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Programmed -1 ribosomal frameshift (-1 PRF) signals are predicted to be 

present in ~10% of eukaryotic mRNA, suggesting a conserved role for -1 PRF 

in eukaryotic mRNA translation. This work focuses on -1 PRF in the 

interleukin 2 receptor gamma (IL2RG) mRNA. IL2RG is a component of 

receptors for six cytokines responsible for lymphocyte proliferation and 

differentiation. Altered expression of IL2RG is linked to immunodeficiency and 

lymphoma. We verified that the IL2RG mRNA has one potential -1 PRF signal 

in exon 3 that stimulates -1 frameshifting and a second in exon 8 that is 

definitively a -1 PRF signal. Both of these signals redirect the ribosome to a 

premature termination codon, suggesting -1 PRF alters IL2RG expression via 

NMD. Testing the effect of cancer patient associated mutations discovered in 



  

the exon 8 -1 PRF signal may elucidate a role for IL2RG -1 PRF in normal 

physiology and pathological phenotypes. 
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Chapter 1: Introduction 

A key step in the “central dogma” of biology is the translation of messenger 

RNA (mRNA) into protein.1 Translation is performed by the ribosome. 

Ribosomes are made up of two major subunits termed the large subunit 

(LSU) and small subunit (SSU). The SSU functions primarily as the decoding 

center of the ribosome, where mRNA and transfer RNA (tRNA) interactions 

occur.2 The tRNA act as an intermediary between mRNA decoding and 

peptide synthesis. The primary function of the LSU is to catalyze peptidyl 

transfer.2 Binding domains formed by the complex of both subunits are 

required for association with tRNA and accessory factors. These tRNA 

binding sites are described in figure 1.3  

An important aspect of protein synthesis is that the ribosome translates the 

mRNA in groups of exactly three nucleotides at a time. These three 

nucleotides, termed a codon, are translated into a single amino acid.4 This 

amino acid is delivered to the ribosome by an aa-tRNA with a matching 

anticodon sequence that base pairs with the mRNA codon. Since the mRNA 

is decoded three bases at a time it gives the ribosome the capacity to 

translate three separate reading frames. Only one of these reading frames, 

termed the open reading frame (ORF), is translated into a functional protein in 

canonical eukaryotic translation. However, organisms have evolved to utilize 

more than one reading frame in order to add an additional layer of regulation 

to protein expression. To understand how the three reading frames can be 
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manipulated to regulate protein expression, it is important to first describe the 

basis for how reading frame is established and maintained. 

 

Establishment of reading frame 

The ribosome established reading frame during the initiation step of 

translation. Canonical eukaryotic translation initiation requires covalent 

modifications to the mRNA; these covalent modifications include addition of a 

5’ 7-methylguanylate triphosphate cap, splicing (unless the mRNA has no 

introns to splice out), and polyadenylation of the 3’ end.5 The mature mRNA is 

Figure 1. Basic structure of the ribosome. 

The large and small subunits form three binding domains for tRNA termed the A, P, 

and E sites. The A site of the ribosome is defined as the site of all aminoacylated-

tRNA (aa-tRNA) binding, except for the initiator methionine-tRNA (met-tRNAi) which 

binds to the P site of the ribosome. During ribosomal elongation the peptidyl-tRNA 

occupies the P site. The elongating polypeptide chain is extruded from the peptidyl 

transferase center through an exit tunnel in the LSU. Figure adapted from source 3. 
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bound by the eukaryotic initiation factor 4F (eIF4F) complex at the 5’ cap and 

by the poly-adenosine binding protein (PABP) at the polyadenylated 3’ end. 

At this point the 43S pre-initiation complex (PIC), consisting of the SSU, 

initiation factors, and the met-tRNAi, interacts with the eIF4F complex and 

starts scanning the mRNA for a translation start site.6,5 The translation start 

site in eukaryotes is defined as an AUG codon flanked by a consensus Kozak 

sequence.7 Once the met-tRNAi binds to a start codon the LSU is recruited to 

the start site and translation elongation begins.8 

Maintenance of reading frame  

After initiating at an AUG start codon the ribosome must maintain the same 

reading frame in order to synthesize the intended protein during elongation. 

This requires specific interactions between the ribosome, accessory factors, 

aa-tRNA, and the mRNA. Addition of a new amino acid to the elongating 

peptide chain starts with base pairing between an incoming aa-tRNA 

anticodon and the mRNA codon in the A site. An important aspect of this 

codon-anticodon base pairing is that only the first two nucleotides from the 5’ 

end of the codon require Watson-Crick base pairing. The third base is termed 

the wobble base since Watson-Crick base pairing is not required for tRNA 

binding.9 This does not generally lead to introduction of the incorrect amino 

acid, however, due to codon degeneracy. Recognition of codon-anticodon 

pairing by the ribosome leads to positioning of the aa-tRNA 3’ end in the 

peptidyl transferase center.10 The ribosome peptidyl transferase center 

catalyzes the transfer of the peptide on the P site tRNA to the A site tRNA.11 
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After peptide transfer the deacylated tRNA and new peptidyl-tRNA translocate 

to the E and P sites respectively.3 

Synthesis of the correct peptide also requires termination of elongation at a 

UAG, UGA, or UAA stop codon in the ORF. These codons do not have 

cognate tRNAs in most cases; the translation of UGA to selenocysteine is an 

example where this is not the case.12 Eukaryotic termination is mediated by 

release factors eRF1 and eRF3, which are hypothesized to mimic tRNA and 

eEF1a respectively.13 eRF1 decodes the termination codon in the A site and 

signals the ribosome to hydrolyze the peptide-tRNA bond. eRF3 is a GTPase 

that binds GTP only when complexed with eRF1. GTP hydrolysis (catalyzed 

by the ribosome) is required for efficient peptide release, yielding a 

polypeptide with the correct sequence needed for further maturation into a 

functional protein.14 One key element that the described canonical 

mechanisms of translation does not take into account is the presence of cis-

acting elements in the mRNA.15 

Programmed -1 Ribosomal Frameshifting 

mRNA cis-acting elements, such as pseudoknots, can alter translational 

fidelity by translational recoding.15 These elements add an additional level of 

regulation during protein synthesis resulting in an altered abundance of full-

length protein product. Cis-acting mRNA elements can induce programmed 

ribosomal frameshifting, translational bypass, and codon redefinition.15 In 

eukaryotes one particular mode of translational recoding is predicted to be 
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highly abundant at approximately 10% of all messages; this recoding 

mechanism is programmed -1 ribosomal frameshifting (-1 PRF).16 

-1 PRF was initially discovered and characterized in lentiviruses as a way to 

translate the gag-pol fusion protein.17 The mechanism of -1 requires specific 

mRNA motifs which include a heptameric “slip site” followed by a short spacer 

region of usually less than 12 nucleotides and a downstream secondary 

structure (shown in figure 2).18 The slip site sequence generally follows the 

format of N NNW WWH (IUPAC notation) where spaces separate codons of 

the in-coming reading frame.18 This slip site allows for movement of the A and 

P site tRNAs in the -1 direction since the non-wobble bases do not change.17 

The downstream secondary structure acts to impede forward movement of 

the ribosome, allowing for kinetic partitioning of the A and P site tRNAs 

Figure 2. Structure of a typical -1 PRF signal.  

The primary elements of a -1 PRF signal are the slip site and the downstream 

secondary structure. A short spacer of under approximately 12 nucleotides may be 
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between the 0 and -1 frames.19 Stimulatory structures are generally 

pseudoknots, but other structures have also been shown to fulfill this role.20 

Three primary models for the mechanism of -1 PRF have been proposed. The 

first model (Pathway II in figure 3) predicts that the -1 frameshift occurs during 

aa-tRNA accommodation in the A site prior to peptidyl transfer. In this model 

the downstream stimulatory structure and binding of the aa-tRNA to codons in 

the A site puts tension on the mRNA. This tension is relieved by de-coupling 

of the A and P site tRNAs which then reposition in the -1 frame.21 Support for 

this model is provided by evidence of lower -1 PRF rates when 

accommodation is inhibited and greater rates of -1 PRF when peptidyl 

transfer is inhibited.19   

The next two models occur during the translocation of tRNAs from the A and 

P sites to the P and E sites. The first co-translocation model (Pathway III in 

figure 3) suggests that incomplete translocation due to steric hindrance of the 

downstream stimulatory structure causes translocation of the tRNAs in the P 

and E sites two base pairs in the 3’ direction.21 This results in the P and E site 

tRNAs positioned in the -1 frame of the slip site. Cryoelectron microscopy 

imaging of a -1 PRF pseudoknot blocking the tRNA exit tunnel provides some 

support for this mechanism.22 The second co-translocation model (Pathway I 

in figure 3) is similar to the first except that the incomplete translocation is 

predicted to occur in the previous cycle.21 This results in the incoming aa-

tRNA to be directed to the -1 frame of the slip site. Evidence for this 

mechanism was shown in experiments where changes in the E site codon 
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sequence of the slip site affected HIV-1 -1 PRF rate.23 Since each of these 

separate mechanisms of -1 PRF have supporting evidence, the mechanism of 

-1 PRF has been termed as a collection of kinetic partitioning events.21 

In viruses the rate of -1 PRF can be of extreme importance for viral 

replication. Altering the rate of -1 PRF in HIV-1 significantly impedes 

replication and altered rates of -1 PRF attenuate severe acute respiratory 

syndrome (SARS)-associated coronavirus infectivity.24,25 This is due to 

altered stoichiometric ratios of the -1 and zero frame translation products. 

The first eukaryotic -1 PRF signals were discovered in the mammalian genes 

Edr and Ma3.26,27 These -1 PRF signals caused translation of a trans-frame 

protein from two overlapping ORFs, similar to viral -1 PRF. Contrary to these 

early findings, a few -1 PRF signals from yeast and the human CCF5 -1 PRF 

signal do not yield a full trans-frame protein.28,29,30 Instead these -1 PRF 

signals lead to recognition of -1 frame termination codons shortly after the -1 

frameshift site. Additional computational analyses of over 25 eukaryotic 

genomes predicted that 8-12% of genes contain at least one potential -1 PRF 

signal.29 Over 99% of these predicted -1 PRF signals do not extend farther 

than 30 codons beyond the -1 frameshift site. The result of premature 

termination codon (PTC) recognition after a -1 PRF event has been examined 

with -1 PRF signals from the yeast EST2, EST1, SCN1, and CDC13 mRNAs 

and the human CCR5 mRNA. 31,30 Reporter constructs containing these -1 

PRF signals were shown to have a decreased mRNA steady-state 

abundance. Additionally, deletion of a factor required for the nonsense-
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mediated decay (NMD) pathway in yeast increased endogenous mRNA 

abundance of EST2, EST1, SCN1, and CDC13.31 A potential link between 

NMD and -1 PRF was also shown with the CCR5 signal. Evidence for this 

was provided by an increase in mRNA steady-state abundance of the CCR5 -

1 PRF signal when three separate NMD factors were knocked down by 

siRNA.30 

 

  

Figure 3. -1 PRF may occur through multiple kinetic partitioning pathways.  

In this figure the ribosome completes two elongation cycles (top), with three alternative 

translation pathways that lead to a -1 frameshift shown below. In pathway I the ribosome 

shifts frame during the first translocation (TL) step, leading to decoding (DC) of a -1 

frame codon. The second pathway to -1 frameshifting occurs during the aa-tRNA 

accommodation (AA) step of the second elongation cycle. A -1 frameshift may also occur 

due to incomplete translocation, as shown in pathway III. Figure from source 21. 
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Nonsense-mediated decay pathway 

The NMD pathway is one of three known mRNA surveillance mechanisms. 

NMD is the best characterized of the three surveillance mechanisms, which 

include non-stop decay (NSD) and no-go decay (NGD). This pathway targets 

polyribosome associated mRNAs where a PTC has been recognized.32 It is 

hypothesized that this pathway is required to prevent synthesis of truncated 

proteins that have potential for negative effects on cellular function.33 The 

NMD pathway is required for development of Drosophila and mammals, 

however this is not the case for yeast and Caenorhabditis elegans.33  

Targets of NMD include mRNA with PTCs that arise from cellular errors (like 

nonsense mutations or erroneous mRNA splicing) or mRNA with upstream 

ORFs (uORFs), translational recoding signals, or particularly long 3’ 

untranslated regions (UTRs).34,35,36,37 NMD is primarily controlled by the 

regulator of nonsense transcript 1, 2, and 3 (UPF1, UPF2, and UPF3) 

proteins which are conserved among eukaryotes. UPF1 is an ATPase 

dependent protein with RNA binding and helicase domains that induces 

dissociation of the ribosome and mRNPs from the mRNA.38 UPF1 also 

recruits exonucleases to degrade the mRNA, with the addition of 

endonucleolytic cleavage in metazoans.39,40,41 The complex of UPF2 and 

UPF3 associates with UPF1 through binding of UPF2 to UPF1.42 This 

interaction is important for activation of the UPF1 helicase domain.43 

In metazoans additional factors are required for NMD. Phosphorylation of 

UPF1 by SMG1 is required in all metazoans to enable recruitment of 
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exonucleases.44 This phosphorylation is inhibited by SMG8 and SMG9 unless 

a downstream EJC is present.45 The phosphorylated UPF1 is capable of 

recruiting SMG6 and a complex of SMG5-SMG7.44 The recruited SMG6 

catalyzes endonucleolytic cleavage between the EJC and the PTC, while the 

SMG5-SMG7 complex associate with UPF1 to promote degradation of the 

mRNA 5’>3’ by Xrn1 and 3’>5’ by the cytoplasmic exosome.41,46 

Two models of NMD have been proposed as mechanisms for UPF1 

activation. The first is the exon junction complex (EJC) dependent model 

(Figure 4A), which has been characterized in mammalian cells. In this model 

stalling of the ribosome at a PTC stabilizes the complex of UPF1-SMG1-

eRF1-eRF3 (SURF).44 UPF1 phosphorylation by SMG1 is promoted by 

association with UPF2 bound to UPF3 at an exon junction complex, which 

needs to be at least 50-55 nucleotides downstream in mammalian cells.47 

This rule of at least 50 nucleotides does not hold true for all mammalian 

transcripts, suggesting that other potential cis-acting factors that induce 

NMD.48 Additionally, evidence of EJC independent NMD has been provided in 

plants, yeast, and metazoans.36,37,49,50  

The faux 3’ untranslated region (UTR) model (Figure 4B) proposes an EJC 

independent way for UPF1 activation. This model posits that specific mRNPs 

in the 3’ UTR are required for normal termination, so when a premature 

termination codon is read this interaction no longer occurs. UPF1 is then 

recruited and activated due to a loss of required interactions between release 
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factors and 3’ messenger ribonucleoproteins (mRNPs) and/or a slow rate of 

dissociation after peptide hydrolysis.51  

 

Based on the mechanism of NMD, it is possible that many of the potential -1 

PRF signals that lead to recognition of a PTC in eukaryotes may be targets of 

NMD. It is important to characterize these potential -1 PRF signals in 

eukaryotes since the -1 PRF signals may be acting as mRNA destabilization 

elements. Evidence in yeast suggests that even small differences in -1 PRF 

Figure 4. Two models of nonsense-mediated decay (NMD) pathway. 

The exon-junction complex (EJC) model (Figure 4A) of NMD posits that the 

UPF2 and UPF3 factors are associated with the EJC, thus an EJC 

downstream of the premature termination codon (PTC) is needed for 

stimulation of NMD. The Faux 3’ UTR model (Figure 4B) posits that factors 

associated with the poly (A) tail inhibit NMD if the ribosome terminates 

nearby. This means that the farther from the 3’ end a PTC is, the more likely 

that mRNA will be a substrate for NMD. Figure adapted from source 33. 
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efficiency can significantly alter mRNA abundance based on exponential 

decreases in mRNA abundance relative to -1 PRF efficiency.31 This evidence 

suggests that altered rates of -1 PRF efficiency for a specific -1 PRF signal 

could have profound effects on mRNA abundance and thus protein 

expression. Altered protein expression due to -1 PRF could potentially disrupt 

cellular signaling pathways. 

Potential role of -1 PRF regulation on IL2RG expression 

It was previously shown that a predicted frameshift signal in the IL2RG mRNA 

at position 1008 from the start codon (Figure 5A) induced -1 frameshifting 

when tested using a bicistronic dual-luciferase reporter (Figure 5C).30 

Evidence of a -1 PRF signal was further supported by ribosome profiling data 

indicating ribosomes paused before the putative slip site (Figure 5B). This -1 

PRF signal results in the recognition of a PTC, however the -1 PRF signal 

and PTC are located in the last exon (based on NCBI NC_000023.11 

sequence). Based on the EJC criteria for NMD alone this PTC recognition 

would not induce NMD. In addition to the signal at 1008 is a second putative -

1 PRF signal at position 354 from the start codon (Figure 6). This potential -1 

PRF signal was not investigated previously, however characterization of this -

1 PRF signal is important because it would lead to recognition of a PTC in 

exon 4 of 8. Further investigation into these -1 PRF signals will provide 

additional information as to whether -1 PRF plays a common role in human 

cells, but this research is particularly important to the study of adaptive 

immunity due to the function of IL2RG. 
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Figure 5. Predicted structure of IL2RG -1 PRF at 1008 and ribosome profiling 

data of IL2RG mRNA. 

The Feynman diagram structure of the IL2RG -1 PRF signal at 1008 in figure 

5A was predicted using the pknots folding algorithm in PRFdb. Ribosomal 

profiling data shows ribosomes paused within 100 nucleotides of the 

predicted -1 PRF signal at 1008 (Figure 5B). Unfortunately the read density 

for the ribosomal profiling is low, warranting possible future ribosome profiling 

analysis of the IL2RG mRNA to determine if a significant number of 

ribosomes stall at the -1 PRF signal. A test of the -1 PRF signal in the 

bicistronic dual-luciferase reporter pJD2034 is shown in figure 5C. This data 

indicates that the minimal -1 PRF signal sequence promotes efficient -1 PRF 

when assayed in HeLa cells. The cells were also treated with siRNA targeted 

against AGO1 or a scrambled control siRNA. Knockdown of AGO1 led to an 

increase in -1 frameshifting of the dual-luciferase reporter. Figures were 

adapted from source 30. 
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Characterized mutations in the human IL2RG gene result in various severe 

combined immunodeficiency (SCID) phenotypes, including the absence of T 

and NK cells and the presence of functionally deficient NK and B cells.52,53,54 

Experiments to show that the IL2RG deficiency is directly responsible for 

SCID were performed in mice. In addition to the human phenotypes, mice 

also had no detectable B cell development.55 

 

 

IL2RG is a key component of the adaptive immune system because it is a 

component of six different cytokine receptors: IL2, 4, 7, 9, 15 and 21.56 IL2RG 

Figure 6.  Predicted structures of a -1 PRF signal at position 354 of IL2RG 

mRNA.  

The Feynman diagrams above are predicted structures of the IL2RG -1 PRF at 354 

folded with the hotknots (A) and nupack (B) folding algorithms in PRFdb. The 

minimum free energy (MFE) of the hotknots structure (A) is -22.84 kcal/mol and the 

z-score is -0.33. The MFE of the nupack structure is -23.1 kcal/mol and the z score is 

13.14.  The pknots folding algorithm was also used to determine if there was a 

predicted structure, however the algorithm was unable to determine a structure. 
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is also X-linked (thus the original disease was termed X-SCID) which means 

that half of the human population is particularly susceptible to disease 

alleles.52 While it is clear that mutations in IL2RG function lead to severely 

impaired lymphocyte replication and differentiation, overexpression of IL2RG 

may have a role in hyperproliferative disease. This is supported by evidence 

of lymphoma development in X-SCID patients undergoing gene therapy to 

replace functional IL2RG using lentiviral vectors.57 Although insertional 

mutagenesis into oncogenic genes could explain this, gene therapy in X-SCID 

model mice with IL2RG led to lymphoma development in a third of the treated 

mice (n=15)  whereas no control-vector-induced mice (n=15) developed 

lymphoma.58 In addition to evidence of dysfunctional IL2RG leading to 

disease, there is also support for a direct correlation between IL2RG 

expression and lymphocyte proliferation. It was discovered in mice lacking 

IL2RG that gene therapy only restored T cell proliferation, however when the 

vector was modified to further increase IL2RG levels NK cell proliferation was 

also restored.59  

Although IL2RG plays a crucial role in human adaptive immunity, current 

knowledge on the regulation of IL2RG expression is lacking. The only known 

mechanism of IL2RG expression regulation is alternative splicing to yield a 

soluble isoform.60 This splicing isoform lacks the transmembrane domain and 

has an alternative C-terminus sequence due to a shift in the open reading 

frame.61 The expression of JAK3, the putative kinase downstream of IL2RG 

signaling, also influences IL2RG expression, however the molecular basis for 
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this is unknown.62,63 Any increase in the understanding of IL2RG regulation 

could be invaluable to our capabilities to treat and identify diseases 

associated with dysregulation of IL2RG expression.  

The potential -1 PRF signal discovered in the IL2RG mRNA is an important 

prospective form of IL2RG regulation that requires further characterization. 

The presence of two predicted -1 PRF signals that would lead to recognition 

of PTCs means IL2RG it a possible target for NMD. -1 PRF induced NMD 

would lead to destabilization of the IL2RG mRNA, and thus reduce IL2RG 

protein abundance. The expression level of IL2RG is directly associated with 

the level of lymphocyte proliferation and differentiation, which in turn is 

important to the function of the adaptive immune system.59 If the -1 PRF 

signals in the IL2RG signal are real and induce NMD, then these signals 

would be important to regulation of IL2RG expression and therefore function 

of the adaptive immune system. In order to determine if IL2RG expression is 

regulated by -1 PRF we aim to (1) test the -1 frameshifting efficiency of the 

basal -1 PRF signal sequence at 354, (2) verify the -1 PRF signal at 1008 by 

sequencing the trans-frame peptide, (3) analyze the effect of mutations 

sequenced from diseased patient tissue on the 1008 -1 PRF signal, and (4) 

test the basal 1008 -1 PRF signal sequence for an mRNA destabilizing effect. 
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Chapter 2: Results 

The IL2RG -1 PRF signal at 354 promotes efficient -1 frameshifting 

In addition to the previously tested -1 PRF signal at 1008, a second -1 PRF 

signal was predicted to be present by the PRFdb at nucleotide 354 after the 

start codon. The predicted structures did not appear to be particularly specific; 

the minimum free energy (MFE) of the structure in Figure 6A was many 

standard deviations higher than the mean of 100 randomized sequence 

MFEs, while the second (Figure 6B) was less than one standard deviation 

lower than the mean of 100 randomized sequence MFEs. Despite this, when 

tested using a bicistronic dual-luciferase reporter containing the -1 PRF signal 

(pJD1671), the average % -1 frameshifting in HeLa cells was 2.98% and in 

HEK293T cells was 1.45% (Figure 5). This sequence induces -1 frameshifting 

at a much higher rate than the predicted frameshift error rate of ~5x10-5 per 

codon.64 
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Figure 7. % -1 frameshifting of IL2RG -1 PRF signals in HeLa cells (A) and 

HEK293T cells (B). 

Measurements of -1 frameshifting were performed with bicistronic dual-luciferase 

reporters. Each data point represents a single biological replicate for each test 

reporter assayed in triplicate. The average read-through firefly/renilla ratios for each 

replicate were used for calculating the % -1 frameshifting. The bars for each reporter 

measured represent the mean and standard deviation. A *P<0.05 in HeLa cells 

(Figure 7A) and ****P<0.0001 in HEK293T cells (Figure 7B) was calculated 

comparing the IL2RG -1 PRF signal at 1008 and its silent slip-site mutant (SSSM) 

using Welch’s unequal variance’s t-test. For the HEK293T cells all replicates were 

performed in cells passaged at least once before passaging onto 24-well plates, 

whereas this was not the case for all of the HeLa cell biological replicates presented. 

 

Disrupting the slip site affects -1 frameshift efficiency of the IL2RG 1008 

-1 PRF signal 

Additional validation of the IL2RG -1 PRF signal at 1008 using the dual-

luciferase assay was accomplished by testing mutations predicted to 
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specifically reduce -1 frameshifting efficiency. Silent mutations were 

introduced into the slip-site of the IL2RG 1008 -1 PRF containing vector 

pJD2034, converting the wild-type slip-site from CCCAAAA to CCCGAAG 

and thus inhibiting tRNA slipping. This conversion reduced the -1 

frameshifting efficiency from an average of 6.01% to 0.14% in HEK293T cells 

(Figure 5B) and from 1.81% to 0.45% in HeLa cells (Figure 5A). Note that for 

the IL2RG -1 PRF signal at 1008 two A nucleotides were added directly after 

the slip site in order to prevent the ribosome from reading into a PTC and still 

synthesize the -1 frame firefly luciferase. Although these additionally 

nucleotides may affect the native -1 PRF signal, the dual-luciferase reporter is 

still useful for testing the basic function of the -1 PRF signal. 

The IL2RG -1 PRF signal at 1008 induces -1 frameshifting at the slip site 

One caveat of testing potential -1 PRF signals with the dual-luciferase assay 

is that the assay does not directly show -1 frameshifting since the output of 

the assay is only luciferase activity. In order to verify -1 frameshifting the 

trans-frame peptide (i.e. the peptide containing the shift from 0 frame coded 

amino acids to -1 frame encoded amino acids) needs to be purified and 

sequenced. This was accomplished by inserting the IL2RG -1 PRF signal 

shortly after the start codon of Escherichia coli β-galactosidase (β-GAL) and 

shifting the β-GAL sequence downstream of the signal to the -1 frame. In this 

manner the β-GAL would only be expressed if a -1 frameshift event occurred, 

thus allowing for affinity purification of β-GAL in order to obtain the trans-

frame peptide. Once again, two nucleotides were required after the slip site in 
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order for the -1 frame β-GAL to be synthesized without reading into a PTC. As 

mentioned previously, this may alter the wild-type function of the -1 PRF 

signal, however the reporter still performs the purpose of determining if the -1 

PRF signal causes -1 frameshifting at the slip site. β-GAL was chosen as an 

affinity tag because it allows for screening of the protein throughout the 

purification process by assaying for β-GAL hydrolysis of o-nitrophenyl-β-

galactopyranoside (ONPG).  

 

Figure 8. LC-MS/MS sequence coverage of IL2RG@1008::β-GAL.  

Sequenced peptides highlighted in green cover 22.3% of the fusion protein. Black 

amino acids are β-GAL sequence. The grey amino acids are a spacer taken from 

Renilla luciferase. The blue amino acids are zero-frame IL2RG and the red amino 

acids are -1 frame IL2RG. 

Once purification of the trans-frame peptide from yeast was accomplished the 

protein sequence was determined by liquid chromatography-tandem mass 

spectrometry (LC-MS/MS). The mass spectrometry sequencing covered 
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22.3% of the total IL2RG::β-GAL fusion protein (Figure 6). A total of 17 

peptides were discovered above a cross-correlation value of 2.10 or an ion 

score above 36 and contained the predicted trans-frame peptide (Figure 7). 

The spectrum with the highest Sequest cross-correlation (4.68) and Mascot 

ion score (44) is shown in figure 8 and highlighted in Figure 7. These values 

indicate that there is no significant difference (p<0.5) between the observed 

and predicted peptide m/z values. y and/or b ions for all fragmentation sites 

were detected except those predicted for the first four and the last two amino 

acids.   

 

Figure 9. Table of all trans-frame peptides sequenced by LC-MS/MS.  

The spectrum for the peptide highlighted in yellow was chosen as a representative 

sample since it had the highest cross-correlation at 4.68 compared with the 

theoretical mass spectrum of the peptide as determined by the Sequest HT (v1.17) 

program. 
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Figure 10. Mass spectrum of the IL2RG -1 PRF at 1008 trans-frame peptide.  

Mass spectrum was obtained by liquid chromatography-tandem mass spectrometry 

(LC-MS/MS). Above the spectrum is the peptide sequence with fragmentation sites 

of b/a and y ions shown. The sequence in blue is zero frame peptide and the 

sequence in red is -1 frame peptide. The number above the methionine is the 

approximate mass addition in Da due to oxidation and the number above the 

cysteines is the approximate mass addition in Da due to carbomidomethylation. The 

m/z, charge, and size of the parent peptide is shown below the spectrum. 

Mutations in the IL2RG 1008 -1 PRF signal are present in cancer patients 

The sequence of the trans-frame peptide induced by the IL2RG -1 PRF signal 

establishes that the signal is real, however the potential role of this -1 PRF 

signal remains to be determined. In order to gain some understanding of the -

1 PRF signals potential role in cells, publicly available IL2RG patient gene 

sequences were mined for mutations within the -1 PRF signal. The goal of 

mining for mutations was to discover potential disease phenotypes, which 

would then indicate potential roles for the -1 PRF signal in cells. The results of 
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mining the Ensembl genome browser for mutations are shown in figure 9. 

Based on this search the only known mutations in the IL2RG -1 PRF signal at 

1008 are associated with either no alternative phenotype or cancer.  

 
Figure 11. Patient mutations found in the IL2RG -1 PRF signal at 1008.  

Mutations were found using the Ensembl database and mapped to the Feynman 

diagram of base pair interactions predicted using the pknots algorithm. All mutations 

that were sequenced from cancer tissue have the cancer type listed below. 

 

Cancer associated mutations reduced -1 PRF efficiency 

Five of the cancer associated single nucleotide polymorphisms (SNPs) in the 

IL2RG -1 PRF signal at 1008 were cloned into the dual-luciferase reporter 

vector and tested for effects on -1 PRF efficiency. The SNPs tested are 

shown in table 1.  
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Table 1. Cancer associated SNPs tested in dual luciferase reporter. 
 

The results of the effect of each SNP on -1 PRF efficiency are shown in figure 

12. There was no significant difference between the wild-type (WT) IL2RG -1 

PRF signal at 1008 and the silent slip-site mutant (SSSM), or WT and any of 

this SNPs. However, there is a visible trend of reduced -1 PRF efficiency 

when the SNP is introduced and previously it was shown that SSSM 

significantly differs from WT. This suggests that more replicates need to be 

performed in order to make any arguments about the data. 

 

 

Reference 
Number 

Ribonucleotide 
Change 

Amino Acid 
Change Plasmid Number 

COSM1558340 C1043A   A348D pJD1539 
COSM1124594 C1036U   P346S pJD1540 
COSM3372325 C1081U P361S pJD1541 
COSM4110798 G1075C   A359P pJD1542 
COSM1124593 G1098A   K366K pJD1543 
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Figure 12. % -1 frameshifting of IL2RG -1 PRF signal at 1008 with cancer 

associated SNPs. 

Measurements of -1 frameshifting were performed with bicistronic dual-luciferase 

reporters. HIV-1 was used as a positive -1 PRF control. Each data point represents a 

single biological replicate for each test reporter assayed in triplicate. The average 

read-through firefly/renilla ratios for each replicate were used for calculating the % -1 

frameshifting. The bars for each reporter measured represent the mean and 

standard deviation. WT refers to the wild-type IL2RG -1 PRF signal at 1008 reporter 

(pJD2034) and SSSM refers to the silent slip-site mutant reporter (pJD1544). The 

five SNP containing reporters are labeled by the ribonucleotide change. 
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Chapter 3: Discussion 

In addition to the IL2RG -1 PRF signal starting at 1008 it appears that a 

second predicted -1 PRF signal starting at nucleotide 354 from the start 

codon can induce efficient -1 frameshifting. This putative -1 PRF signal needs 

further validation before being defined as a -1 PRF signal. Further 

investigation on this 354 -1 PRF signal is important because of a -1 frame 

PTC just downstream of the slip site in exon 4. This -1 frame PTC would be 

predicted to induce efficient NMD based on the EJC model of NMD because it 

is 94 bases upstream of the next splice site (based on NCBI NC_000023.11 

sequence).47 In this way the -1 PRF signal could act as an mRNA 

destabilizing element. 

The IL2RG predicted -1 PRF signal at 1008 can now be defined as a 

canonical -1 PRF signal. This was verified by the LC-MS/MS sequencing of a 

trans-frame peptide resulting from a -1 frameshift at the predicted slip site. 

The mass spectrometry data is supported by the fact that introducing silent 

mutations into the slip site essentially ablates -1 PRF (Figure 5). Further work 

will need to be performed with this -1 PRF signal in order to determine its 

relevance in endogenous IL2RG mRNA. However, efficient -1 PRF induced 

by the basal signal sequence does prove that this sequence has the potential 

to induce efficient -1 PRF in endogenous IL2RG mRNA.  

Interestingly, these -1 PRF efficiencies measured by the dual-luciferase assay 

varied depending on the cell type in which it is assayed. In HEK293T cells the 

-1 frameshifting ranged from 4.97-7.75% while in HeLa cells this efficiency 
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ranged from 0.23-3.50%. Additionally the HeLa cell -1 PRF efficiencies 

reported here are significantly lower than previous data.30 These differences 

in -1 PRF efficiency exemplify the importance of the cellular environment on -

1 PRF rates. One hypothesis that could explain this that the presence of 

trans-acting factors. Future investigation into this possibility is supported by 

research showing an interaction between miR-1224 and CCR5.30  

Unlike the -1 PRF signal at 354, the 1008 -1 PRF signal does not lead to 

recognition of a -1 frame PTC with a downstream EJC, thus indicating that the 

-1 PRF signal may not induce NMD. This prediction is supported by recent 

data suggesting that in humans a downstream EJC is required for efficient 

NMD.65 However, this does not disprove the potential for the IL2RG -1 PRF at 

1008 to act as a destabilization element. This may be possible by induction of 

NMD based on the faux 3’ UTR model, or alternatively induction of the NGD 

pathway due to stalling of the ribosome at the -1 PRF signal’s secondary 

structure.66 This requires further investigation by initial testing of the basal -1 

PRF signal sequence on mRNA stability.    

A search for disease associated mutations in the validated IL2RG 1008 -1 

PRF signal was performed to determine a potential physiological role, thus 

providing future research goals. Only the presence of mutations sequenced 

from patient cancer tissue or SNPs with no known phenotype could be found 

in the -1 PRF signals. The mutations sequenced from patient cancer tissue 

could be due to the mutagenic environment of the cancer tissue itself or 

benign SNPs, however these mutations may also have an oncogenic 
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properties which requires further investigation. The best way to provide 

evidence that the SNPs can be oncogenic is by introducing the SNPs via 

CRISPR-Cas9 into a lymphocyte cell line. Unfortunately these experiments 

are not tractable. 

Another, less direct, route to determine if the mutations have transformative 

potential is to determine if the mutations alter -1 PRF efficiency of the 1008 

signal. The five cancer associated SNPs that were tested all show a visible, 

but not determined significant, decrease in -1 PRF efficiency relative to the 

wild-type IL2RG -1 PRF signal. The reduction in -1 PRF efficiency observed 

could affect expression of IL2RG by either altering the stability of the 

message (a result that still requires testing for the 1008 -1 PRF signal) or by 

altering the stoichiometry between the full-length IL2RG and a dysfunctional 

truncated IL2RG. If mutations in the -1 PRF signal reduced -1 PRF efficiency 

by weakening the stimulatory secondary structure, they could potentially 

either increase mRNA stability based on previous work showing that mRNA 

stability exponentially decreases as a function of -1 PRF efficiency.31 

Alternatively, a decrease in -1 PRF efficiency could lead to an increase in the 

abundance of full-length IL2RG. If the truncated IL2RG protein is 

dysfunctional, then an increase in the amount of full length IL2RG would 

phenocopy increased IL2RG expression. Previous research has shown a 

positive correlation between IL2RG expression and lymphocyte proliferation, 

which may be a risk factor for lymphoma development.59 Evidence for this has 

been shown in X-SCID patients and mouse models in which expression of 
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functional IL2RG led to lymphoma in a subset of patients/mice. 57,58 In 

addition to lymphoma it is also possible for the increased expression of IL2RG 

to lead to cancer in other tissue types through increased inflammation in a 

model similar to Hepatitis C Virus.67 This is supported by the fact that IL2RG 

is a component of pro-inflammatory pathways via interaction with IL7, IL9, 

IL15, and IL21.68,69,70,71 The work described herein provides a framework for 

designing future studies to elucidate the role of IL2RG -1 PRF in normal 

physiological responses and pathological conditions. 
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Chapter 4: Materials and methods 

Plasmid construction 

Plasmids with pJD numbers 1980, 1979, 2001, 1666, 1665, 1544, 1533-1536, 

and 1667-1676 were created using the In-Fusion HD Cloning kit (Clontech). 

gBlocks from IDT were used as inserts for plasmids 1980, 1979, 2001, 1666, 

1665, 1533, and 1534 while plasmids 1544, 1667-1676, 1535, and 1536 were 

created using over-lapping 90 bp oligonucleotides. gBlocks and overlapping 

oligonucleotides were designed to have a Tm of >50°C at all overlapping sites 

and overlap by >15 bp with sites to be joined to. Linear 1980, 1979, 1666, 

1665, and 1533 were generated by digesting with KpnI and XhoI FastDigest 

enzymes (Thermo Fisher). Linear 2001, 1667-1676, and 1544 were digested 

using BamHI and SalI FastDigest enzymes. Linear 1534 was created by 

digestion with AccI and SpeI FastDigest enzymes. Linear 1535 and 1536 

were created by digestion with HindIII and SalI FastDigest enzymes. All 

FastDigest digestions were performed according to the manufacturer 

protocols, however the digestion times ranged from 15 minutes to 3 hours. 

Products from the In-Fusion HD cloning reaction were transformed into the 

Stellar competent cells provided with the In-Fusion HD kit according to 

manufacturer instructions. Transformed cells were plated on LB agar with 

ampicillin (50 μg/mL) for selection. Plasmids were purified from transformed 

cells using the GeneJET Plasmid Miniprep Kit (Thermo Fisher) according to 

manufacturer instructions. Verification of successful clones was done by 

analysis of sequencing performed by GENEWIZ. 
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Plasmids with pJD numbers 1538-1543 and 2094-2099 were generated by 

oligonucleotide-directed mutagenesis using the QuikChange Lightning Site-

Directed Mutagenesis Kit (Agilent). Oligonucleotides for mutagenesis were 

designed to end in at least one G or C, have >15 bases on either side of the 

nucleotide to be mutated, and a GC content of >40%. These oligonucleotides 

are listed in Appendix A. Reactions and transformations were performed 

according to the manufacturer instructions, with the alternative of using the In-

Fusion HD Stellar competent cells for transformation. The plasmid used for 

mutagenesis to make 2094-2099 was pJD1535 and for 1538-1543 is was 

pJD2034. Transformed cells were plated on LB agar with ampicillin (50 

μg/mL) for selection. Plasmids were purified from transformed E. coli using 

the GeneJET Plasmid Miniprep Kit. Verification of successful clones was 

done by analysis of sequencing performed by GENEWIZ. 

Plasmids with pJD numbers 2075-2081 were cloned by conventional 

digestion and ligation methods. In order to remove the SV40 promoter from 

pJD1538-pJD1544 plasmids were digested with FastDigest enzymes KpnI 

and PstI for 1.5 hours. Digested plasmid was run on a 0.8% agarose gel then 

excised and purified using the GeneJET Gel Extraction Kit (Thermo Fisher) 

according to the manufacturer protocol. The CMV promoter was removed 

from pJD2044 using KpnI and PstI as well and purified from agarose gel 

using the GeneJET Gel Extraction Kit. The CMV promoter insert was ligated 

into each of the digested plasmids with the Quick Ligation Kit (NEB). The 

reaction mix consisted of 50 ng of digested plasmid, 19.55 ng of the CMV 
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insert, 10 μL of 2X Quick Ligase Reaction Buffer, and enough nuclease-free 

water to reach a final volume of 20 μL. The mixture was left at room 

temperature for 15 minutes then 5 μL of the mixture was using for 

transforming into Stellar competent cells according to the manufacturer’s 

protocol. Transformed cells were plated on LB agar with ampicillin (50 μg/mL) 

for selection. Successful clones were screened for by diagnostic digestions 

with KpnI and PstI FastDigest enzymes to verify insertion of the CMV 

promoter by size. A second diagnostic digestion was performed with NdeI 

FastDigest enzyme, which was a restriction site unique to the CMV promoter 

to further verify insertions.  

The plasmid pJD2106 was created by Jordan Aoyama in order to generate a 

new version of the rabbit β-blobin mRNA stability reporter. The backbone of 

this plasmid (pTRE3G-BI Clontech) was initially modified by replacement of 

the multiple cloning sites (MCSs) flanking the bi-directional promoter of the 

plasmid with new MCSs. The HindIII site in the promoter region of pTRE3G-

BI was deleted using the QuikChange Lightning Site-Directed Mutagenesis 

Kit (Agilent) and oligonucleotides 48 and 49 (Appendix A). MCS1 was 

digested out of the plasmid using EcoRV and SalI. A new MCS was cloned 

into this linear construct using the In-Fusion HD Cloning kit (Clontech) and the 

overlapping oligonucleotides 50 and 51 (Appendix A). MCS2 was digested 

out of the plasmid using XbaI and EcoRI. A new MCS was cloned into this 

linear construct using the In-Fusion HD Cloning kit (Clontech) and the 

overlapping oligonucleotides 52 and 53 (Appendix A). The rabbit β-globin 
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gene in pJD976 was digested out using SpeI and BglII, gel purified and 

ligated (Quick Ligation kit NEB) into the modified pTRE3G-BI linearized with 

SpeI and BglII. A gblock containing GFP was inserted using the In-Fusion HD 

Cloning kit (Clontech) into the modified pTRE3G-BI linearized with PacI and 

SwaI. Next this modified pTRE3G-BI with β-globin and GFP was digested 

with PciI followed by phosphatase treatment in order to prepare it for addition 

of blunt end adapters that would delete the SspI site upon addition of a 

hygromycin resistance cassette (oligonucleotides 54 and 55 in Appendix A). 

The 5’ phosphorylated adapters were inserted into this linear construct by 

ligation using the Quick Ligation kit (NEB). Finally, a hygromycin resistance 

insert from pSilencer 3.1-H1 hygro was excised by digestion with SspI, then 

ligated into the linear modified pTRE3G-BI with blunt end adapters. The result 

of this ligation was pJD2106. 

In order to create pJD2113-2121 the plasmids pJD1035, 1535-1536, and 

2094-2099 were digested using MlsI and SpeI and the β-globin containing 

insert was gel purified. This insert was ligated into pJD2106 linearized with 

MlsI and SpeI using the Quick Ligation kit (NEB). The pJD1035 insert was 

used to create pJD2113. The pJD1535 and 1536 inserts were used to create 

pJD2114 and 2115 respectively. pJD2094-2099 inserts were used to create 

pJD2116-2121 respectively. Insertions were verified by sequencing 

(GENEWIZ) 

The pJD2044 dual-luciferase reporter with a CMV promoter was created by 

Joseph Briggs as follows. 1ng of the plasmid pCDNA3.1(+) (Invitrogen) was 
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used as template for PCR amplification of the CMV promoter/enhancer using 

the primers listed as 57 and 58 in Appendix A (each at 0.2uM/reaction).  The 

forward primer contains a KpnI restriction enzyme digestion site whereas the 

reverse primer contains a PstI site to allow for subsequent cloning into 

similarly digested plasmids.  PCR was done using DreamTaq Hot Start PCR 

Mastermix (ThermoFisher) using the following cycling parameters:  Step1= 

95C for 2min; Step 2= 95C for 30sec, 60C for 30sec, 72C for 1min and repeat 

Step 2, 24 times.  PCR products were separated on a 1% agarose gel, 

visualized with ethidium bromide under UV light and gel purified using a 

GeneJet agarose gel purification kit (ThermoFisher).  Gel purified PCR 

products were subsequently digested using the restriction enzymes KpnI and 

PstI followed by column purification using a Nucleospin Gel and PCR 

Cleanup kit (Machery-Nagel).  The product was then ligated into a similarly 

digested and gel purified pJD175f plasmid backbone resulting in the plasmid 

pJD2044.  Insertion of the CMV promoter/enhancer was verified by restriction 

digestion and the identity confirmed by DNA sequencing. 

Yeast transformations 

Alkali-cation yeast transformation was used to create strains 1716, 1717, 

1719-1725, and 1752 with the following protocol specifics. Yeast were initially 

grown overnight in 5 mL cultures of YPAD medium. 200-600 μL of cell culture 

was then centrifuged down using a microcentrifuge at 4000xg for 1 min 

followed by a wash with 200 μL of 0.1 M LiOAc/TE. Yeast were resuspended 

in 100 μL of 0.1 M LiOAc/TE. 10-20 μL of salmon sperm ssDNA (denatured at 
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80°C for 5 min) and 500-2000 ng of plasmid DNA were then added to the 

cells and vortexed lightly. 600 μL of a 0.1 M LiOAc/TE solution with 50% PEG 

3350 was then added to the cells and mixed in by light vortexing. The cells 

were given 45 min to an hour to incubate at 30°C before a 7-10 min heat 

shock at 42°C. After heat shock the yeast were spun down by centrifugation 

at 4000xg for 1 min then washed with 1 mL of water. Cells were resuspended 

in 200 μL of water and plated on selective media (-Trp for strains 1716, 1717, 

and 1752; -Ura for all other strains made). Transformed yeast were allowed to 

grow for 1-3 days before a single colony is picked to become the stock strain. 

Yeast strains 1716, 1717, and 1752 successful transformations were verified 

further by β-galactosidase assay, and strains 1716 and 1717 were 

additionally verified by plasmid rescue.  

β-galactosidase (β-GAL) assay 

In order to verify transformations of yeast with any of the pTI25-based 

constructs and to monitor protein abundance during purification the β-GAL 

activity was assayed by colorimetric quantification of ONPG hydrolysis. Intact 

yeast were assayed for β-GAL activity by initially pelleting down 50 μL to 2 

mL of either cell culture or previously concentrated cells and removing the 

supernatant. Cells were then resuspended in 450 μL of cold Z buffer (60 mM 

Na2HPO4, 40 mM NaH2PO4, 10 mM KCl, 1 mM MgSO4, and 50 mM β-

mercaptoethanol). 100 μL of chloroform and 1 μL of 10% sodium dodecyl 

sulfate (SDS) were then added to lyse the cells. For assays performed with 

cell lysate or any downstream steps of β-GAL purification 5-50 μL of the 
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sample was diluted to 500 μL with Z buffer with no addition of chloroform or 

SDS. Once the samples (both intact yeast and post-lysis step sample) are in 

Z buffer they were vortexed vigorously and left to incubate at room 

temperature for >5 min. Next 100 μL of ONPG (4 mg/mL in PBS) was added 

and the reaction time was measured. As a negative control, samples were 

prepared with 100 μL of PBS instead of ONPG. The reaction was quenched 

with 1 M Na2CO3 after the solution turned visibly yellow. The optical density of 

the solution was measured at 420 nm using the negative control as a blank. 

In order to determine the approximate amount of β-GAL in solution the 

OD420/time was plotted against a standard curve for OD420/time as a 

function of ng β-GAL in the reaction. This standard curve was generated 

using Eschericia coli β-GAL (Sigma-Aldritch) at 10, 5, 1, 0.1, and 0.01 ng per 

reaction using the post-lysis β-GAL assay protocol with each concentration of 

β-GAL assayed in triplicate with separate aliquots of dilute protein. 

Mammalian cell culture 

All mammalian cell lines were cultured in a water-jacketed CO2 incubator at 

37°C and 5% CO2. HeLa (ATCC LOT#63226283) and HEK293T (ATCC 

LOT#62729596) cells were grown in Dulbecco’s Modified Eagle’s Medium 

(DMEM) with 4.5 g/L glucose, L-glutamine, and sodium pyruvate (Corning) 

and supplemented with USDA Approved Origin Fetal Bovine Serum 

(Seradigm CAT#1300-050) at 10% and penicillin-streptomycin at 100 

units/mL (Gibco). This media is referred to as DMEM++. HeLa Tet-Off 

(Clontech) were cultured DMEM++ with the addition of G418 at 200 μg/mL. 
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Cells were grown on cell-culture treated T75 flasks, 6 well plates, 12 well 

plates, or 24 well plates. The volume of media used for each culture container 

was 10 mL, 3 mL/well, 1 mL/well, and 0.5 mL/well respectively.  

Cells were maintained by passaging at high confluency. To passage cells 

aliquots of trypsin, PBS, and the appropriate media were incubated in a 37°C 

water bath for >5 min. Old media from the cells was removed by aspiration 

then cells were washed with warm PBS to remove any remaining media. 

Cells were then treated with 5-6 mL of warm trypsin and incubated at 37°C for 

5-10 min. Trypsin inactivation was accomplished by the addition of an equal 

volume of culture medium. Cells were pelleted by centrifugation at 150xg, 

23°C for 5 min. The supernatant was aspirated and cells were resuspended in 

2-4 mL of culture media, depending on the size of the cell pellet. Cell counts 

were performed using a TC20 Automated Cell Counter (Bio-Rad) following 

manufacturer instructions. Cell dilutions were performed as necessary in 

culture media to achieve the correct concentration of cells to be plated. When 

passaging cells into a new T75 flask >1x105 cells were grown in 10 mL of 

culture media. 

Mammalian cell transfections 

HeLa, HEK293T, and HeLa Tet-Off cells were plated in 24 well plates at 

5x104-8x104 cells per well, in a 12 well plate at 8x104 cells per well, or in a 6 

well plate at 1.5x105 cells per well. Cells were transfected at either 24 hours 

or after reaching >70% confluency. All plasmids used for cell transfection 

were purified using the ZymoPURE Plasmid Midiprep Kit (Zymo Research) to 
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obtain large amounts of endotoxin-free plasmid DNA. Cell transfections were 

performed with FuGene HD transfection reagent (Promega) according to the 

manufacturer’s directions. For 24 well plates transfection complexes were 

prepared by diluting 550 ng of plasmid stock to 23.3 μL with non-

supplemented DMEM then mixing with 1.7 μL of FuGene HD transfection 

reagent. For 12 well plates transfection complexes were prepared by diluting 

1 μg of plasmid stock to 37 μL with non-supplemented DMEM, followed by 

addition of 2.95 μL of FuGene HD reagent. Transfection complexes were 

mixed by vortexing, quickly spun down using a microcentrifuge, and then 

incubated for 15 minutes at room temperature. The entire complex volume 

was added to the cells and mixed with the media by rocking back and forth 

gently. 

-1 PRF dual-luciferase assays 

All assays were performed with lysate from transfected HeLa, HEK293T, or 

HeLa Tet-Off cells. All assays were performed using the Promega Dual-

Luciferase Reporter Assay System with specifics as follows. Cells were lysed 

between 24 and 48 hours post-transfection. Prior to lysis cells were washed 

twice with 500 μL of PBS. Lysis was performed by addition of 100-120 μL 1x 

passive lysis buffer per well for 24 well plates or 220 μL for 12 well plates 

followed by vigorous rocking for 5 minutes. Assays were performed using 30 

μL of lysate per well in triplicate using a GloMax Multi Detection System 

luminometer (Promega). 50 μL of each reagent was injected per well with a 

10 sec integration and 2 sec pauses between each read. A minimum of three 
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biological replicates or enough replicates to achieve a normal distribution 

were performed per sample as previously described.72 All reads were 

corrected for background luminescence prior to normalization by subtraction 

of the relative signal intensity measured for each replicates no plasmid 

control. Any corrected reads that were negative (this was only the case for the 

firefly reads of the 1008 IL2RG -1 PRF silent slip-site mutant) were changed 

to zero after normalization for presentation. Differences between test groups 

were determined significant using an unpaired Welch’s unequal variances t-

test. 

Production and purification of IL2RG -1 PRF::β-GAL fusion protein from 

yeast 

The yeast strain yJD1717 was created by transformation of yJD1370 with 

pJD1980. Six 5 mL culture tubes containing defined medium lacking 

tryptophan (-Trp) were inoculated with yJD1717 and grown overnight in a 

30°C shaker incubator at 250 rpm. The next day each single culture tube was 

used to inoculate a single 2 L baffled flask containing 500 mL of the -Trp 

media and grown overnight in a 30°C shaker incubator at 250 rpm. Once the 

yeast culture had reached a concentration of 8-9x107 cells mL-1 the cells were 

spun down at 4000xg for 10 minutes at 4°C then washed with an equal 

volume of phosphate buffered saline (PBS) to cell mass. Cells were 

resuspended in an equal volume of lysis buffer (8 mM Na2HPO4, 2 mM 

NaH2PO4, 0.2 M NaCl, 1 mM phenylmethane sulfonyl fluoride (PMSF), 1 mM 

dithiothreitol (DTT), and 1% dimethyl sulfoxide (DMSO)) and lysed by 
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vortexing cells with 0.5 mm glass beads (1 mg beads per 1 mg cells) for 1 

hour at 4°C. The lysate was separated from the beads then the beads were 

washed twice with 10 mL of lysis buffer to recover more lysate. The lysate 

was cleared of debris by centrifugation first at 4000xg, 4°C for 10 min, then at 

45000xg, 4°C for 1 hour. The final supernatant was then incubated with 1 mL 

of 4-Aminophenyl-β-D-thiogalactopyranoside-Agarose 4B affinity beads 

(Sigma-Aldritch) overnight at 4°C with light rocking (~0.5 intervals sec-1). After 

overnight incubation the lysate plus affinity bead slurry was run through a 10 

mL polypropylene column (Thermo Scientific). The affinity beads collected in 

the column were then washed twice with 50 mL of wash buffer (8 mM 

Na2HPO4, 2 mM NaH2PO4, and 0.2 M NaCl). Elution was performed by 

incubation of the affinity beads with 5 mL volumes of elution buffer (0.1 M 

Na2B4O7, pH 10.0) at 4°C for 1.5 hours in the capped column. Following the 

incubation period the eluent was ran through the column and collected. 

Concentration of the eluate and buffer exchange with PBS was performed 

using Ultracel-50K filter units (Amicon) and centrifugation at 4000xg, 4°C for 

10 min. Further separation of the IL2RG -1 PRF::β-GAL fusion protein from 

contaminating protein was accomplished by an 8% SDS-PAGE. A band at the 

expected size of 124 kDa was excised from the gel and sent to Dr. Yan Wang 

at the UMD Proteomics Core Facility for in-gel digestion and mass 

spectrometry analysis. 
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In-gel digestion of IL2RG -1::β-GAL and peptide extraction 

The polyacrylamide gel band at ~124 kDa was sliced to pieces of ~ 1 mm3 

and de-stained by washing twice with 200 µL 50% acetonitrile (ACN) in 50 

mM Tetraethylammonium bromide (TEAB). Disulfide bridge reduction was 

performed by first dehydrating with 200 μL of ACN then incubation in 200 μL 

of 50 mM DTT in 50 mM TEAB at 55°C for 30 min. Alkylation was performed 

by dehydrating a second time with another 200 μL ACN and then incubation 

with 200 μL of 55 mM iodoacetamide (IAA) in 50 mM TEAB at room 

temperature in the dark for 60 min. Digestion of the protein in-gel was 

performed by dehydrating the gel again in 200 μL ACN followed by incubation 

with 10 µL of 200 ng/µL Glu-C (Promega) covered with 50 µL 0.1 M TEAB at 

35°C overnight. After the overnight digestion the aqueous solution containing 

solubilized peptides was collected. The gel fragment was then extracted first 

with 50 μL of water and second with 50 μL of a 70% ACN and 0.5% 

triflouroacetic acid (TFA) solution. All extracts were combined and 

concentrated under vacuum to 10 μL. This concentrate was then diluted with 

50 μL of Solvent A (2.5% ACN, 0.1% formic acid) and 2 μL 10% TFA.  

LC-MS/MS analysis of IL2RG -1PRF::β-GAL fusion protein  

20 μL of the peptide sample was loaded into a 0.3 x 5 mm C18 PepMap 100 

u-precolumn (Thermo Scientific) and trapped at 5 μL/ min with 100% Solvent 

A (2.5% ACN, 0.1% formic acid) before being eluted and separated by a 75 

μm x 25 cm Acclaim PepMap 100 nano column.. Elution was performed with 

a gradient of 2-40% Solvent B (70% ACN 0.1% formic acid) over 150 min. 
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Mass spectra were acquired with an Orbitrap Fusion Lumos mass 

spectrometer (Thermo Scientific) at a resolution of 120,000 (m/z = 200) with a 

scan range of 400-1600 m/z. Precursor ions with a positive charge of 2-7 and 

a signal intensity above 50,000 units were selected for MS/MS. Data 

dependent MS/MS was carried out with cycle times of 3 sec and dynamic 

exclusion (one repeat count after 20 seconds).  

LC-MS/MS data analysis 

The sequence of the IL2RG -1 PRF::β-GAL fusion protein was added to a 

common contaminant database originally compiled by the Max Planck 

Institute of Biochemistry at Martinsried. The search for the trans-frame 

containing peptide was carried out using Sequest HT and Mascot search 

engines in the Proteome Discoverer (v. 2.0) program against the modified 

common contaminant database and the yeast protein database. The search 

was set to find peptides digested with Glu-C. Precursor mass tolerance was 

set to 20 ppm for the search but later filtered to 5 ppm in report. Fragment 

mass tolerance was set to 0.6 Da. Maximum of 1 missed cleavage was 

allowed in the search. Carbomidomethylation of cysteine was set as fixed 

modification. Deamidation of asparagine and glutamine, methionine oxidation, 

and protein N-terminal acetylation were set as variable modifications.  
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Appendix A: Table of oligonucleotides used for cloning, sequencing 

primers, and qPCR primers 

 
Primer 

# Oligonucleotide sequence (5’3’) Oligonucleotide 
description 

1 

tcatacaaaatgacttctaggatcctcgagcatttttcgcaagaagat
gcacctgatgaaatgggaaaatatatcaaatcgttcgttgagcgagt
tctcaaaaatgaacaaatgtcgaccccaaaatcggaggggccctt
ggggaggggcctggggcctccccatgcaaccagcatagccccta 
ctgggcccccccatgttacaccctaaagcctgaaaccggtaccgat
cccgtcgttttacaacgtcgt 

Gblock used to 
create pjd1980 

2 

tcatacaaaatgacttctaggatcctcgagtcatttttcgcaagaaga
tgcacctgtgaaatgggaaaatatatcaaatcgttcgttgagcgagtt
ctcaaaaatgaacaaatgtcgacaccaagaaaaaatttaaatgtg
agttcaatcctgaaagtttcctggactgccagattcatagggtggatg
acattcaagctagagatgaagtggaaggttttctgcaagatacgtttc
ctcagcaaggatccttcaacttccctgagctcggtaccgatcccgtc
gt 

Gblock used to 
create pjd1979 

3 

cgttgagcgagttctcaaaaatgaacaaatgtcgaccccaaactca
ggggcctcgtctgtctccctagttccctctctgggcctcccctcagacc
agacccccagcttatgtcctgggctggccagtggaccccctggagc
cccggatcccccggggagctcatggaagacgccaaaaacataa
agaaaggcccggcgccattc 

Gblock used to 
create pjd2001 

4 

attcatacaaaatgacttctaggatcctcgagcatttttcgcaagaag
atgcacctgatgaaatgggaaaatatatcaaatcgttcgttgagcga
gttctcaaaaatgaacaaatgtcgacaaaaaatgtggtgagctgga
ggctacttccgccttcttagcgtctggtcagagagctgatggatatcc
catttggtcccgacaagatgacatagatttgcaaaaaggtaccgat
cccgtcgttttacaacgtcgt 

Gblock used to 
create pjd1666 

5 

attcatacaaaatgacttctaggatcctcgagcatttttcgcaagaag
atgcacctgatgaaatgggaaaatatatcaaatcgttcgttgagcga
gttctcaaaaatgaacaaatgtcgacgggaaaacaggggagggg
gtgagggaaacccacgacgacccagcccgcgggaggccgggc
tccgcaaagcgctactcccgctcagacaaacgaaggaatcgctac
cgcaccggtaccgatcccgtcgttttacaacgtcgt 

Gblock used to 
create pjd1665 

6 aaccaagggggtggtttagt 

Forward 
sequencing 
primer for pti25 
inserts 

7 attcaggctgcgcaactgtt 

Reverse 
sequencing 
primer for pti25 
inserts 
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8 

attcatacaaaatgacttctaggatcctcgagcatttttcgcaagaag
atgcacctgatgaaatgggaaaatatatcaaatcgttcgttgagcga
gttctcaaaaatgaacaaatgtcgacaaaaaagaccagaagtgg
actgtagaagaaagcgagtgggtcaaggctggagtgcagaaata
tggggaaggaaactgggctgccatttctaaaaattacccatttgttac
aggtaccgatcccgtcgttttacaacgtcgt 

Gblock used to 
create pjd1533 

9 gcgagttctcaaaaatgaacaaatgtcgacttttttcttctgtcgctctgt
tggtcatcttggcctgtgtgttatggaaaaaaaggatta 

Forward 
oligonucleotide 
used to create 
pjd1676 

10 gctccccgggggatccgttccagagtcttcttatgatcggggagact
gggccatacgataggcttaatcctttttttccataacacacag 

Reverse 
oligonucleotide 
used to create 
pjd1676 

11 gcgagttctcaaaaatgaacaaatgtcgacaaaaaaggagatcc
acctctaccaaacatttgttgttcagctccaggacccacgggaacc 

Forward 
oligonucleotide 
used to create 
pjd1671 

12 gctccccgggggatcccggatcaccagattctgcagttttagcatct
gtgtggcctgtctcctgggttcccgtgggtcctggagc 

Reverse 
oligonucleotide 
used to create 
pjd1671 

13 
gcgagttctcaaaaatgaacaaatgtcgacctaaccccaaaatcg
gaggggcccttggggaggggcctggggcctccccatgcaaccag
c 

Forward 
oligonucleotide 
used to create 
pjd1669 

14 gagctccccgggttaggatccggtttcaggctttagggtgtaacatg
ggggggcccagtaggggctatgctggttgcatggggaggcccc 

Reverse 
oligonucleotide 
used to create 
pjd1670 

15 catgagctccccgggggatccggtttcaggctttagggtgtaacatg
ggggggcccagtaggggctatgctggttgcatggggaggcccc 

Reverse 
oligonucleotide 
used to create 
pjd1667-1669 

16 
gcgagttctcaaaaatgaacaaatgtcgaccccaaaatcggagg
ggcccttggggaggggcctggggcctccccatgcaaccagcata
gc 

Forward 
oligonucleotide 
used to create 
pjd1667 and 
pjd1670 

17 ctcaaaaatgaacaaatgtcgacctaaccaaaaaatttaaatccgt
gagtttcaatcctgaaagtttcctggactgccagattcataggg 

Forward 
oligonucleotide 
used to create 
pjd1674 
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18 gttctcaaaaatgaacaaatgtcgacaaagaacttgaatccgtgag
tttcaatcctgaaagtttcctggactgccagattcatagggtgg 

Forward 
oligonucleotide 
used to create 
pjd1673 

19 gttctcaaaaatgaacaaatgtcgacaaaaaatttaaatccgtgagt
ttcaatcctgaaagtttcctggactgccagattcatagggtgg 

Forward 
oligonucleotide 
used to create 
pjd1672 

20 gctccccgggggatccgggaaacgtatcttgcagaaaaccttcca
cttcatctctagcttgaatgtcatccaccctatgaatctggcagt 

Reverse 
oligonucleotide 
used to create 
pjd1672-pjd1674 

21 
gtgaggagaagtctgcgtcgaccccgaagggaggggcccttggg
gaggggcctggggcctccccatgcaaccagcatagcccctactgg
g 

Forward 
oligonucleotide 
used to create 
pjd1536 

22 cccacagggcagtgaccaagcttgtggtttcaggctttagggtgtaa
catgggggggcccagtaggggctatgctggttgcatggggagg 

Reverse 
oligonucleotide 
used to create 
pjd1535 and 
pjd1536 

23 
gtgaggagaagtctgcgtcgaccccaaaaggaggggcccttggg
gaggggcctggggcctccccatgcaaccagcatagcccctactgg
g 

Forward 
oligonucleotide 
used to create 
pjd1535 

24 

ctcggtacccggggatcctctagactagtcccaaaacagacagaa
tggtgcatctgtccagtgaggagaagtctgcgtcgacgaagacgcc
aaaaacaagcttggtcactgccctgtggggcaaggtgaatgtgga
agaagttggtggtgaggccctgggcaggttggtatcctttttacagca
caacttaatgagacagatagaaactggtcttgtagaaacagagtag
tcgcctgcttttctgccaggtgctgacttctctcccctgggctgttttcattt
tctcaggctgctggttgtctacccatggacccagaggttc 

Gblock used to 
create pjd1534 

25 gcaaccagcatagcccctactggccccccccatgttacaccc 

Forward 
oligonucleotide 
used to make 
pjd1542 and 
pjd2098 

26 gggtgtaacatggggggggccagtaggggctatgctggttgc 

Reverse 
oligonucleotide 
used to make 
pj1542 and 
pjd2098 
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27 ggaggggcctggggactccccatgcaacc 

Forward 
oligonucleotide 
used to make 
pjd1539 and 
pjd2095 

28 ggttgcatggggagtccccaggcccctcc 

Reverse 
oligonucleotide 
used to make 
pjd1539 and 
pjd2095 

29 ccccgggggatccggtttcaggttttagggtgtaacatgggggg 

Reverse 
oligonucleotide 
used to create 
pjd1543 

30 ccccccatgttacaccctaaaacctgaaaccggatcccccgggg 

Forward 
oligonucleotide 
used to create 
pjd1543 

31 ccggtttcaggctttagggtgtaacatgagggggcccagtaggggc 

Reverse 
oligonucleotide 
used to create 
pjd1541 

32 gcccctactgggccccctcatgttacaccctaaagcctgaaaccgg 
Forward oliog 
used to create 
pjd1541 

33 ggggaggccccagacccctccccaaggg 

Reverse 
oligonucleotide 
used to create 
pjd1540 and 
pjd2096 

34 cccttggggaggggtctggggcctcccc 

Forward 
oligonucleotide 
used to create 
pjd1540 and 
pjd2096 

35 ggaggggcctggggcatccccatgcaaccagc 

Forward 
oligonucleotide 
used to create 
pjd1538 and 
pjd2094 

36 gctggttgcatggggatgccccaggcccctcc 

Reverse 
oligonucleotide 
used to create 
pjd1538 and 
pjd2094 
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37 ttctcaaaaatgaacaaatgtcgaccccgaagaaggaggggccct
tggggaggggcctggggcctccccatgcaaccagcatagccccta 

Forward 
oligonucleotide 
used to create 
pjd1544 

38 atgagctccccgggggatccggtttcaggctttagggtgtaacatgg
gggggcccagtaggggctatgctggttgcatggggaggcccca 

Reverse 
oligonucleotide 
used to create 
pjd1544 

39 agaagaacggcatcaaggtga 
Forward qpcr 
primer for egfp in 
pjd1033 

40 cggactgggtgctcaggtag 
Reverse qpcr 
primer for egfp in 
pjd1033 

41 gtgaactgcactgtgacaagc 

Forward qpcr 
primer for rabbit 
beta-globin in 
pjd976 based 
plasmids 

42 atgatgagacagcacaataaccag 

Reverse qpcr 
primer for rabbit 
beta-globin in 
pjd976 based 
plasmids 
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cgtacgtgatgttcacc 

Dual-luciferase 
multiple cloning 
site sequencing 
primer 

43 gcccctactgggccccctcatgttacaccctaaagcctgaaacc 

Forward 
mutagenic 
oligonucleotide 
for making 
pjd2097 

44 ggtttcaggctttagggtgtaacatgagggggcccagtaggggc 

Reverse 
mutagenic 
oligonucleotide 
for making 
pjd2097 

45 ccccatgttacaccctaaaacctgaaaccacaagcttggtc 

Forward 
mutagenic 
oligonucleotide 
for making 
pjd2099 
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46 gaccaagcttgtggtttcaggttttagggtgtaacatgggg 

Reverse 
mutagenic 
oligonucleotide 
for making 
pjd2099 

47 catagaagacaccgggaccgat 

Forward 
sequencing 
primer for pjd976 
based plasmids 

48 cagtgatagagaacgtataacctttaggcgtgtacggtgggc 

Forward 
oligonucleotide 
used to destroy 
unique hindIII 
site in pTRE3G-
BI 

49 gcccaccgtacacgcctaaaggttatacgttctctatcactg 

Reverse 
oligonucleotide 
used to destroy 
unique hindIII 
site in pTRE3G-
BI 

50 tcgaagcggccgcactttactagtcacaacgatcgcagaaggatc
ccgtat gctagctttcccctgcagg 

Forward 
oligonucleotide 
used to replace 
pTRE3G-BI 
MCS1 with new 
multiple cloning 
site 

51 cctgcaggggaaagctagcatacgggatccttctgcgatcgttgtga
ctagtaaagtgcggccgct 

Reverse 
oligonucleotide 
used to replace 
pTRE3G-BI 
MCS1 with new 
multiple cloning 
site 

52 ctaggttaattaagcataagtactggtgtatttaaatc 

Forward 
oligonucleotide 
used to replace 
pTRE3G-BI 
MCS2 with new 
multiple cloning 
site 
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53 aattgatttaaatacaccagtacttatgcttaattaac 

Reverse 
oligonucleotide 
used to replace 
pTRE3G-BI 
MCS2 with new 
multiple cloning 
site 

54 

ctgattatgatcctcctaggatttaaattacgaatggagagcgacga
gagcggcctgcccgccatggagatcgagtgccgcatcaccggca
ccctgaacggcgtggagttcgagctggtgggcggcggagagggc
acccccgagcagggccgcatgaccaacaagatgaagagcacc
aaaggcgccctgaccttcagcccctacctgctgagccacgtgatgg
gctacggcttctaccacttcggcacctaccccagcggctacgagaa
ccccttcctgcacgccatcaacaacggcggctacaccaacacccg
catcgagaagtacgaggacggcggcgtgctgcacgtgagcttcag
ctaccgctacgaggccggccgcgtgatcggcgacttcaaggtgat
gggcaccggcttccccgaggacagcgtgatcttcaccgacaagat
catccgcagcaacgccaccgtggagcacctgcaccccatgggcg
ataacgatctggatggcagcttcacccgcaccttcagcctgcgcga
cggcggctactacagctccgtggtggacagccacatgcacttcaa
gagcgccatccaccccagcatcctgcagaacgggggccccatgtt
cgccttccgccgcgtggaggaggatcacagcaacaccgagctgg
gcatcgtggagtaccagcacgccttcaagaccccggatgcagatg
ccggtgaagaataacgcagttaattaacaattctccaggcgatctg
a 

Gblock used to 
add GFP into the 
pTRE3G-BI 
plasmid as part 
of the 
construction of 
pJD2106 

55 catgggatagggattcgggt 

Forward blunt 
end adapter 
ligated used to 
create an 
insertion site for 
a hygromycin 
resistance gene 

56 acccgaatccctatcc 

Reverse blunt 
end adapter 
ligated used to 
create an 
insertion site for 
a hygromycin 
resistance gene 

57 actgtcggtacccagatatacgcgttgacattgattattgac 

Forward primer 
used to amplify 
the CMV 
promoter from 
pCDNA3.1 
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58 act gtc ctg cag gcc agt aag cag tgg gtt ctc tag 

Reverse primer 
used to amplify 
the CMV 
promoter from 
pCDNA3.1 

 
  

Table 2. Oligonucleotides used for cloning, sequencing primers, and 

qPCR primers 
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Appendix B: Table of plasmids made or used 

Plasmid 
Number 

Backbone 
plasmid Description 

pTI25 pSB3/pBR32273 Yeast plasmid with lacZ and LEU2 

pJD175f p2luci74 p2luci Bicistronic dual-luciferase reporter read-
through control (Reference) 

pJD187.wt pJD175f HIV-1 -1 PRF signal in Dual-luciferase reporter 
used as a positive control 

pJD1800 pJD175f 

Homo sapiens IL2RG -1 PRF@1008 (NCBI ref 
# (NCBI ref # NM_000206.2) in Dual-luciferase 
reporter (contains an AA nucleotide spacer 
after slip-site to prevent reading into -1 PTC) 

pJD976 pTRE-Rβ75 pTRE-Rβ from G. Brewer lab mRNA stability 
reporter read-through control  (Reference) 

pJD1035 pJD976 mRNA stability reporter -1 premature 
termination codon control30 

pJD1033 pEGFP pEGFP from Clontech 

pJD1636 N/A 
PSF-TEFI-TPI1-BETAGAL-URA3 - BETA 
GALACTOSIDASE YEAST PLASMID from 
Sigma (cat# OGS544-5UG) 

pJD2034 pJD175f 

Homo sapiens IL2RG -1 PRF@1008 (NCBI ref 
# NM_000206.2) in Dual-luciferase reporter 
(contains a TC nucleotide spacer after slip-site 
to prevent reading into -1 PTC) 

pJD1980 pTI25 Homo sapiens IL2RG -1 PRF@1008 (NCBI ref 
# NM_000206.2) in β-galactosidase reporter 

pJD1979 pTI25 Homo sapiens IL7RA -1 PRF@874 (NCBI ref # 
NM_002185.3) in β-galactosidase reporter 

pJD2001 pJD175f 
Homo sapiens CSF2RB (IL3RB) -1 PRF@2160 
(NCBI ref # NM_000395.2) Dual-luciferase 
reporter 

pJD1666 pTI25 
Homo sapiens TERF2IP -1 PRF@1011 (NCBI 
ref # NM_018975.3) signal in β-galactosidase 
reporter 

pJD1665 pTI25 Homo sapiens SMG6 -1 PRF@660 (NCBI ref # 
NM_017575) signal in β-galactosidase reporter 

pJD1533 pTI25 Homo sapiens TERF2 -1 PRF@1461 (NCBI ref 
# NM_005652.4) in β-galactosidase reporter 

pJD1676 pJD175f Homo sapiens IL7RA -1 PRF@747 (NCBI ref # 
NM_002185.3) in dual-luciferase reporter  

pJD1671 pJD175f Homo sapiens IL2RG -1 PRF@354 (NCBI ref # 
NM_000206.2) in dual-luciferase reporter  
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pJD1669 pJD175f 
Homo sapiens IL2RG -1 PRF@1008 (NCBI ref 
# NM_000206.2 out of frame control for 
pJD1667   

pJD1670 pJD175f 
Homo sapiens IL2RG -1 PRF@1008 (NCBI ref 
# NM_000206.2) -1 frame premature 
termination codon control for pJD1667  

pJD1667 pJD175f 
Homo sapiens IL2RG -1 PRF@1008 (NCBI ref 
# NM_000206.2) in pJD175f dual-luciferase 
reporter (re-cloned version of pJD1800) 

pJD1668 pJD175f 
Homo sapiens IL2RG -1 PRF@1008 (NCBI ref 
# NM_000206.2) silent-slip site mutant control 
for pJD1667 

pJD1672 pJD175f 
Homo sapiens IL7RA -1 PRF@874 (NCBI ref # 
NM_002185.3) in dual-luciferase reporter 
(different clone form pJD1800) 

pJD1673 pJD175f 
Homo sapiens IL7RA -1 PRF@874 (NCBI ref # 
NM_002185.3) silent-slip site mutant control for 
pJD1672 

pJD1674 pJD175f 
Homo sapiens IL7RA -1 PRF@874 (NCBI ref # 
NM_002185.3) out of frame control for 
pJD1672  

pJD1675 pJD175f 
Homo sapiens IL7RA -1 PRF@874 (NCBI ref # 
NM_002185.3) -1 frame premature termination 
codon control for pJD1672 

pJD1536 pJD1534 
Homo sapiens IL2RG -1 PRF@1008 (NCBI ref 
# NM_000206.2) silent slip-site mutant  in exon 
1 of β-globin 

pJD1535 pJD1534 Homo sapiens IL2RG -1 PRF@1008 (NCBI ref 
# NM_000206.2)  in exon 1 of β-globin 

pJD1534 pJD976 Same as pJD976 except as restriction sites 
inserted into exon 1 of β-globin for cloning 

pJD1538 pJD2034 

Homo sapiens IL2RG -1 PRF@1008 (NCBI ref 
# NM_000206.2) with CA (note that this was 
incorrectly cloned and should be a CT)  
COSM3670280 mutation in pJD175f Dual-
luciferase reporter  

pJD1539 pJD2034 
Homo sapiens IL2RG -1 PRF@1008 (NCBI ref 
# NM_000206.2) with CA  COSM1558340 
mutation in pJD175f dual-luciferase reporter 

pJD1540 pJD2034 
Homo sapiens IL2RG -1 PRF@1008 (NCBI ref 
# NM_000206.2) with CT COSM1124594 
mutation in pJD175f dual-luciferase reporter 

pJD1541 pJD2034 
Homo sapiens IL2RG -1 PRF@1008 (NCBI ref 
# NM_000206.2) with CT COSM3372325 
mutation in pJD175f dual-luciferase reporter 
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pJD1542 pJD2034 
Homo sapiens IL2RG -1 PRF@1008 (NCBI ref 
# NM_000206.2) with GC COSM4110798 
mutation in pJD175f dual-luciferase reporter 

pJD1543 pJD2034 
Homo sapiens IL2RG -1 PRF@1008 (NCBI ref 
# NM_000206.2) with GA COSM1124593 
mutation in pJD175f dual-luciferase reporter 

pJD1544 pJD175f 
Homo sapiens IL2RG -1 PRF@1008 (NCBI ref 
# NM_000206.2) silent slip-site mutant control 
for pJD2034 

pJD2044 pJD175f 
Same dual-luciferase reporter as pJD175f 
except that the SV40 promoter was exchanged 
with a full CMV promoter 

pJD2075 pJD2044 

Human IL2RG -1 PRF@1008 from start codon 
with CA (note that this was incorrectly cloned 
and should be a CT) mutation 
COSM3670280 (mRNA accession # is 
NM_000206.2) inserted into pJD2044 dual-
luciferase reporter 

pJD2076 pJD2044 

Human IL2RG -1 PRF@1008 from start codon 
with CA mutation COSM1558340 (mRNA 
accession # is NM_000206.2) inserted into 
pJD2044 dual-luciferase reporter 

pJD2077 pJD2044 

Human IL2RG -1 PRF@1008 from start codon 
with CT mutation COSM1124594 (mRNA 
accession # is NM_000206.2) inserted into 
pJD2044 dual-luciferase reporter 

pJD2078 pJD2044 

Human IL2RG -1 PRF@1008 from start codon 
with CT mutation COSM3372325 (mRNA 
accession # is NM_000206.2) inserted into 
pJD2044 dual-luciferase reporter 

pJD2079 pJD2044 

Human IL2RG -1 PRF@1008 from start codon 
with GC mutation COSM4110798 (mRNA 
accession # is NM_000206.2) inserted into 
pJD2044 dual-luciferase reporter 

pJD2080 pJD2044 

Human IL2RG -1 PRF@1008 from start codon 
with GA mutation COSM1124593 (mRNA 
accession # is NM_000206.2) inserted into 
pJD2044 dual-luciferase reporter 

pJD2081 pJD2044 

Human IL2RG -1 PRF@1008 from start codon 
with silent-slip site mutations (mRNA accession 
# is NM_000206.2) inserted into pJD2044 dual-
luciferase reporter 
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pJD2094 pJD1535 

Human IL2RG -1 PRF@1008 from start codon 
with CA (note that this was incorrectly cloned 
and should be a CT) mutation 
COSM3670280 (mRNA accession # is 
NM_000206.2) in pJD976 based beta-globin 
mRNA stability reporter 

pJD2095 pJD1535 

Human IL2RG -1 PRF@1008 from start codon 
with CA mutation COSM1558340 (mRNA 
accession # is NM_000206.2) in pJD976 based 
beta-globin mRNA stability reporter 

pJD2096 pJD1535 

Human IL2RG -1 PRF@1008 from start codon 
with CT mutation COSM1124594 (mRNA 
accession # is NM_000206.2) in pJD976 based 
beta-globin mRNA stability reporter 

pJD2097 pJD1535 

Human IL2RG -1 PRF@1008 from start codon 
with CT mutation COSM3372325 (mRNA 
accession # is NM_000206.2) in pJD976 based 
beta-globin mRNA stability reporter 

pJD2098 pJD1535 

Human IL2RG -1 PRF@1008 from start codon 
with GC mutation COSM4110798 (mRNA 
accession # is NM_000206.2) in pJD976 based 
beta-globin mRNA stability reporter 

pJD2099 pJD1535 

Human IL2RG -1 PRF@1008 from start codon 
with GA mutation COSM1124593 (mRNA 
accession # is NM_000206.2) in pJD976 based 
beta-globin mRNA stability reporter 

pJD2106 pTRE3G-BI 
from Clontech 

New version of β-globin mRNA stability 
reporter. The test mRNA and normalization 
mRNA are expressed via the same promoter in 
this construct. 

pJD2113 pJD2106 

-1 PTC control for new version of β-globin 
mRNA stability reporter system. The β-globin 
from pJD1035 replaced the β-globin in 
pJD2106. 

pJD2114 pJD2106 
Homo sapiens IL2RG -1 PRF@1008 (NCBI ref 
# NM_000206.2)  in exon 1 of β-globin within 
the new mRNA stability reporter pJD2106 

pJD2115 pJD2106 

Homo sapiens IL2RG -1 PRF@1008 (NCBI ref 
# NM_000206.2) silent slip-site mutant  in exon 
1 of β-globin within the new mRNA stability 
reporter pJD2106 
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pJD2116 pJD2106 

Human IL2RG -1 PRF@1008 from start codon 
with CA (note that this was incorrectly cloned 
and should be a CT) mutation 
COSM3670280 (mRNA accession # is 
NM_000206.2) within exon 1 of β-globin in the 
new mRNA stability reporter pJD2106 

pJD2117 pJD2106 Human IL2RG -1 PRF@1008 from start codon 
with CA mutation COSM1558340 (mRNA 
accession # is NM_000206.2) within exon 1 of 
β-globin in the new mRNA stability reporter 
pJD2106 

pJD2118 pJD2106 Human IL2RG -1 PRF@1008 from start codon 
with CT mutation COSM1124594 (mRNA 
accession # is NM_000206.2) within exon 1 of 
β-globin in the new mRNA stability reporter 
pJD2106 

pJD2119 pJD2106 Human IL2RG -1 PRF@1008 from start codon 
with CT mutation COSM3372325 (mRNA 
accession # is NM_000206.2) within exon 1 of 
β-globin in the new mRNA stability reporter 
pJD2106 

pJD2120 pJD2106 Human IL2RG -1 PRF@1008 from start codon 
with GC mutation COSM4110798 (mRNA 
accession # is NM_000206.2) within exon 1 of 
β-globin in the new mRNA stability reporter 
pJD2106 

pJD2121 pJD2106 Human IL2RG -1 PRF@1008 from start codon 
with GA mutation COSM1124593 (mRNA 
accession # is NM_000206.2) within exon 1 of 
β-globin in the new mRNA stability reporter 
pJD2106 

 
  

Table 3. Plasmids used and/or made 
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Appendix C: Table of yeast strains made or used 

Strain ID Genotype 

yJD1370 MATa trp1Δ his3 ura3 leu2 pep4::HIS3 nuc1::LEU2 K1-  L-A- L-
BC+   

yJD1716 pJD1979 (TRP1 selectable marker) transformed into yJD1370  
yJD1717 pJD1980 (TRP1 selectable marker) transformed into yJD1370  
yJD1719 pJD1636 (URA3 selectable marker) transformed into yJD1573 
yJD1720 pJD1636 (URA3 selectable marker)  transformed into yJD1575 
yJD1721 pJD1636 (URA3 selectable marker) transformed into yJD1578 
yJD1722 pJD1636 (URA3 selectable marker) transformed into yJD1158 
yJD1723 pJD1636 (URA3 selectable marker) transformed into yJD1574 
yJD1724 pJD1636 (URA3 selectable marker) transformed into yJD1577 
yJD1725 pJD1636 (URA3 selectable marker) transformed into yJD1589 

yJD1573 MAT α his3-1; leu2-0; lys2-0; ura3-0; YGR214W::KanR (rpS0A 
deletion) 

yJD1575 MAT α his3-1; leu2-0; lys2-0; ura3-0; YCR031C::KanR (rps14A 
deletion) 

yJD1578 MAT α his3-1; leu2-0; lys2-0; ura3-0; YNL302C::KanR (rpS19B 
deletion) 

yJD1158 (from ResGen) BY4742 MATalpha his3D1 leu2D0 lys2D0 
ura3D0 wild type Killer - 

yJD1574 MAT α his3-1; leu2-0; lys2-0; ura3-0; YLR048W::KanR (rps0B 
deletion) 

yJD1577 MAT α his3-1; leu2-0; lys2-0; ura3-0; YOL121C::KanR (rpS19A 
deletion) 

yJD1589 MAT a his3-1; leu2-0; lys2-0; met15-0; ura3-0; 
YJL191W::G418R (RPS14B deletion) 

yJD1752 pTI25 (TRP1 selectable marker) transformed into yJD1370 

 
  

Table 4. Yeast strains used and/or made 
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Appendix D: Alignments of metazoan IL2RG sequences to Homo 

sapiens -1 PRF signals. 

Figure 13. Alignment of metazoan IL2RG sequences to the Homo sapiens 

signal at 354. 

Full length IL2RG sequences from the species listed above were aligned using 

Seaview64 software. Sequences were then trimmed down to only the sequence that 

aligned with the IL2RG -1 PRF signal at 354. The number above the sequences 

refers to the position from the start of the -1 PRF signal. 
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Figure 14. Alignment of metazoan IL2RG sequences to the Homo sapiens 

signal at 1008. 

Full length IL2RG sequences from the species listed above were aligned using 

Seaview64 software. Sequences were then trimmed down to only the sequence that 

aligned with the IL2RG -1 PRF signal at 1008. The number above the sequences 

refers to the position from the start of the -1 PRF signal. 
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Appendix E: Table of hotknots folding solutions for mammalian 

sequences that align with Homo sapiens IL2RG -1 PRF signal at 354. 

 

Homo 
sapiens 
MFE =  
-22.84 

 

Pan 
paniscus 
MFE =  
-21.54 

 

Gorilla 
gorilla 
MFE = 
-21.54 

 

Callithrix 
jacchus 
MFE =  
-21.54 

 

Macaca 
mulatta 
MFE =  
-21.60 

 
Nomascus 
leucogenys 
MFE =  
-25.30 

 

Bos tauros 
MFE =  
-27.20 
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Physeter 
catodon 
MFE =  
-25.40 

 

Rattus 
norvegicus 
MFE =  
-18.50 

 

Chinchilla 
lanigera 
MFE =  
-20.30 

 
Canis lupis 
familiaris 
MFE =  
-25.20  

Miniopterus 
natelensis 
MFE =  
-21.80  

Pteropus 
Alecto 
MFE =  
-25.25 

 
Monodelphis 
domestica 
MFE =  
-23.51  

Table 5. Hotknots folding solutions for mammalian sequences that align with Homo 

sapiens IL2RG -1 PRF signal at 354. 
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Appendix F: Table of nupack solutions for mammalian sequences that 

align with Homo sapiens IL2RG -1 PRF signal at 1008. 

Homo 
sapiens 
MFE =  
-46.70 

 

Pan 
troglodytes 
MFE =  
-34.66 

 

Pan 
paniscus 
MFE =  
-34.66 

 

Gorilla 
gorilla 
MFE = 
-34.66 

 

Callithrix 
jacchus 
MFE =  
-41.30 

 

Cercocebus 
atys 
MFE =  
-45.90 

 

Macaca 
mulatta 
MFE =  
-45.90 

 



 

 

64 
 

Nomascus 
leucogenys 
MFE =  
-43.80 

 

Bos tauros 
MFE =  
-36.30 

 

Physeter 
catodon 
MFE =  
-36.30 

 
Rattus 
norvegicus 
MFE =  
-38.30  

Canis lupis 
familiaris 
MFE =  
-43.61 

 

Monodelphis 
domestica 
MFE =  
-38.30 

 

Sarcophilus 
harrisii 
MFE =  
-47.80 

 

  

Table 6. Nupack folding solutions for mammalian sequences that align with Homo 

sapiens IL2RG -1 PRF signal at 1008. 
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