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1. Grantee Institution:  Magee-Womens Research Institute and Foundation 

 

2. Reporting Period (start and end date of grant award period): 01/01/09-12/31/09 

 

3. Grant Contact Person (First Name, M.I., Last Name, Degrees): Cheryl A. Richards, 

MBA 

 

4. Grant Contact Person’s Telephone Number: 412-641-8932 

 

5. Grant ME Number or SAP Number: 4100047639 

 

6. Project Number and Title of Research Project: Project 1 – Roles of the Nuclear Receptor 

Cofactor LCOR in Placental Development and Gene Expression 

 

7. Start and End Date of Research Project: 01/01/09-12/31/09 

 

8. Name of Principal Investigator for the Research Project:  Yaacov Barak, PhD 

 

9. Research Project Expenses.   

 

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

entire duration of the grant, including any interest earned that was spent:  

 

$ $158,534.69    

 

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). 

       



Last Name Position Title % of Effort on 

Project 

Cost 

Barak Principal Investigator 20 $27,423.00 

Shalom-Barak Instructor 50 $34,278.77 

    

    

    

    

    

 

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 Position Title % of Effort on Project 

   

   

   

   

   

   

   

 

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_________ 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?  

 

Yes_________ No_____ X_____ 

 

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: 

 NIH     

 Other federal 

(specify:________

______________) 

 Nonfederal 

source (specify: 

_____________) 

 $ $ 

 NIH     

 Other federal 

(specify:________

______________) 

 Nonfederal 

source (specify: 

_____________) 

 $ $ 

 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__________ 

 

If yes, please describe your plans: 

 

This work is part of a broader frame titled: “Transcriptional Control of Placental 

Development”, which was previously funded by NIH, but was not awarded a competitive 

renewal at the time. The work here provides an important novel arm that will strengthen a 

planned future application that examines the placental transcriptional network that co-

regulates PPAR and its target genes. Work performed under the current grant will provide a 

mechanistic tack to current preliminary data that include identification of novel PPAR target 

genes in the placenta, characterization of their biological function and detailed studies of 

their transcriptional regulation. Realistically, submission of this grant will be feasible, 

pending additional data and preliminary publications, in 2011. 

 

 

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

 

The specific research project here has both immediate and long-term implications. In the 

shorter run we will focus on polishing and finishing studies presented in this report and to 

pursue deeper understanding of the mechanisms whereby LCoR and KLF6 co-regulate Muc1 

alongside PPAR. We also plan to expand the work into studying the importance of KLF6 

for Muc1 expression in vivo, through expression analysis of KLF6-null placentas. In the 

intermediate run, we plan to study the broader array of LCoR-dependent target genes in the 

placenta, as well as the potential role of LCoR in energy metabolism in late-gestation 

placentas. In the long run, we will integrate these studies with our other studies of gene 

regulation by PPAR to paint the bigger picture of diversity and specificity of transcription 

factor and cofactor interactions in the regulation of placental development and metabolism. 

 

 

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_________ No_____ X____ 

 

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

 Undergraduate Masters Pre-doc Post-doc 

Male     

Female     

Unknown     

Total     



 

 

 Undergraduate Masters Pre-doc Post-doc 

Hispanic     

Non-Hispanic     

Unknown     

Total     

 

 

 Undergraduate Masters Pre-doc Post-doc 

White     

Black     

Asian     

Other     

Unknown     

Total     

 

 

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_________ No____ X____ 

 

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

other resources have led to more and better research.  

 

 

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:  

 

A collaboration was initiated with Dr. John White, McGill University, Montreal, Quebec, 

Canada. Dr. White is the original discoverer of LCoR and continues to work on the cofactor 



and identifying new modes of action. Our collaboration with Dr. White includes bilateral 

exchange of information and reagents. The first publication about the role of KLF6 in LCoR-

mediated Muc1 induction will be co-authored by both labs, with our lab as the primary 

contributor. Reciprocally, White lab’s first publication about LCoR-KLF6 interaction, with 

the functional example of Muc1 promoter will be co-authored by both labs, with the White 

lab as the primary contributor. Another work that has just started on the differential 

regulation of LCoR C-terminal isoforms may lead to another co-publication 

 

 

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_________ No_____ X_____ 

 

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

research project:  

 

 

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

strategic plan).  Summarize the progress made in achieving these goals, objectives and aims 

for the entire grant award period.  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. 

 

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. 

 

 



Roles of The Nuclear Receptor Cofactor LCOR in Placental Development And Gene 

Expression 

 
Research Objectives: 
 
This project addresses molecular mechanisms of placental development and gene expression. It 

focuses on the physiological functions and structure-function relationships of the novel 

transcriptional cofactor LCoR (Ligand-dependent nuclear receptor Co-Repressor) in the placenta. 

The focus on LCoR derives from our surprising finding that it dramatically and specifically 

augments the activation of the Muc1 promoter by the nuclear receptor PPAR (peroxisome 

Proliferator-Activated Receptor ). Our previous work identified PPAR as an essential regulator 

of placental development whose deficiency causes lethal defects due to arrested differentiation of 

placental trophoblasts that hampers vascularization of the placenta. Our subsequent work 

identified Muc1 as a robust and specific target gene of PPAR in the placenta, and revealed that 

the regulation of Muc1 by PPAR involves complex interactions between several promoter 

elements, and by extension several tissue- and target-specific factors. LCoR now appears to be 

one of these factors. LCoR has no effect on Muc1 promoter on its own, and its stimulatory effect 

depends entirely on PPAR and RXR. Moreover, LCoR has no effect on other PPAR-induced 

promoters, and hence its PPAR-dependent effect on Muc1 is highly selective. The abundant 

expression of LCoR in the placental labyrinth, alongside Muc1, enhances the physiological 

relevance of their observed relationships in vitro. These findings give rise to three interrelated 

hypotheses: (1) LCoR functions as a key co-activator of PPAR on the Muc1 promoter. (2) By 

extrapolation, LCoR probably co-activates additional (but not all) PPAR targets in trophoblasts, 

and probably other, non PPAR-dependent genes. (3) Via these associations, LCoR is potentially 

an important regulator of placental development. These hypotheses underlie three specific aims: 

(1) To determine the effects of endogenous LCoR on Muc1 expression by knockdown of Lcor in 

trophoblast cultures and in Lcor-null placentas in vivo. (2) To use Lcor-null mice for 

determining the functions of LCoR in development and gene expression of the placenta. (3) To 

understand the basic molecular functions of LCoR and the basis for its target specificity by 

dissecting protein motifs of LCoR that contribute to Muc1 activation on the one hand, and Muc1 

promoter elements important for this effect on the other hand. Together, these studies will 

expand our knowledge of the molecular underpinnings of placental development and physiology. 

 

Specific Aims: 

 

PPAR (peroxisome Proliferator-Activated Receptor ) is a member of the nuclear receptor 

superfamily of ligand-activated transcription factors. Mouse embryos deficient for PPAR suffer 

from lethal defects in placental development, in which trophoblast differentiation is severely 

arrested and the fetal vasculature fails to develop inside the placenta. 

 

In pursuit of the mechanistic basis of PPAR action in the placenta we are guided by the concept 

that, as a transcription factor, PPAR regulates placental development via its transcriptional 

targets. Therefore, identifying these targets and determining their functions should provide 

detailed insights into the molecular functions of PPAR in the placenta. To date, we have 

identified several such targets, the first of which – Muc1 – we have characterized in depth.  

 



In addition to the important functional insights provided by analyzing the spatial distribution of 

Muc1 and its effects on the placenta, we have been using Muc1 as a model promoter to study 

transcriptional regulation of native targets by PPAR. These studies revealed unique features of 

Muc1 regulation by PPAR, which likely reflect interactions with tissue-specific and target-

specific factors and cofactors. Determining these other players can provide crucial information 

about networks that cooperatively regulate placental development. 

 

Diverse cofactors have been shown to interact with PPAR in the regulation of individual genes 

or physiological processes. Yet, there is a conceptual gap in understanding how each of these 

cofactors differs from the others in terms of specificity for different target genes, tissues, and 

processes. To address this question, we used transfection-based screens to evaluate the 

contribution of various cofactors to the activation of Muc1 promoter by PPAR. Surprisingly, our 

assays did not identify meaningful contributions of any of the oft-studied cofactors to the 

process. Instead, a novel, little-studied cofactor termed LCoR (Ligand-dependent nuclear 

receptor Co-Repressor) exhibited a dramatic effect: although originally shown to act as a nuclear 

receptor co-repressor, LCoR dramatically augmented the induction of Muc1 promoter by PPAR. 

This effect was completely dependent on PPAR and RXR and LCoR had no effect on Muc1 

promoter on its own. Moreover, LCoR had no effect on other PPAR-induced promoters, 

including a synthetic, multimerized consensus PPAR-response element and the promoter of 

another placental PPAR target gene that we recently identified – Ldhb. Importantly, LCoR 

expression is enriched in the placental labyrinth, which coincides with the in vivo location of 

PPAR-regulated Muc1 and enhances the physiological relevance of its observed effect on Muc1.  

 

These data underlie the following hypotheses: 

1. LCoR functions as a key co-activator of PPAR on the Muc1 promoter. 

2. By extension, LCoR co-activates additional PPAR targets (and other genes) in trophoblasts. 

3. Via these associations, LCoR could be an important regulator of placental development. 

 

Three Specific Aims addressed these hypotheses: 

Specific Aim 1: To determine the effects of endogenous LCoR on Muc1 expression in culture 

and in vivo. 

Specific Aim 2: To define the effects of LCoR deficiency on placental development and gene 

expression. 

Specific Aim 3: To dissect the structure-function relationships of LCoR in Muc1 activation. 

 

Summary of Progress 

 

Specific Aim 1: To determine the effects of endogenous LCoR on Muc1 expression in culture and 

in vivo.  

 

This aim was designed to test whether LCoR is not simply a potent inducer of Muc1 promoter 

when introduced through heterologous transfection assays, but is an important player in the 

endogenous expression of Muc1. The experimental means proposed were to test the effects of 

LCoR knockdown on Muc1 expression in trophoblast stem cells (TSC), and of its genetic 

deficiency on Muc1 expression in whole placentas in vivo.  

 



Having successfully established a breeding colony of Lcor-gene trap mice earlier than originally 

anticipated, we focused first on the in vivo expression aspect, which is ultimately the definitive 

test for the hypothesis. Lcor+/- sires and dams were mated and embryos collected on the noon of 

the 9th day of gestation (E9.5). At this developmental stage there were no detectable differences 

in viability or placental size. Each embryo was dissected individually, with fetuses and yolk sacs 

collected for genotyping, and placentas were separated from extraembryonic tissues, including 

residual decidual, allantoic and yolk sac matter, and preserved in RNALater solution until RNA 

extraction. Embryos exhibiting random gross defects during dissection were excluded from 

subsequent analyses. After individual embryonic genotypes were determined, placentas were 

extracted with Tri Reagent. Extracts of placentas with similar genotypes were pooled in groups 

of three, RNA preparation was completed and quality control performed to ensure RNA 

integrity. To avoid random expression differences resulting from litter-to-litter variation, each 

WT pool was matched against pools containing identical numbers of Lcor+/- and Lcor-null 

placentas from the same litters (typically 1-2 litters per pool). 

 

Figure 1A shows quantitative PCR analyses of Lcor, Pparg and Muc1 mRNA expression in a 

total of 4 WT, 3 Lcor+/- and 4 Lcor-null placenta pools; one pool set had no matching 

heterozygous placentas. Relative expression in heterozygous and Lcor-null placentas was 

calculated by averaging the fold-differences between each pool and its litter-matched WT pool. 

The dose-dependent decrease in Lcor expression in Lcor+/- and Lcor-null placentas provided an 

independent expression-based proof of the genotype of each pool. Pparg expression did not 

significantly change in either Lcor+/- or Lcor-null placentas. Muc1 expression was not altered in 

Lcor+/- placentas, but was reduced 2-fold in Lcor-null placentas (P=0.005). These data supported 

the underlying hypothesis that LCoR is a factor that does not just opportunistically augment 

Muc1 activation by PPAR in heterologous transfection assays, but actually plays a critical role 

in endogenous expression of placental Muc1.  

A 

 
 

B 
 

 

Fig. 1. Effect of LCoR deficiency on placental Muc1 expression. Quantitative PCR analysis of 

relative Lcor, Pparg and Muc1 mRNA expression in WT, Lcor-heterozygous (het; only in A) 

and Lcor-null placentas. Asterisks – expression is significantly different than WT placentas 

(p<0.05). A and B represent two independent experiments with distinct placenta pools. 

 



 

In order to validate the results beyond doubt, we repeated this experiment in its entirety. RNA 

was prepared from three additional pools of three WT and Lcor-null placentas. Considering that 

in the first experiment expression of either Pparg or Muc1 was not significantly different 

between Lcor+/- and WT placentas, Lcor+/- placentas were not analyzed this time. As shown in 

Fig. 1B, Lcor levels reflected the corresponding genotypes and, as shown previously, Pparg 

levels were not significantly different between WT and Lcor-null placentas. Importantly, the data 

reconfirmed the reduction in Muc1 levels in Lcor-null placentas, although the difference (1.4-

fold reduction in Lcor-null) was less pronounced than that in the first experiment (2-fold). 

 

Hypothetical reasons for these quantitative differences include natural variation, change in 

placenta dissection efficiency over time, improvement of the genetic background of the mice 

between the first and second experimental cohorts, or technical variation in the qPCR reactions. 

Further confirmation of the basic observation and assignment of a reliable fold-change value will 

be ultimately required and will be pursued beyond the project period. This will be accomplished 

by repeating the qPCR analysis on all placenta pools from the first and second batches together 

and analyzing qPCR for different placenta markers to assess the even distribution of different 

placental lineages between preps.   

 

Notwithstanding the final numbers, these experiments constitute a successful proof of the 

underlying hypothesis in vivo, ie endogenous LCoR is required for placental Muc1 expression. 

Considering this outcome, we downgraded the importance of the planned knockdown of LCoR 

in cell culture. At this juncture this experiment becomes primarily an additive/supportive one. 

We purchased and started to tinker with a commercial lentiviral-based knockdown system, which 

is currently in progress, and would ultimately provide support and reassurance for the in vivo 

studies. However, focus and effort were shifted to Specific Aims 2 and 3, where informative and 

exciting new developments carried us beyond our original hypotheses and plans. 

 

 

Specific Aim 2: To define the effects of LCoR deficiency on placental development and gene 

expression. 

 

This aim was designed to determine whether LCoR is broadly critical for placental development 

and function and consequently for embryonic growth and well-being. To avoid confounding 

effects of both non-linked mutations that were introduced into Lcor-null mice with the gene-trap 

ES cell line and of the genetic background we first backcrossed Lcor-targeted mice onto two 

genetic backgrounds – C57BL/6J (B6) and 129sv/ImJ (129). Subsequent crosses of B6•Lcor+/- 

females with 129•Lcor+/- males generated quasi-hybrid Lcor-null progeny, in which the effects 

of the mutation are relatively insulated from the effects of non-linked mutations or a particular 

genetic background. 

 

Basic developmental analyses of LCoR-deficient mice revealed 100% neonatal lethality. This 

was reflected in the complete absence of Lcor-null progeny at weaning, in the retrieval of live 

Lcor-null embryos at E18.5 – 1 day prior to parturition – at approximate Mendelian ratios, and in 

the identification of multiple dead Lcor-null neonates. We therefore closely monitored dams and 

litters during the actual day of birth, and found that B6;129-Lcor-null embryos survive to 



parturition. A few are either stillborn or die at birth (~6-8am), but many survive to the afternoon 

or evening of their first day; none survived by the next morning. As noted in the previous report, 

surviving Lcor-null pups did not have a milk spot (visible milk in the stomach). However, our 

new observations now indicate that this is not due to death before suckling, but rather due to 

failure to suckle. This deficit is not necessarily a direct cause of their perinatal death, but likely 

contributes to it through dehydration and/or failure to thrive. In addition, Lcor-null pups were 

visibly smaller than their WT littermates. 

 

Surviving Lcor-null pups are lethargic and display a 

“claw-paw” (Clp) phenotype (Fig. 2), in which their 

forelimbs are limp and curl inwards, rather than 

stretched and mobile as in normal pups. A similar 

phenotype identified previously at the Jackson 

Laboratory and traced back to a different gene, Lgi4, 

results from defects in myelination and/or muscle 

tone (ref. 1). While that mutation is not 100% 

perinatal lethal, it still resulted in poor suckling, 

which was postulated to occur due to the importance 

of forelimb tactile function in positioning for 

suckling. That might be the case with Lcor-null 

neonates as well. Alternatively, severe lethargy and 

systemic neuromuscular weakness might similarly 

contribute to the failure to draw milk. 

 

Encouraged by the apparent smaller size of Lcor-null newborns, we next examined the potential 

effects of LCoR on placental and embryonic growth by weighing WT, Lcor+/- and Lcor-null 

embryos and placentas at E18.5, a day before birth. We confined our assessments to unborn 

embryos, as the non-suckling phenotype of the mutants would skew weight data after birth. As 

shown in Fig. 3A, E18.5 Lcor-null embryos were approximately 15% lighter than WT embryos 

(p<0.002), with Lcor+/- embryos not significantly different from WT. In contrast, Lcor-null 

placentas were on average 10% heavier than WT placentas (p<0.003), suggesting that they may 

have potential malformations (Fig. 3B); again, Lcor+/- placentas were not significantly different 

 
 

Fig. 2. A Clawpaw (Clp) phenotype in 

Lcor-null neonaets. Lcor+/- and Lcor-null 

neonates were photographed side by 

side. Arrows point to the inward curling 

forelimbs (“clawpaw”) of the mutant. 

 
Fig. 3. Weights of E18.5 WT vs Lcor-null embryos and placentas. A. Embryo weights. B. 

placenta weights. C. Embryo to placenta weight ratios. All parameters are significantly 

different (P<<0.05) in Lcor-null compared to WT specimens. Lcor+/- parameters are not 

significantly different from WT. 



than WT. Considering these two contrasting differences, Lcor-null embryo to placenta weight 

ratio was distinctively lower compared to that of WT (P<0.00001) (Fig. 3C). Histological 

examinations at E18.5 revealed no obvious anatomical anomaly in Lcor-null embryos (data not 

shown), but their placentas exhibited abnormal accumulation of glycogen cells in the 

spongiotrophoblast layer (Fig. 4), providing potential explanation for the basis of their increased 

weight. An intriguing hypothesis raised by this observation is that Lcor-null placentas might 

suffer from defects in glycogen catabolism, which in turn lead to deficits in glucose supply to the 

embryo, precipitating both intrauterine growth restriction and the morbid lethargy observed in 

the newborns. 

Lastly, due to time constraints imposed by the unanticipated additional phenotyping and gene 

regulation work in this and the next aim, microarray analysis of Lcor-null placentas is yet to be 

performed. This is a critical endeavor for broadening the context and significance of this work 

beyond that of Muc1 regulation, and we are committed to performing it in the near future. 

Considering the conspicuous phenotype shown in Fig. 4, we may perform two disparate 

analyses, one at E9.5, using placenta RNA pools generated in Specific Aim 1, and another at late 

gestation. 

 

Specific Aim 3: To dissect the structure-function relationships of LCoR in Muc1 activation. 

 

This aim was designed to understand the mechanistic basis of Muc1 regulation by LCoR by both 

addressing the contributions of functional domains of the LCoR protein to its ability to enhance 

 
 
Fig. 4. Histological comparisons of WT and Lcor-null placentas. Hematoxylin and eosin 

staining of E18.5 WT (A,B) and Lcor-null placentas (C,D). Rectangles in A & C mark the 

insets shown in B & D, respectively. La – labyrinthine layer; Sp – spongiotrophoblast layer. 

Arrowheads - representative glycogen cells (cells with pale-to-none cytoplasmic staining). 



the activation of Muc1 promoter by 

PPAR, and identifying Muc1 promoter 

element(s) that determine the specificity of 

LCoR towards Muc1 vs other genes.  

 

Fig. 5A shows the schematics of three 

LCoR domain mutations tested for their 

ability to co-activate Muc1 in heterologous 

reporter assays. These include a deletion 

of the C-terminal HLH domain of LCoR 

(HLH), a deletion of its CtBP interaction 

domain (CtBP), and an inactivating point 

mutation in its nuclear receptor interaction 

motif (NR*). 

 

Figure 5B summarizes one of several 

representative experiments with these 

mutants. Deletion of the HLH domain has 

a partial inhibitory effect, suggesting that 

this domain, which in other transcription 

factors mediates dimerization and DNA 

binding, contributes to, but is not essential 

for Muc1 co-activation. Deletion of the 

CtBP-binding domain completely 

abrogates the ability of LCoR to augment 

PPAR-mediated Muc1 induction, 

suggesting that interactions of LCoR with 

CtBP or other factors that bind this motif 

are indispensable for this activity. 

Surprisingly, a point mutation of the NR 

domain that has been shown previously to 

fully disrupt the interaction of LCoR with 

other nuclear receptors has no significant 

effect on its ability to enhance Muc1 

induction by PPAR. This suggests that 

LCoR exerts its stimulatory effect on the 

Muc1 promoter either through another 

mode of interaction with PPAR-RXR 

complexes or in a manner that does not 

involve direct interaction with PPAR or 

RXR whatsoever. 

 

We next dissected LCoR-responsive cis elements in the Muc1 promoter. The proximal Muc1 

promoter harbors two synergistic PPAR-regulated modules: a weak PPRE at ~-60 of the 

transcription start site functions as a basal silencer that is derepressed by PPAR and a 

constitutive enhancer at -535 – -480 (termed 56U), which is kept at bay by the -60 silencer until 
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Fig. 5. Contribution of LCoR protein motifs to 

Muc1 induction by PPAR. A. LCoR domain 

mutants. B. CV-1 cells in 48-well dishes were 

transfected in triplicates with vectors harboring 

Muc1 promoter-driven firefly luciferase, CMV-

RXR, and CMV-lacZ (all wells), CMV-PPAR, 

as indicated and the listed CMV-driven WT or 

mutant LCoR isoforms. One triplicate of each set 

was treated with 1M Rosiglitazone (Rosi), as 

indicated. Luciferase activity was measured 48 hrs 

after transfection and normalized to -

galactosidase activity of CMV-lacZ. 



derepression by PPAR (ref. 2). A modular reporter construct (termed 69-108) containing just a 

69 base-pair (bp) fragment that spans the 56U element attached to the 108 proximal bp of the 

Muc1 promoter faithfully recapitulates the responses of the entire Muc1 promoter to PPAR, its 

agonist rosiglitazone (rosi) and LCoR (Fig. 6). When the PPRE and its flanking sequences are 

excised from this construct (69 spliced onto the -45 position of Muc1), basal expression in the 

absence of PPAR, as well as the responses to PPAR and rosi, go up. However, overall activity 

in the presence of LCoR stays roughly the same. This demonstrates that the LCoR activity is 

maxed out similarly by either removal of the proximal silencer or its derepression by PPAR. 

Importantly, while much of the promoter’s basal activity and response to PPAR is abolished 

when the 108 proximal bp of Muc1 promoter are not preceded by the 56U element, this fragment 

mediates a strong response to LCoR in the presence of PPAR and rosi. This response is lost 

upon further deletion that leaves only the proximal 76 bp of the promoter, despite the integrity of 

the PPRE in the latter (Fig. 6). These observations suggest that a previously unaccounted for 

sequence between -108 and -77 of Muc1, which is insufficient for a significant response to 

PPAR and rosi alone, contributes significantly to the response to LCoR.      

 

Around the same time we initiated a new collaboration with the original discoverer of LCoR, Dr. 

John White, McGill University, Montreal (ref. 3). Our information on the responsiveness of the -

 
 
Fig. 6. LCor-responsive elements in the Muc1 promoter. CV-1 cells were transfected in 

triplicates with CMV-lacZ and CMV-RXR(all wells), CMV-PPAR and/or CMV-LCoR, 

as indicated, and the listed Muc1 promoter-luciferase constructs. After 48 hrs either as is or 

in the presence of 1M Rosiglitazone (Rosi), as indicated, luciferase activity was measured 

and normalized to -galactosidase activity of CMV-lacZ. 



108  -76 promoter fragment aligned with new, unpublished information from his group that 

LCoR interacts with, and serves as a specific coactivator (!) for KLF6. KLF family members 

bind the tetranucleotide GGCG (ref. 4), which appears once in the -108  -76 fragment, at the -

79 position, as well as once at the -37 position and three times in the 56U fragment. Moreover, 

KLF6 is enriched in the placenta (ref. 5), and its mutation in mice leads to early embryonic 

lethality and phenotypic signatures of placental defects (ref. 6), which would be consistent with 

critical functional interactions with PPAR. Lastly, our finding above that LCoR activates Muc1 

independent of its nuclear receptor interaction box could be consistent with activation through a 

partner other than PPAR or RXR. We accordingly expanded our original hypothesis as 

follows: 1. KLF6 is a crucial transcription factor for Muc1 expression. 2. LCoR activates Muc1 

promoter through interaction with KLF6. 3. PPAR licenses the promoter for KLF6 action via 

derepression of the proximal PPRE, not as a direct anchor for LCoR. 

 

In support of these hypotheses, Fig. 7 shows that KLF6 indeed induces the Muc1 promoter in a 

dramatic fashion, and acts both independently of and additively with LCoR. While KLF6 

somewhat activates Muc1 promoter in the absence of PPAR, the extent of activity is only 3-5% 

of its level in the presence of PPAR, with or without rosi. These analyses demonstrate that 

KLF6 is a potential regulator of Muc1, whose effects depend on derepression by PPAR. These 

effects were specific to Muc1 promoter and were not observed with the PPAR target gene Ldhb, 

on which neither LCoR nor KLF6 augmented the responses to PPAR and rosi (data not shown). 

 

 
 

Fig. 7. KLF6 activates the Muc1 promoter in a PPARg-dependent fashion. CV-1 cells were 

transfected in triplicates with a full-length (-715  +33) Muc1 promoter-luciferase reporter 

(all wells), CMV-lacZ(all wells), CMV-LCoR and/or CMV-KLF6, as indicated, and either 

RXR alone or RXR + PPAR, as shown. Cells were incubated for 48 hrs either as is or in 

the presence of 1M Rosiglitazone (Rosi), as indicated, after which luciferase activity was 

measured and normalized to -galactosidase activity of CMV-lacZ. 
 



To examine how specific KLF6 is towards the Muc1 promoter, we compared its contribution to 

Muc1 activation, alone and in combination with PPAR, rosi and LCoR, to four other GGCG-

binding KLF/SP protein family members – KLF4, KLF5, KLF7 and SP1 (ref. 4). As shown in 

Fig. 8, SP1 did not affect Muc1 activity in any combination, while KLF5 was strongly inhibitory 

across the board. In contrast, the contributions of KLF4 and KLF7 were comparable to that of 

KLF6 in the presence of PPAR, with or without rosi. However, unlike KLF6, both KLF4 and 

KLF7 at best poorly augmented the effect of LCoR+PPAR+rosi combination on the promoter 

(Fig. 8). These results suggested that while each of KLF4, 6 or 7 could activate Muc1 upon 

derepression by PPAR, only KLF6 could cooperate with LCoR to achieve additive activation. 

 

To further interrogate whether the GGCG sequence at -79, which prompted this research 

direction, is central to the response to KLF6 and/or LCoR, we point-mutated its sequence to 

TTCG (designated as GG  TT) in the context of the -108 Muc1 fragment. We then compared 

the effects of combinations of PPAR, rosi, LCoR and KLF6 on the native -108 fragment, a -108 

fragment whose PPRE was mutated (-108 Nde), a -108 GG  TT fragment and the -76 

fragment. As shown in Fig. 9, the PPRE mutation slightly derepressed basal activity of the -108 

fragment, but had no significant effect on the nominal activity in the presence of LCoR and/or 

KLF6. In contrast, the GG  TT mutation dramatically compromised nominal promoter activity 

 
Fig. 8. Effects of KLF/SP transcription factor family members on Muc1 promoter. CV-1 cells 

were transfected in triplicates with full-length Muc1 promoter, CMV-lacZ and CMV-RXR 

(all wells), CMV-PPAR and/or CMV-LCoR, as indicated, and expression vectors encoding 

KLF/SP proteins, as illustrated. Cells were incubated for 48 hrs either as is or in the presence 

of 1M Rosiglitazone (Rosi), as indicated, after which luciferase activity was measured and 

normalized to -galactosidase activity of CMV-lacZ. 



in response to any of the factor combinations without affecting the relative effects of PPAR, 

rosi, LCoR and KLF6. This suggested that the GGCG element is important for overall activity of 

the -108 fragment, but is dispensable for its responsiveness to all four variables. Finally, activity 

of the -76 fragment, in which the entire sequence between -108 and -77 has been omitted, is even 

lower than that of the GG  TT mutant. More importantly, this fragment has completely lost its 

responsiveness to LCoR, but not the other factors, suggesting that another motif inside the -108 

 -77 fragment, beyond the GGCG, is crucial for the effect of LCoR on the proximal Muc1 

promoter. Importantly, a second, intact GGCG motif at the -40 position of Muc1 may potentially 

mediate response to KLF6 even in the absence of the GGCG at -79, providing a theoretical 

explanation for the KLF6 responsiveness of the GG  TT mutant. Together, these studies 

revealed additional fine detail of Muc1 regulation by PPAR and implicated a new transcription 

factor, KLF6, in the process, but clearly leave additional details to resolve. These are indications 

that further dissection of the activities that converge on this promoter will no doubt enhance our 

understanding of transcriptional networks that regulate placental development, with KLF6 an 

immediate candidate for detailed functional analysis. 

 

In summary, this project: (1) established the transcription cofactor LCoR as a critical coactivator 

of Muc1 expression in cooperation with PPAR; (2) pinpointed that the LCoR gene is essential 

for postnatal viability, as well as for late placental function and embryonic growth; and (3) 

identified KLF6 as an additional transcription factor potentially important for Muc1 expression 

in conjunction with PPAR and LCoR. 

 

 
Fig. 9. The -79 GGCG sequence of Muc1 is important for overall promoter activity, but 

not essential for LCor or KLF6 responsiveness. CV-1 cells were transfected in triplicates 

with CMV-lacZ, CMV-RXR and CMV-PPAR (all wells), CMV-LCoR and/or CMV-

KLF6, as indicated, and the listed Muc1 promoter-luciferase constructs. Cells were 

incubated for 48 hrs either as is or in the presence of 1M Rosiglitazone (Rosi), as 

indicated, after which luciferase activity was measured and normalized to -galactosidase 

activity of CMV-lacZ. 
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18. Extent of Clinical Activities Initiated and Completed.  Items 18(A) and 18(B) should be 

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 
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file:///C:/pubmed%3fterm=%22Bermingham%20JR%20Jr%22%5bAuthor%5d&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_RVAbstract
file:///C:/pubmed%3fterm=%22Shearin%20H%22%5bAuthor%5d&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_RVAbstract
file:///C:/pubmed%3fterm=%22Pennington%20J%22%5bAuthor%5d&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_RVAbstract
file:///C:/pubmed%3fterm=%22O'Moore%20J%22%5bAuthor%5d&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_RVAbstract
file:///C:/pubmed%3fterm=%22Jaegle%20M%22%5bAuthor%5d&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_RVAbstract
file:///C:/pubmed%3fterm=%22Driegen%20S%22%5bAuthor%5d&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_RVAbstract
file:///C:/pubmed%3fterm=%22van%20Zon%20A%22%5bAuthor%5d&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_RVAbstract
file:///C:/pubmed%3fterm=%22van%20Zon%20A%22%5bAuthor%5d&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_RVAbstract
file:///C:/pubmed%3fterm=%22Darbas%20A%22%5bAuthor%5d&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_RVAbstract
file:///C:/pubmed%3fterm=%22Ozkaynak%20E%22%5bAuthor%5d&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_RVAbstract
file:///C:/pubmed%3fterm=%22Ryu%20EJ%22%5bAuthor%5d&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_RVAbstract
file:///C:/pubmed%3fterm=%22Milbrandt%20J%22%5bAuthor%5d&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_RVAbstract
file:///C:/pubmed%3fterm=%22Meijer%20D%22%5bAuthor%5d&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_RVAbstract
javascript:AL_get(this,%20'jour',%20'Nat%20Neurosci.');
file:///C:/pubmed%3fterm=%22Philipsen%20S%22%5bAuthor%5d&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_RVAbstract
file:///C:/pubmed%3fterm=%22Suske%20G%22%5bAuthor%5d&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_RVAbstract
javascript:AL_get(this,%20'jour',%20'Nucleic%20Acids%20Res.');
file:///C:/pubmed%3fterm=%22Slavin%20D%22%5bAuthor%5d&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_RVAbstract
file:///C:/pubmed%3fterm=%22Sapin%20V%22%5bAuthor%5d&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_RVAbstract
file:///C:/pubmed%3fterm=%22L%25C3%25B3pez-Diaz%20F%22%5bAuthor%5d&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_RVAbstract
file:///C:/pubmed%3fterm=%22Jacquemin%20P%22%5bAuthor%5d&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_RVAbstract
file:///C:/pubmed%3fterm=%22Koritschoner%20N%22%5bAuthor%5d&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_RVAbstract
file:///C:/pubmed%3fterm=%22Dastugue%20B%22%5bAuthor%5d&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_RVAbstract
file:///C:/pubmed%3fterm=%22Davidson%20I%22%5bAuthor%5d&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_RVAbstract
file:///C:/pubmed%3fterm=%22Davidson%20I%22%5bAuthor%5d&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_RVAbstract
file:///C:/pubmed%3fterm=%22Chatton%20B%22%5bAuthor%5d&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_RVAbstract
file:///C:/pubmed%3fterm=%22Bocco%20JL%22%5bAuthor%5d&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_RVAbstract
javascript:AL_get(this,%20'jour',%20'Biol%20Reprod.');


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 

 

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 

______Unknown 

 

Race: 

______American Indian or Alaska Native  

______Asian  

______Blacks or African American 

______Native Hawaiian or Other Pacific Islander 

______White 

______Other, specify:      

______Unknown 

 

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.) 

 

 

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. 

 

19(A) Did this project involve, in any capacity, human embryonic stem cells?  

______Yes  

___X _ No  

 

19(B) Were these stem cell lines NIH-approved lines that were derived outside of 

Pennsylvania? 

______Yes  

______ No  

 

19(C) Please describe how this project involved human embryonic stem cells:  



 

 

20. Articles Submitted to Peer-Reviewed Publications.  

 

20(A) Identify all publications that resulted from the research performed during the funding 

period and that have been submitted to peer-reviewed publications.  Do not list journal 

abstracts or presentations at professional meetings; abstract and meeting presentations should 

be listed at the end of item 17.  Include only those publications that acknowledge the 

Pennsylvania Department of Health as a funding source (as required in the grant 

agreement). List the title of the journal article, the authors, the name of the peer-reviewed 

publication, the month and year when it was submitted, and the status of publication 

(submitted for publication, accepted for publication or published.).  Submit an electronic 

copy of each publication, listed in the table, in a PDF version 5.0.5 format, 1,200 dpi. 

Filenames for each publication should include the number of the research project, the last 

name of the PI, the number of the publication and an abbreviated research project title.  For 

example, if you submit two publications for PI Smith for the “Cognition and MRI in Older 

Adults” research project (Project 1), and two publications for PI Zhang for the “Lung 

Cancer” research project (Project 3), the filenames should be:  

Project 1 – Smith – Publication 1 – Cognition and MRI 

Project 1 – Smith – Publication 2 – Cognition and MRI 

Project 3 – Zhang – Publication 1 – Lung Cancer 

Project 3 – Zhang – Publication 2 – Lung Cancer 

If the publication is not available electronically, provide 5 paper copies of the publication.   

 

Note:  The grant agreement requires that recipients acknowledge the Pennsylvania 

Department of Health funding in all publications.  Please ensure that all publications listed 

acknowledge the Department of Health funding. If a publication does not acknowledge the 

funding from the Commonwealth, do not list the publication. 

 

 

Title of Journal 

Article: 

Authors: Name of Peer-

reviewed 

Publication: 

Month and 

Year 

Submitted: 

Publication 

Status (check 

appropriate box 

below): 

 

1. 

 

   Submitted 

Accepted 

Published 

 

2. 

 

   Submitted 

Accepted 

Published 

 

3. 

 

   Submitted 

Accepted 

Published 

 



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: 

 

At least one publication will be possible based on the key findings reported above, including the 

importance of LCoR for Muc1 expression, the contribution of KLF6 to this process, the 

functional interactions between LCoR, KLF6 and PPAR in Muc1 regulation and the importance 

of LCoR for placental and embryo growth and metabolism. Given the current status of data, we 

expect such a manuscript to merit publication in either Molecular & Cellular Biology (MCB) or 

Journal of Biological Chemistry (JBC). Other journal options will be considered based on the 

data at the time of submission and editorial responses. 

 

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, 

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.  

 

None 

 

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.”) 

 

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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