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Abstract

Adenovirus is a nuclear replicating DNA virus reliant on host RNA processing machinery.
Processing and metabolism of cellular RNAs can be regulated by METTL3, which catalyzes the
addition of N6-methyladenosine (mfA) to mRNAs. While m®A-modified adenoviral RNAs have
been previously detected, the location and function of this mark within the infectious cycle is
unknown. Since the complex adenovirus transcriptome includes overlapping spliced units that
would impede accurate m®A mapping using short-read sequencing, we profiled m®A within the
adenovirus transcriptome using a combination of meRIP-seq and direct RNA long-read
sequencing to yield both nucleotide and transcript-resolved m°A detection. Although both early
and late viral transcripts contain m°A, depletion of m°A writer METTL3 specifically impacts viral
late transcripts by reducing their splicing efficiency. These data showcase a new technique for
mBA discovery within individual transcripts at nucleotide resolution, and highlight the role of m®A

in regulating splicing of a viral pathogen.
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Introduction

Adenovirus is a nuclear-replicating DNA virus with a linear double-stranded genome that
is dependent on the host cell machinery for productive infection!. To maximize coding capacity of
the 36 kilobase genome, adenovirus employs a tightly regulated gene transcription process. Early
genes and subsequent late genes are produced from both strands of DNA using cellular RNA
polymerase Il and the spliceosomal machinery to generate capped, spliced, and polyadenylated
messenger RNAs (MRNA). Besides the four canonical ribose nucleosides, adenoviral RNA is also
known to contain RNA modifications?2. RNA modifications comprise a family of over one hundred
chemical modifications of nucleic acid that can play important roles in both RNA biogenesis and
function*®. In eukaryotic messenger RNA, N6-methyladenosine (m°A) is the most prevalent RNA
modification besides the 7-methylguanosine cap®. This mark has been implicated in regulating
multiple processes of RNA maturation, including splicing, polyadenylation, export, translation, and
ultimately decay’~*2. Current understanding suggests that m®A is added to messenger RNAs co-
transcriptionally in the nucleus by recruitment of a writer complex composed of METTL3,
METTL14, WTAP, and other accessory proteins to RNA polymerase 11**7'°, These modified
mRNAs are bound by reader proteins such as the YTH family (YTHDC1-2, YTHDF1-3)617,
various hnRNPs®1° and the IGF2B?° family of RNA binding proteins, which affect various
downstream fates of the modified mMRNAs. This mark is reversible through the action of erasers,
and FTO and ALKBHS5 have been proposed to demethylate m°éA821.22,

Shortly after the discovery of m°A in cellular RNAs, RNAs from several diverse viruses
such as adenovirus, Rous sarcoma virus, simian virus 40, herpes simplex virus, and influenza A
virus were also shown to contain m°A in internal regions?323-2%, |n particular, adenovirus serotype
2 was shown to contain m®A at sites away from the cap? These marks were added to nuclear
pre-mRNA and retained in the fully processed cytoplasmic RNA3. These two studies also
predicted adenovirus RNAs to contain on average four m6A modifications per transcript, along
with low levels of methyl-5-cytosince, for a total of 1/400 (0.25%) of modified viral nucleotides?2.
However, no subsequent studies have elucidated the functions of m®A modification in adenovirus.
With the advent of high-throughput m®A sequencing methods, interest in viral RNA modifications
has been rekindled. RNA viruses such as HIV, influenza A, picornavirus, and various Flaviviridae
including Zika, dengue, and hepatitis C virus are influenced both positively and negatively by m°A
added via METTL3, and many of these viral RNAs are bound by cytoplasmic YTHDF proteins?’-
34 In hepatitis B virus, m°A at the same site can both stimulate reverse transcription as well as
reduce mRNA stability®>. For DNA viruses such as SV40 and KSHV, deposition of m°A on viral

RNA transcripts can enhance viral replication®-2°, Interestingly, multiple labs have published
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82  conflicting functions for m®A within the same viral transcript of KSHV, which suggests cell type
83  specific roles®®. Of note, recent work using human cytomegalovirus also implicates meA in
84  controlling aspects of the interferon response, thereby indirectly regulating viral infection®42,
85  Since adenovirus is reliant on cellular polymerases and mechanisms to generate and process its
86 viral RNAs, adenovirus infection provides an excellent opportunity to study the consequences of
87  co-transcriptional m°A addition.
88 Until recently, sequencing methods to map mCfA have relied on antibody-based
89 immunoprecipitations to enrich for methylated RNA within a relatively large nucleotide window
90 (methylated RNA immunoprecipitation sequencing, meRIP-seq or m°A-seq)***3. These
91 techniques are indirect, because antibody-precipitated RNA has to be converted to cDNA before
92  sequencing. Although other RNA modifications can be located due to mutations or truncations
93  resulting from reverse transcription*4=¢, these events are not generated in the case of m°A due
94 to efficient base pairing with thymine and uracil. Several techniques have circumvented some of
95 these limitations, such as photo-crosslinking assisted m°A sequencing (PA-m°A-Seq)*’, m°A
96 individual nucleotide resolution crosslinking and immunoprecipitation (miCLIP)*4° and RNA
97 digestion via mPA sensitive RNase (MAZTER-seq)®. In general, these methods are labor
98 intensive, and require either specialized chemical addition to cell culture, large amounts of input
99  material, or higher unique read counts than meRIP-seq. Furthermore, the antibodies used to
100 precipitate m°A may themselves have sequence or structure biases, and cannot distinguish
101  between mPA and the similar modifications m®A,?2°. To this end, the ability to sequence native
102 RNA molecules directly using nanopore arrays provides a new approach to locate RNA
103  modifications. While detecting modified DNA nucleotides is possible using both PacBio and
104  Oxford Nanopore Technologies platforms®2°3, detection of RNA modifications has proven much
105  more challenging. Recently, two groups have shown detection of m°®A using nanopores in yeast
106 total RNA and in human cell lines®®. In addition to detecting RNA modifications directly,
107  production of long reads by these platforms provides distinct advantages in the study of gene-
108  dense viral genomes, which encode complex and often overlapping sets of transcripts®®. To date,
109 the ability to use direct RNA sequencing to map full-length transcripts and their RNA modifications
110  unambiguously has not been realized.
111 In this study, we found that adenovirus infection does not alter expression of m®A-
112  interacting enzymes but instead concentrates these host proteins at sites of nascent viral RNA
113 synthesis. While meRIP-Seq was able to identify numerous methylated regions on both early and
114 late kinetic classes of viral MRNA, the complex splicing structure and overlapping nature of the

115  adenovirus transcriptome precluded unambiguous transcript assignments and m°®A localization
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116 by this method alone. To overcome this limitation, we developed a method to predict sites of m®A
117  modification at single-base resolution within full-length RNA by direct RNA sequencing and used
118 this technique to predict m®A specific to transcript isoforms. While we found that both viral early
119 and late genes are marked by m®A, expression of viral late RNAs in particular decreased
120  dramatically with loss of the cellular mA writer METTL3. This late gene-biased effect was
121  primarily mediated by decreased RNA splicing efficiency in the absence of METTL3, and could
122  be extended to all of the multiply spliced adenovirus late RNAs. Overall, these results highlight a
123 new technological advancement in long-read RNA sequencing, and reveal that m°A influences
124  the splicing and expression from a viral pathogen.

125

126  Results

127  Nuclear m®A-interacting factors concentrate at viral RNA during adenovirus infection

128 While it is known that adenovirus RNA transcripts contain m®A, the impact of infection on
129  cellular components involved in writing, reading, or erasing m°A is unknown. The majority of m°A
130 on messenger RNA is installed co-transcriptionally in the nucleus by a writer complex composed
131 minimally of METTL3, METTL14, and WTAP that associates directly with RNA Pol 111315, To
132  examine whether m®A-interacting enzymes are altered during adenovirus infection, we performed
133  immunoblot analysis over a time-course of infection with adenovirus serotype 5 (Ad5) in A549
134  lung adenocarcinoma cells (Figure 1a). Over the course of infection, levels of the assayed writers
135 (METTL3, METTL14, and WTAP) and readers (YTHDC1, YTHDF1, and YTHDF2) remain
136  unchanged. There was a modest increase in levels of both purported erasers, FTO and ALKBH5,
137  including the appearance of a faster migrating band detected with the ALKBH5 antibody.

138 Adenovirus is known to recruit specific cellular factors to viral replication centers or
139  mislocalize antiviral cellular factors®”°8, To determine if localization of m®A-interacting factors were
140 similarly altered, we performed indirect immunofluorescence microscopy to localize cellular
141  proteins, as well including an antibody against the viral DNA binding protein (DBP) to demarcate
142  viral replication centers (Figure 1b). When comparing mock-infected A549 cells to cells infected
143  with Ad5 for 18 hours, we observed that METTL3, METTL14, WTAP, and YTHDC1 relocalized
144  from their diffuse nuclear pattern into ring-like structures surrounding the sites of viral DNA
145  replication marked by DBP. These structures have been previously characterized as sites of viral
146 RNA transcription®, and was consistent with staining for phospho-serine 2 on the RNA Pol Il C-
147  terminal domain, a marker of actively transcribing polymerase (Figure 1c). The localization of
148  cytoplasmic readers (YTHDF1, YTHDF2) and demethylases (ALKBH5 and FTO) was maostly

149  unchanged. These data highlight that while adenovirus does not significantly alter expression
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150 levels of known m®A writing enzymes, these nuclear proteins are concentrated at sites of viral
151  RNA synthesis, and not actively excluded or mislocalized, during infection.

152

153  Adenovirus transcripts contain METTL3-dependent m°A modifications

154 While it is known that adenovirus mRNAs contain m°A23, it is not known exactly where
155 these marks are located or whether adenovirus infection affects m°A localization within host
156  transcripts. To address these questions, we performed meRIP-seq on poly(A)-selected RNA from
157  Ab49 cells that were mock-infected or infected with Ad5 for 24 hours. Strand-specific sequencing
158  was performed on fragmented RNA immunoprecipitated (IP) with an anti-m®A antibody, as well
159  as on total input RNA. We used the MACS2 algorithm to call peaks in IP over input reads for both
160 viral and cellular transcriptomes across three biological replicates (Figure 2a). HOMER motif
161  analysis revealed the characteristic DRACH signature (Where D=A/G/U, R=A/G, and H=A/U/C)
162  as the highest ranked motif in cellular m®A peaks in both mock and infected conditions, indicating
163  that the immunoprecipitation was successful and that use of the canonical m®A motif was
164  unperturbed by infection (Figure 2b). Furthermore, the general location of m°A peaks in cellular
165 transcripts was unchanged during infection and showed the characteristic stop codon/3’'UTR bias
166  in mRNA metagene plots (Figure 2c). We next focused on m®A addition to viral transcripts and
167  identified 19 peaks in the forward transcripts and 6 in the reverse transcripts (Figure 2a). While
168 these peaks covered every viral kinetic class and transcriptional unit produced by the virus, the
169 MACS2-generated peak areas were very broad, and it was impossible to identify which of many
170  overlapping viral transcripts were m°A methylated. Multiple peak callers were used, but ultimately
171  none were successful in deconvoluting the large peaks due to the nature of overlapping short
172 reads from multiple distinct viral transcripts. MACS2 peaks were retained for downstream
173  comparison due to the robust differential peak calling ability of this particular software with regards
174  to other meRIP-seq datasets®.

175 We next asked whether viral RNAs were m°A-methylated by cellular enzyme METTL3. To
176  achieve this, METTL3 was knocked down by siRNA prior to Ad5 infection of A549 cells and meRIP
177  followed by gRT-PCR of total RNA was performed at 24 hours post-infection (Figure 2d, 2e).
178  These results were normalized for the amount of input RNA, and demonstrate that the amount of
179  m®A-marked RNA available for immunoprecipitation were all reduced in a METTL3-dependent
180 manner for the early viral transcript DBP and late viral RNAs generated from the Major Late
181  Promoter (MLP), as well as the positive control cellular transcript MALAT1. These data indicate

182  that viral early and late transcriptional units contain m°A, and that this modification is added by
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183  the cellular writer complex that includes METTL3. However, the exact location of the m®A mark
184  could not be assessed by this approach.

185

186 A statistical framework predicts sites of m®A methylation using direct RNA sequencing
187 To address shortcomings of short read-based m°A-sequencing platforms, we sought a
188  technique that would provide both single nucleotide resolution as well as long read length to allow
189  for unambiguous assignment of m®A sites to specific adenovirus mature transcripts. Nanopore
190 sequencing has been used to call DNA modifications directly using differences between
191 measured and expected current values as nucleotides travel through the pore®3. It is well
192  established that signal deviations during direct RNA sequencing can result from the presence of
193  one or more base modifications, and that this leads to an increase in base-call error rate around
194  the modified base®*%1. The likelihood of a given nucleotide being modified (i.e. carrying an m°®A
195 mark) can be assessed by a 2x5 contingency table to examine the distribution of base-calls
196  between two datasets (e.g. m°A positive and m®A negative) at a given genome position, as was
197  recently demonstrated®2. Here, a G-test on the distribution of A, C, G, U, and indels provides a
198 score and p-value that requires subsequent (Bonferroni) correction for multiple testing (Figure
199 Sla). This approach is codified in the software package DRUMMER
200  (https://github.com/DepledgeLab/DRUMMER).

201 To produce mPA positive and negative datasets, we generated METTL3 knockout A549
202  cells using CRISPR-Cas9 with a strategy that included regulated expression of a nuclease-
203  insensitive transgene (Figure 2f). We performed direct RNA sequencing using two biological
204  replicates each of RNA collected from parental wild-type A549 cells (WT) and METTL3 knockout
205  Ab49 cells (M3KO), each infected with Ad5 for 24 hours (Figure 3a). Since the datasets are
206  unlinked, each METTL3 KO dataset was compared to each WT parental dataset, yielding four
207  distinct comparisons (Figure S1b). Each comparison yielded between 335-452 candidate sites
208  with significant G-test statistics. To account for only the positions at which the base error rate was
209 greater in the WT (mPA positive) dataset, we filtered for a one-fold or greater increase in the ratio
210  of mismatch:match base-calls compared to the M3KO (m°A negative) dataset. This reduced the
211 number of putative sites to 191-217 (Figure S1b). Reasoning that multiple sites proximal to a
212 single m®A modification could show significant differences (adjusted p<0.01 in error rate), we next
213  calculated the distance between each candidate site and its nearest neighbor candidate in a
214  strand-specific manner (Figure S1c). We determined that the majority of candidate sites had at
215  least one neighboring m®A candidate site within five nucleotides, so we implemented an additional

216  filtering strategy to collapse all clustered candidates to one candidate site (Figure 3b), retaining
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217  only the candidate site with the highest G-test statistic. We subsequently plotted the distance
218  (number of nucleotides) from the identified base to the nearest upstream or downstream AC motif
219  (the minimal possible mfA motif). Most significant candidate sites filtered for mismatch:match
220  rates (94.2-99%) were located within five nucleotides of an AC motif (Figure 3c), the maximum
221 distance at which a modified base is thought to affect basecall error®’. Masking reduced this
222 fraction slightly (92.7-98.9%, Figure 3c) and yielded 89-111 distinct predicted m°A sites, of which
223 53 were conserved across all four dataset comparisons (Figure 3d, highlighted by dark blue line
224 in Figure 2a). The majority (83.1%) of these 53 sites mapped directly to adenines in AC motifs,
225  with the remainder mapping within four nucleotides (Figure 3c). When random non-candidate
226 nucleotides were selected from our dataset we found that the distance to the nearest AC maotif
227  was much greater than for m®A-candidate sites, indicating that this was not due to random chance
228  (Figure S1d). We subsequently extracted the seven base sequence centered on a collapsed
229 candidate mPA site and generated a sequence logo (Figure Sie) that closely matched the m°A
230 DRACH logo that we confirmed for m®A modifications in the human transcriptome. Since all m°A
231  candidate sites mapped to within five nucleotides of nearby AC, subsequent shifting of the motif
232 center to the closest AC revealed that only 13% of sites did not perfectly recapitulate the DRACH
233  motif (Figure 3e). Of these non-canonical motifs, three were DRACG and the remaining four were
234  GUACU. The overlap between antibody-based meRIP predicted regions and our dRNA-based
235 approach was significantly higher than expected by chance (Figure Sif-g). Concordance
236 between the predicted location of these m°A sites and the previously established motif supports
237  the validity of this unbiased mapping approach.

238

239 Exome versus isoform-level m°A analysis

240 After identifying putative mfA-modified bases within the viral RNA exome using direct
241  RNA-seq, we extended our approach to transcript isoform-level analysis. Here, we aligned our
242  nanopore sequencing reads against 75 distinct transcripts derived from the recently re-annotated
243  adenovirus Ad5 genome®® and observed that the aligner (MiniMap2%4) produced secondary
244 alignments for many reads and supplementary alignments for a smaller subset of reads (Figure
245  S2a). Secondary alignments indicate that a region of a given sequence read aligns with high
246  confidence against two or more distinct transcripts while supplementary alignments indicate
247  potentially chimeric reads where two segments of the same read align to separate overlapping
248  transcripts (Figure 4a). Given the possibility that overlapping transcript isoforms may share the
249 same DRACN motifs but still undergo differential methylation, we reasoned that reads with

250  multiple alignments could reduce sensitivity of detection. We thus retained only reads that
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251  produced unigue alignments with mapping qualities >0 and had no insertions greater than 20
252 nucleotides, with the latter requirement intended to exclude reads from incompletely spliced
253  RNAs. While this approach discarded 63-69% of our sequence reads (Figure S2a), the specificity
254  achieved by unambiguous isoform-level assignment of sequence reads allowed us to identify 747
255  putative m®A-modified bases across 47 transcripts. This translated to 352 exome-level sites, of
256  which 204 were conserved across all pairwise comparisons (Figure 4b, highlighted by magenta
257 linesin Figure 2a). Isoform-level analysis recapitulated the majority of exome-level sites identified
258 above (47/53), while identifying an additional 50 m°®A sites (Figure 4c). This represents a four-
259  fold increase when compared to the equivalent exome-level analysis, demonstrating the greater
260  sensitivity of the isoform-level approach. Furthermore, this strategy allowed us to detect
261 transcripts that had unique m°®A sites, even compared to overlapping transcripts that shared the
262  same potential DRACH motifs (Figure 4d). To validate our data further, we also identified putative
263  m°A sites using NanoCompore which performs comparative interrogation of signal level direct
264  RNA-Seq data (dwell time and current intensity) to predict modified nucleotides®®. Using the same
265 datasets as inputs, we identified 204 putative m°A sites at the isoform level: 93 of these were also
266  reported by DRUMMER in all four comparisons, while a further 69 were also reported by
267 DRUMMER in 1-3 comparisons. This left just 41 sites predicted by NanoCompore that were not
268 identified by DRUMMER compared to 42 sites predicted by DRUMMER but not NanoCompore
269  (Figure S2b-c). Overall, these data highlight a novel technique that reveals m®A marks at both
270  single nucleotide and isoform-specific levels, greatly improving our ability to map m°A
271  modifications across complex viral transcriptomes.

272

273  Loss of METTL3 and m®A methylation differentially impacts late viral gene expression

274 Since both viral early and late genes are marked by METTL3-dependent m°A, we asked
275  what role this mark might play in the viral infectious cycle. METTL3 or METTL14 were knocked
276  down by siRNA 48 hours prior to infection, a time point that led to stable loss of both RNA and
277  protein expression throughout the subsequent infection (Figure S3a-b). As reported by others,
278  siRNA-mediated knockdown of METTL3 results in a concomitant loss of METTL14 protein without
279  affecting mRNA, and vice versa'* (Figure 5a, Figure S3b). Upon knockdown of either METTL3
280 or METTL14, we observed reductions of viral late proteins Hexon, Penton, and Fiber. In contrast,
281  the viral early protein DBP was largely unaffected (Figure 5a), even though the DBP transcript is
282  also marked by m®A (Figure 2a). When we assessed viral genome amplification by qPCR, we
283  detected only a minimal change after knockdown of METTL3 or METTL14 (Figure 5b), indicating

284  m°A is not required for early stage adenovirus infection. This contrasts with robust decreases in
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285  the number of infectious particles in lysates derived from infected cells knocked down for either
286 METTL3 or METTL14, as measured by plaque assay (Figure 5c¢). Consistent with these findings,
287  when we used reverse transcription coupled with quantitative PCR (qRT-PCR) to measure total
288 viral mRNA levels over a time course of infection (Figure 5d), we observed that early viral genes
289  were only modestly (less than two-fold or not significantly) decreased by METTL3 knockdown,
290 whereas viral late genes were significantly reduced (sometimes greater than 10-fold). To
291  corroborate these findings from siRNA-mediated knockdown, we also assayed specific stages of
292  the viral infectious cycle in METTL3 KO A549 cells. Two independently generated CRISPR-
293  mediated knockout cells were infected with Ad5 for 24 hours and assayed for viral early and late
294  genes by immunoblotting and qRT-PCR. Consistent with siRNA findings, accumulation of DBP
295  transcript and protein was not affected, but viral late gene products were significantly reduced in
296 METTL3 KO cells (Figure S3c-d). Finally, we blocked methylation by treating cells with the small
297 molecule inhibitor 3-Deazadenosine (DAA) at the time of infection. DAA is an S-
298  Adenosylmethionine synthesis inhibitor that has preferential effects on m°A deposition when used
299  atlow concentrations®. Although treatment with DAA reduced early gene protein expression and
300 DNA replication more than METTL3 knockdown or knockout, the most robust effects observed
301 were reductions in the amount of viral late gene transcripts, protein production, and plague
302  forming units (Figure S3e-h). Overall, these data highlight a preferential effect of m°A addition at
303 late stages of the viral infectious cycle, with viral early gene transcription and genome replication
304 largely unaffected while late RNAs, late proteins, and infectious progeny production are greatly
305 reduced in the absence of m°A.

306 Two groups have recently highlighted that in primary cells m®A destabilizes the IFNB1
307 transcript, such that loss of METTL3 results in increased production of IFNB*%41, When these cells
308 were infected with viruses, including by adenovirus serotype 4, they restricted viral infectivity
309 through indirect priming of the interferon pathway. To determine if loss of METTL3 similarly
310 increased IFNB1 and innate immune-related transcripts in our experiments, we used siRNA to
311  knock down METTL3 for 48 hours prior to infection with Ad5 either in the presence or absence of
312 ruxolitinub, a JAK/STAT inhibitor that blocks signaling downstream of type-I interferons such as
313  IFNP (Figure S4a). As a positive control for interferon activation and the efficacy of ruxolitinub,
314  uninfected cells were transfected with poly(l:C) as a surrogate viral RNA agonist. Our data
315 demonstrate that in A549 cells, neither type-I interferon (IFNB1) or type-lll interferon (IFNL1)
316  transcripts are induced by Ad5 infection or METTL3 depletion, whereas poly(l:C) transfection
317  induces these transcripts several hundred-fold. Furthermore, expression of interferon-stimulated

318 genessuch as MX1 and OAS1 was blocked downstream of poly(l:C) transfection by JAK inhibition

10
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319  but not induced by viral infection or METTL3 knockdown. Additionally, blocking the interferon
320 pathway with JAK inhibition did not alter the specific decrease in viral late gene we report here
321  (Figure S4b). Overall these data suggest a specific role for m°A in altering accumulation of late
322 adenoviral RNA transcripts at late stages of the adenoviral infectious cycle, independent of innate
323  immune activation, in the cell types we used.

324

325 Cytoplasmic readers and m®A erasers do not affect the adenoviral infectious cycle

326 Since we found that loss of the m®A writer METTL3 resulted in decreases in viral late gene
327 transcripts and proteins, we next examined whether loss of m°A erasers led to increases in viral
328  protein production. We used siRNA to knockdown either ALKBH5 or FTO in A549 cells and
329 performed a time-course infection with Ad5. There was no defect in either viral early proteins or
330 late proteins with either ALKBH5 or FTO knockdown (Figure S5a). Furthermore, when assaying
331 viral DNA replication by qPCR or infectious particle production by plaque forming units after
332  knockdown of the two erasers, we saw less than 3-fold or non-significant changes (Figure S5b-
333  c). Using siRNA in A549 cells, we were able to knock down the cytoplasmic mPA reader proteins
334  YTHDF1-3 efficiently (Figure S5d) but did not observe changes in viral protein production (Figure
335  Sb5e). These results highlight that whatever amount of m®A deposition is necessary for adenoviral
336  function, removal of ALKBH5 and FTO does not increase m°A beyond necessary levels.

337

338  Splicing efficiency of late viral RNA is mediated by m°A

339 We investigated various mechanisms to explain the differential impact of m®A on early and
340 late viral RNAs. To rule out the role of transcription in masking effects of this post-transcriptional
341  modification, we examined early and late promoter activity by profiling nascent RNA transcription
342  with a 4-thiouridine (4sU) labeling approach®’. After 24 hour infection of A549 cells with Ad5
343  following knockdown of METTLS3, nascent RNA was labeled with 4sU for the last ten minutes of
344  infection. Total RNA was harvested, nascent RNA conjugated with biotin, and precipitated for
345  analysis by gRT-PCR with primers to viral transcripts. We examined unspliced regions of viral
346  RNA near the early E1A and E4 regions, as well as within the tripartite leader of the Major Late
347  Promoter (MLP) that precedes nearly all adenovirus late genes. While relative transcription of the
348 E1A promoter was increased two-fold after METTL3 knockdown, a separate early promoter (E4),
349  and the viral late promoter itself showed no significant change (Figure 6a). Furthermore, by
350 comparing 4sU-labeled nascent RNA to total RNA we were able to approximate mRNA half-life,
351 and observed no significant change in the RNA decay rate of spliced viral early and late genes

352  after METTL3 knockdown (Figure 6b). This finding was validated by performing transcriptional
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353  shut-off assays with the RNA Pol Il elongation inhibitor 5,6-Dichloro-1-3-d-
354  ribofuranosylbenzimidazole (DRB) to assess the stability of viral RNAs. We quantified RNA
355 abundance over an eight hour timecourse in the presence or absence of METTL3, and observed
356  no significant change in RNA decay (Figure S6a). These data imply that adenoviral infections
357 reach the late stage of the viral infectious cycle in cells lacking METTLS3, yet still accumulate fewer
358 late viral RNAs.

359 Besides transcription from the MLP, which is dependent on viral DNA replication, the other
360 major difference between early and late viral transcripts is the sheer number of alternative splicing
361 and polyadenylation events that must take place to generate mature mRNAs. While most early
362  transcripts contain only one splice junction and no more than two potential poly(A) sites, the major
363 late transcriptional unit has over 25 splice acceptors and 5 major sites of polyadenylation, leading
364 to over 20 functional open reading frames®. Mounting evidence suggests that m®A and the
365 nuclear reader YTHDC1 can regulate mRNA splicing”*’. We used qRT-PCR to measure spliced
366  and unspliced viral RNAs and determined the splicing efficiency of a particular transcript as a ratio
367 of these two products (Figure 6¢, Figure S6b-d). We examined the m®fA-marked transcripts E1A
368 (early gene) and Fiber (late gene) as representative of their kinetic classes. Of note, Fiber is the
369 only late gene that can be incorporated into this type of gPCR assay, since no other intron
370  amplifying primer set within the late gene transcriptional unit is specific to a single gene. Upon
371  knockdown of METTL3 or WTAP, the splicing efficiency of the E1A gene did not change, whereas
372 the splicing efficiency of Fiber significantly decreased (Figure 6d). METTL3-dependent loss of
373  late gene splicing efficiency was independent of time post infection (Figure S6f-g). The effect on
374  late gene splicing, but not early gene splicing, was phenocopied by METTL3 knockout (Figure
375  6e, Figure S6e). Fiber RNA splicing efficiency decrease was also seen by knockdown of the
376  nuclear m°A reader protein YTHDCL1 (Figure 6f). This decreased splicing efficiency appears to
377  explain the total RNA decrease in viral late genes as well as the decrease in protein expression,
378  since both METTL3 and WTAP knockdown lead to significant losses in viral late gene proteins
379  (Figure 69). A similar result was observed with knockdown of YTHDC1, although to a much lesser
380 degree (Figure S6h-i).

381 To assay the role of m®A in cis on viral transcript splicing we turned to a transgene splicing
382  assay in which we can ablate m®A sites (Figure 6h). In this system, we generated a construct
383  with an exogenous plasmid-based promoter to drive expression of an RNA containing the splice
384  donor exon of the viral late tripartite leader, as much intervening Fiber intron as possible without
385 including additional viral genes or splice sites, and the 5’ region of Fiber that encompasses the

386 meRIP-seq peak. This viral cassette was fused to a Renilla luciferase gene in which all m°A
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387 DRACH motifs were silently mutated®*. These constructs allow transgene expression with wild-
388  type viral context (WT Fiber), or with all 15 DRACH sites present in both exonic and intronic
389 regions silently mutated to ablate deposition of METTL3-dependent m°fA (m°A Mut Fiber,
390 mutations shown below in Figure 6h). Potential intronic sites were also ablated, since both
391 meRIP-seq and direct RNA sequencing were performed on polyadenylated mRNA and would not
392  have detected potential m®A sites within introns. HeLa cells were depleted of METTL3 with SIRNA
393  for 48 hours before the respective transgene plasmids were transfected into uninfected cells and
394  incubated for a further 24 hours. Using this system, splicing efficiency is read out with qRT-PCR
395 using the primers for endogenous Fiber splicing. Upon knockdown of METTL3, the WT Fiber
396  construct showed a decrease in splicing efficiency (Figure 6i), similar to that observed during
397 viral infection (Figure 6d). Importantly, m®A Mut Fiber showed a similar decrease in splicing
398 efficiency when compared to the WT Fiber construct during control siRNA knockdown, and had
399  no further decrease upon METTL3 knockdown (Figure 6i). The same transgene splicing assay
400 was performed following YTHDC1 knockdown (Figure S6j). A similar decrease in splicing
401 efficiency of the wildtype reporter was observed, with no change in the m®A mutated reporter.
402  There was no change in the accumulation of an unspliced Firefly luciferase RNA expressed from
403 the same plasmid upon METTL3 knockdown (Figure S6k). Overall, these data suggest m°A
404  positively regulates the splicing reaction of viral late transcripts.

405

406 METTL3 knockdown globally dysregulates adenoviral late RNA processing

407 To determine if mPA positively regulates the splicing of all late transcripts, we returned to
408 two orthologous sequencing technologies, short-read sequencing and long-read direct RNA
409  sequencing. Due to the limitations of short-read mapping to viral genomes with overlapping
410 transcripts, standard expression algorithms such as mapped fragments per kilobase transcript
411  per million base pairs (FPKM) cannot be used to quantify these viral transcripts accurately.
412 Instead, we focused exclusively on the short reads that contained splice junctions, allowing
413  unambiguous assignment to one viral transcript. Since our RNA-seq library preparation was
414  strand-specific, this allowed us to map reads accurately to their strand of origin. Furthermore, we
415 were able to address intron retention of the entire late transcriptional unit by counting only
416  unspliced reads overlapping the major splice donor exiting the conserved third exon of the
417  tripartite leader (intron retention, IR). This strategy is schematized for top-strand viral genes
418  (Figure 7a). When we applied this technique to adenovirus-infected A549 cells after METTL3
419  knockdown, we observed that the prevalence of early gene splice junctions was largely

420 unchanged (Figure 7b). Of these, E1B-19K appears to be an outlier, since the prevalence of this
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421  particular splice junction increases as the virus moves into the late stage, and a potential ORF of
422  this transcript encodes for protein IX, an alternate promoter-driven adenovirus late gene. When
423  we performed this analysis on late gene splice sites, we observed that every late gene originating
424  from the major late promoter was significantly decreased, and that intron retention in this
425  transcriptional unit was increased, consistent with our previous results. The only exception we
426  detected was the first possible alternative splice junction encoding L1-52K, which was unchanged.
427  While the increase in intron retention was not as dramatic as the decrease in spliced late
428  transcripts, this can be explained by the relative instability of unspliced RNA transcripts within the
429  nucleus®, and the bias of the poly(A) selection employed for sequencing in capturing mature
430 transcripts.

431 While short reads targeting splice junctions provided high depth quantitative results, we
432  turned to long-read sequencing with unambiguous transcript mapping as an orthogonal technique
433  to validate these results. We counted full-length RNA transcripts after infection of METTL3
434  knockdown A549 cells normalized to the read depth of the experiment (Figure 7c). Confirming
435 the short-read sequencing data, we saw that early transcripts were essentially unaffected by loss
436  of METTLS3, while the overall abundance of every viral late transcript, except L1-52K, was
437  decreased. While both short- and long-read sequencing were performed on poly(A) selected RNA
438 that is biased for detecting mature fully processed transcripts, low levels of incompletely
439  processed RNA can be detected. Since nanopore sequencing starts at the 3’ cleavage and
440  polyadenylation site, we were able to uniquely bin all reads that were cleaved at any of the L1-L5
441  late gene polyadenylation sites and assay for the presence of intron retention upstream of the first
442  splice acceptor (Figure S7a). Comparing the METTL3 KO to Wildtype cells or sSIMETTL3 to
443  siCTRL data revealed evidence of increased intron retention/poor RNA processing in every late
444  transcriptional unit (Figure S7b). Overall, these data highlight that METTL3 promotes the
445  expression and splicing efficiency of the alternatively spliced viral late transcriptional unit.

446 Utilizing the power of our long-read dRNA sequencing approach to map m®A sites to
447  unique RNA isoforms, we asked if any specific features of these RNAs correlated with the loss of
448  expression we observed after METTL3 knockdown. The total number of potential m°®A sites per
449  transcript was not correlated with change in expression (Spearman p=-0.38, Figure 7d), however
450 the total number of splice sites per transcript and RNA expression were negatively correlated
451  (Spearman p=-0.75, Figure 7e). The strongest negative correlation with METTL3-dependent
452  changes in expression was found to be the length of the longest intron within a specific transcript
453  (Spearman p=-0.84, Figure 7f). Using high-depth short-read sequencing and existing gene

454  annotations to ask similar questions of host cell transcripts upon METTL3 depletion, we found
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455 958 genes increased and 1298 decreased greater than two-fold with an FDR of 0.05% upon
456  sSIMETTL3 treatment. Focusing on these significantly changed genes, we saw no correlation with
457  the number of m°A regions (defined by meRIP-seq), total number of exons, or the longest intron
458  within a single transcript (data not shown). While these correlations might hold true for specific
459  cellular genes that have features similar to the viral transcriptome (e.g. high expression levels and
460 many alternative splice and polyadenylation sites), global correlations appear confounded by the
461  many diverse roles m®A modification can have on any single transcript.

462

463  Discussion

464 In this work we have identified sites of m®A methylation in both cellular and viral transcripts
465  during infection with adenovirus. Using a conventional antibody-based approach to detect m°A,
466  we discovered that both viral early and late kinetic classes of mMRNA were modified. To identify
467  m®A within overlapping viral transcripts, we devised a technique to predict METTL3-dependent
468  methylation sites in full-length RNAs using direct RNA sequencing. This technique identified
469  specific m®A sites at nucleotide resolution within m°A-enriched regions, and revealed adenovirus
470 RNA isoform-dependent sites of methylation. Ultimately, we found that m°A addition in the
471  alternatively spliced viral late transcripts was important for mediating the efficiency of splicing and
472  accumulation of these messages leading to productive infection. The benefit of m®A-mediated
473  splicing efficiency was directly correlated to the intron length of the transcript, implicating a role
474  for m®A in processing of long transcripts with many alternative splicing choices. Taken together,
475  this work demonstrates m®A-mediated control over the splicing of viral transcripts.

476 We also defined a new method for isoform-specific m°®A detection within complex
477  transcriptomes. Compared to conventional antibody-based approaches, direct detection of m°A
478  modification in RNA provides many advantages. Focusing on adenovirus RNAs, we show that
479  our technique is highly reproducible between biological replicates with a very low false-positive
480 rate (here defined as candidates that did not map within five nucleotides of an AC dinucleotide).
481 Infact, after candidate site masking, greater than 80% of all sites mapped directly to the adenine
482  within an AC dinucleotide, with the rest often mapping within four nucleotides. This is consistent
483  with the fact that nanopores read RNA in a five nucleotide window®!. While we demonstrate this
484  method by assaying for METTL3-dependent m®A modifications, theoretically this technique could
485  work for other RNA modifications where the writing enzyme is known, such as methyl-5-cytosine
486 and pseudouridine***5. Compared to other single-nucleotide resolution approaches to mCA
487  detection?®%°, direct RNA sequencing avoids the known biases associated with antibody

488  targeting® and cDNA synthesis***° and, unlike endoribonuclease cutting®®, is not specific to a
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489  small subset of methylated motifs. Currently, our technique works best with samples of high read
490 depth, and is thus ideally suited to the study of viruses that dominate the RNA processing of their
491  host cell. However, with improvements in nanopore sequencing technologies such as the
492  PromethlON which can yield much higher read depth, this technique should be scalable to the
493  study of cellular transcripts as well.

494 The lack of long-read assays to map m°®A methylation has hampered the identification of
495  transcript isoform-specific modifications. While our method still does not enable single molecule
496  resolution, the ability to aggregate similar isoforms in bulk using the long reads produced through
497  direct RNA sequencing allows for isoform-level prediction of m°A sites. Indeed, we demonstrate
498 that isoform-level identification was more sensitive for the detection of potential m®A sites in
499  adenovirus mMRNA than the aggregate exome-level data by as much as four-fold. While isoform-
500 level alignment and filtering rely on quality annotations, this technique may need additional
501 customization based on transcript structures in the target of choice. Furthermore, we have only
502  shown the efficacy of this design on polyadenylated messenger RNA. Further studies focusing on
503 non-adenylated or nascent RNAs should prove highly informative for defining the role of m°A-
504  mediated regulation within introns and structural RNAs.

505 While the influence of m®A on splicing has been widely reported in both viral and cellular
506  contexts”®376% this finding has not been without controversy’. One study in particular showed
507 that while m°A can be detected in nascent pre-mRNA, these locations do not change upon RNA
508 maturation and nuclear export®®. Furthermore, knockout of METTL3 in mouse embryonic stem
509 cells led to no detectable change in cassette exon splicing®®. In general, our findings agree with
510 this as we do not see the global loss of any particular viral splicing event in the absence of
511  METTL3, only a decrease in total amount of spliced transcripts. However, we did find that m°A
512  modifications present in adenoviral late transcripts increase the splicing efficiency of these RNAs.
513  This result is consistent with the results of others that have found that the presence of m®A near
514  splice sites correlates with the rate and efficiency of splicing when studied in a time-resolved
515 fashion in nascent RNA™. Furthermore, it is known that unspliced cellular RNAs resident in the
516 nucleus can be targeted for decay by the nuclear exosome® 72, Therefore, our hypothesis is that
517 efficient splicing requires m®A and leads to the accumulation of mature mRNAs that would
518 otherwise be destroyed in the nucleus before accumulating in the cytoplasm.

519 The mPA modification has also been implicated in the regulation of alternative
520 polyadenylation*”®2 While the majority of the adenovirus early transcripts that were insensitive
521 to METTL3 knockdown contain only one cleavage and polyadenylation site, the adenovirus late

522  transcriptional unit contains five poly(A) sites, and usage must be regulated to be able to splice
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523  the downstream isoforms. It is intriguing to note that transcripts generated from the L1 region
524  upstream of the first polyadenylation site were the viral late transcripts least affected by METTL3
525  knockdown. While our quantitative PCR reaction to test the splicing efficiency of the L5 region
526  cannot fully rule out the possibility of fewer transcripts reaching this region due to altered poly(A)
527 cleavage, our splicing reporter transgene assay that does not contain upstream poly(A) sites
528 argues against this hypothesis. Splicing and polyadenylation are thought to happen co-
529 transcriptionally’®, and any effect that m®A might have on coordinating these processes remains
530 an interesting topic for future study.

531 In summary, we discovered that while both early and late adenoviral genes are marked
532 by mPA, we only detected a loss of expression within late genes after depletion of METTL3. This
533  was because mPA increased the efficiency of splicing within adenovirus late transcriptional units,
534  where a plethora of potential splice sites leads to an abundance of alternative splice isoforms.
535  Our data show that even when rates of transcription and RNA decay remain constant, increased
536  splicing efficiency can lead to increased transcript abundance, presumably via protection against
537 nuclear decay mechanisms that target unspliced transcripts. This work highlights how RNA
538  modifications can regulate distinct stages of viral gene expression.

539
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540 Materials and Methods

541  Cell Culture

542 All cell lines were obtained from American Type Culture Collection (ATCC) and cultured
543 at 37 °C and 5% CO.. All cell lines tested negative for mycoplasma infection and were routinely
544  tested afterwards using the LookOut Mycoplasma PCR Detection Kit (Sigma-Aldrich). A549 cells
545  (ATCC CCL-185) were maintained in Ham’s F-12K medium (Gibco, 21127-022) supplemented
546  with 10% v/v FBS (VWR, 89510-186) and 1% v/v Pen/Strep (100 U/ml of penicillin, 100 pug/ml of
547  streptomycin, Gibco, 15140-122). HeLa cells (ATCC CCL-2) and HEK293 cells (ATCC CRL-1573)
548  were grown in DMEM (Corning, 10-013-CV) were grown in DMEM supplemented with 10% v/v
549  FBS and 1% v/v Pen/Strep.

550

551  Viral Infection

552 Adenovirus serotype 5 (Ad5) was originally purchased from ATCC. All viruses were
553  expanded on HEK293 cells, purified using two sequential rounds of ultracentrifugation in CsCl
554  gradients, and stored in 40% v/v glycerol at -20 °C (short term) or -80 °C (long term). Viral stock
555  titer was determined on HEK293 cells by plaque assay, and all subsequent infections were
556  performed at a multiplicity of infection (MOI) of 20 PFU/cell. Cells were infected at 80-90%
557  confluent monolayers by incubation with diluted virus in a minimal volume of low serum (2%) F-
558 12K for two hours. After infection viral inoculum was removed by vacuum and full serum growth
559  media was replaced for the duration of the experiment.

560

561 Plasmids, siRNA, and transfections

562 Fiber-Transgene constructs were created from the previously generated méA-null
563  psiCheck2 reporter plasmid®, where both Firefly and Renilla luciferase genes have all m°A-
564 DRACH motifs ablated by silent mutations. The original 3'UTR reporter was removed from the
565 end of Renilla luciferase using Xhol and Notl restriction enzymes and this site was healed by the
566 insertion of a recombinant multiple cloning site containing Xhol, Agel, and Notl using two
567 annealed DNA oligos with complementary sticky ends (Obtained from IDT). From this reporter
568  construct lacking significant 3’'UTR, the chimeric intron downstream of the SV40 promoter and
569 upstream of Renilla luciferase was excised using Stul and Nhel. Using compatible cut sites, a
570 DNA fragment was cloned into this site encoding the third exon of the Ad5 late gene unit
571  (nucleotides 9,644 to 9,733), all intervening intron that did not contain other Ad5 genes or splice
572  sites (nucleotides 9,733 10 10,631 and 30,867 to 31,042), and the first 482 nucleotides of the Fiber
573  exon and ORF (31,042 to 31,524) such that the Fiber ORF would continue in frame to the Renilla
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574  luciferase ORF (WT Fiber). Alternatively, the same fragment but with all 15 DRACH maotifs silently
575 mutated was used to generate m®A Mut Fiber. Both fragments were excised from plasmids
576  created as a PriorityGENE service from GeneWiz from provided sequences. All DNA oligos can
577 be found in Table 1. DNA transfections were performed using the standard protocol for
578  Lipofectamine2000 (Invitrogen).

579 The following siRNA pools were obtained from Dharmacon: non-targeting control (D-
580 001206-13-05), METTL3 (M-005170-01-0005), METTL14 (M-014169-00-0005), WTAP (M-
581 017323-02-0005), YTHDC1 (M-015332-01-0005), FTO (M-004159-01-0005), and ALKBH5 (M-
582 004281-01-0005). The following siRNAs were obtained from Qiagen: YTHDF1 (SI00764715),
583 YTHDF2 (S104174534), YTHDF3 (S104205761), FTO (SI04177530), and ALKBHS5 (S104138869).
584  All siRNA transfections were performed using the standard protocol for Lipofectamine RNAIMAX
585  (Invitrogen). Poly(l:C) was provided pre-complexed with transfection reagent (Invivogen tlrl-piclv),
586  and was reconstituted fresh with molecular grade water before added to cells at a concentration
587  of 500 ng/mL.

588
589 METTL3 Knockout
590 Since METTL3 has previously been reported to be an essential gene, a rescue cell line

591 was pre-constructed that contained a CRISPR-insensitive METTL3 transgene under a
592 tetracycline-inducible promoter. In brief, the 2X-Flag Tagged METTL3 transgene®? was cloned
593  from pEFTak into the BB726* entry vector and the NGG Cas9 PAM site at nucleotide position
594 117 was silently mutated (G to C) via the Stratagene QuickChange Site-Directed Mutagenesis
595  protocol (primer sequence in Table 1). This plasmid was then co-transfected into A549 HiLo cells
596  with a transiently expressed Cre Recombinase before being selected by puromycin’. This allows
597 integration of METTL3 into a conserved tetracycline-regulated genomic locus, and expression
598  was tested both by immunoblot and immunofluorescence for selection efficiency.

599 GFP-Cas9 expressing plasmid pX3307 was constructed to contain the single guide RNA
600 (Table 1) from the GECKO CRISPR library. The A549-METTL3-HiLo cell line was then induced
601 to express Cas9-insensitive METTL3 for one day before transfected with the single pX330
602  plasmid containing both GFP-Cas9 and METTL3 sgRNA. 24 hours post transfection, GFP
603  expressing cells were sorted as single cells by fluorescence-activated cell sorting (FACS) into 96-
604  well plates for clonal expansion. Tetracycline was refreshed biweekly to maintain transgene
605  expression for the entire outgrowth until resulting cell lines reached large enough numbers to be
606  viably frozen. Afterwards, tetracycline was withdrawn and cells were cultured for a further two

607  weeks before the presence of endogenous METTL3 was assayed for by both immunoblot and
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608 immunofluorescence. Two clones were picked that displayed undetectable levels of endogenous
609  METTL3 at the single cell level, and Cas9-mediated lesions were detected by Sanger sequencing
610 of a PCR amplicon derived from genomic DNA (PureLink Genomic DNA kit, Invitrogen).

611

612 meRIP-Seg and meRIP-gPCR

613 A549 cells in 10 cm plates were lysed directly in TRIzol (Thermo Fisher) and RNA was
614  extracted and DNasel treated (Qiagen). Poly(A) RNA was selected with the Poly(A)Purist MAG
615  Kit before being fractionated (Thermo Fisher) with RNA Fragmentation Reagents (Thermo Fisher)

616  and ethanol precipitated. For meRIP-gPCR the following protocol was identical but RNA was not
617  poly(A) purified or fragmented. MeRIP was performed using the EpiMark N6-methyladenosine
618  Enrichment Kit (NEB) following manufacturer’s instructions. The following modifications were
619  made following the previously published protocol®2. Immunoprecipitations were washed with low
620 and high salt wash buffers and RNA was eluted from the beads with 5 mM m®A salt (Santa Cruz
621  Biotechnology).

622 For meRIP-Seq RNA-seq libraries were prepared from both eluate and 10% input mRNA
623  using the TruSeq mRNA library prep kit (Illumina), subjected to quality control (MultiQC), and
624  sequenced on the HiSeg4000 instrument. Both the IP and input samples were mapped to the
625 GRCh37/hg19 genome assembly and the Ad5 genome using the RNA-seq aligner GSNAP®
626  (version 2019-09-12) or STAR'’. We called peaks using MACS2"® with the following flags: “-q
627  0.05 -B --call-summits --keep-dup auto --nomodel --extsize 150”. HOMER" was then used to
628 identify motifs enriched in the identified m®A-peaks. Metagene analysis and visualization was
629  done using deepTools28°,

630

631 Antibodies, Immunoblotting, and Immunofluorescence

632 The following primary antibodies were used for cellular proteins: METTL3 (Novus
633  Biologicals H00056339, WB: 1:400, IF: 1:50), METTL14 (Sigma-Aldrich HPA038002, WB:
634  1:5000, IF: 1:100), WTAP (Proteintech 60188, WB: 1:400, IF: 1:100), YTHDC1 (Abcam
635 ab122340, WB: 1:2000, IF: 1:100), YTHDF1 (Abcam ab99080, WB: 1:500, IF: 1:100), YTHDF2
636  (Proteintech 24744-1-AP, WB: 1;1000, IF: 1:100), YTHDF3 (Sigma-Aldrich SAB2102735, WB:
637  1:500), FTO (Abcam ab92821, WB: 1:300, IF: 1:100), ALKBH5 (Sigma-Aldrich SAB1407587, WB:
638  1:250, IF: 1:100), B-Actin (Sigma-Aldrich A5441-100UL, WB 1:5000), GAPDH (GeneTex 41577,
639 WB:1:20,000), and RNA Poal Il p-Ser2 (Abcam ab5095, IF: 1:400). Primary anti-Flag tag antibody
640  was obtained from Sigma-Aldrich (F7425-.2MG, WB 1:2000). Primary antibodies against viral

641  proteins were obtained from: rabbit polyclonal against adenovirus Hexon, Penton, and Fiber (Gift
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642 from J. Wilson, WB 1:10,000), mouse anti-DBP (Gift from A. Levine, Clone: B6-8, WB 1:1000, IF
643  1:400), polyclonal rabbit anti-DBP (Gift from A. Levine, IF: 1:40,000), mouse anti-E1A (BD
644 554155, WB: 1:500), and mouse anti-E1B55K (Gift from A. Levine, Clone: 58K2A6, WB 1:500).
645 For western immunoblotting protein samples were prepared by directly lysing cells in
646  lithium dodecyl sulfate (LDS) loading buffer (NuPage) supplemented with 1% beta-
647  mercaptoethanol (BME) and boiled at 95 °C for 10 min. Equal volumes of protein lysate were
648 separated SDS-PAGE in MOPS buffer (Invitrogen) before being transferred onto a nitrocellulose
649 membrane (Millipore) at 35 V for 90 minutes in 20% methanol solution. Membranes were stained
650  with Ponceau to confirm equal loading and blocked in 5% wi/v non-fat milk in TBST supplemented
651  with 0.05% w/v sodium azide. Membranes were incubated with primary antibodies in milk
652  overnight, washed for three times in TBST, incubated with HRP-conjugated secondary (Jackson
653  Laboratories) for 1 h and washed an additional three times in TBST. Proteins were visualized with
654 Pierce ECL or Femto Western Blotting Substrate (Thermo Scientific) and detected using a
655 Syngene G-Box. Images were processed and assembled in Adobe Photoshop and lllustrator
656  CS6.

657 For immunofluorescence A549 cells were grown on glass coverslips in 24-well plates,
658  mock-infected or infected with Ad5 for 18 hours, washed twice with PBS and then fixed in 4% w/v
659  Paraformaldehyde for 15 minutes. Cells were permeabilized with 0.5% v/v Triton-X in PBS for 10
660  mins, and blocked in 3% w/v BSA in PBS (+ 0.05% w/v sodium azide) for one hour. Primary
661  antibody dilutions were added to coverslips in 3% w/v BSA in PBS (+ 0.05% w/v sodium azide)
662  for 1 h, washed with 3% BSA in PBS three times, followed by secondary antibodies and 4,6-
663  diamidino-2-phenylindole (DAPI) for one hour. Secondary antibodies were Alexa-Fluor 488, 555,
664  or 568 in anti-mouse or anti-rabbit (Invitrogen). Coverslips were mounted onto glass slides using
665 ProLong Gold Antifade Reagent (Cell Signaling Technologies). Immunofluorescence was
666  visualized using a Zeiss LSM 710 Confocal microscope (Cell and Developmental Microscopy
667 Core at UPenn) and ZEN 2011 software. Images were processed in FIJI and assembled in Adobe
668  Photoshop and lllustrator CS6.

669

670 Inhibitors and Small Molecules

671 3-Deazadenosine was purchased from Sigma-Aldrich (D8296) and resuspended in
672  Dimethyl Sulfoxide (DMSO) before being added to cells at the time of infection to a final
673  concentration of 25 uM. Ruxolitinub was purchased from Sigma-Aldrich (G-6185) and
674  resuspended in DMSO before being added to cells immediately prior to infection with Ad5 or

675  transfection with poly(l:C) at a final concentration of 4 uM. 5,6-dichloro-1-B-D-ribofuranosyl-1H-
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676  benzimidazole (DRB) was purchased from Cayman Chemical (Item No 10010302) and
677 resuspended in DMSO before being added to cells at 24 hours post infection to a final

678  concentration of 60 puM.

679
680 RNA lIsolation and gPCR
681 Total RNA was isolated from cells by either TRIzol extraction (Thermo Fisher) or RNeasy

682  Micro kit (Qiagen), following manufacturer protocols. RNA was treated with RNase-free DNase |
683  (Qiagen), either on-column or after ethanol precipitation. RNA was converted to complementary
684  DNA (cDNA) using 1 pg of input RNA in the High Capcity RNA-to-cDNA kit (Thermo Fisher).
685  Quantitative PCR was performed using the standard protocol for SYBR Green reagents (Thermo
686  Fisher) in a QuantStudio 7 Flex Real-Time PCR System (Applied Biosystems). All primers were
687 used at 10 uM and sequences can be found in Table 1. All values were normalized by the AACt
688  method by normalizing first to internal controls such as HPRT1 and GAPDH.

689

690 Viral DNA Replication gPCR

691 Infected cells were harvested at the indicated time points post infection by trypsin and total

692 DNA was harvested using the PureLink Genomic DNA kit (Invitrogen). DNA quantity was
693 assessed by gPCR and SYBR green reagents using primers for genomic regions of Ad5 and
694  normalized to cellular tubulin (See Table 1 for primer sequence). Entry of the viral genome was
695 assessed at the 4 hour infection time point, and all subsequent values were normalized to this by
696  the AACt method.

697

698  Plague Assays

699 Infected cells seeded in 12-well plates were harvested by scraping at the indicated time
700 points and lysed by three cycles of freeze-thawing in liquid nitrogen. Cell debris was removed
701  from lysates by centrifugation at max speed (21,130 g), 4°C, 5 min. Lysates were serially diluted
702  in DMEM supplemented with 2% v/v FBS and 1% v/v Pen/Strep to infect a confluent monolayer
703  of HEK293 cells seeded in 12-well plates. After incubation for 2 h at 37 °C, the infection media
704  was removed, and cells were overlaid with DMEM containing 0.45% w/v SeaPlaque agarose
705  (Lonza) in addition to 2% v/v FBS and 1% v/v Pen/Strep. Plaques were stained using 1% w/v
706  crystal violet in 50% v/v ethanol between 6 to 7 days post-infection.

707

708 Metabolic Labeling of RNA for Transcription and Half-life determination
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709 To assess relative RNA transcription rate and RNA half-life, cells were treated with 1 mM
710  4-thiouridine (4sU; Sigma T4509) for exactly 10 minutes. Infection was stopped and RNA
711 harvested using 1 mL TRIzol (Thermo Fisher), following manufacturer’s instructions. A fraction of
712  the total RNA was reserved as input, and the remaining 4sU-labeled nascent RNA was
713  biotinylated using MTSEA-Biotin-XX (Biotium, 90066) as previously described®” . Nascent RNA
714  was separated from unlabeled RNA using MyOne C1 Streptavidin Dynabeads (Thermo Fisher
715  Scientific, 65-001), biotin was removed from nascent RNA using 100 mM dithiothreitol (DTT), and
716  RNA was isopropanol precipitated. One ug of total RNA (T) and an equivalent volume of nascent
717  RNA (N) were converted to cDNA and qPCR was performed as described above. Relative
718  transcription rates were determined by the AACt method to compare nascent transcript levels
719  between control and siRNA treated cells normalized to nascent GAPDH RNA. RNA half-life was
720  determined using the previously described formula t0.5 = -t % [In(2)/DR] where tis the 4sU labeling
721  time (0.16667 hours) and DR is the decay rate defined as Nascent/Total RNA®, Half-lives were
722 normalized to the half-life of GAPDH set at 8 hours as previously determined, and only give an
723  approximate half-life®2,

724

725  RNA-sequencing

726 Total RNA from three biological replicates of Control knockdown or three biological
727  replicates of METTL3-knockdown A549 cells infected with Ad5 for 24 hours were sent to Genewiz
728  for preparation into strand-specific RNA-Seq libraries. Libraries were then run spread over three
729 lanes of an Illlumina HiSeq 2500 using a 150bp paired-end protocol. Raw reads were mapped to
730 the GRCh37/hg19 genome assembly and the Ad5 genome using the RNA-seq aligner GSNAP®
731  (version 2019-09-12). The algorithm was given known human gene models provided by
732 GENCODE (release_27 hg19) to achieve higher mapping accuracy. We used R package ggplot2
733 for visualization. Downstream analysis and visualization was done using deepTools2 8. Splice
734  junctions were extracted using RegTools® and visualized in Integrative Genomics Viewer.

735

736 Nanopore Direct RNA Seguencing

737 Direct RNA sequencing libraries were generated from 680-1,800 ng of poly(A) RNA,
738  isolated using the Dynabeads™ mRNA Purification Kit (Invitrogen, 61006). Isolated poly(A) RNA
739  was subsequently spiked with 0.3 pl of a synthetic Enolase 2 (ENO2) calibration RNA (Oxford
740  Nanopore Technologies Ltd.) and prepared for sequencing as described previously®66!
741  Sequencing was performed on a MinlON MkIb using R9.4.1 (rev D) flow cells (Oxford Nanopore
742  Technologies Ltd.) for 18-23 hours (one library per flowcell) and yielded between 1,000,000 —
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743 2,000,000 reads per dataset. Raw fast5 datasets were then basecalled using Guppy v3.2.2 (-f
744  FLO-MIN106 -k SQK-RNAO002) with only reads in the pass folder used for subsequent analyses.
745  Sequence reads were aligned against the adenovirus Ad5 genome, using MiniMap2 (-ax splice -
746 k14 -uf --secondary=no), a splice aware aligner®4, with subsequent parsing through SAMtools®
747  and BEDtools®. Here sequence reads were filtered to retain only primary alignments (SAM FLAG
748 0 (top strand) or 16 (bottom strand)). Coverage plots (Figure 2 and 4) were generated using the
749 R packages Gviz® and GenomicRanges®. Isoform-level analysis was performed by aligning
750 sequence reads with MiniMap2 to an Ad5 transcriptome that we recently re-annotated®.
751  Subsequent parsing with SAMtools was used to filter out sequence reads that could not be
752  unambiguously assigned to a single transcript. Here, only primary alignments (SAM flag 0) with
753  mapping qualities (MapQ) > 0 were retained. Unambiguous transcripts were defined as those that
754  began at a designated 3’ poly(A) tail and extended to within 50 nucleotides of an annotated TSS,
755  or within the third exon of the late transcripts tripartite leader.

756

757  Nucleotide Resolution Analysis of m°A Sites using Direct RNA Seqguencing

758 The identification of putative m°A sites on adenoviral RNAs was performed using a new
759 tool, DRUMMER (https://github.com/DepledgeLab/DRUMMERY/), which predicts RNA
760  modifications based on comparative profiling of basecall error rates at both exome and isoform
761  level. Briefly, DRUMMER takes sorted.bam files from two datasets as input and parses these
762  individually in a stranded manner using BAM Readcount_(https://github.com/genome/bam-
763  readcount) to generate base-call distributions (i.e. the number of A, C, G, U, and indels) at each
764  position in the alignment. For each comparison (e.g. M3KO vs WT), a G-test was performed on
765  the base-call distributions at each position in each dataset with subsequent Bonferroni correction
766  for multiple testing. Positions with a read coverage of < 100x in one or both datasets being
767  compared were excluded from this analysis. To further filter the dataset following the G-test, we
768  calculated the ratio of match:mismatch fractions at each position. Candidate sites were those that
769  gave a statistically significant G-test result (bonferroni adjusted p < 0.01) and had a one-fold or
770  higher reduction in the match:mismatch fraction in the WT dataset compared to the METTL3
771  knockout dataset. Subsequent masking of clustered candidates was performed by collapsing all
772  sites located within five nucleotides of the same AC motif into a single representative, chosen by
773  picking the site with highest G-test score. Where sites were located within ten nucleotides of each
774  other, but further than five nucleotides from an AC motif, collapsing was performed by selecting
775  the site with the highest G-test score.

24


https://doi.org/10.1101/865485
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/865485; this version posted August 13, 2020. The copyright holder for this preprint (which was not
certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under
aCC-BY-NC-ND 4.0 International license.

776 To further validate our data, we also performed mPA site prediction using NanoCompore,
777  which predicts RNA modifications based on signal level analyses of current intensity and dwell
778  time for nucleotides translocating through nanopores®. Here, read indexing and resquiggling
779 were performed using Nanopolish and NanopolishComp prior to running NanoCompore
780 SampComp (--logit --sequence_context 2 --sequence_context_weights harmonic) to compare
781  both biological replicates of the WT and METTL3-knockout datasets in a 2x2 analysis. Note that
782  NanoCompore processing times were extremely slow for transcripts with > 1000 dRNA-Seq reads
783  assigned, so a random subsampling approach (1,000 reads) was used in these situations.
784  Putative m®A modified sites were identified on the basis of a GMM logit p-value (context 2) < 0.01
785  and an Logit LOR score > 0.5 or < -0.5. Where multiple sites were present with five nucleotides,
786  only the site with the lowest p-value was retained. To calculate the degree of methylation in WT
787  and METTL3-knockout datasets, we parsed the cluster counts column to determine the fraction
788  of reads in datasets with an m°A at a defined sequence position with the m°A depletion estimate
789  representing the difference between these values.

790
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836  Figure 1. Nuclear mPA-interacting factors concentrate at sites of nascent viral RNA
837 synthesis. (a) Abundance of cellular m°A proteins is unchanged during infection. Immunoblot
838 showing abundance of m®A writers, readers, and putative erasers over a time-course of
839 adenovirus infection. Viral early (E1A and DBP) and late (Hexon, Penton, and Fiber) proteins
840 demonstrate representative kinetic classes. B-Actin is the loading control. Kilodalton size markers
841  shown on the left. (c) Confocal microscopy of m8A-interacting proteins (green) in mock-infected
842  or Ad5-infected A549 cells 18 hours post-infection (hpi). DBP (magenta) is the viral DNA binding
843  protein that marks sites of nuclear viral replication centers. The nuclear periphery is shown by a
844  dotted white line as assessed by DAPI staining. Scale bar = 10 um. (c) Confocal microscopy
845  showing the pattern of actively transcribing RNA Polymerase Il phosphorylated on serine 2 of
846  CTD (Pal Il p-Ser2, green) in mock-infected cells or relative to DBP (magenta) in infected cells.
847  Scale bar =10 um.
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850 Figure 2. Transcript-specific analysis reveals adenovirus RNAs contain METTLS3-
851 dependent m®A modifications. (a) The viral transcriptome is schematized with forward facing
852  transcripts above the genome and reverse transcripts below. Viral gene kinetic classes are color-
853  coded to denote early (grey) or late (black) genes. Lines with arrows denote introns, thin bars are
854  untranslated exonic regions, and thick bars represent open reading frames. The names of each
855 viral transcriptional unit are shown below the transcript cluster. meRIP-Seq was performed in
856 triplicate on Ad5-infected A549 cells at 24 hpi. Representative meRIP data (blue/red) and total
857 input RNA (light blue/yellow) sequence coverage is plotted against the adenovirus genome.
858  Peaks containing increased meRIP-seq signal over input were called with MACS2 and denoted
859 by blue boxes. Using direct RNA (dRNA) sequencing, full-length RNAs were sequenced from
860  Ab49 parental cells or METTL3 knockout cells infected with adenovirus for 24 hours. Specific m°A
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861  sites were predicted by comparing the nucleotide error rate of dRNA sequence data from WT to
862 KO cells. Indicated in purple vertical lines are individual adenosines predicted to be modified by
863  mPA that reach statistical significance when applied to all RNA that maps to a single nucleotide of
864  the Ad genome (dRNA Exome). All Ad5-mapping transcripts were binned into unique full-length
865  reads spanning entire transcript isoform and the same m°®A prediction was applied on a transcript-
866  by-transcript basis. Magenta vertical lines indicate predicted m°A residues found on the
867 transcriptome level (dRNA Isoform). Additionally, the position of m®A present in each viral
868 transcript is highlighted in magenta directly on the transcript schemes. (b) HOMER nucleotide
869  motif analysis of MACS2 called peaks in cellular meRIP-seq data from Mock or Ad5-infected
870 samples. (c) Metagene analysis of m®A-peak distribution across cellular mRNA molecules
871  containing 5" and 3’ untranslated regions (UTR) and coding sequence (CDS) in Mock or Ad5-
872 infected samples. (d) meRIP-gRT-PCR was performed on total RNA isolated from Ad5-infected
873  control or METTL3 knockdown A549 cells 24 hours post-infection. (e) Immunoblot showing
874  knockdown efficiency of METTL3 in A549 cells. (f) Representative immunoblot showing two
875 clones generated from Cas9-mediated knockout of METTL3 in Ab49 cells. For all assays,
876  significance was determined by Student's T-test, ** p<0.01, *** p<0.001, ns=not significant.
877  Experiments are representative of three biological replicates and error bars represent standard
878  deviation.

879
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880

881 Figure S1. Direct RNA m°®A prediction clusters on AC dinucleotides. (a) Example 2x5
882  contingency table and statistical tests used to predict m°A sites at nucleotide resolution by
883  comparing the error rate between RNA generated in WT (METTL3-positive) versus METTL3
884  Knockout (M3KO) cells. (b) Distributions of the significant G-test statistic for each nucleotide with
885  additional filtering for a one-fold or greater difference in the match:mismatch ratio between the
886  m°®A positive (WT) and m°A negative (M3KO) datasets. All G-test statistic p-values are corrected
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for multiple comparisons using Bonferroni correction. (¢) The distance (in nucleotides) between
nearest neighbor candidates indicates that multiple candidate sites (significant G-test statistics)
lie proximal to many putative m®A modified bases. (d) Distance to the nearest A nucleotide in an
AC dinucleotide within the Ad5 genome for candidate m®A sites (blue) versus 200 randomly
selected non-candidate sites (red). Average distance for the four distinct comparisons are shown
in the legend. (e) The seven nucleotides surrounding the collapsed G-test m®A candidates (before
subsequent shifting to nearest ‘AC’ dinucleotides) reveal the canonical DRACN motif. (f) 16/25
meRIP peaks on the Ad5 transcriptome are recapitulated in the dRNA-derived m®A candidates, a
ratio that is higher than expected by chance based on Fisher's Exact test. (g) 45/53 dRNA-derived
mOA candidates are covered by meRIP peaks on the Ad5 transcriptome, a ratio that is higher than
expected by chance based on Fisher’'s Exact test.
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899  Figure 3. A statistical framework for m®A detection using direct RNA sequencing. (a)
900  Schematic diagram of proposed strategy to detect m°A sites using direct RNA sequencing. RNAs
901 generated in WT cells (METTL3 positive) will contain méA modifications, while RNA from METTL3
902 KO cells (M3KO) will not. As modified RNA passes through the pore there will be a higher error
903 rate during base-calling compared to unmodified RNA. When compared to the reference
904 transcriptome, the aggregate fold change in the Match:Mismatch ratio will be lower in at
905 nucleotides containing mPA. (b) Proposed strategy for masking neighboring candidates. Here,
906 three sites within five nucleotides of an AC produce significant G-test scores. All candidates are
907 collapsed to the single candidate within five nucleotides giving the highest G-test statistic.
908 Collapsed/masked candidates are analyzed for their distance to nearest ‘AC’ dinucleotide. When
909 nearest ‘AC’ dinucleotide is within the five-nucleotide window (dictated by nanopore size) the
910 candidate is shifted to the closest ‘A’ within an ‘AC’ core, if possible. (c) For each significant
911 candidate site with a one-fold or greater difference in the match:mismatch ratio, the distance to
912 the nearest AC motif was calculated and plotted (grey). This was repeated after masking
913  neighboring candidates (blue) and for the 53 genome-level sites identified across all four
914  comparisons (gold). (d) Comparisons between WT and M3KO (KO) datasets yields 184 putative
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915 mPA modified bases (post-collapse) of which 53 are consistently detected across all four
916  comparisons. () The consensus five-nucleotide motif for putative m®A modified bases in the Ad5
917 transcriptome is predominantly comprised of four common DRACH maotifs.
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922  Figure 4. Exome versus isoform-level m®A analysis. (a) Example of read filtering.

923  Overlapping RNA isoforms are shown in dark grey. Sequence reads that map unambiguously
924 (teal) are filtered and retained for m®A analysis. Sequence reads with multiple primary

925 alignments (grey) are discarded if no single alignment is considered superior. (b) Isoform-level
926  comparisons between WT and M3KO datasets yields 747 candidates (post-collapse) of which
927 204 are consistently detected across all four comparisons. (c) Overlap of all m°A sites detected
928 in 4/4 exome-mapped replicates and 4/4 isoform-mapped replicates. Isoform only candidates
929  were collapsed to unique genomic loci. (d) Representative plots showing isoform-specific m®A
930 predictions on adenovirus transcripts. MACS2 peaks and meRIP-seq signal (blue) is shown on
931 top. Direct RNA (dRNA) predicted mPA sites at the exome-level (purple) or isoform-level

932  (magenta) are shown below meRIP peaks as vertical lines. The positioning of m°A within

933 individual viral transcripts from Figure 2 are shown as magenta lines. Transcript names are
934  shown to the left of each transcript.
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936 Figure S2. Comparison of DRUMMER and NanoCompore reveals significant overlap in m®A
937 site prediction. (a) Alignment of sequence reads to the adenovirus genome results in a single
938  primary alignment per read (SAM flag 0). By comparison, aligning against the transcriptome can
939 yield multiple primary alignments (termed secondary alignments, SAM flag 256, grey) and/or
940  supplementary alignments (SAM flag 2048, blue). Subsequent filtering to retain only reads that
941 unambiguously align to a single transcript (SAM flag 0, mapping quality >0, teal) results in
942  approximately 70% of the sequence datasets being discarded. (b) NanoCompore yields 93/204
943  (45%) single-nucleotide mPA candidate sites as our dRNA-based detection method, DRUMMER,
944  when comparing sites detected in 4/4 of our pairwise comparisons (top). When this threshold is
945  lowered to m®A candidate sites detected in at least one DRUMMER comparison the overlapping
946  ratio rises to 162/204 (79%, bottom). (¢) DRUMMER and Nanocompore often identify the exact
947  same nucleotide as potentially m®A modified, with outliers detected within five nucleotides of one
948  another.

949
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951 Figure 5. Loss of METTLS3 differentially impacts late viral gene expression. (a) A549 cells
952  were transfected with control siRNA (C), or siRNA targeting METTL3 (M3) or METTL14 (M14) for
953 48 hours before Ad5 infection. Viral late proteins were analyzed at 24 hpi with polyclonal antibody
954  against structural proteins (Hexon, Penton, and Fiber) or early protein DBP. (b) Viral DNA
955 replication was measured in biological triplicate samples with qPCR at different times after
956 infecting A549 cells depleted of METTL3 or METTL14 by siRNA. Fold-change in genome copy
957  was normalized to the amount of input DNA at 4 hpi in control siRNA treated cells. (c) Infectious
958  particle production was measured at different times by plaque assay after infecting A549 cells
959  depleted of METTL3 or METTL14 by siRNA. (d) Viral RNA expression was measured by qRT-
960 PCR in a time-course of infection after control or METTL3 knockdown for 48 hours. Viral early
961 transcripts are shown on the top, while late stage transcripts are shown on the bottom. For all
962  assays significance was determined by Student’s T-test, * p<0.05, ** p<0.01, *** p<0.001, ns=not
963  significant. Experiments are representative of three biological replicates and error bars represent
964  standard deviation.
965

36


https://doi.org/10.1101/865485
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/865485; this version posted August 13, 2020. The copyright holder for this preprint (which was not
certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under
aCC-BY-NC-ND 4.0 International license.

a Cc METTL3 KO
) . ) ) Parent 1 2 :clone
siRNA Transfection Timeline
— Hexon
siRNA Transfection Viral Infection
100 -
hpt: (lJ 2|4 4|8 L L L 7|2 70 - - Penton
hpii 4 12 18 24/ — Fiber
hpt: hours post transfection Mock 50 -
hpi: hours post infection Collections 70 0 et e | DBP
b o METTL3
METTL3/14 mRNA 40-
S s . | GAPDH
METTL3 METTL14 d
400 - B siCTRL [l siCTRL . .
Viral mRNA - 24 hpi
N <i =
300 é SIMETTL3 SIMETTL3 105 ) .
—
c
85200 é N S s=100{ @ |
e 2125 @ c -
273 N = 75
W 2 100 s
- W+ _
£ 57 < § 50 T =
ES 504 N %5 -
S \ N EL 25
25 - N
0 N N
Mock 12 hpi 18 hpi 24 hpi DBP MLP Fiber
B Parental § M3KO-1 | M3KO-2
e Vehicle 25 uM DAA f DNA Replication g Infectious Particles
M 18 24 M 18 24 :hpi 100000 ns 09
— “uw |Hexon E’\ 10000 3 Rk
2 ok % 108 =1
100 3 =1 21x
-— wes |Penton &£ 1000 - _
70 . ~ ek £107 *kk |
ond “ |Fiber § 100 a | S - =
= El: 6%
50 1 é 10 T 106 .!.
ns
70 e — s B (DBP 8 1=
o ] 108
401
DA S S Gen G  GAPDH 4 hpi 18 hpi 24 hpi 48 hpi 18hpi 24 hpi
B Vehicle 25 uM DAA B Vehicle H25 uM DAA
h Early Viral RNA Late Viral RNA
E1B-55K mRNA DBP mRNA Tripartite Leader Hexon mRNA
125 ns 125 ok 125 125
o) B DMSO r -~ ==
S L 100{ W25.MDAA 100 100 100
g2
5275 D8 75 75 75
s I r
< & 50 50 2 50 T 50
=2 C
x 3
S o 25 = 25 25 e 25 T
e . Eii3
o ol 0! 0
966 Mock 18 hpi 24 hpi Mock 18 hpi 24 hpi Mock 18 hpi 24 hpi Mock 18 hpi 24 hpi
967 Figure S3. METTL3 knockdown is phenocopied by methylation inhibition or METTL3
968 knockout. (a) Schematic timeline of siRNA transfection experiments with the times of infection
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969 and sample collection marked. (b) gRT-PCR showing levels of METTL3 mRNA (blue) or
970 METTL14 mRNA (green) 48 hours post knockdown of control siRNA (siCTRL, filled bars) or
971  METTL3 siRNA (SIMETTL3, hashed bars). Each transcript is normalized to the abundance of
972  siCTRL RNA at 48 hours post transfection (Mock) set to 100% and then monitored over the course
973  of viral infection. (¢) Two independent clones of Cas9-generated METTL3 knockout cells (M3KO)
974  or the parental A549 cells were infected with Ad5 for 24 hours and analyzed for early protein
975  expression (DBP) or late proteins (Hexon, Penton, and Fiber) by immunoblot. (d) Viral early and
976 late RNA expression was measured by qRT-PCR at 24 hpi with Ad5. Samples include three cell
977  culture triplicates of A549 Parental or M3KO clones 1 and 2. (e) Viral early and late protein
978  expression was analyzed by immunoblot over a time-course of infection in cells treated with 25
979  uM mCA-inhibitor 3-Deazaadenosine (DAA) or vehicle control. (f) Viral DNA replication was
980 measured with gPCR in biological triplicate samples at different times after infecting A549 cells
981 and concurrently treating with vehicle or 25 uM DAA. Fold-change in genome copy was
982 normalized to the amount of input DNA at 4 hpi in vehicle treated cells. (g) Infectious particle
983  production was measured by plague assay at different times after infecting A549 cells and
984  concurrently treating with vehicle or 25 uM DAA. (h) Viral RNA expression was measured by qRT-
985 PCRin atime-course of infection after concurrently treating with vehicle or 25 uM DAA. Viral early
986  transcripts are shown on the left, while late stage transcripts are shown on the right. Data include
987 three biological replicates and significance was determined by Student’s T-test, * p<0.05, **
988 p<0.01, *** p=<0.001, ns=not significant. Experiments are representative of three biological
989 replicates and error bars represent standard deviation.

990
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991

992  Figure S4. Interferon gene expression is notinduced by METTL3 knockdown or adenovirus
993 infection. (a) A549 cells were mock treated (dark grey bars) or transfected with the viral RNA
994  agonist poly(l:C) for 24 hours (light grey bars). Concurrently, A549 cells were depleted of METTL3
995  with siRNA (red bars) or control treated with siRNA (black bars) before being infected with Ad5
996  for 24 hours. All sample were either treated with 4 uM Ruxolitinub (hashed bars) or vehicle control
997  (solid bars) for the duration of infection or poly(l:C) transduction. Interferon RNAs were measured
998 by gRT-PCR and displayed as fold-change over mock treated A549 cells. (b) Viral transcripts
999  were quantified by gRT-PCR to assay expression of a viral early gene (E1A) or a viral late gene
1000 (Fiber). For all assays, significance was determined by Student’s T-test, *** p<0.001, ns=not
1001  significant.
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1004  Figure S5. Cytoplasmic readers and m®A-erasers have minimal effects on the adenoviral
1005 infectious cycle. (a) A549 cells were transfected with control SIRNA (CTRL), or siRNA targeting
1006  ALKBHS5 or FTO for 48 hours before Ad5 infection. Viral late proteins were analyzed over a time-
1007  course of infection with polyclonal antibody against structural genes (Hexon, Penton, and Fiber)
1008  or the early protein DBP. (b) Viral DNA replication was measured in biological triplicate samples
1009  with gPCR over a time-course of infection in A549 cells depleted of ALKBH5 or FTO by siRNA.
1010 Fold-change in genome copy was normalized to the amount of input DNA at 4 hpi in control sSiRNA
1011 treated cells. (c) Infectious particle production was measured by plaque assay at different times
1012  post-infection after infecting A549 cells depleted of ALKBH5 or FTO by siRNA. Data includes
1013  three biological replicates. (d) siRNA-mediated knockdown of YTHDF1, YTHDF2, or YTHDF3 in
1014  A549 cells. (e) A549 cells were transfected with control siRNA (Ctrl), or siRNA targeting YTHDF1,
1015 -2, or -3 (DF1, DF2, DF3) for 48 hours prior to Ad5 infection. Viral early and late proteins were
1016  analyzed by immunoblot with the indicated antibodies. For all assays, significance was
1017  determined by Student’s T-test, * p<0.05, ** p<0.01, *** p<0.001, ns=not significant.
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1018 -GGGETCCT- -AAATCCT- -TAGCCTG- -CGGGCCA- -TGGGCAT- -TAGCCCG- -CAATCTT- -AGGCCG- -GAATCC- -TCCGAGCCT- -AAAACCAAGTCAARATATAAATCTG- -TCCAAATTA- -CAAGGTCCC-

1019  Figure 6. Splicing efficiency of late viral RNA is mediated by m®A. (a) Nascent transcription
1020 was analyzed by labeling RNA with 1 mM 4-thiouridine (4sU) for exactly ten minutes at 24 hpi for
1021 infections of A549 cells transfected with control (siCTRL) or siRNA-mediated knockdown of
1022  METTL3 (siMETTL3). Nascent 4sU-labeled RNA was extracted for use in gRT-PCR for analysis
1023  of relative transcription rates of two viral early genes (E1A and E4) and the tripartite leader (MLP)
1024  foundin all Ad5 late transcripts. Samples include four biological replicates. (b) MRNA half-life was
1025 approximated using 4sU-labeled nascent RNA and total input RNA levels for viral transcripts
1026 normalized to GAPDH. Samples include four biological replicates. (c) Schematic of the early
1027  transcript E1A and the late transcript Fiber that both contain m°A sites. Three primers allow for
1028 the distinction between spliced and unspliced PCR products that can be analyzed by gRT-PCR.
1029 (d) Splice efficiency as defined by the relative ratio of spliced to unspliced transcripts of E1A and
1030  Fiber were analyzed by gRT-PCR in A549 cells infected with Ad5 for 24 hours after depletion of
1031 METTL3 or WTAP. Data represents three biological experiments. (e) Fiber splice efficiency was
1032  analyzed in Parental A549 cells or two independent METTL3 KO cell lines. (f) Splice efficiency of
1033  Fiber was analyzed after siRNA-mediated depletion of the nuclear m®A reader YTHDC1. (g)
1034  Immunoblot showing viral late proteins Hexon, Penton, and Fiber as well as viral early proteins
1035 DBP and E1A. A549 cells were depleted of METTL3 (M3), WTAP, YTHDC1 (DC1) or control
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1036  siRNA (siC) for 48 hours prior to infection with Ad5 for 24 hours. (h) Schematic design for a
1037 luciferase construct that expresses the third adenovirus tripartite leader to Fiber splice site with
1038 intervening L1 and L5 adenoviral intron. The 5’ fragment of Fiber that contains the m°A signal
1039  peak was fused in-frame to a Renilla luciferase transgene where all m®A DRACH motifs have
1040  been ablated by silent mutation. A matching construct was generated with all 15 potential m®A
1041 DRACH motifs ablated by silent or synonymous mutation (m®A Mut Fiber). (i) HeLa cells were
1042  control transfected (siC) or depleted of METTL3 (siM3) by siRNA for 48 hours before transfection
1043  with either WT Fiber or m®A Mut Fiber plasmid. At 24 hours after the second transfection, splicing
1044  efficiency of the transgene was assayed using Fiber-specific primers. Data represent four
1045  Dbiological replicates. For all assays significance was determined by Student’s T-test, * p<0.05, **
1046  p<0.01, ns=not significant. Error bars represent standard deviation.
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1049 Figure S6. Splicing efficiency is mediated by YTHDCL1 independent of time post infection.
1050 (a) Transcriptional shut-off was performed by adding 60 uM of the RNA Pol Il elongation inhibitor
1051 DRB to the media of cells infected with Ad5 for 24 hours, and stability of labeled spliced transcripts
1052  was measured by qRT-PCR for 2, 4, or 8 hours post shut-off. (b) Data from Figure 6d (E1A) split
1053 into the spliced and unspliced form of the transcript. (c) Data from Figure 6d (Fiber) split into the
1054  spliced and unspliced form of the transcript. (d) Data from Figure 6f split into the spliced and
1055 unspliced form of the Fiber transcript. () E1A splice efficiency was analyzed in Parental A549
1056  cells or two independent METTL3 KO cell lines. (f) The same splicing assay from Figure 6¢c was
1057 performed for E1A splicing efficiency at both 18 hpi and 24 hpi with Ad5 after knockdown of
1058  METTL3. Splicing efficiency data from 24 hpi are additional biological replicates of the data shown
1059 in Figure 6d. (g) Splicing assay from Figure 6¢ was performed for Fiber splicing efficiency at both
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1060 18 hpi and 24 hpi with Ad5 after knockdown of METTL3. Splicing efficiency data from 24 hpi are
1061  additional biological replicates of the data shown in Figure 6d. (h) Viral DNA replication was
1062  measured in biological triplicate samples with gPCR at different times after infecting A549 cells
1063  depleted of YTHDC1 by siRNA. Fold-change in genome copy was normalized to the amount of
1064 input DNA at 4 hpi in control siRNA treated cells. (i) Infectious particle production was measured
1065  at different times by plaque assay after infecting A549 cells depleted of YTHDC1 by siRNA. (j)
1066  Hela cells were control transfected (siC) or depleted of YTHDCL1 (siDC1) by siRNA for 48 hours
1067  before transfection with either WT Fiber or m®A Mut Fiber plasmid from Figure 6h. At 24 hours
1068  after the second transfection, splicing efficiency of the transgene was assayed using Fiber-
1069  specific primers. Data represent three biological replicates. (k) PsiCheck2 plasmid used in Figure
1070  6i and Figure S6j contains a control unspliced Firefly luciferase RNA expressed from a separate
1071  promoter. Total RNA was measured by gRT-PCR and normalized to the amount of transgene
1072  expressed from the WT plasmid in siCTRL treated cells. Data is representative of four biological
1073  replicates, and the lack of significance of variance was determined by ANOVA. For all other
1074  statistical assays significance was determined by Student’s T-test, * p<0.05, ** p<0.01, ns=not
1075  significant. Error bars represent standard deviation.

1076

44


https://doi.org/10.1101/865485
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/865485; this version posted August 13, 2020. The copyright holder for this preprint (which was not
certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under
aCC-BY-NC-ND 4.0 International license.

a E1A (Early) Major Late Transcriptional Unit
5 123 L1 pl2 213 g L4 5 . L5 2
E1A-l L1 szlﬁ = pbon
.g I - D v I t
S —— - [ A —— - ) Poy()
E1A-XS mmmmmmmmm—— - LZ'Pfr“- s mmmmmm——— - =-= Junction Read
b L5-Fiber me === ——— e e ————— -
100 Early Splice Junctions Late Transcript Splice Junctions
PR 0001 B siCTRL @ siMETTL3
& 80 ® 800- N Tl
@ o
S 60 S 6
@ 404 o] 4
2 K]
6 204 ©
c c
3 3
] 0_ ]
FC: ]
lg sml xs 19K 55K DBP pTP orf3 orf6 IR 52K llla Pen. pVIl V pX pVl Hex 23K 100K 22K pVillaltVil X Y Fib.
c E1A E1B E2 E4 L1 L2 L3 L4 L5
Full-length Early RNAs Full-length Late RNAs
P 250 P 250 B siCTRL @ sSiMETTL3
@ ® 50 B Tl
8 200 & 200 0 1 2
S 150 S 150 1
< 100 = 100
=z 4
x50 T 50
= S
L g e gl
FC: Fc: [ T
lg sml xs 19K 55K DBP pTP orf3 orf6 52K llla Pen. pVIl V  pX pVI Hex. 23K 100K 33K 22K pVllaltVIll X Y Fib.
E1A E1B E2 E4 L1 L2 L3 L4 L5
d_, e _, f_
4  Early Genes T  Early Genes 2 ® Early Genes
6 4 Late Genes ('__) i 4 Late Genes 6 4 Late Genes
R ¢ Spearman p=-0.38 @ G 1 T Spearman p=-0.75 0 G 11° Spearman p=-0.84
=2 i p-value=<0.05 =] \4\ 1 p-value=<0.0001 =) p-value=<0.0001
c * . * = N — | Ny ! e >
UEU-- : SE© s UEO-.
35 | 3= : = , 8= |
LB L P -1 &t
o & o [
e |, ‘ g e
Ja ' . Jo2 i 32
0 10 20 30 0 1 2 3 4 0 5 10 15 20 25
1077 # of m®A sites per transcript # of splice sites Longest Intron Length (kilobases)

1078  Figure 7. METTL3 knockdown globally dysregulates adenoviral late RNA processing. (a)
1079  Schematic showing how junction-containing splice reads generated by lllumina sequencing can
1080 be used to predict specific transcript abundances when genes overlap. Short reads (dark blue)
1081 aligning specifically to viral exons (black) were filtered for the presence of a splice junction
1082  (dashed light blue line) that was only present in one viral transcript. (b) Splice junction containing
1083 reads indicative of adenovirus transcripts present in lllumina RNA-Seq data generated after
1084 infection of A549 cells where METTL3 was depleted by siRNA. Splice junction read depth was
1085 normalized to the total amount of reads mapping to both human and viral RNA per library. Early
1086 viral transcripts are shown on the left, MLP-derived late transcripts shown on the right. Fold-
1087 change (FC) between control sSiRNA and siMETTL3 for each transcript was plotted as a heatmap
1088 below the bar chart. Data depict three biological replicates with error bars showing standard
1089  deviation. For all assays significance was determined by Student’s T-test, where * = p<0.05 and
1090 ns = not significant. (c) Independently derived RNA was sequenced by ONT after METTL3
1091  knockdown and adenovirus infection to yield full-length RNA sequences indicative of the labeled
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1092  early and late viral transcripts. Fold-change (FC) between control siRNA and sIMETTL3 for each
1093 transcript was plotted as a heatmap below the bar chart. (d) Individual viral transcripts are plotted
1094  as a function of log2 fold change of the sSIMETTL3/siCTRL data from Figure 7c and the number
1095  of isoform-level m6A sites detected in Figure 2a. Canonical early genes are coded with black
1096 squares and canonical late genes coded with red triangles, however the entire dataset was
1097 analyzed by Spearman’s correlation test to yield a correlation rho (p) value and significance p-
1098 value. (e) Analysis performed as in d, but with log2 fold change and the total number of splice
1099  sites contained within each viral transcript. (f) Analysis performed as in d, but with log2 fold
1100 change and the length (in nucleotides) of the longest intron contained within each viral transcript.
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1103  Figure S7. Long-read sequencing reveals increased intron retention of viral late transcripts
1104 upon METTLS3 depletion. (a) (Top left) Regions of the Ad5 transcriptome analyzed for evidence
1105  of intron retention. Due to nanopore long reads starting at a specific 3’ poly(A) site, transcripts
1106  within the individual L1-L5 regions defined by common polyadenylation were able to be binned
1107  and analyzed together. Representative genome viewer profiles of read depth within the targeted
1108 regions. Wildtype cells infected with Ad5 are shown in black (WT, two biological replicates),
1109 METTL3 KO infected with Ad5 shown in red (M3KO, two biological replicates), Ad5 infected
1110  control siRNA knockdown cells in grey (siCTRL, single replicate), and Ad5-infected METTL3
1111 knockdown cells in magenta (SIMETTLS3, single replicate). For intron retention analysis, average
1112  read depth from spliced and unspliced windows (shown above each representative plot) were
1113  used. Size of windows were chosen to not overlap nearby genes. (b) Intron retention (IR) is
1114 measured for each late transcript region as a measure of splice ratio (average normalized
1115  unspliced read depth/normalized spliced read depth).

1116

S

7


https://doi.org/10.1101/865485
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/865485; this version posted August 13, 2020. The copyright holder for this preprint (which was not
certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under
aCC-BY-NC-ND 4.0 International license.

1117  Table 1. List of Oligonucleotides used in this study
Name Forward Primer (5' to 3") Reverse Primer (5'to 3')
Major Late
Promoter TTCCGCATCGCTGTCTG
Spliced CCGATCCAAGAGTACTGGAAAG
Major Late
Promoter GTCCAGGGTTTCCTTGATGAT
Unspliced
Fiber
Spliced GAAAGGCGTCTAACCAGTCA
ioor AAAGGCACAGTTGGAGGAC
. CATCCGCACCCACTATCTTC
Unspliced
sEliche q TGGACCCTCGGGAATGAA
E1A TCAGGCTCAGGTTCAGACA
. GGCTTAAGGGTGGGAAAGAA
Unspliced
Hexon CCCGAGATGTGCATGTAAGA
GAAAGGCGTCTAACCAGTCA
oRT L4-100K GGTTAGGCTGTCCTTCTTCTC
Primers | E1B-55K GAGCAGAGCCCATGGAAC TGCCCATCCTCTGTAATTGTC
E2B CCATGGTCAAATGCTACCTGG TCCTCGTCAGCGTAGTCTG
DBP ATCACCACCGTCAGTGAA GTGTTATTGCTGGGCGA
E4 GACAGGAAACCGTGTGGAATA CACAGAGTACACAGTCCTTTCTC
GAPDH TGCACCACCAACTGCTTAGC GGCATGGACTGTGGTCATGAG
HPRT TGACACTGGCAAAACAATGCA GGTCCTTTTCACCAGCAAGCT
MALAT1 CCGAGCTGTGCGGTAGGCATT CGGTTTCCTCAAGCTCCGCCT
IFNB1 CAGCATCTGCTGGTTGAAGA CATTACCTGAAGGCCAAGGA
IFNL1 CGCCTTGGAAGAGTCACTCA GAAGCCTCAGGTCCCAATTC
MX1 GGCCAGCAAGCGCATCT TGGAGCATGAAGAACTGGATGA
OAS1 GAAGGCAGCTCACGAAACC AGGCCTCAGCCTCTTGTG
Luciferase GAGGTTCCATCTGCCAGG CCGGTATCCAGATCCACAAC
DBP ATCACCACCGTCAGTGAA GTGTTATTGCTGGGCGA
?:?.?,?QISC Tubulin CCAGATGCCAAGTGACAAGAC GAGTGAGTGACAAGAGAAGCC
METTL3 CCGCGTGAGAATTGGCTAT AAAGGTTCATTCCTCGCTTACT
METTL3 | taccgcgggcccgggatccaATGGATTATAAGGAT |ctgcacctgagtgtttactt CTATAAATTCTTAGGTTTA
into BB726 GATGATG GAGATG
METTL3
PAM GGACTCTCTGCGCGAGAGGCTGCAG CTGCAGCCTCTCGCGCAGAGAGTCC
Mutant
Cloning METTL3
sgRNA caccgGAAGCAGCTGGACTCTCTGC aaacGCAGAGAGTCCAGCTGCTTCc
px330
psé.cl??;kz TCGAGTTACCGGTTCGC GGCCCGGAACCGGTAAC
Ii'tkr’ce)rr] TGAGGAGGCTTTTTTGGAGG ACCTTGGAAGCCATGGTGG
1118
1119
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