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SUMMARY

While much is known about miRNA biogenesis and canonical miRNA targeting, relatively
less is understood about miRNA decay. The major miRNA decay pathway in metazoans is
mediated through target-directed miRNA degradation (TDMD), in which certain RNAs can
“trigger” MiRNA decay. All known triggers for TDMD base pair with the miRNA seed, and
extensively base pair on the miRNA 3’ end, a pattern that supposedly induces a TDMD-competent
conformational change of Argonaute (Ago), allowing for miRNA turnover. Here, we utilized
Agol-CLASH to find that the Drosophila transcript Kah contains at least two triggers, a “trigger
cluster”, against miR-9b and the miR-279 family. One of these triggers contains minimal/non-
canonical 3’ end base pairing but is still sufficient to induce TDMD of the entire miR-279 family.
We found that these clustered triggers likely lack cooperativity, the minimal 3’ pairing is required
for miR-279 family turnover, and probed the in-cell RNA structure of the Kah trigger cluster.
Overall, this study expands the list of endogenous triggers and the unexpectedly complex

regulatory network governing miRNA degradation.
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INTRODUCTION

MicroRNAs (miRNAs) are a class of small ~22 nucleotide (nt) non-coding RNAs that
induce post-transcriptional gene silencing®. To do this, miRNAs are bound by one of the Argonaute
(AGO) family proteins and serve as guides for AGO association with target RNAs 3, Typically,
a target bearing sequence complementarity to miRNA seed (nt 2-8) is sufficient to predict down-
regulation*°. With such a short regulatory sequence requirement, and hundreds of conserved
miRNA genes across metazoans, it is unsurprising that miRNAs are thought to act as “master”
regulators of post-transcriptional gene expression. Indeed, loss of individual miRNA genes has
been shown to induce a variety of phenotypes including developmental abnormalities and
embryonic lethality®”’.

While extensive research has been given to the study of miRNA biogenesis and functional
consequences, relatively less is understood about miRNA decay®. For many years, researchers had
observed that certain miRNA targets bearing extensive 3’ complementarity (in addition to seed-
matching) could “trigger” rapid miRNA turnover, a process collectively referred to as target-
directed miRNA degradation (TDMD)® 1%, In 2020, it was revealed that the endogenous TDMD
mechanism in mammals is catalyzed via ZSWIMS8, a Culin-RING E3 ubiquitin ligase!®’.
Mechanistically, it appears that when miRNAs bind to TDMD targets, hereafter simply referred to
as TDMD “triggers”, the extensive base pairing induces a conformational change in AGO,
enabling ZSWIM8 recognition and AGO polyubiquitination'®*°. This process directs AGO for
proteasomal decay, in effect exposing the miRNA to cellular ribonucleases upon loss of AGO.
Since this revelation, several studies have identified the ZSWIMS8 ortholog in Drosophila (Dora)
and C. elegans (Ebax-1) also carry out TDMD in their respective systems'’2%2%, In fact, several
recent reports suggest TDMD plays a fundamental role in both mammalian and Drosophila
development?:?42° For example, TDMD of the miR-3 family is required for proper Drosophila
embryogenesis, and the loss of such degradation appears lethal in vivo?. Also, in mammals, it was
recently reported that TDMD of miR-322/503 is required for proper mammalian growth?*. In total,
loss of ZSWIMS (or Dora/Ebax-1) increases the abundance of nearly 100 miRNAs; however, the
triggers that induce TDMD for most of these miRNAs are still unknown?20-2224-26 Therefore, it
is essential to identify each of these triggers to better understand the TDMD molecular mechanism

and phenotypic consequences of TDMD in metazoans.
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There have been two main methods used to successfully screen for and validate novel
triggers: computational algorithmic screens, and biochemical methods-based approaches?2-0, In
either case, these studies typically employ a stringent extensive 3’ complementarity requirement
for putative triggers, given that all known TDMD examples contain at least 7 consecutive base-
pairings between triggers and the miRNA 3’ end?®3. Interestingly, it was recently revealed that
there is likely a “seed-sufficient” trigger in C. elegans that requires no 3’ end complementarity to
degrade the miR-35 family?. Relatedly, extensive target complementarity with miRNAs can out-
compete the miRNA 3’ association with the AGO PAZ domain, thereby exposing the miRNA 3’
end to non-templated nucleotide addition by terminal nucleotidyltransferases (TENTSs)
1318193233 Gjven that all known triggers extensively base pair with their targets, they have also
been reported to induce tailing/trimming of associated miRNAs!®. However, it was recently
observed that several examples of miRNAs are stabilized following loss of ZSWIM8 (ZSWIM8-
sensitive) without any change in tailing®*. Together these observations suggest that there are
potential triggers in metazoans that base pair less extensively with the cognate miRNA but are still
sufficient to induce TDMD.

We recently have had success in the application of AGO-crosslinking, ligation, and
sequencing of hybrids (AGO-CLASH)3, to screen for TDMD triggers?®2°. AGO-CLASH is a
modified CLIP method which utilizes UV crosslinked cells, immunoprecipitation of AGO, and an
intermolecular ligation between the miRNA and target RNA®*3". Sequencing of the subsequent
miRNA-target hybrid enables identification of high-confidence miRNA-target interactions. Our
application of this method in Drosophila S2 cells allowed for the identification of 5 triggers:
Agol1:miR-999, h:miR-7, Kah:miR-9b, Wgn:miR-190, and Zfh1:miR-12%. Given that many other
miRNAs are stabilized following loss of Dora in S2 cells, there are additional triggers remaining
that require identification!’?1:2,

In the initial studies, we employed stringent extensive base pairing criteria for the screening
of potential triggers?®2°, though AGO-CLASH data could presumably be used to identify even
non-canonical triggers by simply relaxing the screening criteria. Here, we find that the Kah
transcript, which we originally identified as a miR-9b trigger, contains a secondary trigger
sufficient to induce decay of the entire miR-279 family, consisting of miR-279, miR-286 and miR-
996. Interestingly, this quality makes Kah an endogenous example of multiple triggers within the

same transcript, a “trigger cluster”. Surprisingly, this miR-279 family trigger contains non-
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90 canonical TDMD base pairing, in that relatively little 3' complementarity is present, though this
91 minimal 3’ complementarity still appears required for miR-279 family turnover. In addition, in-
92  cell structural probing of the endogenous Kah trigger cluster suggests the seed-binding regions of
93  these triggers reside in accessible single-stranded regions, whereas the 3’ end binding regions
94  appear more structured. Our study suggests that the types of base pairs that induce TDMD are far
95  from full comprehension. Overall, our results shed light on the existence of both non-canonical
96 and clustered triggers and highlight the ability of AGO-CLASH to aid in identifying additional
97  unexpected triggers.
98
99 RESULTS
100  Agol-CLASH suggests a cluster of TDMD triggers in Kah
101 In our initial screen for triggers in Drosophila S2 cells, we validated each of our highest
102  confidence candidates via CRISPR-Cas9-mediated deletion®. In all but one case, loss of the trigger
103 increased the abundance of the predicted miRNA specifically. With knockout (KO) of the Kah
104  miR-9b trigger (Kah-9b), there is a significant increase in the abundance of both the miR-9b and
105 miR-996 guide strands but not their co-transcribed passenger strands (Figures 1A and 1B). This
106  quality is crucial to differentiate miRNA increase in abundance due to loss of TDMD (increase
107 guide abundance), from an increase in biogenesis (increase both guide and passenger
108  abundance)!?17:20-2224252930 pyz7]ingly, miR-9b and miR-996 belong to distinct miRNA families
109 and therefore have different seed sequences and target repertoires: miR-9b is a member of the miR-
110 9 family (miR-9a/b/c), while miR-996 is a member of the miR-279 family (miR-279/286/996).
111  Upon further scrutiny, we observed that the Kah-9b trigger KOs broadly upregulated the guide
112  strands of the whole miR-279 family (Figure 1A and 1B). Given the possibility of ligation biases
113  that could disproportionally reflect miRNA abundance in our previously outsourced small RNA-
114  seq®*, we validated the upregulation of both miR-279 and 996 via near-infrared northern blot
115  (from here on, northern blot)*?. As in the Dora-KO, disrupting the Kah-9b trigger elevated the
116  levels of miR-9b, miR-279 and miR-996, while the control miRNA bantam did not increase
117  abundance (Figure 1C). It should be noted that miR-286 is likely undetectable by northern blot in
118  S2 cells due to its relatively low abundance and therefore was excluded in this analysis. Since the

119  miR-279 family guides are upregulated upon loss of Doral’ and are similarly stabilized following
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120 loss of Kah-9b (Figures 1C and S1A), we therefore considered whether we may have
121  unintentionally perturbed a potential miR-279 family trigger.

122 We previously utilized the Agol-CLASH method (miRNAs primarily bind Agol in
123 Drosophila) in both Dora-KO cells and a Scramble (Scr) sgrRNA control*°. Ideally, CLASH ought
124  to preferentially isolate Dora-sensitive miRNAs with their cognate triggers under Dora-KO
125  conditions. To filter these miRNA-target hybrid data, we looked solely at hybrids from miRNAs
126  that were stabilized following loss of Dora, and employed three screening criteria: 1) Extensive 3’
127  complementarity (>7 bp) separated from the seed base-pairing by at least a single mismatch (>0
128  nt central bulge), 2) enrichment of the hybrid following loss of Dora (>4 fold increase), 3) overall
129  abundance of the hybrid. The miR-279 family members have divergent 3’ end sequences, meaning
130 thatatranscript that could extensively base pair with one member would be unlikely to extensively
131  base pair with another (Figure S1B). Given that we would need to remove the extensive base-
132  pairing criteria to screen for non-canonical Kah triggers, we took a closer look at how hybrid
133 enrichment and abundance could aid our efforts in identifying them.

134 We initially determined hybrid enrichment based on an increase in hybrid abundance in the
135  Dora-KO as compared to the Scr control*®. However, this criterion may have potential issues as
136  all Dora-sensitive miRNA hybrids, regardless of their contribution to TDMD, ought to increase
137  due to the increase in miRNA abundance upon loss of TDMD. We therefore then simply looked
138 at all the hybrids from Dora-sensitive miRNAs with validated triggers in S2 cells (miR-7, 9b, 12,
139 190, and miR-999) and considered the proportion each hybrid occupies in either Scr or Dora-KO
140  to account for the dramatic change in miRNA abundance. To our surprise, validated triggers were
141  not enriched when viewed in this fashion, meaning that loss of Dora merely increases the absolute
142 number of Dora-sensitive miRNA hybrids, but did not specifically enrich bona fide targets/triggers
143  (Figure S1C, Table S1). Thus, we next considered hybrid abundance as a readout for potential
144  triggers. Strikingly, we found that each of our previously validated triggers, h:miR-7, Kah:miR-
145  9b, Zfh1:miR-12, Wgn:miR190, and Agol:miR-999, occupied the largest proportion of their
146  respective mRNA hybrids even without considering base-pairing (e.g. seed-match, extensive
147  complementarity) (Figure S1D, Table S2).

148 With these qualities in mind, we looked for any abundant miR-279 family hybrids with
149  Kah (Figure 1D, S1D). To our surprise, we found Kah hybrids for both miR-279 and 996 at a
150  highly conserved site ~300 nt upstream of the miR-9b trigger (Figure 1E, S1E, S1F). This site did
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151  not have the extensive 3’ complementarity currently believed to be required for TDMD?%; instead,
152  the miR-996/286 3’ ends were only predicted to contain five base pairs, and miR-279 only three
153  (Figure 1E). We did not identify any Kah hybrids with miR-286, again presumably due to the low
154  expression level of miR-286 in these cells. All known transcripts that induce TDMD only contain
155  a single site sufficient to induce decay of the associated miRNA; this secondary site against the
156  miR-279 family would make Kah an endogenous example of multiple triggers clustered within its
157  transcript, a so-called “trigger cluster”. Since this site would contain non-canonical TDMD base
158  pairing, we considered a model where this miR-279 family trigger may be “suboptimal”, and only
159  effective with the coupled “canonical” downstream miR-9b trigger, in a mechanism mirroring the
160 clustered biogenesis of the suboptimal miR-451a coupled with canonical miR-144 primary
161  transcript**# (Figure 1F). If so, then the Kah:miR-279 family interaction may have been disrupted
162 by our Cas9-mediated deletion of the miR-9b trigger. Thus, we set out to interrogate the efficacy
163  and molecular mechanism of the Kah trigger cluster.

164

165  The Kah transcript regulates the abundance of distinct miRNA families

166 The most direct means for interrogating the efficacy of a potential trigger is to delete the
167  endogenous region via CRISPR-Cas9. To do this, we generated new sgRNAS targeting either side
168  of the putative Kah miR-279 family trigger to induce nucleolytic cleavage of its genomic locus
169  (Figure 2A, S2A). Interestingly, these new KO populations (Kah-279-K01/2) again showed
170  upregulated miR-279 family and miR-9b in tandem when observed via northern blot, comparable
171  to levels observed in a Dora-KO and our original Kah-9b-KO2 population (Figure 2B). To ensure
172  that the observed miRNA stabilization was indeed due to loss of miRNA degradation, we
173  employed the ‘Accurate quantification by sequencing’ (AQ-seq) method developed by Narry
174  Kim’s group to generate minimally biased small RNA-seq libraries containing spike-in standards
175  for count normalization®® (Figure 2C). In total, we found five miRNA guide strands (miR-279,
176 286, 996, 9b, and 92Db) that were significantly upregulated (p adj. <.001) compared to their co-
177  transcribed passenger strands upon loss of the miR-279 family trigger (Figure 2C, 2D). We did
178  observe significant upregulation of the miR-980 passenger strand, though its guide was also
179  upregulated to a similar degree, a quality likely indicative of increased biogenesis (Figure 2C).
180 While the upregulation of the miR-279 family was expected due to trigger KO, the
181  upregulation of miR-9b and miR-92b was puzzling for a couple of reasons: 1) Under a
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182  cooperativity model, the Kah-279 trigger KO should only upregulate the miR-279 family,
183  suggesting our model is likely wrong. 2) miR-9b and miR-92b are from distinct miRNA families,
184  the miR-9 family and the miR-310 family, respectively. Several of the miR-310 family members
185  (miR-310, 311, and 313) were reported to be sensitive to loss of Dora in vivo and directed for
186  degradation by the InNcRNA Marge?. However, this trigger was not observed to induce degradation
187  of the remaining miR-310 family (miR-312, miR-92a, and miR-92b) despite them also being Dora-
188  sensitive, suggesting that at least one other trigger exists inducing decay of the miR-310 family in
189  addition to Marge®. An alternative hypothesis to trigger cluster cooperativity would be that
190 CRISPR-Cas9 mediated deletions aberrantly induced Kah knockdown, decreasing its abundance
191 and therefore reducing TDMD of any triggers localized within the transcript. To test this, we
192  performed RNA-seq to monitor the change in Kah abundance in our Kah-279 KOs compared to
193  the Scr control. Curiously, our Kah trigger KOs significantly reduced the abundance of the Kah
194  transcript, on average having a >50% reduction, and we observed a similar trend with our original
195 Kah-9b trigger KOs (Figure 2E, S2B). With this in mind, we considered whether the observed
196  upregulation of miR-92b may indeed be due to a loss of TDMD catalyzed via another trigger
197  within the Kah transcript. When reconsidering the miR-92b hybrids within our Agol-CLASH
198  dataset, we found a highly conserved site within Kah for miR-92b with only five 3’ end base pairs,
199  a pattern mirroring what we see with miR-286/996 on the miR-279 family trigger (Figure 1E, 2F,
200  S2C). Puzzlingly, miR-92b is predicted to base pair with Kah less than it is with Marge, yet Marge
201 does not induce miR-92b degradation, suggesting that more extensive base pairing may not
202  necessarily be more efficacious for TDMD depending on the miRNA sequence (Figure 2F).
203  Though, due to the low expression level of miR-92b in S2 cells, it is unlikely to be an ideal model
204  for further study of this potential trigger.

205

206  The Kah trigger cluster differentially influences miRNA tailing, trimming, and function

207 A common feature observed of many miRNAs sensitive to TDMD is alteration to tailing
208  (non-templated nucleotide addition) and trimming (shortening of the miRNA) on the miRNA 3’
209  endl®1216-1824 Tajling and trimming of these miRNAs are usually more pronounced upon loss of
210  ZSWIMS (or its ortholog)®1724. The major hypothesis associated with these observations is that
211  triggers ought to extensively base pair with the interacting miRNA, potentially outcompeting the

212 AGO PAZ domain binding of the miRNA 3’ end, leaving the end solvent exposed for non-
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213 templated nucleotide addition by TENTS or trimming by non-specific ribonucleases 10-1318.19.32.33
214  Given the less extensive 3’ base pairing for the miR-279 family with Kah (Figure 1E), we sought
215  to take a detailed look at how loss of this trigger may affect the accumulation of miRNA isoforms
216  (isomiRs) for miR-279, 996, and 9b. To do this, we reanalyzed our AQ-seq data and categorized
217  miRNAs based on the number of nucleotides and sequence. In this analysis, miRNAs mapping to
218 a certain gene ought to have 100% sequence identity with the genome from nucleotides 2-18,
219  allowing for mixed sequences at position 1 and 19-26 (Figure S3A). These criteria will capture the
220  bulk of miIRNA sequences, as it accounts for the normal size range for miRNAs, non-templated
221  additions and trimming, as well as potential alterations in processing of the miRNA precursors by
222 Drosha/Dicer.

223 We observed a clear accumulation of shorter (trimmed) isomiRs of the miR-279 family,
224 with little to no increase in tailing upon loss of its trigger (Figure 3A, 3B). This observation mirrors
225  what we see for both miR-279 and miR-996 by northern, with these shorter isoforms becoming
226  the bulk of miR-279 signal (Figure 2B). In contrast, miR-9b displayed a mix of accumulating
227  trimmed and tailed isomiRs (Figure 3C). We next sought to define what proportion of our miRNA
228  counts were derived from non-templated sequences. When only considering templated counts, we
229  observed a consistent but minimal reduction in proportion of templated isomiRs, with these
230  sequences being reduced by ~1-3% in Kah-279 KOs (Figures S3B, S3C, S3D). We conclude that
231  while loss of Kah-mediated TDMD alters the average length of all three miRNAs, this alteration
232 is unlikely to be mostly mediated by tailing as a similar proportion of miRNA counts match the
233 genomic sequence with or without the trigger. Alternatively, these observations may imply that
234 longer-lived miRNAs may accumulate shorter/trimmed isomiRs, or even that certain templated
235  isomiRs may be directed for turnover more easily. In line with this, we noted that shorter miR-279
236  isomiRs were upregulated to a much larger degree than longer isomiRs upon trigger KO, in a trend
237  that was highly correlated (Figure S3E). Taken together, these data may suggest that shorter miR-
238 279 isomiRs are preferential substrates for Kah-mediated TDMD. Even so, we did not observe a
239  similar trend for miR-996 or miR-9b, though isomiRs shorter than 22 nt were modestly directed
240  for turnover to a higher degree (Figures S3F and S3G).

241 In any case, loss of Kah-mediated TDMD for the miR-279 family and miR-9b dramatically
242  increases the overall abundance of these miRNAs, and therefore ought to increase their ability to

243 induce repression of target mMRNAs. To address this, we categorized our RNA-seq data based on
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244  TargetScan predicted mRNA targets of the miR-279 family and the miR-9 family*®. The predicted
245  targets of both groups were significantly repressed compared to the non-target controls, in line
246  with the idea that the function of TDMD lies in its ability to limit miRNA-mediated silencing
247  (Figures 3D and 3E). We did note that the overall repression of the miR-279 family targets was
248  greater than the miR-9 family targets, a quality that becomes more understandable when
249  considering that the absolute increase in miRNA molecules was greater for the miR-279 family
250 (miR-279/286/996) compared to the miR-9 family (miR-9a/b/c) (Figure 3F). These results
251  highlight how Kah controls the endogenous levels of distinct miRNA family targets via clustered
252 TDMD.

253

254  The Kabh trigger cluster specifies miRNA decay with little crosstalk

255 Since the aberrant knockdown of Kah following trigger KOs ultimately muddles our ability
256  to unambiguously classify predicted triggers, we next sought to further address if each trigger does
257  indeed specify miRNA decay. To do this, we first attempted to transiently inhibit miRNA-Agol
258 complex association with endogenous Kah using morpholino oligonucleotides (or simply
259  “morpholinos™) against either trigger (Figure 4A). Morpholinos are short non-ionic nucleic acid
260 analogs that can associate with RNAs based on sequence identity*® and have been adopted in
261  several studies to inhibit AGO binding to targets and triggers alike!*3%47, This assay can help to
262  address two outstanding questions: 1) Does the miR-279 family trigger specify decay? 2) Is the
263  miR-279 family trigger suboptimal and dependent on the downstream miR-9b trigger? When we
264  incubated S2 cells with 10 uM of anti-Kah-279 trigger morpholinos, we observed a clear
265  stabilization of miR-279/996 in WT cells but not Dora-KO (Figure 4B compare lane 6 to lane 4
266  and lane 12 to lane 10, S3H). Interestingly, when we attempted the same experiment with anti-
267  Kah-9b trigger morpholinos, we only observed stabilization of miR-9b, with no concomitant
268 increase in miR-279/996 (Figure 4B compare lane 5 to lane 4, S3H). These changes are also
269 unlikely to be the result of increased miRNA biogenesis or Kah destabilization, as we did not
270  observe altered Kah or pri-miRNA abundance (Figure S4A). These results suggest that our
271 predicted miR-279 family trigger specifies miR-279 family decay and is sufficient to recruit Dora
272 to Agol on its own.

273 To further characterize the Kah trigger cluster, we next sought to induce miRNA

274  degradation by transiently expressing a portion (~700 nt) of the Kah 3" UTR within a GFP reporter
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275  driven by a constitutively active Drosophila actin promoter (Figure 4C). In this experiment, we
276  will express four constructs: GFP alone (GFP), GFP with the WT Kah 3’ UTR (Kah-WT), this
277  same construct with mutated miR-279 family trigger (Kah-MutA), or an alternative with mutated
278  miR-9b trigger (Kah-MutB) (Figure 4C, S4B). In this way, we can observe if each predicted trigger
279 s sufficient to induce miRNA decay while monitoring transfection efficiency via GFP. Ideally,
280  we would like to express these triggers in Kah-279 KO cells to achieve a clear and robust reduction
281 inmiR-279, 996, and 9b by northern blot. However, attempts to express constructs containing the
282  Kah 3’ UTR backbone in Kah-279 KOs were sharply repressed compared to Dora-KO (Figure
283  S4C), presumably because of the constitutive expression of CRISPR-Cas9 complex targeting Kah-
284  279. We also considered generating Kah 3’ UTR constructs with mutated PAM sequences adjacent
285  to the sgRNA target sites. However, these constructs were also aberrantly repressed in the Kah-
286 279 KOs (Figure S4D). We instead settled on utilizing the Scr and Dora-KO lines for further
287  experiments, as they offered similar robust expression of Kah reporters (Figure S4E). When
288  observed by northern blot, only Kah-WT was able to induce miRNA decay of miR-279, 996, and
289  9bintandem (Figure 4D compare lanes 1 and 2). Mutations to either trigger (Kah-MutA or MutB,
290  Figure S4B) relieve repression of either miR-279/996 or miR-9b, respectively, with no observable
291  cross-talk between the triggers (Figure 4D compare lane 1 to lanes 3 and 4). For all trigger reporters,
292  no consistent trend of reduction was observed when expressed in the Dora-KO, again highlighting
293  the Dora-dependence of these triggers (Figure 4D compare lane 5 to lanes 6, 7, and 8).

294 To directly quantify miRNA change in abundance induced by our reporters, we generated
295 new AQ-seq libraries from trigger-expressing S2 cells and compared them to the GFP only control
296  (Figures 4E-4G). We observed clear and specific repression of the miR-279 family, miR-9b/c, and
297 miR-92b guide strands when expressing the Kah-WT construct in Scr S2 cells (Figure 4E).
298  However, the only significantly changed guides (p adj.< .01) compared to their passenger strands
299  were miR-279, 996, and 9b (Figure 4E, S4F). Consistent with this, it should be noted that we and
300 the Bartel lab observed only a small increase in miR-9c¢ following KO of the Kah-9b trigger,
301  suggesting it is only minimally directed for turnover via Kah?!. The overall abundance of miR-286
302 and miR-92b may limit reliable detection of their change responding to Kah reporters, given that
303 these guides are only represented by dozens or hundreds of counts per million (CPM), respectively.
304  Despite this, the miR-286 guide was considerably more repressed compared to its passenger strand
305  (Figure S4F). Consistent with our northern blots, we observed no TDMD of the miR-279 family
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306 or miR-9b/c when their respective triggers were mutated in the Kah reporters (Figures 4F, 4G,
307 S4Gand S4H). In total, these results demonstrate that both the endogenous and ectopic expression
308 of the Kah trigger cluster is sufficient to induce degradation of the miR-279 family and miR-9b.
309

310 Structural and functional insights into the Kah trigger cluster

311 With the successful utilization of our reporter system to induce miR-279 family TDMD,
312 we next sought to address if the minimal 3’ end pairing of miR-279 with Kah is required for
313 turnover, or if the Kah-279 trigger is an example of a hypothesized “seed-sufficient” trigger?®. At
314  the same time, we decided to ask if the regions surrounding the Kah triggers may potentiate their
315  efficacy. To answer these questions, we generated two new reporters: one with the Kah 3’ end
316  binding sequence mutated to a seed-only pattern (Kah-Seed), and the other lacking the native
317  sequences flanking each trigger (Kah-Short) (Figures 5A, 5B and S5A). Each of these reporters
318 remained evenly expressed when transiently introduced into the Scr S2 cell line (Figure 5C),
319 however both Kah-Seed and Kah-Short lost the ability to induce miR-279 family turnover, with
320 the Kah-Short also losing its ability to direct miR-9b for degradation (Figure 5D). These data
321  mirror what we have seen previously for the mammalian BCL2L11, SSR1 and TRIM9 triggers, in
322 which loss of triggers’ flanking sequences in reporter constructs rendered them ineffective?.
323  Together, these data suggest that the miR-279 family trigger is unlikely to be seed-sufficient,
324  however, we cannot rule out that seemingly small mutations made to Kah disrupt potentially
325 functional structural motifs, given that loss of the Kah trigger flanking sequences render them
326 ineffective (Figure 5D).

327 With consistent observations of trigger flanking regions being required for TDMD, and the
328 unique occurrence of two triggers within the same transcript, we decided to probe into the
329  endogenous secondary structure of the Kah 3" UTR using the Selective 2" Hydroxyl Acylation
330 analyzed by Primer Extension (SHAPE) method*®-*°. In SHAPE, live cells are incubated with a
331 base modifying agent (e.g. 2-methylnicotinic acid imidazolide “NAI”) to induce chemical
332  modification of the exposed single stranded regions of RNAs “%° (Figure 5E). These
333  modifications can introduce mutations during reverse transcription of the cDNA (Figure 5E).
334 cDNA libraries are then PCR amplified and subjected to high-throughput sequencing, where
335 computational pipelines like SHAPEmapper2 can predict a consensus secondary structure based

336  on mutational reactivity and minimum free energy®! (Figure 5E). To our knowledge, the only other
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337  study that has attempted SHAPE structural probing of a TDMD trigger utilized an overexpression
338 of a CYRANO IncRNA fragment, given its low endogenous expression, and found that the trigger
339 adopted a highly conserved cruciform structure 2. Though to what degree these results are a
340 reflective of the endogenous CYRANO transcript is still unknown. Since SHAPE is primarily
341  performed on highly abundant RNAs, we opted to enrich for Kah mRNAs using poly-A selection
342  (Figure 5E). Further, since the full length of the Kah 3’ UTR exceeds 1000 nts, we took advantage
343  of the SHAPE-competent reverse transcriptase MarathonRT popularized by Anna Pyle’s group
344  who demonstrated its ability to reverse transcribe lower abundance RNAs as long as >2.5 kb>3
345  (Figure 5E).

346 In the end, we settled for capturing ~80% of the Kah 3’ UTR, in effect generating Kah-
347  specific SHAPE libraries of ~1150 nts excluding adapter sequences (Figure 5E, S5B). These long-
348 read libraries were then sequenced on the PacBio platform. From this, we were able to perform
349 SHAPE analysis of Kah using SHAPEmapper2 and observed a clear trend of increased Kah
350 mutations in the NAI treated cells vs DMSO control (Figure S5C). This mutational profile was
351 used in combination with minimum free energy calculations to generate a consensus structure of
352  the Kah 3’ UTR (Figures S5D, S6 and S7). Using this structure, we considered the local secondary
353  structure present at both the miR-279 family and miR-9b trigger (Figures 5F and 5G). Intriguingly,
354  eithertrigger was flanked by highly structured sequences, but the seed-binding region was exposed
355 insingle-stranded portions of Kah (Figures 5F and 5G). In contrast, the 3’ end binding sequences
356  appear locked in moderately reactive secondary structure, suggesting that these areas are primarily,
357  but dynamically, double-stranded. These results reaffirm what has been reported for miRNA
358 targeting dynamics previously, that miRNAs must initially associate with an accessible seed, then
359 form a secondary duplex in the 3’ binding region (e.g. 3’ supplement), if able, before settling into
360 its most energetically favorable conformation®%°+%¢_ Our results suggest that the miRNA 3’ end
361 binding on Kah may compete with local secondary structure to form a stable AGO-trigger complex,

362 the loss of which appears to prevent miR-279 family turnover.

363
364 DISCUSSION
365 What are the qualities that make an effective TDMD trigger? For over a decade the

366 throughline for TDMD research has focused on a few consistent qualities across endogenous and

367  synthetic triggers: extensive 3’ complementarity and seed-matching, separated from one another
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368 by a short central bulge to prevent slicing of the trigger 2531, We and others are now beginning to
369  shed light on the existence of non-canonical triggers that may require less, or no 3’ base pairing at
370  all®. Indeed, there now appear to be three distinct classes of triggers currently identified or
371  hypothesized: Class I triggers — require the canonical “extensive” 3’ end base pairing (>7 bp), Class
372 Il triggers — require “minimal” 3’ end base pairing (<7 bp) such as Kah-279, and Class Il triggers
373  —the hypothesized seed-sufficient triggers that require no 3’ end base pairing (Figure 6A).

374 While interesting, the existence of Class Il/I1l triggers suggests that there must be
375 undiscovered qualities that can effectively demarcate them as TDMD triggers and not canonical
376  mMIRNA targets. The miR-279 3’ end interaction with guide nucleotide 15-17 (g15-17) that we
377  observe with Kah is reminiscent of and partially overlaps with the canonical 3’ supplement (g13-
378  16). There are several reports that point out the 3’ end binding sequences aid in miRNA-target
379  recognition in part by competing with local target secondary structure®>°%-8, Here, we used
380 SHAPE to probe the endogenous secondary structure of the Kah triggers and found that while the
381 seed-binding region was highly accessible, the 3’ end binding sites are locked in secondary
382  structure. To what degree 3’ end complementarity is required for an AGO TDMD-competent
383  conformational change, and not simply stabilizing association and/or outcompeting other miRNA
384  targets, has still not been thoroughly investigated. Many studies reporting in vitro miRNA targeting
385  assays have highlighted a reduction in AGO association with targets containing only a seed match
386  with no 3’ complementarity®>°%, Future research into the influence of 3’ end complementarity in
387 AGO association with various triggers may help to answer these outstanding questions.
388  Additionally, the list of validated triggers has grown considerably since the first crystal structures
389  of an AGO-trigger complex were reported®®. While challenging, it may be crucial to expand on
390 these findings by generating new crystal structures spanning the validated triggers, canonical and
391 non-canonical alike, to identify any critical structural rearrangement common between them upon
392  trigger association.

393 Here, we found that the minimal miR-279 3" base pairing with Kah was required for TDMD,
394  but not all isoforms were directed for turnover evenly. The shortest miR-279 isoforms were
395 degraded to a larger extent compared to longer isoforms, suggesting that miRNA length may be a
396  contributing factor for TDMD of certain miRNAs. Interestingly, given that the miR-279 base pairs
397 with Kah end at g17, and isoforms approaching g18 were turned over more quickly, there is the

398 potential that the 3’ end base pairing proximity to the terminal nucleotide may contribute to TDMD.
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399 A well-known example of a highly potent canonical TDMD trigger is the CYRANO:miR-7
400 interaction, which has uniquely extensive 3’ complementarity (~14 bp) for this abnormally long
401 miRNA (~24 nt)'2, This interaction likely promotes the miR-7 3’ end exit from the AGO PAZ
402  domain, leaving the end solvent exposed for non-templated additions via Gld2 (TENT2, TUT2),
403  though the tailing of miR-7 during engagement with CYRANO is dispensable for TDMD*. The
404  Kah trigger cluster does not appear to readily induce tailing of either the miR-279 family or miR-
405  9b, despite miR-9b having the canonical extensive 3’ base pairing typical of triggers. However,
406  removal of the Kah trigger did allow for the accumulation of shorter, templated, miRNA isoforms
407  for both the miR-279 family and miR-9b. These results highlight that tailing and trimming may be
408  exceptionally dynamic based on the miRNA, trigger RNA, 3’ end base pairs, and the model system
409  used for study.

410 Despite recent successes in identifying endogenous triggers, there are still many left to be
411  found. AGO-CLASH and similar methods appear to be a powerful tool for capturing trigger RNAs
412  interacting with their cognate miRNAs. Here, we established that highly abundant miRNA-target
413 hybrid reads in our Agol-CLASH datasets were predictive of bona fide triggers, aiding in our
414  screen for non-canonical triggers within Kah. These results agree well with another report in
415  Drosophila suggesting that the abundance of TDMD triggers may be a key determinant of
416 efficacy?’. Validation of the non-canonical Kah-279 trigger revealed that the Kah transcript
417  contains a cluster of triggers, each inducing miRNA degradation independently of the other (Figure
418  6B). Since Kah-279 is sufficient to induce decay of all the entire miR-279 family, it was more
419  potent in its ability to influence miR-279 targets compared to miR-9 targets upon loss of Kah-
420 mediated TDMD. These results highlight how clustered TDMD provides an additional layer of
421  complexity to the tissue-specific gene regulation, in that tissues expressing Kah may also express
422  the miR-279 family and miR-9b, only one of these miRNAs, or none of these. Such combinations
423  would imply that Kah could simply act as an mRNA, a trigger, or a trigger cluster depending on
424  the context. The idea of clustered TDMD also highlights how it was recently shown that the
425  primary transcripts of miRNAs directed for TDMD in mammals preferentially organize into
426  clusters, with TDMD acting as a tool for cells to augment the abundance of select miRNAs derived
427  from polycistronic transcripts?»?°. Interestingly, Kah induces decay of the miR-279 family in
428 addition to miR-9b, suggesting Kah post-transcriptionally augments the abundance of several

429  miRNAs derived from three distinct polycistronic transcripts (Figure 6C).
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430 The only other, to our knowledge, reported attempt to express a cluster of triggers to
431  degrade miRNAs predates the discovery of ZSWIMS’s role in catalyzing TDMD*2, In contrast to
432  our study, they used multiple (4x) canonical triggers, directly adjacent to one-another, against
433  single miRNAs within the same transcript and found that the additional sites reduced TDMD
434  efficacy compared to single trigger®3. In the endogenous context, there may be a “sweet spot” in
435  the number of triggers, and the spacing between those triggers, that can exist within the same
436  transcript. Consistently, we found that several triggers require flanking regions for them to be
437  effective®® (Figure 5). More broadly, expanding the list of endogenous triggers may aid in the
438  development of potent synthetic triggers able to induce decay of individual miRNAs, entire
439  miRNA families, or several miRNA families via clustered TDMD. Such tools would be key for
440  probing the influence of specific miRNAs during development and disease alike.

441 While we provide a detailed molecular analysis of the Kah trigger cluster in S2 cells, how
442  integral the TDMD of these miRNAs are to the Drosophila lifecycle will be the subject of future
443  research. Interestingly, Kah (Kahuli) is predominantly expressed in the Drosophila mesoderm
444 during development®?, but the miR-279 and miR-9 families are often neuronally expressed with
445  some exceptions®?%, There are reports of the miR-279 family being integral to the development
446  of Drosophila sensory organs, with miR-279 and 996 likely functioning redundantly®®%4, In line
447  with this, we find that not only do miR-279 and 996 target redundantly, but they also appear to be
448  concurrently degraded. Further in vivo analyses would be key in providing a spatiotemporal view
449  of Kah expression, miR-279 family and miR-9b TDMD, and any phenotypic consequences therein.
450

451 FIGURE LEGENDS

452  Figure 1. Agol-CLASH suggests a cluster of TDMD triggers in Kah. (A) The impact of Kah-
453  9b trigger knockout on miRNA abundance as determined by small RNA-seq reported in Sheng et
454  al., 2023%°. miRNA abundance (x-axis) represents the mean counts between Scr and Kah-9b KO
455  libraries, the y-axis represents the change in abundance following trigger KO in log. fold-change
456  (log2FC). Each dot represents an individual miRNA. Upregulated guide strands are marked in red
457  (significant) and pink (not significant), with the passenger strands of these miRNASs being
458 highlighted in navy blue (significant) and cyan (not significant). P-values were calculated using
459  DEseqg2. An FDR-adjusted p-value <0.05 was used as the significance threshold for this analysis
460  (n=2 biological replicates). (B) A comparison of the log2FC between miRNA guide and passenger


https://doi.org/10.1101/2024.12.11.627053
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2024.12.11.627053; this version posted December 13, 2024. 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.

461  strands following loss of Kah-9b trigger. (C) Northern blot validating miRNA change in
462  abundance following Kah-9b trigger KO. Lane labels correspond to S2 cell lines: WT (wild type),
463  Scr (scramble/non-target sgRNA control), Kah trigger KO, and Dora KO. The bantam miRNA
464  was used as a loading control as it is not sensitive to TDMD. (D) Reutilization of the Ago1-CLASH
465  dataset reported in Sheng et al., 2023. All miRNA-target hybrids for the miR-279 family were
466  considered when screening for potential non-canonical Kah triggers. (E) A summary of the Kah
467  triggers for miR-9b, 279, and 996 found using Ago1-CLASH. miR-286 did not form hybrids with
468 Kah and was therefore separated from the others by the dashed line. Red letters indicated the
469  miRNA seed region. CLASH-identified hybrids used the Hyb base pairing pipeline to predict the
470 most stable miRNA-trigger base pairing conformation, whereas miR-286:Kah base pairs were
471  predicted using RNAcofold. (F) A representative model of a clustered TDMD cooperativity model,
472  where a canonical trigger such as Kah-9b may nucleate the transcript for TDMD of coupled sub-
473  optimal triggers, such as the Kah-279 trigger. Lavender circles represent ubiquitin and unlabeled
474  boxes in the Dora complex represent currently unknown Culin-RING E3 ubiquitin ligase
475  components.

476

477  Figure 2. The Kah transcript regulates the abundance of distinct miRNA families. (A) A
478  schematic of CRISPR-Cas9 targeted deletion of the Kah-279 trigger within the Kah genomic locus.
479  Red triangles represent predicted sites of Cas9-mediated cleavage (top). The Kah-279 trigger
480  sequence is highlighted in red (bottom) with the PAM sequences adjacent to each sgRNA target
481  site highlighted in cyan. (B) Northern blot validating miRNA change in abundance following Kah-
482 279 trigger KO. Relative miRNA levels are shown as mean + standard deviation (SD) (n=3
483  Diological replicates). miR-7 serves as a positive control for Dora sensitivity. (C) AQ-seq detection
484  of miIRNA changes in abundance following Kah-279 trigger KO. miRNA abundance (x-axis)
485  represents the mean miRNA counts per million (CPM) in Scr libraries. Highlighted are miRNAs
486  upregulated following Kah-279 KO, an FDR-adjusted p-value <0.001 was used as the significance
487  threshold for this analysis (n=2 biological replicates). (D) A comparison of the log.FC between
488  mIiRNA guide and passenger strands following loss of Kah-279 trigger. (E) The influence of Kah-
489 279 trigger KO on Kah transcript abundance as determined by RNA-seq in transcripts per million
490 (TPM). P-values were calculated using DEseg2. ** represents a p-value < 0.01. (F) A potential
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491 miR-92b trigger within Kah identified via Agol-CLASH, compared to the previously reported
492  Marge:miR-92b interaction?..

493

494  Figure 3. The Kah trigger cluster differentially influences miRNA tailing, trimming, and
495  function. The relative proportion (top) or fraction (bottom) of isomiRs separated by length from
496  18-26 nts. Individual replicate values are marked with black dots (top) or an error bar (bottom).
497  Grey and red bars represent the mean abundance in Scr and Kah-279 KO, respectively for (A)
498 miR-279, (B) miR-996, or (C) miR-9b. The increased repression of the predicted targets of the (D)
499 miR-279 family and (E) miR-9 family following loss of the Kah-279 trigger. Plotted is the
500 cumulative change (log2FC) in TargetScan predicted mRNA target abundance following Kah-279
501 trigger KO compared to Scr control. The log2FC of individual transcripts between conditions was
502 calculated using DEseq2. Targets were classified into all conserved targets, top conserved targets,
503 or all other targets (non-targets) with the number of transcripts considered for each cohort listed
504  within the plot. Dots at the bottom of the graphs represent the median expression level of each
505 target cohort. P-values were calculated using the Mann-Whitney U test, n=3 biological replicates.
506  (F) The change in miRNA family (miR-279 or miR-9) abundance following Kah-279 trigger KO.
507 Individual replicates are listed as black dots (miR-279 family) or black squares (miR-9 family),
508 n=2 biological replicates.

509

510 Figure 4. The Kah trigger cluster specifies miRNA decay with little crosstalk. (A) A schematic
511  of anti-trigger morpholino experimental design for endogenous Kah. (B) Northern blot reporting
512  the miRNA change in abundance following incubation with either non-target (NT), anti-9b trigger
513  (9b), or anti-279 trigger (279) morpholinos at either 5 or 10 uM. Relative miRNA levels are shown
514 as mean = SD (n=3 biological replicates). (C) A schematic of our GFP reporter systems as
515  described in the main text: GFP, Kah-WT, Kah-MutA, and Kah-MutB. (D) Northern blot reporting
516 the miRNA change in abundance following introduction of reporters shown in (C). Relative
517 miRNA levels are shown as mean = SD (n=3 biological replicates). AQ-seq describing miRNA
518 change in abundance following expression of (E) Kah-WT, (F) Kah-MutA, or (G) Kah-MutB
519 compared to the GFP control. miRNA abundance (x-axis) represents the mean miRNA counts per

520 million (CPM) in GFP libraries. Highlighted are miRNAs downregulated following reporter
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521  expression, an FDR-adjusted p-value <0.01 was used as the significance threshold for this analysis
522  (n=2 biological replicates).

523

524  Figure 5. Structural and functional insights into the Kah trigger cluster. (A) A schematic of
525  our GFP reporter system as described in the main text: GFP, Kah-WT, Kah-Seed, and Kah-Short.
526  (B) A schematic of the predicted base pairing of the Kah-Seed reporter with miR-279. Red letters
527 indicate the miRNA seed region, cyan letters indicate mutated bases. Base pairs were predicted
528 using RNAcofold. (C) The transfection efficiency of the Scr cell line with each GFP reporter
529  described in (A) captured with fluorescence microscopy. Scale bars indicate 300 um. (D) Northern
530 blot reporting the miRNA change in abundance following introduction of GFP reporters described
531 in(A). Relative miRNA levels are shown as mean miRNA signal. (E) A schematic of Kah SHAPE
532 library construction for long-read PacBio sequencing. (F) The local consensus secondary structure
533 of the Kah-279, or (G) Kah-9b trigger as predicted via SHAPEmapper2. Highly reactive
534  nucleotides are highlighted in red, with moderately reactive nucleotides highlighted in orange.
535  Black boxes mark the seed-binding regions of either trigger.

536

537  Figure 6. Proposed TDMD trigger classifications and clustered TDMD. (A) A schematic of
538 proposed trigger classifications: Class | triggers — require “canonical” extensive 3’
539 complementarity, a representative image of the mammalian TDMD complex is shown since all
540 known mammalian triggers currently belong to this classification. Class Il triggers — require
541  “minimal” 3’ complementarity, a representative image of the Drosophila TDMD complex is shown
542  since Kah-279 fits this classification. Class Il triggers — are “seed-sufficient” in that they require
543  no 3' complementarity, a representative image of the C. elegans TDMD complex is shown since
544  the miR-35 family trigger is hypothesized to fit this classification. (B) A summary of the findings
545  from this study: the non-canonical/Class Il trigger Kah-279, clustered target-directed miRNA
546  degradation, and a structural role for trigger 3’ complementarity. (C) A summary of the pri-miRNA
547  transcripts regulated via Kah. Included are pri-miR-279~996, pri-miR-9¢~9b, and pri-miR-309~6-
548 3. miRNAs reported to be sensitive to TDMD are indicated with black triangles above their
549  hairpins with corresponding triggers indicated. The miR-279 family is highlighted in green, the
550 miR-9 family in orange, and the miR-3 family in cyan.

551
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552 SUPPLEMENTAL FIGURE LEGENDS

553  Figure S1. Identification of the Kah-279 trigger. (A) A comparison of the log2FC between guide
554  and passenger strands of Dora-sensitive miRNAs found in Ago1-CLASH data from Sheng et al.,
555  2023%. n=2 biological replicates. (B) Sequence alignment of the Drosophila miR-279 and miR-9
556  families. * represent consensus nucleotides, with the seed region highlighted in red and variable
557  nucleotides highlighted in cyan. (C) The fold change of individual miRNA hybrids in different
558  mIRNA cohorts in Dora-KO compared to Scr S2 cells. The most abundant hybrid for validated
559 triggers per miRNA cohort is highlighted with red triangles and labels. Shown are the top abundant
560 hybrids (up to 256, if able) per cohort. (D) The overall proportion miRNA-mRNA hybrids occupy
561 in different miRNA cohorts in Dora-KO cells. Validated triggers per miRNA cohort are
562  highlighted with red triangles and labels. Shown are the top abundant hybrids (up to 256, if able)
563  per cohort. (E) The sequence conservation/consensus of 38 insect species. Sequence references
564  were derived from the UCSC Genome Browser. (F) A PhyloP sequence conservation map (124
565 insects) of the Kah 3’ UTR derived from the UCSC Genome Browser.

566

567  Figure S2. Kah triggers knockout validation and potential Kah-92b trigger. (A) A comparison
568 of PCR amplicons generated from S2 gDNA. The schematic below details which primer sets were
569  used to generate each amplicon. Destabilized loci appear less abundant, smears, and/or truncated
570 bands. (B) RT-gPCR of the Kah transcript in Kah-9b KO lines. Paired t-tests, p-value *<0.05,
571  **<0.01 n=3 biological replicates. (C) A PhyloP sequence conservation map (124 insects) of the
572  Kah 3’ UTR derived from the UCSC Genome Browser.

573

574  Figure S3. IsomiR classification and miRNA change in abundance. (A) A summary of our
575  bioinformatic criteria used to classify isomiRs. miRNA seeds are marked in red, with variable
576  nucleotide positions highlighted in cyan. Proportion of miRNA counts derived from templated
577  sequences for (B) miR-279, (C) miR-996, or (D) miR-9b. n=2 biological replicates. The log.FC
578  of specific miRNA isomiR lengths (Kah-279/Scr) for (E) miR-279, (F) miR-996, or (G) miR-9b.
579 n=2 biological replicates. (H) Northern blot quantification of miRNA changes in abundance
580  observed after morpholino treatment. Error bars indicate = SD, n=3 biological replicates.

581
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582  Figure S4. Kah reporter expression and miRNA strand log2FC. (A) Fold change in Kah or pri-
583 mIiRNA transcripts in morpholino-treated cells (10uM) detected by RT-gPCR. n=2 biological
584  replicates. (B) A schematic of the sequence mutations introduced in Kah-MutA/B reporters.
585  Mutated nucleotides are highlighted in cyan. (C) GFP expression following reporter expression in
586 Dora-KO or Kah-279-KO cells. (D) GFP expression in Kah-279 cells following transfection of
587  Kah 3’ UTR constructs with or without PAM sites. (E) A comparison of GFP reporter expression
588 in Scr and Dora-KO cells. Scale bar indicates 1000 um. A comparison of log.FC observed for
589  miRNA guide and passenger strands following expression of (F) Kah-WT, (G) Kah-MutA, or (H)
590 Kah-MutB compared to the GFP control.

591

592  Figure S5. Kah-279 seed insufficiency and SHAPE analysis. (A) A schematic of the sequence
593  mutations introduced to the Kah-Seed reporter. Mutated nucleotides are highlighted in cyan. (B)
594  Aschematic showing the region covered by long-read (~1150 nt) Kah SHAPE libraries. Red points
595 represent theoretical Kah bulky adducts introduced via NAI. (C) Mutation rates observed in
596 DMSO and NAlI-treated S2 cells calculated with SHAPEmapper2. Plotted are means derived from
597 2 biological replicates. (D) The full-length structure of Kah 3" UTR derived from SHAPE-MaP
598 libraries. Highly reactive bases are highlighted in red and moderately reactive bases are highlighted
599 inorange.

600

601 Figures S6 and S7. Full mutational SHAPE reactivities for Kah. Individual nucleotide
602  reactivities for our Kah SHAPE libraries compared to the reference WT Kah transcript sequence
603 are listed throughout. Error bars indicate SD between replicates (n=2 biological replicates). The
604  Kah-279 and Kah-9b triggers are highlighted below their transcript locations.

605

606 STAR*METHODS

607

608 EXPERIMENTAL MODEL AND SUBJECT DETAILS

609  Cell lines and cell culture

610 Drosophila S2 cells were maintained in Schneider’s Insect Medium (Sigma, S9895)
611  supplemented with 10% heat-inactivated FBS (Cytiva, SH3054103HI) and 1% penicillin-
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612  streptomycin (Gibco, 15140163) at 28°C. Cells were passaged 1:5 every 4-5 days when the culture
613  reaches confluency.

614

615 METHOD DETAILS

616  Agol-CLASH prediction of non-canonical Kah triggers

617 All miRNA-RNA hybrids were extracted from previously reported Agol-CLASH data®.
618  These hybrids were summarized based on miRNA and target sequences, target RNA type (e.g.
619 mRNA, rRNA, IncRNA), and mean abundance of this hybrid in Scramble and Dora-KO cell
620 replicates (Tables S1 and S2). The scripts used to perform these analyses are available on GitHub
621  (https://github.com/UF-Xie-Lab/TDMD-in-Drosophila). From this summary, hybrids were
622  manually reorganized based on miRNA identity (e.g. miR-999 hybrids, miR-279 hybrids), and
623  sorted based on mean hybrid abundance in either Scramble or Dora-KO cells. Hybrid enrichment
624  in the Dora-KO was assessed by taking each miRNA hybrid cohort (e.g miR-279 hybrids) and
625  determining the overall proportion each individual hybrid occupied within the cohort to account
626  for miRNA change in abundance following Dora-KO. Fold changes between the Scramble and
627  Dora-KO were compared to assess hybrid enrichment (Table S1). The abundance of individual
628  hybrids in Dora-KO, as this data should contain the most abundant Dora-sensitive miRNA-RNA
629  hybrids, was similarly reorganized into miRNA cohorts. The overall proportion each individual
630  hybrid occupied within the cohort was calculated, with non-mRNA hybrids being excluded to
631  remove spurious MiRNA hybrids (e.g. mMIRNA-miRNA, miRNA-rRNA, or miRNA-tRNA hybrids)
632 (Table S2).

633

634  Plasmid construction

635 Drosophila gene-specific knockout plasmids were generated using the pAc-sgRNA-Cas9
636  (Addgene, 49330) vector. Three sgRNA expression plasmids were used in pairs flanking the Kah-
637 279 trigger sequence. SgRNA sequences inserted into the expression vector are as described in the
638  supplementary table (Table S3). For GFP and GFP-Kah expression vectors, the pAC-sgRNA-Cas9
639  (Addgene, 49330) plasmid was used as a backbone wherein the Cas9 CDS was swapped for GFP
640  with or without insertion of the Kah 3’ UTR. The Kah 3" UTR was amplified by PCR from genomic

641  DNA extracted from S2 cells using standard organic nucleic acid extraction. Mutants at specific
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642  Kah locations were introduced via overlap extension PCR. Primers for the construction of these
643  vectors are listed in the supplementary material (Table S3).

644

645  Transfection and stable cell line generation

646  Transfection of S2 cells was performed according to the manufacturer’s protocol using either
647  lipofectamine 3000 (Invitrogen, L3000015), or the SF Cell Line 4D X Kit (Lonza, V4XC-2024)
648  on the 4D-Nucleofector X Unit (Lonza, AAF-1003X) platform using the default S2 cell settings.
649  All transfections were performed using 1 pg plasmid/1x10° S2 cells and allowed to grow for 72
650  hours following transfection before being collected. GFP signal was captured from reporter-
651 transfected S2 cells using either an EVOS FL (Invitrogen, AMF4300) or EVOS M5000 (Invitrogen,
652  AMF5000). Stable lines were generated by antibiotic selection using 5 pg/mL puromycin (Gibco,
653  A1113803) for at least 3 weeks.

654

655  Morpholino oligonucleotide treatment

656 S2 cells were passaged normally prior to introduction of custom vivo-Morpholino oligos
657 (GeneTools, Table S3) which was performed as described previously®®. Briefly, 6x10° S2
658  cells/well were seeded into 6-well plates and incubated with either non-target, Anti-279-trigger, or
659  Anti-9b-trigger vivo-morpholinos at either 5 or 10 uM. The cells were then cultured for additional

660 48 hrs, at which point cells were collected for total RNA extraction.

661
662 RNA isolation and RT-qPCR
663 To collect total RNA, cells were pelleted by centrifugation at 300xg for 2-3 minutes,

664  washed once with 1X phosphate buffer saline (PBS) (Gibco, 10010023) and the cell pellets were
665  resuspended in and extracted using the TRIzol Reagent (Invitrogen, 15596018) following the
666  manufacturer’s protocol. For RT-qPCR experiments, cONA was generated from total RNA
667  samples using the QuantiTect Reverse Transcription Kit (QIAGEN, 205313). gPCR experiments
668  were performed using SsoAdvanced Universal SYBR Green Supermix (Bio-Rad, 1725275) and
669  data was normalized to Actin. All primers used in this study are listed in Table S3.

670

671  Northern blot
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672 Near-infrared northern blots were performed as previously described?®3%42, Briefly, 10-20
673 g of total RNA per sample was separated on a 20% denaturing polyacrylamide 7M urea gel. RNA
674  was transferred (semi-dry) to the Nytran N (Cytiva, 10416196) nylon membrane. Blots were then
675  chemically crosslinked to the membrane via 1-Ethyl-3-[3-dimethylaminopropyl]carbodiimide
676  hydrochloride (EDC) (Thermo Scientific, 22981). Crosslinking reagents were then rinsed off the
677 membrane with water, and preincubated in ExpressHyb hybridization buffer (Takara, 636833).
678  Blocked membranes were then incubated with IR-dye labeled antisense oligonucleotide probes or
679  azide-labeled oligonucleotides which can be conjugated to IR dyes (Table S3) against the desired
680 RNAs for at least 6 hours. IR signal was captured with an Amersham Typhoon (Cytiva, 29238583)
681  and images were analyzed with ImageQuant TL (v7.0).

682

683  RNA-seq library preparation

684 Total RNA samples were depleted of genomic DNA contamination using Turbo DNase
685  (Invitrogen, AM1907) according to the manufacturer’s protocol. RNA quality was assessed via
686  Agilent TapeStation (Agilent, G2992AA) on RNA ScreenTapes (Agilent, 5067-5576). RNA
687  samples with an RNA integrity number (RIN) above 9 were used for library preparation. RNA
688  sequencing was outsourced to MedGenome for library prep using the KAPA mRNA HyperPrep
689 kit (Roche, 08098123702) and subsequently sequenced on the lllumina NovaSegX Plus platform.
690

691  AQ-seq library preparation

692 AQ-seq small RNA libraries were generated as described previously®. Briefly, 10-20 pg
693  of total RNA per sample was mixed with 1 uL 3.33 nM synthetic spike-in small RNAs and was
694  size selected for small RNAs on a 15% polyacrylamide urea gel. Gel purified small RNAs are
695 ligated to a pre-adenylated 3’ adapters with RNA Ligase 2 KQ (NEB, M0373L). Ligated small
696  RNAs were again size selected via urea-PAGE. 3’ ligated small RNAs were then ligated to the 5’
697 adapter with RNA Ligase 1 (NEB, M0437M). Following the final ligation, small RNAs were
698  directly reverse transcribed using SuperScript 111 Reverse Transcriptase (Invitrogen, 18080085).
699 cDNA libraries were amplified using NEBNext High-Fidelity 2X PCR Master Mix (NEB,
700 MO0541L) and library sizes/concentrations were estimated via Agilent Tapestation (Agilent,
701  G2992AA) on DNA ScreenTapes (Agilent, 5067-5582). Libraries were sequenced either by
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702  Admera Health or the University of Florida Interdisciplinary Center for Biotechnology Research
703  (ICBR). Adapters, primers, and spike-in sequences are listed in Table S3.

704

705  Invivo RNA SHAPE modification

706 In vivo S2 RNA modification was performed as previously described with minimal
707  modifications®®. Briefly, WT S2 cells were passaged normally for 2-4 days prior to collection to
708  ensure cells were growing in log phase. Per SHAPE replicate, 3x107 cells were collected and
709  resuspended in the SHAPE modification mixture (0.4 U/uL SUPERaseln [Invitrogen, AM2694],
710 200 mM NAI [Millipore Sigma, 03-310]) brought up to 3 mL total volume with 1X PBS. Control
711 samples were collected in tandem with the NAI volume being swapped for 100% LC-MS grade
712 DMSO (Thermo Scientific, 85190). Cells were incubated in the mixture at room temperature
713 (~24°C) for 10 minutes turning constantly (10 RPM), pelleted at 250xg for 2 minutes, the
714  supernatants were removed, and pellets were resuspended in 2 mL TRIzol Reagent (Invitrogen,
715  15596018) per replicate. Biological replicates were performed on separate days using fresh
716  materials. Total RNA from these cells was collected as previously described.

717

718  Poly-A RNA selection

719 To enrich Kah, poly-A selection was performed on SHAPE-modified (NAI) and control
720 (DMSO) RNA samples using Dynabeads Oligo (dT)2s (Invitrogen, 61005) using the
721  manufacturer’s protocol with minor modifications. 225 pg total RNA (per condition/replicate) was
722 resuspended up to 300 puL with 10 mM Tris-HCI, pH 7.5. 300 mg of beads were used per
723  condition/replicate. Beads were washed with 1 mL of Binding Buffer (20 mM Tris-HCI, pH 7.5;
724  1.0M LiCl; 2mM EDTA), separated onto a magnet stand, and the supernatant was removed. Beads
725  were then resuspended with Binding Buffer equal to the original volume of beads aliquoted. An
726  equal volume of Binding Buffer was added to diluted total RNA (300 pL), and briefly mixed.
727  Washed beads were added to total RNA and mixed by gentle agitation briefly. Bead/total RNA
728  mixture was incubated in a pre-heated thermomixer set to 80°C for 3 minutes, then allowed to cool
729  down slowly to 37°C (~10-15 minutes). Tubes were then placed onto magnet stand, and poly-A
730  depleted supernatant was discarded. Beads were washed with 600 uL of Washing Buffer B (10
731  mM Tris-HCI, pH 7.5; 0.15M LiCl; 1 mM EDTA) by pipetting. Tubes were placed on the magnet

732 stand and washed again, with the supernatant discarded. Beads were then resuspended in 60 pL of
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733 10 mM Tris-HCI, pH 7.5. The samples were then heat-denatured at 77 °C for 2.5 minutes to elute
734  poly-A RNAs off the beads. Eluate was separated from the beads on a magnet stand, eluted poly-
735 A RNAs were ethanol precipitated and monitored via high-sensitivity RNA ScreenTape (Agilent,
736  5067-5579) before continuing with SHAPE library preparation.

737
738 Long-read Kah SHAPE library construction
739 To generate the cDNA for long-read Kah SHAPE libraries, the UltraMarathon Reverse

740  Transcriptase (UMRT) kit (RNAConnect, N/A) was used according to the manufacturer’s
741  recommendations. In brief, a fresh uUMRT master mix (50 mM Tris-HCI, pH 7.5; 200 mM KClI, 1
742 mM MnCly, 20% Glycerol, 0.25 uM Kah-RT primer, 0.25 mM dNTPs, 1U/uL uMRT Enzyme,
743  1U/uL SUPERaseln, 2.5 mM DTT) was mixed with the Poly-A RNA samples and allowed to
744 reverse transcribe for 3 hrs at 42°C. cDNA was cleaned up from short primers via 1X AMPureXP
745  (Beckman Coulter, A63881) according to the manufacturer’s protocol. cDNA was eluted and
746  amplified using NEBNext High-Fidelity 2X PCR Master Mix (NEB, M0541L) and indexed
747  primers until sufficient material was obtained for PacBio library construction. Library size and
748  concentration was monitored via D5000 ScreenTape (Agilent, 5067-5588). PCR amplicons were
749  sent to the University of Florida ICBR for PacBio SMRThbell library construction and sequenced
750  on the PacBio Sequel Ile system.

751

752  QUANTIFICATION AND STATISTICAL ANALYSIS

753  Northern blot quantification

754 Northern blot images were quantified using ImageQuant TL (v7.0). In brief, raw
755  microRNA signal was quantified, and the background signal was subtracted from each value.
756  Relative microRNA quantification was then normalized to the bantam loading control. Normalized
757  values were then compared to the negative control lane. Blots with + values represent the
758  normalized signal standard deviation between 3 biological replicates.

759

760 RNA-seq analyses

761 The RNA-seq differential expression analyses follow a standard pipeline. After adapter
762  trimming using Cutadapt®®, the clean reads were aligned to the reference genome using HISAT2

763  to generate a mapping file®”. Gene-level read counts are then computed using the prepDE.py3
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764  script. Subsequently, the read counts were input into the DESeq2 software for differential
765  expression analyses, enabling the identification of differentially expressed genes (DEGS) between
766  conditions®®. For miRNA family target analyses, these data were categorized based on conserved
767  miRNA targets predicted through TargetScanFly (v7.2)*. Top conserved targets were separated
768  from all conserved targets based on a criterion of <-.40 conservation context score.

769

770  AQ-seq analyses

771 The analysis of AQ-seq data began with preprocessing raw sequencing reads using
772  Cutadapt to remove adapter sequences®. The processed reads were collapsed using FASTX
773  Collapser to group identical sequences and reduce PCR-introduced redundancy. Following this,
774  random 4-nucleotide sequences, unique molecular identifiers (UMIs), at both the 5" and 3’ ends
775  are trimmed to ensure accurate identification of miRNAs. Differentially expressed miRNAs were
776  determined via input of raw miRNA counts into DEseq2%. For miRNA isoform quantification,
777  isoforms were determined by aligning at least 18 nucleotides (nt) of the collapsed reads to a
778  reference miRNA database. The count of such matching reads was used to quantify miRNA
779  expression levels and their isoforms.

780
781 SHAPE-MaP analysis
782 PacBio Kah-specific SHAPE libraries were demultiplexed from one another and converted

783  from .bam to .fastq files using isoseq3. PCR duplicates were collapsed based on a 6 nucleotide
784 UMl included in the Kah-specific SHAPE RT primer as described previously. Deduplicated reads
785  were used as inputs for SHAPE-MaP analysis with SHAPEmapper2 (v2.3)°! referencing the Kah
786  sequence amplified. Nucleotide SHAPE reactivities were calculated via SHAPEmapper2, with
787  nucleotides not mapping to the reference being set to 0. SHAPEmapper2-generated consensus
788  structures (.ct) were used as the reference for structure generation in RNAcanvas/RNA2drawer®,
789  SHAPE reactivities <0.5 were considered non-reactive, 0.5-1 moderately reactive, and >1 highly
790 reactive. All sequencing data for this study have been uploaded to the NCBI Sequence Read
791  Archive (SRA) database under SRA accession number PRINA1189499.

792
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Figure 1. Ago1-CLASH suggests a cluster of TDMD triggers in Kah. (A) The impact of Kah-9b trigger knockout on
miRNA abundance as determined by small RNA-seq reported in Sheng et al, 202330, miRNA abundance (x-axis)
represents the mean counts between Scr and Kah-9b KO libraries, the y-axis represents the change in abundance
following trigger KO in log: fold-change (log2FC). Each dot represents an individual miRNA. Upregulated guide strands
are marked in red (significant) and pink (not significant), with the passenger strands of these miRNAs being highlighted in
navy blue (significant) and cyan (not significant). P-values were calculated using DEseq2. An FDR-adjusted p-value
<0.05 was used as the significance threshold for this analysis (n=2 biological replicates). (B) A comparison of the log2FC
between miRNA guide and passenger strands following loss of Kah-9b trigger. (C) Northern blot validating miRNA
change in abundance following Kah-9b trigger KO. Lane labels correspond to S2 cell lines: WT (wild type), Scr
(scramble/non-target sgRNA control), Kah trigger KO, and Dora KO. The bantam miRNA was used as a loading control
as it is not sensitive to TDMD. (D) Reutilization of the Agol1-CLASH dataset reported in Sheng et al., 2023. All miRNA-
target hybrids for the miR-279 family were considered when screening for potential non-canonical Kah triggers. (E) A
summary of the Kah triggers for miR-9b, 279, and 996 found using Agol-CLASH. miR-286 did not form hybrids with
Kah and was therefore separated from the others by the dashed line. Red letters indicated the miRNA seed region.
CLASH-identified hybrids used the Hyb base pairing pipeline to predict the most stable miRNA-trigger base pairing
conformation, whereas miR-286:Kah base pairs were predicted using RNAcofold. (F) A representative model of a
clustered TDMD cooperativity model, where a canonical trigger such as Kak-9b may nucleate the transcript for TDMD of
coupled sub-optimal triggers, such as the Kah-279 trigger. Lavender circles represent ubiquitin and unlabeled boxes in the
Dora complex represent currently unknown Culin-RING E3 ubiquitin ligase components.
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Figure 2. The Kah transcript regulates the abundance of distinct miRNA families. (A) A schematic of
CRISPR-Cas9 targeted deletion of the Kah-279 trigger within the Kah genomic locus. Red triangles represent
predicted sites of Cas9-mediated cleavage (top). The Kah-279 trigger sequence is highlighted in red (bottom)
with the PAM sequences adjacent to each sgRNA target site highlighted in cyan. (B) Northern blot validating
miRNA change in abundance following Kah-279 trigger KO. Relative miRNA levels are shown as mean +
standard deviation (SD) (n=3 biological replicates). miR-7 serves as a positive control for Dora sensitivity. ((C)
AQ-seq detection of miRNA changes in abundance following Kah-279 trigger KO. miRNA abundance (x-axis)
represents the mean miRNA counts per million (CPM) in Scr libraries. Highlighted are miRNAs upregulated
following Kah-279 KO, an FDR-adjusted p-value <0.001 was used as the significance threshold for this
analysis (n=2 biological replicates). (D) A comparison of the logoFC between miRNA guide and passenger
strands following loss of Kah-279 trigger. (E) The influence of Kah-279 trigger KO on Kah transcript
abundance as determined by RNA-seq in transcripts per million (TPM). P-values were calculated using DEseq?2.
** represents a p-value < 0.01. (F) A potential miR-92b trigger within Kah identified via Agol-CLASH,
compared to the previously reported Marge:miR-92b interaction?!.
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Figure 3. The Kah trigger cluster differentially influences miRNA tailing, trimming, and function. The
relative proportion (top) or fraction (bottom) of isomiRs separated by length from 18-26 nts. Individual replicate
values are marked with black dots (top) or an error bar (bottom). Grey and red bars represent the mean
abundance in Scr and Kah-279 KO, respectively for (A) miR-279, (B) miR-996, or (C) miR-9b. The increased
repression of the predicted targets of the (D) miR-279 family and (E) miR-9 family following loss of the
Kah-279 trigger. Plotted is the cumulative change (log2FC) in TargetScan predicted mRNA target abundance
following Kah-279 trigger KO compared to Scr control. The log:FC of individual transcripts between
conditions was calculated using DEseq2. Targets were classified into all conserved targets, top conserved
targets, or all other targets (non-targets) with the number of transcripts considered for each cohort listed within
the plot. Dots at the bottom of the graphs represent the median expression level of each target cohort. P-values
were calculated using the Mann-Whitney U test, n=3 biological replicates. (F) The change in miRNA family
(miR-279 or miR-9) abundance following Kah-279 trigger KO. Individual replicates are listed as black dots
(miR-279 family) or black squares (miR-9 family), n=2 biological replicates.
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Figure 4. The Kah trigger cluster specifies miRNA decay with little crosstalk. (A) A schematic of anti-trigger
morpholino experimental design for endogenous Kah. (B) Northern blot reporting the miRNA change in abundance
following incubation with either non-target (NT), anti-9b trigger (9b), or anti-279 trigger (279) morpholinos at either 5 or
10 uM. Relative miRNA levels are shown as mean = SD (n=3 biological replicates). (C) A schematic of our GFP reporter
systems as described in the main text: GFP, Kah-WT, Kah-MutA, and Kah-MutB. (D) Northern blot reporting the miRNA
change in abundance following introduction of reporters shown in (C). Relative miRNA levels are shown as mean + SD
(n=3 biological replicates). AQ-seq describing miRNA change in abundance following expression of (E) Kah-WT, (F)
Kah-MutA, or (G) Kah-MutB compared to the GFP control. miRNA abundance (x-axis) represents the mean miRNA
counts per million (CPM) in GFP libraries. Highlighted are miRNAs downregulated following reporter expression, an

FDR-adjusted p-value <0.01 was used as the significance threshold for this analysis (n=2 biological replicates).
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Figure 5. Structural and functional insights into the Kah trigger cluster. (A) A schematic of our GFP
reporter system as described in the main text: GFP, Kah-WT, Kah-Seed, and Kah-Short. (B) A schematic of the
predicted base pairing of the Kah-Seed reporter with miR-279. Red letters indicate the miRNA seed region,
cyan letters indicate mutated bases. Base pairs were predicted using RNAcofold. (C) The transfection efficiency
of the Scr cell line with each GFP reporter described in (A) captured with fluorescence microscopy. Scale bars
indicate 300 um. (D) Northern blot reporting the miRNA change in abundance following introduction of GFP
reporters described in (A). Relative miRNA levels are shown as mean miRNA signal. (E) A schematic of Kah
SHAPE library construction for long-read PacBio sequencing. (F) The local consensus secondary structure of
the Kah-279, or (G) Kah-9b trigger as predicted via SHAPEmapper2. Highly reactive nucleotides are
highlighted in red, with moderately reactive nucleotides highlighted in orange. Black boxes mark the seed-

binding regions of either trigger.
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Figure 6. Proposed TDMD trigger classifications and clustered TDMD. (A) A schematic of proposed trigger
classifications: Class I triggers — require “canonical” extensive 3’ complementarity, a representative image of the
mammalian TDMD complex is shown since all known mammalian triggers currently belong to this classification. Class 11
triggers — require “minimal” 3’ complementarity, a representative image of the Drosophila TDMD complex is shown since
Kah-279 fits this classification. Class III triggers — are “seed-sufficient” in that they require no 3’ complementarity, a
representative image of the C. elegans TDMD complex is shown since the miR-35 family trigger is hypothesized to fit
this classification. (B) A summary of the findings from this study: the non-canonical/Class II trigger Kah-279, clustered
target-directed miRNA degradation, and a structural role for trigger 3’ complementarity. (C) A summary of the pri-miRNA
transcripts regulated via Kah. Included are pri-miR-279~996, pri-miR-9¢~9b, and pri-miR-309~6-3. miRNAs reported to
be sensitive to TDMD are indicated with black triangles above their hairpins with corresponding triggers indicated. The
miR-279 family is highlighted in green, the miR-9 family in orange, and the miR-3 family in cyan.
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Figure S1. Identification of the Kah-279 trigger. (A) A comparison of the logoFC between guide and
passenger strands of Dora-sensitive miRNAs found in Agol-CLASH data from Sheng et al., 202330, n=2
biological replicates. (B) Sequence alignment of the Drosophila miR-279 and miR-9 families. * represent
consensus nucleotides, with the seed region highlighted in red and variable nucleotides highlighted in cyan. (C)
The fold change of individual miRNA hybrids in different miRNA cohorts in Dora-KO compared to Scr S2
cells. The most abundant hybrid for validated triggers per miRNA cohort is highlighted with red triangles and
labels. Shown are the top abundant hybrids (up to 256, if able) per cohort. (D) The overall proportion miRNA-
mRNA hybrids occupy in different miRNA cohorts in Dora-KO cells. Validated triggers per miRNA cohort are
highlighted with red triangles and labels. Shown are the top abundant hybrids (up to 256, if able) per cohort. (E)
The sequence conservation/consensus of 38 insect species. Sequence references were derived from the UCSC
Genome Browser. (F) A PhyloP sequence conservation map (124 insects) of the Kah 3" UTR derived from the
UCSC Genome Browser.
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Figure S2. Kah triggers knockout validation and potential Kah-92b trigger. (A) A comparison of PCR
amplicons generated from S2 gDNA. The schematic below details which primer sets were used to generate each
amplicon. Destabilized loci appear less abundant, smears, and/or truncated bands. (B) RT-qPCR of the Kah
transcript in Kah-9b KO lines. Paired t-tests, p-value *<0.05, **<0.01 n=3 biological replicates. (C) A PhyloP

sequence conservation map (124 insects) of the Kah 3' UTR derived from the UCSC Genome Browser.
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Figure S3. IsomiR classification and miRNA change in abundance. (A) A summary of our bioinformatic
criteria used to classify isomiRs. miRNA seeds are marked in red, with variable nucleotide positions highlighted
in cyan. Proportion of miRNA counts derived from templated sequences for (B) miR-279, (C) miR-996, or (D)
miR-9b. n=2 biological replicates. The logaFC of specific miRNA isomiR lengths (Kah-279/Scr) for (E)
miR-279, (F) miR-996, or (G) miR-9b. n=2 biological replicates. (H) Northern blot quantification of miRNA
changes in abundance observed after morpholino treatment. Error bars indicate = SD, n=3 biological replicates.
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Figure S4. Kah reporter expression and miRNA strand log:FC. (A) Fold change in Kah or pri-miRNA
transcripts in morpholino-treated cells (10uM) detected by RT-qPCR. n=2 biological replicates. (B) A schematic
of the sequence mutations introduced in Kah-MutA/B reporters. Mutated nucleotides are highlighted in cyan.
(C) GFP expression following reporter expression in Dora-KO or Kah-279-KO cells. (D) GFP expression in
Kah-279 cells following transfection of Kah 3’ UTR constructs with or without PAM sites. (E) A comparison of
GFP reporter expression in Scr and Dora-KO cells. Scale bar indicates 1000 um. A comparison of logoFC
observed for miRNA guide and passenger strands following expression of (F) Kah-WT, (G) Kah-MutA, or (H)
Kah-MutB compared to the GFP control.
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Figure S5. Kah-279 seed insufficiency and SHAPE analysis. (A) A schematic of the sequence mutations
introduced to the Kah-Seed reporter. Mutated nucleotides are highlighted in cyan. (B) A schematic showing the
region covered by long-read (~1150 nt) Kah SHAPE libraries. Red points represent theoretical Kah bulky
adducts introduced via NAI. (C) Mutation rates observed in DMSO and NAl-treated S2 cells calculated with
SHAPEmapper2. Plotted are means derived from 2 biological replicates. (D) The full-length structure of Kah 3’
UTR derived from SHAPE-MaP libraries. Highly reactive bases are highlighted in red and moderately reactive

bases are highlighted in orange.
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Figures S6. Mutational SHAPE reactivities for Kah (nt 1-600). Individual nucleotide reactivities for our Kah
SHAPE libraries compared to the reference WT Kah transcript sequence are listed throughout. Error bars

indicate SD between replicates (n=2 biological replicates). The Kah-279 and Kah-9b triggers are highlighted

below their transcript locations.
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Figures S7. Mutational SHAPE reactivities for Kah (nt 601-1150). Individual nucleotide reactivities for our
Kah SHAPE libraries compared to the reference WT Kah transcript sequence are listed throughout. Error bars
indicate SD between replicates (n=2 biological replicates). The Kah-279 and Kah-9b triggers are highlighted

below their transcript locations.
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