
Reviewers' comments: 
 
Reviewer #1 (Remarks to the Author): 
 
David Lee and colleagues characterize the constraints and enrichment of functional association in 
proximity of putative G-quadruplexes, identifying these sequences to be under negative selection 
and enriched for cis-eQTLs and RNA-binding protein interaction sites. For the study, pG4s are 
predicted using the canonical G4 motif and further filtered using rG4-seq, thus the authors are 
only considering the most canonical G4s. The study convincingly shows the biological significance 
of canonical G4s in UTRs and provides insight into possible regulation of G4 functionality. It will be 
important in future studies to consider G4s more widely, which will likely lead to more protein 
binding partners and slightly differing characteristics. However this study is of great importance, 
particularly given recent discussions within the community as to whether G4s fold in vivo, as it 
provides strong evidence for the biological importance of these sequences. 
 
Some modifications should be made to clarify and ensure reproducibility of the study: 
 
-‘A gene was considered to harbor a ‘constitutive’ pG4 sequence when all annotated protein-coding 
transcript isoforms contained at least one pG4.’ According to this definition, two isoforms of the 
same gene could have different pG4s and would still be considered to have a constitutive pG4, 
even though the pG4s might have different functional roles and recruit different proteins. Do most 
genes with such constitutive pG4s have the same pG4 for all isoforms? Are there more or less 
identical and non-identical constitutive pG4s than expected by chance? This information should be 
added to the manuscript. When constitutive pG4s do not have the same pG4 in all isoforms, do the 
pG4s look similar (eg loop lengths and sequences)? The section title is a bit too strong as 
compared to the results presented: it is not because a pG4 is alternative in a gene, that it is 
isoform-specific. 
 
-Reproducibility: more details are necessary to ensure reproducibility of the study. Were all 
transcripts considered, or only transcripts of a certain TSL? For the identification of G4 sequences 
used for the rest of the analysis, the authors should provide one or more Shell scripts, Makefiles or 
anything else to represent the computational pipeline in a formalized way including the in-house 
scripts. This could be added as supplementary material or on a platform like Zenodo. Alternatively, 
the authors could provide the list of all pG4s and their coordinates. 
 
-More references are necessary in some sections of the text (for example in the beginning of 
Section ‘pG4s in 3’UTRs of disease-associated genes are enriched for variation’) 
 
Minor comments: 
-Ensemble -> Ensembl 
-Page 14: turn operate? 
- On page 8, section ‘pG4 motifs in the 5’ and 3’UTR are enriched for cis-eQTLs’: statistics on 
enrichment would be easier to digest in a Table (same thing for Figure 3). 
- In Figure 1d, G4 G1, G4 G2, G4 G3 could be a bit confusing since G4 and G1, G2, G3 do not refer 
to the same concept. Their meaning should be spelled out. 
 
 
Reviewer #2 (Remarks to the Author): 
 
Lee et al. present an analysis of G-quadraplex sequences within UTRs. This work makes a nice 
addition to the growing evidence that variants in ‘near-coding’ regions are important for human 
disease. Although this analysis is thorough, I have a number of important concerns and 
suggestions that need to be addressed. 
 
In addition to the specific points raised below, I have concerns over the power of the presented 



analyses. This is not the fault of the authors who have tried admirably to incorporate available 
data, but is a consequence of UTR regions being small and variation within them hence rare. This 
means that it is difficult to draw conclusions from the constraint analysis as the confidence 
intervals for each variant set are very large, and the final disease analysis in the paper is quite 
weak, with only a single example variant discussed. 
 
I also have concerns over the reproducibility of the analysis in the presented form. The methods 
section is very patchy, there are repeated mentions of custom scripts and there are no sections 
detailing data or code availability. 
 
Major concerns: 
 
[1] Throughout the first section of the results, the authors use a set of ‘constraint matched’ UTRs. 
The methods suggest that they use the raw obs/exp values from gnomAD. 
a. The first mention of this does not reference the recent gnomAD pre-print. 
b. Instead of using obs/exp, the authors should be using the upper bound of this value, or the 
LOEUF score, as this corrects for gene length and hence is a more robust measure of LoF 
constraint. 
c. I do not understand what is being shown in Supplementary Figure 1. What is being plotted 
should be explained further either in the legend or through more informative axis labels. 
d. Can the authors justify why they are using these matched UTRs rather than non-pG4 sequences 
in the pG4 containing transcripts as a control? 
 
[2] For the variant frequency analysis in Figure 1b it is unclear whether this is looking at the 
number of variant sites or the allele frequency/allele counts of observed variants. This should be 
clarified in the main text and the methods. 
 
[3] I have major concerns about the constraint analysis presented in Figure 1c. My main concern is 
that the authors do not account for base-level methylation in the underlying model. I seriously 
doubt that 5’UTRs have less than half of the expected number of variants when compared to 
intergenic regions. The constraint here is inflated given that 5’UTRs are known to be 
hypomethylated compared to other genomic regions. This means that C>T variants at CpG sites 
will occur *far* less frequently than in other regions (and far less frequently than expected in the 
model). This could also affect the comparisons made between G-tracts and G-gaps. The authors 
should refine this model to take into account base-level methylation at CpG sites or remove these 
from the analysis. 
 
[4] The methods for the MAPS scores calculated are very sparse with no details of how the 
underlying model was calculated. 
a. Is this based on the same heptamer model as the constraint analysis? If so, it should also be 
adjusted to also account for base-level methylation. 
b. Either way, the methods describing this should be expanded. 
c. Is this calculated using 1000 genomes or gnomAD? 
 
[5] The MAPS analysis should include additional control sites that are G triplets that are not part of 
pG4 sequences. This would reassure that none of the results are a consequence of different 
underlying sequence contexts. 
 
[6] The statement in the abstract (and discussion) referring to the strength of selection on UTR 
pG4s should be clarified or removed. The sentence currently suggests that the selection against all 
UTR pG4s is equivalent to missense variants. In reality, this claim is limited to the central G and 
upstream of Clinvar disease genes. In addition, all of the MAPS results have very large CIs that in 
the most part bridge the entire spectrum between synonymous and missense variants. 
 
[7] The authors do not assess how different transcripts affect the constraint and MAPS analyses. If 



pG4 sequences that only fall on transcripts that are not highly expressed were removed, would this 
increase the constraint/selections signal of these elements? Or if only “constitutive” pG4s were 
considered? 
 
[8] I have various concerns relating to the eQTL analyses 
a. In the methods the authors state that “significant variant-gene pairs were obtained from GTEx” 
– details should be added as to what constitutes a ‘significant’ association. Was a large multiple 
testing burden corrected for? 
b. The authors should also detail what is included in the ‘nominal’ set of variants – are these all 
variants at a locus. Was this set also pruned to remove linked SNPs at a single locus? 
c. Similarly, for the analysis presented in Fig 3b – does this only include a single SNP per locus? 
 
[9] Regarding the ClinVar analysis. Did the authors make any attempt to filter the analysed 
variants? I anticipate that any true enrichment will be strengthened if only high-quality ClinVar 
variants are taken into account. For example, ClinVar contains many erroneous ‘literature only’ 
curations with no evidence for actually being pathogenic. The authors should filter variants to only 
those with associated evidence for pathogenicity. This filtered set should be used for both the gene 
selection and the enrichment analysis within these genes. Details of all ClinVar variants, including 
whether they are in the rG4 and RBP pG4 sets, should also be included in a supplementary table. 
 
[10] Secondly, with relation to the ClinVar analysis, did the authors consider any distance 
correction? Given that the majority of clinical sequencing to date has focused on coding regions (as 
the authors note) the most likely captured regions of the UTR (and hence most likely to be 
represented in ClinVar) are those closest to the coding sequence. The authors should either test 
enrichment against distance matched UTR sequences or show that there is no bias in either the 
ClinVar data or the positioning of the G4 sequences in each set. 
 
[11] Finally, on the ClinVar analysis – I had gathered that the rG4 set was a sub-set of the wider 
pG4 set of sequences. Why then are their fewer ClinVar variants included in the ‘All pG4’ than 
‘rG4-seq G4’ sets in figure 5a? 
 
Minor comments: 
 
[1] The main text of the manuscript is very long with a lot of repetition. I think it could be 
condensed significantly whist still conveying the key messages. In particular, the discussion is far 
too long: this should not repeat every single analysis and finding (and should not include 
references to figures), rather it should draw some overall conclusions. 
 
[2] Half of the introduction to the manuscript describes the full methods and results of the paper. 
This much detail is not needed in the introduction. I would recommend cutting this down to one 
succinct paragraph of the key analyses and conclusions. 
 
[3] The introduction should include a section to detail what is currently known about noncoding 
variation in human disease. 
 
[5] In the first section of the methods, when the authors detail how many genes contain pG4 and 
rG4 sequences, they should include the number of genes/transcripts that were analysed and the 
overlap between 5’ and 3’ pG4s (i.e. how many genes contain both vs none?). 
 
[6] I am unclear as to why the authors use rG4 as the shorthand way to refer to experimentally 
validated sequences. Wouldn’t vG4 or eG4 be more appropriate? 
 
[7] “We hypothesised that allele frequencies…should be skewed towards more rare variation” – 
this is not a new approach and should be appropriately referenced. 
 



[8] The description of pG4 vs rG4 in figure 1 should be described earlier in the legend as it is 
essential to understand 1b. 
 
[9] For the counts of “alternative” pG4 genes, the total number of genes considered should be 
included and the overlap between the 5’ and 3’ UTR counts should be included (i.e. how many 
genes are “alternative” for other 5’ and 3’ pG4s?). 
 
[10] A control point should be added to each row of Fig 2b to show the fraction of all transcripts 
that are expressed in each tissue. For example, most transcripts show higher expression in testes 
than other tissues. As a related point, I am not in any way an expert on RNAseq data, but should 
the expression level be normalised per tissue rather than taking a cutoff of 1 TPM for all tissues? 
 
[11] The authors should include a supplementary table showing all GWAS catalogue variants within 
pG4s. 
 
 
 
Reviewer #3 (Remarks to the Author): 
 
This manuscript presents in-depth bioinformatic analyses of G-quadruplex (G4) in untranslated 
regions. The authors reported evidence of negative selection on UTR putative G4s. They also 
observed that G4s are often located in alternative isoforms and overlap cis-eQTLs. Using protein-
binding data, the authors identified RNA-binding proteins that may bind to pG4s. In addition, 
analysis of GWAS variants revealed an enrichment for disease-associated variants in 3’ UTR G4s. 
These results suggest that G4s in 3’ UTRs are likely functional elements in gene regulation. 
Overall, the potential function of G4s in 3’ UTRs is a very interesting question. The analyses in this 
study were carefully executed and well described. The authors presented compelling bioinformatic 
evidence to support that G4s in 3’ UTRs may be functional. I have the following comments to 
improve the manuscript. 
 
The finding that G4-containing transcripts were often isoform-specific is interesting. However, 
there is much room to strengthen and extend this observation. Specifically, what fraction of pG4s 
is located in the longer 3’ UTR regions? What are the functional relevance? Could pG4s affect 
alternative polyadenylation? Given their enrichment relative to cis-eQTLs, could 3’ UTRs pG4s 
affect RNA expression through regulating RNA turnover? Given the protein binding data analyzed 
in this study, the above questions could be examined in conjunction with a few putative G4-
binding proteins. 
 
In analyzing protein-binding data, the authors may want to pinpoint the cross-linking sites in the 
CLIP reads, and examine the relative enrichment of pG4s around cross-linking sites (which provide 
stronger evidence of direct protein-RNA interaction). 
 
For many proteins in ENCODE, RNAseq data following their knockdown in cells are also available. 
The authors should take advantages of these data and further investigate interesting G4-related 
proteins and the potential functional consequence of such relationships. 
 
The finding for HSPB7 is interesting. Can the authors expand the analysis to other genes and 
examine whether similar observations hold for more genes? 
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Reviewers' comments: 
 
Reviewer #1 (Remarks to the Author): 
 
The authors have addressed all my comments in a satisfactory manner, thus clarifying the 
manuscript. 
 
 
Reviewer #2 (Remarks to the Author): 
 
I would first like to thank the authors for their detailed responses to my comments and for their 
efforts to increase the reproducibility of their analysis both through data/code availability and 
expanding their methods section. 
 
Below are some remaining concerns I have with the manuscript: 
 
[1] The authors need to explicitly outline the limitations of their analysis with regard to the low 
power and largely overlapping confidence intervals. The authors point to the preprint by Whiffin et 
al. using a similar approach. The authors of this previous study clearly stated where results were 
non-significant and outlined the limitations regarding power in their discussion. The authors here 
should do similarly. 
Specifically: 
(a) The authors should state power and low variant numbers across their analyses as a fourth 
major limitation in their discussion section. 
(b) The authors spend considerable effort discussing the increased selection against the central G 
of the triplet compared to the outer Gs. The fact remains that this is not a result shown in the 
data, as the confidence intervals for all of these analyses are largely overlapping. For the authors 
to retain this section in the manuscript they should explicitly state that there is no significant 
difference. They should also be careful with their interpretation of this ‘result’ in the discussion. 
In addition, the authors should consider referencing this previous work to highlight that a similar 
approach has been used previously. 
 
[2] I would like to thank the authors for switching from obs/exp to using the LOEUF metric. The 
authors should, however, include the name ‘LOEUF’ in the section in brackets to aid readers in 
comparing across different studies. 
 
[3] I am still unclear as to what Figure 1b is showing. Please can the authors explicitly write in the 
legend what is being plotted on the y axis and make sure this is clear in the main text. 
 
[4] The authors talk about assessing “the extent of polymorphism within UTR pG4 sequences”. I 
am not sure that the word ‘polymorphism’ is the right one here. 
 
[5] I think Figure 1c would benefit from lines showing the constraint against synonymous, 
missense and pLoF variants as well as the existing intergenic line to allow the reader to interpret 
the level of constraint again pG4s. 
 
[6] Sup. Fig. 4 needs to be referenced in the main text. 
 
[7] I appreciate the authors efforts to demonstrate that removing linked SNPs does not remove 
their eQTL association results. This analysis should be included in the paper – either in the 
methods or supplement for other readers with similar concerns (apologies if I missed where this 
has been included). 
 
[8] Sup. Table 3 should include numbers for non-pG4 regions as well as pG4s. 
 



[9] In the ClinVar enrichment section the sentence “Instead, we hypothesized that variation, in 
general, in enriched within the UTR pG4 sequences of disease-associated genes” does not appear 
to make sense. Surely we would expect variation ‘in general’ to be depleted but ‘disease-
associated’ variation to be enriched? 
 
 
 
Reviewer #3 (Remarks to the Author): 
 
none 



Reviewers' comments: 
 
Reviewer #2 (Remarks to the Author): 
 
I would first like to thank the authors for their detailed responses to my comments and for their 
efforts to increase the reproducibility of their analysis both through data/code availability and 
expanding their methods section. 
 
Below are some remaining concerns I have with the manuscript: 
 
[1] The authors need to explicitly outline the limitations of their analysis with regard to the low 
power and largely overlapping confidence intervals. The authors point to the preprint by Whiffin 
et al. using a similar approach. The authors of this previous study clearly stated where results 
were non-significant and outlined the limitations regarding power in their discussion. The 
authors here should do similarly. 
Specifically: 
(a) The authors should state power and low variant numbers across their analyses as a fourth 
major limitation in their discussion section. 
 
We thank the reviewer for their thoughtful feedback on our manuscript. We agree with the 
reviewer that a frank discussion of the power limitations used in our MAPS analysis is warranted 
and we have expanded our discussion to address this point specifically.  
 
(b) The authors spend considerable effort discussing the increased selection against the central 
G of the triplet compared to the outer Gs. The fact remains that this is not a result shown in the 
data, as the confidence intervals for all of these analyses are largely overlapping. For the 
authors to retain this section in the manuscript they should explicitly state that there is no 
significant difference. They should also be careful with their interpretation of this ‘result’ in the 
discussion. 
 
The reviewer makes a valid point here. The confidence intervals for non-central G-tract variants 
were particularly large because we had removed CpG sites, which disproportionately affected 
these 5’ and 3’ flanking variants. With the recent public release of the methylation-adjusted 
mutation rate tables by gnomAD, we have updated our MAPS model following the procedure 
outlined in the gnomAD preprint​1​ to account for differential methylation levels at CpG sites 
specifically. Using this updated model, we have comprehensively reanalyzed our original data. 
Our updated results show that central position guanines across all pG4 contexts are significantly 
more enriched for rare variation by MAPS compared to the 5’ and 3’ guanines respectively 
(permuted P-value = 0.0237, 0.0022 respectively). We have updated the main text, and Figure 
1d, Suppl. Figure 4 and our methods sections to include these new results and briefly describe 
the incorporation of methylation levels into estimating the proportion of singletons expected in 
the MAPS model. 
 

https://paperpile.com/c/maqx27/anQ2


In addition, the authors should consider referencing this previous work to highlight that a similar 
approach has been used previously. 
 
We have added a reference to the Whiffin et al. preprint in our results. 
 
[2] I would like to thank the authors for switching from obs/exp to using the LOEUF metric. The 
authors should, however, include the name ‘LOEUF’ in the section in brackets to aid readers in 
comparing across different studies. 
 
We have updated the text to explicitly state that LOEUF is being used. 
 
[3] I am still unclear as to what Figure 1b is showing. Please can the authors explicitly write in 
the legend what is being plotted on the y axis and make sure this is clear in the main text. 
 
We have updated the legend and the main text to make clear we are plotting the average allele 
frequency for variants across pG4 vs. non-pG4 forming regions. 
 
[4] The authors talk about assessing “the extent of polymorphism within UTR pG4 sequences”. I 
am not sure that the word ‘polymorphism’ is the right one here. 
 
We thank the reviewer for pointing this out and have updated the language here. 
 
[5] I think Figure 1c would benefit from lines showing the constraint against synonymous, 
missense and pLoF variants as well as the existing intergenic line to allow the reader to interpret 
the level of constraint again pG4s. 
 
We agree with the reviewer that performing this analysis would help place into context the 
selection acting against UTR pG4 sequences, however we would like to point out that the 
specific heptamer model we have applied was developed to model mutation rates in noncoding 
regions. The original publication​2​ includes a separate mutational model that explicitly accounts 
for average selective pressures within coding regions of the genome (including different amino 
acid substitutions), however we do not believe that a comparison of observed / expected ratios 
between these two models is easily interpretable, and performing such a comparison may raise 
further questions that are beyond the scope of our current study. 
 
[6] Sup. Fig. 4 needs to be referenced in the main text. 
 
We have amended the main results section to include reference to Suppl. Fig. 4. 
 
[7] I appreciate the authors efforts to demonstrate that removing linked SNPs does not remove 
their eQTL association results. This analysis should be included in the paper – either in the 
methods or supplement for other readers with similar concerns (apologies if I missed where this 
has been included). 
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We have included this analysis in Supplemental Table 3 and amended the main text to 
reference these additional statistics. 
 
[8] Sup. Table 3 should include numbers for non-pG4 regions as well as pG4s. 
 
We have updated Supplemental Table 3 with numbers for non-pG4 regions. 
 
[9] In the ClinVar enrichment section the sentence “Instead, we hypothesized that variation, in 
general, in enriched within the UTR pG4 sequences of disease-associated genes” does not 
appear to make sense. Surely we would expect variation ‘in general’ to be depleted but 
‘disease-associated’ variation to be enriched? 
 
We thank the reviewer for highlighting this point of confusion in our manuscript and have 
rephrased this sentence to clarify our hypothesis in the text. 
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REVIEWERS' COMMENTS: 
 
Reviewer #2 (Remarks to the Author): 
 
Thank you very much for your detailed response to my queries. I have no further comments. 
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