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Results 

• hnRNP C and U2AF65 Bind at 3’ Splice Sites 
• hnRNP C Competes with U2AF65 Binding 
• hnRNP C Blocks U2AF65 from Continuous U-Tracts In Vitro 
• The hnRNP C-U2AF65 Competition Leads to Exon 

Repression 
• hnRNP C Prevents the Aberrant Exonization of Alu Elements 
• The U-Tracts Facilitate Strong hnRNP C Binding to Alu 

Elements 
• The Competition between hnRNP C and U2AF65 Controls 

Alu Exonization 
• Mutations Disrupting hnRNP-C-Dependent Repression of 

Alu Exons Can Cause Disease 
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hnRNP C and U2AF65 Bind at 3’ Splice 
Sites 



hnRNP C Competes with U2AF65 
Binding 



hnRNP C Competes with U2AF65 
Binding 

(E) U2AF65-binding sites that overlap with a long U-tract show increased U2AF65 
occupancies in the HNRNPC knockdown. The average ratio of U2AF65 
occupancy from HNRNPC knockdown (KD) over control HeLa cells (Ctrl) is shown for 
U2AF65-binding sites that overlap with U-tracts of varying lengths. Error 
bars indicated the 95% confidence interval of the mean. 



(G) Recombinant U2AF65RRM12 shows comparable crosslinking to the wild-type (U10) and mutant (U2CU4CU2) RNA 
oligonucleotides that resemble the upstream U-tract of the Alu exon in the NUP133 minigene (Figure S6). Increasing 
concentrations of U2AF65RRM12 (21 kDa, concentration indicated above in mM) were incubated with radioactively 
labeled wild-type or mutant RNA oligonucleotide (100 nM), UV crosslinked and analyzed by denaturing gel 
electrophoresis. The radioactive signal from the RNA crosslinked to the protein can be observed in the autoradiograph 
(U2AF65RRM12-RNA, top panel). Coomassie staining of the same gel serves as loading control (lower panel). 
(H) Recombinant hnRNP C1 crosslinking is drastically reduced to the mutant RNA oligonucleotide. Experimental setup as 
in (G) but using increasing concentrations of hnRNP C1 (33 kDa, concentration indicated above). Note that in addition to 
the signal derived from hnRNP C1 crosslinked to RNA (hnRNP C1-RNA), an additional crosslinking signal is visible at 
about 65 kDa. This signal is likely derived from two hnRNP C1 proteins crosslinked to one RNA molecule and therefore 
labeled as dimer-RNA. Impurities are indicated by asterisks on the left (* C-terminal truncations of hnRNP C1; ** GST). 



(F) Weblogos showing the relative nucleotide frequency around the summits 
(position 0) of hnRNP-C- and U2AF65-binding sites. 



(I) RNA maps showing the total number of crosslink events of U2AF65 in control 
HeLa (light purple) and HNRNPC knockdown cells (dark purple) relative to the 30 
splice sites of all exons that (i) are repressed and bound by hnRNP C (left), (ii) are 
repressed but not bound by hnRNP C (middle), and (iii) are not subject to any 
regulation in the HNRNPC knockdown (fold change < 1.1; right). The number of 
exons in each category is indicated above. 



(F) Sites of hnRNP C-U2AF65 competition are strongly enriched at deep-intronic locations (p value < 
0.001 compared with all other U2AF65-binding sites, hypergeometric test), in particular at cryptic 
exons and within Alu elements. Pie charts showing the fraction of binding sites located at annotated 
Ensembl exons as well as at deep-intronic positions (subdivided into positions at cryptic exons, within 
Alu elements and other). Graphs are shown from left to right for: all hnRNP C, all U2AF65 binding 
sites, U2AF65 binding sites that overlap with hnRNP C binding, and U2AF65 binding sites that show an 
at least 4-fold increase in occupancy in the HNRNPC knockdown and overlap with hnRNP C 
(competition sites). 



(A) Box plots summarizing the change in normalized expression of Alu exons 
compared to downstream non-Alu exons as well as all exons. 
(B) Pie chart summarizing the regulation of all 1,903 Alu exons detect from 
our RNA-seq data. Upregulated and downregulated exons are further 
subdivided into 
those called by DEXSeq or displaying a more than 2-fold change in the 
HNRNPC knockdown. 
 



(F) Schematic representations of hnRNP C crosslink events per nucleotide (top) and of Alu exon 
locations (bottom) along the Alu consensus sequence. Exons that extend beyond the Alu element 
end with a blue dash. 
(G) Plots depicting the ratio of the cumulative frequencies of U-tracts of a given length (e.g., at least 
five uridines) in exonized Alu elements (red line) compared to nonexonized Alu elements within the 
same genes. Analyses are separately shown for Alu exons from the first or second arm of the Alu 
element (gray rectangle above) as well as for the upstream and linker U-tracts (magnifier icon). 
Nonexonized Alu elements of all other genes (gray line) serve as control. Black dots, p value < 0.05 
(Pearson’s chi-square test). 



(D) The Alu exons arise from canonical splice sites. Weblogos indicating the consensus sequence at 
the 30 and 50 splice sites of the Alu exons. 
(E) Bar diagram summarizing the usage of different 30 (black) and 50 (gray) splice sites in the Alu 
consensus sequence (color coding as for enlarged sequence below). The region around the most 
commonly used 30 splice sites is enlarged below (black arrowheads; the number of exons using 
each splice site is given below the arrowhead). 



The Competition of hnRNP C with U2AF65 at 30 Splice Sites Represses Alu 
Exon Inclusion 



Examples of U2AF65 and hnRNPCBinding at the 3’ Splice Sites of Constitutive or hnRNP-C-Repressed Exons within the CD55 Gene 
(A) Genome browser view of the CD55 gene displaying the iCLIP data (crosslink events per nucleotide) of hnRNP C (blue) and U2AF65 (purple) as well as the RNAseq 
data (overlapping reads per nucleotide; green) from control and HNRNPC knockdown HeLa cells. The red arrowhead marks the hnRNP-C-repressed 
alternative Alu exon. RefSeq transcript annotations (gray) and Alu elements in antisense orientation to the shown strand (orange) are depicted below. 
(B) Enlargement of the genomic region containing the 50 UTR and the first four exons. Red arrowheads mark U2AF65 peaks at 30 splice sites. 
(C) Enlargement of the region around the 3’ splice site of the hnRNP-C-repressed Alu exon (marked in A) including the underlying genomic sequence. The red 
arrowhead marks the site of increased U2AF65 occupancy in the HNRNPC knockdown 



(A) Schematic overview of the minigene including the Alu exon (gray square), intronic regions (black lines), and 
two flanking exons (white squares) from the CD55 gene. The original sequence (WT) as well as the mutated 
sequence surrounding the 3’ and 5’ splice sites (3mut and 5mut, respectively; splice sites marked by 
arrowheads) are depicted below. Introduced point mutations are highlighted in black. 
(B) RT-PCR monitoring inclusion or suppression of the Alu exon in the minigenes with wild-type (WT) or mutated 
sequences (3mut, 5mut) in HNRNPC knockdown (KD1 and KD2) and control HeLa cells (Ctrl). The corresponding 
capillary electrophoresis data is given in a gel-like representation with Alu exon inclusion and suppression 
indicated schematically on the right. 
(C) Average Alu exon inclusion in percent from three replicate RT-PCR experiments. Lines indicate relevant 
comparisons with asterisks representing different levels of significance (*p value < 0.05; **p < 103; Student’s t 
test). Error bars represent SDM. 



hnRNP C Repression of Alu Exonization 
in the PTS Gene Is Relevant for Disease 


