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Abstract:  

The FET proteins, FUS, EWSR1, and TAF15 are RNA binding proteins that form 

amyloid-like plaques through aggregation. Research into these proteins is important due to their 

presence and implication in neurodegenerative diseases such as amyotrophic lateral sclerosis 

(ALS) and frontotemporal lobar degeneration (FTLD). The objective of this project was to clone 

the FET genes into an in-vitro expression system. Using this method, the need to culture cells to 

obtain protein for in-vitro experiments testing protein-protein interactions and RNA binding 

ability would be removed. This project was based around the cloning of each FET gene into a 

pT7CFE1-CHis plasmid vector using MEGAWHOP protocols. After cloning of a gene, in-vitro 

translation (IVT) using HeLa lysates was facilitated using the internal ribosomal entry site 

(IRES) sequence found in the pT7CFE1-CHis plasmid.  

 During this project, in-vitro translation constructs were designed and tested with a pilot 

in-vitro translation assay performed using the initial FUS in-vitro translation MEGAWHOP 

product, revealing the unexpected result of a double insertion of FUS into the pT7CFE1-CHis 

plasmid. After alterations to the in-vitro translation constructs, FUS and TAF15 megaprimers 

have been reliably produced for proper insertion into the pT7CFE1-CHis plasmid. 

Introduction:  

The goal for my project was the design and synthesis of in-vitro translation constructs for the 

FET genes to be cloned into the pT7CFE1-CHis vector. The FET proteins are a family of 

heterogeneous nuclear ribonucleoprotein particle (hnRNP) proteins that bind mRNA during 

transcription and processing (Tan and Manley, 2009). FET proteins bind RNA degenerately 

using multiple binding domains (Ozdilek, et al., accepted). An RNA recognition motif (RRM), 

three arginine-glycine-glycine (RGG) domains, and a zinc finger (ZnF) domain are present in all 

three FET proteins (Schwartz et al., 2015). Another shared feature of the FET proteins is a low 

complexity (LC) domain at the N terminus. This LC domain contains SGYQ-rich amino acid 

repeats that allow for amyloid-like aggregation between FET proteins to form fibers. In the 

nucleus, these fibers recruit RNA polymerase II at transcription start sites by bind the 

polymerase’s CTD, promoting gene transcription (Kwon et al., 2013, Schwartz et al., 2012, 

2013). This initial aggregation is seeded by the FET proteins binding to nascent RNA transcripts 

generated by RNA polymerase II during the transcription stalling phase (Schwartz et al., 2013). 

The ability of the LC domain to promote gene expression has explained previous observations of 

the chromosomal fusion of the LC domain of either FUS or EWSR1 and the DNA binding 

domain of a transcription factor driving pediatric cancers such as Ewing sarcoma, which is the 

result of the EWSR1/Fli1 fusion protein EWS-Fli1 (Riggi et al., 2007).  

Aside from interacting with RNA polymerase II, the FET proteins have extensive 

interactomes with other RNA-binding proteins as well as proteins associated with DNA damage 

repair (Paronetto et al., 2011). While FET proteins are normally found in the nucleus, 

cytoplasmic shuttling occurs, with their return facilitated by the NLS found at their C-terminus 

(Leemann-Zakaryan et al., 2011). This is important in FET protein research because cytoplasmic 

aggregation of FET proteins is associated with the neurodegenerative diseases ALS and FTLD. 

In the case of FUS, mutations in the NLS are known to cause ALS, with the observed 

accumulation of cytoplasmic aggregates being considered responsible (Neumann et al., 2011). 

By expressing these proteins in an in-vitro manner, it is hoped to acquire large amounts of 
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protein with which to better understand their normal function in mRNA biogenesis and DNA 

damage repair, but also their disease mechanisms.   

The strategy used to solve this problem was the use of MEGAWHOP cloning (Miyazaki). In 

a MEGAWHOP protocol, primers are designed with the 5’ half annealing to the destination 

vector (pT7CFE1-CHis in this project) and the 3’ half annealing to the gene of interest (FUS, 

EWSR1, or TAF15). By designing primers that anneal to the 5’ and 3’ ends of the FET genes, 

the whole genes can be amplified in a polymerase chain reaction (PCR). Because of the added 

DNA at the 5’ and 3’ ends of the genes that anneals to the pT7CFE1-CHis plasmid, the entire 

FET gene can be used as a megaprimer during the whole plasmid insertion step. Through this 

method, the FET genes can be inserted into any point of the pT7CFE1-CHis depending on the 

exact 5’ half sequences of the original MEGAWHOP primers (Miyazaki). 

The importance of the pT7CFE1-CHis vector to in-vitro expression lies in the presence of an 

IRES sequence downstream of the T7 promoter. The IRES sequence allows for the initiation of 

translation, without the need for the post-transcriptional processing performed in living cells 

(Zeenko et al., 2008). The function of the IRES sequences has been well characterized in the 

picornavirus family, which uses the sequence to hijack the ribosomes of host cells to express 

viral proteins (Jang et al., 1988). As such, if HeLa cells are carefully lysed so that the ribosomes 

are intact, the IRES sequence will allow the pT7-FET gene to be both transcribed by a T7 

polymerase and translated by the ribosomes in a completely in-vitro manner. The pT7CFE1-

CHis vector was also chosen because of the presence of a His tag, which would allow for the 

easy purification of the FET protein from the HeLa lysate. As such, the MEGAWHOP primers 

were designed so that the insertion point would be adjacent to the start of the His tag. 

The general purpose of the MEGAWHOP cloning experiment was to insert each of the FET 

genes into their own pT7CFE1-CHis plasmid vector. Having performed the MEGAWHOP 

protocol successfully before in a previous experiment to insert mutant RGG domains in the FUS 

gene, I did not require special training for this part of the experiment. The success of this cloning 

portion of the experiment was characterized through agarose gel imaging of the megaprimers, as 

well as sequencing results of the DNA harvested through mini-preps of the MEGAWHOP 

products. Following the cloning experiment and in-vitro translation (IVT) of any pT7CFE1-

CHis-FET products, Western Blotting was used to determine if the FET protein was present in 

the IVT products.  

 

Methods and Materials:  

The first method to be used in this project is MEGAWHOP cloning. The MEGAWHOP 

protocol is made up of two PCR steps. MEGAWHOP cloning needed to be performed for all 

three FET genes. In the first PCR, the forward and reverse primers were intended to amplify the 

gene of interest into a megaprimer that could anneal to specific sequences in the pT7CFE1-CHis 

vector. A 50 µL reaction mix was made using Milli-Q water, 5x Phusion High-Fidelity buffer, 10 

mM dNTPs, 5 mM forward primer, 5 mM reverse primer µL FUS+pT7 reverse primer, 100 ng of 

FET gene DNA, and 1 U of Phusion polymerase. The FET gene DNA samples were obtained by 

transforming NEB-5α cells with either pcDNA5FRT-TO-Myc-LAPrecision-FUS or pcDNA5 

FRT-IVS-3xFlag-FUS, pcDNA3.1 His-GFP-EWSR1-myc-His, or pDEST_TAF15 respectively, 

selecting a single colony from each plate, and harvesting DNA using an EZNA Maxi-Prep kit. 

pcDNA3.1 His-GFP-EWSR1-myc-His was a gift from Heinz Gehring (Addgene plasmid # 
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46385), and pDEST_TAF15 was a gift from Thomas Tuschl (Addgene plasmid # 26379), with 

the pcDNA5 FUS having been prepared in the lab through a previous cloning experiment.  

  The PCR was performed in a Bio Rad thermocycler using the following protocol: 1. 30 s 

at 98°C, 2. 10 s at 98°C, X s at 72°C, 3. Step 2 was repeated 34 times, 4. 10 min at 72°C, 5. ∞ at 

4°C. Due to the MEGAWHOP primer lengths (around 40 nucleotides long) and their high 

melting temperatures, the annealing step was skipped in the PCR reactions. The extension time X 

depended on the length of the FET gene, with the standard Phusion recommendation being 30 

s/kb, though slight changes were made through troubleshooting. The FUS PCR Y equaled 45 s, 

the EWSR1 PCR Y equaled 60 s, and the TAF15 PCR Y equaled 60 s.  

 After the first PCR, the amount of megaprimers produced was qualitatively analyzed by 

running gel electrophoresis on a 1% agar gel. The electrophoresis was run at 120V for 50-70 

minutes depending on the experiment. Visualization was done using ethidium bromide and UV 

radiation. After imaging the gel, bands corresponding to megaprimers were cut from the band 

and gel purified using a Qiagen gel extraction kit. The concentration of the megaprimers 

obtained was quantified using a NanoDrop spectrophotometer. 

 After obtaining the megaprimers, the second PCR step was performed with the purpose 

of inserting the whole megaprimer into the destination vector pT7CFE1-CHis. For each FET 

gene megaprimer, a 50 µL reaction mixture was made using Milli-Q water, 5x High-Fidelity 

Phusion buffer, 10 mM dNTPs, ideally 500 ng of megaprimer, 150 ng of pT7CFE1-CHis, and 

Phusion polymerase.  Depending on the yield of megaprimer from the gel extraction, sometimes 

less than 500 ng of megaprimer was used. However, when feasible, the suggested 500 ng of 

megaprimer was used for the proper excess amount (Miyazaki). The PCR was performed in a 

Bio Rad thermocycler using the following protocol: 1. 30 s at 98°C, 2. 10 s at 98°C, Y s at 72°C, 

3. Repeat step 2 34 times, 4. 10 min at 72°C, 5. ∞ at 4°C. For similar reasons as the first PCR 

step, the annealing portion of the PCR was skipped. The extension time X depended on the 

length of the FET gene and changes made through troubleshooting. The FUS PCR Y equaled 2.5 

or 5 min, and the TAF15 PCR Y equaled 2.5 or 5 min. Due to an insufficient amount of 

megaprimers produced during the first EWSR1 PCR, this PCR step was not performed for that 

FET gene. 

 After the second PCR, the reaction mixtures were digested with 200 U of Dpn1, being 

incubated at 37°C for 2-24 hours. Dpn1, which targets methylated DNA, was used to digest 

remaining pT7CFE1-CHis plasmid in the PCR reaction mixtures. After Dpn1 treatment, the 

success of the PCR in inserting the FET gene into the pT7CFE1-CHis vector was determined by 

transforming NEB5α cells, picking a single colony into a 5 mL LB + Ampicillin solution, 

harvesting the DNA using an EZNA Mini-prep kit, and sequencing the DNA using T7 promoter 

specific sequencing primers. RNase A was not added to Soln. I in the Mini-prep to increase the 

amount of mRNA transcripts purified, in accordance with the IVT kit instructions (1-Step 

Human Coupled IVT Kit- DNA). 

 If the plasmid DNA contained the FET protein, in-vitro translation was performed using 

the 1-Step Human Coupled IVT Kit. In this procedure, HeLa lysates, accessory proteins, the 

reaction mix, and the FET plasmid DNA, and pCFE-GFP plasmid DNA were thawed on ice. 25 

µL reaction mixtures were made for the FET target, the pCFE-GFP positive control, and a 
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negative control with no added DNA. The reaction mixtures were incubated for 90 min at 30°C, 

and then stored at -20°C.  

 To observe the presence of FET protein in the IVT reaction mixtures, a Western Blot was 

performed. Protein samples were prepared using 10 µL IVT reaction mixture, 2 µL DTT, and 4 

µL 4x loading buffer, heated at 95°C for five minutes, then centrifuged for 30 s when cool. A 

Mini-Protean 7.5% gel was used for the SDS-PAGE gel electrophoresis, which was run at 100 V 

for 1 hour. After the gel had ran, the gel was moved to a cassette, resting on a polyvinylidene 

fluoride (PVDF) membrane. The transfer cassette underwent electrophoresis in cold 1x transfer 

buffer at 500 mA for 90 minutes. After the transfer, the membrane was placed in a small 

container, rinsed with ddH2O, and soaked with Ponceau Red Stain for initial visualization of 

proteins. The Ponceau was washed off using 1x TBS. The membrane was then soaked in 5% 

block (5% w/v dry milk in 1x TBS) for 30 min. After the soak, the 5 mL 1° antibody solution 

was added and the container was placed on a nutator overnight at 4°C.  

 The following day, the 1° antibody solution was pipetted out for storage, and the 

membrane was rinsed and washed with 1x TBST. 5 mL of the horseradish peroxidase-conjugated 

2° antibody solution was then added, and the container was put on a nutator for one hour at room 

temperature. After the one hour, the 2° antibody solution was discarded and the membrane was 

rinsed and washed with 1x TBST. Following the wash, the membrane was soaked for five 

minutes in a 1:1 5 mL solution of buffer: luminol substrate from the SuperSignal 

Chemiluminescent Substrate kit. Following this soak, imaging of the western blot could occur 

using the ChemiDoc. 

 

Results:   

Table 1 lists the MEGAWHOP primer sequences first used during this project. As each 

FET gene was meant to be inserted at the 610 nt position of the pT7CFE1-CHis vector, 

destination vector annealing portions were identical among the forward (binding to the 591-610 

nt region) and reverse (binding to the 611-630 nt region). The 611-630 nt region of the 

pT7CFE1-CHis vector contains the entirety of a 6x His tag. The pT7+FET primers were 

designed to amplify the entire open reading frame of their associated gene.  

Figure 1 displays an agarose gel image of the FUS megaprimer product following the 

first PCR step using the original MEGAWHOP primers for FUS and the pcDNA5FRT-TO-Myc-

LAPrecision-FUS plasmid. All experimental lanes have a band around the 1.65 kb molecular 

weight marker, which is consistent with the FUS megaprimer size of 1618 bp. All gel bands, 

weighing a combined 620 mg, were combined during the gel purification process, and yielded 40 

µL of megaprimer with a concentration of 148.6 ng/uL, enough to proceed with the second PCR 

step. 

Figure 2 shows the BLAST sequence alignment of the original FUS MEGAWHOP 

product with both pT7CFE1-CHis and FUS. Following a successful insertion during the second 

PCR step, the MEGAWHOP product would be expected to have alignment with both the insert 

(FUS) and the destination vector (pT7CFE1-CHis). Figure 2A shows the alignment of the 

MEGAWHOP product from upstream the insertion site using a T7 promoter sequencing primer. 

The product showing alignment with both the destination vector and the 5’ end of the FUS gene 

indicates that FUS was successfully inserted into the pT7CFE1-CHis vector during the second 
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PCR step. Figure 2B shows the alignment of the MEGAWHOP product using a T7 terminator 

sequencing primer. Like the alignment in 2A, the product shares identity with both the 

destination vector and the 5’ end of the FUS gene. This is unusual for a T7 terminator 

sequencing primer, which binds downstream of the insertion site, as the sequencing reaction 

would be expected to reach the 3’ end of the FUS gene before the 5’ end. The beginning of the 

FUS gene in the 2B alignment also shows mutations not seen using the T7 promoter sequencing 

primer.   

Despite the unusual results in Figure 2B, the MEGAWHOP product underwent the in-

vitro translation (IVT) reaction along with the negative and positive controls. Figure 3 shows a 

sample Western Blot of these three IVT reaction products using an anti-FUS primary antibody. 

The Western Blot was used to determine if the MEGAWHOP product could successfully be used 

to express protein. No purification was done on the IVT reactions beforehand, as such the 

Western Blot would show not only FUS made using the IVT reaction, but any endogenous FUS 

present in the HeLa lysates. It was expected that lane 1, corresponding to the MEGAWHOP 

product lane, would have the most intense band because it would not only have any endogenous 

FUS, but also any in-vitro expressed FUS produced in the reaction. Bands for FUS can be seen 

in all three product lanes, running at around 75 kDa. Lane 3, corresponding to the negative 

control with no DNA added to the reaction mix, had the most intense band of the product lanes. 

As lane 3 evidentially had more FUS protein than lane 1, this indicated that the IVT reaction was 

not successful.  

The information shown in Figure 3, along with the odd sequencing results in Figure 2B, 

created suspicion that the insertion of FUS into the pT7CFE1-CHis vector was not actually 

successful, prompting more sequencing analysis of the MEGAWHOP product. These results are 

best shown in Figure 4, a BLAST alignment of the FUS open reading frame and the 

MEGAWHOP product sequence obtained using FUS 1313f sequencing primer. As FUS 1313f 

binds near the 3’ end of the FUS gene, the MEGAWHOP product would be expected to align to 

the end of the FUS gene. This can be seen in the first alignment, which aligns to the 1391-1578 

bp region of FUS, accounting for the entire end of the gene, discounting the stop codon that was 

not amplified by the pT7+FUS MEGAWHOP primers. 

However, there is a second alignment with FUS from the MEGAWHOP product starting 

only 12 nucleotides after the end of the FUS gene. This would require the presence of two 

different FUS genes to have been inserted into the pT7CFE1-CHis vector. This alignment 

corresponds with the 1502-1323 bp region of the FUS gene, indicating that not only are two 

versions of FUS present in the MEGAWHOP product, but that they run in opposite directions. 

The sequence in between the two alignments and the beginning of the second alignment contains 

a 6x His tag, indicating that the double insertion is centered around the His tag, though the exact 

reason or mechanism for this event is still not clearly understood.  

Because of the possibility that the double insertion of the previous experiment was the 

result of the His tag containing portion of the pT7+FUS reverse MEGAWHOP primer 

interacting with a His tag contained in the pcDNA5 FRT-TO-Myc-LAPrecision-FUS plasmid, a 

new FUS plasmid, the pcDNA5 FRT-IVS-3xFlag-FUS plasmid was selected for the cloning 

experiment. This required the creation of new MEGAWHOP primers for the FUS experiment, as 

are shown in Table 2. To minimize potential His tag interactions, the reverse primer for FUS was 
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altered so it would bind to the 622-641 region of the pT7CFE1-CHis vector, as such only two 

complete codons in the His tag would be present in the reverse primer. The EWSR1 

MEGAWHOP reverse primer was also altered in this way because of the presence of multiple 

His tags in the pcDNA3.1 His-GFP-EWSR1-myc-His plasmid. Because the pDEST_TAF15 

plasmid did not contain any His tags, the primers were left unaltered. 

Figure 5 displays sample agarose gel images following the megaprimer generating first 

PCR step using the primers in Table 2. In Figure 5A, the results of the first step PCR for both 

FUS and EWSR1 are shown. The FUS lanes (1 and 2) both have intense bands between the 1.5 

kb and 2.0 kb molecular weight markers, indicative of the FUS megaprimer (length of 1621 bp). 

The FUS gel bands had a combined weight of 316 mg, and yielded 20 µL of megaprimers with a 

concentration of 117.4 ng/µL. Meanwhile, the EWSR1 lanes (4 and 5) show no intense bands, 

with multiple weak bands.  

Figure 5B displays the results of the first step PCR for a second EWSR1 sample and 

TAF15. Like in 5A, the EWSR1 lanes (1 and 2) show no appreciable megaprimer product. The 

TAF15 lanes (4 and 5), in contrast, do show intense bands between the 1.5 kb and 2.0 kb 

molecular weight markers, indicative of the TAF15 gene (length of 1807 bp). The TAF15 gel 

bands had a combined weight of 197 mg, and yielded 20 µL of megaprimers with a 

concentration of 22.7 ng/µL. As such, it could be concluded that while FUS and TAF15 

megaprimers could be produced, the EWSR1 PCR, which consistently failed to produce product, 

was not successful. Although multiple bands for the EWSR1 samples were observed, none of 

them were of the correct length for the EWSR1 megaprimer (length of 2026 bp). 

Figure 6 was an attempt to visualize the presence of MEGAWHOP product following the 

second PCR step in the FUS and TAF15 MEGAWHOP experiments. By running Dpn1 treated 

MEGAWHOP product through an agarose gel, it was hoped that either undigested pT7CFE1-

CHis vector, which has a length of 3.5 kb, or MEGAWHOP product, which would be 5.1 kb 

long for FUS and 5.4 kb long for TAF15, could be observed. In 6A, the FUS lanes (1 and 3) only 

show bands associated with the megaprimer. The same phenomenon occurs in 6B for the TAF15 

lanes (1 and 3). As the megaprimers themselves were made in a previous PCR reaction, and as 

such would not be methylated by cellular mechanisms, it makes sense that they would remain 

undigested by the Dpn1, which only targets methylated DNA. That neither the empty vector or 

the insertion product can be observed would suggest that no PCR product was produced. 

However, transformation of NEB5α cells with MEGAWHOP product and plating on LB+ 

Ampicillin plates did result in colony formation, meaning that some DNA must have been taken 

up by the bacteria. This indicates that either the undigested pT7CFE1-CHis vector, the 

MEGAWHOP products, or both are present at such a small amount that they cannot form proper 

bands on an agarose gel.  

Figure 7 shows the BLAST alignments of the FUS and TAF15 MEGAWHOP products 

as well as the BLAST search results for the pcDNA3.1 His-GFP-EWSR1-myc-His plasmid I had 

been working with. Figure 7A shows the alignment of the FUS MEGAWHOP product sequence 

obtained by a T7 promoter sequencing primer. The MEGAWHOP product shows perfect 

alignment with the pT7CFE1-CHis vector, even after the insertion site of 610 bp. Along with the 

lack of any alignment with the FUS gene, this indicates that the insertion of FUS in the second 

PCR step was unsuccessful, and that the bacteria had instead been transformed by undigested 
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empty vector. The same results can be seen in Figure 7B, which shows the alignment of the 

TAF15 MEGAWHOP product sequence obtained by a T7 promoter sequencing primer. With no 

alignment to TAF15 and perfect identity with pT7CFE1-CHis, it shows that neither FET gene 

was successfully inserted.  

Meanwhile, Figure 7C shows the primary BLAST search result of the pcDNA3.1 His-

GFP-EWSR1-myc-His sample being used for the MEGAWHOP experiments following 

sequencing with the EWSR1 1810f sequencing primer. As EWSR1 1810f would anneal near the 

3’ end of the EWSR1 gene, the sequencing results would be expected to align with the end of the 

EWSR1 gene. Instead, the sequencing results failed to show any alignment with the EWSR1 

open reading frame. Furthermore, using the BLAST search function resulted in maximum 

sequence similarity being with Thymidine Kinase 1 (TK1). This indicates that either the bacterial 

sample grown for the pcDNA3.1 His-GFP-EWSR1-myc-His maxi-prep was contaminated with 

foreign DNA, or that the pcDNA3.1 His-GFP-EWSR1-myc-His stock itself is contaminated.  

 

 

Discussion: 

 With the given goal of designing and synthesizing an in-vitro expression construct for 

each of the FET genes, my research has not yet been completed. However, important milestones 

were still achieved. A pilot in-vitro translation assay was performed for the initial FUS cloning 

experiment, revealing the presence of endogenous FUS in the HeLa lysate and that the initial in-

vitro translation system was not satisfactory. It was then found that the MEGAWHOP procedure 

had caused a double insertion of the FUS gene, preventing the expression of FUS protein in the 

IVT reaction. After making changes to the experimental design, the second FUS and the TAF15 

cloning experiments have reliably formed megaprimers of the associated genes. For the EWSR1 

cloning experiment, the contamination of the DNA in the maxi-prep of the pcDNA3.1 His-GFP-

EWSR1-myc-His bacterial sample has caused all attempts to amplify EWSR1 megaprimers to 

fail. Due to the time constraints of the school year the necessary PCR setup and reaction 

troubleshooting needed for proper insertion of FUS and TAF15 have not yet been found. As 

such, while FUS and TAF15 are the closest to being successful, none of the FET genes have 

been cloned into the pT7CFE1-CHis vector. 

 This project has still been informative of the MEGAWHOP protocol, particularly its 

potential weaknesses. The chief example of this was the double insertion of the FUS gene into 

the pT7CFE1-CHis plasmid. As the MEGAWHOP protocol is intended to insert only a single 

megaprimer into the destination vector, this event is an oddity to normal cloning conventions. 

That the two FUS genes had opposite directionalities, with the first insertion going in the normal 

5’ to 3’ direction while the second insertion went in the 3’ to 5’ direction, further highlights the 

strangeness of the event. This double insertion does explain why the alignment in Figure 2B 

shows the MEGAWHOP product sharing identity with the 5’ end of the FUS gene instead of the 

expected 3’ end. As the sequencing reaction was reaching the 5’ end of the second FUS insert 

instead of the 3’ end of the first FUS insert, it would make sense for the 3’ end of the FUS gene 

to be absent. 

 The lack of normal FUS product also helps explain why the MEGAWHOP product lane 

in Figure 3’s Western Blot does not have more FUS protein than the negative control. As there is 



White 9 
 

only a 6x His tag linking the two FUS insertions, the normal stop codon present in the pT7CFE1-

CHis vector was removed from its normal position. As such, even though the T7 promoter and 

terminator sequences were preserved (otherwise the sequencing primers would have been unable 

to bind and obtain sequences), the removal of the stop codon added 48 additional amino acids to 

the FUS protein, which could have prevented normal protein folding and recognition by the 

aFUS antibody. As such, the only FUS present in the experimental lane would have been FUS 

already present in the HeLa lysates. As FUS is abundantly found in human cells, it can be 

expected that all the HeLa lysates contained FUS protein (Schwartz et al, 2015). Because the 

HeLa cells must be carefully lysed to preserve the ribosomal structure for the IVT reaction, it 

seems that other cellular structures such as proteins are still present in the HeLa lysates as well. 

This would explain how FUS could be recovered from the dead cells.  

While the additional protein length could be given as an explanation for the FUS band 

running at around 75 kDa rather than the protein’s true molecular weight of 53 kDa, this is not 

the case. Not only are the additional amino acids too small, having only a molecular weight of 

6.2 kDa, but FUS is well characterized to run at 75 kDa. This behavior has contributed to two of 

FUS’ aliases, the 75 kDa DNA-Pairing Protein and POMP75. 

Although the double insertion of the FUS gene into the pT7CFE1-CHis vector has been 

observed to be centered around a His tag, the exact reason for this occurrence is poorly 

understood. As the pcDNA5 FRT-TO-Myc-LAPrecision-FUS plasmid contains a His tag, as well 

as the reverse MEGAWHOP primer containing the entirety of a His tag, it could be suggested 

that the pT7CFE1-CHis annealing portion was binding to the His tag of the FUS plasmid, 

resulting in the double insertion of the FUS gene. However, the His tags in the FUS plasmid and 

MEGAWHOP primer use different codons for the histidine amino acid, with CAT repeats on the 

FUS plasmid and CAC repeats in the MEGAWHOP primer. This would make base pairing 

between all six codons unlikely, though not necessarily impossible.  

However, the repeat nature of the His tag (six CAC codons) at the end of the FUS 

megaprimers does make it possible that two megaprimers could anneal together through the 

shared His tag during the second step PCR. To anneal with another FUS megaprimer in this way, 

the second FUS megaprimer would need to be arranged in the 3’ to 5’ direction so that the His 

tags would be complementary. This may help explain the presence of the double insert in the 

MEGAWHOP product, and why the two inserts went had opposite directionality. If this is indeed 

the case, and not the presence of the His tag in the original FUS plasmid, then the unrevised 

TAF15 MEGAWHOP primers should result in the double insertion of TAF15 into the pT7CFE1-

CHis vector as well. This result would indicate that MEGAWHOP primers should never contain 

a palindromic sequence, limiting the procedure’s ability to insert a gene of interest into any 

location on the destination vector.  

Aside from the double insertion of the FUS gene, the biggest difficulty in this project was 

the EWSR1 PCR protocol. The sequencing results in Figure 7C explain why no EWSR1 

megaprimer bands were seen in Figure 5, as the gene I had been trying to amplify was not 

actually present. That the TK1 gene containing DNA could survive in a LB + Ampicillin solution 

would suggest that the gene initially came from its own plasmid, and was either introduced into 

the LB + Ampicillin solution after taking a sample from the pcDNA3.1 His-GFP-EWSR1-myc-

His glycerol stock, or was already present in the bacterial stock. The latter scenario would mean 
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that the whole pcDNA3.1 His-GFP-EWSR1-myc-His stock cannot be trusted due to 

contamination, and as such either a new stock solution would need to be ordered, or a new 

plasmid entirely would need to be used or synthesized. As I had initially trusted that the DNA 

from the EWSR1 mini-prep was actually EWSR1, this indicates the importance of sending out 

plasmid preparations for sequencing to ensure that the correct product has been isolated. Indeed, 

without proper sequencing analysis as shown in Figure 4, I would not have suspected that the 

FUS gene had undergone a double insertion in the initial MEGAWHOP procedure. 

If given the ability to continue this project, I would continue to troubleshoot the current 

FUS and TAF15 MEGAWHOP protocols so that the second step PCR to insert the genes would 

result in product. To ensure that no further double insertions were present, I would run 

sequencing with the T7 promoter, T7 terminator, and sequencing primers that anneal near the 3’ 

end of each of the FET genes. I would also run new mini-preps of the pcDNA3.1 His-GFP-

EWSR1-myc-His bacterial samples, sequencing them to make sure if the entire stock is 

contaminated, and ordering a new EWSR1 plasmid if that is indeed the case. If any of the FET 

genes are successfully inserted into the pT7CFE1-CHis vector, I would run the IVT reaction on 

the MEGAWHOP product, and purify the sample based on either a present Flag tag (as in the 

case of FUS), a His tag (in the case of TAF15) or a cloned-in His tag (in the case of EWSR1, 

which would remove the pT7CFE1-CHis vector’s His tag upon insertion).  

Upon purification and detection using Western Blots, the interactions of these in-vitro 

expressed FET proteins with both RNA and known protein interactors could be tested using 

RNA binding assays and in-vitro co-immunoprecipitation experiments. As the HeLa lysates 

would presumably be unable to add any post-translational modifications (PTMs) to the in-vitro 

expressed FET proteins, it would be important to learn if these PTMs are vital to the regular 

function of these proteins. If the in-vitro expressed proteins do not share the same RNA and 

protein binding abilities as their in-vivo expressed counterparts, then it will be necessary to either 

induce these PTMs artificially, or simply express the proteins using living cells instead. 
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Figures and Tables Legend: 

 

Table 1- Lists the MEGAWHOP primers first used during this experiment. The underlined 

portions correspond to pT7CFE1-CHis annealing sites. Each forward primer anneals to the 5’ 

end of its associated FET gene, including the start codon of the open reading frame, and the 591-

610 nt portion of the pT7CFE1-CHis vector. Each reverse primer anneals to the 3’ end of its 

associated gene, omitting the FET gene’s stop codon, and the 611-630 nt portion of the 

pT7CFE1-CHis vector, which includes the entirety of a 6x His tag.  



White 12 
 

 

Figure 1- Sample agarose gel image of FUS first step PCR using original MEGAWHOP primers 

and pcDNA5 FRT-TO-Myc-LAPrecision-FUS plasmid. 30 µL of PCR product and 6x DNA gel 

loading dye was placed in each of the experimental lanes (1, 2, 4, and 5). 1 kb plus molecular 

weight ladder (lane 3) has bands of interest labelled.  FUS megaprimers are of appropriate 

length. Imaging was performed using a phone camera. 

 

Figure 2- BLAST alignment of FUS MEGAWHOP product. 2A uses T7 promoter primer 

derived sequence of the product. In both alignments, the MEGAWHOP product is the Query, 

and shares perfect identity with both pT7CFE1-CHis (alignment 1) and FUS (alignment 2). 2B 

uses T7 terminator primer derived sequence of the product. In both alignments, the 

MEGAWHOP product is the Query, and shares a small region of identity with pT7CFE1-CHis 

(alignment 3) and a slightly mutated similarity with the 5’ end of the FUS gene (alignment 4).  

 

Figure 3-  Western Blot using Anti-FUS antibody of in-vitro translation (IVT) kit products, 

including the MEGAWHOP product DNA + IVT reaction mix sample (lane 1), the IVT reaction 

mix sample negative control (lane 3), and pCFE-GFP DNA + IVT reaction mix sample (lane 4). 

No purification was performed prior to the WB.The Precision Plus Protein All Blue Standards 

molecular weight ladder (lane 2) has bands of interest labelled. Imaging was performed using a 

Chemi Doc instrument. 

 

Figure 4- BLAST alignment of FUS MEGAWHOP product using FUS 1313f primer derived 

sequence. The MEGAWHOP product is the Query, and the FUS open reading frame is the Sbjct. 

Alignment with FUS occurs in two distinct locations, indicating the presence of multiple FUS 

genes. 

 

Table 2- Lists the revised MEGAWHOP primers after the first FUS MEGAWHOP experiment. 

The underlined portions correspond to pT7CFE1-CHis annealing sites. Each forward primer 

anneals to the 5’ end of its associated FET gene, including the start codon of the open reading 

frame, and the 591-610 nt portion of the pT7CFE1-CHis vector. Each reverse primer anneals to 

the 3’ end of its associated gene, with v2 primers containing the FET gene’s stop codon, and the 

622-641 nt portion of the pT7CFE1-CHis vector, which breaks up the 6x His tag. 

 

Figure 5- Agarose gel images of megaprimers generated in first PCR step of the MEGAWHOP 

protocol for all three FET genes. 5A 1 has FUS (lanes 1 and 2) and EWSR1 (lanes 4 and 5) 

megaprimers. 5B has EWSR1 (lanes 1 and 2) and TAF15 (lanes 4 and 5) megaprimers. In both 

gels, 2-log DNA molecular weight ladder (lane 3) has bands of interest marked. 25 µL of PCR 

product sample and 6x purple loading dye was loaded into each lane. FUS and TAF15 

megaprimers are of appropriate length. Imaging was performed using a phone camera. 

 

Figure 6- Agarose gel images of MEGAWHOP products following Dpn1 treatment. 6A has two 

different FUS (lanes 1 and 3) samples. 6B two different TAF15 (lanes 1 and 3) samples. In both 

gels, 2-log DNA molecular weight ladder (lane 3) has bands of interest marked. 25 µL of PCR 



White 13 
 

product sample and 6x purple loading dye was loaded into each lane. Only bands associated with 

megaprimers are seen intensely, with neither pT7CFE1-CHis (size of 3.5 kb) or the presumed 

insertion products (5.1 kb for FUS, 5.3 kb for TAF15) being visible. Imaging was performed 

using a Chemi Doc instrument. 

 

Figure 7- Sequence analysis of FUS and TAF15 MEGAWHOP products and EWSR1 plasmid. 

7A and 7B show BLAST alignment for FUS (A) and TAF15 (B) MEGAWHOP products, the 

Queries, and pT7CFE1-CHis, the Subject. Sequences were derived using a T7 promoter primer. 

In both cases, the insertion site of 610 bp is left undisturbed. 7C shows the BLAST results of the 

pcDNA3.1 His-GFP-EWSR1-myc-His sample obtained via mini-prep, and indicates a similarity 

with Thymidine Kinase 1 (TK1) instead of EWSR1. The sequence was derived using an EWSR1 

1810f sequencing primer. 
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Figures and Tables: 

Table 1 

 

Original MEGAWHOP Primer Sequences 

 

Primer name Nucleotide sequence (5’-> 3’) 

pT7+FUS 

forward  

TCGACGCGGCCGCACTCGAGATGGCCTCAAACGATTATACCCAACAA 

pT7+FUS 

reverse 

CAGTGGTGGTGGTGGTGGTGATACGGCCTCTCCCTGCGAT 

pT7+EWSR1 

forward 

TCGACGCGGCCGCACTCGAGATGGCGTCCACGGATTACAGT 

pT7+EWSR1 

reverse  

CAGTGGTGGTGGTGGTGGTGGTAGGGCCGATCTCTGCGCT 

pT7+TAF15 

forward 

TCGACGCGGCCGCACTCGAGATGTCGGATTCTGGAAGTTACGGT 

pT7+TAF15 

reverse 

TCAGTGGTGGTGGTGGTGGTGGTATGGTCGGTTGCGCTGATC 

 
 

 

Figure 1 

 
 

Lane 1 Lane 2 Lane 3 Lane 4 Lane 5 

1.65 kb 

1.0 kb 

2.0 kb 

 FUS megaprimer 

(1618 bp) 
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Figure 2 

 

2A 

Alignment 1: Product and pT7CFE1-CHis 

 
Alignment 2: Product and FUS orf 

 
 

 

2B 

Alignment 3: Product and pT7CFE1-CHis 
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Alignment 4: Product and FUS orf 

 
 

Figure 3 
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+pCFE-GFP 

 

Lane 2 



White 17 
 

Figure 4  

Alignment of Product and FUS orf 

 
 

Table 2 

Revised MEGAWHOP primers 

Primer name Nucleotide sequence (5’-> 3’) 

pT7+FUS 

forward v2 

TCGACGCGGCCGCACTCGAGGGTACCGAGCTCATGGACTAC 

pT7+FUS 

reverse v2 

CAGTCAGATCTCAGTGGTGGTTAATACGGCCTCTCCCTGCG 

 

pT7+EWSR1 

reverse v2 

CAGTCAGATCTCAGTGGTGGCTAGTAGGGCCGATCTCTGCG 
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Figure 5 

5A 

 
5B 

 
 

 

 

FUS MW EWSR1 

1.5 kb 

2 kb 

FUS megaprimer 

(1821 bp) 

TAF15 MW EWSR1 

 

1.5 kb 

2.0 kb 

 

TAF15 megaprimer 

(1807 bp) 
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Figure 6 

6A 

 
 

6B 

 
 

FUS A FUS B MW 

1.5 kb 

2 kb 

3.5 kb 
5 kb 

FUS megaprimer 

(1821 bp) 

 

TAF15 A 
MW TAF15 B 

1.5 kb 

3.5 kb 

5 kb 

2 kb 
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Figure 7 

7A  

Alignment of FUS product and pT7CFE1-CHis 

 
7B 

Alignment of TAF15 Product and pT7CFE1-CHis 
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7C 

BLAST search of pcDNA3.1 His-GFP-EWSR1-myc-His sequence 

 
 

 


