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Final Progress Report for Research Projects Funded by 

Health Research Grants 
 

Instructions:  Please complete all of the items as instructed. Do not delete instructions.  Do not 

leave any items blank; responses must be provided for all items.  If your response to an item is 

“None”, please specify “None” as your response. “Not applicable” is not an acceptable response 

for any of the items. There is no limit to the length of your response to any question.  Responses 

should be single-spaced, no smaller than 12-point type.  The report must be completed using 

MS Word.  Submitted reports must be Word documents; they should not be converted to pdf 

format.   Questions?  Contact Health Research Program staff at 717-783-2548. 

 

1. Grantee Institution: Temple University – of the Commonwealth System of Higher 

Education  

 

2. Reporting Period (start and end date of grant award period): 1/1/2010-12/31/2013  

 

3. Grant Contact Person (First Name, M.I., Last Name, Degrees): Germaine A Calicat, MA 

 

4. Grant Contact Person’s Telephone Number: 215-204-7655 

 

5. Grant SAP Number: 4100050909  

 

6. Project Number and Title of Research Project: Project 11: Role of the B55 Protein 

Phosphatase 2A Holoenzyme in Modulating the Phosphorylation of p107 and Related 

Proteins 

 

7. Start and End Date of Research Project:  12/1/2010 – 8/31/2011 

 

8. Name of Principal Investigator for the Research Project:   Xavier Graña, Ph.D.  

 

9. Research Project Expenses.   

 

9(A) Please provide the total amount of health research grant funds spent on this project for 

the entire duration of the grant, including indirect costs and any interest earned that was 

spent:    

 

$45,600     

 

9(B) Provide the last names (include first initial if multiple individuals with the same last 

name are listed) of all persons who worked on this research project and were supported with 

health research funds.  Include position titles (Principal Investigator, Graduate Assistant, 

Post-doctoral Fellow, etc.), percent of effort on project and total health research funds 

expended for the position.  For multiple year projects, if percent of effort varied from year to 

year, report in the % of Effort column the effort by year 1, 2, 3, etc. of the project (x% Yr 1; 

z% Yr 2-3). 
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Last Name, First Name Position Title % of Effort on 

Project 

Cost 

Kurimchak, Alison Graduate Research Assistant 100% $30,000 

    

    

    

    

 

9(C) Provide the names of all persons who worked on this research project, but who were not 

supported with health research funds.  Include position titles (Research Assistant, 

Administrative Assistant, etc.) and percent of effort on project.  For multiple year projects, if 

percent of effort varied from year to year, report in the % of Effort column the effort by year 

1, 2, 3, etc. of the project (x% Yr 1; z% Yr 2-3). 

 

Last Name, First Name Position Title % of Effort on Project 

Graña, Xavier Principal Investigator 10% 

   

   

   

   

   

   

 

9(D) Provide a list of all scientific equipment purchased as part of this research grant, a short 

description of the value (benefit) derived by the institution from this equipment, and the cost 

of the equipment. 

 

Type of Scientific Equipment Value Derived Cost 

   

   

   

   

   

   

   

 

10. Co-funding of Research Project during Health Research Grant Award Period.  Did this 

research project receive funding from any other source during the project period when it was 

supported by the health research grant? 

 

Yes__X____ No__________ 

 

If yes, please indicate the source and amount of other funds: 

Bridge Funding from Temple University and NIH grant MH083585 to Xavier Graña: 

~$15,000 
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11. Leveraging of Additional Funds 
 

11(A) As a result of the health research funds provided for this research project, were you 

able to apply for and/or obtain funding from other sources to continue or expand the 

research?  

 

Yes___X__ No__________ 

 

If yes, please list the applications submitted (column A), the funding agency (National 

Institutes of Health—NIH, or other source in column B), the month and year when the 

application was submitted (column C), and the amount of funds requested (column D).  If 

you have received a notice that the grant will be funded, please indicate the amount of funds 

to be awarded (column E). If the grant was not funded, insert “not funded” in column E. 

 

Do not include funding from your own institution or from CURE (tobacco settlement funds). 

Do not include grants submitted prior to the start date of the grant as shown in Question 2.  If 

you list grants submitted within 1-6 months of the start date of this grant, add a statement 

below the table indicating how the data/results from this project were used to secure that 

grant. 

 

A.  Title of research 

project on grant 

application 

B.  Funding 

agency (check 

those that apply) 

C. Month 

and Year  

Submitted 

D. Amount 

of funds 

requested: 

E. Amount 

of funds to 

be awarded: 
Elucidation of a novel 
mechanism of 
haploinsufficient tumor 
suppression in Prostate 
Cancer.  
 

NIH     

 Other federal 

(specify:________

______________) 

 Nonfederal 

source (specify: 

WW. Smith 

Charitable Trust 

Grant) 

June 2013 $100,000 $100,000 

Reactivation of p107 by 

PP2A in chondrocyte 

maturation and cell cycle 

exit: a paradigm for PP2A 

dependent rapid activation 

of pocket proteins 

 

NIH     

 Other federal 

(specify:________

______________) 

 Nonfederal 

source (specify: 

_____________) 

November 

1013 

$621,358 Pending 

Evaluation of PPP2R2A as 

haploinsufficient tumor 

suppressor in prostate 

cancer 

 

NIH     

 Other federal 

(specify:________

______________) 

 Nonfederal 

source (specify: 

June 2013 $426,250 Preparing 

resubmission 

(40% 

percentile) 
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_____________) 

Protein Phosphatase 2A 

role in activation of the 

retinoblastoma protein 

family  

 

NIH     

 Other federal 

(specify:________

______________) 

 Nonfederal 

source (specify: 

_____________) 

November 

2011 

$1,385,755 Not funded 

 

 

11(B) Are you planning to apply for additional funding in the future to continue or expand 

the research? 

 

Yes___X____ No__________ 

 

If yes, please describe your plans: 

 

A resubmission of the R21 listed above in July or November 2014 

A new NSF application on the Determinants of substrate specificity of the B55alpha/PP2A 

holoenzyme in November 2014. 

 

12. Future of Research Project.  What are the future plans for this research project? 

 

Plans for the future of this research project include obtaining federal funding for continuation 

of the work described here and/or for two spin-offs that have resulted from this work (see 

answer to question 11).  Also, as a result from this work, I have obtained a 2-year Temple 

University/Fox Chase Cancer Center Nodal Award to extend our preliminary data on one 

spin-off on “Mechanisms of PPP2R2A Tumor Suppression in Prostate Cancer” in 

collaboration with Vladimir Kolenko from FCCC. 

 

13. New Investigator Training and Development.  Did students participate in project 

supported internships or graduate or post-graduate training for at least one semester or one 

summer? 

 

Yes___X___ No__________ 

 

If yes, how many students?  Please specify in the tables below: 

 

 Undergraduate Masters Pre-doc Post-doc 

Male     

Female  1 1  

Unknown     

Total  1 1  
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 Undergraduate Masters Pre-doc Post-doc 

Hispanic     

Non-Hispanic  1 1  

Unknown     

Total  1 1  

 

 

 Undergraduate Masters Pre-doc Post-doc 

White   1  

Black     

Asian  1   

Other     

Unknown     

Total  1 1  

 

 

14. Recruitment of Out-of–State Researchers.  Did you bring researchers into Pennsylvania to 

carry out this research project? 

 

Yes_________ No___X_____ 

 

If yes, please list the name and degree of each researcher and his/her previous affiliation: 

 

 

15. Impact on Research Capacity and Quality.  Did the health research project enhance the 

quality and/or capacity of research at your institution?   

 

Yes___X____ No__________ 

 

If yes, describe how improvements in infrastructure, the addition of new investigators, and 

other resources have led to more and better research.  

 

The funding of the graduate student stipend for a year allowed an expansion of this project, 

which was at a preliminary stage and needed additional funding to generate sufficient 

preliminary data for submission of an application to a federal agency.  This came at a time 

when funding for my lab was limited, especially for this project. The project progressed over 

that year very significantly and laid out the foundation for completion of the thesis of the 

Graduate student, who will defend at the end of this semester. It also led to the publication of 

a high quality paper in Molecular and Cellular Biology, a figure in a paper in the Journal of 

Biological Chemistry, the publication of two invited review articles on the topic and the 

preparation of various federal and non-federal grant applications.  One of these has been 

funded, as well as a Temple/FCCC Nodal award, and two federal grants are pending or in 

resubmission and new grants are planned. In addition, I also was invited and served as editor 

of a monograph review issue in Genes and Cancer.  All this has enhanced the research 

quality and capacity of my laboratory, our graduate program and, in turn our Research 

Institute. 
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16. Collaboration, business and community involvement.  

 

16(A) Did the health research funds lead to collaboration with research partners outside of 

your institution (e.g., entire university, entire hospital system)?  

 

Yes___X____ No__________ 

 

If yes, please describe the collaborations:  

 

Raymond J. Deshaies, Howard Hughes Medical Institute, California Institute of Technology, 

1200 E California Blvd. Pasadena CA 

 

Michael J. Sweredoski
 
and Sonja Hess from the

 
Proteome Exploration Laboratory, Beckman 

Institute, California Institute of Technology. 

 

Shufang Wu
 
and Francesco De Luca from Section of Endocrinology and Diabetes, St. 

Christopher’s Hospital for Children, Department of Pediatrics, Drexel University College of 

Medicine, Philadelphia, Pennsylvania. 

 

Dale S. Haines
 
and Judit Garriga from my same Institute. 

 

16(B) Did the research project result in commercial development of any research products?  

 

Yes_________ No____X___ 

 

If yes, please describe commercial development activities that resulted from the research 

project:  

 

 

16(C) Did the research lead to new involvement with the community?   

 

Yes___X____ No__________ 

 

If yes, please describe involvement with community groups that resulted from the 

research project:  

 

The NSF application that is pending includes a new program for the training of students 

from the magnet, Blue Ribbon Masterman High School during 5-6 weeks in the summer.  

One Masterman student has been recruited to start this summer.  If the grant is funded 

two students will be trained each summer. 

 

17. Progress in Achieving Research Goals, Objectives and Aims.  
List the project goals, objectives and specific aims (as contained in the grant agreement).  

Summarize the progress made in achieving these goals, objectives and aims for the period 

that the project was funded (i.e., from project start date through end date).  Indicate whether 
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or not each goal/objective/aim was achieved; if something was not achieved, note the reasons 

why.  Describe the methods used. If changes were made to the research 

goals/objectives/aims, methods, design or timeline since the original grant application was 

submitted, please describe the changes. Provide detailed results of the project.  Include 

evidence of the data that was generated and analyzed, and provide tables, graphs, and figures 

of the data.  List published abstracts, poster presentations and scientific meeting presentations 

at the end of the summary of progress; peer-reviewed publications should be listed under 

item 20. 

 

This response should be a DETAILED report of the methods and findings.  It is not sufficient 

to state that the work was completed. Insufficient information may result in an unfavorable 

performance review, which may jeopardize future funding.  If research findings are pending 

publication you must still include enough detail for the expert peer reviewers to evaluate the 

progress during the course of the project. 

 

Health research grants funded under the Tobacco Settlement Act will be evaluated via a 

performance review by an expert panel of researchers and clinicians who will assess project 

work using this Final Progress Report, all project Annual Reports and the project’s strategic 

plan.  After the final performance review of each project is complete, approximately 12-16 

months after the end of the grant, this Final Progress Report, as well as the Final Performance 

Review Report containing the comments of the expert review panel, and the grantee’s written 

response to the Final Performance Review Report, will be posted on the CURE Web site.   

 

There is no limit to the length of your response. Responses must be single-spaced below, 

no smaller than 12-point type. If you cut and paste text from a publication, be sure 

symbols print properly, e.g., the Greek symbol for alpha () and beta (ß) should not 

print as boxes () and include the appropriate citation(s).  DO NOT DELETE THESE 

INSTRUCTIONS. 

 

Aims of the original proposal 
 

The retinoblastoma family of growth suppressor proteins consists of the tumor suppressor 

pRB and the functionally and structurally related proteins p107 and p130.  p107 and p130 

have been implicated in tumorigenesis in mouse knockout models where either p107 or p130 

are simultaneously knocked out together with ablation of a pRB allele.  These compound 

mice exhibit tumor patterns that are distinct from those seen in pRB heterozygous mice.  

Also, simultaneous inactivation of p107/p130 has shown that these proteins are critical for 

cell cycle exit in chondrocytes during development and for endochondral bone formation.  

When hypophosphorylated, pocket proteins bind and inactivate the E2F family of 

transcription factors, which are required for cell cycle regulated gene expression.  These 

functions of pocket proteins are inactivated via phosphorylation by CDKs.  CDKs are 

activated in mid to late G1 upon mitogenic stimulation of hyperphosphorylating pocket 

proteins.  This results in disruption of their association with E2F transcription factors and 

other proteins.  We have previously shown that PP2A plays a role in restricting the 

phosphorylation of pocket proteins through the cell cycle, which results in their rapid 

dephosphorylation when the activity of CDKs is compromised (Garriga et al., 2004).  PP2A 
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enzymes are Ser/Thr protein phosphatases that consist of a catalytic and a scaffold subunit 

that complex to a regulatory B subunit, which is responsible for substrate specificity and 

subcellular localization.  There are four different families of B subunits, each with multiple 

members (reviewed in (1,2).  We have recently identified a trimeric holoenzyme that 

dephosphorylates p107 and p130.  B55 is the regulatory subunit of this trimeric 

holoenzyme.  We have shown direct association of B55 with p107, and dephosphorylation 

of p107 by the trimeric holoenzyme in vitro.  We have found that overexpression of B55 

induces p107 dephosphorylation while its knockdown induces hyperphosphorylation 

(Jayadeva et al., 2010, in revision when the project started).  The aims of this study are:  

 

(1) To determine if endogenous p107 interacts with endogenous B55 in a variety of cells 

and/or upon certain stimuli.  

 

(2) To identify domains in B55 critical for binding to p107.  

 

(3) To determine if B55 is required for FGF-induced dephosphorylation of p107 in 

chondrocytes. 

 

All the aims were completed approximately within one year of submission of the application.  

Aims 1 and 3 are part of a manuscript published in MCB (Kurimchak et al., 2013) and will 

be described first.  Aim 2 was a more concrete aim that was included in a manuscript that 

was under review after the application was submitted (Jayadeva, et al., 2010), and will be 

described separately. 

 

Aims 1 and 3: 

Aim 1 is described in Figs 1-3 of Kurimchak et al (2013). 

Aim 3 is described in Fig 4 of Kurimchak et al (2013). 

 

The remainder figures in this paper were generated following completion of the first year and 

are not described. 

 

Summary of published work (from Kurimchak et al., 2013)(3) 

 

The phosphorylation state of pocket proteins during the cell cycle is determined at least in 

part by an equilibrium between inducible CDKs and the serine/threonine protein phosphatase 

PP2A. Two trimeric holoenzymes consisting of the core PP2A catalytic/scaffold dimer and 

either the B55 or PR70 regulatory subunits have been implicated in the activation of 

p107/p130 and pRB, respectively. While the phosphorylation state of p107 is very sensitive 

to forced changes of B55 levels in human cell lines, regulation of p107 in response to 

physiological modulation of PP2A/B55 has not been elucidated. Here we show that FGF1, 

which induces maturation and cell cycle exit in chondrocytes, triggers rapid accumulation of 

p107-PP2A/B55 complexes coinciding with p107 dephosphorylation. Reciprocal solution-

based mass-spectrometric analysis identified the PP2A/B55 complex as a major component 

in p107 complexes, which also contain E2F/DPs, DREAM subunits and/or cyclin/CDK 

complexes. Of note, p107 is one of the preferred partners of B55, which also associates 

with pRB in RCS cells. FGF1 induced dephosphorylation of p107 results in its rapid 
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accumulation in the nucleus, formation of larger complexes containing p107, and enhances 

its interaction with E2F4 and other p107 partners. Consistent with a key role of B55 in the 

rapid activation of p107 in chondrocytes, limited ectopic expression of B55 results in 

marked dephosphorylation of p107, while B55 knockdown results in hyperphosphorylation. 

More importantly, knockdown of B55 dramatically delays FGF1 induced 

dephosphorylation of p107 and slows down cell cycle exit. Moreover, dephosphorylation of 

p107 in response to FGF1 treatment results in early recruitment of p107 to the MYC 

promoter, an FGF1/E2F regulated gene. Our results suggest a model where FGF1 mediates 

rapid dephosphorylation and activation of p107 independently of the CDK activities that 

maintain p130 and pRB hyperphosphorylation for several hours post p107 dephosphorylation 

in maturing chondrocytes. 

 

Results 

 

Aim 1. To determine if endogenous p107 interacts with endogenous B55 in a variety of 

cells and/or upon certain stimuli. 

 

A model of chondrocyte maturation and cell cycle exit in response to treatment with FGFR3 

ligands has been extensively characterized (4,5). RCS cells undergo cell cycle arrest upon 

treatment with FGF1 (4-7). As shown in Fig. 1A, RCS cells were treated with FGF1 plus 

heparin or heparin alone at the indicated time points, collected, stained with propidium iodide 

and subjected to FACS analysis. A transient accumulation of cells with G2/M DNA content 

is observed early and subsequently is reduced as cells accumulate with G0/G1 DNA content. 

The transient arrest at the G2/M transition has previously been shown to be caused by the 

transient inactivation of Cyclin B1/CDK1 complexes following FGF1 stimulation (8). Note 

that heparin control treated cells show a much smaller increase in the percent of cells with a 

G0/G1 DNA content, but the cells continue to proliferate and do not exit the cell cycle. 

Western blot analysis of lysates of FGF1 treated cells also confirmed the rapid 

dephosphorylation of p107 one hour after FGF1 treatment, which precedes pRB and p130 

dephosphorylation by several hours (Fig. 1B) (9). As we have previously shown that B55, a 

PP2A regulatory subunit belonging to the B family, modulates the phosphorylation state of 

p107 in human cells and p107 phosphorylation is very sensitive to forced changes in B55 

expression, we determined B55 protein levels during the time course (Fig. 1B). B55 

protein levels are unaffected by FGF1 treatment, while Collagen II, a marker of immature or 

undifferentiated chondrocytes, gradually decreases. Interestingly, an increase in p21 

expression is observed around 10-15 hours post treatment coinciding with dephosphorylation 

of pRB and accumulation of hypophosphorylated p130. The upregulation of p21 in response 

to FGF1 stimulation in these cells has been reported earlier and coincides with inactivation of 

Cyclin E/CDK2 complexes and pRB hypophosphorylation (6). Since the CDK4/6 inhibitor 

p16 is also upregulated in response to FGF treatment in these cells (9), dephosphorylation 

pRB and p130 is likely a consequence of inhibition of CDK2 and CDK4, while 

dephosphorylation of p107 is compatible with upregulation of PP2A activity towards p107 as 

previously reported (10). 
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Fig 1. FGF1 induces rapid p107 dephosphorylation prior to pRB dephosphorylation, 

p130 accumulation, and subsequent G1 arrest and maturation in RCS cells without 

changes in the expression of B55α. RCS cells were stimulated with FGF1 in the presence of 

heparin or with heparin alone (control). Cells were collected at the indicated times for cell 

cycle FACS analysis (A) and western blot (B). Hyper and hypophosphorylated forms of 

p107/p130/pRB and maturation markers are indicated. * indicates a cross-reacting band 

(Kurimchak et al, 2013). 

 

Kolupaeva et al. had reported that FGF1 induces transient formation of p107-PP2A/A-

PP2A/C complexes in response to FGF1 treatment (10). In this setting, expression of 

adenovirus E4orf4, which primarily targets subunits of the B55 family (11), blocked FGF-

mediated dephosphorylation of p107 (10). While we did not observe modulation of B55 

levels by FGF1, it was still conceivable that FGF1 induces complex formation between the 

PP2A/B55 holoenzyme and p107 via some other mechanism. First, we determined if these 

complexes are detected in untreated RCS cells, as we have previously detected low levels of 

these complexes in U2-OS cells. Reciprocal immunoprecipitations with antibodies to p107 

and B55 demonstrate the interaction between endogenous p107 and the three subunits of 

the PP2A/B55 holoenzyme in untreated cells (Fig. 2A). Given that p107 is rapidly 

dephosphorylated in RCS cells following FGF1 treatment, we next wanted to determine if 

this signal recruits additional PP2A/B55 holoenzymes to p107. RCS cells were treated with 

FGF for 30 minutes (we observe dephosphorylation of p107 as soon as 15 minutes post-

treatment, data not shown), lysed, and immunoprecipitated with p107 antibodies. We 
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detected a marked increase in the association of the three subunits of the PP2A/B55 

holoenzyme with p107 without changes in the expression of p107 or the subunits of the 

B55/PP2A holoenzyme (Fig. 2B). This upregulation is transient, as it is not maintained at 

longer time points (data not shown). These data suggest that FGF1 induces formation of a 

PP2A/B55-p107 complex via post-translational modification(s) on any of the subunits 

involved or the participation of an additional factor regulated by FGF1. We also determined 

the effects of FGF1 in primary rat chondrocytes obtained as described in the Materials and 

Methods section. Treatment of these cells with FGF1 promotes cell cycle arrest 24 h post 

stimulation (Fig. 2C). p107 dephosphorylation is clearly detected 2 h post stimulation, yet is 

not as complete as seen in RCS cells, likely due to the unavoidable heterogeneity of the 

primary cells (compare Fig. 2C, left panel to Fig. 1B). Immunoprecipitation of endogenous 

p107 from lysates of FGF1-treated rat chondrocytes with specific antibodies resulted in 

detection of a B55/p107 complex, which peaked 2 h post-stimulation (Fig. 2D). Thus, the 

p107/B55 interaction is detectable in a rat cell line and in primary rat chondrocytes and it is 

inducible by FGF1. 

 
Figure 2. (A) Endogenous PP2A/B55 complexes co-immunoprecipitate with p107 in 

chondrocytes and the association is markedly increased upon FGF1 treatment in RCS 
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cells. Whole cell lysates were immunoprecipitated with the indicated antibodies and resolved 

by western blot analysis with antibodies to the indicated proteins (A, B and C). (B) FGF1 

induces rapid transient formation of p107/B55 PP2A complexes coinciding with p107 

dephosphorylation in RCS cells. RCS cells were stimulated with FGF1 in the presence of 

heparin for 30 min. (C) FGF1 induces p107 dephosphorylation and growth arrest in primary 

rat chondrocytes. Primary rat chondrocytes were treated with FGF1 (20 ng/ml) with heparin 

or heparin alone and cells were processed as in Fig. 1A (left panel) or for western blot 

analysis (right panel). (D) B55 co-immunoprecipitates with p107 in primary rat 

chondrocytes (Kurimchak et al, 2013). 

 

To determine if B55 was the primary B regulatory subunit targeting the PP2A/A-C dimer to 

p107, we generated RCS cell lines ectopically expressing Myc-tagged B55 and Flag-tagged 

p107. Myc-B55 was expressed at about 75% the level of the endogenous protein (Fig. 3A, 

clone 3), while Flag-p107 was expressed at around ~120% the level of endogenous p107, and 

its phosphorylation state is modulated by FGF1 (Fig. 3B, clone 6). Both cell lines grew 

efficiently and maintained the transgene stably. We next performed immunoprecipitations 

from lysates of about 2.25 x 10
7
 cells using antibodies against each tag. Immunoprecipitates 

were extensively washed, and tryptic peptides were subjected to LC-MS/MS analysis. As 

shown in Fig. 3C, the Flag-p107 proteomics analysis yielded peptides that allowed 

identification of multiple known partners of p107, including E2F/DP1 transcription factors, 

Cyclins and CDKs, multiple subunits of the DREAM complex (LIN proteins)(12), as well as 

a number of peptides corresponding to proteins not previously found as partners of p107 

(Mybbp1a, p400 and Herc2). Importantly, we detected peptides corresponding to the 

catalytic, scaffold, and two members of the B family of regulatory PP2A subunits (B55 and 

B55). Based on the number of spectral hits, B55 is the preferred B subunit partner of p107, 

with B55 being significantly less abundant (one peptide unique to B55, and two peptides 

common to B55 and B55). Of note, no other PP2A/B subunits nor subunits of any other 

phosphatase were detected in the proteomic analysis, suggesting a major role of B55 in 

modulation of p107 in chondrocytes. In striking agreement with these results, Fig. 3D shows 

that one of the major partners of the PP2A/B55 holoenzyme in these cells is p107, which 

was ranked as the 4
th

 most abundant partner of B55 other than PP2A subunits by number of 

spectral hits. Interestingly, we also detected several peptides corresponding to pRB, 

suggesting that pRB is also a substrate of this holoenzyme (see discussion). To confirm these 

results, we performed immunoprecipitations using Flag-p107 cells and were able to verify 

many of the binding partners with more spectral hits, including Cyclins A and E and CDK2 

and CDK4 (Fig. 3E) and PP2A subunits (not shown). Due to the high sensitivity of the LC-

MS/MS and the unavailability of adequate antibodies for detection of endogenous 

interactions, some of the minor partners have yet to be confirmed via immunoprecipitation 

followed by western blot analysis. 
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Figure 3. Generation of stable RCS-Flag-p107 and RCS-Myc-B55α cell lines and 

analysis of Myc-B55α and Flag-p107 complexes in RCS cells via solution-based 

proteomics analysis. Stable RCS-Myc-B55α and RCS-Flag-p107 clones were generated as 

described in the Materials and Methods section (A and B). (A) RCS-Myc-B55 Clone 3 was 

selected for proteomics analysis. (B) Clone 6 was selected for proteomics analysis. Note that 

the hypophosphorylated form of Flag-p107 comigrates with endogenous 

hyperphosphorylated p107 (differentially phosphorylated forms are indicated). (C and D) 

RCS-Flag-p107, RCS-Myc-B55α and control RCS-vector cells were lysed and p107 and 

B55α complexes were immunoprecipated with corresponding anti-tag antibodies and 

processed for proteomics analysis as described in the Materials and Methods section. 

Numbers indicate the number of spectral hits and are ranked. (C) Proteins are grouped based 

on function as E2F/DP, LIN members of DREAM complex, Cyclin/CDKs, B55-PP2A 
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holoenzymes. The last group (green) contains potential unvalidated novel interactions. (D) 

B55α holoenzyme and potential substrates are indicated on the right. A few spectral hits were 

also detected for two LIN proteins, a cyclin and a CDK and are indicated on the right but not 

shown in this truncated table. If confirmed, these proteins could be associated with p107 or 

forming independent complexes with B55α. + indicates confirmed by IP/WB analysis. (E) 

Confirmation of select binding partners from proteomics analysis. RCS Flag-p107 cells were 

treated with FGF1 for 2 h, collected, immunoprecipiated using the M2 Flag antibody and 

subjected to WB analysis. Control indicates the parental RCS line (Kurimchak et al, 2013). 

 

Aim 3. To determine if B55 is required for FGF-induced dephosphorylation of p107 in 

chondrocytes. 

 

We previously demonstrated that limited ectopic expression of B55 in U2-OS cells results 

in accumulation of hypophosphorylated p107, and this is not observed with a D197K point 

mutant that fails to bind p107 (Aim 2, below)(13). To determine whether limited expression 

of B55 in RCS cells induces p107 dephosphorylation, RCS cells were transfected with 

Myc-B55-WT, Myc-B55-D197K or an empty vector. Fig. 4A shows that limited 

expression of B55-WT results in marked accumulation of hypophosphorylated p107, which 

does not occur in the cells expressing the empty vector or the Myc-B55-D197K mutant. 

Conversely, cells transfected with two different B55 siRNAs exhibit increased levels of 

hyperphosphorylated p107 relative to the untransfected and scramble siRNA controls (Fig. 

4B), demonstrating that relative small changes in the expression of B55 protein markedly 

affect p107 phosphorylation in RCS cells. To determine whether B55 is important for FGF1 

mediated dephosphorylation of p107, we used two different shRNAs alone or in combination 

to knockdown B55 and subsequently treated the virally transduced cells with FGF1 for 30 

minutes or 2 hours. We have noticed that shRNA knockdown of B55 in these cells is not 

very efficient. Nevertheless, knockdown of B55 by ~50% markedly delays FGF1-induced 

p107 dephosphorylation (Fig. 4C). At 30 minutes, p107 dephosphorylation is mostly 

complete in the FGF1 treated shRNA vector control cells, but not in the cells with B55 

knockdown. This delay is still clearly detected by 2 hours of FGF1 treatment. Subsequently 

we used multiple siRNAs and double reverse transfection that resulted in more effective 

knockdown of B55 and delayed, but not completely blocked, FGF1-induced 

dephosphorylation (Fig 4D and 4E). It is possible that complete and/or more sustained 

knockdown of B55 is required to fully block FGF1 induced dephosphorylation of p107. 

However, since B55 is likely a minor partner of p107 (Fig. 3C), it is also conceivable that 

B55 compensates in a setting where B55 expression is reduced. Fig 4D shows that 

although B55 siRNAs had little effect on p107 dephosphorylation, B55/B55 double 

knockdowns were more effective at delaying p107 dephosphorylation than B55 

knockdown. Moreover, we also determined if the delays in FGF1-dependent p107 

dephosphorylation resulting from siRNAs targeting either the ORF or the UTR of B55 

could be attenuated by limited expression of a B55 transgene lacking its natural UTR. As 

expected (Fig. 4E, lower panel), expression of exogenous B55 resulted in more effective 

dephosphorylation of p107 and effectively prevented a dephosphorylation delay by the 

siRNAs targeting the UTR, which is clearly seen in the upper panel. However, the siRNA 

targeting the ORF could still prevent complete dephosphorylation of p107. Considering (i) 
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that multiple different shRNAs and siRNAs targeting B55 but not the vector/scramble 

controls promote p107 hyperphosphorylation and delay FGF1-dependent p107 

dephosphorylation and (ii) the observation that FGF1 induces rapid formation of a 

B55/PP2A holoenzyme complex with p107 coinciding with p107 dephosphorylation, we 

conclude that B55 is the major modulator of p107 phosphorylation state in RCS cells and 

the key upstream activator of p107 in FGF signaling in chondrocytes.  

 

 
 

Figure 4. The phosphorylation state of p107 is sensitive to changes in the expression of 

B55 and loss of B55α function delays p107 dephosphorylation in response to FGF 

signaling RCS cells. (A) Overexpression of B55 results in a relative accumulation of 

hypophosphorylated p107, which is not observed with a D197K point mutant. (B) siRNA-

mediated knockdown of B55 results in a relative increase of hyperphosphorylated p107 not 

seen in cells transfected with scrambled siRNA. (C) RCS cells were transduced with 
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lentiviruses encoding B55α or control shRNA vectors, selected with puromycin for three 

days and then stimulated with heparin alone (-FGF) or FGF and heparin (+FGF) for the times 

indicated. Proteins were detected via WB analysis. (D) siRNA-mediated knockdown of B55 

and B55 cooperate to prevent FGF1-induced p107 dephosphorylation (right panel). Levels 

of B55 and B55 are shown on the right. (E) Expression of B55 resistant to siB55 

directed to the UTR promotes p107 dephosphorylation even in the presence of B55 UTR 

siRNA. P107 hypophosphorylated (°) and hyperphosphorylated () forms are indicated 

(Kurimchak et al, 2013).  

 

The remainder of the manuscript is beyond the aims of the proposal and was completed later.  

A model from these data emerged and it is show in Fig. 5 and summarized next.  The data 

reported in the paper support a model in which FGF1 promotes assembly of PP2A/B55 

holoenzymes with p107 by a mechanism that does not involve up-regulation of B55 protein 

levels (Fig. 5). The relative increase in PP2A/B55 holoenzymes targeting p107 shifts the 

equilibrium with CDKs towards rapid and selective dephosphorylation and activation of 

p107 without affecting pRB and p130, which remain hyperphosphorylated. 

Dephosphorylation of p107 results in its transient accumulation in the nucleus, remodeling of 

complexes including an increase in p107/E2F4 and p107/cyclin/CDK complexes, and p107 

targeting to the MYC promoter (Figs. 5  and 6 in Kurimchak et al., 2013), which is 

downregulated early in this process as well as potentially other cell cycle and/or maturation 

genes. However, knockdown of B55 and/or B55 was not sufficient to prevent FGF1-

mediated cell cycle exit although it led to a significant delay (Fig. 7 in Kurimchack et al., 

2013).  Because p130 and pRB remain hyperphosphorylated early on, and thus inactive, they 

do not seem to play an initiating role in controlling gene expression during the very early 

steps of chondrocyte maturation that culminate in cell cycle exit. Hours post-activation of 

p107, the CDK inhibitors p16 and p21 are upregulated (6,9), and in the case of p21 this 

coincides with Cyclin E/CDK2 inactivation and pRB dephosphorylation (6), which occurs in 

parallel with p130 dephosphorylation. This two-tier, sequential activation of pocket proteins 

and the demonstrated requirement of p107/p130 for chondrocyte cell cycle exit and 

endochondral bone formation (14,15) is likely in place to coordinate repression of cell cycle 

genes and perhaps induction of maturation genes (Fig. 5). 

 
 

Figure 5. Differential effects of FGF1 on pocket proteins are mediated by the B55-

PP2A holoenzyme. In this model, FGF1 activates B55 PP2A-mediated dephosphorylation 

of p107 leading to rapid formation of p107 complexes that target genes regulated early in this 
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process. p130 and pRB remain at least partially hyperphosphorylated and do not play an 

initial role in controlling gene expression. FGF-dependent upregulation of p21, which results 

in inactivation of CDK2, and p16, which presumably inactivates CDK4 are likely responsible 

for the delayed dephosphorylation of these two pocket proteins. When p130 is activated, it 

may start substituting for p107 in repression of E2F-dependent genes, and/or may target new 

sets of genes. p107 typically forms repressor complexes with E2Fs, but other possibilities 

including positive transcriptional regulation with fate specific transcription factors are 

conceivably possible (Kurimchak et al, 2013). 

 

 

Aim 2. To identify domains in B55 critical for binding to p107.   The results of this aim 

were completed early after submission of the grant application because they were requested 

by reviewers of a manuscript that we had under review in JBC.  Alison completed these 

experiments and the manuscript was accepted (Jayadeva, et al., 2010). 

 

B55 consists of seven WD40 domains that form the blades of a -propeller and a -hairpin 

arm (Fig. 6A).  p107 interacted both with the amino-terminal 1-216 amino acid fragment that 

contains the first three WD40 domains and the 217-447 C-terminus fragment that contains 

the last four WD40 domains in cotransfection assays in U-2 OS cells (data not shown).  

However, these deletion forms of B55 poorly interacted with PP2A/C and PP2A/A (Fig. 6A 

and data not shown).  It has been recently reported that -catenin, a substrate of B55, also 

interacts with both domains (16).  These results suggest that B55 substrates may make 

multiple contacts with the -propeller structure.  We also generated a series of point mutants 

targeting amino acids in the acidic top face of the -propeller that have been previously 

found to be important for dephosphorylation of Tau by B55 (17).  Fig. 6B shows that only 

residue D197 was essential for binding to p107 in reciprocal immunoprecipitation assays 

from lysates of transfected cells with the indicated constructs.  This residue was also 

important for binding of B55 to PP2A/A and PP2A/C.  Therefore, D197 is critical for p107 

recruitment and efficient formation of the holoenzyme.  It also appeared that substitution of 

residue K48 reduced binding to p107 despite efficient binding to PP2A/A and PP2A/C (Fig. 

6B).  Because mutations on B55 that affect dephosphorylation of Tau by the PP2A 

holoenzyme do not affect p107 binding, it is tempting to speculate that specific residues 

selectively distinguish between different substrates.  Moreover, the identification of D197 as 

critical for binding of B55 and p107, provided as with a great control for gain of function 

studies. 

 In addition, this preliminary structural analysis became the seed for current studies were 

we are identifying the critical residues that determine substrate specificity using the same 

assay shown if Fig. 6B and a large collection of new B55 point mutants that more 

exhaustively scan the top acidic domain of the propeller. 
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Fig. 6. B55 domains and residues required for binding to p107. (A) Structure of B55 

and residues in its top acidic face that are important for dephosphorylation of the B55 

substrate Tau.  (B) B55 D197 is essential for the binding of p107. U-2 OS cells were co-

transfected with Flag-p107 and the indicated Myc-B55 constructs. Cell lysates were 

immunoprecipitated with -Flag and -Myc antibodies and resolved via SDS-PAGE. 

Proteins were detected using -Flag, -Myc, -PP2A/A and -PP2A/C antibodies 

(Jayadeva, et al., 2010). 
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completed for all research projects.   If the project was restricted to secondary analysis of 

clinical data or data analysis of clinical research, then responses to 18(A) and 18(B) should 

be “No.” 

 

18(A) Did you initiate a study that involved the testing of treatment, prevention or 

diagnostic procedures on human subjects?  

______Yes  

_X__No  

 

18(B) Did you complete a study that involved the testing of treatment, prevention or 

diagnostic procedures on human subjects?  

______Yes  

_X___No  

 

If “Yes” to either 18(A) or 18(B), items 18(C) – (F) must also be completed.  (Do NOT 

complete 18(C-F) if 18(A) and 18(B) are both “No.”) 

 

18(C) How many hospital and health care professionals were involved in the research 

project? 

______Number of hospital and health care professionals involved in the research 

project 

 

18(D) How many subjects were included in the study compared to targeted goals? 

 

______Number of subjects originally targeted to be included in the study 

______Number of subjects enrolled in the study 

 

Note: Studies that fall dramatically short on recruitment are encouraged to 

provide the details of their recruitment efforts in Item 17, Progress in Achieving 

Research Goals, Objectives and Aims. For example, the number of eligible 

subjects approached, the number that refused to participate and the reasons for 

refusal. Without this information it is difficult to discern whether eligibility 

criteria were too restrictive or the study simply did not appeal to subjects. 

 

18(E) How many subjects were enrolled in the study by gender, ethnicity and race? 

 

Gender: 

______Males 

______Females 

______Unknown 

 

Ethnicity: 

______Latinos or Hispanics 

______Not Latinos or Hispanics 
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18(F) Where was the research study conducted? (List the county where the research 

study was conducted.  If the treatment, prevention and diagnostic tests were offered in 

more than one county, list all of the counties where the research study was 

conducted.) 
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projects.  If the research project involved human embryonic stem cells, items 19(B) and 
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(submitted for publication, accepted for publication or published.).  Submit an electronic 

copy of each publication or paper submitted for publication, listed in the table, in a PDF 

version 5.0.5 (or greater) format, 1,200 dpi. Filenames for each publication should include 

the number of the research project, the last name of the PI, and an abbreviated title of the 
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20(B) Based on this project, are you planning to submit articles to peer-reviewed publications 
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Obviously, these results have served as preliminary data for other currently active studies that 
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21. Changes in Outcome, Impact and Effectiveness Attributable to the Research Project.  
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or other relevant measures of outcome, impact or effectiveness of the research project.  If 
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The discoveries associated with this grant did not result in new drugs or new approaches for 

prevention, diagnosis and treatment. 

 

23. Inventions, Patents and Commercial Development Opportunities. 
 

23(A) Were any inventions, which may be patentable or otherwise protectable under Title 35 

of the United States Code, conceived or first actually reduced to practice in the performance 

of work under this health research grant?  Yes   No X  

 

If “Yes” to 23(A), complete items a – g below for each invention. (Do NOT complete items 

 a - g if 23(A) is “No.”) 

 

a. Title of Invention:   

 

b. Name of Inventor(s):   

 

c. Technical Description of Invention (describe nature, purpose, operation and physical, 

chemical, biological or electrical characteristics of the invention):   

 

d. Was a patent filed for the invention conceived or first actually reduced to practice in 

the performance of work under this health research grant?   

Yes  No  

 

If yes, indicate date patent was filed:   

 

e. Was a patent issued for the invention conceived or first actually reduced to practice in 

the performance of work under this health research grant?   

Yes  No  

If yes, indicate number of patent, title and date issued:   

Patent number:   

Title of patent:   

Date issued:   

 

f. Were any licenses granted for the patent obtained as a result of work performed under 

this health research grant?  Yes   No  

 

If yes, how many licenses were granted?    

 

g. Were any commercial development activities taken to develop the invention into a 

commercial product or service for manufacture or sale?  Yes  No  

 

If yes, describe the commercial development activities:   

 

23(B) Based on the results of this project, are you planning to file for any licenses or patents, 

or undertake any commercial development opportunities in the future?  
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Yes_________ No___X_____ 

 

If yes, please describe your plans: 

 

 

24.  Key Investigator Qualifications.  Briefly describe the education, research interests and 

experience and professional commitments of the Principal Investigator and all other key 

investigators.  In place of narrative you may insert the NIH biosketch form here; however, 

please limit each biosketch to 1-2 pages.  For Nonformula grants only – include information 

for only those key investigators whose biosketches were not included in the original grant 

application.
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