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Abstract

Methods to map small-molecule binding sites on cellular RNAs are important for understanding
interactions with both endogenous and exogenous compounds. Pt(l1) reagents are well-known
DNA and RNA crosslinking agents, but sequence-specific and genome-wide identification of Pt
targets following in-cell treatment is challenging. Here we describe application of high-throughput
‘Pt-Seq’ to identify Pt-rRNA adducts following treatment of S. cerevisiae with cisplatin.

Graphical abstract

HTS Pt-Seq to predict Pt-RNA adducts on cisplatin-treated $. cerevisioe RNA

™ Peptide exit tunnel < 2

Noncoding RNA makes up a significant portion of the eukaryotic genome.1 Work has
attributed regulatory roles to much of this noncoding RNA,2 highlighting RNA’s importance
in the functional landscape of cells.3 Recent work has focused on the potential for RNA-
targeting small molecules as potential drug candidates.* Cisplatin (Fig. 1A), one of the most
widely use anticancer drugs and the focus of this work, is known to bind RNA.>6.7 Many
RNA-based processes are disrupted by Pt compounds,8 but there is little information on
global accumulation of Pt in cells.

Much work has supported the hypothesis that cellular RNA may be a significant target of
cisplatin.>6.7 Research has suggested that Pt adducts from cisplatin treatment accumulate to
a greater degree on RNA than DNA,%9 and that most Pt-RNA accumulation is on prevalent
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ribosomal RNA.® Ribosomes present an attractive target for cisplatin as they are large RNA
structures,9 crucial for cellular reproduction, and unlike DNA, present in the cytoplasm.
Toxic agents such as sarcin and ricin act on the ribosome,! as well as numerous ribosome
targeting antibiotics, demonstrating its susceptibility to small molecule modification.12
Platinum adducts from cisplatin treatment have been observed on ribosomal RNA from £.
coliand S. cerevisiae and have been mapped to single-nucleotide resolution using targeted
primer extension.>6.7:13 A recent crystallographic study has also identified Pt binding sites
on purified 7. thermophilus ribosomes complexed /n vitro with mMRNA and tRNA. In this
study, the ribosomes were treated briefly in vitro with unactivated cisplatin.14 While an
interesting molecular view of potential adduct types was unveiled, their relation to adducts
formed during in-cell treatment is not established.

A comprehensive picture of platinum accumulation on cellular RNA resulting from drug
treatment is still missing. Current methods of mapping platinum adducts on RNA are largely
confined to reverse transcription (RT) primer extension analysis®%:13 or mass spectrometry.”
Recent work has combined primer extension with high-throughput sequencing library
generation in order to identify RNA modifications on a genome-wide scale. Notable
examples are Mod-Seq and StructureFold, in which cellular RNA is treated with DMS to
methylate cytosine and adenine residues,>16 and methods based on SHAPE (selective 2”-
hydroxyl acylation followed by primer extension) chemistry, which uses a library of
alkylating reagents to modify the 2" hydroxide of RNA.1718 These methods use high levels
of small molecule modifications to report on in-cell RNA structure based on accessibility.
Here, towards predicting more specific small molecule binding sites, we have developed “Pt-
Seq,” which harnesses the power of high-throughput sequencing to map cisplatin-induced
lesions on cellular RNA in a single sequencing experiment (Fig. 1B).

S. cerevisiae was chosen for this initial study based on our prior work using yeast to explore
cisplatin accumulation on cellular RNA.8 Yeast share many conserved cellular processes
with mammals and like all eukaryotic organisms express large amounts of noncoding
RNAs.19 In prior studies, a few cisplatin adducts have been predicted on S. cerevisiae rRNA
using targeted reverse transcription primer extension analysis.®13 Because of this, S.
cerevisiae is a good model system for developing our high-throughput platinum mapping
technique.

The [Pt(NH3)>]-RNA adduct formed by cisplatin treatment is known to cause stalling of
processive enzymes such as reverse transcriptases.® Current methods of mapping Pt adducts
that are based on extending radiolabeled RT primers rely on bands of increased intensity
relative to background under treatment conditions on sequencing gels. While effective, these
techniques are poorly suited for high-throughput analysis of large structured RNAS as the
resolvable window is limited to approximately 100 nucleotides per experiment and each
primer needs to be individually optimized and labelled. Pt-Seq is based on work by Talkish
et al.1% and adapts RT primer extension for high-throughput sequencing (Fig. 1B). Briefly,
RNA is extracted from treated and untreated cells, fragmented, and an adapter annealed to
its 3" end. This adapter serves as a priming site for the Mod-Seq primer based on Ingolia et
al.20 This primer is extended using reverse transcriptase, the resulting cDNA fragments are
size-selected and 5” phosphorylated, and then the construct is circularized using Circligase
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(Epicentre). After circularization, PCR is performed using indexed primers containing
Illumina adapters to generate sequencing libraries. After sequencing, reads are adapter
trimmed, aligned to the yeast genome, and fed into the Mod-seq pipelinel® to identify
platinum adduct sites.

We chose three treatments for this study: mock treatment control, 100 uM cisplatin, and 200
UM cisplatin. Two biological replicates were performed for each condition. Reads per
condition vary from 3.8-7.3 million. Between 50-74% of reads aligned to the yeast genome
with no mismatches, and 80-90% align with one mismatch. Estimated distribution across
genes was generated using HTSeg-count?! which counts reads within gene features. Read
distribution was predominantly on ribosomal RNA, as expected (Tables S1 and S2, TESI).

We chose to use only reads with no mismatches to explore platinum accumulation on
ribosomal RNA. We fed our trimmed and aligned reads into the Mod-Seq script!5 to identify
sites of RT stalling, setting a minumum 1.5-fold-enrichment threshold, and compared
cisplatin treatments vs. control to derive the location of platinum adducts to single-
nucleotide resolution. The results demonstrate a treatment effect by cisplatin. As drug
concentration is increased 2-fold, the number of sites demonstrating >1.5-fold stop
enrichment increase 2.2-fold for 25S rRNA (Fig. 2). Higher treatment concentration results
in some overlapping and many new stop sites. Interestingly, for overlapping sites, increasing
cisplatin treatment concentration from 100 to 200 uM did not always result in an increase in
relative stop intensity, and occasionally higher concentrations of cisplatin result in decreased
relative stop intensity (Fig. 2A and B). This could be due to changes in RNA structure at the
higher Pt concentrations.

To further narrow our focus for closer analysis of the 25S large ribosomal subunit, we
compared stops across 100 and 200 puM cisplatin treatment conditions at >1.5-fold
enrichment over background, and then considered only those which were present in both
treatments. Stops which were present in both conditions were then compared with a list of
known modified nucleotides?? and any matches removed to ensure no overlap. Out of the
141 and 304 stop sites observed at 100 and 200 UM cisplatin, 26 are shared by both
treatments (Fig. 2C). The median stop intensity for these paired stops was 1.8 at 100 uM
cisplatin and 1.95 at 200 pM cisplatin, further exhibiting a treatment effect.

For this subset of 26 sites, the five sites with highest fold-enrichment are at positions G345,
U382, C803, C1171, and G2824 (Fig. 2C). C1711 is located on helix 58, which is the
binding site for ribosomal protein L30e, an indispensable ribosomal protein. Solvent
accessible surface area calculations suggest that the C1711 N3 position is inaccessible (not
shown), but that as a whole helix 58 is highly exposed. Helix 58s interaction with protein
L30e primarily relies on the unusual tertiary structure of helix 58, a kink-turn motif.23:24
C1711 is located just before this motif. Together, H58 and L30e form an intersubunit bridge,
one of several contacts between the large and small ribosomal subunits.23:25

TElectronic Supplementary Information (ESI) available Detailed materials and methods, Pt-induced stop counts on RNA from
cisplatin-treated S. cerevisiae
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G2824 is located at the base of helix 89 (Fig. 3), in the “accommodation corridor,” a
passageway located along the interface between H89 and the H90-92 structure of the large
ribosomal subunit.28 It is immediately adjacent to the peptidyl transfer center,2” and close to
the tRNA A-site. Interestingly, it is close to the binding sites of anisomycin and narciclasine,
eukaryotic ribosome-targeting antibiotics that inhibit peptide bond formation.12
Furthermore, mutations to nearby residues (2820, 2829) result in non-viable ribosomes,2’
suggesting a region particularly sensitive to modification. This implies a previously
unexplored model for cisplatin inhibition of the ribosome. G345 and U382 are located near
helix 23 and 24, respectively (Fig. 3). U382 is highly solvent exposed, located near the
surface of the large ribosomal subunit opposite the small subunit. G345 is near the surface of
the large ribosomal subunit and the 5.8S ribosomal RNA.

We utilized traditional targeted RT primer extension analysis to verify our high-throughput
sequencing approach (Fig. 4) on RNA isolated from yeast cultures treated with 200 pM
cisplatin (see Methods, ESI). We chose to analyze the region near helix 58 since it is highly
solvent exposed, making it a good candidate for RT primer extension. Using a RT primer
spanning 1761-1779 a number of stops are observed upstream of C1711 in the region
spanning G1599 through G1646 (Fig. 4A and C) that broadly match regions identified by Pt-
Seq.

A second primer annealed near helix 80 (3" end 2605) reliably extended through U2508 and
covered G2563 through U2510 (Fig. 4B), showing a strong stop at U2514 / A2515, a stop at
C2518, and a weak stop at G2533/G2534 (Fig. 4B and D). Pt-Seqg-determined stops from
2511-2521 reflect the broad set of stops from 2511-2522 observed via primer extension and
suggest this region is particularly prone to modification. Together, these data support Pt-Seq
as a high-throughput method of identifying cisplatin-derived adducts on cellular RNA.

Notably, not all strong Pt-Seq stop sites are represented in the gel-based RT assays and vice-
versa. We used Circligase to create single-stranded circular vector-like products post-RT for
PCR amplification as described by Talkish et al.1® Circularization avoids a second
potentially low-yielding ligation step and Circligase itself is very efficient: the manufacturer
reports near 100% conversion from linear to circular products of control sequences.
Circligase does have a 3" substrate bias toward primarily A and T residues in the 3
position for circularization (Epicentre). Transforming our Pt-Seq results from adduct site to
stop site (+1 nt) demonstrates a strong preference for A and T residues in the 3" position at
both treatment concentrations (not shown). This bias is present for both concentrations of
cisplatin and also observed in control treatment (not shown), and suggests that results are
biased towards those adjacent to a preferred Circligase substrate. This factor may explain the
failure to recapitulate some strong stops seen by others by traditional RT analysis in the
yeast peptidyl transferase center.6:13

In this study, we have performed a high-throughput sequencing-based survey of Pt-RNA
adducts formed following treatment of S. cerevisiae with cisplatin. A majority of predicted
Pt-RNA sites were located on ribosomal RNA, which also comprises the vast majority of
yeast RNA (>80% by nucleotide).?8 Platinum-induced stops are also observed on tRNAs and
cytoplasmic RNAs such as SCR1 as well as transposable elements (not shown). On the 25S
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ribosomal subunit, a clear dose-dependent response is observed with increased cisplatin
treatment concentration, with an increase in the number, median, and maximum stop
intensity observed with doubling concentration of cisplatin (Fig 2). Results from Pt-Seq
results compare well with gel-based RT mapping methods and infer regions highly prone to
modification (Fig. 4).

Our strongest cisplatin-derived stops are located primarily in the highly conserved core of
the ribosome (Fig. 3). G2824 is particularly interesting, as it is located in the core of the
ribosome, near the peptidyl transferase center, where peptide bond formation occurs.
Numerous eukaryotic-specific antibiotics bind in this region and mutations to this region
results in nonviable ribosomes, suggesting this region is particularly sensitive to
modification. Cisplatin-derived Pt adducts following in vitro treatment have been observed
by crystallography to bind regions near ribosome-targeting antibiotics.14 Taken together,
these results suggest a previously unexplored mechanism for cisplatin inhibition of the
ribosome which warrants further investigation. Adapting Pt-Seq to mammalian cell lines, as
has been done for high-throughput RNA structure mapping protocols using either RT
truncationl’ or mutational mapping,2%39 will be an important next step.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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A) Cisplatin. B) Pt-Seq workflow. Pt-Seq uses a modified Mod-Seq workflow (15) to
identify sites of platinum adducts on cellular RNA following cisplatin treatment. Briefly,
cells are treated with cisplatin and extracted RNA is fragmented. An adapter containing an
RT primer is 3"-end ligated and then extended using reverse transcription. The resulting
cDNAs are stalled by platination sites, resulting in unique 3’-truncated fragments from
treated samples. These fragments are circularized, PCR-amplified with primers compatible
with Illumina high-throughput sequencing, and analyzed by the Pt-Seq pipeline. See TESI

for details.
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Fig. 2.

Er?richment of RT stop sites on 25S rRNA following cisplatin treatment of S. cerevisiae. A)
100 pM cisplatin treatment B) 200 UM cisplatin treatment. Increasing cisplatin concentration
results in increased stop site observation. C) Stops present in both treatment concentrations,
with a cutoff of 1.5-fold enrichment as described in text.
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Fig. 3.

Three-dimensional views of the yeast ribosome (PDB 4V7R) from the solvent-exposed side
of the large ribosomal subunit with major cisplatin adduct sites noted in red. 25S rRNA is
shown as a partially transparent surface.
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Fig. 4.
Comparison of gel-based RT primer extension analysis with results predicted by Pt-Seq.

Two regions of the yeast 25S large ribosomal subunit (A: 1600-1650 and B: 2510-2560)
were subject to traditional gel-based primer extension analysis. Lanes 1-4 are dideoxy
sequencing ladders, lane 5 is 0 uM cisplatin control, and lane 6 is 200 UM cisplatin (6 hours
treatment). Stop sites are marked with arrows. (C, D) Band intensity down each lane
(ImageJ) overlaid on a bar plot of Pt-Seq results for both 100 and 200 pM cisplatin, shifted
one nucleotide 3" to illustrate RT stop sites.
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