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Background

The elderly population in Hong Kong will become doubled by 2046, which means an
increase from 1.45 million in 2021 to 2.7million accounting for more than 35% of the inhabitants
(https://www.censtatd.gov.hk/en/press_release detail.html?1d=5368). This population structure
change poses an emergent and unavoidable burden to the society introduced by natural ageing,
particularly to the healthcare and medical systems, as ageing is associated with many types of
human diseases!. Although the skin is the first barrier of the human body for protection and
immune response, ageing-associated human skin diseases have not received adequate attention as
neurodegenerative diseases or cancers?,

Like the ageing-associated Alzheimer’s disease, Parkinson’s disease and order types of
neurodegenerative diseases, a higher prevalence of ageing-associated skin diseases has been
observed along the natural ageing process in several populations®. Among the surveyed patients,
dermatitis, neoplasm and precancerous skin demonstrate a higher incidence besides the infectious
conditions*>. Natural ageing could be seen as the result of systematic failure after long-term stress
stimuli that overloaded the repairing mechanisms, therefore resulting in compromised cell
functions and increased vulnerability towards endogenous toxicity®’. This eventually led to a
complete loss of renewal capability while simultaneously being arrested by the irreversible
senescent state.

Cells utilize mechanisms that harbor membrane-less organelle (MLO), such as phase-
separated stress granules, to respond to stress upon external stimuli ®. MLO is one type of essential
sub-cellular structure that widely and dynamically exists in cells. The condensates observed in
MLO are formed by aggregated molecules, or liquid-liquid phase separation (LLPS), which
compartmentalize the environment to constrain biochemical reactions. Many studies have
indicated that molecule crowding is not a univariate process but can involve many distinct
components while demonstrating great dynamics and heterogeneity depending on the cellular
context °. Apart from maintaining homeostasis after exposure to various types of stress, cells can
transform the deviated homeostasis state into an irreversible state by establishing a persistent
response to the stress, leading to dysregulated MLO, causing subsequent endogenous toxicity or
the onset of parthenogenesis. Indeed, constituent proteins of ribonucleoproteins involved in the
stress granules are coupled with atopic dermatitis (AD) and various neurodegenerative diseases ®.

Meanwhile, growing evidence has shown that RNA and RNA binding proteins (RBPs) are
indispensable components for condensates in many cellular contexts, including but not limited to
the stress granules in neurodegenerative diseases and condensates formed during X chromosome
inactivation. Dysregulated RNAs or RBPs are tightly coupled with human diseases, e.g.
neurodegenerative and skin diseases '%!!. The regulatory roles of MLO in human diseases and
underlying mechanisms remain under extensive investigation, although either RBP or RNA G-
quadruplex (rG4), a non-canonical secondary RNA structure, can trigger the LLPS alone. As
RNAs often form complexes with RBPs to exert their functional roles, their dynamic interactions
are integral to both transcriptional and post-transcriptional regulation '2. However, the detailed
molecular mechanisms have not been completely elucidated, and using their features to develop
and realize diagnostic methodologies remains extremely challenging.

The primary obstacle hindering mechanistic studies is the incomplete understanding of the
binding between RBPs and RNAs. This is due to the complex and multi-facet binding activity of
RBPs with RNA molecules, which involve linear RNA, RNA structures and dynamic binding
change between different binding states >3, Although several in vivo and in vitro methods,
including the HTR-SELEX we established 4, RNAcompete and RNA Bind-n-seq, have been
developed to disclose the binding specificities of RBPs, the technical or computational limitations
prohibit access to the holistic RNA structure map, The missing structural information of RNAs
recognized by RBPs has thus considerably slowed down the decoding regulation of the RNA-RBP




complex in the regulation of MLO.

Another bottleneck is the poorly resolved binding dynamics between RBPs and RNA in vivo.
Previous studies that revealed binding specificities of RBPs, including the HTR-SELEX we
established, have confirmed that RBPs binding specificities are multifaceted, allowing RBPs to
bind various linear and/or structural RNAs. More interestingly, besides the hairpin-shaped
canonical RNA stem-loop secondary structure, RNAs can also form rG4s that widely exist in the
eukaryotic transcriptomes '°. Even though many RBPs can or are predicted to interact with rG4s,
the exact rG4 sequences and whether RBPs have preferred forms of rG4 are not clearly resolved.
How the rG4 binding RBPs interact with their linear binding sites has not been thoroughly
investigated. Not even mention the dynamics of RBP binding among distinct RNAs recognized by
the same RBPs. Nevertheless, without a comprehensive understanding of the RBP binding
specificities and structural RNA information, it is impossible to integrate the linear and structural
RNA binding dynamics into solving biological questions, reversing the consequence of persistent
stress stimuli, and translating the harvested knowledge into diagnostic and therapeutic applications.
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Work done by us

Our latest research on autosomal recessive disorders revealed that condensates are heavily
involved in human autosomal recessive diseases!’. The mutations of protein filaggrin (FLG)
abolish its condensation within keratohyalin granules to compromise skin defence in AD patients.
However, the roles of RNAs in this process are yet to be investigated.

We previously established an in vitro assay, HTR-SELEX!4, to capture both linear and
structural binding specificities of human RBPs. We also successfully applied HTR-SELEX in
various scenarios and proved its robustness '®!8, We recently observed that under rG4 stabilising
condition (Na"), many RBPs demonstrated strong binding affinity towards rG4 forming oligos
(Figure 1a). Besides binding to linear RNA sequences and canonical RNA structures (Figure 1b),
the RNA libraries of some RBPs also showed unexpected rG4 enrichment. We have adapted the
HTR-SELEX protocol to stabilise and destabilise rG4, aiming to identify the rG4 forms recognised
by RBPs to disclose the principles of rG4 binding specificity and uncover linear or structural RNA
motifs masked by rG4 (Figure 1c¢).

In parallel to the experimental evidence that many RBPs can bind rG4 with strong affinity
observed in the HTR-SELEX data, many known rG4 binding RBPs are independently documented
in the database Quadratlas ' (Figure 2a). We further re-analysed the ENCODE eCLIP data '* and
confirmed that the rG4 forming sequences were partially recovered by HTR-SELEX (Figure 2b).
These rG4s were highly enriched in the non-transposable element regions (Figure 3), particularly
these non-canonical rG4s (Figure 4). Moreover, we observed no obvious spatial proximity at the
sequence level for most 1G4 binding RBPs with known binding specificities toward linear RNAs,
suggesting binding with RBPs itself is potentially independent (Figure 5a). The explanation of
such sparse embedding of linear and structural motifs remains enigmatic, as the full RNA binding
spectrum of most RBPs is still poorly investigated. However, we found that some linear RNA
motifs recognised by HNRNPC can be nested in the loop region of rG4 sequences (Figure 5b).
We hypothesise that if linear motifs were not masked by rG4, the binding between rG4 and RBP
requires sequence specificity to mediate the binding or recognition of RNA structure.

Objectives

To exploit the potential of using RBP-RNA dynamics for diagnostic purposes, we aim to
bridge the knowledge gap between the dynamics of RBP-RNA and the regulation of MLO. Three
specific aims will be pursued to lay a solid foundation to complete the overall objective:

(1) To elucidate the linear and structural basis of RNA molecules bound by the same RBP
(2) To trace altered RNA-RBP dynamics in live cells
(3) To devise a deep-learning algorithm to diagnose skin disease based on RNA-RBP dynamics
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Figure 1. a, b) The rG4 enrichment in the libraries lacking linear sequences or stem-loop structures and
libraries with linear and stem-loop RNAs. logFC (log2 fold change) below heatmaps presents the fold
change of rG4 percentage between the 4™ and 1% cycle. The X-axis includes 99 constructs of 86 RBPs.
¢) [llustration of the HTR-SELEX workflow in 1G4 stabilising and depleting conditions.
Figure 2. a) Common rG4 binding RBPs detected by HTR-SELEX, QUADRAtlas and RBPs with
available eCLIP. b) The ratio of distinct form of non-canonical rG4 in both K562 and HepG2 cell
lines.
Figure 3. Most eCLIPs peaks are TE-related.
Figure 4. rG4 polymorphisms recognized by RBPs. The rG4 in the 4™ cycle of libraries are predicted.
For a given RBP, bulge count, bulge length, and G-tetrad count in rG4 forming ligands are extracted.
The symbols of representative RBPs recognizing distinct types of rG4 are labelled.
Figure 5. a) linear RNA motifs embedded in 1G4. The top 300 thousand predicted linear motifs are
selected to investigate the relative position of nested linear motifs in rG4. b) The genomic distance
between predicted rG4 forming sequences and linear motif in the eCLIP peak data.
Figure 6. The schematic illustration of single-molecule tracking experiments.





