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Introduction

For my PhD, | have been working on vascular endothelial growth factor A (VEGF-A), a system
recently shown to undergo a programmed ribosomal readthrough event, bypassing the stop
codon and creating an extended protein with a frequency of 9-25% [1]. This was the first
example of translation regulation via stop codon readthrough in a human mRNA. Furthermore,
it was the first readthrough event discovered that requires a trans-acting factor, the
heterogeneous nuclear ribonucleoprotein particle (hnRNP) A2/B1.

Here | show that VEGF-A contains a 5’ readthrough signal and a second signal just downstream
of the stop codon. Further, | show that these two signals, separated by 500 nucleotides, are
able to coordinate with each other through hnRNP A2/B1.

The presence of a distal 5’ element conferring ribosomal readthrough is unusual. In
retroviruses, where ribosomal recoding has been studied more extensively, readthrough signals
tend to be localized in the immediately vicinity of the stop codon. While distant downstream
elements conferring to frameshifting in Pea enation mosaic virus [2] and readthrough in Potato
leafroll virus [3] have been studied, to the best of my knowledge, there are no examples of
distant upstream signals.

In this DAC update | show a series of preliminary figures that will go into a publication. Along
with each figure, | describe the main takeaway messages. Italicized text refers to experiments
not yet completed. A proposed timeline for these experiments can be found in the panels where
the resulting data will be shown.

Lastly, | present a series of proposed experiments for my ‘final direction’ toward publication.



Figure 1: VEGF-Ax mRNA contains multiple readthrough signals
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The aim of figure 1 is to show that two signals are required for readthrough of the VEGF-A gene.

1A) Readthrough efficiency was determined using a dual luciferase reporter assay in which a
sequence of interest was cloned between renilla and firefly luciferases on the p2Luc plasmid
[4]. Upon transfection into bovine aortic endothelial cells (BAOEC), readthrough efficiencies
were calculated. In doing so, | was, in agreement with another study [5], unable to reproduce
the 9-25% readthrough previously attributed to the 63 nucleotides of the VEGF-Ax element [1].
Rather, | observed 0.2% readthrough, a ~4-fold increase over the natural leakiness of the UGA
stop codon and Annexin A2 mRNA, a gene with no known readthrough activity. When cloning



the full VEGF-Ax mRNA into p2Luc, | was able to increase readthrough to 1.8%. Interestingly,
the VEGF mRNA lacking the Ax element was able to confer 0.5% readthrough, a 10-fold increase
over natural leakiness. Taken together, these results indicate that the full VEGF-Ax mRNA
contains multiple readthrough signals: a 5’ signal leading to a 10-fold readthrough increase
over natural leakiness and a 3’ signal within the Ax-element leading to an additional 4-fold
increase in readthrough.

1B) Truncation experiments show that an element within the first 100nt is important for
readthrough to occur.

1C) Given that readthrough is dependent upon hnRNP A2/B1 binding in the Ax-element, | used
cross-linking immunoprecipitation (CLIP) to test for additional hnRNP A2/B1 binding sites.

Once | receive my CLIP data, they will be inserted and discussed here. Results are expected any
day as samples were submitted for sequencing on 10/29/2018.



Figure 2: Biochemical analysis of readthrough signals
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The aim of figure 2 is to biochemically analyze the two hnRNP binding sites, site 1 and site 2.

2A) Given the presence of two hnRNP A2/B1 binding sites, a collaborator and | performed DMS-
MaPseq experiments [6] on the full VEGF-A mRNA and focused more closely on sites 1 and 2.
This figure shows the raw population averaged DMS reactivities of these two sites.

2B) Shown are the predicted secondary structures of sites 1 and 2. Highlighted in blue are the
hnRNP binding sites and shown in red is the stop codon involved in readthrough. Interestingly,
the site 1 binding element is occluded in base pairs while chemical probing of site 2 reveals the
presence of a preformed stem-loop (SL-hnRNP) containing the hnRNP binding consensus
sequence. This predicted structure is in agreement with previous studies showing that hnRNPs
of the A and B family tend to bind looped regions of RNA [7].

2C) | synthesized both the 60nt site 1 RNA and 16nt SL-hnRNP of site 2 and performed
isothermal titration calorimetry (ITC) experiments to determine binding affinity between these
RNAs and hnRNP A2/B1. In accordance with previous studies [7, 8], the hnRNP construct used
for binding assay consisted of 2 RNA recognition motifs (RRMs), but lacked the aggregation-
prone C-terminal domain.

For SL-hnRNP, we obtained a binding curve with Kq = 395nM. This Kq is in agreement with
previously published binding affinity of similar sequences [1, 8].

Once completed, the ITC binding curve of site 1 will be added to this figure.



Figure 3: Structural analysis of readthrough signals
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The aim of this figure is to explore the structure of the pre-formed SL-hnRNP and the
differences of protein-bound & unbound RNA using NMR.

3A) Left: In accordance with DMS-MaPseq secondary structure predictions, SL-hnRNP folds into
a stem-loop conformation. Interestingly, two bases within the loop required for hnRNP binding
point out, ready to bind to hnRNP. This is similar to hnRNP A1l binding to an HIV-1 exon splicing
silencer [9].

Middle: Shows the walks used to assign the peaks of this structure.

Right: Will show which peaks shift upon titrating hnRNP A2/B1 RRMs1/2 into SL-hnRNP.

3B) Shows a preliminary walk of site 1, confirming that the hnRNP binding is in a stem-loop
conformation.

The goal for these panels is to track the peaks corresponding to the site 1 hnRNP element during
protein titration. Our hypothesis is that the bases involved in hnRNP binding are base-paired in
the absence of protein (as shown in DMS-MaPseq data in figure 2) and will undergo a chemical
shift in the presence of protein.



Figure 4: Contribution of VEGF-A mRNA toward readthrough
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The aim of this figure is to explore the contribution of the VEGF-A mRNA toward readthrough.

4A) Shown here will be ITC binding curves of the RRM1/2 construct described in figure 2 to
hnRNP binding site mutants of sites 1 and 2.

An initial ITC run of the site 2 mutant (AAsg;TT) indicates that binding is reduced, but not
abolished, in this construcy. This is in accordance with previous studies of binding site mutants



[8] which show that single and double nucleotide mutations do not abolish binding. This
reduced binding also agrees with my in-cellulo data, which show a ~2-fold readthrough
decrease for the same mutants, both at site 1 and site 2.

We predict site 1 ITC curves for AAs;TT to exhibit a similar behavior.

4B) Using the secondary structure predicted through chemical probing, | designed a site 1
mutant which would prevent the hnRNP consensus sequence from forming a stem, making it
more accessible to hnRNP and leading to hyperactive readthrough levels. When testing for
readthrough efficiency of this site 1 hyperactive mutant, | found it to be an ~8-fold increase
over wild-type VEGF levels. This experiment shows that there is cross-talk between the 5’
signal and the stop codon.

Using NMR, we would like to show that the site 1 consensus sequence is no longer base paired
in this hyperactive mutant. Additionally, we would like to show via ITC that the hnRNP is able to
more easily access the binding site.



Figure 5: Contribution of hLnRNP A2/B1 toward readthrough
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The aim of this figure will be to show how the hnRNP contributes toward readthrough.

One data point for this | already have is that the spacing between the stop codon and the site 2
hnRNP binding sequence matters. By increasing the spacing (green highlighted nucleotides),
readthrough drops to levels as if the Ax-element were absent. This is intriguing since the
spacing between the stop codon the hnRNP binding site matches the length of the ribosome
entry channel. One model for this is that the hnRNP, when bound at site 2, leads to ribosome
stalling. | have submitted a sample focusing on this for CryoEM and should hear back before the
end of November.

Here | propose a series of experiments to test the hypothesis that hnRNP A2/B1 dimerizes via
its C-terminal domain upon binding to both site 1 and site 2. As of submitting this report, none
of these experiments have been conducted, but | hope to present some preliminary data during
my DAC. As discussed at my previous DAC, this series of experiments will constitute the final
direction toward wrapping up this project. As such, this is the section where | would appreciate
feedback the most.

e |TC of full-length VEGF-A mRNA with RRMs1/2
I am hoping this experiment will provide us with an n value of binding ratios.
Complete by mid December.

e Pull down assay
| propose to pull down VEGF-A mRNA from bovine endothelial cells after a round of
crosslinking. | have designed a construct that would allow me to pull down VEGF mRNA



using a biotinylated primer and beads. After washing, | would digest the RNA and separate
protein on an SDS-PAGE gel followed by Western blotting against hnRNP A2/B1.
Complete by end of December.

Delete C-terminal domain in tissue culture

| have created constructs which will allow me to overexpress full length hnRNP and
RRMs1/2 in tissue culture. By comparing the effects of overexpressing these two
constructs | hope to circumstantially show the relevance of the C-terminal domain. |
hypothesize that overexpressing RRMs1/2 will show decreased readthrough relative to
overexpressing the full length hnRNP.

Complete by mid December.

DNA-paint

The idea with this experiment is to show that the 5" and 3’ ends of the VEGF mRNA are in
close proximity, which would be expected if hnRNP forms a dimer.

Complete by end of February.
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