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Supplementary Note 
 
GC-rich eSTRs are predicted to modulate DNA and RNA secondary structure 
 
FM-eSTRs are most strongly enriched for repeats with high GC content (​e.g.​, ​canonical ​repeat units               

CCG, ​CCCCG, CCCCCG, AGGGC) (​Fig. 2e​, ​Supplementary Table 5​) which are found almost             

exclusively in promoter regions (​Extended Data Fig. 5​). Given their strong enrichment, we decided to               

further explore potential biological mechanisms by which this subset of FM-eSTRs might be working.              

These GC-rich repeat units have been shown to form highly stable secondary structures during              

transcription such as G4 quadruplexes in single-stranded DNA​1 or RNA​2 that may regulate gene              

expression. We hypothesized that the effects of GC-rich eSTRs may be in part due to formation of                 

non-canonical nucleic acid secondary structures that modulate DNA or RNA stability as a function of               

repeat number. We considered properties of two classes of GC-rich FM-eSTRs: (​i​) those following the               

standard G4 motif (​G​3​N​1-7​G​3​N​1-7​G​3​N​1-7​G​3​)​
3 and (​ii​) repeats with canonical repeat unit CCG which does              

not meet the standard G4 definition. Notably, the majority of CCG FM-eSTRs (79%) occur in 5’ UTRs                 

compared to only 11% for G4 repeats. We observed that both classes of GC-rich repeats are                

associated with higher RNAPII (​Supplementary Fig. 7​) and lower nucleosome occupancy           

(​Supplementary Fig. 8​) compared to all STRs. This relationship with RNAPII was observed across a               

diverse range of cell and tissue types. 

  

To evaluate whether GC-rich repeats could be modulating DNA or RNA secondary structure, we used               

mfold​4 to calculate the free energy of each STR and 50bp of its surrounding context in single stranded                  

DNA or RNA. We considered all common allele lengths (number of repeats) observed at each STR                

(​Methods​) and computed energies for both the template and non-template strands. We then             

computed the correlation between the number of repeats and free energy at each STR region.               

Overall, both G4 and CGG STRs have lower mean free energy (greater stability) and more negative                

correlations between repeat number and free energy compared to all STRs (​Supplementary Fig. 9​;              

adjusted Mann-Whitney [MW] one-sided p<0.05). Compared to all STRs, FM-eSTRs tend to have             

lower free energy and more negative correlations with repeat number (MW p<0.05 in all categories               

except for CGG STRs). Notably, both metrics (mean free energy and correlation of repeat number vs.                

free energy) are significantly correlated with the total sequence length of the STR in all cases                

(Pearson correlation p<0.01). FM-eSTRs tend to be longer than STRs overall (see main text), which               

may partially explain the secondary structure trends observed.  
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Based on previous observations​5​, we predicted that a higher number of repeat units at GC-rich               

eSTRs would result in greater DNA or RNA stability and in turn would increase expression of nearby                 

genes. Three example FM-eSTRs following this trend are shown in ​Fig. 2f-h​. We tested whether               

FM-eSTRs were biased toward negative vs. positive effect sizes. As described in the main text,               

overall FM-eSTRs show no bias in effect direction. However, when considering only repeats in              

promoter regions (TSS +/- 3kb), 59% of FM-eSTRs have positive effect sizes, significantly more than               

the 50% expected by chance (binomial two-sided p=0.04; n=137). This effect was stronger when              

considering only G4 FM-eSTRs (87% positive effect sizes; p=0.0074; n=15) but not significant for              

CCG FM-eSTRs (62% positive; n=13; p=0.58). This direction of effect bias was consistent across a               

range of CAVIAR thresholds used to define FM-eSTRs (​Supplementary Fig. 10​). Altogether, these             

results support a model in which higher repeat numbers at GC-rich eSTRs in promoter regions               

stabilize DNA secondary structures which promote transcription. Lastly, the contradictory results for            

CCG STRs may indicate that those repeats could act by distinct mechanisms compared to G4 STRs,                

but also may be due in part to limited power from a smaller sample size. 
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Supplementary Figure 1: Analysis of GTEx population structure 

 
 
Principal component analysis was performed using SNP genotypes from the GTEx and 1000             
Genomes cohorts. Samples from the 1000 Genomes project are shown in gray and GTEx samples               
are shown as colored dots based on ethnicity provided for each sample (yellow=African American;              
red=Amerindian; blue=Asian; green=European, black=Unknown).   
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Supplementary Figure 2: Effect of varying numbers of PEER factors on power to detect eSTRs 
 

 
 
eSTRs (gene-level FDR 10%) were computed for each tissue after adjusting for a number of PEER 
factors ranging from 0 to 50. The numbers of STRxgene tests performed for each tissue are reported 
in ​Supplementary Table 1​. The x-axis shows the number of PEER factors adjusted for. The y-axis 
shows the number of significant eSTRs at gene-level FDR of 10% (see ​Methods​). Dashed vertical 
lines show the number of PEER factors equal to N/10, where N is the number of samples analyzed 
for each tissue. Purple=whole blood, yellow=Brain-Cerebellum, gold=Nerve-Tibial.  
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Supplementary Figure 3: Correlation of sample metadata with PEER factors  

 
 
Each cell in the matrix shows the Spearman correlation of each PEER factor with data processing                
covariates. The x-axis represents each variable as defined for the GTEx cohort in dbGaP study               
phs000424.v7.p2. For example, covariates most strongly associated with PEER factors included           
DTHHRDY (Hardy scale for death classification) and TRISCHD (ischemic time). The y-axis            
represents factors obtained from PEER analysis of gene expression from Adipose-subcutaneous           
tissue (n=270 samples). Similar correlations were observed for other tissues. 
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Supplementary Figure 4: Difference in CAVIAR score between the top eSTR and top eSNP for 
each gene 
 

 
 
For each tissue, the boxplot shows the distribution of differences between the CAVIAR posterior              
score for the best STR and the best SNP for each gene. Data is only shown for genes with                   
FM-eSTRs in each tissue. The numbers of FM-eSTRs identified in each tissue are shown in               
Supplementary Table 1​. The colors of each box correspond to the different tissues (see legend on                
the right). Box plots are defined as in ​Fig 1c. 
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Supplementary Figure 5: Pairwise sharing of effect sizes across tissues 

 
For each discovery tissue (rows), all eSTRs (gene-level FDR<10%) were tested for association in              
each other (replication) tissue (columns). The value in each cell gives the percent of eSTRs that were                 
replicated (​π​1​). An eSTR was considered to be replicated if the eSTR measured effect size ( ​as               β   
defined in ​Methods​) was nominally significantly different from 0 in the replication tissue (two-sided              
p<0.05). The numbers of eSTRs in each tissue are shown in ​Supplementary Table 1​. 
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Supplementary Figure 6: Repeat unit enrichment at FM-eSTRs across all tissues for various             
CAVIAR thresholds. 
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Repeat unit enrichment is shown for FM-eSTRs defined using multiple thresholds for CAVIAR scores              
(>0, corresponding to all eSTRs, >0.3, as used in the main text, or >0.5). The x-axis shows all repeat                   
units for which there are at least 3 FM-eSTRs across all tissues. The y-axis denotes the log​2 odds                  
ratios (OR) from performing a Fisher’s exact test comparing FM-eSTRs to all STRs. Center values               
are the log​2 odds ratios, error bars represent +/-1 s.e. Single asterisks and bolded text denote repeat                 
units nominally enriched or depleted (two-sided Fisher exact test p<0.05). Double asterisks and             
bolded-underlined text denote repeat units significantly enriched after controlling for the number of             
repeat units tested (Bonferroni adjusted p<0.05). Nominally significant repeat units are not denoted in              
the top plot due to difficulty in visualizing them for the large number of repeat units shown. The top                   
plot only includes repeat units for which there are at least 10 FM-eSTRs across all tissues. Per repeat                  
unit sample sizes and Fisher exact statistics are provided in ​Supplementary Table 5​. 
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Supplementary Figure 7: Density​ of RNAPII localization around STRs 
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The y-axis shows the average number of ChIP-seq reads for RNA Polymerase II in 5bp bins centered                 
at STRs within 3kb of any TSS. Black lines denote all STRs, blue lines denote CCG STRs, and red                   
lines denote STRs matching the canonical G4 motif. Dashed lines represent all STRs of each class                
and solid lines represent FM-eSTRs. Plots show read counts in different cell and tissue types. From                
top to bottom: GM12878, human embryonic stem cells, heart, lung, and tibial nerve.  
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Supplementary Figure 8: Nucleosome occupancy around STRs.  
 

 
 
The y-axis denotes the average nucleosome occupancy in 5bp bins centered at STRs in GM12878.               
Black lines denote all STRs found within 3kb of any TSS, blue lines denote CCG STRs, and red lines                   
denote STRs matching the canonical G4 motif. Dashed lines represent all STRs of each class and                
solid lines represent FM-eSTRs. Only STRs within 3kb of a TSS are included.  
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Supplementary Figure 9: GC-rich eSTRs are predicted to modulate DNA secondary structure. 
 

 
 
(​a-b, e-f) Free energy of STR regions. ​Boxplots denote the distribution of free energy for each STR                 
+/- 50bp of context sequence, computed as the average across all alleles at each STR. (​c-d, g-h)                 
Pearson correlation between STR length and free energy. ​Correlations were computed separately            
for each STR, and plots show the distribution of correlation coefficients across all STRs. The dashed                
horizontal line denotes 0 correlation as expected by chance. ​(a) ​and ​(c) ​show results computed using                
the template strand for DNA. ​(b) ​and ​(d) ​show results computed using the template strand for RNA.                 
(e) ​and ​(g) ​show results computed using the non-template strand for DNA. ​(f) ​and ​(h) ​show results                 
computed using the non-template strand for RNA. Nominally significant (Mann Whitney one-sided            
p<0.05) differences between distributions are denoted with a single asterisk. Differences significant            
after controlling for multiple hypotheses are denoted with double asterisks. For each category (free              
energy and Pearson correlation), we used a Bonferroni correction to control for 20 total comparisons:               
comparing all vs. FM-eSTRs separately in each category, comparing CCG vs. all STRs, and              
comparing G4 vs. all STRs, in four conditions (DNA +/- and RNA +/-). Box plots as in ​Fig. 1c​. The                    
numbers of FM-eSTRs in each distribution are shown beneath panel ​a. ​Numbers are identical for ​b-h​. 
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Supplementary Figure 10: Bias in the direction of GC-rich eSTR effect sizes 
 

 
 
The y-axis shows the percentage of FM-eSTRs in each category with positive effect sizes, meaning a                
positive correlation between STR length and expression. White bars denote all STRs in each              
category. Gray bars denote STRs falling within 3kb of the TSS of the gene whose expression it is                  
correlated with. Error bars give 95% confidence intervals. Results are shown for multiple thresholds              
for CAVIAR scores (>0, corresponding to all eSTRs, >0.3, as used in the main text, or >0.5).  
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Supplementary Figure 11: Bias in the direction of eSTR effect sizes 

 
 
The y-axis shows the percentage of FM-eSTRs (n=1,420) in each category with positive effect sizes,               
meaning a positive correlation between STR length and expression. Colored bars represent different             
repeat unit lengths (black=all FM-eSTRs; gray=homopolymers; red=dinucleotides;       
gold=trinucleotides; blue=tetranucleotides; purple=pentanucleotides; green=hexanucleotides). Error     
bars show 95% confidence intervals. Asterisks denote categories that are nominally significant            
(binomial two-sided p<0.05) for having significantly more or less positive effect sizes than expected              
by chance (50%). No category was significant after accounting for multiple hypothesis testing. The              
number of FM-eSTRs in each category and breakdown by repeat unit length are shown in ​Fig. 4a​. 
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Supplementary Figure 12: Characterization of tissue-specific FM-eSTRs 
 

 
FM-eSTRs were clustered by absolute Z-scores computed by mash using K-means (​Methods​). The             
heatmap shows absolute values of Z-scores in each tissue, Z-normalized by row. (Number of genes               
in each cluster: Cluster 1=86, Cluster 2=360, Cluster 3=227; Cluster 4=106, Cluster 5=79, Cluster              
6=98, Cluster 7=186, Cluster 8=278).  
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Supplementary Figure 13: Characterization of tissue-specific eSTR clusters 
 

 
 
Each panel shows the distribution of the absolute value of posterior effect sizes computed by mash in                 
each tissue for the set of FM-eSTRs in each cluster (see Supplementary ​Fig. 12 above). Horizontal                
lines show median values, boxes span from the 25th percentile (Q1) to the 75th percentile (Q3).                
Whiskers extend to Q1-1.5*IQR (bottom) and Q3+1.5*IQR (top), where IQR gives the interquartile             
range (Q3-Q1). The red line shows the mean expression for each x-axis value. (Number of genes in                 
each cluster: Cluster 1=86, Cluster 2=360, Cluster 3=227; Cluster 4=106, Cluster 5=79, Cluster 6=98,              
Cluster 7=186, Cluster 8=278). 
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Supplementary Figure 14: eSTR repeat unit enrichment 

 
 
We evaluated repeat unit enrichment in multiple FM-eSTR groups: all FM-eSTRs combined across             
tissues (similar to ​Fig. 2e​), FM-eSTRs identified per-tissue (see ​Supplementary Table 1 for the total               
number of FM-eSTRs in each tissue), and FM-eSTRs belonging to each cluster (see ​Supplementary              
Fig. 12 for the total number of FM-eSTRs in each cluster). For each group of FM-eSTRs, the                 
heatmap shows the log​2 of the odds ratio computed using a Fisher’s Exact test              
(scipy.stats.fisher_exact). Columns are sorted from highest to lowest enrichment in all FM-eSTRs.            
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Bold boxes indicate enrichments statistically significant (adjusted p<0.05, adjusted separately per row            
for the number of repeat units tested).  
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