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1st Editorial Decision 9th Jun 2020

Thank you for submitting your manuscript for consideration by The EMBO Journal. Please also
excuse the delay in communicating the decision to you, which was due to a delayed review process
on account of the current pandemic. We have now however received three referee reports on your
study, which are included below for your information.

As you will see, the reviewers are overall positive and acknowledge the interest of the field in the
topic and the study. Nonetheless they also raise some concerns that would need to be addressed
in a revised manuscript. In particular, the referees find that additional analyses on the piRNA
precursors affected by Integrator loss should be performed (ref#1 major point 1; ref#2 major points
1, 3) as well as addressing if potential signatures of motifs exist (ref#1 major point 5; ref#3). In
addition, the points referee #1 (2-4) and referee #2 (major 2) raise should be addressed by
additional controls, reanalysis of acquired data and/or appropriate discussion. Please also carefully
consider and respond to all other comments the referees have and revise the manuscript text
accordingly.

Please note that it is our policy to allow only a single round of major revision. We realize that lab
work worldwide is currently affected by the COVID-19/SARS-CoV-2 pandemic and that an
experimental revision may be delayed. We can extend the revision time when needed, and we have
extended our 'scooping protection policy' to cover the period required for a full revision. However, it
is nonetheless important to clarify any questions and concerns at this stage and we encourage you
to discuss a revision plan and any potential issues you may foresee as soon as possible.

Please also feel free to contact me should you have any other further questions. Thank you for the

opportunity to consider your work for publication. I look forward to receiving your revised
manuscript.



Referee #1:

This manuscript reports the requirement of the Integrator complex in the production of a subset of
piRNA precursors in C. elegans. The authors revealed two distinct populations of nascent capped
pPiRNA precursors, ~28 nt and ~48 nt, representing Pol Il pause sites on the chromatin, and
proposed that Integrator cleaves ~48 nt piRNA precursors into shorter ~38 nt fragments, promoting
generation of mature piRNAs. Moreover, TFIIS, which rescues Pol Il backtracking, is important for
Integrator-mediated processing of piRNA precursors by promoting Pol Il transcription through the
+48 pause site. Overall, the proposed model is interesting and beneficial to the field, highlighting the
similarity (and difference) between piRNA and snRNA biogenesis pathways in worms.

Major Points:

1.1t is proposed that Integrator cleaves ~48 nt piRNA precursors into ~38 nt. However, the
differences in the overall abundance (Figure 1A, B) and peak distributions as mixtures (Figure 1C, D
and 3) are rather superficial and weak as evidence. The authors should perform more rigorous
analyses by separately tracing the processing pathway of each piRNA precursor sequence (from
each distinguishable piRNA locus) and comprehensively integrating them after appropriate
categorization (motifs, AT -richness etc.).

2.In Figure 3D, it appears that the abundance of extended ~29-30 nt precursors in tfiis ints-11
RNAI is markedly lower than that in tiffs EV. How do the authors interpret this effect?

3. Can the authors rule out the possibility that, in addition to the proposed cleavage of ~48 nt into
~38 nt precursors, Integrator promotes Pol Il pausing at the ~28 nt peak position?

4. What is the fate of the ~38 nt pIRNA precursors? Are they further processed into ~28 nt
precursors before matured into 21U-RNAS?

5. Are there any signatures/motifs that account for pol Il pausing at the ~48 nt sites?

Minor Points:

1.Fig. S3Bis not cited in the text.

2.Page 10, line 5: "Domingues et al." should probably read "Rodrigues et al."

3. There is no legend for Fig. S1E.

4.The analysis in Fig. S4C should be extended to tfiis/ints-11 RNAI.

5. Additional clarification is required for the X-axis numbers in Fig. S4D etc.

6. The Y-axis of Fig. S6B is neither linear nor log-scale.

7. The direction of the X-axis should be reversed in Fig. S6C-E.

8. Fitting is rather irrelevant for Fig. S8G.

9. Fig. 6 is somewhat misleading, because it appears as if all the piRNA precursors are generated in
a motif-dependent manner.

Referee #2:

The manuscript by Beltran et al presents the identification of the Integrator RNA cleavage complex
as an important factor in c. elegans piRNA biogenesis. T his finding is supported by observations of
decreased piRNA production and piRNA silencing activity in RNAIi-depletion of the Integrator
component Ints-11. Further support is lent by a striking subcellular colocalization of Integrator
subunits with pIRNA factors as well as analyses of transcript phenotypes by high-throughput
sequencing.

The role of Integrator in c. elegans piRNA biology is highly interesting and will attract the attention
of a broad readership on both piRNA biology and co-transcriptional processing. The study is
comprehensive and for the large part carefully analyzed (with a few notable exceptions listed
below). My main critique is that the analyses and interpretation of the transcript patterns at piRNA
loci lacks clarity in important places. I believe this can be addressed mainly computationally as



requested below. Further experimental evidence would be very interesting, but is non-essential for
the present publication.

Major concerns

1. The authors show that ints-11 RNAi depletes 21U piRNA. What are the precursors for the
missing integrator-dependent piRNAs? According to the authors' model (Fig 6) the main class of
+28 nt precursors are Integrator-independent. The observed peak of precursor 3' ends at +48 nt is
not consistent with processing from the Integrator-dependent cleavage at +38 nt (Fig 4B). This
guestion should be clarified in text, analyses or experimentally.

2. Missing data on transcript 3' ends: Page 7, line 8 reads: "3' ends centered 58 nt downstream of
pPiIRNA TSSs (Supp. Fig. 4C)". However, Figure S4C seems to be swapped with S4B and S4B looks
identical to main figure 4B. It therefore seems likely that the mentioned plot for 3' ends is missing.
The authors should clarify and correct this.

3. The plotting of relative fractions of sequences in Figure 3B and 3E are difficult to interpret. Given
the overall decrease in precursor levels in tfiis ints-11 RNAI (Fig 3D), the shifts to longer precursors
in Fig 3E could still be consistent with a scenario where, in absolute numbers, fewer long precursors
are produced in knock-down/mutants. It thus seems plausible that not only elongation is affected,
but that transcription initiation levels and/or transcript stability (for tfiis where nucleoplamic levels
are down, but chr-ass. levels are unchanged). These possibilities should be addressed in the
manuscript. Analyses of RNA exosome RNAI-depletion in the tfiis background could potentially
address this latter option.

4.The panel focus for main Figures 1 and 5 is not well aligned with the key points emphasized in
the text. Specifically:

a. For Figure 1, one key message is "We show that Integrator activity is required for accumulation of
mature piRNAs and their silencing activity." [page 3]. The data that most clearly shows the loss of
piRNAs is Fig S1C and for the silencing effect the data is in Fig S1D. Rather than focusing on
replicate reproducibility (current Fig 1A-B) it would increase readability to shift the key data (S1C-D)
to the main figure 1.

b. For Figure 5, the central message is that "Pol Il elongation control is independent of Integrator
activity at the majority of piRNA loci* (page 7), yet the related main figure 5 focuses almost entirely
on the few percent of motif-dependent piRNA loci that do produce read-through. Just looking at
the presented data, the reader therefore may get the opposite impression from the reading the
text. This could be improved by including all piRNA loci in the analysis to make it evident that the
read-through cases are outliers.

Minor concerns

5. A number of different RNA cloning methods are used throughout the manuscript. To help figure
readability, it would be good to include an indication of the library cloning selection steps. This could
be either as a schematic in connection with the relevant panel or a more detailed annotation on the
panels.

6."EV" as used through-out the paper has not been defined (assuming EV=empty vector)
7.Page 8:two numbers are stated for the fraction of motif-dependent piRNA locithat give rise to

read-through in ints-11 knock-down, 3 % (line 7) and 4.65 % (line 27). It is unclear why these
numbers are different and which population they refer to.



8.Page 12, line 27:Handler et al is a somatic screen (where they also found Integrator!). The correct
reference for the germline screen is Czech et al 2013

9. The color coding could be improved to increase figure readability. Within figure 3, for example,
orange indicates, PETISCO complex, chromatin-bound, weak terminator and N2 EV.

10. Given the complexity of the transcriptional regulation analyses it is important to ensure high
clarity in the wording. The manuscript should be edited for clarity with this in mind; here just one
example: "The observation that Integrator processing occurs downstream of the +48 pause site .."
As lunderstand the authors model, Integrator processing occurs upstream of the +48 pause site
(around +38), but with RNAPII having progressed to downstream of the pause site. This is not clear
from the sentence.

11. The figure legends often lack a description of the unit of the plotted data. E.g. Fig. 3C: counts of
what? And Fig. 3E: fraction of which sequences? T his should be added.

12. Figure 3E:the logic behind statement Page6, Line 18-19 is unclear: "T his shift persisted upon
ints-11 knockdown in a tfiis mutant background, indicating that it is not Integrator-dependent
(Figure 3EF,G)". If the cleavage would be Integrator-dependent then it should be observed in ints-
11 RNAi alone. Alternatively, a model would require Integrator to be an inhibitor of TFIIS-activated
RNAPII cleavage, which seems unmotivated. Please clarify.

13. Beyond the introduction, the authors do not mention regulation of transposable elements. Given
the literature context of the piRNA pathway, it would be good to briefly comment on the absence of
transposon deregulation (my assumption) in tfiis and ints-11 perturbation.

Referee #3:

This paper contains important, new data on piRNA biogenesis in C. elegans. Previous st udies
suggest that piRNA promoters evolved from snRNA promoters in C. elegans. Thus, the authors
explore the parallels between the mechanisms of piRNA and snRNA transcription. They show that
the catalytic activity of Integrator complex, which terminates snRNA transcription, cleaves nascent
capped piRNA precursors associated with promoter-proximal Pol I, resulting termination of
transcription However Integrator depletion did not result in readthrough transcription at most
motif-dependent piRNA locilindicating that the cleavage activity of Integrator is not required to
prevent elongation at motif—-dependent piRNAs. Thus, Pol Il elongation control is likely to operate
independently of Integrator via additional mechanisms. Experiments are well designed with
appropriate controls. The paper is well written and concise, and the data are presented clearly.
Studies of this sort are good references and resources for further comparisons.

The authors found that motif-dependent piRNAs localize to broad domains of H3K27me3, which
also have low accessibility. They speculate that the tight control of Pol Il elongation at motif-
dependent piRNA loci may be a consequence of evolutionary pressure to avoid transcriptional
interference between neighbouring piRNA loci given the high density of loci in piRNA cluster regions
that are simultaneously activated. | wonder if there exist some specific sequence features in the
inter-piRNA loci (regions between piRNA loci). It is known that in gene clusters in mammals such as
olfactory receptor gene clusters, transposons such as L1 elements intervene between protein-
coding genes (e.g., Kambere & Lane, J Mol Evol 2009).



1st Authors' Response to Reviewers 8th Sep 2020

Referee #1:

This manuscript reports the requirement of the Integrator complex in the production of a
subset of piRNA precursors in C. elegans. The authors revealed two distinct populations of
nascent capped piRNA precursors, ~28 nt and ~48 nt, representing Pol Il pause sites on the
chromatin, and proposed that Integrator cleaves ~48 nt piRNA precursors into shorter ~38 nt
fragments, promoting generation of mature piRNAs. Moreover, TFIIS, which rescues Pol 11
backtracking, is important for Integrator-mediated processing of piRNA precursors by
promoting Pol Il transcription through the +48 pause site. Overall, the proposed model is
interesting and beneficial to the field, highlighting the similarity (and difference) between
piRNA and snRNA biogenesis pathways in worms.

Major Points:

1. It is proposed that Integrator cleaves ~48 nt piRNA precursors into ~38 nt. However, the
differences in the overall abundance (Figure 1A, B) and peak distributions as mixtures
(Figure 1C, D and 3) are rather superficial and weak as evidence. The authors should perform
more rigorous analyses by separately tracing the processing pathway of each piRNA
precursor sequence (from each distinguishable piRNA locus) and comprehensively
integrating them after appropriate categorization (motifs, AT-richness etc.).

We thank the reviewer for this suggestion. To support the conclusions that we made from
pooling piRNAs together we have added additional figures to analyse each locus individually
throughout the manuscript. In Figure 1 we now show changes in total piRNA levels (as
suggested by Reviewer 2) and locus-by-locus comparisons. In addition, we have added an
analysis of precursor length on a locus-by-locus basis in Supp. Fig. 1. These data recapitulate
the trends seen in the overall distributions.

“The increase in precursor length observed from the overall distributions was
confirmed by comparing the difference in length at each locus between ints-11 RNAI
and EV controls (Supp. Fig 1G,H)”

To complement Figure 3 we now add two revised Supplementary Figures. In Supplementary
Figure 4, we analyse the length changes in nucleoplasmic and chromatin-bound RNAs across
genotypes and RNAI treatments on a locus-by-locus basis. In addition, in Supplementary
Figure 5, we show how the strength of the motif influences the length of chromatin bound
precursors detected at a locus-by-locus level across the different conditions. This shows that
both long and short chromatin bound RNA can be detected at many loci thus the average
profile is a good representation of what happens at individual loci. Further, this provides a
clear confirmation of our result that loci with weaker termination signals demonstrate more
evidence of longer precursors in wild type and show that integrator RNAI reduces the relative
abundance of shorter precursors across the range of termination signal strength, supporting
the conclusions from aggregated piRNA loci.

We have now referred to these new additions in the results section:
“To support these observations at a locus-specific level, we calculated the median

length changes for all loci (Supp. Fig. 4A) and plotted the lengths of all detectable
precursor sequences in each locus as a heatmap (Supp fig 4B). In addition, we



plotted chromatin-bound precursor length heatmaps across bins of increasing
pausing strength (Supp. Fig. 5). In EV controls, loci with weak pausing signals
generally had both ~20-30 nt and ~40-50 nt long chromatin bound RNAs, indicating
that both types of pausing events could occur at the same locus. However, at loci
with strong pausing signals, a larger proportion of loci exhibited only ~20-30 nt
chromatin-bound precursors. Similar trends were observed in ints-11 RNAi-treated
wild-type animals, and in tfiis mutants.”

2. In Figure 3D, it appears that the abundance of extended ~29-30 nt precursors in tfiis ints-
11 RNAI is markedly lower than that in tiffs EV. How do the authors interpret this effect?

We thank the reviewer for this observation. Our model is that the reduced efficiency of
termination, most marked in the absence of both TFIIS and integrator activity means that
RNA polll is not released at the 3’ end hence increased accumulation at the second peak
(48nt). We predict that due to spatial constraints it is not possible for RNA polymerase Il to
initiate at the piRNA promoter when there is an RNA polymerase 1l is still bound at the 3’
end. This would lead to decreased accumulation at the 28nt peak. However, we do not know
for certain that two polymerases cannot be loaded at the same locus simultaneously thus this
explanation is still speculative.

“The peak at 28 nt was also reduced relative to tfiis mutants, suggesting that the
combined effect of loss of TFIIS and reduced Integrator activity interferes with
initiation of transcription. This may result from torsional stress or spatial constraints
resulting from the accumulation of Pol Il at the 3" end of the piRNA locus.”

3. Can the authors rule out the possibility that, in addition to the proposed cleavage of ~48 nt
into ~38 nt precursors, Integrator promotes Pol Il pausing at the ~28 nt peak position?

This is an interesting idea but given the known function of integrator at ShARNA loci, it seems
unlikely that it would also promote pausing at the 28nt position. However, we cannot rule it
out formally- we have now acknowledged this point in the discussion section.

“Of note, we cannot formally rule out the possibility that Integrator promotes
accumulation of Pol Il at the +28 site, although we favour the model outlined above
given the known functions of Integrator in nascent RNA cleavage.”

4. What is the fate of the ~38 nt piRNA precursors? Are they further processed into ~28 nt
precursors before matured into 21U-RNAs?

To address this point we now add plots showing the correlation between the median length of
chromatin-bound RNA with the median length of nucleoplasmic RNA derived from the same
locus. This shows that longer piRNA precursors on chromatin nevertheless correspond to
accumulation of 28nt precursors, which suggests that 38nt piRNA precursors released by
integrator cleavage may be further trimmed (supplemental figure 8).

“We wondered whether we could find any evidence of additional trimming of
Integrator-released precursors. To test this, we categorized loci in bins according to
the median length of their chromatin-bound precursors, and examined the



distributions of nucleoplasmic precursor length across these bins (Supp. Fig. 8). This
analysis showed that even loci with a large fraction of long chromatin-bound
precursors (>38 nt) produce nucleoplasmic precursors with a median length <30 nt
(Supp. Fig 8).This implies that RNA released from chromatin upon Integrator
cleavage may be further trimmed to 28 nt in the nucleoplasm before further
maturation to mature piRNAs.“

5. Are there any signatures/motifs that account for pol Il pausing at the ~48 nt sites?

We did not find any enriched sequence motifs downstream of the 48nt sites. However, we
analysed MNase seq data (Jeffers et al., 2017) which shows a small enrichment of MNase-
seq data centered around +125nt from the TSS. Assuming the nucleosome wraps 146bp, one
can subtract half a nucleosome (73nt) from 125, which corresponds to +52nt from the TSS,
almost exactly matching the second pause site (see Figure below). This would be consistent
with a recent study (Aoi et al., 2020) where two pause sites on protein-coding gene promoters
are described, with the second site coinciding with positioned nucleosomes as measured by
MNase-seq. We however note that the causal relationship between this nucleosome and
transcription is unclear, and as a result we have not included this in the manuscript.
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Minor Points:
1. Fig. S3B is not cited in the text.



Done

2. Page 10, line 5: "Domingues et al." should probably read "Rodrigues et al."

Done

3. There is no legend for Fig. S1E.

Done

4. The analysis in Fig. S4C should be extended to tfiis/ints-11 RNA.I.

Done

5. Additional clarification is required for the X-axis numbers in Fig. S4D etc.

Done

6. The Y-axis of Fig. S6B is neither linear nor log-scale.

In this axis one can better appreciate the differences between samples as most of the data is
contained within 0-0.25.

7. The direction of the X-axis should be reversed in Fig. S6C-E.

Done

8. Fitting is rather irrelevant for Fig. S8G.

We have removed the fitted line.

9. Fig. 6 is somewhat misleading, because it appears as if all the piRNA precursors are
generated in a motif-dependent manner.

We have now clarified this by including a “motif-dependent” label.

Referee #2:

The manuscript by Beltran et al presents the identification of the Integrator RNA cleavage
complex as an important factor in c. elegans piRNA biogenesis. This finding is supported by
observations of decreased piRNA production and piRNA silencing activity in RNAI-
depletion of the Integrator component Ints-11. Further support is lent by a striking subcellular
colocalization of Integrator subunits with piRNA factors as well as analyses of transcript
phenotypes by high-throughput sequencing.

The role of Integrator in c. elegans piRNA biology is highly interesting and will attract the
attention of a broad readership on both piRNA biology and co-transcriptional processing. The
study is comprehensive and for the large part carefully analyzed (with a few notable
exceptions listed below). My main critique is that the analyses and interpretation of the
transcript patterns at piRNA loci lacks clarity in important places. | believe this can be
addressed mainly computationally as requested below. Further experimental evidence would
be very interesting, but is non-essential for the present publication.

Major concerns

1. The authors show that ints-11 RNAI depletes 21U piRNA. What are the precursors for the
missing integrator-dependent piRNAs? According to the authors' model (Fig 6) the main
class of +28 nt precursors are Integrator-independent. The observed peak of precursor 3' ends
at +48 nt is not consistent with processing from the Integrator-dependent cleavage at +38 nt
(Fig 4B). This question should be clarified in text, analyses or experimentally.

We apologise for any confusion here. The peak we observe at 48nt is on chromatin-bound
RNA thus represents the predominant position of the RNA polymerase rather than the
position of cleavage. By mapping the 5’ position of putative cleavage products we show that



the actual cleavage site is at 38nt rather than 48nt, consistent with Integrator cleaving
upstream of the position of the polymerase. Furthermore, the 3’ end of these fragments maps
to ~58nt downstream of the TSS, which means that the polymerase pauses at 48nt but this
pause event must be resolved and the polymerase transcribes beyond the pause site before
cleavage can occur. We have expanded the explanation of this chain of events in the results
section.

2. Missing data on transcript 3' ends: Page 7, line 8 reads: "3’ ends centered 58 nt downstream
of piRNA TSSs (Supp. Fig. 4C)". However, Figure S4C seems to be swapped with S4B and
S4B looks identical to main figure 4B. It therefore seems likely that the mentioned plot for 3'
ends is missing. The authors should clarify and correct this.

We thank the reviewer for pointing this out — we have now included the 3" end positions for
all conditions as suggested by Reviewer 1 in Supp. Fig 6C.

3. The plotting of relative fractions of sequences in Figure 3B and 3E are difficult to
interpret. Given the overall decrease in precursor levels in tfiis ints-11 RNAI (Fig 3D), the
shifts to longer precursors in Fig 3E could still be consistent with a scenario where, in
absolute numbers, fewer long precursors are produced in knock-down/mutants. It thus seems
plausible that not only elongation is affected, but that transcription initiation levels and/or
transcript stability (for tfiis where nucleoplamic levels are down, but chr-ass. levels are
unchanged). These possibilities should be addressed in the manuscript. Analyses of RNA
exosome RNAI-depletion in the tfiis background could potentially address this latter option.

We agree with the reviewer that there is a possibility that transcription initiation is affected in
ints-11 RNAI. This may be a secondary effect caused by the defect in cleavage and release of
the polymerase leading to a “molecular traffic jam” at the piRNA loci. We have addressed
this in the manuscript as follows (see also response to point 2 raised by Reviewer 1 above).

“The peak at 28 nt was also reduced relative to tfiis mutants, suggesting that the
combined effect of loss of TFIIS and reduced Integrator activity interferes with
initiation of transcription. This may result from torsional stress or spatial constraints
resulting from the accumulation of Pol Il at the 3" end of the piRNA locus.”

We have also emphasized in the discussion that Integrator may affect transcription initiation
and/or stability:

It is also possible that Integrator depletion affects overall transcription initiation or
nascent piRNA precursor stability, given the decrease in the levels of chromatin-
bound precursors observed upon ints-11 RNA..

4. The panel focus for main Figures 1 and 5 is not well aligned with the key points
emphasized in the text. Specifically:

a. For Figure 1, one key message is "We show that Integrator activity is required for
accumulation of mature piRNAs and their silencing activity. " [page 3]. The data that most
clearly shows the loss of piRNAs is Fig S1C and for the silencing effect the data is in Fig



S1D. Rather than focusing on replicate reproducibility (current Fig 1A-B) it would increase
readability to shift the key data (S1C-D) to the main figure 1.

We thank the reviewer for this suggestion, which we have implemented in the revised
version.

b. For Figure 5, the central message is that "Pol Il elongation control is independent of
Integrator activity at the majority of piRNA loci" (page 7), yet the related main figure 5
focuses almost entirely on the few percent of motif-dependent piRNA loci that do produce
read-through. Just looking at the presented data, the reader therefore may get the opposite
impression from the reading the text. This could be improved by including all piRNA loci in
the analysis to make it evident that the read-through cases are outliers.

We have now added a barplot to Figure 5 that shows the fraction of all piRNA loci rather
than the total reads. This clarifies the point that only a minority of piRNA loci show
detectable readthrough.

Minor concerns

5. A number of different RNA cloning methods are used throughout the manuscript. To help
figure readability, it would be good to include an indication of the library cloning selection
steps. This could be either as a schematic in connection with the relevant panel or a more
detailed annotation on the panels.

We thank the reviewer for this suggestion. We have incorporated an extra supplemental
figure (Supp. Fig. 13) describing the cloning methods used graphically.

6. "EV" as used through-out the paper has not been defined (assuming EV=empty vector)

We thank the reviewer for pointing this out — we have included the abbreviating in the first
mention at the beginning of the results section.

7. Page 8: two numbers are stated for the fraction of motif-dependent piRNA loci that give
rise to read-through in ints-11 knock-down, 3 % (line 7) and 4.65 % (line 27). It is unclear
why these numbers are different and which population they refer to.

Done.

8. Page 12, line 27: Handler et al is a somatic screen (where they also found Integrator!). The
correct reference for the germline screen is Czech et al 2013.

We thank the reviewer for pointing this out — we now have included both references and
clarified the distinction between the two screens (germline vs ovarian somatic support cells).

9. The color coding could be improved to increase figure readability. Within figure 3, for
example, orange indicates, PETISCO complex, chromatin-bound, weak terminator and N2
EV.

We have changed PETISCO to blue, chromatin to orange to match the colors in the figure.

10. Given the complexity of the transcriptional regulation analyses it is important to ensure



high clarity in the wording. The manuscript should be edited for clarity with this in mind,;
here just one example: "The observation that Integrator processing occurs downstream of the
+48 pause site .." As | understand the authors model, Integrator processing occurs upstream
of the +48 pause site (around +38), but with RNAPII having progressed to downstream of the
pause site. This is not clear from the sentence.

We have edited the manuscript to clarify our model of how Pol Il termination is linked to
integrator cleavage (also see above).

11. The figure legends often lack a description of the unit of the plotted data. E.g. Fig. 3C:
counts of what? And Fig. 3E: fraction of which sequences? This should be added.

We have clarified these in the figure axes and in the legends.

12. Figure 3E: the logic behind statement Page6, Line 18-19 is unclear: "This shift persisted
upon ints-11 knockdown in a tfiis mutant background, indicating that it is not Integrator-
dependent (Figure 3E,F,G)". If the cleavage would be Integrator-dependent then it should be
observed in ints-11 RNAI alone. Alternatively, a model would require Integrator to be an
inhibitor of TFIIS-activated RNAPII cleavage, which seems unmotivated. Please clarify.

We apologise for the lack of clarity here. These results indicate that Integrator is not required
for TFIIS-activated Pol 11 cleavage because the shift is not present in ints-11 RNAI but still
occurs when TFIIS is mutated and ints-11 is knocked down.

13. Beyond the introduction, the authors do not mention regulation of transposable elements.
Given the literature context of the piRNA pathway, it would be good to briefly comment on
the absence of transposon deregulation (my assumption) in tfiis and ints-11 perturbation.

We have analysed transposon expression using the CAGE data and we show that there is a
small subset of Tc1 elements that show significant deregulation upon ints-11 knockdown.
Given that the effect is specific for this subset, we suggest that this may indicate a role for
integrator in regulating Tcl expression through termination of transcription, similar to its role
at certain protein-coding genes. This data is in Supplementary Figure 12.

Referee #3:

This paper contains important, new data on piRNA biogenesis in C. elegans. Previous studies
suggest that piRNA promoters evolved from snRNA promoters in C. elegans. Thus, the
authors explore the parallels between the mechanisms of piRNA and snRNA transcription.
They show that the catalytic activity of Integrator complex, which terminates ShARNA
transcription, cleaves nascent capped piRNA precursors associated with promoter-proximal
Pol 11, resulting termination of transcription. However, Integrator depletion did not result in
readthrough transcription at most motif—dependent piRNA loci, indicating that the cleavage
activity of Integrator is not required to prevent elongation at motif—dependent piRNAs. Thus,
Pol 11 elongation control is likely to operate independently of Integrator via additional
mechanisms. Experiments are well designed with appropriate controls. The paper is well
written and concise, and the data are presented clearly. Studies of this sort are good
references and resources for further comparisons.



The authors found that motif-dependent piRNAs localize to broad domains of H3K27me3,
which also have low accessibility. They speculate that the tight control of Pol Il elongation at
motif-dependent piRNA loci may be a consequence of evolutionary pressure to avoid
transcriptional interference between neighbouring piRNA loci given the high density of loci
in piRNA cluster regions that are simultaneously activated. | wonder if there exist some
specific sequence features in the inter-piRNA loci (regions between piRNA loci). It is known
that in gene clusters in mammals such as olfactory receptor gene clusters, transposons such as
L1 elements intervene between protein-coding genes (e.g., Kambere & Lane, J Mol Evol
2009).

Contrary to piRNA clusters in Drosophila, piRNAs in C. elegans are not particularly dense in
transposable elements or other repetitive sequences. Instead, they are located in genomic
regions that contain developmentally regulated protein-coding genes that are expressed in
specific tissues but silenced in the germline. piRNAs localize to small intergenic regions in
between those genes, and can sometimes be intronic as well (although there is a bias towards
intergenic regions) (Beltran et al., 2019). The density of piRNAs in these regions is extremely
high, such that there are only 100-300 intervening bp in between loci. We have also
examined other nematode species, and in some other nematodes more distantly related to C.
elegans, such as P. pacificus, piRNAs are actually expressed from the introns of active
protein-coding genes (Beltran et al., 2019). So it seems that these loci can function in a
variety of genomic contexts in different species, even though within a species their location
in specific chromatin domains and regions is essential for expression, as we showed using
CRISPR-mediated genome editing in the case of C. elegans piRNAs (Beltran et al., 2019).

We have also tried to determine whether any specific sequence features explain the second
pause site (+48), and although we did not find any enriched motifs, we found suggestive
evidence of a positioned nucleosome downstream of this pause site (see response to Reviewer
1).



1st Revision - Editorial Decision 29th Sep 2020

Thank you for submitting your revised manuscript, we have now received the reports from the three
initial referees (see comments below). | am pleased to say that they overall find that their
comments have been satisfactorily addressed and now support publication. Referee #1 raises
some remaining issues regarding figure labelling and references to figures in the text, please
carefully check these points and revise the manuscript as needed. In addition, I would like to ask you
to also address a number of editorial issues that are listed in detail below. Please make any
changes to the manuscript text in the attached document only using the “track changes" option.
Once these remaining issues are resolved, we will be happy to formally accept the manuscript for
publication.

Thank you again for giving us the chance to consider your manuscript for The EMBO Journal. I look
forward to receiving your final revision. Please feel free to contact me if you have further questions
regarding the revision or any of t he specific points listed below.



Referee #1:

The authors have adequately addressed my previous concerns. The following points need to be
amended before publication.

1. Fig. 1A (looks like old Fig. S1F; now labeled as "mature") and 1C (looks like old Fig. S1C; now
labeled as "precursor") might have been switched. Please double-check.

2.Fig. S1Fis cited after S1G and H in the text. The order of figure panels needs to be changed.
3. Please explain "collapsed sequences" and "uncollapsed reads" in Fig. S4A. Also, "mean" should
read "median” (at least according to the text).

4.Fig. S4B requires clear labeling (N2EV, N2 ints-11 RNAiI etc.) in the figure.

5.In Fig. S8, the "(0.8,1]" group shows ~40 nt median length of precursors in the nucleoplasmic
fraction. Are ~28 nt precursors decreased by ints-11 RNAi even in this specific group?

6. The fitted line in fig. S11G (old Fig. S8G) is remaining, even though the point-by-point response
states that it was removed.

7.Fig. S12 must be cited in the text or removed.

8. Page 12, line 34-35: Fig. S10 (instead of Fig. S11) should probably be cited here.

9. Page 15, line 30: Fig. S13 (instead of Fig. S11) should probably be cited here.

10. Page 17, line 19: Fig. 4F and G, which do not exist in the current manuscript, are cited.

Referee #2:

The authors have very carefully addressed all my concerns (as well as those of the other reviewers)
and | consider the manuscript ready for publication.

Referee #3:

The paper has been improved and the authors have addressed most of the reviewers' concerns.
There are no further technical concerns about the content.



2nd Authors' Response to Reviewers 16th Oct 2020

Referee #1:

The authors have adequately addressed my previous concerns. The following points need to
be amended before publication.

1. Fig. 1A (looks like old Fig. S1F; now labeled as "mature™) and 1C (looks like old Fig.
S1C; now labeled as "precursor") might have been switched. Please double-check.

These were initially swapped in the first submission and were corrected during the revision.
2. Fig. S1F is cited after S1G and H in the text. The order of figure panels needs to be
changed.

We have now updated the numbering in the figure to reflect the order of appearance in the
text.

3. Please explain "collapsed sequences” and "uncollapsed reads" in Fig. S4A. Also, "mean”
should read "median” (at least according to the text).

We have updated these to “unique detected sequences” and “all detected reads” to clarify. We
plotted the mean change, so we have updated the text accordingly.

4. Fig. S4B requires clear labeling (N2EV, N2 ints-11 RNA.i etc.) in the figure.

Done.

5. In Fig. S8, the "(0.8,1]" group shows ~40 nt median length of precursors in the
nucleoplasmic fraction. Are ~28 nt precursors decreased by ints-11 RNAi even in this
specific group?

Yes, although in some samples there is a tendency for loci with longer chromatin-bound
precursors (top 20%) to have a stronger downregulation of nucleoplasmic precursors,
compared to loci with shorter chromatin-bound precursors (bottom 20%).
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6. The fitted line in fig. S11G (old Fig. S8G) is remaining, even though the point-by-point
response states that it was removed.
Done.



7. Fig. S12 must be cited in the text or removed.

Done.

8. Page 12, line 34-35: Fig. S10 (instead of Fig. S11) should probably be cited here.

Done.

9. Page 15, line 30: Fig. S13 (instead of Fig. S11) should probably be cited here.

Done.

10. Page 17, line 19: Fig. 4F and G, which do not exist in the current manuscript, are cited.

Referee #2:

The authors have very carefully addressed all my concerns (as well as those of the other
reviewers) and | consider the manuscript ready for publication.

Referee #3:

The paper has been improved and the authors have addressed most of the reviewers'
concerns. There are no further technical concerns about the content.



2nd Revision - Editorial Decision 27th Oct 2020

Thank you again for submitting the final revised version of your manuscript for our consideration. |
am pleased to inform you that we have now accepted it for publication in The EMBO Journal.
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This checklist is used to ensure good reporting standards and to improve the reproducibility of published results. These guidelines are
consistent with the Principles and Guidelines for Reporting Preclinical Research issued by the NIH in 2014. Please follow the journal’s
authorship guidelines in preparing your manuscript.

A- Figures

1. Data

The data shown in figures should satisfy the following conditions:
the data were obtained and processed according to the field’s best practice and are presented to reflect the results of the
experiments in an accurate and unbiased manner.
figure panels include only data points, measurements or observations that can be compared to each other in a scientifically
meaningful wav.
graphs include clearly labeled error bars for independent experiments and sample sizes. Unless justified, error bars should
not be shown for technical replicates.
if n< 5, the individual data points from each experiment should be plotted and any statistical test employed should be
justified
Source Data should be included to report the data underlying graphs. Please follow the guidelines set out in the author ship
guidelines on Data Presentation.

2. Captions
Each figure caption should contain the following information, for each panel where they are relevant:

a specification of the experimental system investigated (eg cell line, species name).

the assay(s) and method(s) used to carry out the reported observations and measurements

an explicit mention of the biological and chemical entity(ies) that are being measured.

an explicit mention of the biological and chemical entity(ies) that are altered/varied/perturbed in a controlled manner.

the exact sample size (n) for each experimental group/condition, given as a number, not a range;

a description of the sample collection allowing the reader to understand whether the samples represent technical or
biological replicates (including how many animals, litters, cultures, etc.).

a statement of how many times the experiment shown was independently replicated in the laboratory.

definitions of statistical methods and measures:

* common tests, such as t-test (please specify whether paired vs. unpaired), simple x2 tests, Wilcoxon and Mann-Whitney
tests, can be unambiguously identified by name only, but more complex techniques should be described in the methods
section;

are tests one-sided or two-sided?

are there adjustments for multiple comparisons?

exact statistical test results, e.g., P values = x but not P values < x;

definition of ‘center values’ as median or average;

definition of error bars as s.d. or s.e.m.

Any descriptions too long for the figure legend should be included in the methods section and/or with the source data.

In the pink boxes below, please ensure that the answers to the following questions are reported in the manuscript itself.
Every question should be answered. If the question is not relevant to your research, please write NA (non applicable).

We encourage you to include a specific subsection in the methods section for statistics, reagents, animal models and human
subjects.
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B- Statistics and general methods Please fill out these boxes W (Do not worry if you cannot see all your text once you press retur:
1.a. How was the sample size chosen to ensure adequate power to detect a pre-specified effect size? N/A
1.b. For animal studies, include a statement about sample size estimate even if no statistical methods were used. N/A
2. Describe inclusion/exclusion criteria if samples or animals were excluded from the analysis. Were the criteria pre- N/A
established?

3. Were any steps taken to minimize the effects of subjective bias when allocating animals/samples to treatment (e.g. N/A
randomization procedure)? If yes, please describe.

For animal studies, include a statement about randomization even if no randomization was used. N/A
4.a. Were any steps taken to minimize the effects of subjective bias during group allocation or/and when assessing results |N/A
(e.g. blinding of the investigator)? If yes please describe.

4.b. For animal studies, include a statement about blinding even if no blinding was done N/A
5. For every figure, are statistical tests justified as appropriate? YES

Do the data meet the assumptions of the tests (e.g., normal distribution)? Describe any methods used to assess it.

Non-parametric statistical tests and empirical p-values were used which are distribution
independent

Is there an estimate of variation within each group of data?

N/A




Is the variance similar between the groups that are being statistically compared? N/A

C- Reagents

6. To show that antibodies were profiled for use in the system under study (assay and species), provide a citation, catalog |YES
number and/or clone number, supplementary information or reference to an antibody validation profile. e.g.,
Antibodypedia (see link list at top right), 1DegreeBio (see link list at top right).

7. Identify the source of cell lines and report if they were recently authenticated (e.g., by STR profiling) and tested for N/A
mycoplasma contamination.

* for all hyperlinks, please see the table at the top right of the document

D- Animal Models

8. Report species, strain, gender, age of animals and genetic modification status where applicable. Please detail housing |N/A
and husbandry conditions and the source of animals.

9. For experiments involving live vertebrates, include a statement of compliance with ethical regulations and identify the |N/A
committee(s) approving the experiments.

10. We recommend consulting the ARRIVE guidelines (see link list at top right) (PLoS Biol. 8(6), €1000412, 2010) to ensure |YES
that other relevant aspects of animal studies are adequately reported. See author guidelines, under ‘Reporting
Guidelines’. See also: NIH (see link list at top right) and MRC (see link list at top right) recommendations. Please confirm
compliance.

E- Human Subjects

11. Identify the committee(s) approving the study protocol. N/A

12. Include a statement confirming that informed consent was obtained from all subjects and that the experiments N/A
conformed to the principles set out in the WMA Declaration of Helsinki and the Department of Health and Human
Services Belmont Report.

13. For publication of patient photos, include a statement confirming that consent to publish was obtained. N/A
14. Report any restrictions on the availability (and/or on the use) of human data or samples. N/A
15. Report the clinical trial registration number (at ClinicalTrials.gov or equivalent), where applicable. N/A

16. For phase Il and Ill randomized controlled trials, please refer to the CONSORT flow diagram (see link list at top right) |N/A
and submit the CONSORT checklist (see link list at top right) with your submission. See author guidelines, under ‘Reporting
Guidelines’. Please confirm you have submitted this list.

17. For tumor marker prognostic studies, we recommend that you follow the REMARK reporting guidelines (see link list at [N/A
top right). See author guidelines, under ‘Reporting Guidelines’. Please confirm you have followed these guidelines.

F- Data Accessibility

18: Provide a “Data Availability” section at the end of the Materials & Methods, listing the accession codes for data Sequencing data has been submitted to the SRA (PRINA592867)
generated in this study and deposited in a public database (e.g. RNA-Seq data: Gene Expression Omnibus GSE39462,
Proteomics data: PRIDE PXD000208 etc.) Please refer to our author guidelines for ‘Data Deposition’.

Data deposition in a public repository is mandatory for:
a. Protein, DNA and RNA sequences

b. Macromolecular structures

c. Crystallographic data for small molecules

d. Functional genomics data

e. Proteomics and molecular interactions

19. Deposition is strongly recommended for any datasets that are central and integral to the study; please consider the YES
journal’s data policy. If no structured public repository exists for a given data type, we encourage the provision of datasets
in the manuscript as a Supplementary Document (see author guidelines under ‘Expanded View’ or in unstructured
repositories such as Dryad (see link list at top right) or Figshare (see link list at top right).

20. Access to human clinical and genomic datasets should be provided with as few restrictions as possible while respecting|N/A
ethical obligations to the patients and relevant medical and legal issues. If practically possible and compatible with the
individual consent agreement used in the study, such data should be deposited in one of the major public access-
controlled repositories such as dbGAP (see link list at top right) or EGA (see link list at top right).

21. Computational models that are central and integral to a study should be shared without restrictions and provided ina |N/A
machine-readable form. The relevant accession numbers or links should be provided. When possible, standardized format
(SBML, CellML) should be used instead of scripts (e.g. MATLAB). Authors are strongly encouraged to follow the MIRIAM
guidelines (see link list at top right) and deposit their model in a public database such as Biomodels (see link list at top
right) or JWS Online (see link list at top right). If computer source code is provided with the paper, it should be deposited
in a public repository or included in supplementary information.

G- Dual use research of concern

22. Could your study fall under dual use research restrictions? Please check biosecurity documents (see link list at top NO
right) and list of select agents and toxins (APHIS/CDC) (see link list at top right). According to our biosecurity guidelines,
provide a statement only if it could.
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