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Figure 2. Z-flipon overlaps with orthogonal genomic data. A. Z-flipon overlaps with cCRE. B.Z-839 
flipon overlaps with SNPs from the GWAS catalog. C. Predicted and experimental Z-flipon 840 
overlaps with GWAS QTL SNPs. D. Genes in the OMIM Morbid database with variants that 841 
overlap predicted and experimental Z-flipons. The predicted Z-flipon set caputures118 of the 124 842 
genes with variants overlapping experimentally validated -flipons. E. The many ways that Z-flipons 843 
impact phenotype. 844 
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 846 
Figure 3. A Z-flipon in SCARF2 associates with MED15 expression A. chr22:20,422,162-847 
20,435,040 showing the 3' region of SCARF2 along with SNPs used in the analysis. The position 848 
of predicted and experimentally confirmed Z-flipons are also shown, along with CpG islands. B. 849 
Overlap of eQTL rs874100 with Z-DNABERT Z-DNA prediction C. Computation prediction of the 850 
effect of mutagenesis of each nucleotide in the Z-flipon region. The SNP variant A allele leads to 851 
loss of Z-DNA formation. D. The Z-RNA fold with the Z-DNABERT Z-DNA sequence is shown 852 
below the thick black line. Note that the RNA is transcribed in the reverse direction from the 853 
genome. The SNP minor allele also disrupts the Z-RNA fold. E. chr22:20,415,440-20,518,466 854 
showing both SCARF2 and MED15 genes, along with a microC map from human embryonic stem 855 
cells (HESC), with the blue box highlighting the convergence of the red diagonals that indicate 856 
contacts between rs874100 and the MED15 promoter. The orange bars show the cCRE in the 857 
MED15 promoter that were mapped by the ENCODE consortium. F. SNP eQTL for MED15 858 
showing the normalized effect size (NES) and p-value determined by the GTEX consortium. G. 859 
The haplotypes were scored by adding +1 if a SNP allele was associated with an increase in trait 860 
value and -1 if the value was lower. Haplotype 1 favors Z-DNA formation and is associated with 861 
high MED15 expression while Haplotype 4 has low expression of MED15 and a low propensity to 862 
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form ZNAs. H. The rs2241230 SNP is positioned near an alternative splice site forSCARF2 and 863 
is a sQTL for MED15.  864 
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Figure 4 SMAD1 expression and splicing for rs13144151(A>G) and rs12646702(G>A) A. 867 
Location  of SNPs and splicing isoforms. The exons that are labeled 2, 3 and 4 are associated 868 
with different transcripts. Ater splicing, each transcript is uniquely marked by the presence or 869 
absence of a particular SNP in one of the numbered exons. B The rs13144151(A>G) and the 870 
rs13118865(C>T) SNPs affect expression of SMAD1 mRNA. No QTL data is available for 871 
rs12646702, but it is in linkage disequilibrium with rs13118865 that serves as a surrogate. C. 872 
Haplotypes differ in their expression of SMAD1. The haplotypes were scored by assigning +1 to 873 
the alleles that increased trait values and -1 otherwise. For rs12646702 where no quantitative trait 874 
information is available, both alleles were assigned a value of zero. D. The 5' UTR of SMAD1 in 875 
the vicinity of rs1264670(G>A) showing the Z-DNABERT predicted Z-flipons, experimental Z-876 
flipons, SNPs and an alternatively spliced SMAD1 exon. E. Mapping at nucleotide resolution of 877 
the overlap of Z-DNABERT predictions and rs13144151 F. Z-DNABERT predicted effects of 878 
nucleotide substitutions at this locus showing that the A>G substitution enhances Z-DNA 879 
formation. G. The Z-RNA stem and the effector domain loop containing a splice donor site formed 880 
in the vicinity of rs1314415. The heavy black line corresponds to the Z-flipon sequence predicted 881 
by Z-DNABERT. H. The rs1314415 G allele enables formation of an additional Z-RNA stem that 882 
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is associated with lower expression of the transcript. I. Z-RNA forming stem that includes 883 
rs12646702 is associated with an effector domain that contains CGGG binding sites for the 884 
alternative splicing factor RBM4 indicated by short purple lines , with the heavy black showing the 885 
Z-flipon sequence. The SNP locations are shown along with the rs542771916 indel. 886 
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Figure 5. Z-flipons in (hg38.chr12:1,935,235-2,714,656) in CACNA1 (calcium voltage-gated 890 
channel subunit alpha1 C) affect splicing of DCP1B (decapping mRNA 1B) A. Minor SNP alleles 891 
are associated with decreased splicing of DCP1B transcripts B. Haplotype map of the region that 892 
supports an association between decreased DCP1B splicing and increased body mass index. 893 
The haplotypes were scored by adding +1 to the total if the allele was associated with an increase 894 
in trait value and -1 if the value was lower. The highest and lowest scores are associated with 895 
rs11062091 alleles. C. Location of the alternative DCP1B splice along with the position of all 896 
SNPs. D. The alternatively spliced DCP1B transcript is drawn as an inset to the microC map that 897 
shows contact is present between the SNP locus and the DCP1B genic region, as indicated by 898 
the region boxed in blue. The areas of contact contain chromatin modifications classified as cCRE 899 
by the ENCODE project (orange bars represent enhancers and red bars are for promoters). SNP 900 
positions, simple repeats and both predicted and experimental Z-DNA are shown. The CACNA1C 901 
splice site affected by rs11062091 is upstream (chr12:1967910-1993264) and is currently not 902 
annotated in GENCODE 41. E. Expanded view of Z-DNA in the vicinity of rs11062091 showing 903 
the overlap between the Z-DNABERT predicted and experimentally validated Z-flipon F. Z-904 
DNABERT prediction for the Z-flipon that incorporates rs11062091. G. -DNABERT mutagenesis 905 
shows that single nucleotide variants do not affect the propensity of the rs11062091 Z-flipon to 906 
form Z-DNA. H. Progressively zoomed in views of the dsRNA fold of the transcript from the 907 
rs11062091 region. The A allele of rs11062091 disrupts formation of Z-RNA. The black lines show 908 

.CC-BY 4.0 International licenseavailable under a
(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 

The copyright holder for this preprintthis version posted January 13, 2023. ; https://doi.org/10.1101/2023.01.12.523822doi: bioRxiv preprint 

https://doi.org/10.1101/2023.01.12.523822
http://creativecommons.org/licenses/by/4.0/


the experimental determined regions of Z-DNA formation. Only the rs11062091 Z-flipon 909 
experimentally forms Z-DNA at the locations where the two RNA strands that create the Z-RNA 910 
stem are transcribed from. Multiple Z-RNA prone helices are formed with RNAs transcribed from 911 
regions where Z-DNA formation was not experimentally detected. The short purple lines show 912 
CCUC motifs that could represent CTCF protein binding sites. The RNA fold overlaps the 913 
transcription start site (TSS, chr12:2,052,986) for the shorter CACNA1C transcript as indicated 914 
by the TSS label. A Z-RNA stem/loop effector domain motif resembling those in Figures 3 and 4 915 
is also illustrated with short blue dashes above CGG repeat sequences.  916 
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Figure 6: Nonsynonymous RNA editing of ZNF587B. A ZNF587B locus B ZNF597 isoform-921 
specific RNA edits occur in different exons. C. dsRNA fold showing two classes of editing 922 
substrate D. dsRNA region maps to C2H2 Zinc Finger (ZNF) repeats that have a CX2-4CX12HX2-923 
6H motif (X is any amino acid) and are underlined. The ZNF domains are joined by a seven amino 924 
acid linker that is within the heptad repeat. The gray box lies underneath the Z-DNABERT 925 
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predicted Z-DNA sequence and the blue boxes highlight residues with nonsynonymous edits. The 926 
numbering immediately below the sequence in panel D corresponds to the DNA binding residues 927 
of the α-helix of the ZNF above. E. Heptad repeat folds are highlighted and the Z-RNA prone 928 
sequences are within the red boxes. The arrows indicate AI editing sites. The heavy black line 929 
is above the predicted and experimentally validated Z-flipon sequence. F. Alternative splicing 930 
within chromosome 19 telomeric zinc finger gene cluster (hg38. chr19:57,672,145-57,921,020) 931 
with two of the trans-splicing isoforms displayed in G and H. 932 
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