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Abstract 
  
DUSP11 (Dual-specificity phosphatase 11) is an understudied human RNA phosphatase with an 
unclear function. DUSP11 converts 5′ triphosphates on RNAs into 5′ monophosphates, and it is 
required for the efficient biogenesis of some bovine leukemia virus-encoded microRNAs1. 
However, there is little understanding of DUSP11 substrates and the biochemical pathways it 
participates in. Here, I test the activity of DUSP11 on potential viral and transposon RNA 
substrates as well as the potential regulation of DUSP11 via its C terminus phosphorylation. My 
in vitro experiments show that DUSP11 can act on triphosphorylated viral and Alu RNAs and 
render them susceptible to XRN-1-mediated degradation. In contrast, knockout of the DUSP11 
homolog PIR-1 in C. elegans did not lead to the accumulation of RNAs derived from the 
transposable element CELE45, implying possibly different functionality for the phosphatase in 
worms and mammals. My work also shows that mutations of individual phosphorylation sites of 
the DUSP11 C terminus do not substantially alter activity in a mammalian cell-based assay.  
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Background 
 
 RNA is a key component to all life and serves an integral function in protein synthesis, 
ribosomal structure, and gene regulation. Messenger RNAs (mRNAs), the RNAs that are 
translated into proteins, contain a 5′ cap to protect the RNA and guide it to the ribosome for 
protein synthesis. In contrast, some non-protein-coding RNAs of host or viral original contain a 
5′ triphosphate, which can trigger an inflammatory immune response via the RIG-I signaling 
pathway2. RIG-I binds and recognizes the triphosphate on these RNAs and ultimately triggers the 
expression of type I interferon, an immune signaling molecule that can induce the expression of 
antiviral and immunostimulatory genes2.  
 Recently, dual specificity phosphatase 11 (DUSP11) has been the subject of study 
because of its atypical activity of dephosphorylating triphosphate RNAs. Although most 
members of the DUSP family are highly active on protein substrates, DUSP11 is capable of 
dephosphorylating the 5′ end of tri- and di- phosphate RNAs3,4.  However, the natural biological 
functions of DUSP11 remain poorly understood. Some clues lie in the worm C. elegans where, 
PIR-1, a DUSP11 homolog, is required for the accumulation of small interfering RNAs used in 
RNA interference (RNAi)5,6. RNAi uses small ~22 nucleotide microRNAs (miRNAs) to alter 
and reduce gene expression7. Some organisms can use ~22 nucleotide short interfering RNAs 
(siRNAs) with perfect complementarity as part of their RNAi pathway8. These miRNAs or 
siRNAs are then loaded into Argonaute, a component of the RNA-induced silencing complex 
(RISC)8,9. RISC then recognizes a specific RNA and prevents it from being translated into 
protein10.  

In C. elegans, PIR-1 is thought to play a role in the biogenesis of 26G-RNAs, a form of 
siRNA that can be loaded into Argonaute6. These 26G-RNAs regulate genes during 
spermatogenesis and oogenesis11. In mammalian cells, DUSP11 is required for the accumulation 
and activity of some bovine leukemia virus (BLV) miRNAs1,12,13. DUSP11 phosphatase activity 
promotes the loading of these miRNAs into RISC and suggests that DUSP11 is important for 
RNA silencing. However, the full extent of DUSP11’s activity is still unknown, but its activity 
on triphosphorylated RNAs suggests that it could act on some viral RNAs, including those from 
the liver-tropic pathogenic hepatitis C virus.  
 
Hepatitis C Virus 
 Hepatitis C virus (HCV) can cause catastrophic liver dysfunction, progressing from 
inflammation and cirrhosis to hepatocellular carcinoma (HCC) and liver failure14. The virus 
currently infects 2.2-3% of the global population (130-170 million people)15. In developing 
countries, approximately 2.3-4.7 million people are infected with the virus each year due to the 
use of contaminated needles and medical supplies alone15. Interestingly, 15-45% of individuals 
infected with the virus are clear of the virus in a matter of months without treatment, but the 
remaining 55-85% suffer from chronic HCV infection16. Over the course of decades, chronic 
infection can develop into liver cancer, cirrhosis, and liver failure14,16. Due to the global 
prevalence of the virus and a lack of understanding why chronic infection develops in some 
individuals and not others, further research on HCV is needed.  
 HCV contains a positive sense RNA genome. This RNA has a triphosphate on its 5′ end 
that distinguishes it from host mRNAs. Interestingly, recent research has shown that a 
monophosphorylated version of this RNA is susceptible to degradation by an exonuclease called 
XRN-117. Although this implies that HCV RNA can be degraded by XRN-1 in vivo, several 
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questions remain regarding the mechanism of degradation. XRN-1 is specifically active on 
monophosphate RNAs. Triphosphorylated HCV RNA must first be dephosphorylated by an 
RNA phosphatase before XRN-1 can degrade it. However, it is unknown what RNA phosphatase 
was responsible for this activity. Here, we hypothesize that DUSP11 is the RNA phosphatase 
needed to act on HCV RNA and make it susceptible to XRN-1 degradation. 
 HCV also usurps a liver-specific host miRNA, miR-122, to stabilize its genome and aid 
in replication18. The complex formed by this binding also protects the HCV genome from 
degradation by host nucleases, including XRN-119. This complex could also protect against other 
enzymes acting on the HCV RNA, including DUSP11. Preventing dephosphorylation of the 
RNA’s 5′ triphosphate will also protect the RNA against XRN-1, which only acts on 
monophosphates. Here I test whether miR-122 protects against DUSP11 dephosphorylation as an 
additional means of preventing RNA degradation.  
  
Alu Elements 
 If DUSP11 plays a role in degrading exogenous triphosphorylated viral RNAs, it could 
also be responsible for allowing degradation of harmful endogenous triphosphorylated RNAs 
like Alu transcripts as well. Alu sequences are relatively short sequences of DNA scattered and 
repeated more than a million times throughout the human genome, and are classified as short 
interspersed nuclear elements (SINEs)20. These elements first originated 65 million years ago 
and are present in all primates21. These elements do not encode any protein, but are copied and 
inserted into random locations in the genome20. RNA polymerase III facilitates this replication 
by transcribing Alu elements into RNA that is then reverse transcribed back into DNA and 
inserted into a new section of the genome20. Due to the random nature of these insertions, they 
can also introduce mutations. While Alu generated mutations can serve as a source of variation, 
some insertions disrupt important genes and negatively impact human health21.  
 Alu RNA transcripts can also contribute to human disease without inserting into the 
genome. The overexpression of Alu transcripts in some elderly individuals can lead to macular 
degeneration and blindness22. The overexpression of these transcripts triggers an inflammatory 
response that causes cell death in the eye23,24. In healthy individuals, we suspect that Alu RNAs 
are quickly degraded by a currently unknown mechanism. Based on our research with HCV 
RNA degradation mediated by DUSP11 and XRN-1, I hypothesize that Alus are normally 
dephosphorylated by DUSP11 and then degraded by XRN-1. If true, this pathway could play an 
important role in preventing Alu accumulation and provide insight into the cause of some 
macular degeneration cases.  
  
SINE Expression in C. elegans 
 One of my project goals was to explore the evolution of DUSP11 as a control pathway 
for SINEs. Considering the consequences of SINE expression, it was worth investigating 
whether this degradation pathway is also used in the distantly related metazoan, “the worm”. 
Caenorhabditis elegans, “the worm”, is used as a model organism for genetics, RNAi, and a 
range of molecular biology research. It is the organism in which RNAi was first discovered and 
uses this process to silence and regulate genes during the development process and beyond10. 
Interestingly, PIR-1, a C. elegans homolog to DUSP11, is associated with gametogenesis and 
development in the worm due to its association with Dicer and 26G-RNA biogenesis5,11,25. 
Similar to DUSP11 in humans, PIR-1 is an RNA phosphatase and could potentially be linked to 
RNA degradation and metabolism4. 
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 The C. elegans genome contains a putative SINE, CELE45, that is similar to Alu 
elements in humans26. The expression of CELE45 RNAs would also be expected to have 
mutagenic effects similar to the expression of SINEs in humans. I hypothesize that as DUSP11 in 
humans could prevent the accumulation of mutagenic and inflammatory Alu RNAs, its homolog 
PIR-1 could have a similar role in C. elegans. 
 
DUSP11 Regulation via Phosphorylation 
 If DUSP11 is an important part of a regulatory pathway that controls SINE transcripts 
and possibly associated inflammation, then it is likely that DUSP11 activity must itself be 
carefully regulated. Transcripts of DUSP11 are readily expressed in all tissues reported in public 
repositories, which suggests that DUSP11 may be especially subject to post-transcriptional 
regulation27. Protein phosphorylation is a post-translational modification that is an important 
regulatory mechanism for numerous and diverse biological processes. Consistent with this, 
phosphorylation status on serine, threonine, and tyrosine residues serves as a regulator of 
enzymatic activity in a wide variety of enzymes. Phosphorylation or dephosphorylation of some 
residues can change the structure of an enzyme and alter its ability to bind to its substrates28. This 
property of protein phosphorylation also allows for cells to use protein phosphatases and kinases 
to either activate or deactivate specific enzymes in response to cellular signaling29.   
 Partially truncating the C terminus of DUSP11 increases its activity in the cytosol13. 
These truncations increase activity either through increasing the amount of DUSP11 in the 
cytosol or through removing residues that might inhibit DUSP11 activity13. For the latter 
scenario, there is data to suggest that DUSP11 contains several C terminus putative 
phosphorylation sites that could regulate activity26. Understanding which residues are important 
for regulating the protein will shed light onto pathways that could be important for activating or 
deactivating DUSP11. Here, I hypothesize that one or more of these C terminal residues are 
important for controlling DUSP11 activity.  
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Methods 
DUSP11 and XRN-1 Activity on HCV and Alu RNA 

HCV RNAs were synthesized in vitro using an AmpliScribe T7 transcription kit 
(Epicentre) in a 20µL reaction containing 7.5mM of each NTP, 10mM DTT, 1µg of HCV 5′ 
UTR template with a T7 promoter, 2µL of AmpliScribe reaction buffer, 1µL SUPERase In 
RNase Inhibitor (Thermo Fisher), and 2µL of AmpliScribe T7 enzyme solution incubated for 1 
hour at 37°C. The RNA was isolated by adding 20µL of 3M sodium acetate, 180µL RNase-free 
water, and 500µL of 100% ethanol to the mixture and incubating at -20°C for 30 minutes. After 
centrifuging at 16000xg for 15 minutes, the RNA was resuspended in RNase-free water at a final 
concentration of 1µg RNA/µL.  

Wild type and catalytically inactive DUSP11 protein along with a luciferase protein 
control were synthesized using a TNT Quick Coupled Transcription/Translation system 
(Promega). The pIDT Smart plasmids containing the wild type and inactive DUSP11 with the T7 
promoter served as the DNA template for DUSP11 transcription/translation while luciferase 
DNA included in the kit served as the template for the control reaction. 1 µg of template was 
added to 40µL of TNT master mix and 20µM of methionine and incubated at 30°C for 90 
minutes.  

To test DUSP11 and XRN1’s effect on HCV, 2µg of the 5′ UTR synthesized above was 
incubated for 1 hour at 37°C with 5µL of in vitro translated product into a 50µL solution 
containing 50mM EDTA, 1x NEBuffer 3 (New England Biosciences), and 3µL SUPERase In 
RNase Inhibitor (Thermo Fisher). The RNA was purified using PIG-B phenol chloroform 
extraction and resuspended in nuclease-free water. 1 µg of recovered RNA was then added to a 
solution containing 1x NEBuffer 3, 1µL SUPERase In RNase Inhibitor, and 1µL XRN1 (New 
England Biosciences) for 1 hour at 37°C. The RNA was resolved using a 7.5% polyacrylamide-
urea gel and stained for 5 minutes with ethidium bromide.  

To test for DUSP11 and XRN1’s activity on Alu, RNA was synthesized in vitro using an 
Alu DNA template with a T7 promoter. The RNA was then treated with DUSP11 and XRN1 as 
described above.  

Radiolabeled HCV RNAs were synthesized in vitro using the AmpliScribe methods 
described above with slight modification. The reaction contained 37.5mM γ-32P GTP in addition 
to the reagents specified above. The first nucleotide of the HCV 5’ UTR was guanosine, so 
adding radiolabeled GTP in excess increased the yield of RNAs containing a radioactive 5’ 
triphosphate. I removed unincorporated nucleotides using an illustra MicroSpin G-25 column 
(GE Healthcare). The triphosphorylated HCV RNAs were isolated using sodium acetate 
precipitation as described above.  

MicroRNA mimics of BLV B2 5p and miR-122 were generated using 2µg of annealed 
oligos (IDT) in an AmpliScribe in vitro transcription reaction. These mimics were 
dephosphorylated using 1µL of RNA polyphosphatase (Epicentre) and isolated using sodium 
acetate precipitation as described above. Afterwards, 2pmol of HCV RNA incubated with 
15pmol of miRNA mimic for 30 minutes at 25°C in a solution containing 5mM MgCl2, 
SUPERase In RNase Inhibitor, and 1x NEBuffer 3. The solution was then treated with 1.5µg of 
purified DUSP11 core for 1 hour at 37°C. The RNA was resolved using PAGE as described 
above.  
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Figure 1. Summary of DUSP11/XRN-1 activity experiments. This figure contains a simplified 
summary of the methods described previously. All RNAs used in this experiment were in vitro 
transcribed. Full length DUSP11 and DUSP11 catalytic mutant proteins were in vitro translated. 
I incubated DUSP11 with the RNAs, added XRN-1, and checked for degradation using PAGE.  
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SINE expression in pir-1 knockout C. elegans 
Summary: I isolated total RNA from wild type and PIR-1 KO C. elegans. Once I obtained total 
RNA, I used gel electrophoresis fractionate the RNA and transferred the RNA onto a membrane. 
I then used Northern blotting to quantify the differences in CELE45 RNA between the two 
strains.  
  

I used Bristol N2 strain as the wild-type strain. I obtained pir-1 knockout C. elegans, 
originally generated by Duchaine et al., from the Caenorhabditis Genetics Center5. I cultured 
both strains in nematode growth media agar with a lawn of OP50 E. coli bacteria as a food 
source 30.  Because the pir-1 knockout C. elegans culture contained a mix of heterozygotes 
(wild-type phenotype) and homozygotes (uncoordinated movement, short and fat) for the 
knockout, I picked 200 homozygous knockout worms per experiment displaying the 
uncoordinated, short, and fat phenotype exclusive to these knockouts. I later confirmed the purity 
of this preparation by checking for a large deletion in the pir-1 locus using PCR amplification, 
described below. PCR of genomic DNA from pure homozygote knockouts should only have one 
600 bp band. Contamination from wild type or heterozygous worms will also be amplified and 
produce an additional 1400 bp band.  

 I incubated the worms for 10 minutes at 55°C in lysis buffer (40mM Tris-HCl pH 7.5, 
10mM EDTA, 300mM NaCl, 0.5% SDS, 0.4µg/µL Proteinase K) before proceeding with RNA 
isolation using PIG-B31. I added 1 mL of PIG-B to the lysed worms along with 200 µL of 
chloroform and mixed it thoroughly. I incubated the mixture on ice for 5 minutes before spinning 
it for 15 minutes at 16000xg at 4°C. I transferred the aqueous layer (top) to a new tube and added 
500 µL isopropanol and 1 µL glycogen (Thermo Fisher). I spun the mixture for 15 minutes at 
16000xg at 4°C to precipitate the RNA. Afterwards, I discarded the supernatant, washed the 
pellet with 70% ethanol, and spun the RNA for 10 minutes at 16000xg at 4°C. After discarding 
the ethanol supernatant, I resuspended the RNA in 20 µL RNase-free water.  

I added an equal volume of 2x RNA loading dye to each sample (2x: 95% formamide, 
12.5mM EDTA, 0.025% SDS, 0.08% xylene cyanol, 0.08% bromophenol blue). I fractionated 
the RNA on a 15% PAGE-urea gel for 1 hour at 200V and transferred to an Amersham Hybond 
N+ membrane for 1 hour at 40V. Northern blots were performed using an oligonucleotide probe 
complementary to CELE45 (Table S1). I radioactively labeled 1mmol of probe with 
6000Ci/mmol [γ-32P]-ATP using polynucleotide kinase reaction incubated at 37°C for 1 hour 
(1µL PNK buffer, 1µL CELE45 probe, 1µL T4 polynucleotide kinase (New England 
Biosciences), 0.3µL [γ-32P]-ATP, 6.7 µL water). The membrane was then probed overnight in 
ExpressHyb hybridization solution, washed 4 times at 37°C with 2x SSC with 0.1% SDS, 
exposed to a phosphorscreen (GE Healthcare), and visualized with a Typhoon biomolecular 
imager (GE Healthcare).  

I also isolated genomic DNA from the PIG-B solution mentioned above to confirm the 
complete deletion of pir-1 in the picked worms. After isolating RNA, I treated each milliliter of 
PIG-B with 0.4mL of pure ethanol and precipitated the DNA by centrifugation at 2000xg for 5 
minutes at 4°C. The supernatant was removed, and the DNA pellet was washed twice with 1mL 
of 0.1M sodium citrate with 10% ethanol with a 30 minute room temperature incubation and 5 
minute 2000xg centrifugation between each wash. The DNA was resuspended in 70% ethanol, 
centrifuged at 2000xg, and resuspended in nuclease-free water. I performed polymerase chain 
reaction (PCR) according to manufacturer protocol using the isolated DNA, Phusion high-
fidelity DNA polymerase (NEB), and primers flanking the region of deleted DNA (Table S1). I 
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ran the product on a 1% ethidium bromide agarose gel for 45 minutes at 115V and visualized it 
using Gel Doc (Bio Rad).  
 
DUSP11 Phosphomutants 
Summary: I introduced point mutations using site-directed mutagenesis to convert serine and 
tyrosine residues to aspartate (mimics phosphorylation) and alanine (mimics dephosphorylation). 
I expressed these mutants into cells along with a BLV B2 reporter. I then tested whether these 
mimics altered DUSP11 activity by Northern blotting for the BLV B2 5p and 3p miRNAs 
expressed. I used the ratios of the two types of miRNAs to determine DUSP11 activity.  
   
 I performed site-directed round-the-horn mutagenesis to introduce desired mutations into 
the DUSP11 plasmid according to Sean Moore’s protocol32. The serine and tyrosine sites 
identified using phosphosite.org were individually changed to an alanine to mimic constitutive 
dephosphorylation or an aspartate to mimic constitutive phosphorylation. The following residues 
were mutated: Y274, Y294, S295, Y313. I transformed dam-/dcm- E. coli (NEB) with the 
mutant constructs, obtained plasmid DNA using a miniprep kit (Sigma-Aldrich), and submitted 
the samples for sequencing to confirm the introduction of the correct mutations.  
 I digested the mutant constructs and unmethylated pcDNA 3.1 human expression vector 
containing DUSP11 with XBaI and EcoRI in 20 µL reactions (5µg DNA, 1µL XBaI (NEB), 1 µL 
EcoRI HF (NEB), 2µL CutSmart buffer). I ran the digestion products on an agarose gel using the 
protocol described in the previous section. I used a gel extraction kit (Zymo Research) according 
to manufacturer protocol to retrieve the desired product. Mutant DUSP11 fragments were then 
ligated to the pcDNA 3.1 vector using T4 DNA ligase (NEB) incubated for 15 minutes at 25°C 
(20µL reactions containing 100 ng PCR product for every 500 ng of plasmid for a 3 molar insert 
excess, 1µL enzyme, 2µL buffer). Plasmids resulting from this ligation can express DUSP11 
mutants containing one of the mutated phosphorylation sites.  
 To test the effect of these mutations on DUSP11 activity, I transfected these constructs 
into 293 DUSP11 knockout cell lines in a 12-well plate. I transfected each well with 0.5µg of the 
mutant construct along with a BLV B2 miRNA expression construct using TurboFect (Thermo 
Fisher). The DNA, 1.5 µL Turbofect, and 100 µL serum-free DMEM were mixed and left to 
incubate for 15 minutes before being added to the well. RNA was isolated 48 hours post 
transfection using PIG-B (described above), fractionated using PAGE, and transferred using the 
protocol described in the previous section. I prepared radioactive probes for the BLV B2 5p and 
3p miRNAs and performed northern blot analysis as described in the previous section (Table 
S1). I quantified these results using ImageStudio (Licor).    
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Figure 2. Protein map of DUSP11. Figure adapted from Burke and Sullivan, 2017 (not to 
scale). DUSP11 contains a catalytic domain between residues 151 and 15933. The potential 
phosphorylation sites I am testing and mutating are located near the C terminus of the enzyme at 
the residues indicated inside the grey boxes26. The C terminal truncation described in previous 
studies is marked in red13. Other features illustrated include the arginine-rich region and putative 
nuclear localization signal (NLS)13,33. 
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Results 
DUSP11 makes HCV RNA susceptible to XRN-1 degradation in vitro 
 Moon et al. demonstrated that monophosphorylated HCV RNAs can be degraded by 
XRN-1 to a certain extent17. Here, I test whether DUSP11 activity is sufficient for converting 
triphosphorylated HCV RNA into an XRN-1-degradeable substrate. As expected, the addition of 
DUSP11 or XRN-1 alone is not sufficient to cause RNA degradation. Without DUSP11’s 
phosphatase activity, the triphosphorylated HCV RNA was not degraded in the presence of 
XRN-1. Furthermore, DUSP11 alone does not directly degrade the RNA.  
  



	 14	

 
 

 
Figure 3. Ethidium bromide staining shows RNA treated with DUSP11 was partially degraded 
following the addition of XRN1. I first treated the RNA with DUSP11 for 1 hour, purified using 
PIG-B extraction, and added XRN-1 to the reaction for 1 hour. I then fractionated the RNA using 
PAGE. The degradation product migrates faster on the gel because XRN-1 degradation removes 
approximately 100 nucleotides from the RNA. DUSP11 makes the RNA susceptible to 
degradation while XRN-1 directly degrades the dephosphorylated RNA. The addition of either 
enzyme alone is not enough to degrade the HCV RNA. XRN-1 alone is unable to degrade HCV 
RNA in its triphosphorylated state and DUSP11 alone does not have the ability to degrade RNA. 
I saw this result in 4 replicates.  
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MiR-122 does not protect against DUSP11 dephosphorylation in vitro 
 After finding that DUSP11 makes HCV RNA susceptible to XRN-1 degradation, I tested 
whether miR-122 binding prevents DUSP11 from acting on the RNA. I incubated radiolabeled 
HCV RNA with miR-122 before adding DUSP11 to the reaction. After checking for 
phosphorylation status of the radiolabeled RNAs using a phosphorscreen, miR-122 does not 
appear to protect against DUSP11 core dephosphorylation. All samples treated with DUSP11 
core were substantially dephosphorylated when compared to untreated RNAs. However, these 
are preliminary results and further optimization is needed. I could not confirm whether or not 
miR-122 bound HCV RNA in this experiment, and I will need to develop new experimental 
approaches to show the formation of the miR-122/HCV complex.  
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Figure 4. Testing the ability of miR-122 to inhibit DUSP11 mediated dephosphorylation of 
HCV 5’UTR RNA in vitro. I incubated radiolabeled triphosphorylated HCV 5’UTR with the 
indicated synthetic miRNAs for 30 minutes at room temperature. I added DUSP11 enzyme to the 
RNAs and incubated it for 1 hour at 37°C. I fractionated the RNAs using PAGE, transferred to a 
membrane, and exposed the membrane to a phosphorscreen overnight. RNAs not treated with 
enzyme show a dark band indicating that a 5′ triphosphate is present. After treatment with 
DUSP11, all HCV RNAs are substantially dephosphorylated regardless of whether or not a 
miRNA was present. This result is representative of 2 replicates with similar conditions. Future 
experiments will be amended to confirm miR-122 binding.  
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DUSP11 and XRN-1 degrade Alu RNAs in vitro 
 Considering DUSP11’s ability to make HCV RNAs susceptible to XRN-1 degradation, I 
hypothesize that DUSP11 will also make Alu RNAs susceptible to degradation as well. I tested 
this by incubating DUSP11 with Alu RNA, adding XRN-1 afterwards, and checking for 
degradation using PAGE. In this model, Alu RNAs are degraded when treated with both 
DUSP11 and XRN-1 (Fig. 5). Furthermore, the catalytic core of the enzyme alone is enough to 
make the RNA susceptible to degradation. The ~350 nt RNA band becomes less intense when 
treated with both DUSP11 and XRN-1. Unlike the HCV experiments described above, a smaller 
RNA band is not present, suggesting that treatment with DUSP11 and XRN-1 completely 
degrades the RNA. This data is preliminary, and I will need to confirm the result with repeats 
and controls.  
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Figure 5. Alu RNAs are degraded in the presence of DUSP11 or DUSP11 core followed by the 
addition of XRN-1. I first treated the RNA with DUSP11 for 1 hour, purified using PIG-B 
extraction, and added XRN-1 to the reaction for 1 hour. I then fractionated the RNA using 
PAGE.  Unlike the HCV results in Fig. 3, it appears that XRN-1 completely degrades Alu RNAs 
since the degraded RNA does not appear as a band lower on the gel. Again, neither enzyme 
alone is able to degrade the RNA. This is representative of only one replicate, so further 
experimentation and controls are required.  
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PIR-1 does not alter CELE45 SINE expression in C. elegans 
I hypothesized that PIR-1 is responsible for downregulating CELE45 levels in C. elegans. 

I compared RNA isolated from wild-type and PIR-1 knockout worms using Northern blot 
analysis. However, this analysis of CELE45 expression levels in wild type and PIR-1 knockout 
worms shows no appreciable difference in RNAs (Fig. 6A). Ethidium bromide staining of the gel 
shows similar amounts of RNA are loaded in each lane and confirms that differences and 
similarities seen in the Northern blot are due to differences in RNA expression and not RNA 
loading (Fig. 6A). PCR and gel electrophoresis confirm that I am comparing the correct C. 
elegans strains (Fig. 6B). As expected, PCR of DNA from the wild-type N2 strain and PIR-1 KO 
strain yields a 1400 bp and 600 bp product, respectively. The PIR-1 fragment is 800 bp smaller 
than the wild-type fragment, confirming the presence of a deletion. The 600 bp fragment is the 
only band present in the PIR-1 KO lane, so there is no contamination from heterozygotes or 
wild-type worms. Thus, when comparing equal amounts of RNA from pure wild-type and PIR-1 
KO worms, there is no substantial difference in CELE45 expression.   
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Figure 6. (A) Northern blot analysis of CELE45. RNA was isolated from N2 wild-type and PIR-
1 knockout worms and Northern blotted for the SINE CELE45. There is no substantial difference 
in CELE45 expression between wild type and PIR-1 knockout worms. Ethidium bromide 
staining of total RNA shows equal loading of RNA isolated from the worms. (B) PCR 
amplification of PIR-1 gene using genomic DNA confirms that PIR-1 is knocked out in the 
worms used for Northern blot analysis. Amplification of DNA from N2 worms yields a 1400 bp 
fragment. The deleted region in the PIR-1 KO worm is not amplified, so the resulting PCR 
product is only 600 bp long.  
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DUSP 11 C terminal phosphomutants do not greatly increase or decrease activity 
 I hypothesized that at least one of the putative phosphorylation sites was important for 
regulating DUSP11’s phosphatase activity. After expressing mutant versions of DUSP11 in cells, 
I determined the level of DUSP11 activity by measuring the ratios between BLV B2 5p and 3p 
miRNAs. Previous research has shown that wild type cells will express more 5p miRNAs 
compared to 3p although DUSP11 knockout cells express more 3p than 5p miRNAs1. Using this 
assay, I found that most point mutations to the C terminus phosphorylation do not alter DUSP11 
activity significantly (Fig. 7). Both 313D and 313A have lower DUSP11 activity than the non-
mutated version of the protein (p<0.05). Although these mutations did not completely reduce 
DUSP11 activity to levels seen in the catalytic mutant (CM) which lacks the catalytic domain, 
the mutant proteins did not have as much activity compared to wild type DUSP11. These 
mutants are approximately 20-30% less active than wild type proteins, but these residues are 
unlikely to be important phosphorylation sites. Mutations on residues important for 
phosphorylation typically produce inverse phenotypes, which we did not observe. Since this is 
not the case here, residue 313 may be important for other reasons (structure, folding, docking site 
for other proteins) but does not appear to be relevant as a solo phosphorylatable site. 
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Figure 7. Northern blot analysis of BLV B2 miRNAs as a proxy for DUSP11 activity.  
(A) Northern blot analysis of BLV B2-5p miRNAs in HEK293 DUSP11 KO transfected with the 
DUSP11 variants. Blots were stripped and reprobed for BLV B2-3p. (B) Northern blot analysis 
of BLV B2-3p miRNAs using the same membrane from A, stripped and reprobed. The pre-
miRNAs and miRNAs from both were quantified using ImageStudio software and recorded 
(Table S3). (C) I first divided the 5p miRNA band by the corresponding 3p miRNA band for 
each mutant. Analysis is based on previous work in Burke and Sullivan, 2017. To obtain relative 
band density, I normalized this value to the catalytic mutant by dividing 5p/3p ratio of each by 
the CM 5p/3p ratio. This graph is representative of the averages of the relative band densities 

c 
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from 3 different independent Northern blot analyses. Asterisks represent statistical significance 
(p<0.05) in comparison to DUSP11. I determined p-values using student’s t-test (Table S3). 
Error bars represent one standard deviation above and below the mean. Mutants 313D and 313A 
are statistically different from DUSP11 wild type. These mutants have 20-30% less activity 
compared to wild type protein.   
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Discussion 
DUSP11 and XRN-1 could play a part in a novel RNA degradation pathway 

The combination of DUSP11 and XRN-1 led to the degradation of both HCV and Alu 
RNAs in vitro. It is possible that these enzymes could have similar degradation effects on 
numerous triphosphorylated viral RNAs including those from influenza, bovine viral diarrhea 
virus (BVDV), Sendai virus, and more34. The 5′ triphosphates on these RNAs make them 
potential DUSP11 substrates. These viruses are members of vastly different families with 
different types of RNA genomes. If the combination of DUSP11 and XRN-1 degrades these viral 
RNAs as well, it will further demonstrate that these host enzymes can restrict a wide variety of 
triphosphorylated RNA viruses. This DUSP11 and XRN-1 degradation model (Fig. 8) could 
potentially be a major host antiviral response. Further experiments in tissue culture are needed to 
confirm that these pathways are important in the context of a cell.  
 In vitro, Alu RNAs require both DUSP11 and XRN-1 activity for degradation to occur. It 
is possible that both enzymes are necessary to prevent the accumulation of harmful Alu RNAs. 
The RNA degradation pathway described above could also be responsible for the degradation of 
Alu RNAs.   
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Figure 8. Model for DUSP11 and XRN-1-mediated degradation. I propose that DUSP11 is 
able to act on triphosphorylated viral RNAs and endogenous Alu RNAs. Once the RNA has a 5′ 
monophosphate, it can be readily degraded by XRN-1, thereby restricting viral replication. This 
model could potentially apply to triphosphorylated viral RNAs from influenza, Sendai, bovine 
viral diarrhea virus, and vesicular stomatitis virus.  
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Mir-122 alone is unable to protect against DUSP11 core in vitro 
 Under the in vitro conditions listed, DUSP11 core dephosphorylates radiolabeled HCV 
RNA even in the presence of miR-122. However, I am unable to directly tell whether or not 
miR-122 is bound to HCV RNA in this experiment. Future experiments will require the use of a 
native gel supplemented with magnesium chloride to maintain miR-122 binding throughout all 
steps of the experiment to better confirm whether or not DUSP11 is active on the RNA even in 
the presence of miR-12235. I am hoping to pursue experiments with HeLa cell lysates to better 
mimic conditions in cells19. In the cell, miR-122 is loaded into Argonaute (Ago) proteins before 
binding to HCV RNAs18. My previous experiments overlook miR-122’s interaction with 
Argonaute, which could prevent DUSP11 from acting on HCV RNA.  
 Furthermore, using only DUSP11 catalytic core could lead to false conclusions. Although 
the catalytic core might be small enough to dephosphorylate HCV RNA even in the presence of 
miR-122, the full-length protein might not be able to bind to the RNA due to the complex formed 
by Argonaute, HCV RNA, and miR-122.  
 
PIR-1 might not be important for SINE RNA degradation in C. elegans 
 There was no change in CELE45 RNA levels when PIR-1 was knocked out in C. elegans, 
suggesting that PIR-1 does not play a role in degrading SINE RNAs in C. elegans. This is 
interesting considering that its human homolog, DUSP11, is able to play a part in degrading Alu 
RNAs in vitro. It is possible that DUSP11’s role in an RNA degradation pathway evolved later in 
evolutionary history or lost in C. elegans after diverging. SINEs in the worm might be 
structurally different enough from those in humans such that the proposed pathway has no effect 
on CELE45. However, further testing is needed to confirm these ideas.  
 Although PIR-1 does not impact SINE RNA levels in the worm, it would be interesting to 
test whether or not the enzyme is capable of restricting viral replication via XRN-1-mediated 
degradation or through other mechanisms. Previous research has shown that RNAi-deficient C. 
elegans are more susceptible to Orsay virus infection36. Furthermore, PIR-1-deficient mutants 
are unable to suppress Orsay virus infection6. This suggests that PIR-1 is important for the C. 
elegans antiviral response in a 26G-RNA-independent manner. This finding provides a potential 
link between PIR-1’s antiviral role in C. elegans and DUSP11’s possible antiviral role in 
humans. Further investigation could help identify if PIR-1 makes viral RNAs susceptible to 
nuclease degradation similar to what I have seen in vitro with HCV RNAs.  
 
C terminal phosphorylation of individual residues does not regulate DUSP11 activity 
 Most of the phosphomutants I generated show no significant difference in DUSP11 
activity. The only mutants that show a significant difference in DUSP11 activity are 313D 
(p=0.0474) and 313A (p=0.0191). Both mutants are approximately 20-30% less active than wild 
type DUSP11. Although 294A appears to increase activity, this result is due to an outlier 
displaying high activity. It is not statistically significant.  

According to my hypothesis, I would expect to each pair of mutations at a residue to 
produce opposite effects if phosphorylation at that residue controls DUSP11 activity. For 
example, if the mutation to aspartate increases DUSP11 activity, I would expect the 
corresponding alanine mutation at that residue to reduce DUSP11 activity. If a mutation to 
alanine happens to increases DUSP11 activity, I would expect the corresponding aspartate 
mutation to decrease DUSP11 activity. This contrasting effect is not seen with any of these 
mutants, including 313D and 313A, suggesting that these individual residues are not the sole 
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phosphorylation sites required for DUSP11 regulation. Since both 313D and 313A show a 
decrease in activity, mutating this residue likely reduces activity by altering protein structure.  
Currently, I am creating a construct where all potential phosphorylation sites are converted to 
either aspartate or alanine (i.e.- one construct will contain residues 274, 294, 295, and 313 
mutated into aspartates).  
 
Future Directions 
 Our current knowledge of DUSP11 has greatly expanded in the past few years, but we 
still lack a complete understanding of its function and substrates. DUSP11/XRN-1 in vitro assays 
show that this combination of enzymes is able to degrade HCV and Alu RNAs. However, further 
research is needed to see how DUSP11 affects these RNAs in living models. In tissue culture, we 
will test how DUSP11 affects HCV replication in liver cells. In mice, we will test whether 
DUSP11 is responsible for preventing geographic atrophy by degrading Alu RNAs. I hope to 
continue in vitro experiments using different viral RNAs. If we continue to show that DUSP11 
degrades harmful RNAs, this could spur new antiviral therapies that harness the power of 
DUSP11 to limit viral replication. Similar drugs could also be used to reduce the expression of 
Alu elements and prevent blindness in elderly individuals. DUSP11 is potentially the key to 
suppressing the RNAs that cause illnesses in millions of people.  

 
Summary 
 Although PIR-1 did not reduce CELE45 expression in C. elegans, future research could 
investigate the evolutionary relationships and differences between PIR-1 and DUSP11. Learning 
more about the evolutionary history of these phosphatases could help us understand the function 
of DUSP11 in humans. If PIR-1 is shown to limit viral infections in C. elegans, it would provide 
an exciting link between PIR-1 and DUSP11.  

The experiments described in my thesis provide new insight into the role of DUSP11 in a 
novel degradation pathway. I have shown that treating HCV 5’ UTR with a combination of 
DUSP11 and XRN-1 in vitro will partially degrade the RNA. This degradation could potentially 
hinder the virus’s ability to replicate in living cells. This pathway is also capable of degrading 
Alu RNAs in vitro based on the limited data I have so far. Future experiments will investigate 
how DUSP11 affects HCV replication in tissue culture and how DUSP11 affects Alu expression 
in mice. If DUSP11 is important for limiting both HCV replication and Alu, this new knowledge 
could be used to design new medicines to treat hepatitis C and Alu-induced geographic atrophy. 
Further research into DUSP11 phosphorylation sites could provide insight into its regulation and 
how we can manipulate it for therapeutic uses.  

Overall, the experiments above shed light into the function of an underappreciated RNA 
phosphatase. Learning about how DUSP11 is important for triphosphorylated RNA degradation 
can provide clues to the pathology of numerous diseases. We hope this knowledge can be used to 
develop affordable treatments against HCV, Alu-induced geographic atrophy, and other diseases 
that might be caused by defects in DUSP11 and XRN-1 activity.   
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Supplemental Information 
 
Supplementary Table S1. Oligonucleotides used for cloning, mutagenesis, and Northern 
blot analysis.  
 
Oligo Name Sequence Purpose 
CELE45 TGGGATTCAGGTACACTGCCTG Northern blot analysis 

of CELE45 
PIR1_F CATCTACCCAGACTGCGGAT Confirming PIR-1 

deletion in worms 
PIR1_R CTTCTCGTTCGTTCACCTCG Same as above 
DUSP11_F CAATTGAATTATTCAATAGGTGCCGGGGACA Amplification of 

DUSP11 C terminus for 
cloning 

DUSP11_R GTTGGGAATGGACCCAGTGATCTAGA See above 
274D_F GACCAGAGACACCATCTCCCTCC Forward primer used to 

introduce aspartate 
mutation into residue 
274 

274A_F GCCCAGAGACACCATCTCCCTCC Forward primer used to 
introduce alanine 
mutation into residue 
274 

274_R CAGTCAGAAAATTTTCAGAGAATCCACATGTT Reverse primer for 
residue 274 

294D_F GACTCTTGGAATGTGAAGCCCAATGCC Forward primer used to 
introduce aspartate 
mutation into residue 
294 

294A_F GCCTCTTGGAATGTGAAGCCCAATGCC Forward primer used to 
introduce alanine 
mutation into residue 
294 

294_R GAGAGGACTATTCACACAGGAGG Reverse primer for 
residue 294 

295D_F GACTGGAATGTGAAGCCCAATGCCA Forward primer used to 
introduce aspartate 
mutation into residue 
295 

295A_F GCCTGGAATGTGAAGCCCAATGCCA Forward primer used to 
introduce alanine 
mutation into residue 
295 

295_R GAGAGGACTATTCACACAGGAGGTAT Reverse primer for 
residue 295 
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313D_F GACCCTTATAATTACTCCAGACTCTCCTATC Forward primer used to 
introduce aspartate 
mutation into residue 
313 

313A_F GCCCCTTATAATTACTCCAGACTCTCCTATC Forward primer used to 
introduce alanine 
mutation into residue 
313 

313_R CAGCCCAGGATAGAAGAAGGTGG Reverse primer for 
residue 313 

BLV_B2_5p TCTCTGCGCTACACTCAGTCAT Probe for BLV B2 5p 
miRNA 

BLV_B2_3p AAAATGACTGAGTGACACGCA Probe for BLV B2 3p 
miRNA 

HCVUTR_F GGCCGCTCGTAATACGACTCAC Used to amplify HCV 
UTR via PCR for in 
vitro transcription 

HCVUTR_R GTAACACCAACCGTCGCCCACA See above.  
miR-122 F GCCCGCTCGTAATACGACTCACTATATGGA 

GTGTGACAATGGTGTTTG 
Annealed to miR-122 R; 
used as template for in 
vitro miR-122 synthesis 

miR-122 R CAAACACCATTGTCACACTCCATATAGTGA 
GTCGTATTACGAGCGGCC 

See above. 
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Supplementary Table S2. Band Density for Alu RNAs treated with DUSP11 and XRN-1 
 

 
 
Table S2. Values in the “No XRN-1” and “With XRN-1” columns are the measured band 
density with a unit of intensity/mm2. I measured the intensity using Quantity One software. 
Fraction of original was calculated by dividing the band density of the XRN-1 band by density of 
the no XRN-1 band. Again, treating the RNA with any form of catalytically active DUSP11 
followed by XRN-1 leads to degradation.  
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Supplementary Table S3. Raw data for BLV B2 5p and 3p ratio calculations.  
	 

		 
		
	
Table S3. I took the values in the 5p and 3p columns directly from Figure 7 by measuring 
intensity using ImageStudio. I then divided the 5p by the 3p values to obtain the values in 5p/3p 
column. I normalized these values to the catalytic mutant (CM). I averaged the values together 
and performed a two-tailed paired T-test to compare the mutants to wild-type DUSP11 (D11). P-
values <0.05 are shaded in grey.  
 
 


