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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:  Fox Chase Cancer Center 

 

2. Reporting Period (start and end date of grant award period):  1/01/2010 – 12/31/2013 

 

3. Grant Contact Person (First Name, M.I., Last Name, Degrees):  Maria Gill, M.B.A. 

 

4. Grant Contact Person’s Telephone Number:  215-728-2659 

 

5. Grant SAP Number:  4100050895 

 

6. Project Number and Title of Research Project:  3 - Markers of Adult Epithelial Stem 

Cells    

 

7. Start and End Date of Research Project:  1/01/2010 – 12/31/2013   

 

8. Name of Principal Investigator for the Research Project:  Alana O’Reilly, 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:    

 

$624,506     

 

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 

O’Reilly, Alana Principal Investigator 20% Years 1-3 $83,545.40 

Hartman, Tiffiney Research Associate 28% Year 3   $9,222.84 

Stavrides, Kevin Summer Assistant 100% Year 2   $2,957.30 

Hartman, Matthew Postdoctoral Associate 70% Year 2 $18,835.48 

Zinshteyn, Daniel Scientific Technician 50% Year 2 $16,623.89 

Bus, Kathryn Student Fellow 100% Year 1   $4,818.51 

Hopkins, Anthony Summer Assistant 100% Years 1-3 $14,531.64 

Braddock, Tiffany Technician 100% Years 2-3 $17,358.13 

Schofield, Heather Scientific Technician 100% Year 1 $30,387.85 

 

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 

None   

   

 

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 

None   

   

 

 

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_________ No_____X_____ 

 

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

 

 

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?  
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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: 

Systemic Control of 

Epithelial Stem Cell 

Function 

NIH     

 Other federal 

(specify:________

______________) 

 Nonfederal 

source (specify: 

_____________) 

July 2012 $2,231,250 Not Funded 

Cholesterol-mediated 

regulation of 

developmental events 

NIH     

 Other federal 

(specify:________

______________) 

 Nonfederal 

source (specify: 

March of Dimes) 

May 2013 letter of 

intent 
Average 

award is 

$100,000 per 

year  

not selected 

to submit a 

full 

application 

 NIH     

 Other federal 

(specify:________

______________) 

 Nonfederal 

source (specify: 

_____________) 

 $ $ 

 

 

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

the research? 

 

Yes___X______ No__________ 
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If yes, please describe your plans: 

 

A revised application of “Systemic Control of Epithelial Stem Cell Function” will be 

submitted to NIH in July of 2014.  In addition, an application to “CAREER” program at the 

National Science Foundation will be submitted.  The application aims to define how 

additional nutrients affect stem cell function and determining their mechanisms of action will 

be submitted in July of 2014. 

 

 

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

 

During the course of this project, we identified 3 novel markers of epithelial stem cells and 

defined a new mechanism for transmitting nutritional signals to control epithelial stem cell 

proliferation.  This success has opened up many new avenues for future research.  We are 

particularly interested in defining the genes and molecular changes required for control of 

Hedgehog release, a mechanism that likely will have far-reaching impact in many areas.  In 

addition, we will investigate the conservation of this novel signaling mechanisms in 

mammalian systems, and its potential role in cancer.  The new genetic tools we developed 

will be used to identify novel genes that are required for controlling epithelial stem cell 

lifetime in the fly, as well as determining the targets of other dietary components.  Through 

the use of genetic screens using these new tools, we anticipate that many additional epithelial 

stem cell regulatory genes will be discovered as a result of this project. 

 

 

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 2   1 

Female 1   1 

Unknown     

Total 3   2 

 

 

 Undergraduate Masters Pre-doc Post-doc 

Hispanic     

Non-Hispanic 3   2 

Unknown     

Total 3   2 
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 Undergraduate Masters Pre-doc Post-doc 

White 3   2 

Black     

Asian     

Other     

Unknown     

Total 3   2 

 

 

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.  

 

This project was the foundation for a 7-laboratory initiative that is funded currently by a 

large grant from a private donor organization (the Bucks County Board of Associates).  

Collectively, the 7 laboratories have 10 trainees (postdoctoral fellows and graduate students) 

and 7 principal investigators working on the future directions that arose from this project.  

Joint grants between laboratories have been submitted already, and joint publications and 

additional grant applications are currently planned.  Without these funds, the separate 

research projects of several of these laboratories would not have coalesced into a larger 

project focused on the role of signals identified in this work on the development, progression, 

and drug resistance of pancreatic and brain cancers. 

 

 

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_________ No____X______ 

 

If yes, please describe the collaborations:  
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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:  

 

Dr. O’Reilly has been heavily engaged with the public as a result of this project.  She 

initiated a new program for high school students that included a session in her laboratory 

on the role of diet in stem cell function, based on the results of this project.  Currently, 16 

high school students, 4 high school teachers, and approximately 100 students in high 

school classrooms are exploring the role of diet and stem cells based on experimental 

approaches and questions raised by this project.  In addition, Dr. O’Reilly has spoken 

about this work in many public forums and has become involved with the Office of 

Health Disparities and Health Communication at Fox Chase Cancer Center as a result of 

this work. 

 

 

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 

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. 
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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. 

 

 

Prior to the beginning of this project, substantial progress had been made in the identification of 

markers used to isolate and study stem cells from adult tissues.  However, despite these 

advancements, purification of adult tissue stem cells, identification of stem cells in situ, and the 

functional relevance of stem cell markers currently used in isolation protocols remained 

challenges for this field. 

 

The goal of our project was to identify novel regulators of epithelial stem cell function.  During 

the course of this work, we 1) identified a new stem cell regulatory protein that controls 

epithelial stem cell proliferation by sequestering critical growth factors away from the stem cell 

niche (Hartman et al., 2010), 2) defined a novel signal transduction pathway that controls 

epithelial stem cell proliferation in response to changes in diet (Hartman et al., 2013), and 3) 

developed tools for the in vivo analysis and genetic manipulation of an epithelial stem cell 

population in the Drosophila ovary (Ventresca et al., 2014).  This work sets a foundation for 

detailed analysis of the mechanisms of action of genes that act within regulatory cells located far 

from the stem cell or in its immediate microenvironment and for genes that act within the stem 

cells themselves.   

 

We initiated this project by screening for markers of epithelial Follicle Stem Cells (FSCs) in the 

fly ovary.  FSCs exhibit properties similar to those observed in mammalian stem cells in the 

intestine and hair follicle, with continuous proliferation, competition for niche occupancy, and 

the ability to generate all the daughter cells required for a fully functional epithelium.  Moreover, 

FSCs are known to be regulated by growth factors including members of the TGF, Wnt, 

JAK/STAT, and Hedgehog signaling pathways that are utilized by many stem cell populations.  

Whereas lineage tracing techniques already were available for initial studies of wild-type FSC 

function, it was difficult to identify mutant FSCs that lost some or all of the well-accepted 

properties of FSCs.  For example, mutation of integrin adhesion receptors resulted in altered 

positioning and morphology of FSCs (O'Reilly et al., 2008), two characteristics that were 

essential for their definitive identification.   
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We conducted two screens with the 

goal of identifying FSC markers that 

would allow for the analysis of the 

effects of genetic mutation on FSC 

function, even in situations where some 

FSC properties were altered.  In the 

first screen, antibodies directed against 

candidate FSC marker proteins, 

including receptors for growth factors 

known to control FSC function, were 

assessed for their ability to mark FSCs 

specifically.  One antibody, anti-FC-

NA labeled the nuclei of all cells 

within the ovary, but exhibited very 

high expression in FSCs and their 

daughter cells.  This antibody enabled 

us to definitively identify FSCs relative 

to neighboring cells that compose their 

niche, representing a major advance in 

FSC identification. 

 

Purification of a Follicle Cell Nuclear 

Antigen (FC-NA) 

 

A major goal of the work performed 

during the first year of this award was 

to molecularly identify FC-NA using a 

biochemical approach.  Ovaries can be used as a protein source for biochemical purification, but 

the proximity of the gut and its resident proteases coupled with labor intensive dissection 

required for ovary isolation makes the system less than an ideal protein source.  In flies, the 

developing embryo can be considered a bag of epithelial stem cells.  All tissues are derived from 

a synchronized population of epithelial cells that differentiate to form specific organs.  Since our 

hypothesis was that FC-NA is a general marker of epithelial stem cells, we reasoned that it might 

be expressed at high levels in embryonic progenitor cells, which are epithelial in origin.  To test 

this, we analyzed patterns of FC-NA expression in fixed embryos at various stages of 

development.  Specifically, embryos developing from eggs laid by wild-type female flies over a 

24 hour time period were fixed and stained with antibodies against FC-NA.  Co-labeling with 

antibodies against the Hedgehog receptor Smoothened revealed the segmentation patterning of 

mid- stage embryos and enabled determination of the developmental stage.  This experiment 

clearly demonstrated high levels of expression of FC-NA in all cells of early embryos and a more 

restricted pattern later in development.  Highest levels of expression in late embryos were 

observed in the developing epithelial tissues, with highest levels observed in the gut.  These 

results supported our hypothesis that FC-NA may be an epithelial stem cell marker.  Further, 

these results suggested that FC-NA marks embryonic stem cells, at least in the fly.   
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In initial experiments, we established conditions for isolating FC-NA from the fly ovary by 

immunoprecipitation using anti-FC-NA antibodies.  Bands of 27kD, 40kD, 64kD, 72kD, 100kD, 

108kD, and 135kD were observed, suggesting that the antibody was capable of 

immunoprecipitating proteins from tissue lysates (Figure 1A).  The robust expression of FC-NA 

in early stages of embryonic development described above indicates that embryos also are a rich 

source of FC-NA protein for purification.  Embryo collection techniques are straightforward and 

efficient and large volumes of protein (on the order of 

grams) can be collected with very little time or effort.  To 

verify that the protein recognized by FC-NA antibodies 

in ovaries was the same in embryos, we compared the 

patterns of bands immunoprecipitated by the same 

antibody from the two different tissues.  Proteins of 

approximately 27kD, 40kD, and 72kD were detected by 

Western blotting from both tissues (Figure 1B).  

Additional proteins of 52kD and 56kD were observed in 

embryos but not in ovaries.  Based on this analysis, we 

focused on the three bands that are apparently the same 

in both tissues. 

 

Our next step was to perform a preparative 

immunoprecipitation with FC-NA antibodies.  Two 

grams of protein were isolated from 24 hour embryo 

collections.  Anti-FC-NA immunoprecipitation was 

performed in the presence or absence of a peptide antigen 

that competes for binding of the antibody.  Silver 

staining revealed a single protein band of approximately 

40kD in the immunoprecipitated material that was lost in 

the presence of the competing peptide (Figure 1C).   

These results suggest that the 40kD band observed in 

both embryos and ovaries is the FC-NA protein.   

 

Following the determination of the size of FC-NA, our 

next goal was to establish a purification protocol that 

enabled us to molecularly identify FC-NA by mass spectrometry.  Purification of FC-NA by size 

exclusion chromatography resulted in elimination of many proteins, but was not sufficient to 

enable definitive identification.  After size exclusion chromatography, numerous attempts were 

made to utilize ion-exchange chromatography to further purify FC-NA.  Interestingly, FC-NA 

was lost in the low-salt conditions required for ion-exchange chromatography, suggesting that 

FC-NA is insoluble in low-salt conditions.  Due to these technical difficulties and a diminishing 

supply of anti-FC-NA antibodies, we switched our approach and attempted to molecularly 

identify FC-NA using a candidate approach.  The antigen that led to production of anti-FC-NA 

antibodies was mapped by a competition experiment.  Specifically, ovaries were isolated, fixed, 

and immunostained with FC-NA antibodies in the presence or absence of possible antigens based 

on the sequence of the original peptide.  The antigen was determined to be just three amino 

acids, “AER” fused to glutathione-S-transferase (Hartman et al., 2010).  Next, a bioinformatics 

approach was utilized to identify the possible antigens in the fly with the sequence “AER”.  A 
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list of over 1000 proteins was generated, but the list was narrowed by eliminating proteins that 

are 1) not expressed in either ovaries or embryos, 2) the wrong size to be FC-NA, or 3) had 

known expression patterns in embryos and/or ovaries that were not consistent with those 

observed for FC-NA.  This led to reduction of the list to ~40 proteins, including several nuclear 

proteins which were our top candidates.  Transgenic flies bearing RNAi under control of the 

Gal4 target sequence UAS were identified, and the levels of candidate proteins were reduced by 

crossing RNAi flies to a Gal4 line that is expressed at high levels in FSCs (see below for details).  

Immunostaining with anti-FC-NA antibodies was indistinguishable from the pattern observed in 

wild-type ovaries in most cases, suggesting that those candidates were not FC-NA.   

 

Current efforts to molecularly identify FC-NA are focused on one candidate.  Generation of loss-

of-function clones of cells of this gene results in loss of FC-NA immunostaining, suggesting that 

this gene is required for FC-NA immunostaining.  In addition, we are in the process of 

generating more anti-FC-NA antibody, as the stock was depleted before we were able to 

complete its molecular identification. 

 

The anti-FC-NA antibody is an invaluable reagent for distinguishing FSCs from their neighbors 

in the FSC niche, however.  We published the expression pattern of FC-NA in 2013 (Figure 2, 

(Hartman et al., 2010)), and utilized this new reagent to measure FSC proliferation without 

complication from possible division of neighboring cell types.  The molecular identification of 

FC-NA will be completed pending generation of additional antibodies that are required to 

complete the analysis. 

 

The Hedgehog binding protein Boi controls FSC proliferation via a sequestration and release 

mechanism 

While conducting experiments on FC-NA, we continued screening candidate genes as potential 

FSC markers and regulators.  The Hedgehog (Hh) signaling pathway was previously shown to be 

critical for controlling FSC proliferation, suggesting that Hh receptors might be FSC markers.  

We analyzed the expression patterns of Patched, a well-studied Hh receptor and the Hh effector 

protein Smoothened.  However, both proteins were quite broadly expressed in cells throughout 

the germarium.  Two new Hh binding proteins, Interference Hedgehog (Ihog) and Brother of 

Ihog (Boi) had been recently discovered as receptors for Hh signals in other fly tissues.  As the 

function of Ihog and Boi had not been previously analyzed in ovarian tissues, we generated 

antibodies against each of the proteins and also assessed the ovarian phenotypes of flies lacking 

their expression.  Although ihog mutation had no effect on FSCs or oogenesis in general, boi 

mutants exhibited a striking increase in FSC proliferation (Figure 3).  This phenotype is similar 

to that observed upon increased signaling through the Hh pathway, suggesting that Boi acts as a 

negative regulator in this system.  This was a surprise since later work showed that Boi can 

function as a co-receptor for Patched in other tissues in the fly, acting to enhance Hh signaling.  

The effects we observed were boi-specific as alterations in the levels of ihog did not enhance the 

boi defects, and ihog mutation had no effect on its own (Figure 3).  Although our initial 

expectation was that Boi would be expressed in FSCs themselves, anti-Boi immunostaining 

revealed expression in the apical cells that produce Hh instead (Figure 4).  Thus, Boi acts as a 

suppressor of Hh signaling, functioning in the cells that produce the ligand rather than in the 

FSCs that receive it. 
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Figure 3:  boi controls FSC proliferation.  A) Schematic of early oogenesis.  Germline 

stem cells (GSCs, gray) and Escort Stem cells (ESCs, light blue) contact a cellular niche 

composed of terminal filament and cap cells (“apical cells”, green).   Follicle Stem Cells 

(FSCs, red) reside 3-5 cell diameters posterior to apical cells.  These stem cells generate 

daughter cells that coordinate to produce follicles (egg chambers) composed of a 16-cell 

germline cyst (gray) surrounded by a single follicular epithelial layer (yellow).  Egg 

chambers develop over 7 days to produce mature eggs.  B-D) Germaria in which germ 

cells (blue, anti-Vasa) and differentiating follicle cells (red, anti-Fas3) are labeled.  Stalks 

between the germarium and the first budded egg chamber average 9 cells in WT (B), and 

18 cells in boie mutants (C). Cell numbers for WT (B), and boie (C,D) are indicated 

(brackets).  Stalks with excess follicle cells are observed at later stages (arrow, B).  D) 

boi mutants exhibit defects in cyst packaging (indicated by side-by-side cysts in a single 

plane (white arrow) or 2 cysts surrounded by a single epithelium (green arrow), and 

polarization defects (round cells, changes in Fas3 staining, arrowheads).  E) Average cell 

number in the first stalk for each genotype is shown.  Error bars represent standard error 

of the mean (SE).  * indicates significant differences relative to WT (p< 0.00000006).  F)  

Average numbers of dividing FSCs (phospho-histone H3 positive (PH3+)) per 

germarium are shown.  Error bars represent SE and * indicate significant differences 

relative to WT (p< 0.002). 
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To better understand Boi function, we next examined the effects of boi mutation on Hh 

localization.  Previous work had demonstrated that Hh is predominantly localized to the surface 

of apical cells that produce the ligand.  Consistent with those reports, we found high levels of Hh 

protein on the surface of apical cells in wild-type ovaries, but no detectable localization to FSCs 

(Figure 5).  In contrast, Hh failed to localize to the surface of apical cells in boi mutants, instead 

accumulating in the FSC niche (Figure 5).  This result suggested that Boi acts to sequester Hh 

ligand to the surface of apical cells, thus controlling FSC proliferation by limiting the levels of 

Hh available to the FSC niche.  An extensive structure-function analysis demonstrated that the 

Hh-binding domain of Boi was essential for its sequestering function, but the domain that 

mediates binding and co-receptor activity with Patched was dispensable.  The effects of boi 

mutation on FSC proliferation were specific to the Hh signaling pathway, as reduced function of 

the Hh effector proteins Smoothened and Cubitus Interruptus (Ci) within FSCs suppressed the 

effects (Figure 6).  Together, these results demonstrate that Boi binds directly to Hh ligand on the 

surface of the apical cells that produce it, limiting FSC proliferation by sequestering the ligand 

away from the FSC niche and reducing signaling through the canonical Hh signaling pathway.  

Figure 4: Boi sequesters Hh on the surface of apical cells.  A, B)  WT (A) or boie mutant (B) germaria showing Boi (green) 

and Hh (red) expression in apical cells (brackets).   Redistributed Hh is indicated (B, arrow).  C) Rescue of Hh (red) and 

Boi (green) localization by wild-type boi expression in apical cells (bracket, boie; UAS-boi/+; babGal4/+).  Nuclei are 

labeled (Draq5, blue).  D)   BoiFN1(green) lacks the Hh binding domain and fails to rescue Hh (red) localization (brackets, 

boie; UAS-boiFN1/+; babGal4/+).  Hh accumulates near FSCs (arrow) as in boi mutants.  E)  Ihog expression (boie; 

ihogEP/+; babGal4/+) rescues Hh localization (red).  Germ cells are labeled (anti-Vasa, blue).  F) Average cell number in 

the first stalk for each genotype is shown.  Error bars represent SE.  * indicates significant differences relative to control 

(babGal4/+, p< 0.00002).  ** indicates significant differences relative to boie; babGal4/+ (p< 0.00002).  G)  Average 

numbers of dividing FSCs (PH3+) per germarium are shown.  Error bars represent SE.  * indicates significant differences 

relative to control (babGal4/+, p<0.001).  ** indicates significant differences relative to boie; babGal4/+, (p<0.02).   
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These results were published as the cover story of the November 29 issue of The Journal of Cell 

Biology in 2010 (Hartman et al., 2010). 

 

 

  

Figure 5:  Boi sequesters Hh on the surface of apical cells.  A, B)  WT (A) or boie mutant (B) germaria showing Boi (green) 

and Hh (red) expression in apical cells (brackets).   Redistributed Hh is indicated (B, arrow).  C) Rescue of Hh (red) and Boi 

(green) localization by wild-type boi expression in apical cells (bracket, boie; UAS-boi/+; babGal4/+).  Nuclei are labeled 

(Draq5, blue).  D)   BoiFN1(green) lacks the Hh binding domain and fails to rescue Hh (red) localization (brackets, boie; 

UAS-boiFN1/+; babGal4/+).  Hh accumulates near FSCs (arrow) as in boi mutants.  E)  Ihog expression (boie; ihogEP/+; 

babGal4/+) rescues Hh localization (red).  Germ cells are labeled (anti-Vasa, blue).  F) Average cell number in the first stalk 

for each genotype is shown.  Error bars represent SE.  * indicates significant differences relative to control (babGal4/+, p< 

0.00002).  ** indicates significant differences relative to boie; babGal4/+ (p< 0.00002).  G)  Average numbers of dividing 

FSCs (PH3+) per germarium are shown.  Error bars represent SE.  * indicates significant differences relative to control 

(babGal4/+, p<0.001).  ** indicates significant differences relative to boie; babGal4/+, (p<0.02).   
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Figure 6:  Boi acts through the canonical Hedgehog pathway.  A, B) Reducing Hh expression in all cells (hhAC/+) or in 

apical cells (hhRNAi/bab-Gal4) suppresses boi mutant defects.  A) Average cell number in the first stalk for each genotype is 

shown.  Error bars represent SE.  * indicates significant differences relative to control (WT or bab-Gal4/+, p< 0.00000006). 

** indicates significant differences relative to boie or boie;babGal4/+ (p< 0.000001).  B)  Average numbers of dividing FSCs 

(PH3+) per germarium are shown for genotypes indicated.  Error bars represent SE. * indicates significant differences 

relative to control (WT or bab-Gal4/+, p< 0.0002).  ** indicates significant differences relative to boie or boie;bab-Gal4/+ 

(p<0.02).  C,D)  Reducing expression Smo or Ci expression in all cells (smo3/+) or in FSCs and their progeny (smoRNAi/109-

30-Gal4, or CiRNAi/109-30-Gal4) suppresses boi mutant defects.  C) Average cell number in the first stalk for each genotype 
is shown.  Error bars represent SE..  * indicates significant differences relative to control (WT or 109-30/+, p< 0.0000009). 

** indicates significant differences relative to boie or boie;109-30/+ (p< 0.00001).  D)  Average numbers of dividing FSCs 

per germarium (PH3+) are shown.  Error bars represent SE. * indicates significant differences relative to control (WT or 109-

30/+, p< 0.007).  ** indicates significant differences relative to boie or boie;109-30/+ (p<0.04).  E)  Wild-type germaria 

immunostained with antibodies against Smo (green), Vasa (germ cells, blue), and Hh (red).  Brackets indicate apical cells.  F)  

Average cell number in the first stalk for each genotype is shown.  Error bars represent SE.  * indicates significant 

differences relative to control (babGal4/+ or 109-30/+, p< 0.004). ** indicates significant differences relative to boie; 

babGal4/+, p< 0.0000002).  G)  Expression of BoiFN2 (green) in boi mutant apical cells (boie; UAS-boiFN2/+; babGal4/+) 

rescues Hh localization (red). 
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Delineation of a novel signal transduction pathway that controls FSC proliferation in response to 

dietary changes 

 

The unexpected finding that Boi functions as a Hh pathway suppressor acting via sequestration 

of Hh ligand raised many new questions about this novel mechanism.  We next proposed that 

Boi might act as a rheostat that modulates the levels of Hh available to the FSC niche in response 

to some upstream signal.  Previous work had shown that stem cell proliferation in the fly ovary is 

exquisitely sensitive to nutrition, with complete arrest of stem cell proliferation occurring within 

hours of transferring flies to nutrient-restricted conditions.  To test the possibility that Boi might 

release Hh from apical cells in response to feeding, we cultured adult flies on nutrient-restricted 

media containing only water and simple sugars for three days, and then fed them a “rich diet” 

composed of yeast, which contains all nutrients needed for egg production (Figure 7). As 

expected, FSCs arrested proliferation upon transfer of flies to nutrient-restricted medium, and 

peak proliferation was observed 6 hours after feeding.  Strikingly, Hh was sequestered to the 

surface of apical cells in nutrient-restricted conditions, but was released within 15 minutes of 

feeding.  By 3 hours after feeding, accumulation of Hh within FSCs was evident, with peak 

levels of accumulation at 6 hours, corresponding directly to the peak of FSC proliferation.  These 

results supported the hypothesis that Hh sequestration and release is a controlled event that is 

controlled by feeding. 

Figure 7.  Re-feeding 

nutrient-restricted flies 

stimulates Hh release and 

FSC proliferation.  A-G) 

Nutrient-restricted wild-type 

flies expressing Hh-GFP in 

the apical cells (Hh-

GFP/babGal4) were re-fed 

yeast for times indicated.  A-

F) Follicle cells (Fas3) and 

apical cells (LamC) are both 

labeled in blue to enable 

mapping of Hh localization.  

Hh-GFP (green) is also 
shown.  A’-F’) Same images 

as A-F with germ cells shown 

(Vasa, red). G-L) Boi 

localization in apical cells is 

indicated with a bracket in 

nutrient-restricted (G) and re-

fed (H-L) flies.  (A-L) * 

marks the flattened germline 

cyst at the region 2A/2B 

border.  Arrowheads indicate 

FSCs.  Brackets indicate 

apical cells.  Scale bars 

represent 10 µM.  M)  

Average number of dividing 

FSCs (blue), and Hh-GFP 

localization in the follicle 

stem cells (red) are shown.  

Error bars represent Standard 

Error (SE).   
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Next, we determined the specific nutrient within yeast that acted as the Hh release trigger.  Our 

initial approach focused on insulin, as studies in many systems including the fly ovary have 

demonstrated a critical role for insulin in control of stem cell proliferation.  However, reduced 

expression of the insulin receptor in apical cells had no effect on Hh release in response to 

feeding (Figure 8), suggesting that it was not required for the response.  Moreover, feeding flies 

yeast extract, which contains the proteins, complex carbohydrates, and vitamins and minerals 

that normally stimulate insulin production in the fly, did not lead to Hh release or increased FSC 

proliferation (Figure 9).  Yeast extract is composed of all the water soluble components of yeast, 

but lacks lipids and other fat soluble components.  Since whole yeast acted as a trigger for Hh 

release but yeast extract did not, we examined the possibility that a lipid might be the release 

trigger.  Flies are cholesterol auxotrophs, requiring consumption of cholesterol in the diet as they 

lack the mechanisms required for cholesterol synthesis.  To test the possibility that cholesterol 

was the Hh release trigger, cholesterol was added to yeast extract and the effects on Hh release 

and FSC proliferation were measured.  In contrast to yeast extract alone, the addition of 

cholesterol led to a response that was indistinguishable from feeding flies whole yeast (Figure 9), 

demonstrating that cholesterol is sufficient to trigger Hh release and drive FSC proliferation.  

The cholesterol response depended on canonical Hh signaling within FSCs, as reduced levels of 

Smoothened suppressed cholesterol-mediated stimulation of FSC proliferation.  Perhaps more 

importantly, increased Hh signaling was sufficient to drive FSC proliferation even under 

Figure 8.  Loss of insulin receptor in apical cells 

does not block FSC proliferation after re-feeding.  

A-D) Nutrient-restricted InRRNAiJF01482/babGal4 

flies were re-fed yeast for 6 hours.  A) Average 

numbers of dividing FSCs (PH3+) per germarium 

are shown *: p<0.0002 vs. nutrient-restricted 

InRRNAiJF01482/babGal4.  Error bars represent SE 

(n=146 and 364).  B) Average numbers of dividing 

GSCs (PH3+) per germarium are shown *: 

p<0.00001 vs. nutrient-restricted 

InRRNAiJF01482/babGal4.  Error bars represent SE 

(n=208 and 412).  C,D) Localization of 

endogenous Hh was determined.  C) The 

percentage of germaria with endogenous Hh 

localized to apical cells was scored.  **: 

p<0.00001 vs. nutrient-restricted 

InRRNAiJF01482/babGal4 flies (n=164 and 155).  

Error bars represent SE.  D)  Hh (green) was 

observed in over 60% of apical cells of nutrient-

restricted InRRNAiJF01482/babGal4 flies, but was 

released from re-fed flies as observed in WT (Fig 

2).  Apical cells are labeled in blue (LamC) and 

germ cells are red (Vasa).  Brackets indicate apical 

cells.  Scale bars represent 10 µM.  E,F) Loss of 

insulin receptor reduces FSC and GSC 

proliferation in flies on a normal food diet.  E)  

Average numbers of dividing FSCs (PH3+) per 

germarium are shown *: p<0.00001 vs. 

babGal4/+.  Error bars represent SE (n=552 to 

611).  F)  Average numbers of dividing GSCs 

(PH3+) per germarium are shown *: p<0.002 vs. 

babGal4/+.  Error bars represent SE (n=426 to 

527).   
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nutrient-restricted conditions (Figure 10).  boi mutants, which release Hh constitutively, 

exhibited FSC proliferation rates in nutrient-restricted flies that were nearly the levels of fed 

wild-type FSCs.  Thus, cholesterol triggers FSC proliferation by activating canonical Hh 

signaling within FSCs upon release of sequestered Hh from Boi on the surface of apical cells. 

 

In the fly intestine, cholesterol binds to a member of the steroid hormone family of receptors, 

DHR96, resulting in reduced transcription of cholesterol scavenger proteins in the well-fed state.  

In the absence of cholesterol, DHR96 transcriptionally activates cholesterol scavenging 

pathways to maintain the fly through periods of starvation.  This critical function is reflected by 

very high levels of DHR96 expression within intestinal cells.  Strikingly, however, equally high 

levels of DHR96 are present in the fly ovary, suggesting a second critical function.  To determine 

whether DHR96 functions as the cholesterol receptor in apical cells, the levels of DHR96 were 

reduced and the effects on Hh release and FSC proliferation were measured.  Reduced 

expression of DHR96 in apical cells (with normal levels of expression in the intestinal cells) 

suppressed Hh release and FSC proliferation, demonstrating a requirement for DHR96 function 

in the cholesterol response within apical cells (Figure 9). 

 

Figure 9.  Cholesterol triggers Hh release.  A) 

Nutrient-restricted WT flies were re-fed for 6 hours 

with yeast or yeast extract (y.e.) +/- 0.2 mg/g 

cholesterol or ethanol vehicle control.  Average 

numbers of dividing FSCs (PH3+) per germarium 

are shown *: p<0.00001 vs. nutrient-restricted WT. 

**:<0.00001 vs. WT re-fed yeast (n=1320 to 2113).  

B,C) Nutrient-restricted WT flies expressing Hh-

GFP in apical cells (Hh-GFP/babGal4) were re-fed 

for 6 hours with yeast or yeast extract (y.e.) +/- 0.2 

mg/g cholesterol or ethanol vehicle control and 

stained for Hh-GFP (green).  (B) Follicle cells and 

apical cells are both labeled in blue (Fas3 and 

LamC, respectively), germ cells are red (Vasa). * 

indicates flattened germline cyst at the Region 

2A/2B border.  Arrowheads indicate FSCs.  

Brackets indicate apical cells.  Scale bars represent 

10 µM.  (C) The percentage of germaria with Hh-

GFP localized to FSCs was scored (n=85 to 195).  

D) Nutrient-restricted DHR96RNAi/bab-Gal4 and 

DHR96RNAi/+ flies were re-fed yeast for 6 hours.  

Average numbers of dividing FSCs (PH3+) per 

germarium are shown *: p<0.00001 vs. nutrient-

restricted DHR96 RNAi/+.  **: p<0.00001 vs. re-fed 

DHR96 RNAi/+ (n=779 to 1194).  E) UAS-

DHR96/bab-Gal4 and UAS-DHR96/+ flies were 

nutrient-restricted for 3 days.  Average numbers of 

dividing FSCs (PH3+) per germarium are shown *: 

p<0.005 vs. nutrient-restricted UAS-DHR96/+ 

(n=184 and 251).  Error bars represent SE. 
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At this point, it was clear that cholesterol is a specific nutrient trigger for controlling Hh levels in 

the FSC niche and that it acts through its receptor DHR96 rather than through modification of Hh 

protein itself by the addition of cholesterol (Figure 10).  Our next goal was to determine how Hh 

release occurs.  Our previous results had demonstrated that the Hh binding domain of Boi was 

required for sequestration of the ligand on the surface of apical cells.  Consistent with that work, 

boi mutants exhibited constitutive Hh release and FSC proliferation in nutrient-restricted flies 

Figure 10.  Cholesterol mediated Hh release is sufficient for stem cell proliferation.  A-B) Nutrient-restricted smoRNAi/109-

30-Gal4, smoRNAi/+ and 109-30-Gal4/+ flies were re-fed yeast (A) or yeast extract +/- 0.2 mg/g cholesterol (B) for 6 hours.  

Average numbers of dividing FSCs (PH3+) per germarium are shown. *: p<0.00001 vs. nutrient-restricted 109-30-Gal4/+. 

**: p< 0.00001 vs. smo RNAi/+ re-fed yeast (n=366 to 1294 (A) and n=217 to 514 (B)).  A) Nutrient-restricted hhRNAi/bab-

Gal4 and hhRNAi/+ flies were re-fed yeast paste for 6 hours.  *: p<0.00001 vs. nutrient-restricted babGal4/+, **: p<0.00001 

vs. hhRNAi/+ re-fed yeast (n=278 to 699).  Error bars represent SE.  C-E) Active HhN-GFP is not modified by cholesterol, but 

is retained in the apical cells in nutrient-restricted flies and released in re-fed flies.  * indicates flattened germline cyst at the 

Region 2A/2B border.  Arrowheads indicate FSCs.  Brackets indicate apical cells.  Scale bars represent 10 µM.  HhN-GFP is 

lost from the apical cells (C,D) and accumulates in FSCs (C,E) at similar levels observed with cholesterol modified Hh-GFP-

C.   
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(Figure 11, 12).  Expression of a wild-type boi transgene rescued the sequestration defects and 

also permitted Hh release in response to feeding (Figure 12).  As expected, expression of a form 

of Boi lacking the Hh binding domain failed to rescue sequestration, and the constitutive release 

that characterized boi mutants was observed instead (Figure 12).  

 

 

Surprisingly, deletion of the entire cytoplasmic domain of Boi failed to rescue Hh release in 

response to feeding (Figure 12).  Whereas this mutant was sufficient to sequester Hh in nutrient-

restricted flies, no increase in FSC proliferation or Hh release was observed upon feeding (Figure 

12).  This suggested that the signal that triggers Hh release occurs within the cytoplasm of apical 

cells, rather than somehow modifying the Hh binding domain outside the cell. 

 

Further structure-function experiments revealed that a serine residue in the C-terminal tail of Boi 

is critical for Hh release (Figure 12).  Previous analysis of the phosphoproteome of Drosophila 

embryos had demonstrated phosphorylation of this site, suggesting that phosphorylation might be 

important for Hh release.  Consistent with this idea, mutation of serine 983 to alanine abrogated 

the feeding response without affecting the ability of Boi to sequester Hh in starved flies.  Serine 

983 is within a perfect consensus sequence for phosphorylation by S6 kinase, a well-studied 

nutrient-mediating signal.  Consistent with the model that S6 kinase phosphorylates Boi on 

Figure 11.  FSCs proliferate in nutrient-restricted boi mutant flies.  A-B) WT and boie mutant flies expressing Hh-GFP in 

apical cells (Hh-GFP/babGal4tubGal80ts and boie;Hh-GFP/babGal4tubGal80ts) were nutrient-restricted or re-fed yeast 

and stained for Hh-GFP (green).  Follicle cells (Fas3) and apical cells (LamC) are both labeled in blue to enable mapping of 

Hh-GFP localization, and germ cells are red (Vasa) (A).  * indicates flattened germline cyst at the Region 2A/2B border.  

Arrowheads indicate FSCs.  Brackets indicate apical cells.  Scale bars represent 10 µM.  Percentage of germaria with Hh-

GFP localized to apical cells or FSCs was quantified (B), n=146 to 654.  C,D) Nutrient-restricted WT and boie mutant flies 

were re-fed yeast for 6 hours.  Average numbers of dividing FSCs [(C) *:p<0.00001 vs. nutrient-restricted WT (n=370 to 

2113)], or GSCs [(D) *:p<0.0007 vs. nutrient-restricted WT (n=427 and 527)] per germarium are shown.  Error bars 

represent SE. 
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Serine 983 to trigger Hh release, reduced S6K function within apical cells suppressed the feeding 

response, and expression of an activated form of S6K weakly stimulated FSC proliferation in 

starved flies (Figure 13).   

 

Together, these results represent the identification of a novel, nutrient-responsive signal 

transduction pathway that translates dietary changes into a specific stem cell response (Figure 

14).  Current experiments are focused on understanding how the cholesterol receptor activates 

S6K to trigger Hh release and identifying the structural changes within Boi that mediate the 

balance between sequestration and release.  In addition, we are investigating the conservation of 

this mechanism in mammalian tissues, with the idea that it may be a new paradigm for regulation 

of growth factor signaling by inside-out signaling that controls sequestration and release.  This 

work was the featured article in May 27 issue of The Journal of Cell Biology in 2013 (Hartman 

et al., 2013). 

 

 

 

Figure 12.  Hh release is controlled by phosphorylation of a conserved serine in the Boi cytoplasmic domain.  A, B) boie 

mutant flies rescued with the indicated form of Boi were nutrient-restricted for 3 days (A) and re-fed yeast for 6 hours (B).  

A) Forms of Boi with the ability to bind Hh rescued FSC overproliferation in nutrient-restricted boie mutants, consistent with 

their ability to sequester Hh. *: p<0.00001 vs. nutrient-restricted babGal4/+ (n=243 to 753).  B) Forms of Boi lacking key 

regions of the cytoplasmic domain failed to fully rescue FSC proliferation in fed flies, consistent with a failure to release Hh.  

**: p<0.00001 vs. boie;UAS-boi/babGal4 re-fed yeast (n=314 to 962).  C)  Conserved region in the cytoplasmic domains of 

Boi and Ihog.  S983 (*), and the S6K consensus site (RxRxxSx, underlined) are indicated. D,E) boie mutant flies expressing 

HhGFP and WT Boi (boie;HhGFP/+;UAS-Boi/babGal4 ) accumulate Hh-GFP in FSCs after re-feeding (D), while flies 

expressing BoiS983 (boie;HhGFP/+;UAS-boi983A/babGal4) do not accumulate HhGFP in FSCs after re-feeding (E).  Hh-GFP 

(green), follicle cells (Fas3, blue), apical cells (LamC, blue) and germ cells (Vasa, red).  * indicates flattened germline cyst at 

the Region 2A/2B border.  Arrowheads indicate FSCs.  Brackets indicate apical cells.  Scale bars represent 10 µM.   
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Figure 13.  Stimulation of FSC proliferation after re-feeding is S6K-dependent.  A)  In the presence of human S6K, Boi 

S983 is phosphorylated (top panel, lane 3, lower band).  Mutation of S983 to A abrogates phosphorylation (top panel, lane 4), 

indicating that S983 is the primary site of phosphorylation.  Autophosphorylation of S6K also is observed (top panel, lanes 2-

4, upper band).  No signal is observed in the absence of S6K (top panel, lane 1) or when GST alone is used as a substrate (top 

panel, lane 2).  Bottom panel:  Coomassie stained gel showing levels of GST (lane 2) or GST-Boi (lanes 1, 3, 4) used in the 

assay.  B) Nutrient-restricted S6KRNAi/bab-Gal4 and S6KRNAi/+ flies were re-fed yeast for 6 hours.  Average numbers of 

dividing FSCs (PH3+) per germarium are shown. *: p<0.00001 vs. nutrient-restricted S6KRNAi/+.  **: p<0.00001 vs. re-fed 

S6KRNAi (n=493 to 1037).C) S6KRNAi flies expressing HhGFP in apical cells (S6KRNAi;HhGFP/babGal4 ) fail to accumulate 

Hh-GFP in FSCs after re-feeding.  Hh-GFP (green), follicle cells (Fas3, blue), apical cells (LamC, blue) and germ cells 

(Vasa, red).  * indicates flattened germline cyst at the Region 2A/2B border.  Arrowheads indicate FSCs.  Brackets indicate 

apical cells.  Scale bars represent 10 µM.  D) Activated S6K (S6KTE/bab-Gal4, S6KSTDE/bab-Gal4, S6KWT/bab-Gal4 and 

controls S6KTE/+ and S6KSTDE/+) flies were nutrient-restricted for 3 days.  Average numbers of dividing FSCs (PH3+) per 

germarium are shown. *: p<0.02 vs. nutrient-restricted babGal4/+ (n=277 to 1132). E) boie;DHR96RNAi/babGal4, 

S6KRNAi/+;UAS-DHR96/babGal4 and control flies were nutrient-restricted for 3 days.  Average numbers of dividing FSCs 

(PH3+) per germarium are shown. *: p<0.005 vs. nutrient-restricted babGal4/+. **: p<0.03 vs. nutrient-restricted UAS-

DHR/babGal4 (n=251 to 1014).  Error bars represent SE. 

 

Figure 14.  Cholesterol activation of 

DHR96 leads to S6K-dependent 

phosphorylation of Boi983A, causing 

release of Hh from apical cells and 

activation of FSC proliferation.  Hh 

(yellow) is sequestered by Boi (blue) 

in nutrient-restricted flies (left).  Upon 

feeding, cholesterol binds to DHR96 

(orange) and promotes 

phosphorylation (red) of Boi S983 via 

S6K (purple) activation.   
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Development of tools for marking and genetically manipulating FSCs and their support cells 

 

The goal of this proposal was to identify novel regulators of stem cell function.  Our initial 

approach of screening for expression of candidate proteins that might mark or regulate stem cells 

was enormously successful, with the identification of FC-NA antibodies, a reagent that enables 

us to definitively mark FSCs in situ, and the delineation of a novel mechanism for translating 

nutrient signals into stem cell proliferation.  In addition to the antibody approach, we performed 

a genetic screen aimed at identifying transgenic flies that bear insertions of the Gal4 transcription 

factor in promoters that are expressed within FSCs and their support cells.  This screen resulted 

in the identification of 21 new transgenic fly lines, including three that are expressed in FSCs, 

that allow us to mark and/or genetically manipulate individual cell populations that regulate 

FSCs without affecting gene expression in other cell types.  Three of these transgenic lines were 

published in 2013 (Figure 15 (Hartman et al., 2013)). This work will serve as the foundation for 

several new projects in the lab aimed at understanding the role of FSC-intrinsic mechanisms in 

controlling FSC lifetime, the mechanistic contribution of genes functioning in the immediate 

FSC niche versus in the growth factor producing apical cells, and identification of additional 

nutrients that affect FSC function.  This work will be submitted to the journal Genetics within 

the next two weeks. 
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Figure 15.  Expression patterns of 

Gal4 drivers in germaria.  A-D) 

Flies bearing Gal4 transgenes were 

crossed to flies bearing a UAS-

GFP-nls reporter transgene.  GFP 

indicates the expression pattern of 

the promoter driving Gal4 

expression.  A,B) bab-Gal4 is 

expressed predominantly in apical 

cells in both normal food and 

nutrient-restricted conditions.  C,D) 

109-30-Gal4 is expressed in FSCs 

and their daughter cells in the 

germarium through stage 3 in both 

normal food and nutrient-restricted 

conditions.  E)  Flies bearing the 

109-53-Gal4 transgene were 

crossed to flies bearing a UAS-tau-

GFP reporter transgene.  109-53-

Gal4 is expressed predominantly in 

apical cells.  Arrowheads indicate 

FSCs.  Brackets indicate apical 

cells.  Scale bars represent 10 µM.   
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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. 
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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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19. Human Embryonic Stem Cell Research.  Item 19(A) should be completed for all research 

projects.  If the research project involved human embryonic stem cells, items 19(B) and 

19(C) must also be completed. 
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19(B) Were these stem cell lines NIH-approved lines that were derived outside of 

Pennsylvania? 

______Yes  
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19(C) Please describe how this project involved human embryonic stem cells:  
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(submitted for publication, accepted for publication or published.).  Submit an electronic 
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the filenames would be:  

Project 01 – Smith – Three cases of isolated 

Project 01 – Smith – Investigation of NEB1 deletions 

Project 03 – Zhang – Molecular profiling of aromatase 

Project 04 – Bates – Neonatal intensive care  
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Authors: Name of Peer-

reviewed 

Publication: 

Month and 
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Publication 

Status (check 

appropriate box 
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20(B) Based on this project, are you planning to submit articles to peer-reviewed publications 

in the future?   

 

Yes___X______ No__________ 

 

If yes, please describe your plans: 

 

A manuscript describing a genetic screen that uncovered 21 new transgenic fly line that are 

useful for marking and genetically manipulating FSCs and their support cells will be submitted 

for publication by March 10, 2014. 

 

In addition, this project led us to initiate studies on the mechanisms that determine stem cell 

lifetime.  While these studies are outside the scope of the project, the tools developed as part of 

this project are being used extensively in this new area and thus the Pennsylvania Department of 

Health will be acknowledged in publications resulting from that project.  In addition, we plan to 

return to the protein, FC-NA that was the original focus of this proposal, and when that work is 

published, the Pennsylvania Department of Health also will be acknowledged. 

 

 

21. Changes in Outcome, Impact and Effectiveness Attributable to the Research Project.  

Describe the outcome, impact, and effectiveness of the research project by summarizing its 

impact on the incidence of disease, death from disease, stage of disease at time of diagnosis, 
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or other relevant measures of outcome, impact or effectiveness of the research project.  If 

there were no changes, insert “None”; do not use “Not applicable.”  Responses must be 

single-spaced below, and no smaller than 12-point type. DO NOT DELETE THESE 

INSTRUCTIONS.  There is no limit to the length of your response.  

 

This project resulted in the identification of a novel signal transduction pathway that 

mediates stem cell responses to changes in diet.  As a result of this work, we are currently 

investigating how this same pathway protects pancreatic tumors from drug treatment.  We 

anticipate that connecting dietary changes to the signals that control formation of the dense 

stromal barrier that surrounds and protects pancreatic tumors will have far-reaching impact 

on our understanding of drug resistance in this disease.  Moreover, we anticipate that our 

study will lead to the examination of dietary changes as direct measures for reducing the risk 

of pancreatic cancer and other cancers that depend on Hedgehog signaling.  Finally, work is 

currently in progress to examine whether the components of this important new signaling 

pathway are early markers for detection of pancreatic lesions, prior to the development of 

cancer.  Thus, this project is anticipated to impact diagnosis, incidence of disease and risk, 

and also may possibly uncover new targets for drug treatment that will impact disease 

directly. 

 

In addition to these direct impacts on disease, our study uncovered novel genetic tools for the 

manipulation and analysis of epithelial stem cells in their biologically relevant context.  

These tools will allow us to define additional novel signaling pathways that control stem cell 

function, with anticipated outcomes similar to those described above.  Over all, this study 

provided the foundation for future work aimed at identifying candidate targets for treatment 

of disease and for controlling stem cell function in vivo. 

 

 

22. Major Discoveries, New Drugs, and New Approaches for Prevention Diagnosis and 

Treatment.  Describe major discoveries, new drugs, and new approaches for prevention, 

diagnosis and treatment that are attributable to the completed research project. If there were 

no major discoveries, drugs or approaches, insert “None”; do not use “Not applicable.”  

Responses must be single-spaced below, and no smaller than 12-point type. DO NOT 

DELETE THESE INSTRUCTIONS.  There is no limit to the length of your response. 

 

None. 

 

 

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.”) 
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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?  

 

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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University of Pennsylvania, Philadelphia, PA B.A. 05/92 Chemistry 

Harvard University, Boston, MA Ph.D. 11/98 Biological and 

       Biomedical Sciences 

Stanford University, Stanford, CA Postdoctoral 11/07  

 Fellow   

 

A. POSITIONS 

 

Mentor, Project Success, a program designed to introduce Boston high school   1998 

 students to science.  Harvard Medical School, Boston, MA 

Postdoctoral Fellow/Life Sciences Research Associate, Stanford University          1999-2007 

Stanford, CA 

Guest lecturer, University of California Extension, Santa Cruz, CA             2005 

 Course title: Cellular Biology 

Teaching Assistant, Stanford University, Stanford, CA           2006 

Assistant Professor, Fox Chase Cancer Center, Philadelphia, PA         2007-present 

Faculty Mentor, Student Scientist Program, Fox Chase Cancer Center,                      2008-present 

 Philadelphia, PA 

Adjunct Assistant Professor (Biochemistry. Dept.), Drexel University College          2010-present 

 of Medicine, Philadelphia, PA 

Director, Immersion Science High School Student Research Program, Fox                2012-present 

 Chase Cancer Center, Philadelphia, PA 

Adjunct Assistant Professor (Biochemistry Dept.), Temple University School           2013-present  

 of Medicine, Philadelphia, PA 
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