Efficient Removal of rRNA Fragments to enhance Translated RNA Detection by
ribosome profiling.

Introduction

In both prokaryotes and eukaryotes, ribosomes play a crucial role in protein synthesis during
the translation process. The assembly of hundreds of proteins and ribosomal RNAs (rRNAs)
creates distinct subunits essential for functional ribosome formation.

To identify which messenger RNAs (mRNAs) are actively translating in a given specimen,
ribosome profiling is a powerful tool. This technique involves sequencing small ribosome-
protected fragments (RPFs) to pinpoint the ribosome's location on translating RNA. In the initial
step, a nuclease digestion selectively cleaves non-ribosome-protected RNA, leaving behind
the ribosome-protected fragments. These fragments are then isolated, and the RNA is
extracted, subsequently transformed into a library for sequencing on standard platforms.

However, the extracted RNA predominantly consists of rRNA, and sequencing it is often
unnecessary. To enhance the coverage of the translated RNA library—reflecting the number
of reads from actively translating RNAs—removing these rRNA fragments becomes crucial.
This not only reduces the necessity for deeper sequencing but also minimizes overall
sequencing costs.

When employing standard strand switching or Ingolia et al methods for sequencing total RNA,
approximately 60-90% of reads correspond to rRNA, with only about 10% attributable to
relevant RNAs. The removal of 99% of rRNA leads to a notable 80-90% increase in the reads
associated with relevant RNAs. Different methodologies can be utilized to remove the rRNA
contamination, but not all are suitable for ribosome profiling applications. In general, the
methodologies can be summarized into:

Hybridization and physical separation
Hybridization and enzymatic separation
Chemical and length-based RNA separation
Duplex-specific nucleases cDNA Normalization
Targeted Amplification

CRISPR-Cas9 Depletion
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1. Hybridization and physical separation

This method involves a two-step process: a hybridization step with an oligo and a subsequent
separation using magnetic beads to isolate transcripts with specific features. It represents an
indirect strategy for depleting rRNA in ribosome profiling, employing oligonucleotide probes
complementary to rRNA sequences. Depending on the experimental configuration, these
oligos may target a broad range of rRNA sequences or focus on a few highly abundant ones.
Typically, the chosen oligos are biotinylated to enable binding with streptavidin-coated
magnetic beads for subsequent pulldown.

This technique introduces a set of constraints: 1) The need for specific oligo selection tailored
to the specimen arises due to variations in rRNA composition among species (human vs.
mouse vs. prokaryotes), making the method non-universal. Moreover, ribosome heterogeneity
on rRNA expansions can introduce cell-to-cell and tissue-to-tissue variation 2) The species-
specific selection of Ribosome Protected Fragments and cleavage with nucleases may alter
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contaminant identities, potentially impeding the success of oligo binding and introducing biases
in rRNA depletion. 3) The total removal of rRNA poses limitations on the minimum requirement
for subsequent library preparation methods.

2. Hybridization and enzymatic separation

This method involves the use of antisense DNA oligos that form RNA:DNA hybrids with the
target rRNA sequences. The RNaseH activity, specific to the RNA strand in these hybrids,
facilitates the degradation of rRNA. Subsequently, DNAse is employed to eliminate the
antisense DNA oligos. Similar to physical separation methods, this approach is prone to biases
during probe design and digestion. While it has proven effective in global RNAseq applications,
its compatibility with ribosome profiling reveals limitations. Notably, a significant off-target
activity of RNaseH has been observed, attributed to the length and sequences of the designed
probes, particularly when employing low annealing temperatures. This off-target binding leads
to the depletion of relevant sites, introducing challenges in the analysis of ribosomal footprints.

3. Chemical and length-based RNA separation

An innovative and robust strategy in ribosome profiling involves the selection of Ribosome
Protected Fragments (RPFs) based on their distinctive structural characteristics during library
preparation. Key nucleases commonly used in ribosome profiling, such as RNAse |, RNAse A,
and RNAse T1, share a unified mechanism of action, breaking bonds in single-stranded RNAs
and generating 3’-monophosphate (3'-P) residues on cleaved RNAs. This unique signature
serves as a marker for the selective inclusion of RNA fragments with this feature into the library.
This methodology is exemplified by the proprietary IMMAGINA technology, LACEseq™.
Leveraging the presence of 3'-P signatures, LACEseq™ selectively incorporates fragments
displaying this feature. Minimal cutting of rRNA on intact ribosomes ensures that the majority
of rRNA lacks this distinctive signature unless a wrong excess of nuclease is used. Additionally,
the LACEseq™ library incorporates an intra-molecular circularization step, favoring the
inclusion of fragments shorter than 100nt and further reducing the incorporation of large rRNA
fragments in gel-free Ribo-seq experiments. The specificity of this approach reduces the
inclusion of rRNA in the library by up to 30%. This method effectively mitigates biases
introduced by hybridization methods and allows for the sequencing of relevant RPFs with
minimal processing.

4. Duplex-specific nucleases cDNA Normalization

Rather than targeting RNA directly, this approach operates at the cDNA level, specifically after
cDNA synthesis. It employs duplex-specific nuclease (DSN) to selectively degrade double-
stranded DNA molecules. The process begins with an initial denaturation step of the cDNA,
followed by reannealing. The annealing of DNA molecules is temperature and concentration-
dependent, exploiting the high abundance of cDNA derived from rRNA. Given the likelihood of
ribosomal cDNA to preferentially anneal, DSN selectively degrades these and other more
abundant transcripts before less abundant ones, effectively normalizing the cDNA pool. This
technique proves particularly advantageous in RNAseq data, where it has demonstrated a
reduction in the quantity of rRNA reads with minimal impact on mRNA coverage, especially in
regions with highly structured secondary structures. While DSN usage in RiboSeq experiments
is relatively limited, notable success has been observed in the H5-5Pseq approach.
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5. Targeted amplification

An alternative strategy involves the use of specific hexamers or heptamers during the cDNA
production process. In typical scenarios, cDNA is generated from random hexamers or
heptamers. In contrast, this technique allows for selective priming, enriching the cDNA for non-
rRNA transcripts from the RNA inputs and thereby indirectly depleting the cDNA of rRNA. This
approach has demonstrated effectiveness, particularly in bacterial specimens for RNAseq,
though limited information is available for its application in RiboSeq analysis. One potential
consideration revolves around the short nature of Ribosome Protected Fragments (RPFs),
emphasizing the need for careful selection of hexamers or heptamers during cDNA
preparation. While this method has proven successful, implementations are required to ensure
its efficacy in RiboSeq studies.

6. CRISPR-Cas9 Depletion

An alternative approach for rRNA removal at the DNA level involves the utilization of Clustered
Regularly Interspaced Palindromic Repeats (CRISPR) and CRISPR-associated (Cas)
proteins. This advanced technology facilitates precise DNA cleavage based on target
identification using a single guide RNA (sgRNA) sequence containing a Cas9 identifier known
as the protospacer adjacent motif (PAM). Leveraging the enzymatic activity of CRISPR Cas9,
specific sequences can be targeted by designing sgRNAs to guide Cas protein recognition.
One notable advantage is the post-library creation applicability of this technology, allowing for
multiplexing and simultaneous treatment of multiple libraries in a single reaction. However, a
limitation arises from the requirement of a PAM sequence adjacent to the cleavable site in the
targeted sequences, rendering it sequence-dependent and not universally applicable. Despite
this constraint, the CRISPR Cas9 approach has demonstrated promising results in RiboSeq
analysis for effectively depleting the rRNA pool.

Conclusion

In conclusion, the efficient removal of ribosomal RNA (rRNA) fragments is crucial for enhancing
the accuracy and sensitivity of ribosome profiling experiments, specifically targeting translated
RNA. Ribosome profiling, a powerful technique for identifying actively translating messenger
RNAs (mRNAs), relies on the sequencing of small ribosome-protected fragments (RPFs) to
pinpoint the ribosome's location on translating RNA. However, the predominant presence of
rRNA in extracted RNA poses challenges, emphasizing the need for effective rRNA depletion
methods. Various methodologies, including hybridization and physical separation,
hybridization and enzymatic separation, chemical and length-based RNA separation, duplex-
specific nucleases cDNA normalization, targeted amplification, and CRISPR-Cas9 depletion,
offer distinct advantages and limitations. While hybridization-based approaches exhibit biases
and constraints, chemical and length-based RNA separation, exemplified by technologies like
LACEseq™, proves effective in mitigating biases and reducing rRNA inclusion. Duplex-specific
nucleases demonstrate promise in minimizing rRNA reads in RNAseq data, while targeted
amplification has shown effectiveness in bacterial specimens. CRISPR-Cas9 depletion
presents a post-library creation option with promising results, though sequence dependency
remains a limitation. Each method should be carefully chosen based on specific experimental
requirements, sample characteristics, and the trade-offs between efficacy and universality.
Ultimately, advancements in rRNA removal methodologies contribute significantly to improving
the accuracy and efficiency of ribosome profiling experiments, enabling more precise
identification of actively translated RNA molecules.
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