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ABSTRACT OF THE THESIS 

Oncogenic Fusion Protein FGFR2-PPHLN1 Functions through Ligand-independent Constitutive 
Kinase Activation, Membrane Trafficking and Membrane Localization 

 
by 

Fangda Li 

Master of Science in Chemistry  

University of California San Diego, 2019 

  Professor Daniel J. Donoghue, Chair  

 

Chromosomal translocations have been a focus in human cancer research. Since the 

exponential advancement in sequencing technology, a number of actionable fusion proteins have 

emerged as oncogenic drivers, serving as potential targets for personalized treatments. As the 

second most common form of liver cancer, Intrahepatic Cholangiocarcinoma (ICC) is as a 

universally fatal disease with limited treatment options. Recent studies have revealed that 

translocation of Fibroblast Growth Factor Receptor 2 (FGFR2) to Periphilin 1 (PPHLN1) occurs 

in 16% ICC cases and FGFR2-PPHLN1 alone is sufficient in driving carcinogenesis. The 

clinically discovered FGFR2-PPHLN1 preserves the N-terminal structure of FGFR2 containing 

the extracellular domain, transmembrane domain, as well as an intact kinase domain; joined at 

the C-terminus of FGFR2 is the PPHLN1 moiety that contains a coiled-coil domain. In this 

study, we demonstrate that functions of FGFR2-PPHLN1 are achieved through constitutive 

receptor phosphorylation, thereby activating the canonical MAPK/ERK, JAK/STAT3 and 
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PI3K/AKT pathways. Furthermore, we show that the introduction of an activating mutation in 

the kinase domain N549/550K on the fusion showed an even higher activation of these 

pathways, while the kinase dead K517/518R mutation completely abolished the signaling 

activities. These findings collectively reinforce the essential function of the kinase activity of the 

FGFR2 moiety. We also show that the oncogenicity of FGFR2-PPHLN1 is dependent upon the 

coiled-coil PPHLN1 domain. Finally, we determine the localization of this fusion protein and its 

entrance into the secretory pathway on its transforming ability by engineering a myristylation 

(Myr) signal, introducing a Myr G2A mutation, as well as deletion of the delta signal. 
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Chapter 1  

 

Receptor Tyrosine Kinases: Translocation Partners in Hematopoietic Disorder 
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Chapter 2 

Oncogenic Fusion Protein FGFR2-PPHLN1 Functions through Ligand-independent 

Constitutive Kinase Activation, Membrane Trafficking and Membrane Localization 

 

 

 

ABSTRACT 

Chromosomal translocations have been a focus in human cancer research. Since the 

exponential advancement in sequencing technology, a number of actionable fusion proteins have 

emerged as oncogenic drivers, serving as potential targets for personalized treatments. As the 

second most common form of liver cancer, Intrahepatic Cholangiocarcinoma (ICC) is as a 

universally fatal disease with limited treatment options. Recent studies have revealed that 

translocation of Fibroblast Growth Factor Receptor 2 (FGFR2) to Periphilin 1 (PPHLN1) occurs 

in 16% ICC cases and FGFR2-PPHLN1 alone is sufficient in driving carcinogenesis. The 

clinically discovered FGFR2-PPHLN1 preserves the N-terminal structure of FGFR2 containing 

the extracellular domain, transmembrane domain, as well as an intact kinase domain; joined at 

the C-terminus of FGFR2 is the PPHLN1 moiety that contains a coiled-coil domain. In this 

study, we demonstrate that functions of FGFR2-PPHLN1 are achieved through constitutive 

receptor phosphorylation, thereby activating the canonical MAPK/ERK, JAK/STAT3 and 

PI3K/AKT pathways. Furthermore, we show that the introduction of an activating mutation in 

the kinase domain N549/550K on the fusion showed an even higher activation of these 

pathways, while the kinase dead K517/518R mutation completely abolished the signaling 

activities. These findings collectively reinforce the essential function of the kinase activity of the 

FGFR2 moiety; we also show that the oncogenicity of FGFR2-PPHLN1 is dependent upon the 
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coiled-coil PPHLN1 domain. Finally, we determine the localization of this fusion protein and its 

entrance into the secretory pathway on its transforming ability by engineering a myristylation 

(Myr) signal, introducing a Myr G2A mutation, as well as deletion of the delta signal. 

 

INTRODUCTION 

Intrahepatic cholangiocarcinoma (ICC) is the second most common liver cancer and is 

widely recognized as a universally fatal disease. ICC arises from the biliary ducts in the liver and 

is often diagnosed at advanced stages, with chemotherapy as the only standard of treatment. (1, 

2) To date, no ICC targeting molecular therapy has been approved and this unmet medical need 

poses a great challenge in treating ICC patients. The genesis of ICC could be explained by a 

number of genetic alterations, such as activating mutations in receptor tyrosine kinases (RTKs), 

and oncogenic fusion proteins involving RTKs as partner genes. To date, all of the oncogenic 

fusion proteins identified in ICC involve the identical portion of Fibroblast Growth Factor 

Receptor 2 (exon 1 – exon 19) and a coiled-coil dimerization partner gene with various lengths. 

(1) Among the gene fusions is the translocation of Fibroblast Growth Factor Receptor 2 in IIIb 

isoform (FGFR2IIIb) to Periphilin 1 (PPHLN1), the second most common fusion proteins 

harbored in ICC patients, accounting for 16% of all ICC cases. (1)  

FGFR2 is a transmembrane RTK that belongs to the four-membered FGFR family, 

FGFR1-4. Across the four homologous FGFR members is a shared structure contains three 

extracellular immunoglobin-like (Ig) domain, a hydrophobic transmembrane domain, as well as a 

kinase domain. (4) Upon binding of Fibroblast Growth Factors (FGF), FGFR2 undergoes 

receptor dimerization, leading to trans-autophosphorylation on tyrosine residues of the receptor. 

Normally, FGFR signals via interactions with adaptor proteins Fibroblast Growth Factor 

Receptor Substrate 2 (FRS2), whereby activating downstream pathways such as MAPK/ERK, 
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and PI3K/AKT. FGFR2 signaling plays a crucial role in regulating cell proliferation, migration, 

would healing and angiogenesis. (4) Mutations in FGFR2, followed by aberrant FGFR2 

signaling, have a variety of implications in human developmental syndromes, such as Crouzon 

syndrome, Pfeiffer syndrome, as well as carcinogenesis. (5)  

An importance feature of FGFR2 expression pattern and function regulation is the 

structural variants. FGFR2 undergoes alternative splicing, creating three major isoforms. The 

alternative splicing events typically happen in the Ig domains and the first half of the third Ig 

domain contains an invariant exon (IIIa). Splicing of the second half of the third Ig domain 

creates the IIIb and IIIc isoforms, expressed in epithelial and mesenchymal cells respectively.  

The difference in the ligand-binding domain results in varied ligand-receptor binding specificity 

and expression pattern of the receptor. (4) There are in total 22 FGFs that are grouped into 6 

subfamilies based on their sequence homology. Furthermore, there exist two major FGF-FGFR2 

signaling mechanisms such that the FGFs could be divided into endocrine and paracrine FGF 

ligands. The paracrine FGF group includes FGF1, FGF2, FGF3, FGF7, FGF10 and FGF22; 

FGF4, FGF5, and FGF6; FGF8, FGF17 and FGF18; FGF9, FGF16 as well as FGF20. The 

endocrine FGF ligands include: FGF19, FGF21, and FGF23. FGFR2 IIIb isoform (also known as 

KGFR, Keratinocyte Growth Factor Receptor) binds with high affinity to FGF7 (alternatively 

known as KGF, Keratinocyte Growth Factor) subfamily including FGF3, FGF7, FGF10 and 

FGF22, which are only expressed in mesenchymal cells. Conversely, FGFR2 IIIc isoform (also 

known as Bek, Bacteria Expressed Kinase) binds to FGF1, FGF2, FGF4, FGF6, FGF9, FGF16 

and FGF20, which are expressed in epithelial cells. (6-8) Hence, there exists a paracrine ligand 

feeding loop between the IIIb and IIIc isoforms in epithelial and mesenchymal cells respectively, 

whereby cross-regulating each other.(9, 10) 
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Translocation of FGFR2IIIb to PPHLN1 gives rise to questions whether the coiled-coil 

domain provided by PPHLN1 leads to ligand-independent constitutive receptor dimerization, 

causing carcinogenesis. Moreover, the precise signaling mechanism of this fusion protein has yet 

to be elucidated. As such, this study, through exploiting biochemical and molecular biology 

approaches, examines the oncogenicity, signaling mechanisms, subcellular localization FGFR-

PPHLN1 with an aim to provide more insight to this oncogenic driver for future therapeutic 

development.  

 

 

RESULTS  

Downstream signaling activation by FGFR2-PPHLN1 

To date, the signaling activity of FGFR2-PPHLN1 remains unclear. We aimed to uncover 

the signaling activity of this fusion protein with the hope to understand its molecular 

mechanisms. Therefore, we created FGFR2-PPHLN1 constructs, identical to the clinical 

discovery, in the IIIb isoform, joining exon 19 of FGFR2 and exon 4 of PPHLN1. (11) In 

addition, we also created FGFR2-PPHLN1 in the IIIc isoform to cross-compare the activity of 

both fusion proteins. Furthermore, in order to examine and compare the level of signaling 

activity, we performed a mutational analysis by introducing the kinase active N549K (N550K in 

IIIb) and the kinase dead K517R (K518R in IIIb) mutations in IIIc isoform. (Figure 4) N549 is a 

part of three-residue triad that forms a complex of hydrogen bonds that serve as an molecular 

brake in FGFR2 kinase domain. The N549K disrupts this complex by stabilizing the kinase 

domain into a mildly activated conformation. Moreover, this mutation has been previous 

discovered in FGFR2-fusion proteins harbored by ICC patients to confer resistance to the FGFR 

inhibitor BGJ398 in a phase II clinical trial. (12) The residue K517 coordinates with phosphate 
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groups of ATP in the kinase domain and the mutation K517R completely abrogates this 

coordination and therefore abolishes kinase activity. (13) 

 

 

 

Figure 4: Schematic of FGFR2 and FGFR2-PPHLN1. WT FGFR2 contains an extracellular 
ligand binding domain, a transmembrane domain, and a split kinase domain. FGFR2-PPHLN1 
contains the first 18 exons at the N-terminus fused to exon 4 of PPHLN1. This fusion protein 
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contains the extracellular domain, transmembrane domain and kinase domain of FGFR2, fused to 
the coiled-coil domain provided by PPHLN1 at the C-terminus. Locations of the kinase active 
and kinase dead mutations are indicated. Myc tags are engineered in all of the fusion proteins at 
the C-terminal end.  
 
 
 
 HEK293T cells were transfected with either the respective full-length FGFR2IIIc 

constructs, or the FGFR2IIIc-PPHLN1 constructs, and immunoblotting was performed. A 

significant increase in receptor phosphorylation is observed from the wildtype to the kinase 

activated FGFR2IIIc and the fusion proteins show even higher level of phosphorylation. 

Furthermore, activation of mitogen activated protein kinase (MAPK) shows a significant 

difference between the FGFR2IIIc wildtype and the FGFR2IIIc-PPHLN1 fusion such that the 

fusion protein strongly activates MAPK while FGFR2IIIc wild type shows no activation. A 

strong increase in signal transducer and activator of transcription 3 (STAT3) signaling is 

observed between the wild type and the fusion protein (Figure 5). Additionally, an enhanced 

level of activation of Protein Kinase B (Akt) is seen on the FGFR2IIIc-PPHLN1 in comparison 

to the FGFR2IIIc mutants. Little to none activation of the receptor or downstream pathways is 

observed on the kinase dead mutants. These results collectively show that functions of FGFR2-

PPHLN1 relies on the kinase activity of the FGFR2 moiety. Moreover, presence of the coiled-

coil domain of PPHLN1 confers constitutive activation of the kinase domain of the fusion 

protein, thereby leading to overactivation of downstream pathways.  
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Figure 5: Activation of downstream signaling pathways by FGFR2-PPHLN1. Lysates of 
HEK293T cells expressing either FGFR2 IIIc or FGFR2IIIc-PPHLN1 derivatives were 
immunoblotted for total FGFR2 expression (1st Panel). These lysates were also immunoblotted 
for phospho-FGFR (2nd panel), phospho-MAPK (T202, Y204) (3rd panel), phospho-STAT3 
(Y705) (5th panel), and phospho-Akt (S473) (7th panel). Myc total expression (9th) was 
immunoblotted for total PPHLN1-containing proteins.  
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Cell transforming ability of FGFR2IIIc-PPHLN1 by focus assay   

 Although the transforming ability of FGFR2IIIb-PPHLN1 is established, the 

oncogenicity of FGFR2IIIc-PPHLN1 has yet to be determined. As such, a focus assay was 

conducted using the murine NIH3T3 cells to achieve cell type specific expression of the IIIc 

isoform and avoid ligand over-stimulation. (Figure 6) In a focus assay, cells harboring 

transforming oncogene will outgrow a monolayer of NIH3T3 cells and form visible multilayered 

foci, which could be observed and quantified. (11) FGFR2IIIc-PPHLN1 and kinase activated 

FGFR2IIIc-PPHLN1 (N549K) produced massive foci formation in comparison to wild type 

FGFR2IIIc and kinase activated FGFR2IIIc (N549K), which yield none and a few foci 

respectively. The quantified value suggested that the introduction of the activating mutation 

enhanced foci formation by approximately 25% more than the wild type protein for both 

FGFR2IIIc and FGFR2IIIc-PPHLN1. Furthermore, by introducing the kinase dead mutation 

K517R to abolish the kinase activity, no foci were observed on the FGFR2IIIc KD and 

FGFR2IIIc-PPHLN1 KD mutants. As a positive control in this experiment, a transforming 

chimeric protein PR/neu* was introduced. (12) PR/neu* was created by replacing the 

transmembrane domain of Platelet-Derived Growth Factor Receptor Beta (PDGFRB) with the 

that of p185neu, harboring an activating V664E mutation. Although PR/neu* generated foci 

formation, FGFR2IIIc-PPHLN1 wild type yielded roughly 50% higher than PR/neu*; the 

activated fusion protein yield even higher number of foci, more than doubling the amount of foci 

that PR/neu* generated. These data collectively suggest the transforming ability of FGFR2IIIc-

PPHLN1, in addition to the IIb isoform, also possesses strong transforming activity, which is 

dependent upon an intact kinase domain.     
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Figure 6: Cell transforming ability of FGFR2IIIc-PPHLN1 by focus assay. Plates from a focus 
assay are shown, with transfected constructs indicated. The chimeric protein PR/neu* is used as a 
positive control. The number of foci were counted, normalized for transfection efficiency, and 
quantitated as a percentage of transformation in relation to PR/neu*. Assays were performed a 
minimum of three times per DNA construct. 
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FGFR2-PPHLN1 transforming activity is ligand independent and requires entrance into 

the secretory pathway and membrane localization  

 The clinically discovered FGFR2-PPHLN1 preserves the transmembrane domain of the 

FGFR2 moiety, indicating a membrane-bound localization. To date, the exact localization of this 

fusion protein remains unknown. To determine the localization of this protein, we cleaved off the 

N-terminal extracellular and transmembrane domain of FGFR2, FGFR2-PPHLN1 and replaced 

with a myristylation sequence, derived from proto-oncogene Src, that will localize this protein to 

the plasma membrane. (Figure 7) Found at the N-terminus of Src, myristylation is a post-

translational modification that adds myristic acid, a 14-carbon saturated fatty acid, at the second 

residue Glycine, that will direct a protein to anchor into the plasma membrane. Mutating this 

Glycine residue into alanine (G2A) prevents the membrane-bound direction and localizes the 

protein in the cytoplasm.(13, 14) Furthermore, there is a 25 amino acid delta signal sequence at 

the N-terminus of FGFR2 such that this sequence directs entry into the secretory pathway for the 

protein to eventually reach the cell membrane; upon entry into the secretory pathway, FGFR2 

undergoes various post-translational modifications such as glycosylation. We aim to determine 

whether entrance into the secretory pathway has an effect on the transforming activity of 

FGFR2-PPHLN1 by deleting this N-terminal delta sequence (ΔSS-FGFR2-PPHLN1). 

A focus assay using NIH3T3 cells showed that membrane-localized Myr-FGFR2-

PPHLN1 leads to even higher level of foci formation in comparison to the wild type FGFR2-

PPHLN1, while introduction of the G2A mutation completely abolished the transforming 

activity. (Figure 7) These results demonstrate the cruciality of FGFR2-PPHLN1 localization to 

the plasma membrane on its transforming activity. Lastly, ΔSS-FGFR2-PPHLN1 did not lead to 

any foci formation, demonstrating that entrance into the secretory pathway plays a key role in 

FGFR2-PPHLN1 activity. These results collectively demonstrate that in order to maintain 
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transforming activity, FGFR2-PPHLN1 has to enter the secretory pathway, wherein undergoing 

post-translational modification, and eventually reach and localize to the plasma membrane. 

Furthermore, loss of the extracellular domain of Myr-FGFR2-PPHLN1 does not affect its 

oncogenic activity, showing that activation of FGFR2-PPHLN1 is ligand-independent.  
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Figure 7: FGFR2-PPHLN1 transforming activity is ligand independent and requires entrance into 
the secretory pathway and membrane localization. (A) Schematic of FGFR2IIIc-PPHLN1 with 
detail of signal sequence. ∆SS-FGFR2IIIc-PPHLN1 indicates FGFR2IIIc-PPHLN1 with signal 
sequence deleted. For the membrane-localized fusion construct, the extracellular and TM 
domains of FGFR2 are replaced with a myristylation sequence (Myr) derived from c-Src (Myr-
FGFR2-PPHLN1). Mutation of underlined residue to Ala (A) results in cytoplasmic-localized 
FGFR2-PPHLN1 (Myr* -FGFR2-PPHLN1) (B) Transformation of NIH3T3 cells by FGFR2 and 
FGFR2IIIc-PPHLN1 derivatives. Number of foci were scored, normalized by transfection 
efficiency, and quantitated relative to FGFR2IIIc-PPHLN1. Assays were performed a minimum 
of three times per DNA construct. (D) Representative plates from a focus assay are shown, with 
transfected constructs indicated.  
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DISCUSSION 
 
 Through the data presented, we were able to extensively characterize the fusion protein 

FGFR2-PPHLN1. We demonstrate that the introduction of PPHLN1 at the C-terminus confers 

constitutive activation of the FGFR2 moiety. Our signaling studies also demonstrate that 

constitutive activation of this fusion protein over-activates crucial downstream cell signaling 

pathways MAPK/ERK, JAK/STAT3 and PI3K/AKT.  The loss of both FGFR2 kinase activity 

and activation of these downstream pathways by FGFR2IIIc-PPHLN1 (K517R) kinase dead 

mutant indicates that FGFR2 kinase activity is necessary and essential for the oncogenicity of 

this fusion. This result is furthermore corroborated through cell transformation and focus 

formation assays. Both FGFR2IIIc-PPHLN1 and FGFR2IIIc-PPHLN1 (N549K) displayed strong 

cell transformation and foci formation in comparison to respective FGFR2IIIc constructs and the 

kinase dead mutants (K517R) did not show any transforming activity. The high oncogenic 

potential of FGFR2IIIc-PPHLN1 is characterized through its activation of downstream cell 

signaling pathways and significant increase in foci formation when compared to PR/neu*, a 

chimeric protein previously characterized as a transforming protein.  

Our results also indicate that FGFR2IIIc-PPHLN1must undergo post-translational 

modification via the secretory pathway, thereby reaching the plasma membrane in order maintain 

its transforming ability. Failure to enter the secretory pathway also prevents post-translational 

modifications and cell transformation (Figure 4). Myristoylation of FGFR2IIIc-PPHLN1 and the 

introduction of G2A mutation in the myristoylation signal sequence collectively indicate the 

importance of plasma membrane association for inducing cell transformation. Furthermore, the 

loss of the extracellular ligand binding domain of the myristoylated mutant demonstrate that the 

constitutive activation of FGFR2IIIc-PPHLN1 occurs in a ligand-independent manner. 
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 We have presented overwhelming evidence for the oncogenicity of the FGFR2-PPHLN1 

fusion protein. With personalized medicine becoming more commonplace, the characterization 

of mutations such as this fusion is essential in providing proper treatment. To date, ICC remains 

a critically unmet medical need such that no FDA approved molecular targeted therapy exists. 

Our data collectively shows the importance of FGFR2-PPHLN1 in driving ICC tumor 

progression and its functions rely heavily on the kinase activity of the FGFR2 moiety. This could 

potentially serve as an opening for development of novel FGFR2-specific inhibitors to treat ICC 

patients. 
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MATERIALS AND METHODS 
 
  
DNA Constructs 

 The PPHLN1 gene was purchased from OriGene (RC216262) and was subcloned into 

pcDNA3. FGFR2 kinase active (N550K/N549K) and kinase dead mutations (K517R/K518R) 

were made through PCR based site directed mutagenesis. All PCR reactions used Pfu Turbo 

polymerase (Agilent). To construct FGFR2-PPHLN1, a ClaI site was introduced through PCR 

based site directed mutagenesis after amino acid E769 in FGFR2 and before amino acid D32 in 

PPHLN1. This unique ClaI site was used to subclone 3’ PPHLN1 into FGFR2 pCDNA3, 

creating a fusion breakpoint of FGFR2 exon 19 fused to PPHLN1 exon 4. The ClaI site 

contained an ESI linker region which fuses 5’ FGFR2 to 3’ PPHLN1, which was later knocked 

down using the method as previously described. (18) 

For derivation of plasma membrane- and nuclear-localizing constructs, myristoylation 

signal from c-Src or nuclear localization signal from Xenopus nucleoplasmin was utilized as 

previously described. (16, 17) Briefly, each sequence was ligated in place of the extracellular and 

transmembrane domains of FGFR2 resulting in fusion to residues 400 to 822 of FGFR2 or 

residues 400 to 1,111 in FGFR2-PPHLN1. For deletion of signal sequence of FGFR2, residues 2 

to 26 were deleted by site-directed mutagenesis protocol as previously described. (18)  

 DNA fragments containing the N549K mutation or the K517R mutation were either 

subcloned or were introduced through PCR based site directed mutagenesis, the same technique 

was used for all pLXSN constructs as well.  

 pcDNA3 vector was used for all experiments with HEK293T cells for western blotting. 

pLXSN vector was used for all experiments with NIH3T3 cell focus assays. All DNA constructs 

were fully sequenced.  
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Cell Culture 

 HEK293T cells were maintained in 10% Fetal Bovine Serum (FBS) in DMEM media 

with 1% penicillin/streptomycin in 10% CO2, 37 °C. NIH3T3 cells were maintained in 10% 

Fetal Calf Serum (CS) in DMEM media with 1% penicillin/streptomycin 10% CO2, 37 °C.   

 

Cell Transfection, Immunobloting 

For HEK293T cell work, cells were first plated to a density of 1x 106 cells per 100mm 

plate. These cells were then transfected with 1μg pcDNA3 constructs as described with calcium 

phosphate transfection protocol. Cells were then incubated at 3% CO2 37 °C for 17 hours and 

then recovered via incubation at 10% CO2, 37 °C for 6-8 hours. These cells were then serum 

deprived (starved) in 0% FBS/DMEM for 17 hours. Cells were washed in 1x ice-cold PBS and 

then were lysed in radioimmunoprecipitation assay buffer [RIPA; 50 mmol/L Tris-HCl (pH 8.0), 

150 54 mmol/L NaCl, 1% TritionX-100, 0.5% sodium deoxycholate, 0.1% SDS, 50 mmol/L 

NaF, 1 mmol/L sodium orthovanadate, 1 mmol/L PMSF, and 10 μg/mL aprotinin]. Lowry assay 

was used to measure total protein concentration. Samples were separated by 10% or 12.5% SDS-

PAGE and transferred to Immobilon-P membranes (Millipore). Membranes were blocked in 5% 

milk/TBS/0.05% Tween 20, 3% bovine serum albumin (BSA)/TBS/0.05% Tween 20 (for anti-

phosphor-FGFR, and anti–phospho-MAPK blots) and 5% bovine serum albumin 

(BSA)/TBS/0.05% Tween 20 (for anti-phospho-Akt blots). 

 

For NIH3T3 cells, cells were plated to a density of 4x 105 cells per 60mm plate. These 

cells were then transfected with 10μg of pLXSN constructs are described with Lipofectamine 

2000 reagent from Invitrogen.  16 hours following transfection, Lipofectamine reagent was 

aspirated off, and cells were allowed to recover in 10% CS/DMEM. 48 hours following 
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transfection, cells were split 1:10 onto 100mm plates containing either 2.5% CS/DMEM or 

500μg/mL Geneticin. (G418) The cells split onto the 2.5% CS/DMEM plates were used as focus 

assay plates, whereas cells on the G418 plates were used to as a control for transfection 

efficiency.  18 days following transfection, both focus and G418 plates were fixed with 

methanol, stained with Giemsa stain, and scored. The foci were normalized against the G418 

plates for transfection efficiency.  
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