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157 deposition on escape from SOX. As shown in Fig 2C, as expected, SOX efficiently
158 degrades GFP-J but GFP-SRE resists degradation. However, SOX-mediated decay is
159 restored on the GFP-SRE* reporter. Since IL-6 is known to also escape decay mediated
160 by closely related SOX-homologs muSOX and BGLF5, we wondered whether the GFP-
161 SRE* would also be susceptible to these endonucleases. As shown in Fig. 2C, a single
162  point mutation at position 74 in the SRE also renders transcripts susceptible to
163  degradation from SOX homologs. Taken together, these data reveal that m°A

164  modification of the 3’ UTR of IL-6 promotes its escape from SOX.
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165
166  Figure 2: IL-6 SRE contains an m'A site that is necessary for viral endonuclease

167  protection A) PureCLIP scores of the 3’ UTR IL-6 gene in latent and lytic (48hpr) ISLK.WT
168  cells. Schematic to the right illustrates an IL-6 gene: the DRACH motif identified through m6A-
169  eCLIP is in blue, and the methylated adenosine in red. B) Cells were transfected with WT SRE
170  or SRE* GFP reporter, and total RNA was harvested 24hr later and subjected to meRIP
171  followed by RT-gPCR using GFP primer. Fold enrichment was determined by calculating the
172  fold change of the IP to control Ct values that were normalized through the input. C) 293T cells
173  transfected with one of three viral endonucleases as indicated along with the indicated GFP
174  reporters. RNA was collected and quantified using RT-qPCR.
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176  The m6A reader YTHDC2 binds to and promotes the SRE escape from SOX. A
177  previous ChIRP-MS screen had identified a number of host proteins that can bind the
178 SRE element [15]. One of these predicted interactors was the m®A reader YTHDC2.
179  Several reports have demonstrated that YTHDC2 directly binds to m®A-modified
180  mRNAs often within 3' UTRs [44-47]. YTHDC?2 itself is an RNA helicase and its binding
181 to mRNA has been associated with alteration of RNA stability [44-47]. We first
182  confirmed the interaction between YTHDC2 and SRE-bearing mRNA by performing IPs
183  from cells transfected with a GFP reporter fused to the WT SRE (FIG 3A). In agreement
184  with our previous observations, YTHDC2 binding to the m®A deficient SRE* was
185 reduced compared to the WT SRE, confirming that YTHDC2 is recruited to the SRE as
186  an mPA reader (FIG 3A).

187 Since the m®A modification that we identified on the SRE appears to be important
188 to promote protection from SOX induced degradation, we next asked whether this
189  protective phenotype was being mediated through the recruitment of YTHDC2. We
190 therefore used Cas9-based genome editing to generate YTHDC2 knockout clones in
191 HEK293T cells (now referred to as 293TAYTHDC2). After confirming knock out
192  efficiency (FIG 3B), we used this cell line to assess how the lack of YTHDC2 expression
193  would affect the SRE stability in the face of SOX-mediated decay. 293TAYTHDC2 were
194 transfected with our GFP-SRE reporter along with SOX (or mock) and RNA was
195 extracted and used for RT-qPCR (FIG 3C). As expected, SOX does not affect the RNA
196 levels of the GFP-SRE reporter in WT 293T control cells. However, SOX-mediated
197 decay is restored when YTHDC2 expression is knocked down. To ensure that this

198 defect in protection from SOX was not due to off target effects of generating the
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293TAYTHDC2 cell line, we rescued YTHDC2 using ectopic expression (FIG 3B). In
these cells, the GFP-SRE stability was rescued to normal levels even in the presence of
SOX (FIG 3C). Taken together, these results support a role for the m°A reader YTHDC2
in protecting transcripts from SOX degradation.
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Figure 3: YTHDC2 is necessary for IL-6’s evasion of SOX A) Cells were transfected with
Flag-tagged-YTHDC2 and a GFP reporter as indicated. Cells were crosslinked and
immunoprecipitated using Flag-coated beads. RNA fraction was collected and used for RT-
gPCR. B) 293TAYTHDC2 cells were obtained by stably expressing and single cell selecting
293TCas9 cells expressing a YTHDC2 targeting guide RNA. Cells clones were tested for knock
out efficiency by western blot using a YTHDC2 antibody and GAPDH as a loading control.
YTHDC2 expression in these cells was rescued by transfecting Flag-tagged-YTHDC2 on a
plasmid. C) 293TAYTHDC2 or WT cells were transfected with SOX (or mock) along with a GFP-
SRE reporter. RNA was then collected and used for RT-qPCR.
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214 Discussion

215 Herpesviruses extensively manipulate the fate of host transcripts during lytic
216  reactivation through the use of virally encoded endonucleases. In the case of KSHV, the
217  viral endonuclease SOX targets a wide array of mMRNAs via a sequence specific degron
218 and cleaves around 70% of mRNAs in the cell [1, 48, 49]. This allows the virus
219  unfettered access to the host expression machinery for viral replication. Previous work
220  has shown that among the 30% of transcripts that escape this SOX-mediated decay,
221 there is subset of transcripts that carry an RNA stability element located in their 3UTR
222  that specifically enables this resistance phenotype against viral but not cellular
223 endoribonucleases known as the SOX-resistant element (SRE) [10, 13-15]. While this
224  escape mechanism remains largely uncharacterized, it is known that this RNA element
225 is not conserved in sequence among escaping transcripts but rather adopts a common
226  RNA structure which has been hypothesized to serve as a protein recruitment platform.
227  Past studies have explored proteins bound to this RNA element and found several m°®A
228 readers within the SRE RNA-protein complex [15]. We thus hypothesized that the RNA
229  modification mPA, which is prevalent and integral to both host and viral transcript fate,
230 may be involved in viral endonuclease escape. This led us to preform m®A-eCLIP
231  sequencing on KSHYV latent and lytic cells.

232 The mPA-eCLIP confirmed previous results seen where upon reactivation there is
233 an overall decrease in methylation on host transcripts and a massive increase in
234  methylation of viral transcripts [35, 36, 42]. Furthermore, we observed a 5 UTR
235 hypomethylation and a concomitant 3° UTR hypermethylation following KSHV

236  reactivation from latency. mPA modifications are known to occur mainly co-
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237 transcriptionally on the adenines that are located within a DRACH motif by m®A writer
238  proteins. It is possible that this shift of m®A deposition towards 3'UTR results from
239 alternative spliceforms being expressed during KSHV lytic infection and that possibly,
240 these transcripts have more favorable DRACH motifs. This can be seen in the shift of
241 the types of transcripts being methylated in Fig 1C. Viruses are known to affect the
242  global gene expression landscape and it would thus not be surprising to see that those
243  expressed during lytic infection have alternative 3'UTR favoring m®A deposition. This is
244  also in line with our observation that RNA splicing genes are more mfA modified during
245 the lytic cycle, which could suggest that they are more solicited and possibly more
246  expressed. However, it is still unknown what dictates the mfA writing machinery to
247  prefer one DRACH motif over another. It is possible that upon lytic reactivation a
248 change occurs in the cell that causes m®A writing to change its “priority”. This is
249  supported by a couple of genes like GADD45B and ARMC10, whose m®A transcript
250 landscape shifts during lytic reactivation as well as the DRACH motifs that are
251  methylated (Fig 1C). Interestingly, we do know that the m®A deposition on the IL-6 SRE
252 occurs independently of whether this SRE is in the context of the full transcript. Indeed,
253  our results indicated that the presence of the SRE on a GFP reporter is enough to
254  mediate the same “SOX blocking” effect as in the endogenous mRNA. This suggests
255 that the m®A machinery is likely more influenced by a DRACH motif in the proper
256  context and/or presented in the proper structure than other determinants far away from
257 the DRACH motif chosen. Since mPA is mainly deposited co-transcriptionally perhaps

258 the difference we see in DRACH motif preference is due to transcriptional rate. Another
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259 alternative is given the increase of RNA splicing, m®A writers preferentially recognize
260 DRACH motifs in actively spliced RNA as a result.

261 We were able to show that the m°A site in the IL-6 SRE recruits YTHDC2, and
262  further demonstrate that the recruitment of this m®A reader is necessary for its
263  protection from SOX. YTHDC2 comes from the YTH family which boast a YTH binding
264  domain to interact with m®A directly albeit with low affinity. Interestingly all the other YTH
265  proteins are around 500-750 aa and composed of primarily low complexity disordered
266 regions while YTHDC2 is close to 1,400 aa in length and has several other known
267 domains besides the canonical YTH domain: an R3H, helicase, ankyrin repeats, HA2
268 and OB-fold domains [44, 45]. Little is known about the function of the canonically
269  cytoplasmic YTHDC2. It has been reported that it may contribute to increased RNA
270  decay by binding select transcripts and XRN1 [45, 46]. Other studies have shown that it
271  enhances translation efficiency unwinding RNA transcripts while bound to the ribosome
272  [44, 50]. This puts it in direct contrast with YTHDC1 which is nuclear and has roles in
273 RNA splicing and chromatin modification [51-53]. YTHDC2 functions more in line with
274  the cytoplasmic YTHDFs 1-3 which have been shown to bind m®A containing transcripts
275 and enhance translational activity or mRNA decay [54-57]. What many of the YTH
276  proteins have in common when binding their transcripts is that they function in complex
277  with other proteins. This is consistent with our hypothesis that although YTHDC2 is
278 necessary for the protection of IL-6 from SOX-mediated decay, it is most likely not
279  sufficient. A previous study has shown that IL-6 binds with nucleolin (NCL), HUR and
280 AUF-1 in a protective complex [10, 14, 15]. It is likely that YTHDC2 works in concert

281 with these proteins and possibly others to either occlude SOX targeting via their
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282  presence or by relocalizing the transcript where SOX cannot target IL-6. There is also a
283  possibility that YTHDC2 helicase function may be necessary for protection and perhaps
284  the unwinding of the IL-6 transcript removes an internal mRNA secondary structure that
285 is essential for SOX targeting. Furthermore, while our data supports the role of mfA as
286  an important contributor to SOX resistance, it also emerges that this is not the sole
287 answer of SRE protection. We did not find a consistent pattern in lytic-specific m°®A
288  deposition in other known or predicted SOX-resistant transcripts. These escaping
289  mRNAs either had no change in their m®A status upon lytic infection or had lytic-specific
290 peaks outside of their 3'UTR. This indicates that it is not lytic infection per se that
291 triggers this escape phenotype and/or directs m®A deposition, but rather that some m°A
292  modified mRNAs are compatible with assembling a protective complex against SOX.
293 Therefore, not all mPA transcripts turn out to be SOX-resistant which is in line with our
294  observations that only select transcripts among the 20% spared from SOX decay are
295  actively escaping degradation. We thus hypothesize that these mfA modifications must
296 be in the proper context and recruit a specific set of protective proteins in order to be
297  active. However, now that we have a clearer idea of what m®A reader may be involved
298 in this mechanism, it would be interesting to reverse our question and search for new
299 escapees using either their m®A pattern and/or by investigating what transcripts are
300 bound by YTHDC2 during KSHYV lytic infection. Furthermore, given that the regulation of
301 RNA fate is a crucial step in hijacking the host cell, it is perhaps unsurprising that
302 several viruses use widespread RNA decay to take over their hosts. It would be
303 interesting to investigate the contribution of m®A modifications and YTHDC2 role in

304 these other viral families that also deploy host shutoff as a way to overtake the host.
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305 Materials and Methods

306 Cells and transfections. HEK293T cells (ATCC) were grown in Dulbecco’s modified
307 Eagle’s medium (DMEM; Invitrogen) supplemented with 10% fetal bovine serum (FBS).
308 The KSHV-infected renal carcinoma human cell line iSLK.219 (kind gift from B.
309 Glaunsinger) bearing doxycycline-inducible RTA was grown in DMEM supplemented
310  with 10% FBS [58]. Lytic reactivation cells were induced by the addition of 0.2 ug/ml
311 doxycycline (BD Biosciences) and 110 upg/ml sodium butyrate for 72h. The
312 293TLIYTHDC2 knockout clone and control Cas9-expressing cells were made by
313 transducing HEK293T cells as previously described [59, 60]. Briefly, lenti-Cas9-blast
314 lentivirus was spinfected onto a monolayer of HEK293T cells, which were then
315 incubated with 20 ug/ml blasticidin for selection of transduced cells. These HEK293T-
316 Cas9 cells were then spinfected with lentivirus made from pLKO-tet on containing the
317 YTHDC2 sgRNA sequence designed using the broad institute analysis tool and
318 checked for off target effects. After selection using and 1 ug/ml puromycin, the pool of
319 YTHDC2 knockout cells was then single-cell cloned in 96-well plates and individual
320 clones were screened by western blot to determine knockout efficiency.

321 For DNA transfections, cells were plated and transfected after 24h when 70% confluent
322  using PolyJet (SignaGen).

323

324 Plasmids. The GFP-based reporters and SOX expression plasmids were described
325 previously [15]. The SRE* reporter was generated by introducing an A to T point

326  mutation at position 74 of the SRE using the Quickchange site directed mutagenesis
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327  protocol (Agilent) using the primers described in Table S1. YTHDC2 expression plasmid
328 was kindly provided by Dr. Chuan He.

329

330 RT-gPCR. Total RNA was harvested using TRIzol according to the manufacturer's
331 protocol. cDNAs were synthesized from 1pug of total RNA using AMV reverse
332 transcriptase (Promega) and used directly for quantitative PCR (QPCR) analysis with
333 the SYBR green gPCR kit (Bio-Rad). Signals obtained by gPCR were normalized to
334  those for 18S unless otherwise noted.

335

336 Western blotting. Cell lysates were prepared in lysis buffer (NaCl, 150 mM; Tris,
337 50 mM; NP-40, 0.5%; dithiothreitol [DTT], 1 mM; and protease inhibitor tablets) and
338 quantified by Bradford assay. Equivalent amounts of each sample were resolved by
339 SDS-PAGE and Western blotted with the following antibodies at 1:1,000 in TBST (Tris-
340 Dbuffered saline, 0.1% Tween 20): rabbit anti-YTHDC2 (Abcam), and mouse anti-
341 GAPDH (Abcam). Primary antibody incubations were followed by horseradish
342  peroxidase (HRP)-conjugated goat anti-mouse or goat anti-rabbit secondary antibodies
343  (1:5,000; Southern Biotechnology).

344

345 MeRIP-qPCR. HEK293T cells were transfected as indicated then total RNA was
346 extracted using TRIzol. Pulldowns were performed using protein G Dynabeads
347  (Invitrogen) with 10ug of m6A antibody (Sigma Aldrich) and 100ug of RNA in MeRIP
348  buffer (50mM Tris-HCI @7.4 pH,150mM NaCl, 1mM EDTA, 0.1% NP-40, millipore H20)

349 and 1ul of RNAsin (Promega) per sample overnight at 4C. After extensive washing,
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350 samples are eluted in MeRIP buffer containing 6.7mM sodium salt for 30mins at 4C.
351 cDNAs were then obtained from 1 ug of total RNA using AMV reverse transcriptase
352  (Promega) and used directly for quantitative PCR (qPCR) analysis with the SYBR green
353 gPCR kit (Bio-Rad).

354

355 RIP. Cells were crosslinked in 1% formaldehyde for 10 minutes, quenched in 125mM
356 glycine and washed in PBS. Cells were then lysed in low-salt lysis buffer [NaCl 150mM,
357 NP-40 0.5%, Tris pH8 50mM, DTT 1mM, MgCI2 3mM containing protease inhibitor
358 cocktail and RNase inhibitor] and sonicated. After removal of cell debris, specific
359 antibodies were added as indicated overnight at 4°C. Magnetic G-coupled beads were
360 added for 1h, washed three times with lysis buffer and twice with high-salt lysis buffer
361 (low-salt lysis buffer except containing 400mM NaCl). Samples were separated into two
362 fractions. Beads containing the fraction used for western blotting were resuspended in
363 30upL lysis buffer. Beads containing the fraction used for RNA extraction were
364 resuspended in Proteinase K buffer (NaCl 100mM, Tris pH 7.4 10mM, EDTA 1mM, SDS
365 0.5%) containing 1uL of PK (Proteinase K). Samples were incubated overnight at 65°C
366 to reverse crosslinking. Samples to be analyzed by western blot were then
367 supplemented with 10uL of 4X loading buffer before resolution by SDS-PAGE. RNA
368 samples were resuspended in Trizol and were processed as described above.

369

370 eCLIP and RNA-seq. ISLK.219 cells were harvested in their latent phase or 48h post
371 reactivation. RNA was then extracted by TRIzol and purified as described above. The

372  samples were processed by EclipseBio as described in their user guide, performing 150
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373  Paired End run on NovaSeq6000 on was PolyA selected RNA. Ratio of IP and input
374 reads were evaluated in each cluster, and clusters with IP/input enrichment greater than
375 8-fold and associated p-value < 0.001 were defined as significant “peaks”. PureCLIP
376  was used to identify m6A sites with a single nucleotide resolution. This algorithm
377 identifies crosslink sites in eCLIP experiments and assess enrichment of DRACH motif
378 relative to reads starts in IP and input libraries, as well as what fraction of identified
379  crosslink sites are positioned on DRACH motifs.

380

381  Statistical analysis. All results are expressed as means * standard errors of the
382 means (SEMs) of experiments independently repeated at least three times. Unpaired
383 Student’s test was used to evaluate the statistical difference between samples.
384  Significance was evaluated with P values as indicated in figure legends.
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396 Figure legends:

397

398  Figure 1: Examining ISLK m®A epitrascriptome during KSHV lytic reactivation A)
399  Schematic of m®A eCLIP set up. iISLK.WT cells were either left latent or lytically
400 reactivated with doxycycline and sodium butyrate for 48 hours. Total RNA was collected
401 then incubated m®A antibody. Samples were UV crosslinked before being reverse
402  transcribed then attached with 3’ adapters in part of library preparation. Finally, m®A
403  enriched samples were sequenced. B) Most significant DRACH motifs with m°A peaks
404 identified by HOMER in latent and lytic cells. C) Heat map of a metagene plot depicting
405 the average number of sites mapped to certain genomic regions. The number of sites is
406 calculated for each region of every gene, the lengths of the regions are then normalized,
407 and the average number of sites for a set number of positions along the regions are
408 calculated. D) Heat map of the most significant m®A enriched functional pathways in
409 latent and lytic cells calculated through an enrichment analysis preformed using the R
410 package clusterProfiler. E) m6A PureCLIP scores of lytically reactivated KSHV genes
411 aligned over an annotated KSHV genome. PureCLIP is the log posterior probability ratio
412  of the m®A crosslink sites over the input samples.

413

414  Figure 2: IL-6 SRE contains an m°A site that is necessary for viral endonuclease
415 protection A) PureCLIP scores of the 3' UTR IL-6 gene in latent and lytic (48hpr)
416 ISLK.WT cells. Schematic to the right illustrates an IL-6 gene: the DRACH motif
417  identified through m6A-eCLIP is in blue, and the methylated adenosine in red. B) Cells
418 were transfected with WT SRE or SRE* GFP reporter, and total RNA was harvested
419  24hr later and subjected to meRIP followed by RT-qPCR using GFP primer. Fold
420 enrichment was determined by calculating the fold change of the IP to control Ct values
421  that were normalized through the input. C) 293T cells transfected with one of three viral
422  endonucleases along with the indicated GFP reporters. RNA was collected and
423  quantified using RT-qPCR.

424

425 Figure 3: YTHDC2 is necessary for IL-6’s evasion of SOX A) Cells were transfected
426  with Flag-tagged-YTHDC2 and a GFP reporter as indicated. Cells were crosslinked and
427  immunoprecipitated using Flag-coated beads. RNA fraction was collected and used for
428 RT-gPCR. B) 293TAYTHDC2 cells were obtained by stably expressing and single cell
429  selecting 293TCas9 cells expressing a YTHDC2 targeting guide RNA. Cells clones
430 were tested for knock out efficiency by western blot using a YTHDC2 antibody and
431 GAPDH as a loading control. YTHDC2 expression in these cells was rescued by
432  transfecting Flag-tagged-YTHDC2 on a plasmid. C) 293TAYTHDC2 or WT cells were
433  transfected with SOX (or mock) along with a GFP-SRE reporter. RNA was then
434  collected and used for RT-gPCR.

435

436

437  Supplemental Figures:

438

439  Figure S1: gPCR of KSHV transcripts.

440

441  Figure S2: qPCR of MeRIP control transcripts, C190RF66 as a negative control and
442  DIiCER as the positive control
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443

444  Table S1: Primer dataset. Contains sequencing and qPCR primers used.

445

446 Table S2: M6A-eCLIP IP iSLK-Lat Crosslink Site dataset. Crosslink sites were identified
447  using the tool PureCLIP. Input samples were used as a background control for crosslink
448  site identification. The score is the log posterior probability ratio of the first and second
449 likely state. The fold change is the fold change of IP read starts vs. input read starts.
450

451 Table S3: M6A-eCLIP IP iSLK-Lyt Crosslink Site dataset. Crosslink sites were identified
452  using the tool PureCLIP. Input samples were used as a background control for crosslink
453  site identification. The score is the log posterior probability ratio of the first and second
454  likely state. The fold change is the fold change of IP read starts vs. input read starts.
455

456
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