B-cell lymphoma 2 (Bcl2) protein, a mitochondrial
membrane-associated anti-apoptotic factor, is likewise
encoded by an mRNA containing an IRES element in the
5'UTR [124,125]. Remarkably, studies using head and neck
squamous cell carcinoma (HNSCC) cell lines revealed that
hLa depletion is associated with increased sensitivity towards
the chemotherapeutic drug cisplatin. Analysing this observa-
tion exposed that hLa depletion caused a decline in Bcl2
protein expression and that exogenous Bcl2 expression



increased cisplatin resistance, demonstrating that hLa-
dependent Bcl2 expression contributes to an anti-apoptotic
state of HNSCC cells [45].

Importantly, La depletion did not induce apoptosis as
shown previously [72,73,116]. However, the role of cancer-
associated hLa in counteracting apoptosis supports cancer
cells surviving cellular stress induced by chemotherapeutic
drugs, such as cisplatin or Adriamycin, and accentuates the
view that La acts as a non-oncogenic addiction factor.
Moreover, the expression of XIAP - an anti-apoptotic factor
encoded by an IRES-containing mRNA - was also reduced in
La-depleted HNSCC cells [45]. As we will review below, La
regulates the translation of XIAP and Bcl2 mRNA.

6. The La protein facilitates the translation of
selective mRNAs encoding tumour-promoting and
anti-apoptotic factors

At the beginning of this chapter, we summarize information
about a potential role of the La protein in protein synthesis.
Here we will focus on reviewing examples in which La fosters
the translation of selective mRNAs encoding tumour-
promoting and anti-apoptotic factors in cancer cells.

Messenger RNAs carry at the 5'-end a 7-methylguanosine,
known as a Cap structure, ensuring protection, nuclear export
and translation of mRNAs [126]. Under normal circum-
stances, most cellular mRNAs are capped and translated in
a Cap-dependent manner. Translational initiation at the Cap
structure is mediated by a number of translation initiation
factors and is considered being rate-limiting [126,127].

Cap-dependent translation is often impaired in cells
responding to specific environmental stimuli and cellular
stress conditions. Cancer cells, especially, have to cope with
a variety of stress conditions such as hypoxia or reactive
oxygen species (ROS), and induction of apoptosis by che-
motherapeutic treatment [128]. Under those conditions most
Cap-dependent translated cellular mRNAs are translated at
a lower rate, however mRNAs containing an IRES in their
5'UTR can be translated by a Cap-independent, IRES-
mediated mechanism [121,129-132]. Whereas viral IRESs
are well studied and classified, based on structural and
sequence similarities, cellular IRES are too divergent for
a systematic classification [129]. Initially, the hLa protein
was discovered as an IRES trans-acting factor (ITAF), sup-
porting IRES-mediated translation of viral mRNAs, such as
poliovirus and hepatitis C virus [44,62,63,65,66,133,134]. In
the viral model, hLa binds to RNA elements located at the
5'UTR and contributes to start site selection, most likely by
assisting re-arrangements of structural features due to its
RNA chaperone activity [63]. Although accumulating data
suggest that hLa plays a role in translation of selective
mRNAs encoding tumour-promoting and anti-apoptotic fac-
tors in cancer cells the molecular mechanism is still not clear.
Since the discovery of hLa as ITAF, a role of La in mRNA
translation has been studied using in vitro translation assays,
biscistronic reporter assays, and polyribosomal gradient
centrifugations.

In vitro translation assays exploit, most often, rabbit reti-
culocyte lysates or translation-active cell extracts prepared
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form cancer cell lines. In an effort to understand the internal
initiation of ribosomes on model mRNAs observed in in vitro
translation assays, the contribution of general RBPs, which are
present at low concentrations in rabbit reticulocyte lysates,
has been addressed [135]. Ribosomes can initiate translation
on uncapped mRNAs by binding to sequence elements pre-
sent in the 5'UTR and it has been found that addition of
recombinant RBPs (e.g. hLa) to rabbit reticulocyte lysate
impairs the translation of uncapped mRNA, most likely
because ribosome binding sites are covered by RBPs. In
those experiments, native recombinant La was used and post-
translational modifications such as phosphorylation and
sumoylation pathways often activated in cancer cells were
not considered.

Cells respond to various stress signals with the activation of
specific protein kinases phosphorylating the eukaryotic trans-
lation initiation factor 2 alpha (eIF2alpha) at serine 51. This
phosphorylation event inhibits protein synthesis [136,137],
however translation of specific mRNAs with uORFs is still
translated and encoding proteins facilitating the adaption to
cellular stress [138]. One of those kinases is protein kinase
RNA-activated (PKR, also referred to as interferon-induced,
double-stranded RNA (dsRNA)-dependent activated protein
kinase or EIF2AK2), which can be activated by double-
stranded RNA (dsRNA) in cells [139,140]. Upon binding of
dsRNA, for example originated from viral RNA, autopho-
sphorylation of PKR occurs and activated PKR phosphory-
lates eIF2alpha. Phosphorylated elF2alpha inhibits the
formation of the pre-initiation complex and consequently
impairs Cap-dependent translation [141,142]. Due to its
RNA chaperone activity, it has been postulated that hLa
inhibits PKR activation by unwinding dsRNA [50,143] and
thereby maintains Cap-dependent translation. Interestingly,
not only does viral-derived dsRNA regulate PKR activity but
also small non-coding RNAs such as small nucleolar (sno)
RNAs [144], nc886, also referred to as pre-miR886 [145,146],
Alu RNAs [147], and the binding of PKR to dsRNA-
structured inverted Alu repeats (IRAlu’s) located in the
3'UTR of some mRNAs [148,149]. Since La is implicated in
the processing of U3 snoRNAs [150] and binds the 3'-end of
RNA Pol III transcripts such as nc886 and Bl-Alu RNAs
[151,152], elevated La expression in cancer cells may foster
the expression of those RNAs and thereby upregulate the
activity of PKR. On the other hand, due to its RNA chaperone
activity La might unwind those dsRNA structures and thereby
downregulate the activity of PKR, which could explain the
dual function of PKR as tumour suppressor or tumour pro-
moting factor depending on the cancer type [153,154].

Another important aspect comes from studies aiming to
test whether hLa protein is associated with ribosomal subunits
and translating ribosomes. hLa has been found to bind to the
18S rRNA and co-fractionates with the 40S ribosomal subunit
[155]. Studying the distribution of the mLa or hLa protein in
polyribosomal gradients demonstrated that La is present in
the monoribosomal fractions, the 80S peak and in polyribo-
somal fractions [37,156,157 and TH wunpublished data],
strongly supporting the view that La is not only associated
with free small ribosomal subunits but is also part of the
translating ribosome. As shown for mLa, AKT-mediated
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phosphorylation changes the distribution of mLa in the
sucrose gradient in that more mLa is present in the polyribo-
somal fractions correlating with an increase in actively trans-
lated mRNAs (see below, [37]).

The RNA chaperone hLa might actually execute important
functions within the pre-initiation complex while scanning
the 5'UTR for the authentic translational start site. During
this process, the mRNA moves through the channel of the 40S
subunit until the translational start site has been found [126].
While scanning the 5'UTR, the 43S subunit has to be able to
remove secondary structures possibly impairing efficient pro-
ceeding otherwise. Besides the eIFA [158,159], a helicase asso-
ciated with the pre-initiation complex, the helicase DHX29
[160,161] facilitates the unfolding of hindering RNA struc-
tural elements in the 5'UTR. DHX29 is associated with the
40S ribosomal subunit and might interact with the 185 RNA
[162]. Upon recognition of the translational start site, the 48S
complex assembles. Interestingly, in cell-based assays, it has
been shown that siRNA-mediated depletion of hLa or the
expression of a dominant-negative La mutant (LaDN) pre-
vents the formation of the 48S complex during hepatitis
C virus and poliovirus translation initiation [44], suggesting
inefficient recognition of the correct start site in absence of
functional hLa protein [134].

A comprehensive sequence analysis of translation start
sites revealed a consensus sequence, referred to as a Kozak
sequence, surrounding the AUG start codon that predicts the
strength of a translational start site [163,164]. Interestingly, it
has been shown that hLa preferentially binds RNA oligonu-
cleotides with an AUG as well as a strong Kozak sequence
[45,165]. The findings imply that hLa binds near or at

a strong translational start site of selective mRNAs.
Considering the RNA chaperone activity of La, it is reasonable
to assume that La associates with the 43S subunit via binding
to the 18S ribosomal RNA [155] and thereby facilitates the
unfolding of hairpin structures located in close proximity of
translational start sites resulting in efficient mRNA translation
(Fig. 6A). In this view, depletion of hLa or expression of hLa
dominant-negative mutants will impair translation initiation
of selective mRNAs sharing structural elements located near
to or harbouring the translational start site [29,45].

A more recent study revealed an interesting new role of
hlLa in protein synthesis. The Bayfield laboratory found that
hLa binds to the poly(A) tail of mRNAs. In mRNA transfec-
tion experiments they showed that amino acid residues which
are important for poly(A) binding are also required to
enhance mRNA translation [157]. Hence, not only the bind-
ing of hLa to RNA elements located in the 5'UTR but also the
binding to poly(A) tails appears to promote efficient mRNA
translation. Future work in the field is expected to answer the
question of how hLa regulates the translation of selective
mRNAs and how cancer-promoting pathways influence La’s
role in protein synthesis.

As mentioned above, murine La can be phosphorylated by
AKT at T301 [37]. Interestingly, polyribosomal gradient ana-
lysis of extracts prepared from cell lines expressing gfp-tagged
wildtype mLa™" or mutant mLa"*°'* revealed that only phos-
phorylated mLa co-fractionates with translating ribosomes
and that a phosphorylation-deficient mutant of mLa stays in
monoribomal fractions [37]. If native mLa is associated with
the 43S subunit and phosphorylated mLa with translating
ribosomes, mLa"*"" phosphorylation represents an important
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Figure 6. A model for the role of human RNA-binding protein La in cancer progression and therapeutic resistance.

A) The RNA chaperone La facilitates translation of mRNAs harbouring hairpin structures in close proximity to the translational start site. An RNA hairpin acts as a road
block for the scanning ribosomal 43S subunit. Upon La-assisted helix destabilization of the RNA hairpin, the 43S subunit reaches the translational start site, formation
of the 80S ribosome occurs and mRNA translation starts. B) The model is based on the assumption that La facilitates the translation of mRNA regulons encoding
factors implicated in cancer pathobiology (tumour-promoting mRNAs) and survival (anti-apoptotic mRNAs). Blocking the binding of La to selective mRNAs may
impair cancer progression and the ability of cancer cells to cope with cellular stress under chemotherapeutic treatment. ORF: Open Reading Frame.



regulatory posttranslational modification. Hence, cancer-
promoting signalling cascades leading to AKT-mediated
phosphorylation of mLa are expected to change the distribu-
tion of mRNAs between actively translated and translationally
inactive mRNAs in a La-dependent manner - a malignant
process contributing to the onco-proteome of cancer cells.

Additionally, human La is phosphorylated by CK2 at
hLa®** and polyribosomal gradient analysis of the TOP
mRNA encoding ribosomal protein L37 in cells overexpres-
sing wildtype hLa™" or the mutant hLa%**** revealed that
more L37 mRNA is associated with translating ribosomes in
hLa"" and less in hLa®**** expressing cells, suggesting that
phosphorylation of hLa at serine 366 promotes L37 mRNA
translation [104]. Since L37 mRNA is associated preferen-
tially with native, non-phosphorylated hLa [36] and not with
$366 phosphorylated hLa (LaP***®), it suggests that phos-
phorylation at hLa%*® enhances the association of hLa with
the ribosomes rather than with the L37 mRNA. This obser-
vation is puzzling because LaP**® has been reported to pre-
ferentially localize to the nucleoplasm [36] and suggests that
LaP***® is already associated with the 40S ribosomal subunit
in the nucleus. Of note, the role of La in TOP mRNA
translation is controversially discussed [166] and it is impor-
tant to consider that the 5'UTR of TOP mRNAs is very short
and not folded in stable secondary structures when com-
pared to other mRNAs reported to be regulated by La. Still,
it is well established that CK2 phosphorylates La and that
CK2 activity is associated with cancer progression [167,168]
suggesting that the fraction of phosphorylated La®**®
increases in cancer cells and regulates the translation of
a subset of mRNAs in a similar way as observed for
mLa [37].

Nevertheless, these findings demonstrate that phosphory-
lation of residues in the C-terminal domain of mLa (threonine
301) and hLa (serine 366, threonine 389) are critical and
correlate with increased association of selective mRNAs with
translating ribosomes. Those PTMs should be considered
when using recombinant La in in vitro translation assays.
The above-reviewed studies clearly suggest that La can mod-
ulate translation and that it depends on cellular conditions
such as impaired Cap-dependent translation during cellular
stress, viral infection, the presence of dsRNA, signalling path-
ways triggering PTMs of the La protein, La’s RNA chaperone
activity, the presence of Cap-independent translation initia-
tion elements, and the Poly(A) tail.

According to the IRESite database (IRESsite.org), more
than 68 viral and 115 cellular IRES elements have been
reported as off 2009. Whereas IRES-dependent translation of
viral RNAs is well studied and of significant importance for
the viral life cycle, IRES-dependent translation of cellular
mRNAs is often controversially discussed and critical controls
are required to demonstrate IRES-mediated translation of
a given cellular mRNA [169,170]. Furthermore, it is also
very important to consider whether the amount of protein
produced in an IRES-dependent manner is of biological sig-
nificance [170,171]. Most of the mRNAs translationally regu-
lated by La contain IRES elements in their 5'UTR such as the
tumour-promoting factors BiP, Laminin B1, CCNDI, and the
anti-apoptotic factors Bcl2 and XIAP.
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The concept of Cap-independent, IRES-mediated translation
initiation might not be the only way by which La supports transla-
tion. We have also to consider that selective mRNAs with certain
characteristics surrounding the start site are translated in a La-
dependent manner. Below we will review studies investigating the
translational control of mRNAs encoding factors implicated in
tumour-promoting or anti-apoptotic processes.

6.1 Laminin B1

Epithelial to mesenchymal transition (EMT) plays a key role
in establishing a malignant cancer phenotype. Transforming
growth factor f (TGFp) can induce EMT in a number of
epithelial cell types such as in hepatocytes [172]. EMT is
associated with increased cell motility and survival, and
often a cancer stem-like cell (CSC) phenotype resulting in
chemoresistance, metastasis and poor clinical outcome [173-
175]. Although EMT is primarily regulated on the transcrip-
tional level [176], recent studies suggest that RBP-dependent
translation of selective mRNAs is of importance as well [177].
The overexpression of RBP YB1 in non-invasive breast cancer
cells induces EMT and activates IRES-dependent translation
of SNAILI, a transcriptional master regulator of EMT [178].
Furthermore, binding of RBP hnRNPE1 and translation elon-
gation factor eEF1Al to the TGEFp-activated translational
(BAT) RNA element blocks the translational elongation of
selective mRNAs and this block is released during TGFp-
induced EMT [179,180].

Laminin Bl is part of the extracellular matrix and is ele-
vated in hepatocellular carcinoma (HCC) [181]. Laminin B1 is
bound by the Laminin receptor, which is highly expressed in
metastatic cancer and promotes survival, angiogenesis and cell
invasion [182,183]. Laminin B1 protein has been shown to be
translationally upregulated during EMT [184] suggesting
a potential regulation of Laminin Bl mRNA translation by
an TGFp-dependent mechanism. Interestingly, it has been
found that the 5UTR of Laminin Bl mRNA contains an
IRES element [184]. This Laminin B1 IRES has been tested
in different mouse cell lines: immortalized mouse hepatocytes
(MIM-1-4), MIM-1-4 cells transformed by oncogenic Ras
(MIM-R) and the cell line MIM-RT derived from MIM-R
cells that have undergone TGFp-induced EMT. The Laminin
Bl IRES is more active in invasive MIM-RT cells than in
MIM-R or MIM-1-4 cells suggesting that the MIM-RT cell
line gained some cancerous features during the TGFf-induced
EMT ([39,185]. The 335nucleotides long 5'UTR of Laminin B1
mRNA contains an IRES as demonstrated by two different
bicistronic vector systems. Furthermore, the Laminin B1 IRES
is bound by mLa and recombinant hLa promotes translation
of a Laminin Bl 5'UTR reporter when using rabbit reticulo-
cytes extracts, which were cleared for the La protein before
in vitro translation [185]. Of note, recombinant hLa, which is
not modified by PTMs, are sufficient to promote Laminin Bl
IRES activity in this in vitro system. About 30% of Laminin B1
IRES activity is mediated by an 5'UTR element spanning from
nucleotide —82 to 0, representing a region just upstream of the
translational start site. However, it remains to be determined
to which sequence/structural element the mLa and hLa pro-
tein binds within the Laminin Bl 5'UTR. Interestingly, an
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increase in cytoplasmic La has been reported for MIM-RT
cells as well as TGFp-treated MIM-R cells. As shown pre-
viously, platelet-derived growth factor (PDGF) treatment of
glia cells induced a cytoplasmic localization of mLa, which
was associated with AKT-mediated phosphorylation of mLa
[37]. Moreover, Gotzmann et al. found that TGF treatment
induced the PDGF receptor and activated PDGF signalling in
the murine hepatocytes cell line MMH-R [186], raising the
question of whether PDGF regulates cytoplasmic accumula-
tion of mLa. Indeed, recently it has been shown that TGFp
treatment-induced cytoplasmic accumulation of mLa and
activated the Laminin Bl IRES. Interestingly, in the murine
hepatocyte model, the cytoplasmic accumulation of La and
the increase of Laminin B1 IRES activity was dependent on
PDGF and MAPK/ERK signalling and only to a lower extend
on PI3K/AKT signalling[39]. Furthermore, in sequential his-
tological staining of human hepatocellular carcinoma (HCC)
tissue, activation PDGFRa signalling correlated with strong
cytoplasmic La staining and higher Laminin Bl expression
within the invasive front suggesting also an active PDGFRa/
La/Laminin Bl pathway during cancer progression in HCC
patients [187].

6.2 CCND1

CCDNI1 (cyclin D1) is a cooperative oncogene often over-
expressed in cancer tissue and is suggested to support tumor-
igenesis [188]. CCND1 expression is induced by mitogens and
upon its association with cyclin-dependent kinase (CDK),
CCND1 contributes to entry of the cell cycle into the
S-phase and cell proliferation [189-191]. Hence, CCNDI is
a key player in the regulation of cell proliferation. However, in
addition, CCNDI1 might affect cell proliferation via an alter-
native route, since it is established that CCND1 has CDK-
independent functions [192].

Interestingly, it has been shown that the 5'UTR of CCND1
mRNA contains an IRES element [193]. The CCND1 IRES is
basically inactive in PTEN negative cells suggesting that AKT
signalling regulates its activity [193-195]. The 5'UTR is 209
nucleotides long and the minimal IRES is located between
nucleotides —209 and -45. The hnRNPA1l protein was
described to be a positive regulator upon phosphorylation
[196]. Like hnRNPA1, hla is a regulator of CCND1 IRES-
mediated translation. The hLa protein is associated with
CCNDI1 mRNA and stimulates a bicistronic CCND1 IRES
reporter as well as in vitro transcribed and transfected bicis-
tronic CCND1 IRES reporter mRNA, suggesting strongly that
hLa stimulates IRES-dependent CCND1 mRNA translation
[72]. In conclusion, these studies indicate that cancer-
associated hLa stimulates Cap-independent translation of
CCND1 mRNA, however future work is needed to address
in detail the molecular mechanism.

6.3 XIAP

The X-linked inhibitor of apoptosis (XIAP) belongs to a class of
proteins known as inhibitors of apoptosis [197]. XIAP is able to
protect stressed cells against apoptosis by direct binding of
caspase 3, 7, or 9 via its baculoviral IAP repeat (BIR) domains

[198]. It has been observed that XIAP levels are elevated in
a number of different cell types after induction of stress such
as ionizing radiation or serum starvation [199]. Interestingly, the
XIAP mRNA level remained nearly unchanged, suggesting
a posttranscriptional regulation of XIAP under those conditions.
Cloning of several parts of the XIAP 5'UTR into bicistronic
expression vectors was employed to define a functional IRES
element between position nucleotides —162 and -1, which
allows XIAP expression under cellular stress [199]. Several dif-
ferent XIAP IRES constructs were created and used to demon-
strate that alternative splicing, which has been reported to occur
with specific bicistronic XIAP IRES constructs [200,201], did
not account for IRES-mediated expression [202]. Furthermore,
transfection of RNA transcripts synthesized from a variety of
different XIAP IRES reporter constructs in vitro confirmed the
presence of an IRES in the XIAP 5'UTR [202].

Searching for cellular factors affecting XIAP expression led
to the finding that the hLa protein facilitates IRES-mediated
translation of XIAP mRNA. Furthermore, in HeLa cells, hLa
is associated with the XIAP IRES RNA element expressed
from a bicistronic XIAP IRES reporter [120]. The hLa binding
site has been mapped within the IRES element between
nucleotide —62 and —32 upstream of the authentic transla-
tional start site [120]. The authors also demonstrated that
a dominant-negative mutant of La impairs IRES-mediated
translation in vitro as well as in HeLa cells [120]. Two XIAP
mRNA isoforms are known. The isoform with the short
5'UTR is translated in a Cap-dependent manner and does
not contain an IRES element, whereas the longer much less
abundant XIAP mRNA isoform contains the IRES element
[202]. The IRES-containing isoform might be important to
assure XIAP expression under conditions of cellular stress
when Cap-dependent translation is impaired due to the treat-
ment of cancer cells with chemotherapeutic drugs.

The hLa protein is overexpressed in various cancer entities
such as head and neck cancer squamous cell carcinoma, lung
and breast cancer in which XIAP protein has also been described
to be overexpressed [45,203,204], suggesting that XIAP protein is
elevated in those cancer entities due to high La protein expres-
sion. Accordingly, studies showed that expression of
a dominant-negative hLa mutant reduced XIAP protein expres-
sion [120], and depletion of hLa shifted XIAP mRNA from
translationally active to inactive fractions in sucrose gradient
analyses [45]. In the future, it will be interesting to study whether
the protein expression of XIAP and hLa correlates in patients’
samples and to determine in detail the molecular mechanism by
which hLa supports XIAP IRES-mediated mRNA translation in
cancer cells.

6.4 Bcl2

The finding that hLa regulates mRNA translation of the anti-
apoptotic protein XIAP and the observation that hLa-depleted
cells are more sensitive towards cisplatin treatment, proposed
that additional anti-apoptotic factors are regulated by hLa in
cancer cells. Indeed, it has been found that B-cell lymphoma 2
(Bcl2) protein expression is reduced in hLa-depleted cells of
the HNSCC cell line [45]. Analysis of the underlying mechan-
ism led to the finding that hLa binds in close proximity to the



translational start site of Bcl2 mRNA. This region can fold, as
predicted by the mfold program [205], into a stable hairpin
structure, which can be destabilized by the RNA chaperone
hLa in an in vitro RNA chaperone assay [45]. Furthermore,
luciferase reporter assays revealed that the RNA chaperone
domain of hlLa is required to support Bcl2 5'UTR-dependent
reporter protein expression. Also applying sucrose gradient
analyses, Bcl2 mRNA as well as XIAP mRNA shifted from
translationally active to inactive fractions in hLa-depleted
HNSCC cells [45]. Whether hLa promotes Bcl2 translation
via stimulating the recruitment of ribosomes to the Bcl2 IRES
element [124,125] or by remodelling structural elements
located in close proximity to the translational start site
remains to be addressed experimentally. So far, RNA immu-
noprecipitations, RNA pull-down experiments, and in vitro
RNA chaperone assays imply that the hLa protein binds to the
Bcl2 mRNA and assists structural changes of the Bcl2 transla-
tional start site [45].

6.5 BiP

The mRNA encoding the molecular chaperone binding immu-
noglobulin protein (BiP), also referred to as 78-kDa glucose-
regulated protein (GRP78) or heat shock 70 kDa protein 5
(HSPADS5), contains an IRES element within the 5"'UTR [206].
BiP belongs to the family of Hsp70 proteins and is mainly
localized to the endoplasmic reticulum (ER). Elevated BiP
expression is associated with cancer progression, patient survival
and drug resistance probably facilitated by cell membrane stand-
ing BiP and PI3K/AKT oncogenic pathway activation [207,208].

The BiP IRES was first reported by the Sarnow’s laboratory
[206]. They showed that the IRES element consists of two
parts (nucleotides —1 to —53 and —162 to —220) and is bound
by two proteins referred to as p60 and p90. Subsequent
studies found that hLa binds to a region spanning nucleotides
—115 to —207 within the BiP IRES [209]. Using a bicistronic
BiP IRES reporter, they showed that gfp-tagged hLa stimulates
the BiP IRES-dependent luciferase expression in COS-7 cells
[209]. The BiP 5'UTR contains a conserved structured region
just upstream of the translational start site from nucleotides
-129 to —222, which contains the region (-115 to —207)
bound by hLa [209,210]. Hence, the model in which hLa
facilitates translation by unwinding structural elements
located in close proximity of the start site would be in agree-
ment with those data.

In summary, reports accumulate supporting the notion
that La stimulates the mRNA translation of factors contribut-
ing to chemoresistance such as XIAP, Bcl2, and BiP as well as
Survivin, BclxL, and Bagl (GS unpublished data). Notably,
BclxL and Bagl are encoded by IRES-containing mRNAs
[211-213] and stem-loop structures within the 5'UTR that
potentially could impede mRNA translation was proposed
recently for the Survivin mRNA [214]. The theory of RNA
regulons is based on the finding that a specific RBP interacts
with different mRNAs and jointly controls an expression net-
work modulating a particular cellular process [215,216]. In
this case, the data suggest that the La protein controls a pro-
survival RNA regulon contributing to chemoresistance and
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strongly support the notion that RBP La acts as non-
oncogenic addiction factor by establishing a pro-survival state.

6.6 Mdm2

The mouse double minute 2 homolog (Mdm?2) is expressed in
a variety of isoforms oftentimes originating from alternative
splicing [217]. Mdm?2 is an E3 ubiquitin-protein ligase triggering
the ubiquitinylation and consequently the degradation of
tumour suppressor p53 [218]. Hence, elevated Mdm2 expression
often correlates with low p53 protein level in cancer cells.

The study by Trotta et al. revealed a correlation between
the very low expression of p53 and the high expression of
Mdm2 in BCR/ABL-expressing murine 32D cells [43].
Additionally, it has been shown that Mdm2 mRNA is trans-
lationally regulated in other cells [219-223], raising the ques-
tion of whether translation of Mdm2 mRNA is up-regulated
in BCR/ABL-expressing 32D cells.

Mdm?2 contains two upstream open reading frames
(uORFs), which contribute to translational regulation of
Mdm2 [222-224]. Sucrose gradient analyses revealed that
inhibition of BCR/ABL by STI571 shifted Mdm2 mRNA
from translationally active to inactive fractions, demonstrating
a BCL/ABL-dependent regulation of Mdm2 mRNA transla-
tion [43]. Further, the data showed that uORFs are not
involved in this translational regulation of Mdm2 mRNA
but rather a small sequence element located between nucleo-
tides —62 and —36 upstream of the translational start site [43].
The authors further found that the La protein binds directly
to this small sequence element located upstream of the Mdm?2
translational start site and that expression of a dominant-
negative hLa (LaDN) mutant impaired Mdm?2 expression in
cells and in in vitro translation assays [43].

A set of protein kinase inhibitors was used to study the
impact of those kinases on La protein levels. The study by
Trotta et al. found that STI571, PKC, and PI3K inhibitors
decreased hLa levels suggesting that BCR/ABL-signalling sta-
bilizes hLa protein in a PKC- and/or PI3K-dependent man-
ner. It has been reported that PKC can phosphorylate
recombinant hLa [100], however this aspect was not
addressed in this study [43].

Taken together, mRNAs encoding tumour-promoting and
anti-apoptotic factors, which are regulated by the hlLa protein
have in common that hLa binds most often in close proximity to
the translational start site. Those binding regions are predicted to
fold into secondary structures. Hence, hLa’s RNA chaperone
activity might destabilize those structural elements to promote
start site selection and 48S complex formation during translation
initiation. In addition, for mLa it has been shown that signalling
pathways trigger the cytoplasmic localization of mLa.

7. La protein as a novel cancer drug target

The overexpression of La protein in various cancer entities
promotes translation of mRNAs encoding tumour-promoting
and anti-apoptotic factors, and contributes to proliferation,
migration, invasiveness, tumour growth, and chemo-
resistance of cancer cells as detailed above. To support
mRNA translation, the La protein must bind to RNA elements
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in those mRNAs. Hence, a La inhibitor blocking the binding
of La to selective mRNAs, specifically during Cap-
independent translation in cancer cells treated with che-
motherapeutics provides an opportunity for a novel drug
intervention point (Fig. 6B).

The feasibility of inhibiting RBP:RNA interactions by com-
pounds has been demonstrated in a few cases, however only
little is known about drug discovery approaches targeting the
interaction between cellular RBPs and their target RNAs
[225-228]. In previous studies, it has been shown that mLa
protects hepatitis B virus (HBV) RNA against cytokine-
induced degradation [81,229,230] and that the phosphoryla-
tion of La at serine 366 increases during HBV replication and
promotes the HBV life cycle [231]. Hence, to test whether
compounds can target hlLa, a virtual screening approach has
been used to identify active molecules and to show that they
impair the HBV life cycle [232]. The hLa protein is also
implicated in the translation of the hepatitis C virus (HCV)
and efforts were reported to target the La:HCV RNA interac-
tion by a small La-derived peptide [233].

Based on the finding that cancer-associated hLa contributes
also to cancer progression and chemotherapeutic resistance,
studies were initiated to identify compounds able to inhibit the
binding of hLa to CCND1 and Bcl2 mRNA. Using a high-
throughput fluorescence polarization assay, compounds were
identified and tested in orthogonal assays to demonstrate that
they impair binding of hLa to CCND1- or Bcl2-derived synthetic
RNAs [234]. Most interestingly, those active compounds dimin-
ished the viability of cancer cells, but not normal cells. They
specifically impaired the binding of hLa to CCNDI1 and Bcl2
mRNA in cells, reduced Bcl2 protein level and sensitized cancer
cells for cisplatin-induced apoptotic cell death [234].

Taken together, various efforts have been reported aiming
to target the hLa protein during the viral life cycle and cancer
progression. Although the chemical space of those identified
compounds and the required concentrations are suboptimal,
those studies demonstrate the proof-of-concept, that the
interaction between hLa and selective RNAs might represent
a novel drug intervention point.

8. Outlook and open questions

In recent years experimental data have accumulated demon-
strating that the La protein plays a significant role in cancer
pathobiology. According to the e!Ensembl database and as
reported previously [78,235] several La mRNA isoforms are
expressed. Two mRNA isoforms, which differ in length but
are expressing the the full-length hLa protein, next to three
isoforms expressing shorter versions of the hLa protein are
known. Interestingly, different promoters with or without an
NF-kappa B binding site exist and alternative splicing can lead
to hLa mRNA isoforms containing an IRES or not [78,235].
The potential role of those La isoforms in normal and in
cancer cells remains to be tested.

Although it is not well understood which mechanism
causes the overexpression of La in haematologic malignancies
and in various solid tumour entities, it is clear that La is
required to secure cell proliferation, migration, invasiveness,
and tumour growth of cancer cells (Fig. 6B). However, many

interesting questions remain to be answered. For example,
although it is well documented that La modulates translation
of various mRNAs encoding tumour-promoting and anti-
apoptotic factors, the molecular mechanism is only poorly
understood. Does La remodel RNA elements located in the
5'UTR of mRNAs and promote translation by easing the
scanning of the 43 ribosomal subunit? The La protein associ-
ates with ribosomal subunits and is present in polyribosmal
fractions containing translationally active mRNAs. Do those
findings suggest a function of La during translational initia-
tion and/or elongation? Since La is implicated in many dif-
ferent aspects of the RNA metabolism such as processing of
non-coding RNAs, like tRNA and U6 snRNA [56], and is
likely to be involved in miRNA biogenesis, it is challenging to
differentiate between indirect and direct effects in studies
applying depletion of La. The subcellular localization of the
La protein and its functionality is modulated by PTMs. Hence,
studying the impact of signalling pathways and cell plasticity
on posttranslational modifications of La causing changes in its
cellular functions is expected to reveal exciting new informa-
tion about this protein during cancer progression. Moreover,
the La protein interacts with a broad variety of RNA mole-
cules. The contribution of the different RNA-binding surfaces
in the binding of those different RNA sequence/structural
elements remains an important area of research. Deeper
understanding of the RNA-binding modes would allow the
structure-based drug design of biologically active compounds
able to block the binding of La to selective mRNAs encoding
factors involved in cancer progression or viral replication.

In this review, we favour the view that La is a non-
oncogenic addiction factor. As reported, La depletion sensi-
tizes cancer cells for chemotherapeutics [43,45]. These kinds
of experiments and comparing the response of La-depleted
cancer cells to other stressors such as ER stress, serum depri-
vation or oxidative stress are ideal experimental settings to
test the role of La in non-oncogenic addiction. In this experi-
mental model reduction of La protein expression or function-
ality should preferentially harm cancer cells compared to
normal cells, as has been shown for molecular compounds
inhibiting La:mRNA complex formation [234].

Lastly, it is an open question which mechanisms are regulat-
ing the La protein expression level. So far, only marginal infor-
mation is available on the promoter control of the La gene, the
signals regulating La transcription, or the posttranscriptional
regulation of La protein stability as observed in cancer cells. In
this context it is important to note that only a few protein
interaction partners of hLa have been described so far, namely
nucleolin [33,236,237] and DEAH-box RNA helicase DDX15/
hPrp43 [238]. Furthermore, about 150 proteins are listed in the
BioGRID database (https://thebiogrid.org) as potential La inter-
action partners. The limited information on hLa interacting
partners, hLa gene regulators, signalling pathways regulating
hLa transcription, and posttranscriptional control represents
a very exciting area of research.

La protein belongs to the family of La-related proteins
(LARPs) and to our knowledge it is currently not known
whether other LARPs interact with hLa or to which extend
other LARPs are able to compensate for the function of hLa in
depleted cells or knock-out models. The growing number of
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important cellular functions members of the LARP family are
implicated in [10] suggests that future studies will reveal more
critical cancer-associated functions of this protein family.
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