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ABSTRACT

Pax8 PPARγ Fusion Protein (PPFP) occurs in ~35% of follicular thyroid carcinoma 

cases. Expression of PPFP in the non-transformed rat thyroid cell line PCCL3 conferred 

on the cells the ability to invade through matrigel and to form colonies in anchorage 

independent conditions. 

PPFP also increased the percentage of cells that have activated β-catenin/TCF. We 

transduced control and PPFP-expressing PCCL3 thyroid cell lines with two different β-

catenin/TCF-GFP reporter systems. PPFP expressing cell lines contained more than twice 

the percent of GFP positive cells compared to control cell lines.

A hierarchy existed within the cell lines based on the TCF activation status. A single 

TCF_GFP+ cell generated a clonal population containing both GFP+ and GFP- cells, 

whereas clonal populations derived TCF_GFP- cells remained GFP-. Single cells sorted 

by TCF status demonstrated that very few TCF_GFP- cells can generate any TCF_GFP+ 

cells.

The TCF responsive cells exhibited increased proliferative potential and invasive 
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capacity. GFP+ cells were twice as enriched for anchorage independent colony forming 

cells than GFP cells. More strikingly, GFP positive clones were 5-10 times more invasive 

than negative clones, which exhibited the same invasive potential as control cells. 

The hierarchy and more transformed phenotype of TCF responsive cells indicate that they 

have the in vitro properties of cancer stem cells.

Full agonists of PPARγ further increased the effects of PPFP. The β-catenin/TCF 

population in PPFP expressing cells increased again while similarly treated empty vector 

control cells were unaffected. Invasion was also increased by the PPARγ agonists. The 

effects were blocked by PPARγ antagonists, demonstrating PPARγ specificity. Selective 

PPARγ agonists which only activate a fraction of the PPARγ effects also increased the 

effects of PPFP. We could then assume that the adipogenic pathways activated by full 

agonists but not selective PPARγ agonists did not contribute to PPFP oncogenesis.

These data suggested that PPFP acts via its PPARγ domains to expand the Wnt/TCF 

active cell fraction and that these cells have the properties of cancer stem cells. The 

pathways by which PPFP effect oncogenesis are activated by both full and partial PPARγ 

agonists.
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CHAPTER 1

INTRODUCTION

Thyroid carcinomas are the most common cancers in the endocrine system. While the 

majority of cases are well-managed, significant mordibity and mortality occur when 

tumors recur or metastasize and are resistant to surgery and radioiodine, as there are no 

effective cytotoxic therapies. Potential new treatment options for these cases include 

targeted therapies against specific pathways that affect tumor growth or cancer stem cells 

(CSC), the hypothesized self-renewing source of malignant disease.

Our studies focused on a common chromosomal rearrangement found in follicular 

thyroid cancer (FTC). The paired box 8 (PAX8) - peroxisome proliferator-activated 

receptor γ (PPARγ) fusion protein (PPFP) resulting from the rearrangement imparted a 

more transformed phenotype when expressed in a non malignant thyroid cell line. The 

effects of PPFP were mediated by its PPARγ domains and effecting an enlarged 

subpopulation of cells with β-catenin/TCF activity and CSC-like properties. Our studies 

suggest that TCF reporters could be used to identify other thyroid CSCs and that PPARγ 

modulators could be potent clinical reagents against PPFP driven cancers.
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Thyroid Gland

The thyroid gland is an endocrine organ whose secretions - thyroid hormones - control 

basal metabolic and biosynthetic rates. It consists of two elongated lobes connected by a 

central isthmus. The thyroid is wrapped against the front of the trachea, with the central 

isthmus on the midline and the lobes to the side.

The thyroid is composed of spherical subunits called follicles that are essential to the 

gland's hormone producing function. Each follicle is composed of a layer of epithelial 

cells - called thyroid follicular cells or thyrocytes - surrounding a protein rich colloid. 

Thyrocytes synthesize thyroglobulin (Tg) and concentrate Iodine ions into the colloid. 

Thyrocytes also synthesize thyroid hormones from iodinated Tg from the colloid and 

release them into the surrounding vasculature.

Thyrocytes which make up the basic functional subunit of the thyroid gland are mainly 

regulated by thyrotropin / thyroid stimulating hormone (TSH). TSH stimulation commits 

multipotent cells to a thyroid differentiation program (1–3). In the mature thyroid, TSH 

regulates the expression levels of many thyroid genes including Tg, Sodium/Iodine 

symporter (NIS), and Paired box 8 (Pax8) (4–7). TSH also regulates the proliferation of 

thyrocytes themselves, in the process modulating many fundamental cellular (and 

oncogenic) pathways (8). Conversely TSH production in the pituitary is inhibited by 

thyroid hormone (TH) while Tg levels affect thyrocyte gene expressions themselves (9; 
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10). 

The profound effects of TSH on thyrocytes are the basis of its physiological and clinical 

roles. TSH was first identified as a secreted factor which controls thyroid function (11). 

Serum levels of thyroid hormones are regulated by TSH secretion. Overproduction of 

TSH due to pituitary tumors or inappropriate activation of the TSH receptor (TSHR) by 

auto-antibodies (Graves' disease) are causes of hyperthyroidism, while low TSH 

production due to hypopituitarism or insufficient response to TSH are causes of 

hypothyroidism. Recombinant or synthetic TSH is used clinically to stimulate radioiodide 

uptake in thyroid neoplastic disorders, and synthetic TH, one of the most commonly 

prescribed drugs in the United States, is used to treat TH deficiency.

Of course, TSH is not the only factor controlling thyrocyte biology. Insulin and Insulin-

like growth factor (IGF) are well-characterized enhancers of the mitogenic effects of TSH 

(12; 13). Depending on the culture system, thyrocyte proliferation is also stimulated by 

basic fibroblast growth factor (bFGF), epidermal growth factor (EGF), and hepatocyte 

growth factor (HGF). bFGF and EGF are also important for the maintenance and growth 

of putative thyroid stem cells (14; 15). Unsurprisingly, TSH and the growth factors also 

have important roles in thyroid carcinomas.

Thyroid Carcinoma

Thyroid carcinomas occur when thyrocytes proliferate uncontrollably and spread beyond 
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their physiological confines. Standard therapies - surgery, radioactive iodine, and TSH 

suppression - for thyroid carcinomas are often effective. Nonetheless, 1780 deaths are 

estimated to result from thyroid carcinomas this year from metastatic and therapy 

resistant disease (16; 17). For these cases, new therapies are needed, targeting the specific 

biological processes and genetic alterations that drive tumor growth.

Thyroid carcinomas are often first detected as thyroid nodules, a sign of irregular growth 

in the thyroid gland. The vast majority of these nodules are benign growths. The first 

diagnsotic step is then to rule out obvious cases of hyperfunctioning thyroids. If thyroid 

function is normal, which is usually the case, the presence of a radiographically distinct 

nodule may be confirmed by ultrasound imaging. If confirmed, extractions of sample 

thyroid tissues with fine-needle aspirations (FNAs) are performed. Suspicious lymph 

nodes in the locality are also sampled. Diagnoses are attempted after histological 

examination of collected tissues (18).

Tissue architecture and cellular structure differences classify thyroid carcinomas into 3 

basic histologic types. Differentiated thyroid carcinomas (DTC) are the most common 

and feature cells which retain many features of normal thyrocytes. Medullary thyroid 

carcinomas (MTC) arise not from follicular thyrocytes but parafollicular cells which 

normally produce calcitonin, not Tg. Anaplastic thyroid carcinomas (ATC) are 

completely undifferentiated, aggressive, therapy resistant, and usually fatal cancers. 

Nonetheless, differentiated thyroid carcinomas still account for most thyroid cancer-
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related deaths since they constitute a vast majority of thyroid cancer cases (17; 18).

DTCs are classified by histological appearances. Papillary thyroid carcinomas account 

for more than 85% of DTCs. PTCs are etymologically derived from the replacement of 

traditional follicular structures by papillae - several layers of neoplastic thyroid epithelial 

cells lining a fibrous core. Presently PTC are identified by certain characteristic nuclear 

features such as larger, clearer nuclei with inclusion bodies of cytoplasm and nuclear 

grooves (19). Follicular thyroid carcinomas (FTCs) account for most of the remaining 

DTC cases. Presently FTCs are identified both by follicular structures and by the lack of 

PTC nuclear features. The differences between FTCs and PTCs are not always clear, and 

there are suggestions that some follicular variant PTCs are biologically more similar to 

FTCs (20). Diagnoses of FTCs also depend on evidence of invasion in the tissue sample, 

therefore the differences between FTCs and benign follicular adenomas (FA) are also not 

always apparent (18; 20). 

Distinct molecular changes are associated with each of the histology types. These provide 

valuable insights about the biology of each tumor types and suggest potential therapeutic 

strategies. They may also be useful as diagnostic tools but the data are not yet robust 

enough for these molecular markers to be recommended for routine use (18).

Surgery - either partial or total thyroidectomy is the primary treatment option for thyroid 

carcinomas. Regional lymph nodes which harbor metastases should also be excised. For 
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organ confined tumors or those that have only invaded locally, surgery can be curative 

and 5 year survival is higher than 97% (16; 18).

Treatments which take advantage of the specific biology of thyrocytes are used to prevent 

recurrence or to treat residual disease or recurrrent metastatic disease. Because thyrocytes 

concentrate Iodine, radioactive iodine can be used to identify as well as ablate remnant 

thyroid carcinoma tissues that retain that particular function. Stimulation with 

recombinant TSH and/or TH withdrawal are also used to boost radioiodine uptake. 

Treatment with levothyroxine, a synthetic thyroid hormone, is aimed at lowering the 

serum level of TSH and preventing recurrence (17; 18). 

There are few durable treatments for metastatic disease which does not concentrate 

iodine. About 20-25% of FTC and 10% of PTC patients develop distant metastases. 

Survival for these patients (35% at 5 years) is much lower than for those with locally 

limited disease (>97%). The lungs are the most common site of metastasis (50-65%), 

followed by the skeleton (20%) and central nervous system. External-beam radiation 

therapy may be used palliatively to reduce tumor burden, but is rarely curative. Studies 

show that the response rate to cytotoxic chemotherapy such as doxorubicin is only 2-25% 

(17; 18; 21).

Targeted Therapies

The development of more effective treatments for refractory disease depend on deeper 
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understanding of biological processes that underlie oncogenesis. As mentioned earlier, 

histologically distinct classes of thyroid cancer are associated with distinct mutations. 

PTCs often include the Ret/PTC translocation, activating BRAF mutations, or activating 

Ras mutations (mostly in follicular variant PTC). Ras mutations and the Pax8/PPARγ 

translocation are found in more than 75% of FTCs. These mutations are generally 

mutually exclusive and tumors harboring each mutation have characteristic 

transcriptional programs (22–26). It is hoped that compounds which target these 

seemingly fundamental mutations and other dysregulated pathways would be efficacious 

while having fewer side effects than cytotoxic chemotherapy. 

The development of drugs targeting driving mutations have led to significant 

improvements in therapy of other cancer types. For example, Imatinib (Gleevec) is 

famously the "magic bullet" against chronic meyologenous leukemia harboring the 

Bcr/Abl translocation (27; 28). Trastuzumab (Herceptin) increases survival and reduces 

recurrence in Her2 amplified breast cancer (29–31). Erlotinib (Tarceva) and gefitinib 

(Iressa) achieved tumor response and increased progression free survival in non small cell 

lung cancer harboring activating EGFR mutations (32; 33).

A number of pre-clinical studies and clinical trials have been conducted to develop 

similarly targeted drugs against thyroid cancer (34). Vandetanib (Caprelsa) a tyrosine 

kinase inhibitor effective against RET, VEGFR, and EGFR is the first drug approved for 

MTC (35). Data suggest it may also be effective against differentiated thyroid cancers 
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(36). Another tyrosine kinase inhibitor effective against RET and Met - XL184 

(Cabozantinib) is seeking FDA approval for treating MTC after successful clinical trials 

(37; 38). Our lab is proceeding with our pre-clinical data showing excellent and 

surprising efficacy of the drug Pioglitazone against a transgenic mouse model of PPFP 

expressing thyroid cancer (39).

Another important source for identification of novel targets for the treatment of thyroid 

cancer is emerging from an understanding of cancer stem cell biology. CSCs are 

hypothesized to be therapy resistant, slowly cycling cells which can repopulate decimated 

tumors following treatment or initiate new metastatic tumors in distant sites . The 

presence of CSCs within the previously thought to be flat tumor hierarchy has important 

clinical implications: resistance arises not from selection of increasingly resistant cells 

from a stochastically variable population but from intrinsically resistant CSCs that give 

rise to proliferative progeny. Traditional drugs developed for their ability to shrink tumors 

fail because they neglect the small number of regenerative CSCs that remain after 

cytotoxic chemotherapy. Supporting this and echoing findings in other tissues, remnants 

of ATC treated with doxorubicin were found to be almost entirely composed of CSC-like 

cells (40). 

Thyroid Cancer Stem Cells

The existence of cancer stem cells is an old concept made testable by recent advances in 

cell sorting technology and xenotransplantation assays. The inefficiency with which 
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cancer cells form new tumors was established long ago. It has been hypothesized to be 

due either to a random spread of phenotypic variability and procedural attrition or to a 

limited sub population of cells that could initiate tumors. Fluorescence-activated cell 

sorting (FACS) segregates cells based on intrinsic characteristics and defines sub-

populations with vastly different tumor forming capacity in immune-compromised or 

syngeneic mice, in support of the latter hypothesis (41). 

In addition to tumor initiating capacity, a number of other properties have been described 

in CSCs. A clonal population derived from CSCs is predicted to be multipotential and 

capable of regenerating the heterogeneity of the original tumor. If distant metastases are 

initiated by CSCs, invasiveness must be a characteristic of at least some CSCs. The 

multiple metastases and recurrences require that CSCs, like stem cells, have extensive 

self-renewal capacity. As previously stated, CSCs are also resistant to conventional 

cytotoxic therapy, remaining behind to reconstitute apparently eradicated tumors. 

A number of strategies have been attempted to isolate thyroid CSCs:

Side population (SP) cells are cells which do not retain the fluorescent Hoechst DNA 

binding dye due to their high levels of transporter proteins. SP cells are present in mouse 

thyroid, human goiters (a source of proliferating but non-malignant thyroid cells), and 

thyroid cancer cell lines. These cells express stem cell genes and have higher colony 

forming efficiency, a measure of high proliferative capacity, if not self-renewal (15; 42; 
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43). SP thyroid cancer cells are also chemotherapy resistant and have enhanced but not 

exclusive tumor-initiating capability (40; 43).

A subset of thyroid cancer cells express CD133, a cell surface protein recognizable by 

well-characterized antibodies. CD133+ cells are reported in ATC and MTC primary 

samples and ATC cell lines. CD133+ cells express stem cell genes and exhibit increased 

self-renewal (44; 45). CD133+ ATC cells are reported to display chemotherapy 

resistance, exhibit epithelial to mesenchymal transition (EMT) markers associated with 

invasiveness, and are exclusively able to generate tumors in immune compromised mice 

(44; 46; 47). Targeting stem cell associated pathways reduce the number and 

chemotherapy resistance of CD133+ ATC cells (48).

Aldehyde dehyrogenase (ALDH) is a detoxifying and differentiation signal transducing 

enzyme elevated in stem cells (49; 50). A fluorescent assay marking cells with ALDH 

activity can be used to isolate normal and malignant stem cells from a variety of tissues 

(51–53). Cells exhibiting high ALDH activity are found in all types of thyroid cancer, 

with lower percentages in differentiated types and the highest percentage in 

undifferentiated, aggressive thyroid cancers. ALDHhigh cells form more colonies or 

"spheres" in serum-free, suspension cultures and generate heterogenous tumors when 

injected subcutaneously or into the thyroid while ALDHlow cells do not (54). 

Cells with stem cells like properties can also be collected without prior assumption of 
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surface markers or protein expression. Colony or sphere forming assays selectively 

enable the growth of stem and progenitor cells while more differentiated cells die off. In 

the thyroid, suspension cultures collected multipotential cells that do not express thyroid-

specific markers but can be induced to re-express them (15; 55). Drugs which inhibit 

CSCs - such as Metformin, which sensitized ATC to doxorubicin treatment via a CSC-

dependent mechanism - also tended to inhibit colony formation in suspension cultures 

(56).

Studies of CSC populations reveal a number of insights into their biology and suggest 

new therapeutic targets. Both CD133+ and ALDHhigh cell fractions are significantly 

increased by TSH stimulation (47; 54), which could be one reason why TSH suppression 

therapy is oftentimes successful in thyroid cancer. Culture conditions of colony or sphere 

forming assays suggest that CSCs depend on EGF and bFGF for self-renewal. Gene 

expression analysis of the spheres show differential expression of insulin receptors and 

insulin-like growth factor receptors on thyroid cancer stem cells compared to normal 

thyroid stem cells (57). The Ret proto-oncogene has been suggested to play a role in 

regulation of PTC and MTC stem cells (45; 58) while constitutive activation of c-Met and 

Akt pathways are implicated in undifferentiated thyroid cancers (54).

Another as yet unexplored way to identify thyroid cancer stem cells is to transfect a 

reporter gene into a population such that cells with a certain pathway activated express an 

identifying protein. This strategy, applied to the Wnt/β-catenin/TCF pathway, is 
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spectacularly successful in intestinal, colorectal, and other tissues.

Wnt/β-catenin/TCF pathway

The Wnt/β-catenin/TCF pathway is a central pathway in developmental, cancer, and stem 

cell biology. The pathway is activated by the binding of a Wnt ligand to a cell surface 

receptor. Signal transduction within the cells eventually leads to stabilization, activation, 

and nuclear translocation of β-catenin. TCF, β-catenin and other proteins form a 

transcription complex activating the multitude of genes in the Wnt/β-catenin/TCF 

program. Mutations or dysregulation of the pathway leads to developmental defects and 

cancers. β-catenin/TCF activity regulates self-renewal and is recognized as the 

distinguishing feature of normal and cancer stem cells in many tissues (59).

Wnt/β-catenin/TCF dysregulation is common in ATC and there is evidence that it occurs 

in differentiated thyroid cancers as well. Gain of function mutations of β-catenin are 

present in about half of ATC cases, leading to high levels of β-catenin nuclear 

translocation (60; 61). Loss of function mutations of the Wnt signalling inhibitor Axin are 

found in 80% of ATC (62) while a germline mutation of a different Wnt inhibitor APC 

leads to PTC (63; 64). Aberrant cytoplasmic localization of β-catenin is common in FTC 

and PTC, but there is little evidence that β-catenin is also present at the nucleus (65; 66). 

Nonetheless, overexpression of Wnt target genes Myc and Cyclin D1 often correlates 

with theaberrant β-catenin localization (65; 66).
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Many signalling pathways known to be dysregulated in thyroid cancers also affect β-

catenin/TCF transcriptional activity. Akt, aberrantly activated in ATC as well as our 

transgenic model of PPFP expressing thyroid carcinoma, is a well known inhibitor of 

GSK3-β, a β-catenin inhibitor. Akt also directly activates β-catenin through 

phosphorylation (67). Proteins which affect β-catenin via Akt include the previously 

mentioned c-Met and RET as well as PTEN, whose mutation leads to Cowden syndrome 

and thyroid cancer (68–73). Sulindac, a non-steroidal anti-inflammatory drug reverses the 

nuclear translocation of β-catenin in a BRAFV600E dependent manner in PTC, 

suggesting that BRAF can regulate β-catenin as well (74). 

In other tissues, the Wnt/β-catenin/TCF pathway is well known as the central regulating 

pathway of normal and malignant intestinal and colorectal stem cells. Colon cancer is the 

significantly more common cancerous manifestation of germline APC mutations (75). A 

reporter assay first identified constitutive activation of β-catenin/TCF transcription as the 

key consequence of APC loss of function leading to malignant transformation (76). TCF4 

(TCF7L2) is required for maintenance of the intestinal stem cell compartment (77) and 

expression of Lgr5, a target of the Wnt/β-catenin/TCF pathway, identifies normal and 

cancer intestinal and colorectal stem cells (78–81). TCF reporter activity also identifies 

tumor forming colorectal CSCs (82).

TCF activity assays indicate that there is activation of the Wnt/β-catenin/TCF pathway in 

thyroid cancer, as is expected from the many pathway-related mutations discussed above. 
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Wnt/β-catenin/TCF responsiveness is found in the ARO ATC cell line, RET/PTC1 cell 

line model of PTC, and a mutant thyroid hormone receptor model of thyroid cancer (83–

85). TCF responsive elements drive the expression of luciferase in these experiments and 

the results indicate the population-wide average level of TCF activity without providing 

information about heterogeneity within the population. Nonetheless, TCF activity may be 

a marker of thyroid CSCs as as is the case in other tissues.

Conclusion

New treatment options are needed for thyroid cancers resistant to conventional therapy. 

Two promising avenues of research are targeted therapies against known genetic 

alterations and against cancer stem cells. The two strategies are not mutually exclusive. 

Many of the genetic alterations that confer survival advantages to the bulk tumoralso play 

a role in regulating CSCs. Drugs targeting CSCs specifically are still going through the 

clinical trial process but the surprising effectiveness of Trastuzumab even on HER2 

negative breast cancer can be traced to its effects on previously unrecognized HER2 

pathways in breast CSCs (86).

The Wnt/β-catenin/TCF pathway is a well characterized stem cell pathway that is thought 

to be downstream of many of the altered pathways in thyroid carcinoma. Our data 

provide the first evidence that TCF responsiveness is a possible marker of thyroid cancer 

stem cells and link the expansion of the CSC-like TCF responsive fraction to the activity 

of the PPARγ domains of PPFP. PPARγ is a much studied clinical target and the ability to 
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influence thyroid CSCs via PPARγ modulators suggests exciting new directions for 

research.
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CHAPTER 2

Cancer-Stem-Cell-Like, Wnt/TCF Responsive Cells 

Are Activated by Pax8 PPARγ Fusion Protein

INTRODUCTION

The paired box 8 (PAX8) - peroxisome proliferator-activated receptor gamma (PPARγ) 

fusion protein (PPFP) results from a genetic lesion implicated in the etiology of ~35% of 

follicular thyroid carcinomas (FTCs) (87). A t(2;3)(q13;p25) chromosomal translocation 

fuses the promoter and most of the PAX8 structural gene to the coding exons of the 

PPARG gene. Since the PAX8 promoter is highly active in the thyroid, PPFP is expressed 

at a high level in thyroid carcinomas containing this translocation. Expression of PPFP 

increases cell growth, viability, and anchorage-independence in thyroid and non-thyroid 

cell lines (88–90). 

Both fusion partners of PPFP play important roles in tissue development and 

differentiation. PAX8 is a transcription factor required for thyroid development and 

mature thyroid gene expression (91–96).  PPARγ is a nuclear hormone receptor that has 

been well studied as the master regulator of adipocyte differentiation and as an important 
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therapeutic target for diabetes, atherosclerosis, inflammation and cancer (97). 

Modulation of PPARγ-regulated pathways is thought to be important in PPFP 

carcinogenesis, and this is consistent with the observation that a different translocation 

fusing PPARG to the gene CREB3L2 also has occasionally been identified in FTC (98).  

The initial report of PPFP occurrence and subsequent publications demonstrate that PPFP 

interferes with PPARγ transactivation in a dominant negative manner (87; 88). PPFP also 

can inhibit PPARγ action in experimental systems unrelated to FTCs (99; 100). The 

hypothesis that PPFP exerts its pro-oncogenic effect via repression of PPARγ is bolstered 

by observations that PPARγ is downregulated in other types of thyroid carcinoma, that 

restoration of PPARγ activity has therapeutic anti-proliferative, pro-differentiation 

effects, and that heterozygous deletion of Pparg enhances tumorigenesis in an unrelated 

mouse model of thyroid carcinoma (101–104).

Nonetheless, there is evidence that PPFP also can transactivate some PPARγ target genes. 

Numerous PPARγ target genes are upregulated in PPFP tumor samples versus non-PPFP 

FTC or normal thyroid (24; 105). In vitro, PPFP stimulates the promoters of some PPARγ 

target genes, represses others, or both depending on the cellular context (24; 88; 89).

Thyroid specific expression of PPFP combined with thyroid specific knockout of Pten in 

a transgenic mouse model generates spontaneous metastatic follicular thyroid carcinoma 

(39). In the thyroids of these mice, PPARγ target genes can be positively or negatively 
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regulated by PPFP. With pioglitazone treatment, however, adipocyte PPARγ target genes 

are broadly upregulated and thyrocytes adopt an adipocyte phenotype, indicating that the 

functional domains of PPFP retain their capacity to act in a strongly PPARγ-like manner. 

Thus, overall, the actions of PPFP that contribute to thyroid carcinogenesis are poorly 

understood.

In this study we show that expression of PPFP in the rat thyroid PCCL3 cell line induces 

properties of transformation, including increased anchorage-independent growth and 

invasiveness. Transformation requires a functional PPARγ DNA binding domain (DBD) 

within PPFP and is further enhanced by PPARγ agonists. Our data also show that a small 

fraction of PCCL3 cells are Wnt/TCF-responsive, the responsive fraction is expanded by 

PPFP expression, and that fraction has properties of cancer stem cells. 

MATERIALS AND METHODS

Cell culture and Reagents

The PCCL3 differentiated rat thyroid cell line has been described (106). PCCL3 cells and 

their derivatives were cultured at 5% CO2 in Coon's F-12 media with L-glutamine 

supplemented with 5% fetal bovine serum and antibiotic/antimycotic (Thermo Scientific, 

Waltham, MA, US), 1mIU/ml TSH, 10μg/ml insulin, 5μg/ml apo-transferrin, 10nm 

hydrocortisone (Sigma-Aldritch, St. Louis, MO, US) and prophylactic plasmocin 

(Invivogen, San Diego, CA, US).
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SR1664 was a gift from Drs. Patrick Griffin and Bruce Spiegelman. GW9662 and 

T0070907 were purchased from Cayman Chemicals (Ann Arbor, MI, US). Bvt.13 was 

purchased from Sigma-Aldritch. Myc antibody was purchased from Cell Signaling 

Technology (Danvers, MA, US, catalog #2276) and GAPDH antibody sc-32233 was 

from Santa Cruz Biotechnology (Santa Cruz, CA, US). 

Stable Transfection

The P box amino acids EGG within the PPARγ DBD of PPFP were mutated to AAA by 

inverse PCR to generate PPFP-AAA, and the entire sequence was verified. PPFP or 

PPFP-AAA with 3 Myc epitopes at the N terminus was inserted into the pCagen plasmid 

(Addgene, Cambridge, MA, US, plasmid 11160) (107). pCagen-PPFP, pCagen-PPFP-

AAA or pCagen empty vector control plasmid was co-transfected at 10-fold excess with a 

hygromycin resistance vector (Clontech, Mountain View, CA, US, #631625) into PCCL3 

cells using Fugene 6 (Promega, Fitchburg, WI, US). Transfected cells were then plated at 

clonogenic density and subjected to hygromycin B selection at 400 g/ml. Resistant 

colonies were assayed for PPFP by RT-PCR and Western blot. 

DNA Binding Assay

The DNA binding activities of PPFP and PPFP-AAA were assessed using an avidin biotin 

complex to DNA assay (108) with minor modifications. Whole cell lysates were 

generated from the appropriate stably transfected PCCL3 cells using M-PER (Thermo 

Scientific) supplemented with 0.4M NaCl and Halt Protease Inhibitor Cocktail (Thermo 
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Scientific). Fifty g of lysate protein were incubated with a double stranded 

oligonucleotide, biotinylated at the 5’ end of the top strand, that contains the mouse Aqp7 

gene PPAR response element. The top strand sequence is 

AGTTCTGTTGTGCTTCTCCAGGGGAGAGGTCAGTAGGGCAGGGGTTT, and the 

minimal response element is underlined. A mutated sequence was used as a specificity 

control in which the underlined sequence was changed to ATTTGAGATTTCA. Protein-

DNA complexes were pulled down with NeutrAvidin agarose beads (Thermo Scientific), 

and were then subjected to electrophoresis through an SDS polyacrylamide gel and 

analyzed for PPFP by Western blot using a Myc antibody.  

Lentiviral Construction and Infection

All lentivirus construction was done at the University of Michigan Vector Core. 

Lentiviral TOP-destabilized green fluorescent protein (dGFP) construct was a gift of Dr. 

Irving Weissman through Dr. Hasan Korkaya. pGreenFire TCF/LEF lentivirus reporter 

was obtained from System Biosciences (Mountain View, US). In this construct, dGFP 

expression is driven by a minimal CMV promoter preceded by four TCF/LEF response 

elements. The same pGreenFire reporter but lacking TCF binding sites was used as a 

control to set flow cytometry gates for GFP positivity. Cells were infected with 10X 

concentrated particles provided by the Core, supplemented with 5μg/ml polybrene. 5 days 

after infection, cells were checked for GFP expression. GFP positive cells were isolated 

via fluorescence activated cell sorting and replaced in culture to obtain 100% transduced 

cell lines.
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Flow Cytometry

Flow cytometric analysis and sorting was done at the University of Michigan Flow 

Cytometry Core. Cells to be run on a flow cytometer were filtered through a 40 micron 

sieve after removal from culture.  Cell were resuspended in Hank's Balanced Salt 

Solution (HBSS) with propidium idodie (PI) or 4′,6-diamidino-2-phenylindole (DAPI) 

added as a viability indicator. At least 10,000 live cell events were recorded during each 

run of a cell sample through the flow cytometer. Gates were set at the level of GFP 

expression in 99.5% of control cells expressing GFP under the control of the minimal 

CMV promoter without TCF response elements. Test samples with GFP levels higher 

than gated were considered GFP positive and TCF responsive.

Soft Agar Colony Formation Assay

Live trypsinized cells in 0.2% trypan blue were counted on a hemocytometer, where we 

also verified that at least 95% of cells were singlets. 5000 cells were resuspended in 333 

μl full media, thoroughly mixed with 667 μl full media + 0.5% low melt agarose, and 

added to a well in a 24 well ultra low attachment plate. After the agarose set, 100μl of full 

media was added to cover the well. Additional media was added every 5 days to maintain 

coverage. After 21 days, cells were stained with 0.025% crystal violet and colonies 

counted under a microscope.

Matrigel Invasion Assay
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Cell culture inserts for 24 well plates from BD Biosciences (Franklin Lakes, NJ, US) 

were used with standard 24 well tissue culture plates. 100 μl 12.5% Matrigel (BD 

Biosciences) in unsupplemented F-12 media was added to each insert to cover the base of 

the top chamber. Matrigel was allowed to set in a 37o incubator for 60 minutes. 600 μl 

Coon's F-12 media supplemented with 10% FBS was added directly to the bottom well. 

5000 or 25000 single cells obtained as above were resuspended in 200 μl unsupplemented 

F-12 media and added to the upper chamber. After 36 hours the experiment was stopped 

by addition of 32% paraformaldehyde to a final concentration of 1.5%. Afterwards the 

media were aspirated and a gentle swabbing removed the matrigel layer and any 

remaining media. Cells on the bottom of the inserts were stained in a solution of 0.025% 

crystal violet, washed and stored in distilled water, and counted under a microscope.

Quantitative rt-PCR

Cells removed from culture by trypsinization was placed directly in RealTime Lysis 

Buffer (Roche  Applied Science, Basel, Switzerland) and DNA synthesized directly from 

lysate using Transcriptor Universal cDNA Master. Primer and probe sets for the 

respective genes were ordered from Universal Probe Library (Roche). Quantitative rt-

PCR was done on a Lightcycler 480 using Sybr Green I Master. Analysis was done by the 

LightCycler software at High Sensitivity setting (Roche). 

Quantitative PCR for PPFP expression after transfection: RNA was isolated using an 

RNeasy mini kit (Qiagen, Venlo, Netherlands). cDNA was synthesized using SuperScript 

III (Invitrogen, Carlsbad, CA, US). Real-time PCR was performed using an Applied 
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Biosystems (Foster City, CA, US) Step One Plus real-time PCR instrument and Power 

SYBR Green master mix. In general, the cDNA from 100 ng RNA was used in triplicate 

PCR. Primer sets for PPFP: forward CGGACAGGGCAGCTATGC and reverse 

TCTCTGTGTCAACCATGGTCATT; for PPARγ: forward AGGCGAGGGCGATCTTG 

and reverse CATGTCGTAGATGACAAATGGTGAT.

In vivo studies

All in vivo studies were approved by the University of Michigan Committee on the Use 

and Care of Animals. FVB/N mice with combined thyroid-specific expression of PPFP 

and thyroid-specific deletion of Pten develop follicular thyroid carcinoma that is 

responsive to pioglitazone (39).  Beginning at 8 weeks of age and continuing for 14 days, 

we treated these mice with either a control diet, or pioglitazone in the chow at 200 parts 

per million, or SR1664 by IP injection at 30 mg/kg body weight every 12 hours. SR1664 

at 20 mg/kg is strongly insulin-sensitizing (109).  Thyroid size was measured by 

ultrasound at the start and end of the two week treatment period as described (39).

Statistical Analyses

Statistical differences for colony growth, invasion, TCF activation, and gene expression 

were determined using the Students t-test function on Open Office Calc. p<0.05 was 

considered significant.

RESULTS
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The PPARγ DBD within PPFP is essential for the ability of PPFP to induce a 

transformed cell phenotype.

The PCCL3 rat thyroid cell line (106) was stably transfected to express Myc-tagged PPFP 

or Myc-tagged PPFP with a mutated, non-functional DBD, described in more detail 

below. Expression of PPFP at the RNA level was 21 ± 2.1 fold above endogenous PPARγ 

by RT-qPCR (n=3), which is within the range of 10-50 fold typically seen in PPFP 

expressing thyroid carcinomas (24). 

To determine whether PPFP activities depend on retention of a functional PPARγ DBD, 

we mutated the P box amino acids EGG at the base of the first zinc finger to AAA, and 

stably expressed this mutant PPFP protein in PCCL3 cells. Henceforth, the protein will be 

denoted PPFP-AAA and the cell line PCCL3-AAA. The PPFP and PPFP-AAA proteins 

were expressed at similar levels in their respective cell lines [Fig. 1A]. As expected given 

that P box amino acids contact the bases in the DNA response element (110), the AAA 

mutation prevented binding to a PPAR response element [Fig. 1B].

Compared to PCCL3 cells stably transfected with empty vector (PCCL3-EV), PCCL3-

PPFP cells exhibited a more transformed phenotype. Thus, PCCL3-PPFP cells generated 

8 times more colonies in soft agar [Fig. 1C] and 3 times as many PCCL3-PPFP cells 

invaded through Matrigel-coated transwells [Fig. 1D]. PCCL3-AAA cells did not exhibit 

increased colony formation or invasion [Fig. 1C, 1D], indicating that the PPARγ DBD 

within PPFP is important for these activities.
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PPFP target genes overlap those from agonist induced PPARγ activation

Gene expression profiles of human PPFP thyroid carcinomas have been reported by 

Lacroix et al. and Giordano et al. (24; 105). Giordano identified 55 genes that were 

highly over-expressed specifically in PPFP carcinomas, and 17 of those 55 also were 

found by Lacroix to be over-expressed in PPFP tumors versus normal thyroids [Table 1]. 

We tested the expression of 5 of the 17 intersection genes by RT-qPCR and found that 3 

of the 5 are induced in PCCL3-PPFP cells versus PCCL3-EV cells. The results for these 3 

genes, Angiopoietin like 4 (ANGPTL4), Fibroblast Growth Factor Binding Protein 1 

(FGFBP1), and Myelocytomatosis Viral Oncogene Homolog 1 (MYCL1), are shown in 

Fig. 1E. The expression of the other 2 genes, C-X-C chemokine receptor type 7 (CXCR7) 

and Tumor necrosis factor receptor superfamily member 21 (TFNRSF21),  was not 

significantly changed (data not shown). These data indicate that the transcriptional effects 

of PPFP expression in this rat thyroid cell line overlap with the changes seen in human 

PPFP carcinomas.

We conducted a search on Connectivity Map (CMAP) (111) to identify bioactive small 

molecules that induce a set of gene expression changes similar to the set common to the 

Lacroix and Giordano PPFP profiles. The PPARγ agonist pioglitazone was among the top 

results returned (p=0.014 overall, p=0.006 for human prostate PC3 cells) [Table 2]. Other 

thiazolidinediones - rosiglitazone and troglitazone - also elicited significantly similar 

responses in PC3 cells (p<0.05) but their overall rankings in CMAP were diminished by 
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large variance in the MCF7 cell responses (data not shown). Both the Giordano and 

Lacroix gene expression profiles and their intersection include known PPARγ target 

genes, which provides countervailing data to the hypothesis that PPFP acts uniformly as a 

dominant negative suppressor of PPARγ.

PPFP is a potential modulator of the Wnt pathway.

Another emergent theme from the CMAP results was Wnt pathway modulation. Among 

the 70 bioactive small molecules significantly enriched for PPFP profile genes, 16 were 

standard hits in Chembank high-throughput screens (HTS) for Wnt inhibitors, 

Wnt/Lithium modulators, or β-catenin inducers/translocators [Table 3]. Of the 16, 

simvastatin, azacytidine, methotrexate, amiloride and anisomycin were also reported to 

impact on the Wnt pathway elsewhere in the literature (112–119). 

Based upon this, we delivered via lentivirus two independent Wnt/TCF responsive 

promoter constructs driving GFP expression into our cell lines to measure the extent of 

Wnt pathway activation. GFP positive cells were sorted and grown to generate new cell 

lines in which all of the cells were transduced. With either construct and 3 independent 

PPFP cell lines we found a 2-5 fold increase in the number of TCF_GFP+ cells relative to 

similarly-infected PCCL3-EV control cells. As was the case with the functional assays, 

the DBD mutant PPFP-AAA did not effect an increase in TCF_GFP activation over 

control cells [Fig. 2A, 2B].
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An apparent hierarchy exists in the cell lines defined by TCF activation status. 

We sorted the 100% transduced cell lines into TCF_GFP+ and TCF_GFP- fractions. The 

TCF_GFP+ fraction again generated both TCF_GFP+ and TCF_GFP- populations. The 

TCF_GFP- fraction also regenerated TCF_GFP+ cells, but at a small fraction of the 

original level [Fig. 2C-E]. The TCF_GFP- fraction could have had a diminished but 

extant capacity to generate TCF_GFP+ cells, or the TCF_GFP+ cells could have come 

from contaminating, originally TCF_GFP+ cells. Clonal populations grown from single 

cells sorted into 96 well plates provided a more informative test which supports the latter 

possibility. Out of 26 EV control clones and 23 PPFP clones grown from TCF_GFP- 

cells, only one contained a significant TCF_GFP+ fraction, which was still a small 

fraction of the TCF_GFP+ fraction of the parental cell line [Fig. 2F]. The ability to 

reconstitute the heterogeneity of the parental cell lines was clearly confined to the 

TCF_GFP+ populations of the EV control and PPFP cell lines.

The TCF responsive cell fraction is enriched for anchorage independent and 

invasive cells. 

Bulk populations of TCF_GFP+ cells formed more colonies in soft agar than TCF_GFP- 

cells [Fig. 3A]. Clones derived from TCF_GFP+ cells also formed more colonies than 

clones of TCF_GFP- cells, though overlap was observed [Fig. 3B]. Furthermore, clones 

of TCF_GFP+ cells were on average 5 times more invasive than clones of TCF_GFP- 

cells [Fig. 3C]. 
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TCF activation in PCCL3-PPFP cells involves a cell autonomous process.

The signaling cascade leading to TCF activation typically originates from exogenous Wnt 

ligands, but exogenous factors were not sufficient to account for TCF activation in 

PCCL3-PPFP cells. PCCL3-EV control cells transduced with TCF_GFP were co-cultured 

with 4-fold excess PCCL3-EV or PCCL3-PPFP cells constitutively expressing DsRed for 

5 days, then analyzed via flow cytometry. After removing DsRed cells from the data, the 

level of GFP positivity was unchanged [Fig. 3D]. PCCL3-PPFP cells co-cultured with 4-

fold excess control cells also did not lose GFP positivity (data not  shown). We conclude 

that hypothetical activating or inhibiting exogenous ligands are not sufficient for TCF 

activation, and PPFP activation of TCF pathways occurs via a cell autonomous process. 

The PPARγ agonist pioglitazone increases TCF activation.

PCCL3-PPFP cells treated with pioglitazone increased their number of TCF_GFP+ cells 

by more than two fold [Fig. 4A]. Total changes in cell number were insignificant and not 

a factor in the increased GFP+ percentage (data not shown). Co-treatment with PPARγ 

antagonist GW9662 negated the effects of pioglitazone, indicating PPARγ specificity of 

pioglitazone action. PCCL3-EV control cells were not affected by the treatment. Cells 

treated with other PPARγ agonists (CAY10410, GW1929) and another PPARγ antagonist 

(T0070907) yielded similar results (data not shown). 

Sorted bulk populations of TCF_GFP- PCCL3-PPFP cells, but not those of PCCL3-EV 

control cells, saw their TCF_GFP + population increased by pioglitazone to a similar 
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extent as TCF_GFP+ and unsorted populations [Fig. 4B]. To address the possibility of 

contaminating TCF_GFP+ cells being responsible for the re-appearance of TCF_GFP+ 

cells in the TCF_GFP- population, we also treated clonal populations derived from 

TCF_GFP- cells. These clones had remained TCF unresponsive, previously containing an 

average of 0.30% TCF_GFP + cells. After treatment with pioglitazone, the clones 

contained an average of 0.90% TCF_GFP+ cells (n=4, p=0.09), suggestive of a small but 

real induction of TCF_GFP+ cells from the TCF_GFP- population. The effect of 

pioglitazone on TCF response is a novel example of a critical stem cell pathway being 

reactivated in previously negative cells.

The invasiveness of PCCL3-PPFP cells is increased by pioglitazone.

Clonal populations grown from individual cells sorted by their TCF status were treated 

with pioglitazone or DMSO. Compared to the vehicle treated cells, the pioglitazone 

treated cells were more invasive, whether derived from TCF_GFP+ or TCF_GFP- cells 

[Fig. 4C].  The increase was seen in all but 1 of the PCCL3-PPFP clones (n=10). In 

contrast the two PCCL3-EV control clones tested did not become more invasive with 

pioglitazone.

The effects of full versus selective PPARγ agonists on PPFP differ in cell culture 

versus in vivo.

The pioglitazone results suggest that exposure of PPFP carcinomas to this drug would 

likely increase tumor growth and aggressiveness. However, we previously reported that 
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pioglitazone reduces the growth and metastases of tumors in a transgenic mouse model of 

PPFP thyroid carcinoma (39). A remarkable feature of those tumors is that pioglitazone 

caused them to differentiate toward adipocytes, with the cells accumulating large 

intracellular lipid droplets and inducing a broad array of known PPARγ-inducible 

adipocyte genes. 

We hypothesized that the adipogenic response to pioglitazone and other PPARγ agonists 

is separable from the increased TCF responsiveness and invasiveness. This hypothesis is 

potentially testable due to the existence of selective PPARγ modulators (SPPARMs). 

These small molecules effect the insulin sensitization response of full PPARγ agonists 

with little to no adipogenesis and other associated side effects of classic agonists such as 

pioglitazone (120).

We found that SPPARMs also increased the activation of TCF. BVT.13 increased the 

percentage of TCF responsive cells, and the PPARγ antagonist T0070907 blocked this 

increase [Fig. 4D]. Similar results were obtained for FMOC-L-Leucine and nTZDpa 

(data not shown). Each of these reagents was identified as a PPARγ selective agonist with 

weak adipogenic activity (105; 121–123). The maximal effects of the SPPARMs were 

volatile despite repeated experiments. We present here experiments demonstrating 

conservative but statistically significant increases in TCF activation. Other experiments 

with identical parameters demonstrated increases in TCF_GFP+ percentage similar to 

pioglitazone treatment.
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SR1664 was recently identified as a PPARγ partial agonist with no detectable adipogenic 

activity (109). It too increased TCF_GFP positivity in PCCL3-PPFP cells [Fig. 4E]. 

However, PPFP harboring transgenic mice treated with SR1664 received none of the 

antitumor effect of pioglitazone [Fig. 5], suggesting that the TCF-activating and anti-

tumor effects of PPARγ ligands are indeed due to different activities of PPFP.

Taken together, our results suggest the following: 1) PPFP's contribution to malignant 

transformation depends on its PPARγ DNA and ligand binding domains. 2) PPFP 

increases the number of TCF responsive PCCL3 cells, a cancer stem cell-like population 

whose progeny effect the transformed phenotype of PCCL3-PPFP cells. 3) The effects of 

PPFP are amplified by actions common to PPARγ agonists and non-adipogenic selective 

agonists in vitro. 4) Only the full PPARγ agonist has anti-tumor effects in vivo, 

suggesting that the associated adipocyte transdifferentiation of cancer thyrocytes is  more 

than an incidental effect.

DISCUSSION

PPFP expression occurs in about 35% of FTCs and was one of the first carcinoma-related 

translocations to be identified, but the molecular mechanisms underlying its role in 

thyroid carcinogenenesis are not understood. PPFP transforms cells in vitro and induces 

metastatic FTC in mice in conjunction with Pten deletion (39; 124), but it also can inhibit 

growth in already-malignant cell lines and in mouse xenografts of cell lines (125). It 
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stimulates or inhibits targets of PAX8 and PPARγ depending on the particular gene and 

cellular context (87–89; 126). Here we report that PPFP via its PPARγ domains activates 

the Wnt/TCF pathway and that this is an essential step in the transformation effected by 

PPFP.

Rat thyroid PCCL3 cells expressing PPFP demonstrated higher anchorage-independence 

and invasive potential. These result are consistent with past reports in other cell lines of 

the pro-oncogenic effects of PPFP (87–90). PPFP retains the ability to bind PPREs (24; 

89) and our data indicate that a functional PPARγ DNA binding domain is required for 

these actions of PPFP.

We reported previously that PPFP is a potent driver of the PPARγ transcriptional program 

in the presence of the classic PPARγ agonist pioglitazone (39). We report here that 

PPARγ agonists enhance the effects of PPFP while PPARγ antagonists block them. 

Clearly the PPARγ domains of PPFP play an important role in its biology. Selective 

PPARγ modulators (SPPARMs) also enhance PPFP transformation. We speculate that the 

oncogenic targets of PPFP are part of a distinct transcriptional program activated by both 

full and selective PPARγ agonists, rather than the adipogenic program that responds only 

to the full agonists. In vivo in the absence of exogenous ligands the oncogenic action of 

PPFP dominates and patients or mice develop FTC, but the presence of a strong full 

agonist such as pioglitazone allows the adipogenic and anti-tumor activities of PPFP to 

prevail.
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Based upon CMAP data, we hypothesized that the Wnt/TCF pathway may be a target of 

PPFP. Wnt/TCF pathways have a central role in cancer and stem cell biology which is 

best illustrated by studies in the intestine, where cells with activated Wnt pathways act as 

stem cells to maintain healthy tissues and drive the progression of malignant disease (76; 

77; 79).  Wnt pathway activation in the form of β-catenin translocation and TCF reporter 

stimulation also is observed in all forms of thyroid malignancy but is more common and 

well studied in papillary and anaplastic thyroid carcinomas than FTC (60; 61; 83; 127).

Expression of PPFP increased the fraction of cells that is Wnt active/TCF responsive, and 

these cells have properties of cancer stem cells. The TCF responsive and unresponsive 

fractions are hierarchically organized with the former being able to recapitulate the 

original heterogeneity in TCF reporter activity while the latter remains wholly 

unresponsive. The TCF responsive fraction is also enriched for invasive and colony 

forming cells. Our data suggest that PPFP exerts its oncogenic effects on the small 

fraction of stem and progenitor like cells in the thyroid, effects that may be obscured 

when only the bulk population is examined. Thus, the reporter assays we used to identify 

a functionally significant subpopulation of thyroid cancer cells are promising tools for 

future use in the study of thyroid stem cells and cancer stem cells. 

The functional relationship between PPFP and PPARγ is decidedly unsettled; our data 

suggest hypotheses that may help resolve the discrepancies. We have previously shown 
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that PPFP induces some PPARγ target genes while repressing others, but with agonist 

activation adipocyte PPARγ target genes are broadly upregulated by PPFP in the mouse 

thyroid (39). Here we demonstrate that the transforming effects of PPFP in PCCL3 cells 

are enhanced by PPARγ agonists and blocked by PPARγ antagonists. This is in contrast to 

the prevailing hypothesis that PPFP uniformly acts as a dominant negative PPARγ thus 

blocking PPARγ’s putative tumor suppressive properties. However our results are more 

consistent with observations that PPARγ and its agonists increase the tumorigenicity of 

anaplastic thyroid carcinoma cells (128).

Evidence of PPARγ suppression by PPFP has been collected in cell systems with 

significant PPARγ activity, while in the normal human thyroid and FTC PPARγ 

expression is barely detectable. PPFP suppresses PPARγ activity in osteosarcoma cells, 

HeLa cervical carcinoma cells, and NIH3T3 fibroblasts (87–89). PPFP also suppresses 

PPARγ transactivation in immortalized thyroid Nthy-ori cells, but the endogenous level 

of PPARγ in these cells is not insignificant (88). On the other hand, PPFP stimulates 

PPAR response elements in FRTL5 thyroid cells with very low PPARγ expression (24; 

89).

Since the transcriptional program of PPFP includes some PPARγ target genes, we 

speculate that decreased PPARγ transcriptional activation in the presence of both PPFP 

and PPARγ could reflect mutual antagonism between the two proteins. The expression of 

PPFP in PPARγ expressing cells could upset the equilibrium between PPARγ and its 
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binding partners, co-activators and co-repressors, leading to decreased stimulation of 

PPREs, especially in the absence of strong exogenous agonists such as pioglitazone. 

Similarly, competition from PPARγ may disrupt PPFP's own transcriptional program. 

Such a relationship may also explain why PPFP or similar PPARγ fusions have not been 

found in other cancers. Low endogenous PPARγ levels such as found in the thyroid may 

be necessary for the full oncogenic effects of PPARγ fusion proteins. 

In conclusion, we identified the Wnt/TCF pathway as a major positively regulated target 

of PPFP in stably transfected PCCL3 thyroid cells. PPFP activation of the TCF pathway 

depends on its functional PPARγ DNA and ligand binding domains and can be modulated 

by small molecules in a PPARγ like manner. The fraction of cells that is TCF responsive 

due to PPFP activity has the in vitro properties of cancer stem cells, suggesting that 

PPFP-driven Wnt/TCF pathway activation may be an important driving factor in the 

development of this carcinoma, and hence also may be a therapeutic target.
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Figure 2.1. (A) Expression of PPFP in stably transfected PCCL3 cells. Whole cell lysates 
were made from untransfected PCCL3 cells (Un), or PCCL3 cells stably transfected with 
either PPFP, empty vector (EV), or PPFP in which the P Box amino acids EGG were 
mutated to AAA (AAA).  Twenty micrograms of protein per lysate were analyzed by 
Western blot for Myc, after which the blot was reprobed for GAPDH. PPFP is ~100 kDa 
and GAPDH is ~36 kDa. (B) P Box mutation AAA prevents binding of PPFP to a PPAR 
response element (PPRE). PCCL3-PPFP or PCCL3-AAA whole cell lysates were 
incubated with a biotinylated PPRE from the mouse Aqp7 gene (WT) or a mutated 
version (Mut), as described in Methods. Protein-DNA complexes were isolated with 
NeutrAvidin agarose beads and were analyzed for PPFP by Western blot using anti-Myc 
(top row). Five percent of input also was analyzed (bottom row). (C) Increased soft agar 
colony formation by PCCL3-PPFP cells. PCCL3-EV, -PPFP or -AAA cells were 
suspended in soft agar at 5000 cells per well and colony formation after 21 days was 
determined as described in Methods. Results are expressed as means ± SD and repeated 
with independent cell lines. (D) Increased invasion by PCCL3-PPFP cells. PCCL3-EV, 
-PPFP, or –AAA cells were plated on Matrigel-coated transwells with serum-free media 
and placed in tissue culture wells containing 10% FBS as attractant. After 36 hours, cells 
that invaded through the transwell membrane were counted under a microscope. Results 
are expressed as means ± SD and repeated with independent cell lines. (E) Upregulation 
in PCCL3-PPFP cells of genes overexpressed in human PPFP FTC. Five genes common 
to 2 published profiles of genes overexpressed in human PPFP FTC were analyzed by 
RT-qPCR in lysates from PCCL3-EV and PCCL3-PPFP cells. The 3 genes shown here 
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had increased expression in the PCCL3-PPFP cells; the other two genes had no change 
(data not shown). Results are means ± SD.
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Figure 2.2 (A) Increased TCF driven GFP expression in PCCL3-PPFP cells. Empty 
vector control PCCL3 and PCCL3-PPFP cells were infected with lentiviral constructs 
carrying a GFP gene driven by a TCF responsive promoter. Cells which expressed GFP 
after 5 days in culture were sorted out and expanded to create 100% transfected cell lines. 
These cell lines were analyzed for GFP expression by flow cytometry. Gates were set at 
the level of GFP expression in 99.5% of control cells expressing GFP under the control of 
the same promoter without TCF response elements. Test samples with GFP levels higher 
than gated were considered GFP positive and TCF responsive. (B) Increased TCF_GFP 
positivity in multiple PPFP cell lines versus empty vector control and AAA cells. Empty 
vector control PCCL3-EV, PCCL3-PPFP, and PCCL3-AAA cell lines were infected with 
the TCF reporter construct as described in (A) and analyzed via flow cytometry. Each 
point on the graph represents an independent cell line. Results are typical of many (>3) 
repeated experiments. (C, D) Re-establishment of TCF heterogeneity by TCF_GFP+ 
cells. The GFP+ and GFP- fractions were placed in cultur
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Figure 2.3. (A) Increased Soft agar colony formation in TCF_GFP+ cells. PCCL3-PPFP 
cells were sorted via FACS into 3 separate samples: whole population (gated on viability 
only, labeled PPFP on graph), TCF-GFP-, and TCF-GFP+ (gated on viability and GFP). 
5000 cells from each sample were suspended and cultured in 0.33% agarose and analyzed 
for colony formation after 21 days. (B) Increased soft agar colony formation in cell lines 
derived from single TCF_GFP+ cells. Cell lines were established from individual cells. 
The TCF status of the founding cells is indicated below the X-axis. 20,000 cells from 
each clonal cell line were suspended and cultured in 0.33% agarose and analyzed for 
colony formation. (C) Increased invasion through Matrigel by cell lines derived from 
individual TCF_GFP+ cells. The TCF status of the founding cells is indicated below the 
X-axis. 20,000 cells from each clonal cell line were placed in a Matrigel-coated transwell 
and analyzed for invasion after 36 hours. (D) No increase in TCF activation despite co-
culture with PPFP cells. Empty vector control PCCL3-EV cells were co-cultured with 4 
fold excess PCCL3-EV or PCCL3-PPFP constitutive-DsRed cells. After 5 days in culture 
the cells were analyzed for GFP status by flow cytometry. During analysis, DsRed 
positive cells were excluded so that the % TCF_GFP+ reported is from the DsRed 
negative PCCL3-EV cells only. Columns represent means ± SD; the experiment was 
repeated and similar results obtained.
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Figure 2.4. (A) Increased TCF activation after pioglitazone treatment. PCCL3-EV and 
PCCL3-PPFP cells were treated with the PPARγ agonist pioglitazone (1μM) with or 
without the PPARγ antagonist GW9662 (0.1μM) for 5 days. The cells were then analyzed 
via flow cytometry for GFP status. (B) Increased TCF activation in each pioglitazone 
treated fraction of the PCCL3-PPFP cell line. PCCL3-EV and PCCL3-PPFP cells were 
sorted via FACS into whole population, TCF_GFP-, and TCF_GFP+ samples. The sorted 
cells were cultured for 5 days in the presence of pioglitazone (1μM) or vehicle (DMSO). 
Cells were then analyzed via flow cytometry for GFP status. (C) Increased invasiveness 
of pioglitazone treated PPFP cell lines. Cell lines each derived from a single TCF_GFP- 
or TCF_GFP+ cell were treated with pioglitazone (1μM) for 5 days. Cells were then 
placed in Matrigel-coated transwells and their invasive capacities were analyzed. PPFP 
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expressing cells were more invasive with pioglitazone treatment regardless of whether 
they were from a GFP- or GFP+ cell. (D) Increased TCF activation by a selective PPARγ 
agonist. Empty vector control and PCCL3-PPFP cells were treated for 5 days with the 
selective PPARγ agonist BVT.13 (1μM) with or without the PPARγ antagonist T0070907 
(1μM). Cells were then recovered and analyzed via flow cytometry for GFP status.  (D) 
Increased TCF activation by non-adipogenic selective PPARγ agonist. PCCL3-EV and 
PCCL3-PPFP cells were treated for 5 days with the non-adipogenic selective PPARγ 
agonist SR1664 (1μM). Cells were then recovered and analyzed via flow cytometry for 
GFP status.
Figure 5. SR1664 does not inhibit thyroid tumor growth in vivo. Mice with thyroid-
specific expression of PPFP and Pten deletion were treated with control diet, 
pioglitazone, or the selective PPARγ agonist SR1664 for two weeks starting at age 8 
weeks. Thyroid size was measured by ultrasound at the start and end of treatment. Each 
line represents one mouse. Thyroid area of wild type mice is 1.9 mm2 and does not 
change over the two week period (data not shown). 
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Figure 2.5. SR1664 does not inhibit thyroid tumor growth in vivo. Mice with thyroid-
specific expression of PPFP and Pten deletion were treated with control diet, 
pioglitazone, or the selective PPARγ agonist SR1664 for two weeks starting at age 8 
weeks. Thyroid size was measured by ultrasound at the start and end of treatment. Each 
line represents one mouse. Thyroid area of wild type mice is 1.9 mm2 and does not 
change over the two week period (data not shown). 
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ACAA1,  ALDH1L1,  ANGPTL4,  AQP7, 
CHIA, CXCR7, DHCR24, ENO3, PMP22, 
FBN2 , FBP1, FGFBP1, MYCL1, PPARG, 
RAB15, TNFRSF21, XK

Table 2.1. Genes in common between the expression profiles of PPFP thyroid carcinomas 
identified by Lacroix et al. (105) and Giordano et al. (24).
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rank cmap name dose cell score up down
111 pioglitazone 10 µM PC3 0.841 0.393 -0.743
228 pioglitazone 10 µM PC3 0.793 0.399 -0.672
259 pioglitazone 10 µM PC3 0.786 0.245 -0.817
501 pioglitazone 10 µM MCF7 0.73 0.308 -0.678
599 pioglitazone 10 µM MCF7 0.713 0.139 -0.824
648 pioglitazone 10 µM PC3 0.705 0.277 -0.676
1141 pioglitazone 10 µM PC3 0.625 0.222 -0.623
2191 pioglitazone 10 µM MCF7 0 0.236 0.598
2240 pioglitazone 10 µM MCF7 0 0.229 0.718
3349 pioglitazone 10 µM MCF7 0 -0.118 -0.681
5816 pioglitazone 10 µM MCF7 -0.783 -0.144 0.89

Table 2.2. Connectivity Map results showing the congruence of the common PPFP profile 
and gene expression changes caused by pioglitazone treatment. Each row represents an 
CMAP instance - a treatment and control pair subjected to gene expression profiling to 
derive a set of differentially expressed genes. The score is a value between 1 and -1 
indicating the level of overlap between a CMAP instance and the query signature. A high 
positive score indicates a treatment which induced a set of gene expression changes 
similar to the query. A low negative score indicates a treatment which reversed the gene 
expression changes in the query. A 0 score indicates no self-consistent correlation 
between the two sets. The up and down columns indicate the enrichment scores for the 
induced and repressed gene set, respectively. Considering all 11 instances together, 
pioglitazone induced genes were enriched in the common PPFP profile (p = 0.014, as 
calculated by CMAP).
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name mean score n enrichment p specificity % non-null
verteporfin -0.851 3 -0.969 0.00008 0.0058 100
colforsin 0.481 5 0.725 0.00364 0.0101 80

hymecromone -0.479 4 -0.749 0.0079 0.0121 75
bisacodyl -0.615 4 -0.748 0.00812 0.0403 75

simvastatin 0.6 4 0.742 0.00849 0.0247 100
amiloride -0.603 5 -0.668 0.00953 0.0052 80
altizide -0.315 4 -0.691 0.01971 0.0131 50

methotrexate 0.397 8 0.507 0.02008 0.1024 62
azacitidine 0.606 3 0.781 0.02119 0.1394 100
securinine -0.584 4 -0.674 0.02524 0.1456 75
proadifen -0.584 4 -0.671 0.02616 0.0261 75

merbromin -0.345 5 -0.605 0.0272 0.1707 80
anisomycin -0.498 4 -0.661 0.02988 0.1864 75

digoxin -0.549 4 -0.659 0.03079 0.1122 75
lycorine -0.379 5 -0.581 0.03827 0.28 60

fluspirilene 0.556 4 0.635 0.04372 0.1005 75

Table 2.3. Small molecules which elicited similar gene expression changes to the 
common PPFP profile, which were also Chembank HTS standard hits for Wnt inhibitor, 
Wnt/Lithium modulators, or β-catenin inducer/translocator. Mean score is the average 
connectivity score of control-treated pairs for a molecule in the CMAP database, n 
indicates the number such pairs. Enrichment indicates the relative connectivity of a 
particular set of instances compared against all other instances. Specificity indicates the 
relative uniqueness of connectivity by tallying the frequency at which the connectivity 
between the query and relevant instances is equaled or exceeded by the connectivity 
between the same instances and a large number of gene signatures from MSigDB. Non-
null percentage refers to the number of instances that are scored in the same direction as 
the majority instances.
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CHAPTER 3

Establishing cell lines and an immune competent syngeneic 

tumor initiation model from PPFP/PTENthy-/- mice.

Transgenic mice expressing PPFP and missing PTEN due to thyroid specific double 

knockout spontaneously develop metastatic thyroid carcinoma (39; 124). Cells recovered 

from these tumors present two unique research opportunities: the development of the first 

PPFP follicular thyroid carcinoma cell lines, and the development of a tumorigenicity 

assay to test cancer stem cells in immune competent, syngeneic mice.

PPFP+/PTEN-/- FTC cells were separable from the surrounding tissues on the basis of 

fluorescence. PPFP+/PTEN-/- cells were GFP negative against the background of 

constitutive GFP positivity in other cells. Cells from thyroid tumors consisted of 50% 

GFP- tumor cells and 50% GFP+ others [Fig. 3.1A]. Cells from metastases consisted of 

90% GFP- tumor cells [Fig. 3.1B]. 

The GFP- tumor cells were sorted and expanded in culture to establish a heterogenous 

population. The dissociated cells required Matrigel coated plates to grow well initially, 

46



but were able to proliferate on treated plastic after passage 5 [data not shown]. EGF and 

TSH together provided the stimulation that allowed the cells to proliferate [Figs. 3.1C, 

3.2]. 

The collected and cultured cells contained a TCF responsive sub-population. The 

collected cells were checked to ensure that they remained GFP negative before being 

transfected with one of two TCF reporter constructs driving GFP expression. GFP 

positive cells were isolated and expanded to create 100% transfected cell lines. Using 

either construct on independent collections of tumor cells, we found between 3-12% TCF 

responsive cells [Fig. 3.3A]. 

The PPFP+/PTEN-/- cells responded to PPARγ agonist treatment and harbor a TCF based 

hierarchy like PCCL3_PPFP cells. Pioglitazone treatment increased TCF activation by 2 

fold at 1μM and by 4 fold at 5μM [Fig. 3.3B]. Clones derived from TCF_GFP+ cells 

regenerated both the TCF heterogeneity of the original cell lines, while the majority of 

clones derived from TCF_GFP- cells remained wholly negative. Two of the TCF_GFP- 

clones regenerated a small number of TCF_GFP+ cells [Fig. 3.3C].

Unfortunately, these cultured cells did not form tumors when injected into FVBN mice. 

Perhaps being kept in culture had adversely affected their tumorigenicity since freshly 

dissociated cells readily formed tumors in syngeneic, immune competent FVBN mice.
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Subcutaneous injections of 106 unsorted cells readily formed tumors in FVBN mice [Tab. 

3.1, Fig. 3.4A-C]. When recovered, the tumors were devoid of GFP+ cells, suggesting 

that only PPFP+/PTEN-/- cells from the unsorted tumors grew in the host mouse [data 

not shown]. Cells recovered from subcutaneous tumors were injected into new mice and 

again formed tumors, demonstrating passageability [Fig. 3.4D]. 

We are working to optimize a protocol for transfecting the dissociated tumors with 

constitutive DsRed TCF reporter vectors. DsRed will allow the specific recovery of 

tumor cells via for passaging studies. With this we will have a platform to assay 

tumorigenicity and self renewal in an immune competent mouse model, using cells which 

have never been in culture.

Materials and Methods

Mouse Procedures 

Mouse breeding and all procedures involving live mice were conducted in accordance 

with standard operating procedures approved by the University Committee on the Use 

and Care of Animals at the University of Michigan. PPFP+/PTENthy-/- mice were bred as 

previously described (39; 124). Mice with thyroid tumors were anesthesized and killed 

using ketamine/xylazine. 

Subcutaneous injections of tumor cells were made into the flank of FVBN mice. Cells to 

be injected were suspended in 200ul of 50% matrigel in HBSS.
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Obtaining Single cells from Mouse Tumors.

Tumor tissues were minced then enzymatically dissociated with 

collagenase/hyaluronidase (Stemcell Technologies) in DMEM. Red blood cells were 

lysed with NH4Cl treatment. Tumor cell suspension was filtered through 40 micron sieve 

to obtain single cells.

Cell Culture

Mouse tumor cells were grown at 5% CO2 in Coon's F-12 media identical to those used 

for PCCL3 cells, supplemented with 10nM mEGF. 

Cell numbers were counted by diluting 100μl in 10ml PBS and the resulting cell 

suspension run through a Coulter counter (Beckman Coulter). Cell debris was discarded 

from analysis by Coulter counter software.
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Figure 3.1. (A) PPFP/PTENthy-/- cells in dissociated mouse thyroid tumors. 
PPFP/PTENthy-/- cells were GFP- (indicating successful Cre activity) while all other 
cells in the transgenic mouse were GFP+. Spontaneous thyroid tumors were dissociated 
with collagenase/hyaluronidase and filtered through a 40 micron mesh to eliminate 
aggregates. Red blood cells were lysed with NH4Cl and the remaining single cells 
collected analyzed via flow cytometry. (B) PPFP/PTENthy-/- cells in dissociated 
spontaneous metastasis. Single cells were collected from a subcutaneous metastasis in the 
same mouse as (A). (C) PPFP/PTENthy-/- cell growth in culture. Thyroid and metastatic 
tumors were dissociated as before. GFP- (PPFP/PTENthy-/-) cells were isolated via 
FACS. Equal number of dissociated tumor cells were started on matrigel coated or tissue 
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culture plastic plates in Coon's F-12 media + FBS, insulin, apo-transferrin, and hydro 
cortisone. EGF and/or TSH were also added to the media. After 5 days in culture, cells 
were trypsinized and counted with a Coulter counter.
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Figure 3.2. Cells from dissociated PPFP+/PTEN-/- tumors growing on Matrigel coated 
plates. Cells from primary thyroid and metastatic tumors were dissociated and sorted for 
GFP negativity, indicating successful Cre activity. PPFP/PTENthy-/- cells were grown on 
Matrigel coated plates in Coon's F12 media supplemented with 4H (insulin, hydro 
cortisone, apo-transferrin, TSH) cocktail and EGF. Cells depicted are in their 3rd passage.
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Figure 3.3. (A) TCF activation in PPFP/PTEN-/- cells. After delivery of TCF_GFP 
reporter constructs via lentivirus, GFP positive cells were sorted out and expanded to 
create 100% transfected cell populations. These populations regenerated TCF_GFP- and 
+ cells as they grew and eventually contained from 3 to 12% TCF_GFP+ cells (top and 
bottom respectively). (B) Dose dependent increase in TCF activation after Pioglitazone 
treatment. Cells expressing GFP under a TCF responsive promoter were treated with 
DMSO (vehicle control) or pioglitazone at 1, 5, or 10μM. After 5 days of treatment cells 
were removed from culture and analyzed via flow cytometry. Results are means ± SD and 
were repeated with independent cell lines. (C) Re-establishment of TCF heterogeneity by 
TCF_GFP+ clones. A single cell was sorted into each well of a 96 well plate. The cells 
were sorted by their GFP status. Single cells which grew into robust, passageable cell 
lines were collected for further studies. Clones of TCF_GFP+ generated heterogenous 
populations with varying TCF_GFP+ fractions. Most clones of TCF_GFP- cells remained 
negative, while a small fraction of the clones regenerated a low level of the TCF_GFP+ 
fraction.
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Figure 3.4. H&E stained sections of spontaneous tumors from PPFP+/PTENthy-/- mice (A-
C left) and subcutaneous tumors that grew when FVBN mice were injected with cells 
collected by dissociating the respective spontaneous tumors on the left (A-C right). The 
tumor in D arose from cells collected from the subcutaneous tumor in C-right and 
injected into a new FVBN mouse.
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Tumor Site Injections (106 cells at each) Tumors formed

Primary 3 2

Metastasis 2 2

Subcutaneous, from 

injections

4 4

Table 3.1. Summary of tumor forming efficiency. PPFP/PTENthy-/- tumors were 
dissociated to obtain single cells. 106 cells were suspended in 50% Matrigel and injected 
subcutaneously into the flank of FVBN mice. Mice were observed up to a year after 
injection for tumor formation. Time until tumor grew to experiment endpoint (1cm 
diameter) was 173 ± 52 days for primary tumors, 117 ± 28 days for metastases, and 85 
days for passaged tumors.
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CHAPTER 4

PPFP expression increased ALDH activity and sphere formation

Aldehyde dehydrogenase (ALDH) was first discovered as a marker for hematopoietic 

stem cells and was later found to be elevated in solid tumor and non-hematologic tissue 

stem cells as well (49; 53; 129). Aldefluor is an enzymatic assay which generates 

fluorescence by cellular retention of undiffusible- when-cleaved fluorescent substrates of 

aldehyde dehydrogenase; high levels of ALDH activity leads to brighter cells. (51). Like 

in many other tissues, the aldefluor bright fraction has been reported to contain the 

tumorigenic and metastatic cancer stem cells in the thyroid (54).

Increased ALDH expression was observed in human PPFP+ FTC samples. In tissue 

samples of human FTC expressing PPFP, we observed a sizable fraction of cells stained 

for ALDH compared to very few in the normal thyroid [Fig. 4.1]. There are no human 

PPFP FTC cell lines. We examined instead the human FTC-236 and FTC238 cell lines, 

both of which overexpress PPARγ but without apparent PPARγ fusion proteins (103; 

130). Distinct fractions of the cell lines were Aldefluor bright [Fig. 4.2A]. Aldefluor 

bright cells formed more colonies in a serum free suspension culture [Fig. 4.2B]. Spheres 
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formed in these assays were collected, dissociated, and passaged. Cells from Aldefluor 

bright spheres were vastly more capable of forming 2o and 3o spheres [Fig. 4.2B,C]. This 

suggested the Aldefluor bright cells in FTC cell lines were more capable of long term self 

renewal. 

PCCL3_PPFP cells expressed 9 times more ALDH1A1 compared to empty vector control 

[Fig 4.3A]. This increase in ALDH expression accompanied a two fold increase in 

Aldefluor bright cells [Fig 4.3B,C]. Unlike the TCF responsive cells, however, clones 

derived from single cells sorted by Aldefluor status readily regenerated the Aldefluor 

heterogeneity of the original population regardless of their original Aldefluor status [Fig. 

4.3D]. Neither Aldefluor bright nor dim clones exhibited exclusive bipotential capacity, 

leading us to believe that TCF responsive cells may be a more specific strategy to enrich 

for cancer stem cells.

We also observed higher colony formation in serum free suspension culture by 

PCCL3_PPFP cells compared to empty vector control. The rate of colony formation was 

dependent on viscosity of the suspension media, suggesting that aggregation played a 

role. An experiment in which equal number of DsRed and GFP fluorescent PCCL3 cells 

were co-cultured in suspension demonstrated that only 20% of the spheres were single-

color, meaning the vast majority of the spheres arose from more than one cell. Single 

cells sorted into individual wells failed to form spheres. We made note of PCCL3's 

possible requirement for juxtacrine signalling in serum free condition and subsequently 
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we used the classical soft agar assay to probe PPFP's effects on anchorage independent 

proliferation.

PPFP expression increased the percentage of Aldefluor bright cells which have some in  

vitro properties of CSCs but not others. The data showing Aldefluor negative cells 

regenerating Aldefluor bright cells may indicate that in PCCL3_PPFP Aldefluor is not as 

specific a strategy to enrich for cancer stem cells as the TCF reporter system. 

Nonetheless, tumorigenicity assays in vivo remain to be done for either system.

Materials and Methods

Cell Culture

FTC236 and FTC238 cell lines were cultured at 10% CO2 in DMEM and Ham′s F12 both 

with L-Glutamine (1:1 mixture) supplemented with 10% fetal bovine serum, 10μg/ml 

Insulin, 0.01U/ml Thyroid Stimulating Hormone (TSH), pennicilin and streptomycin.

Histology

Paraffin-embedded sections were deparaffinized in xylene and rehydrated in graded 

alcohol. Antigen retrieval was accomplished by incubating the sections in citrate buffer 

pH 6 at 98o. ALDH1 antibody (BD biosciences) was used at a 1/100 dilution. Staining 

was done using Peroxidase histostain-Plus Kit (Zymed). AEC (Zymed) was used as a 

substrate for peroxidase. Slides were counter-stained with hematoxylin and coverslipped 

with glycerin. 
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Aldefluor Assay

Cells with high ALDH activities were identified using the Aldefluor kit according to the 

manufacturer's protocol. Cells were suspended in Aldefluor buffer containing the channel 

blocker verapamil (50μM), an ALDH fluorescent substrate BAAA (1μM), with or 

without an ALDH inhibitor DEAB (50mM). Cells were incubated for 40 minutes at 37o 

during which time any BAAA cleaved by ALDH becomes indiffusible and retained inside 

the cells. Cells were washed HBSS, resuspended in HBSS with PI or DAPI for viability 

discrimination, and analyzed on a flow cytometer. Cells incubated with DEAB served as 

negative control and were used to set the gate to determine Aldefluor bright/positivity.

Sphere Assay

Dissociated single cells, after checking and counting on a hemocytometer, were placed in 

serum free suspension culture as previously described (131): 5000 cells per ml (FTC 

cells) or 500 cells per ml (PCCL3) were resuspended in DMEM/F12 media supplemented 

with 10 ng/ml EGF, 10 ng/ml bFGF, 4μg/ml heparin, B27 supplement (Invitrogen). 

Spheres were collected on a 40 micron sieve to discard single cells and dissociated with 

trypsin. Dissociated cells were replaced in serum free suspension culture as before.
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Figure 4.1. ALDH staining of typical tissue microarray samples. ALDH staining of 
typical tissue microarray samples of normal thyroid tissue (A, at 100X and B at 400X) 
and PPFP expressing FTC (C at 100X, D at 400X).
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Figure 4.2. ALDH activity in a minority of human FTC cells. Human FTC cells from 
FTC236 or FTC238 were removed from culture and incubated with Baaa fluorescent 
substrate with or without ALDH inhibitor Deab. Baaa fluorescent substrate is freely 
diffusible until cleaved by ALDH.Channel protein inhibitor verapamil was also added to 
all samples to prevent dye efflux. Flow cytometric analysis of cells incubated with baaa 
and deab established the basal fluorescence levels without ALDH activity. Without 
DEAB, cells with high ALDH activity distinguished themselves with fluorescence level 
above the Deab treated cells. (B) Increased sphere-forming capacity by Aldefluor bright 
(Aldfbr) cells. Cells were sorted by their Aldefluor status. Cells were placed in suspension 
culture in serum free media supplemented with EGF, bFGF, heparin, and B27 cocktail. 
Density was 10,000 cells per mL. After 7 days spheres larger than 40 microns were 
collected, counted, dissociated, and recultured. Aldefluor+ cells continued forming large 
spheres into their second and third passages while sphere formation for Aldefluor- cells 
quickly diminished.(C) Secondary and tertiary spheres in culture. Cells from dissociated 
spheres were collected and replaced in new serum-free suspension culture as before. 
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Figure 4.3. (A) Increased ALDH1A1 with PPFP expression. Empty vector control and 
PCCL3_PPFP were removed from culture and lysed with RealTime Ready Lysis Buffer. 
cDNA was synthesized from lysate with Transcriptor Universal cDNA Master. Real-time 
PCR was performed on a Lightcycler 480 using primers and probes from Roche's 
Universal Probe Library. Results were typical of repeated experiments. (B) Increased 
Aldefluor subpopulation with PPFP expression. Empty vector control and PCCL3_PPFP 
cells were removed from culture and prepared for Aldefluor analysis as previously 
described. Gates shown were set for the Deab control of each cell line; cells within the 
gate contained more GFP fluorescence than 99.9% of Deab treated control cells. (C) 
Quantitation of Aldefluor data. Control and PPFP cells were analysed for ALDH activity 
with the Aldefluor assay as described previously. Results shown are means ± SD and 
were typical of experiments using independent cell lines. (D) Aldefluor analysis of clones 
derived from single sorted cells. A single cell was sorted by its Aldefluor status into each 
well on a 96 well plates. Cells which grew into robust, passageable clonal cell lines were 
kept for analysis. Cell lines derived from Aldefluor dim cells were as capable of 
regenerating the Aldefluor heterogeneity of the parental population as cell lines derived 
from Aldefluor bright cells.
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Figure 4.4. (A) Increased sphere formation by PPFP cells. PCCL3_PPFP and empty 
vector control cells were placed in serum free, suspension culture at 500 cells/ml density. 
Methyl cellulose was added to increase the media viscosity and prevent aggregation. 
PPFP cells formed many more spheres in culture than Control cells. The number of 
spheres declined as more methyl cellulose was added, suggesting that aggregation played 
a role in sphere formation. (B) PCCL3 spheres came from 2 or more cells. Equal number 
of DsRed and GFP cells were co-cultured and 80% of spheres contained a mosaic of both 
colors. A typical sphere was photographed and shown. In columns from left to right: GFP 
and DsRed channels separately; GFP and DsRed combined; phase contrast micrography 
by itself and combined with fluorescence micrography.
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CHAPTER 5

Akt activation did not mediate 

TCF/Wnt activation in PPFP cells

Our lab found increased and heterogeneous phosphorylated Akt levels in a transgenic 

mouse model of PPFP expressing thyroid carcinoma (124). PPFP expressing PCCL3 cells 

contained a larger sub population of cells positive for phosphorylated Akt than control 

cells [Fig. 5.1A]. Akt regulates the Wnt/β-catenin/TCF pathway by phosphorylating 

GSK3β as well as β-catenin (67; 132). As such, Akt was a suspect in our search for 

mediators of PPFP-induced TCF activation.

However, inhibition of Akt, which effected lower phosphorylated active Akt in our cells, 

had no effect on TCF activation level. Treatment of PCCL3_PPFP and empty vector 

control cells with Akt inhibitor perifosine (up to 5μM) failed to diminish TCF_GFP+ cell 

numbers [Fig. 5.1B, C]. At 10μM, perifosine caused widespread cell death [data not 

shown]. We were concerned that at 5μM, perifosine may not be effective at inhibiting 

Akt. However, treatment with 5μM perifosine was sufficient to decrease levels of active 

Akt (phosphorylated at Ser473) by 60% [Fig. 5.1D].
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That Wnt/TCF activation in PCCL3 cells did not require active Akt signalling was 

evident when we examined pAkt and TCF_GFP positivity concurrently. Despite high 

percentages of TCF_GFP+ and pAkt+ cells [Fig. 5.2A, B], only 0.5% of the population 

were positive for both [Fig. 5.2C]. Among TCF_GFP+ cells, pAkt+ cells comprised 

approximately the same percentage as in the whole population. Likewise among pAkt+ 

cells, TCF_GFP+ cells were not enriched for compared to the whole population.[Fig. 

5.2D]

More direct manipulation of the Wnt/TCF pathway by the GSK-3β inhibitor BioIX 

increased TCF-responsive GFP transcription in our cell lines [Fig. 5.3].

 These data suggested that activation of Akt found in PPFP FTC did not effect TCF 

activation.

Materials and Methods

Reagents

Perifosine was obtained from Keryx Biopharmaceuticals. Bio IX GSK-3β inhibitor and 

MeBio control were purchased from Milipore.

Flow Cytometry

Cells were removed from culture by trypsinization and fixed in 1.5% paraformaldehyde 
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for 30 minutes at room temperature. They were then permeabilized and stored in ice cold 

Methanol. Fixed cells were resuspended in HBBS, filtered through 40 micron sieve to 

discard aggregates, and incubated with anti-phosphoAkt (Ser473) antibody from Cell 

Signaling Technologies, diluted 1:250 in HBSS + 2% FBS. After washing in HBSS, cells 

were incubated with an APC conjugated anti-rabbit secondary antibody from Jackson 

Labs, diluted 1:250 in HBSS + 2% FBS. Cells were finally resuspended in HBSS + PI or 

DAPI and analyzed on a flow cytometer.
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Figure 5.1. (A) Increased Akt activation in PPFP cells. PCCL3 cells were fixed with 
paraformaldehyde, permabilized with MeOH,and incubated with an antibody against Akt 
phosphorylated at Ser473 (i.e. active Akt). The primary antibody was recognized by a 
APC conjugated secondary antibody. Samples were analyzed via flow cytometry. 
Samples incubated without primary antibodies served as negative control and were used 
to set the gates. PCCL3_PPFP cells contained more cells with active pAkt than empty 
vector control. (B) PCCL3_PPFP cells expressing GFP under a TCF responsive promoter 
were treated with the Akt inhibitor Perifosine for 5 days then analyzed via flow 
cytometry. Gates were set using PCCL3 expressing GFP under a MCMV promoter. 
Perifosine treated cells contained the same percentage of cells with TCF_GFP positivity 
as vehicle treated control. (C) No effect of Akt inhibitor on TCF activation. Empty vector 
control and PCCL3_PPFP cells were treated with perifosine for 5 days. Cells were then 
removed from culture and analyzed via flow cytometry. Results are means ± SD. (D) 
Inhibition of active Akt by perifosine. Cells were treated with 5μM perifosine or vehicle 
for 5 days. They were then removed from culture, fixed and stained for pAkt as described 
before. Flow cytometry analysis demonstrated that treatment with perifosine caused a 
substantial decrease in signal levels as well as percentage of cells positive for pAkt.
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Figure 5.2. (A) Non-concurrent activation of Akt and TCF. PCCL3_PPFP expressing GFP 
under a TCF responsive promoter were fixed and stained for pAkt as described 
previously. The fixing protocol preserving GFP fluorescence. (B) Flow cytometry 
analysis of pAkt levels in PCCL3_PPFP cells. (C) Cells fixed to preserve GFP 
fluorescence and stained for pAkt contained only 0.5% double positive cells despite 
strong positivity for each color. (D) TCF activation in the pAkt positive population. 
Analysis of the pAkt-APC+ fraction revealed 19% GFP positivity compared to 16% in 
the whole population. (E) pAkt positivity in TCF_GFP+ population. Analysis of the 
GFP+ fraction revealed 26% pAkt-APC positivity compared to 24% in the whole 
population. Results are typical of multiple independent cell lines.
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Figure 5.3. Increased TCF activation after GSK3β inhibition. PCCL3_PPFP and empty 
vector control cells were treated with the GSK3β inhibitor BioIX (1μM) for five days. 
Cells were then trypsinized and analyzed via flow cytometry for TCF driven GFP 
expression. Depicted are percent of cells with GFP levels higher than 99.5% of cells 
expressing GFP under MCMV promoter without TCF response elements. Results are 
means ± SD.
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CHAPTER 6

DISCUSSION

We demonstrated that PPFP expression increased the percentage of cancer-stem-cell-like 

TCF responsive cells in PCCL3 cell lines, and that this increase was subject to 

manipulation via the PPARγ domains of PPFP. The TCF-responsive reporter systems may 

prove to be a powerful new way to isolate and study thyroid stem cells and cancer stem 

cells, while providing further insights on how the Wnt/TCF pathway regulates thyroid 

biology. The mechanism of PPFP transformation remains unclear. We demonstrated that 

the PPARγ domains of PPFP were essential. Modulations of those PPARγ domains will 

guide our future experiments to discover targets of PPFP transformation.

Activation of the Wnt/β-catenin/TCF pathway is well known in anaplastic and papillary 

thyroid carcinomas and has also been observed in follicular thyroid carcinomas. Nuclear 

localization of β-catenin is prevalent in the aforementioned cancers but is not common in 

normal thyroid tissues or thyroid adenomas (60; 61; 83; 127). Nonetheless, components 

of the Wnt pathways regulate thyrocyte proliferation and differentiated gene expression 

(133–135). Furthermore, the Wnt pathway plays an important role in development and 
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fate specification of the endoderm, the embryonic origin of the thyroid (136; 137). Wnt 

remains an important regulator of adult tissue stem cells in other endoderm derived 

tissues and its dysregulation causes cancers in those tissues (138). We suspect that the 

Wnt pathway is important to normal thyroid tissues and differentiated thyroid carcinomas 

even when activation of β-catenin is below the limit of detection.

GFP based TCF reporter systems and flow cytometric analysis allowed us to analyze 

large numbers of cells and detect even a small minority of TCF activated cells. We found 

1-5% TCF responsive cells in empty vector control PCCL3 cell lines and 2 to 6 fold more 

in PCCL3_PPFP lines. These TCF responsive cells had the properties of cancer stem cells 

in vitro assays. We were unable to show enrichment of tumorigenicity in a particular sub-

population since any small number of PCCL3 cells formed tumors in NOD_SCID mice 

without discrimination. The tumors were slow growing and did not reach experiment 

end-points until 6 to 8 months after injection. For this reason we would consider injecting 

tumor cells directly into the thyroid in future studies. While technically more difficult, the 

placement of cells into the appropriate microenvironment may allow a CSC fraction to 

demonstrate its proliferative advantage.

Some labs have also found broad tumorigenicity in different sub populations when using 

cell lines (47), while others found exclusive tumorigenicity in the cancer stem cell 

fraction when implanting primary human tumors in NOD_SCID mice (54).
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Our PPFP+/PTENthy-/- mouse model of FTC gives us a unique opportunity to study 

tumorigenicity of different cell fractions using primary tumor tissues and challenging 

them to form tumors in syngeneic, immune competent mice. Our preliminary data 

showed that dissociated PPFP+/PTENthy-/-primary tumors and metastases formed 

subcutaneous tumors when implanted in background strain mice. These tumors were 

recovered and serially passaged (i.e. injected into another mouse). Transfection of these 

tumor cells with a constitutive fluorescent marker would allow us to recover the injected 

cells from tumors while discarding host cells. Tumor formation, passageability, and 

specific recoverability are necessary characteristics needed for an assay of self renewal 

and tumorigenic capacity - i.e. an in vivo assay for cancer stem cells. 

Our preliminary in vitro analyses of cells derived from PPFP+/PTENthy-/- tumors 

reproduced the hierarchy based on TCF responsiveness found in PCCL3 cells. We are 

eager to test the hypothesis that the TCF responsive sub population is enriched for self-

renewing, tumorigenic cells in an immune competent syngeneic tumor model. Other 

previously published thyroid cancer stem cell markers can also be tested in this manner, 

including aldehyde dehydrogenase activity which successfully isolated xenograft-forming 

human thyroid cancer stem cells (54). Our preliminary data showed that ALDH gene 

expression and activity were elevated by PPFP expression, but the regenerative potential 

was not as strictly segregated in the Aldefluor hierarchy as it was in the TCF hierarchy.

The significance of TCF activation and its relationship to PPFP are unclear beyond our 
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demonstration that cells which effect the phenotypes of PPFP driven transformation are 

derived from TCF-responsive cells. The size of the TCF responsive fraction did not 

correlate to invasive capacity in our study of PCCL3_PPFP clones. Pioglitazone induced 

a slight increase in TCF responsive cells in our clones derived from GFP negative cells, 

but a disproportionately larger increase in invasive capacity. Aside from incidental 

observations that PPARγ antagonists decreased TCF_GFP positivity, our efforts to disrupt 

TCF activation have so far yielded negative results. Therefore we are still not certain if 

TCF activation is an essential part of PPFP transformation or merely indicative of PPFP 

actions on other pathways which resulted in increased self-renewal and enlargement of 

the TCF responsive cancer stem cells sub population.

There are 4 members in the Lef/Tcf family which form complexes with β-catenin and 

express canonical Wnt target genes. TCF7L2/TCF4 is present in PTC and implicated in 

transcription of Wnt/β-catenin target genes (139). TCF7L2 was upregulated in 

PCCL3_PPFP cells, but our targeting of TCF7L2 did not impact TCF_GFP positivity. It 

is possible that more than 1 member of the Lef/Tcf family are active in the thyroid, have 

redundant functions, and must be knocked down in combination before TCF responsive 

transcription is impacted. 

Our data showed that the PPARγ domains of PPFP retained their ability to act in a 

PPARγ-like manner and transactivate PPARγ target genes. The PPARγ DNA binding 

domain is required for PPFP functions. Same with PPARγ ligand binding domain: PPARγ 
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agonists increased the effects of PPFP in a PPARγ specific manner. PPARγ selective 

agonists which can activate certain PPARγ transcriptional programs but not others also 

strengthened the effects of PPFP. 

We would predict that selective PPARγ agonists would not be useful for treating PPFP 

positive FTC. We previously reported the potent anti-tumor and adipogenic 

transdifferentiating effect of pioglitazone (39). Pioglitazone is clinically useful against 

diabetes, but its many side effects motivated research into selective PPARγ agonists 

which could effect the insulin sensitization of full agonists without the adipogenesis 

associated side effects. We demonstrated that a non-adipogenic selective agonist had no 

anti-tumor effect in vivo. Our in vitro data further implied that a non-adipogenic selective 

agonist would instead exacerbate PPFP oncogenesis by increasing the number of cancer 

stem cells.

Other clues for the mechanism of PPFP oncogenesis could continue to come from 

diabetes-focused research into selective PPARγ agonists. Selective PPARγ agonists block 

Cdk5 phosphorylation of PPARγ and this is sufficient to produce known effects of PPARγ 

without full allosteric agonism (109; 123). Dysregulation of Cdk5 or inaccessibility of the 

Cdk5 phosphorylation site on PPFP may play a role in PPFP action. Determining the 

basal level of PPFP phosphorylation at the Cdk5 phosphorylation site and whether any 

agonist induced changes occurred would tell us whether Cdk5 regulation of PPFP is 

likely relevant to oncogenesis.
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Another proposed mechanism of selective PPARγ agonist action is differential 

recruitment of coactivators. PPARγ transactivation requires recruitment of coactivators. 

The large number of coactivators and their variable expression determine the cell-specific 

PPARγ transcriptional program. selective PPARγ agonists preferentially recruit certain 

co-activators compared to the classical agonists. PPARγ coactivator 1 α (PGC1α) is 

preferentially recruited by 3 distinct selective agonists (140–142). Targeting PGC1α 

would reveal whether it is required for PPFP oncogenesis, while co-IP would reveal 

whether it is indeed in complex with PPFP. Other coactivators - cAMP response element-

binding protein-binding protein and steroid receptor coactivator-1 - are more weakly 

recruited or prevented from complexing by multiple selective agonists (140; 142–144). 

Manipulations of these proteins are less likely to be informative - overexpression or 

knock down of these proteins would be ineffective if there's little or no interaction. We 

remain mindful that nuclear receptors can have non-transcriptional effects (145) and 

putative non-transcriptional actions of PPARγ may turn out relevant to PPFP 

oncogenesis.

The effects of full and selective PPARγ agonists on PPFP and the necessity of a 

functional PPARγ DNA binding domain also suggested a new strategy to discover targets 

of PPFP. If PPFP has its own oncogenic transcriptional program (or simply a set of PPFP 

bound genes), direct transcriptional targets of PPFP are discoverable through chromatin 

IP and high throughput sequencing (ChIP-SEQ). The results would be another test of our 

75



hypothesis that PPFP binds PPARγ target genes and response elements. Novel consensus 

elements recognized by PPFP may also be uncovered, along with new target genes. The 

list of interesting targets to be investigated may be narrowed down to those genes that are 

further enriched after treatment with PPARγ agonist pioglitazone and selective agonist 

SR1664.

Finally, our collection of PCCL3_PPFP and PPFP+/PTEN-/- clones is an important 

resource for investigating and validating targets suspected to impact cancer stem cells. 

Changes in the cancer stem cell fraction are masked by the biology of the bulk 

population. Cell sorting enriches for cancer stem cells but is time and resource intensive. 

Our population of clones includes entirely TCF unresponsive populations as well as 

populations containing a wide range of TCF responsive fractions. The clones also exhibit 

a wide range of colony formation and invasive capacity. Examination of differences 

between these populations may reveal the regulators of self-renewal and oncogenesis. 
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