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Summary 

 

The work presented in this thesis elucidates the role of transcription factor FoxM1 in 

progression of hepatocellular carcinoma. In this work, I provide the genetic evidence that 

FoxM1 is important for progression and maintenance of liver tumors. Also, high FoxM1 

expression leads to accumulation of poorly differentiated tumor cells by inhibition of liver 

differentiation factors.  

I show here that deletion of FoxM1 from hepatocytes leads to regression of Ras induced liver 

tumors. This regression in number of tumor nodules was found to result from decreased 

proliferation, increased apoptosis and higher accumulation of reactive oxygen species in the 

HCC cells. Deletion of FoxM1 also leads to a disproportionate loss of liver cancer progenitor 

cells. The work also shows that the liver cancer stem cells are dependent on the expression of 

FoxM1. 

Further, I show that FoxM1 inhibits the expression of liver differentiation genes FoxA1 and 

FoxA2 by silencing their promoters for transcription. This inhibition of FoxA factors leads to 

accumulation of poorly differentiated tumor cells and thus helps liver cancer progress to an 

aggressive phenotype. 
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Introduction 

Cancer is one of the leading causes of death around the world. As documented in the year 

2015, it caused 8.8 million deaths globally1. Liver cancer is 6th most common cancer type 

with a low 5-year survival rate1. There are projections by various health agencies that the 

number of new reported cases of liver cancer shall rise to 700,000 as well as the death 

toll due to liver cancer is projected to rise to 600,000 by the end of the year 2017.  These 

numbers have almost increased by 200% since the 1980s and are projected to rise 

considerably in the coming years.  

Several risk factors have been associated with development of liver cancer. Between both 

genders, liver cancer is much more common in males2,3. Liver cancer rates also vary with 

ethnicity, for example, in the United States, Asian Americans and Pacific Islanders have 

much higher incidence of liver cancer when compared with other ethnicities. People from 

African American and White ethnicities have the lowest incidence of liver cancer2,3. 

Chronic infections of hepatitis B virus (HBV) or hepatitis C virus (HCV) are the greatest risk 

factors associated with liver cancer 4–6. The chronic infection leads liver cirrhosis from 

where liver cancer development becomes more plausible. The risk of liver cancer 

development becomes much greater when coupled with alcohol abuse (6 or more 

standard drinks per day). In fact, alcohol abuse is the leading cause of liver cirrhosis in the 

United States7,8. HCV is more prevalent in the United States whereas in the Asian 

countries HBV seems to be the major cause of infection 9.  Despite the advancements in 

treatment and prevention of hepatitis infections the incidences of HBV and HCV are on 

the rise. In the United States, as of 2016, more than 50% of liver cancer cases have also 
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been found to be positive for HCV whereas 15% of the cases were positive for HBV5,10.  

Hepatitis C and hepatitis B infections have also been on a rise (CDC). NAFLD (Non-

Alcoholic Fatty Liver Disease) and NASH (Non-Alcoholic Steatohepatitis) have also been 

observed to contribute significantly to the development of the disease 7,8. Contamination 

of food items with Aflatoxin, arsenic is associated with risk of liver cancer occurrence. 

Exposure to chemicals like vinyl chloride, thorium dioxide has also been associated with 

increased risk of liver cancer 11–13. 

Cancer results from transformation of a normal cell into a tumor cell resulting in indefinite 

proliferation. In this multi stage process the cells, very often, acquire the ability migrate 

and colonize neighboring or distant tissue, thus becoming metastatic 14. The deaths 

caused by cancer are primarily due to organ failure and metastasis, or the spread of 

primary tumor cells to other sites. Majority of deaths by liver cancer have been attributed 

to organ failure because of increased tumor load, however, incidence of metastasis 

leading to fatality has also been observed in liver cancer. The 5-year survival rate upon 

metastasis of liver cancer to distant parts is only 3% 1. 

The rising numbers of liver cancer cases is very alarming and the disease must be 

understood at a molecular level to derive new therapeutic strategies for the cure. At this 

point no effective therapeutic is available – Sorafineb extends life only by around 3 

months 15–18. Dissection of the molecular basis involved in the disease progression will be 

impotant for understanding of how liver cancers acquire aggressive phenotype. 
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RAS pathway activation in HCC 

Ras protein belongs to the family of small GTPases. Structurally, Ras protein has two 

conformations often referred to as ‘ON’ and ‘OFF’. In the ‘ON’ state Ras is GTP bound and 

its intrinsic GTPase activity hydrolyses the gamma phosphate of the bound GTP and 

converts it to GDP. As Ras becomes bound to GDP it goes through a conformational 

change that switches it ‘OFF’. Ras, when in ‘ON’ state, activates downstream signaling 

pathways that are involved in cell growth, differentiation and survival. Guanine 

nucleotide exchange factors (GEFs) and GTPase activating proteins (GAPs) facilitate the 

exchange of nucleotides. As the intrinsic GTPase activity of Ras is too low for physiological 

purposes, it is assisted by GAPs, that acts as a catalyst, to hydrolyze the gamma phosphate 

group19–22.  

Active or GTP bound ‘ON’ Ras activates signaling pathways involved in proliferation and 

survival, thus, over or constitutive activation of Ras can lead to the development of 

cancer23–25. This is true in the case multiple cancers such as pancreatic cancer, colon 

cancer26,27. Ras pathway is found to be ubiquitously active in hepatocellular carcinoma23. 

Mutations at multiple residues of Ras (such as G12 – common, Q61- rare, but observed) 

have been attributed with constitutive activation of this protein. Activating Ras mutations 

have been commonly observed in pancreatic adeno carcinoma, colorectal carcinoma, 

non-small cell lung carcinoma and others, however, they contribute to only 5% of HCC 

cases. Ras pathway is ubiquitously active in HCC either because of silenced Ras regulator 

proteins or attenuated GAPs levels 28. 
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RASSF1A (Ras associated domain containing protein - 1) and NORE1B (RASSF5 - Ras 

associated domain containing protein - 5), effector proteins for Ras and identified tumor 

suppressors, have been found to be silenced in majority (97%) of HCC cases 29–32. These 

Ras effector proteins relay the signal downstream to signaling pathway that regulate 

cellular processes of mitosis, cell adhesion, cell cycle arrest, apoptosis etc. Epigenetic 

silencing of RASSF1A and NORE1B genes renders them transcriptionally inactive and is 

carried out by hyper methylation of CpG islands that mark the promoters of these genes 

31,33,34. 

Ras GTPase proteins (or GAPs) RASAL1 (Ras protein activator like - 1, GAP1 subfamily), 

DAB2IP (DAB Interacting Protein), NF1 (Neurofibromin) are found to be silenced in more 

than 70% of reported HCC cases 28,35,36. This epigenetic silencing of the GAPs is a result of 

inappropriate promoter methylation. In about 40% of HCC cases, PITX1 (paired like 

homeo domain - 1 protein), a transcription factor that activates the expression of RASAL1 

gene, is also epigenetically silenced by promoter hyper methylation 37,38. 

The silencing of GAPs leads to increase in the active or GTP bound Ras protein leading to 

hyper activation of downstream signaling pathways. Since Ras effector proteins that are 

involved in the regulation of cell cycle arrest, apoptosis etc. are silenced in most HCCs 

(97%), hyperactivation of Ras signaling pathway leads to unchecked proliferation and cell 

growth leading ultimately to tumor development 35,39.  

Hyperactive Ras signaling in multiple cancers makes it an attractive target for cancer 

therapy. Ras requires post translational modification by farnesyl transferase to localize to 
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the plasma membrane to relay the signals. Farnesyl transferase inhibitors or FTIs that 

mimic CAAX carboxy terminus motif of KRas compete for the binding with farnesyl 

transferase and prevent Ras signaling from being activated 40. It has been observed that 

in absence of farnesyl transferase modification on Ras, geranylgeranyltransferase (GGT) 

modifies Ras to carry out its biological activity 41.  GGTs are also known to modify the 

CAAX motif. This is one of the reasons why the early potential of FTIs has not been 

observed 42. The combinatory therapy involving both FTIs and GGTIs has shown some 

promise, but results in greater toxicity levels 43. Inhibition of Ras signaling pathway has 

also utilized kinase inhibitor molecules both upstream and downstream of Ras protein. 

The most popular kinase inhibitor to date is Glivec and has provided a leap forward in 

chronic myeloid leukemia 44–46. Kinase inhibitors of MEK1 and 2 have been developed and 

has shown to inhibit MAPK-ERK signaling 47. Inhibition of receptor tyrosine kinases 

(upstream of Ras) esp, ERBB2 and EGFR has proven to be effective against hyperactivation 

of Ras signaling. Several small molecule inhibitors against the tyrosine kinases are in 

clinical trials, and antibodies targeting ERRB2 are used with partial success in breast 

cancer 48–50. This targeting of ERRB2 only works for the cells harboring WT Ras protein; in 

case the protein is mutated for constitutive activation targeting ERRB2 shall not be 

therapeutic. Antisense oligonucleotides sequences targeting Ras and Raf have also been 

used in studies with a certain degree of success 51,52. The delivery of the large 

oligonucleotides becomes very difficult in the solid tumors and decreases the efficacy 

significantly 51,53. Despite targeting Ras pathway at multiple nodes, the downstream 

effector proteins in some cases have shown aberrant activation through alternative 
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mechanisms and has led to increase cell growth 42,43. This makes successfully targeting 

Ras very difficult. 

Cancer Stem Cells 

 Stem cells are characterized by their property to self-renew and differentiate; i.e., stem 

cell can give rise to a daughter cell (upon cell division) which is either identical – self-

renewal, or can change its nature to serve a specialized function – differentiation 54. The 

adult and embryonic stem cells are similar in this context. Adult stem cell niches are 

classified into quiescent and active subgroups; active subgroup is responsible for 

everyday tissue turnover and the quiescent subgroup helps in regenerative response to 

an injury 55,56.  

Cancer cells that reflect these properties are termed as cancer stem cells (CSCs) 57. These 

are also often considered to be the ‘tumor initiating cells’ as it has been shown in multiple 

studies that very few cancer stem cells can give rise to a tumor mass in mice  58–60. This 

holds true even upon serial transplantations demonstrating the self-renewal property of 

cancer stem cells. Some scientists prefer to call these as ‘tumor propagating cells’ as 

opposed to ‘tumor initiating cell’ as per them the cancer stem cells are already ‘initiated’ 

and merely propagate the phenocopy of the primary tumor as determined by 

examination of the tumor heterogeneity in serial transplantation experiments 61.  

First evidence of cancer stem cells was discovered in hematopoietic malignancies in the 

mid-90s, since then evidence of cancer stem cells have been found in multiple cancers 

57,62. The identification of these cells is based on the presence of certain cell surface 
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markers such as CD133, CD44 etc. The cell surface markers used to identify the group of 

CSCs vary from tissue to tissue, i.e., liver cancer stem cells markers may not be the same 

as the cell surface markers of colon cancer stem cells. Colon cancer stem cells (CCSCs) 

have been found to be positive for CD133, CD44 (Hyaluronic acid receptor), CD166 

(adhesion molecule) and Aldh1 63,64. Pancreatic cancer stem cells (PCSCs) have been 

identified with CD24, CD44, ESA expression, and have been shown to give rise to tumor, 

however, another distinct subset of cancer stem cells has been identified which were 

found to be CD133 and CXCR4 positive 65. Breast cancer stem cells (BSCSs) have been 

identified with an expression of CD44, CD24 and CD133, however, some BCSCs show the 

presence of a different cell surface marker – Aldh1 (Aldehyde dehydrogenase) 66–68. This 

also demonstrates the existence of more than a single cancer stem cell niche within the 

same tumor type. 

Studies have shown the presence of cancer stem cells in liver cancers. These liver CSCs 

have been well characterized in human and mice. CD90+ liver cancer cells have been 

found to mimic stem cell like properties in humans. A low number of CD90+ cells from 

multiples human HCC cell lines have been shown to generate tumor mass within a span 

of 1-4 months as shown in a study by Yang et.al. demonstrating the high tumorigenic 

capacity. Incidence of metastasis was also observed in some cases 69. It was found that 

that the number of liver CSCs isolated from HCC cell lines directly correlated with the 

number of tumor incidences and metastatic potential. It was observed that inhibition of 

CD44 led to attenuation of the tumorigenic potential of CD90+ liver cancer cells as well as 

induced apoptosis of CD90+ cells 69.  
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Presence of cancer stem cells have been associated also with the incidence of metastasis. 

Studies have suggested that epithelial to mesenchymal transition (EMT), a process often 

required for tumor cells to disseminate from the primary site, can help differentiated 

tumor cells to de-differentiate to a cancer stem cell like state, so that the disseminating 

cells may propagate the tumor phenocopy at a distant site in the body61,70–72. Some 

studies have also associated certain sub populations in the CSC compartment directly with 

metastasis. In pancreatic cancer, the PanCSCs compartment identified with CD133 

expression has a subpopulation that co-expresses CXCR4 (Chemokine receptor type 4, 

also known as fusin or CD184 is a receptor for SDF-1)73. This double-positive 

subpopulation has been shown to possess a high metastatic potential. These PanCSCs 

were shown to give rise to circulating tumor cells (CTCs) which later established 

metastatic lesions at a secondary site. Depletion of the CD133-CXCR4-double positive 

subpopulation by CXCR4 inhibitor prevented the formation of metastatic lesions in an in 

vivo orthotopic model of pancreatic cancer65. Similarly, in breast cancer, two different 

compartments of BCSCs identified with CD44, CD24 and Aldh1 cell surface markers, are 

found to be distributed differentially amongst the breast cancer subtypes. The 

CD44+CD24- sub population in enriched in more than three fourth of basal-like breast 

cancer cases whereas the Aldh1+ sub population was enriched in only around 35% of basal 

like subtype. The Aldh1+ is also prevalent in Her-2 over expressing breast cancers66,68. 

These observations suggest that different CSCs subpopulations carry out different 

specialized functions. 
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Cancer stem cells have many features that help them evade the effects of chemotherapy 

and radiotherapy leading to relapse of the disease. In the case of breast cancer, the BCSCs 

have evolved various drug resistance mechanisms, e.g., these express some members of 

ABC family of proteins, such as glycoprotein P and MDR1 which are involved in multi drug 

resistance, at high levels leading to shunting out of the drug molecules before they can 

get metabolized thus protecting the cells from the effects of the drug74,75.   Dysregulated 

expression of Aldh1 in BCSCs is indicative of radio resistance as is helps in keeping ROS in 

check and attenuates the oxidative stress76. High ROS scavenging and good DNA repair 

mechanisms, common traits amongst CSCs of different origin, are very helpful to CSCs in 

resisting the effects of the drugs77–79. Cancer stem cell targeted therapy has been 

suggested to prevent cancer metastasis and relapse of the disease, however, it has been 

proven to be a difficult problem thus far. 

FoxM1 in development and cancer 

FoxM1, a transcription factor belonging to the family of forkhead box proteins, is 

important for embryonic development80–82. FoxM1 is expressed liver development, 

however, its expression is highly diminished in adult livers. HCCs show a high expression 

of FoxM1, and over expression of FoxM1 also correlates with high grade progression of 

liver cancer83.  

FoxM1 transcriptionally activates expression of several genes that are directly involved in 

cell cycle phase transitions81,84. FoxM1 activates the expression of Cdc25A and Cdc25B 

involved in G1/S and S/G2 transitions respectively. It also regulates expression of proteins 



10 
 

involved in mitosis, such as Polo like kinase 1, AuroraB, Survivin etc. FoxM1 is expressed 

only by the dividing cells and its expression ranges from undetectable to low levels in 

adult cells; FoxM1 is highly expressed in embryonic tissues whereas its expression is 

reduced in adult tissues with exceptions of the tissues with high proliferative index such 

as testis, intestine etc. FoxM1, therefore, is referred to as a ‘proliferation specific 

transcription factor’85.  

FoxM1 plays a very crucial role in early development. Knocking out FoxM1 in mice results 

in embryonic lethality attributed to multiple defects in development of several crucial 

organs such as heart, liver lungs etc. Conditional knocking out of FoxM1 from different 

tissues in mice has suggested that FoxM1’s role is cell specific80.  

 Knocking out the gene from hepatoblasts in mice using AFP-cre results in embryonic 

lethality by E18.5 due to several defects in the development of liver including improper 

development of hepatic chords, absence of proper intra hepatic bile duct network and 

defects in vasculature in the liver 80,83. There was a 75% reduction in the hepatoblast 

population of embryonic livers deleted for FoxM1, mainly due to defects in DNA 

replication and mitosis 80. This decrease in the population of hepatoblasts is the reason 

behind the multiple defects observed during liver development of FoxM1 knockout 

mice83. Conditional knocking out of FoxM1 from pancreas using Pdx-1 cre in mice does 

not result in embryonic lethality and shows a rather normal embryonic development of 

pancreas, however, these mice develop diabetes later in life as FoxM1 deletion causes 

post-natal defects in expansion of the beta cell mass leading to impaired islet 

functioning86.  
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Though FoxM1 expression in dormant in the adult tissue, it can be activated upon an 

injury. Absence of FoxM1 expression in multiple organs has been studied in context of 

tissue regeneration upon injury. Deletion of FoxM1 in hepatocytes showed an impaired 

repair upon partial hepatectomy which was found to result from diminished proliferation 

of these cells87. FoxM1 deletion in endothelial cells resulted in decreased proliferation 

and reduced vascular repair in lungs following injury induced by LPS treatment88. Deletion 

in pancreatic epithelial cells led to decreased proliferation of alpha and beta cells but not 

acinal or ductal cells upon partial pancreatectomy75. Intuitively, induced expression of 

FoxM1 has shown to assist recovery upon injury as suggested by several studies. 

Expressing FoxM1 under Rosa26 promoter resulted in enhanced proliferation of 

respiratory epithelial and endothelial cells upon lung injury induced by BHT treatment89. 

Similarly, targeted expression of FoxM1 in hepatocytes (TTR-FoxM1b) resulted in 

increased proliferation of hepatocytes following carbon tetrachloride treatment90. FoxM1 

overexpression in the same mouse model resulted in protection of mice from decline in 

liver regeneration capacity with age suggesting that FoxM1 is potential therapeutic target 

for age associated defects in liver regeneration. 

FoxM1 is also important for the regulation of oxidative stress in transformed cells91. 

Regular metabolism of oxygen produces ROS in low concentrations in order for the cells 

to carry out physiological processes such as homeostasis92. Optimal level of ROS is also 

critical to self-renewability of stem cells93,94. Increased concentration of ROS is well known 

to lead the cell fate to necrosis, apoptosis or senescence, but this is checked by the 

expression a network of anti-oxidants genes or ROS scavenging genes such as MnSOD, 
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Catalase and PRDX3. The expression of FoxM1, which is known to directly regulate the 

expression of some of the ROS scavenging genes91, is found to be activated by free radical 

species or ROS. Thus, increasing ROS concentrations in cells lead to increased levels of 

FoxM1, leading to increased expression of ROS scavengers, which in turn keep a check on 

rising ROS concentration in a feed-back loop95. High concentration of ROS is common in 

cancer cells; to counteract the oxidative stress produced by increased ROS 

concentrations, cancer cells depend on high expression of FoxM1, and thus are ‘addicted’ 

to high FoxM1 expression.  

It has been observed that growth factors and oncogenes activate the expression of FoxM1 

through the upstream proliferative signals, whereas, tumor suppressor proteins such P53, 

Rb and Arf have been shown to inhibit FoxM1’s transcriptional activity96–98. Activated Ras 

increases FoxM1 expression by JNK1 which is activated by reactive oxygen species. P19Arf 

in mice has been shown to directly bind to FoxM1 protein and translocate it to the 

nucleolus, where it is rendered transcriptionally inactive. Use of small peptide that mimics 

the essential portion of Arf protein required for FoxM1 translocation has shown to inhibit 

FoxM1’s transcriptional activity99.  

Increased expression of FoxM1 leads to increase in tumorigenicity and has been 

demonstrated in multiple in vitro and in vivo studies100–102. As FoxM1 is a critical regulator 

of the cell cycle and provides protection to cells from oxidative stress, its over expression 

enables the transformed cells to proliferate faster and thrive well even in the presence of 

oxidative stress, making them robust for survival and propagation. Attenuating the 

expression of FoxM1 using siRNA has resulted in decrease of the number soft-agar 
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colonies in multiple human cancer cell lines, whereas, it’s over expression has led to 

increase in the number of soft agar colonies100,103.  

FoxM1 regulates the expression of matrix metalloproteinases MMP2, and MMP9 and 

vascular endothelial growth factor or VEGF, factors that are critical to cell invasion and 

vascularization of tissue104. These are also required by tumor cells to initiate their 

dissemination from primary tumor site. Thus, implicating FoxM1’s requirement in early 

steps of metastasis. FoxM1 has also been shown to activate the expression of genes which 

regulate the process of EMT 95,105–108. In different models of the disease including breast 

cancer, pancreatic cancer, glioma and others, over expression of FoxM1 has led to the 

acquiring of a mesenchymal phenotype by activation of mesenchymal markers such as 

ZEB1, ZEB2, Vimentin and Snail95.  

Once the tumor cells disseminate from the primary site and invade into the blood vessels, 

assisted by FoxM1 in early metastasis process, the circulating tumor cells (CTCs) need to 

establish a secondary colony which is dependent on several factors including a favorable 

microenvironment at the secondary site95. FoxM1 has been shown to help in establishing 

a pre-metastatic niche for CTCs in DEN induced mouse HCC. Park et.al. showed that by 

over expression of FoxM1 in Arf-/- HCC cells can lead to increased secretion of Lox (Lysyl 

Oxidase) and Lox2 (Lipoxygenase 2) enzymes, both of which have been previously 

implicated in establishment of pre-metastatic niche. These cells when injected 

subcutaneously in mice gave rise to metastatic lesions. Inhibition of the enzymes did not 

lead to metastasis, however, had no effect on the tumorigenic potential of the cells. The 

genes LOX and LOX2 have been found to be under direct regulation of FoxM1109. Since 
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presence and involvement of FoxM1 is important to the multiple steps of metastasis such 

as cell migration, EMT, pre-metastatic niche formation, it is referred to as a ‘Master 

Regulator of Metastasis’. 

Pathological examination of metastatic tumors possessing an aggressive phenotype 

reveals that the aggressive tumors have a much higher accumulation of poorly 

differentiated cancer cells in comparison to non-aggressive tumors.  In fact, presence of 

higher number of poorly differentiated cells in tumor biopsies of patients is indicative of 

poor prognosis110,111. Poorly differentiated tumor cells have mesenchymal properties that 

make them more motile as compared to well differentiated tumor cells which are more 

epithelial in nature. To metastasize, the tumor cells often need to acquire a mesenchymal 

phenotype which is induced by the process of epithelial to mesenchymal transition of 

differentiated tumor cells, also regulated by FoxM1 as mentioned above. These poorly 

differentiated tumor cells have stem cell like properties and express high levels of 

pluripotency genes. FoxM1 has been shown to directly regulate the expression several 

stemness genes such as Sox2, Bmi1, Nanog, c-Myc etc., indicative of regulating de-

differentiation of tumor cells95,100.  

FoxM1 was shown to directly regulate the differentiation in mammary gland using in vivo 

model112. Over expression of FoxM1 in the mammary gland of mice led to higher 

accumulation of mammary luminal progenitor cells (CD61+, CD29lo) and lower abundance 

of differentiated mammary luminal cells (CD61-, CD29lo) leading to morphological defects 

in the duct formations as found by analysis of mammary gland tissues using 

immunohistochemistry. Deletion of FoxM1 led to increase in the differentiated luminal 
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cell numbers in the same study suggesting that FoxM1 expression, by itself, can regulate 

the process of differentiation. It was discovered that FoxM1 acts as a transcriptional 

repressor for well characterized mammary luminal differentiation factor GATA3, also 

known as master regulator of mammary gland luminal differentiation and is also 

considered a tumor suppressor113–115.  

FoxM1 binds to the GATA3 promoter and recruits retinoblastoma (Rb) and DNA methyl 

transferase 3B (DNMT3B). The complex was shown to carry out the methylation of GATA3 

promoter rendering it transcriptionally inactive112. This leads to fall in GATA-3 protein 

levels and inhibits the downstream signaling required for differentiation of mammary 

luminal progenitor cells leading to their accumulation. That study was the first study to 

suggest a transcriptional repression ability of FoxM1. The methylation of the promoter 

carried out by this complex is dependent on Rb recruitment on the GATA-3 promoter. 

Induction of FoxM1 expression in absence of Rb fails to hyper methylate the GATA-3 

promoter. This inverse correlation between expression of FoxM1 and GATA-3 has found 

to hold true in breast cancer samples. Analysis of breast cancer patients’ mRNA 

expressions from Oncomine shows clearly that grade 1 tumor samples, less aggressive 

kind, express high levels of GATA-3 and very low levels of FoxM1 mRNAs112. In contrast, 

the aggressive breast cancer samples showed high expression of FoxM1 mRNA and 

diminished levels of GATA-3 mRNA suggesting that high levels of FoxM1 may lead to more 

aggressive tumor phenotype by inhibiting the process of differentiation or carrying de-

differentiation of tumor cells. The Rb-dependent repression of GATA-3 by FoxM1 in breast 

cancer is indicative of a counterintuitive role of Rb in which Rb supports the progression 
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of tumor. As in the case of high grade breast cancer progression, FoxM1 expression 

correlates with high grade progression of liver cancer, with grade 3 showing very robust 

expression of FoxM1, suggesting that FoxM1 may be regulating the accumulation of 

poorly differentiated tumor cells leading to aggressive phenotype. 
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(iii) FoxM1 activates expression of CD44 in HCC cells 

(iv) Inhibition of FoxM1 preferentially eliminates the cancer cells with 

stem cell features 

 

III. FoxM1 inhibits the expression of liver differentiation factors FoxA1 and 

FoxA2 

(i) Introduction 

(ii) Opposite expression patterns of FoxM1 and FoxA1/A2 in 

hepatocellular carcinoma 

(iii) FoxM1 inhibits FoxA1/A2 in HCC cells 

(iv) FoxM1 recruits DNMT3b and Rb onto the FoxA1/A2 promoters 
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I. FoxM1 deletion causes regression of Ras induced liver 

hepatocellular carcinoma 

 

(Previously published: ‘Essential Roles of FoxM1 in Ras induced liver 

cancer’, Kopanja D, Pandey A, Kiefer M, Wang Z, Chandan N, Carr JR, 

Franks R, Yu DY, Guzman G, Maker A, Raychaudhuri P., J Hepatol. 2015 

Aug;63(2):429-36) 

 

(i) Introduction 

The Ras-signaling pathway is frequently activated in HCC. To investigate the role of 

FoxM1 in Ras induced HCC, we utilized a previously described mouse transgenic 

mouse model that expresses constitutively active form of Hras (HrasG12V) under the 

albumin promoter. This results in constitutive expression of active form of Ras protein 

and thus keeps the Ras signaling pathway constitutively active. Consequently, these 

mice develop several abnormalities in the liver as they age 116. These mice are a good 

model for Ras induced HCC development, primarily because these mice are not 

embryonically lethal, unlike previous Ras transgenic models; these mice have a high 

reproducibility in terms disease onset and penetration of the disease; these mice have 

a long-term survival, this allows a good timeline for studying the gradual progression 

of liver cancer; these mice show a male dominant prevalence of HCC formation with 

around 90% incidence of HCC, this is the same trend as observed in humans 116. 

 These mice were crossed with FoxM1fl/fl; Mx-Cre transgenic mice, that were already 

available in our lab. In this transgenic mouse model the Cre recombinase gene is under 

the regulation Mx-1 promoter that is activated in the hepatocytes by double stranded 

RNA molecule 117,118. This allows for conditional deletion of FoxM1 from the 

hepatocytes. 
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These mice develop multiple HCC nodules by the age of 9 months, as expected. At the 

age of nine months we induced the expression of Cre recombinase by treating the 

mice with 250 g pIpC or polyinosinic-polycytidylic (which is a synthetically produced 

double stranded RNA molecule) delivered using intraperitoneal injections every day. 

Cre was induced in groups of 25 mice (FoxM1 fl/fl) and 21 mice (FoxM1+/+) with 5 i.p. 

injections of pIpC; also, a group of 7 mice (FoxM1 fl/fl) and 6 mice (FoxM1+/+) with 10 

i.p. injections of pIpC. 
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(ii) Ras induced liver tumors have high FoxM1 expression 

Consistent with the previous findings 116, we observed higher expression of the H-

ras12V mRNA in the tumor tissue of the transgenic mice in comparison to the non-

tumor tissue sections (Fig. 1A). The H-ras12V induced HCC exhibited much higher 

expression of FoxM1 mRNA (Fig. 1B). To delete FoxM1 in the tumor we injected the 

male mice at eight months of age with polyIpolyC (five injections every other day) that 

activates expression of Cre recombinase from the Mx promoter. Mice were sacrificed 

and organs were harvested 3 weeks post the last injection. Total RNAs from the tumor 

tissues of FoxM1 deleted (FoxM1fl/fl) and undeleted (FoxM1+/+) were compared. We 

detected a significant reduction of the FoxM1 mRNA in the tumors from the FoxM1 

deleted samples. However, the reduction of the FoxM1 mRNA was not very 

quantitative (Fig. 1C). The reason for a partial loss of FoxM1-mRNA became clear from 

immunohistochemical staining for FoxM1. In the undeleted samples (FoxM1+/+), clear 

FoxM1 expression in the nucleus was detected in the HCC cells as well as in the 

fibroblast-like cells in the tumor nodules (See arrow in Fig. 2). In the FoxM1 deleted 

samples (FoxM1fl/fl), we observed clear loss of FoxM1 signals from the HCC cells (arrow 

head), but not from the other cells. Therefore, it appears that there is some specificity 

in the expression of Cre in this system that allows specific deletion of FoxM1 in the 

HCC cells. Interestingly, loss of FoxM1 expression had negligible effect on the 

expression of H-ras12V mRNA in the tumors (Fig 1D). 
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Figure 1 

Loss of FoxM1 expression in the HCC cells following MxCre induced deletion in 

transgenic mice expressing H-ras12V.  

Total RNA from (FoxM1+/+) normal liver, transgenic non-tumor and tumor tissues were 

assayed for expression of (A) H-ras12V and (B) FoxM1. (C) FoxM1-mRNA and (D) HRas12V-

mRNA levels without (FoxM1+/+) and with deletion of FoxM1 (FoxM1fl/fl) were compared. 

The RNAs were assayed by quantitative RT-PCR.  
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Figure 1 
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Figure 2 

Loss of FoxM1 expression in the HCC cells following MxCre induced deletion in 

transgenic mice expressing H-ras12V.  

Tumor sections from FoxM1 undeleted (FoxM1+/+) and FoxM1 deleted (FoxM1fl/fl) 

samples were compared by immunohistochemical staining for FoxM1. Arrows indicate 

fibroblast-like cells in tumor sections and arrowheads indicate the HCC cells. 
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Figure 2 
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(iii) FoxM1 deletion leads to regression of tumor nodules 

The transgenic mice described above grow multiple tumor nodules by the age of nine 

months. The sizes of these tumors vary significantly from animal to animal with tumor 

sizes ranging from 0.1cm to 2.5cm or more in diameter. To measure an effect of 

FoxM1 deletion we analyzed the tumor nodules from large cohorts of mice following 

five i.p. injections of polyIpolyC. Total number of HCC nodules were counted 

irrespective of the nodule size. Deletion of FoxM1 resulted in a significant decrease in 

the number of tumor nodules as can been seen in the representative pictures (Fig. 3). 

We also compared number of tumors in mice after inducing deletion of FoxM1 with 

ten injections of pIpC and observed a significantly greater decrease in the latter set of 

FoxM1fl/fl mice (Fig. 4), in fact, 2 out of 7 livers from the FoxM1fl/fl were completely 

HCC free. The decrease in the number of tumor nodules has been quantified and 

presented as box plots below the representative liver pictures (Fig. 3 and 4). 
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Figure 3 

Decrease in the number of tumor nodules following deletion of FoxM1. Transgenic male 

mice (Alb-H-ras12V FoxM1+/+ MxCre and Alb-Hras12V FoxM1fl/fl MxCre) at eight months 

of age were injected with five doses of polyIpolyC. The numbers of the tumor nodules 

were compared four weeks after the last injection. Box plots for the numbers are shown 

along with p values. 
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Figure 3 

 

 

 

Figure 4 

Decrease in the number of tumor nodules following deletion of FoxM1. Transgenic 

male mice (Alb-H-ras12V FoxM1+/+ MxCre and Alb-Hras12V FoxM1fl/fl MxCre) at eight 

months of age were injected with ten doses of polyIpolyC. The numbers of the tumor 

nodules were compared four weeks after the last injection. Box plots for the numbers 

are shown along with p values. 
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Figure 4 

Decrease in the number of tumor nodules following deletion of FoxM1. Transgenic male 

mice (Alb-H-ras12V FoxM1+/+ MxCre and Alb-Hras12V FoxM1fl/fl MxCre) at eight months 

of age were injected with ten doses of polyIpolyC. The numbers of the tumor nodules 

were compared four weeks after the last injection. Box plots for the numbers are shown 

along with p values. 
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Figure 4 
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(iv) FoxM1 deletion leads to lower proliferation, higher apoptosis and 

accumulation of ROS in tumor cells 

We saw a reduction in the number of total HCC nodules upon FoxM1 deletion and 

wanted to investigate the molecular mechanisms that led to tumor regression. Similar 

sized tumor nodules were chosen from FoxM1+/+ and FoxM1fl/fl groups for analysis.  

Tissue sections were stained for proliferation marker PCNA (proliferation cell nuclear 

antigen) and significant reduction in PCNA positive cells was observed in tumor 

section from FoxM1fl/fl group (Fig. 5). This change in PCNA positive cells from both 

groups has been quantified in the bar graph below and shows a significant decrease.  

Since FoxM1 is crucial to cell cycle we looked at the expression of FoxM1 targets that 

are involved in cell cycle progression. Tissue sections from both the groups were 

analyzed for the expression of Polo Like Kinase-1 (Plk1) and Cyclin E using 

immunohistochemical analysis. A significant decrease was observed in the Plk1 and 

Cyclin E positive cells (Fig. 6A and 6B). Further, we analyzed the mRNA expression and 

found a significant decrease in the expression of Plk1, Aurora B, Cdc25b mRNAs upon 

FoxM1 deletion (Fig. 7) which made it clear how deletion of FoxM1 was causing a 

decrease in proliferation. 

The HCC cells in the tumor sections were analyzed also for TUNEL. In addition, we 

looked at the active caspase3 positive cells. Clearly, deletion of FoxM1 caused a 

significant increase in the TUNEL and active caspase3 positive cells, indicating an 

increased apoptosis (Fig. 8A and B). To investigate the cause of increased apoptosis in 

the FoxM1 deleted tumors, we stained tumors for the anti-apoptotic protein Survivin 
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whose expression is regulated by FoxM1. The results clearly show decrease in the 

percentage of Survivin expressing cells in FoxM1 deleted tumor samples (Fig. 9). 

Previous cell culture studies indicated that the oncogenic Ras expressing cells depends 

upon FoxM1 to regulate the levels of the ROS 91. Consistent with that, we observed 

increased ROS in the tumor sections from the FoxM1 deleted samples compared to 

the undeleted samples (Fig 10). Together, these observations on decrease in the 

number of tumor nodules and increased apoptosis along with loss of proliferation in 

the remaining tumors upon deletion of FoxM1 provide genetic evidence that targeting 

FoxM1 inhibits H-ras12V-induced HCC progression. It is possible that MxCre might 

have deleted FoxM1 in other cells in the tumor nodules, such as the macrophages, 

that contributed to the apoptosis of HCC cells. But, that is expected also from a 

therapeutic agent that would target FoxM1 in liver cancer. In that regard, the 

inhibition of HCC progression is significant because there were no noticeable side 

effects of the MxCre mediated deletion of FoxM1 in the adult mice. 
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Figure 5 

Decreased proliferation in tumors following deletion of FoxM1. Tumor sections from 

mice (Alb-H-ras12V FoxM1+/+ MxCre and Alb-H-ras12V FoxM1fl/fl MxCre) following 

five injections of polyIpolyC were compared for PCNA expression by 

immunohistochemical staining. Quantification of PCNA+ nuclei is shown below. 

Percentage in positive cells was calculated from 3 to 5 different fields of 5 tumors per 

genotype. Statistically significant changes were indicated with asterisks (*, p< 0.05; **, 

p < 0.01, ***, p<0.001).  
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Figure 5 
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Figure 6 

Decrease in the percentage of Plk1 and Cyclin E positive cells after FoxM1 deletion in H-

ras12V-driven HCCs. FoxM1 +/+ MxCre H-ras12V and FoxM1 fl/fl MxCre H-ras12V tumor 

sections were stained with, Plk1 (A) and CyclinE (B) antibodies. Percentage in positive cells 

was calculated from 3 to 5 different fields of 5 tumors per genotype. Quantifications are 

shown on the right side of the panels. Statistically significant changes were indicated with 

asterisks (*, p< 0.05; **, p < 0.01, ***, p<0.001).  
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Figure 6 
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Figure 7 

FoxM1 is critical for expression of proliferative genes in H-ras12V driven HCCs. Four 

weeks after the last of five injections of polyIpolyC, FoxM1 +/+ MxCre H-ras12V and FoxM1 

fl/fl MxCre H-ras12V mice were sacrificed, tumors harvested and RNA isolated using Trizol. 

Total RNAs of two different pairs of mice (upper and bottom panel) were analyzed by 

quantitative RT-PCR. mRNA levels were normalized to GAPDH and control mice were set 

as 1. Statistically significant changes were indicated with asterisks (*, p< 0.05; **, p < 0.01, 

***, p<0.001).  
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Figure 7 
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Figure 8 

Increase in apoptosis after FoxM1 deletion. (A) The tumor sections were also subjected 

to TUNEL assays; (B) Single cell suspensions (CD45-) of the tumor tissues were compared 

for active caspase3+ cells by flow cytometry. 
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Figure 8 
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Figure 9 

Decrease in the percentage of Survivin positive cells after FoxM1 deletion in H-ras12V-

driven HCCs. FoxM1 +/+ MxCre H-ras12V and FoxM1 fl/fl MxCre H-ras12V tumor sections 

were stained with Survivin antibody. Percentage in positive cells was calculated from 3 to 5 

different fields of 5 tumors per genotype. Quantifications are shown on the right side of the 

panel. Statistically significant changes were indicated with asterisks (*, p< 0.05; **, p < 0.01, 

***, p<0.001). 
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Figure 9 
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Figure 10 

FoxM1 deletion leads to higher accumulation of ROS in tumor cells 

Frozen sections of the tumor tissues were compared for accumulation of ROS following 

treatments with DCFDA. The sections were treated with 10 M 5-(6)-chloromethyl-2-

dichlorodihydrofluorescein diacetate (CM-H2DCFDA) (Invitrogen, Carlsbad, CA) for 30 min 

at 37 deg C and counterstained with DAPI. Images were taken using a fluorescent 

microscope at 20X magnification. 
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Figure 10 
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II. FoxM1 inhibition leads to loss of liver cancer stem like cells 

Previously published: ‘Essential Roles of FoxM1 in Ras induced liver 

cancer’, Kopanja D, Pandey A, Kiefer M, Wang Z, Chandan N, Carr JR, 

Franks R, Yu DY, Guzman G, Maker A, Raychaudhuri P., J Hepatol. 2015 

Aug;63(2):429-36 

Introduction 

Several studies have described the presence of cancer cells with stem cell like features. 

These cells are considered to be tumor initiating cells and have shown to exhibit high 

metastatic potential. CD90 (Thy-1), CD44 (HCAM-homing cell adhesion molecule) and 

EpCAM (Epithelial cell adhesion molecule) have been described as markers for liver cancer 

stem cells 69. In human cell lines- Huh7, Hep3B, HepG2, CD90+ and not CD90- cell were 

shown to possess tumorigenic potential. This potential was higher for cells expressing 

CD44 along with CD90 indicating that presence of CD44 modulates biological activity of 

CD90+ cell. Inhibition of CD44 in the double positive population led to decrease in the 

aggressiveness and metastatic potential of CD90+ cells 69. 

Another study identified liver cancer progenitor cells in mice using the DEN model. DEN 

injected mice were sacrificed at the age of 3 or 5 months and their livers were subjected 

to collagenase digestion. It was observed that a certain population of cells was resistant 

to collagenase digestion and existed as aggregates. The cells from the aggregates showed 

higher expression of HCC markers such as alpha feto protein (AFP), Ly6D, glypican 3 (Gpc3) 

as compared to the non-aggregated cells 119. These cells when injected in MUP-uPA mice 

using intrasplenic injections gave rise to 18 tumors per mouse liver as compared to less 

than one tumor per mouse liver when non-aggregated cells were injected. These cells 

were found to be positive for cell surface markers CD44 and EpCAM 119. 
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(i) Deletion of FoxM1 causes a disproportionate loss of the EpCAM+ and the CD44+ 

HCC cells in the H-ras12V model 

We analyzed for the presence of CD44+ and EpCAM+ cells in the H-ras12V-induced HCC 

with and without deletion of FoxM1. Immunohistochemical staining of tumor section, 

derived from comparable size nodules, with EpCAM antibody indicated that a significant 

population of the HCC cells, about 40%, were positive for EpCAM. Interestingly, deletion 

of FoxM1 caused a severe reduction in the EpCAM expressing HCC cells (Fig. 11). Next we 

examined tumors for the CD44+ cells and observed significant loss of these cells in FoxM1-

deleted tumors compared to the control tumors (Fig. 12A). We compared six tumors of 

each genotype by immunohistochemical staining, and counted CD44 expressing HCC cells. 

While percentage of CD44+ cells in control tumor sections averaged to 28.9%, the 

percentage of those cells in the FoxM1 deleted tumor sections was significantly lower, 

with an average of 12.2%. The reduction in EpCAM and CD44 was evident also in a 

western blot assay (Fig. 12B). Together, these observations on decrease in the 

percentages of the EpCAM+ and CD44+ HCC cells over the total number of the HCC cells 

in the FoxM1 deleted tumors suggest that those cells are more dependent upon FoxM1 

in comparison to the other HCC cells. We speculate that these cells originated from the 

liver cancer progenitor cells known to be CD44 and EpCAM positive, or these cells are 

bona fide liver cancer cells with stem cell features. Interestingly, the FoxM1 deleted 

tumor specimens also exhibited decrease in expression of ‘‘stemness’’ genes Bmi1, Nanog 

and c-Myc (Fig. 13). 
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Figure 11 

Loss of the EpCAM+ HCC cells in the tumors following deletion of FoxM1. Tumor sections 

from mice (Alb-H-ras12V FoxM1+/+ MxCre and Alb-H-ras12V FoxM1fl/fl MxCre) following 

five injections of polyIpolyC were compared for HCC cells that are positive for EpCAM. 

Quantification of the percentages of the EpCAM+ HCC cell over the total number of HCC 

cells are shown. For EpCAM+ cells, we quantified HCC cells from nine different fields. For 

CD44+ cells, we quantified HCC cells from 16 different fields and six different tumors per 

genotype. (C) Protein extracts (150 g) from tumor fragments were assayed by western 

blot.  
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Figure 11 
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Figure 12 

Loss of the CD44+ HCC cells in the tumors following deletion of FoxM1. Tumor sections 

from mice (Alb-H-ras12V FoxM1+/+ MxCre and Alb-H-ras12V FoxM1fl/fl MxCre) following 

five injections of polyIpolyC were compared for HCC cells that are positive for CD44. 

Quantification of the percentages of the CD44 + HCC cell over the total number of HCC 

cells are shown (A). For CD44+ cells, we quantified HCC cells from nine different fields. 

For We quantified HCC cells from 16 different fields and six different tumors per 

genotype. (B) Protein extracts (150 g) from tumor fragments were assayed by western 

blot.  
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Figure 12 
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Figure 13  

FoxM1 is critical for expression of “stemness” genes in H-ras12V driven HCCs. 

Four weeks after the last of five injections of polyIpolyC, FoxM1 +/+ MxCre H-ras12V and 

FoxM1 fl/fl MxCre H-ras12V mice were sacrificed, tumors harvested and RNA isolated using 

Trizol. Total RNAs of two different pairs of mice (upper and bottom panel) were analyzed 

by quantitative RT-PCR. mRNA levels were normalized to GAPDH and control mice were 

set as 1. Statistically significant changes were indicated with asterisks (*, p< 0.05; **, p < 

0.01, ***, p<0.001). 
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Figure 13 
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(ii) FoxM1 activates expression of CD44 in HCC cells 

CD44 was shown to be important for the liver cancer cells with stem cell features 69,120. 

Inhibition of CD44 leads to apoptosis of those cells in HCC 69. We observed that both 

mouse and human CD44 promoters contain FoxM1-binding sites. Therefore, we 

considered the possibility that CD44 might be a downstream transcriptional target of 

FoxM1. To test that, we analyzed human HCC cell lines HuH7 and Hep3B. The Ras-

signaling pathway is active in these cell lines, as inhibition of that pathway reduces 

viability of the cells 121. We employed siRNA to deplete FoxM1. Depletion of FoxM1 

caused a significant loss in the levels of CD44 mRNA (Fig. 14A). In a reciprocal experiment, 

we transfected a plasmid expressing FoxM1 into both HuH7 and Hep3B cell lines. 

Expression of FoxM1 caused an increase in the expression of CD44, indicating that FoxM1 

regulates the mRNA levels of CD44 (Fig. 14B and C). Also, we performed chromatin 

immunoprecipitation (ChIP) in HuH7 cells to see an interaction of FoxM1 with the putative 

binding sites in the CD44 promoter (Fig. 15). The results show that FoxM1 could associate 

with the CD44 promoter in the HCC cells and stimulate its expression.  
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Figure 14 

FoxM1 regulates the expression of CD44 in human HCC cell lines. (A) Human HCC cell 

line HuH7 was transfected with control or FoxM1-siRNA #1. Seventy-two hours after 

transfection, total RNAs were assayed for FoxM1 and CD44 by quantitative RT-PCR. (B and 

C) HuH7 cells and Hep3B cells were transfected with control plasmid (pcDNA3) or plasmid 

expressing FoxM1. Forty eight hours after transfection, total RNAs were compared for 

FoxM1 and CD44 mRNAs by semi-quantitative PCR assays. Cyclophilin mRNA was assayed 

as loading control. 
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Figure 14 

A. 

 

B.     C. 
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Figure 15 

FoxM1 binds to the promoter of CD44 and activates its expression. Left panel - putative 

FoxM1-binding sites on the human CD44 promoter are shown. The schematic also 

includes the location of the PCR primers (arrows) used in the chromatin-IP assays. 

Chromatin-IP assays indicating FoxM1 binding to the two proximal sites are shown. 
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Figure 15 
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(iii) Inhibition of FoxM1 preferentially eliminates the cancer cells with stem cell 

features 

FoxM1 has been shown to stimulate expression of the ‘‘stemness’’ genes, including Sox2, 

Oct4, Nanog, c-Myc, Bmi1 and others 100,122. We investigated whether expression of those 

genes in HCC cells involve FoxM1. Using siRNA mediated knockdown of FoxM1, as well as 

by overexpression of FoxM1, we observed evidence that expression of the ‘‘stemness’’ 

genes in HCC involves FoxM1 (Fig. 16). Interestingly, several studies characterized cell 

surface markers for cells with stem cell properties in HCC 123. To investigate the effects of 

FoxM1 depletion in those cells, HuH7 cells were transfected with two independent siRNA 

against FoxM1 (FoxM1 siRNA #1 or FoxM1 siRNA #2) or control siRNA (Fig. 17). The 

depletion of FoxM1 had only a marginal effect on cell growth (Fig. 18). The transfected 

cells were then analyzed for the CD90+, CD133+ and CD44+ cells by flow cytometry. We 

observed significant decreases in the CD90+, CD44+ and CD133+CD44+ cells, while FoxM1 

deletion did not have a statistically significant effect on the total CD133+ cell population. 

Consistent with the loss of the stem-like cancer cells, the FoxM1-depleted cells failed to 

generate tumor when injected subcutaneously in athymic nude mice (Fig. 19A). Lack of 

tumorigenicity was observed also in soft agar colony formation assay using other HCC 

lines (Fig. 19B). Together these results provide evidence that FoxM1 is critical for the 

survival of the cells with stem cell features in HCC. It is noteworthy that EpCAM was 

suggested as another marker for human liver cancer cells with stem cell properties. 

However, most the HuH7 cells are EpCAM+ and depletion of FoxM1 had very little effect 

on the population of the EpCAM+ cells. It remains possible that they underwent 
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differentiation because the FoxM1-depleted HuH7 cells failed to generate xenograft 

tumors. 
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Figure 16 

FoxM1 is required for expression of “stemness” genes in HCC cell lines. (A) Huh7 cells 

were transfected with control and FoxM1 siRNA. Expression of Sox2, Bmi1, Nanog, Oct4, 

cmyc, AFP and CD44 was investigated using qRT PCR; mRNA expression was normalized 

with GAPDH mRNA levels. Protein levels upon FoxM1 knockdown are shown below. 

Hep3B cells were transfected with FoxM1 and mRNA for the above genes were assessed 

using semi quantitative PCR. 
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Figure 16 
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Figure 17 

Depletion of FoxM1 in HuH7 cells leads to specific loss of the cancer cells with stem cell 

features. HuH7 cells were transfected with control siRNA, FoxM1-siRNA#1 and FoxM1 

siRNA #2.  72 h after transfection, total RNAs were assayed by quantitative RT-PCR. mRNA 

levels were normalized to cyclophilin mRNA and control groups were set as 1. Protein levels 

after FoxM1 silencing are shown. Total RNAs from Hep3B cells, 48 h after pcDNA3 or FoxM1 

transfection were analyzed by semiquantitative PCR. Western blots show the extent of 

FoxM1 depletion. The siRNA-transfected cells were treated with PE-tagged CD90-ab, FITC-

tagged CD44-ab and PE-tagged CD133-ab and analyzed using a cell sorter.  
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Figure 17 
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Figure 18 

Depletion of FoxM1 had a marginal effect on cell proliferation. Equal number of cells 

were plated with or without FoxM1 depletion. Cell growth was monitored by direct 

counting of cells every for 5 days.  
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Figure 18 
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Figure 19 

FoxM1 attenuation leads to loss of tumorigenicity in HCC cells. Twenty four hours after 

control or FoxM1 siRNA transfection, 106 cells were subcutaneously injected into nude 

mice. The control siRNA transfected cells were injected on the left side and the FoxM1-

siRNA #1 transfected cells on the right side of five different mice. A picture of three mice 

after six weeks is shown (A). Quantification of the tumor mass from all five mice is plotted. 

For soft agar assay, Huh7, HepG2 and Hep3B cells were counted and plated in 6-well 

plates in 0.35% agarose on a 0.7% agarose bed in triplicate (B). Colonies were stained with 

crystal violet and counted after 3 weeks. Representative pictures and quantification are 

shown. Huh7 cells, Hep3B and HepG2 cells. Statistically significant changes were indicated 

with asterisks (*p <0.05; **p <0.01, ***p <0.001.). 
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Figure 19 

A. 

 

B. 
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(iv) FoxM1 supports survival of the cells with stem-like features by regulating the 

levels of ROS 

We investigated apoptosis of the CD90+ and the CD90- population in HuH7 cells. Forty-

eight hours after transfection of siRNA, the cells were incubated with PE-tagged CD90-ab 

as well as a FITC-tagged active caspase3 detection reagent. The cells were separated using 

a cell sorter, gating for the CD90+/active caspase3+ and CD90-/active caspase3+ cells. 

Depletion of FoxM1 caused a significant increase in the CD90+/active caspase3+ cells (Fig. 

20). The CD90- population did not exhibit any significant increase in caspase3+ cells, 

indicating that the CD90+ cells undergo preferential apoptosis following depletion of 

FoxM1. Interestingly, the increase in the active caspase3+ CD90+ population was stunted 

in experiment where cells were incubated with the ROS scavenger N-acetyl cysteine (NAC) 

for 24 h before analysis (Fig. 21), suggesting that ROS accumulation plays a role in the 

apoptosis of the CD90+ cells. We measured the levels of ROS following depletion of 

FoxM1. The cells were incubated with PE-tagged CD90-ab as well as the ROS detection 

reagents DCF-DA, and the cells were then analyzed by flow cytometry. We observed 

increases in ROS mainly in the CD90+ population (Fig. 22A). Moreover, when the CD90+ 

and CD90- sorted populations were analyzed for MnSOD mRNA, we observed a stronger 

dependence of the CD90+ cells on FoxM1 for MnSOD expression in comparison to that in 

the CD90- population (Fig. 22B). These observations indicate an important role of the 

FoxM1 induced expression of the antioxidant genes in the survival of the cells with stem 

cell features in HCC. 
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Figure 20 

Depletion of FoxM1 causes ROS-dependent apoptosis of CD90+ HCC cells. HuH7 cells 

were transfected with control or FoxM1-siRNA #1 (all panels). Forty-eight hours after 

transfection, the cells were incubated with PE-tagged CD90-ab and FITC-tagged active 

caspase 3 detection reagents followed by separation of the CD90+ and active caspase 3+ 

cells using a cell sorter. Active Caspase 3+ CD90+ and the active caspase 3+ CD90- cells 

are plotted. Statistically significant changes were indicated with asterisks (*p <0.05; **p 

<0.01, ***p <0.001.). 
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Figure 20 
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Figure 21 

Depletion of FoxM1 ROS-dependent apoptosis of CD90+ HCC cells. Twenty four hours 

after siRNA transfection, the cells were treated with NAC for 24 h followed by incubation 

with PE-tagged CD90-ab and FITC-tagged active caspase 3-detection reagent. The CD90+ 

and active caspase 3+ cells were quantified using a cell sorter. Statistically significant 

changes were indicated with asterisks (*p <0.05; **p <0.01, ***p <0.001.). 
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Figure 21 
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Figure 22 

CD90+ HCC cells are more sensitive to FoxM1 depletion. (A) Forty-eight hours after 

transfection, the cells were incubated with PE-tagged CD90-ab and DCF-DA followed by 

separation of the CD90+ and CD90- cells using a cell sorter. (B) Forty-eight hours after 

transfection, the cells were incubated with PE-tagged CD90-ab followed by separation of 

the CD90+ and the CD90- cells using a cell sorter. Total RNAs isolated from the 

fractionated cells were analyzed for MnSOD mRNA expression by quantitative RT-PCR. 

Statistically significant changes were indicated with asterisks (*p <0.05; **p <0.01, ***p 

<0.001.). 
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Figure 22 

A. 

 

B. 
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(III) FoxM1 inhibits the expression of liver differentiation factors FoxA1 and 

FoxA2 

(i) Introduction 

Recent studies have linked aggressive progression of HCC to over-expression of the 

forkhead box transcription factor FoxM1. For example, over-expression of FoxM1 has 

been shown to strongly correlate with poor prognosis and high-grade progression of 

HCC124,125. Studies with mouse models provided strong causal link between FoxM1 and 

aggressive progression of HCC. It was shown that FoxM1 is essential for development of 

HCC in a chemical carcinogenesis model126. Deletion of FoxM1 in the adult liver blocked 

Diethylnitrosamine (DEN)-induced HCC development. Moreover, in the same model of 

chemical carcinogenesis, deregulated FoxM1 drives highly aggressive, metastatic 

progression of HCC 109. In the absence of p19Arf, FoxM1 stimulates all steps of metastatic 

progression 109. Consequently, inhibition of FoxM1 impedes metastatic progression of 

HCC 95,109. 

As described above in the HRasV12 mouse model, conditional deletion of FoxM1 after 

HCC development causes inhibition of cancer progression and results in loss of HCC 

progenitor cells identified by presence of CD44 and EpCAM cell surface markers. 

Moreover, the hepatic cancer stem cells in human HCC lines are dependent upon FoxM1, 

as deletion of FoxM1 causes a preferential loss of the cancer stem cells. In that regard, it 
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is noteworthy that FoxM1 is a critical downstream factor of a variety of cancer signaling 

pathways, including Wnt/b-catenin signaling, that promote cancer stem cells127. 

FoxM1 stimulates expression of the pluripotency genes c-Myc, Oct4, Sox2 and 

Nanog128,129. In P19 embryonic carcinoma cells, knockdown of FoxM1 causes the cells to 

undergo differentiation with concomitant loss of expression of the pluripotency genes. 

Also, expression of FoxM1 induces expansion of human epithelial stem cells and increases 

expression of the pluripotency genes122. In human neuroblastoma cells, depletion of 

FoxM1 induces expression of differentiation markers with a loss of tumorigenicity and 

inhibition of the pluripotency genes100. Similar results were observed also in HCC. 

Expression of FoxM1 in human HCC cells, Huh7 and Hep3B, increases expression of the 

pluripotency genes, whereas knockdown of FoxM1 reduces expression of those genes. 

Also, in the mouse model of HRas-induced HCC, deletion of FoxM1 causes a reduction in 

the expression of those genes as described above. It is, therefore, likely that FoxM1 by 

increasing expression of the pluripotency genes supports high-grade progression of HCC. 

However, it is unclear whether activation of the pluripotency genes is sufficient to 

generate undifferentiated cancer cells that drive aggressive progression.  

FoxM1 also possesses transcriptional repression activities. In the mammary gland, FoxM1 

is expressed at high levels in the stem/progenitor cells to regulate their differentiation112. 

Deletion of FoxM1 decreases the population of the stem/progenitor cells and increases 

the population of differentiated luminal cells, and the scenario is opposite when FoxM1 

is over-expressed in the mammary gland112. FoxM1 regulates the luminal differentiation 

by repressing expression of the luminal transcription factor GATA3. Here we show that 
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the repression function of FoxM1 is critical for aggressive HCC progression. FoxM1 

represses the liver specification genes FoxA1/A2 in HCC by promoter CpG-methylation 

involving DNMT3b and Rb. The involvement of Rb in the FoxM1-mediated repression of 

FoxA1/A2 also reveals a new function of Rb in the context of FoxM1 over-expression and 

high-grade progression of HCC.  
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(ii) Opposite expression patterns of FoxM1 and FoxA1/A2 in hepatocellular 

carcinoma 

The FoxA genes, FoxA1 and FoxA2, are essential for liver development. Deletion of these 

genes in early mouse embryo inhibited development of the liver bud from foregut 

endoderm130,131. Interestingly, FoxA1/A2 have been implicated also in a chemical 

carcinogen-induced development of hepatocellular carcinoma in mice132. However, a 

recent study indicated that expression of FoxA2 is down-regulated in metastatic HCC133. 

Since deregulation of FoxM1 in HCC drives metastasis109, we investigated whether FoxM1 

and FoxA2 have opposite effects on aggressive progression of HCC. An analysis of the 

publicly available datasets revealed significant opposite correlation between the RNA 

levels of FoxM1 and FoxA2 in HCC (Fig. 23). In that dataset, FoxA1 RNA did not show any 

correlation. However, since it was possible that other FoxA1 expressing cell types present 

in HCC samples could confound the RNA data, we decided to analyze their expression by 

immunohistochemistry. We carried out immunohistochemical staining for the FoxM1 and 

FoxA2 proteins using tissue microarrays derived from consecutive sections of HCC 

specimens. FoxA1 expression also was assayed in the same cores but from distal sections. 

The microarrays contained grade I, grade II and grade III HCC samples. There was an 

obvious difference in the expression pattern of FoxM1 and FoxA1/A2. In the grade I 

samples, FoxA1/A2 are vividly detectable, whereas the nuclear expression of FoxM1 is 

low (Fig. 24A). On the other hand, in the grade III specimens, expressions of FoxA1/A2 are 

low, but there was abundant expression of FoxM1. Quantification of the stains further 
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confirmed the opposite expression patterns of FoxM1 and FoxA1/A2 in HCC. 

Immunohistochemical assays for FoxM1, FoxA1 and FoxA2 in normal human liver sections 

are shown (Fig. 24B). 
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Figure 23 

Expression of FoxM1 and FoxA2 in Roessler Liver 2 dataset (Oncomine), expression of 

FoxM1, FoxA1, and FoxA2 in human HCC tumor tissue microarrays 

 220 normal and 225 HCC samples were analyzed for RNA expression. Expressions of 

FoxM1 and FoxA2 are shown (p value cut off for differential expression was selected at 

<0.00001). Human HCC tissue microarrays containing grade1 (n= 25), grade 2 (n= 19) and 

grade 3 (n= 27) were subjected to immunohistochemical staining using FoxM1, FoxA1 and 

FoxA2 antibodies. 
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Figure 23 
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Figure 24 

Expression of FoxM1, FoxA1, FoxA2 in human HCC patients. (A)The representative tissue 

cores from grades 1, 2 and 3 are shown. Quantification of the imunohistochemical stains 

in the tissue cores corresponding to each of the grades was performed. Statistical 

calculations were performed using GraphPad. All images are in same scale as shown in 

grade 3 FoxA2 panel. (B) IHC shows the expression level of FoxM1, FoxA1 and FoxA2 in 

human normal liver. 
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Figure 24 

A. 

 

B. 
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(iii) FoxM1 inhibits FoxA1/A2 in HCC cells  

Next we investigated the possibility of a direct role of FoxM1 in suppressing the FoxA1/A2 

genes. We determined the effects of FoxM1b over-expression and FoxM1-knockdown on 

the levels of FoxA1/A2 in HCC cell lines. Expression of T7-tagged FoxM1b in Huh7 (Fig. 

25A, B) and HepG2 cells (Fig. 25C, D) inhibited the levels of FoxA1/A2 at both mRNA and 

protein levels. For the western blots of FoxM1b in Figs. 25B and 25D short exposures of 

the films are shown, the endogenous FoxM1 was not detected under that condition. 

FoxM1-siRNAs were used to knockdown the levels of FoxM1 in Huh7 (Fig. 26A, B) and 

SNU449 (Fig. 26C, D) cells. Consistent with the over-expression results, knockdown of 

FoxM1 caused increases in the levels of FoxA1/A2 in both Huh7 and SNU449 cells. 

Increases in expression were detected at both mRNA (Fig. 26A, C) and protein levels (Fig. 

26B, D).  Also, we developed Huh7 stable cell lines in which FoxM1-shRNA can be 

expressed in an inducible manner by adding doxycycline in the culture medium. 

Expression of FoxM1-shRNA in three independent clones increased expression of 

FoxA1/A2 proteins (Fig. 27). Together, these observations provide evidence for an 

involvement of FoxM1 in regulation of the levels of FoxA1/A2 in HCC.  
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Figure 25 

FoxM1 regulates the expression of FoxA1 and FoxA2 in human HCC cells. Huh7 cells (A-

B) or HepG2 cells (C-D) were transfected with empty vector (control) or vector expressing 

T7-FoxM1b. Forty-eight hours after transfection, cells were harvested for protein and 

RNA assays. Total RNA (1 ug) was analyzed by quantitative real time PCR (qRT-PCR) for 

expression of FoxA1, FoxA2 and cyclophilin. Relative expressions of FoxA1 and FoxA2 

were plotted (A and C). Whole cell extracts (70 ug) were subjected to western blotting for 

the relative expression of FoxA1 and FoxA2 (B and D). Statistical calculations for the RNA 

assays were done using GraphPad Prism online tool for t-test and p values stated as 

*p≤0.05, **p≤0.001 and ***p≤0.0001. 
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Figure 25 
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Figure 26 

FoxM1 regulates the expression of FoxA1 and FoxA2 in human HCC cells. Huh7 cells (A, 

B) or SNU449 cells (C, D) were transfected with control-siRNA or FoxM1-siRNAs. Seventy-

two hours after siRNA transfection, cells were harvested for RNA (1 ug) (A and C) and 

protein (100 ug) (B and D) assays, as described for the panels in A-D. For the western 

blots, the number above each band represents image J quantification relative to control 

set at 1. Statistical calculations for the RNA assays were done using GraphPad Prism online 

tool for t-test and p values stated as *p≤0.05, **p≤0.001 and ***p≤0.0001. 
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Figure 26 
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Figure 27 

FoxM1 regulates the expression of FoxA1 and FoxA2 in human HCC cells. Inducible 

shFoxM1-HuH7 cell line clones were induced with doxycycline and harvested for protein. 

Western blot assay was carried out to observe the changes in FoxA1/A2 protein levels 

upon FoxM1 attenuation.  
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Figure 27 
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(iv) FoxM1 recruits DNMT3b and Rb onto the FoxA1/A2 promoters  

Recently, we described a transcriptional repression function of FoxM1 in which it 

represses the mammary luminal gene GATA3 involving DNMT3b and Rb112. Depletion of 

Rb in vitro and in vivo blocked FoxM1-mediated repression of GATA3. The effects of 

FoxM1 on FoxA1/A2 are not likely to be related to GATA3, as the HCC cells do not express 

GATA3 in a detectable level (Fig. 28). To determine whether a more direct mechanism, 

like repression of GATA3, is in play for repression of FoxA1/A2 in HCC cells, we sought to 

determine whether FoxM1 directly targets FoxA1/A2 promoters. The human FoxA1 gene 

– 5 kb upstream region contains two FoxM1-binding sites at around -1391 and -4221, 

whereas the FoxA2 gene contains at least four putative FoxM1-binding elements (Fig. 29). 

Chromatin-IP experiments using FoxM1-ab detected enrichment of DNA fragments 

encompassing the sites at -1391 in the FoxA1 gene (Fig. 30A) and at -1294 and -4156 in 

the FoxA2 gene (Fig. 30B), providing evidence that FoxM1 binds to the FoxA1/A2 

promoters in Huh7 cells. The other sites in the FoxA1/A2 upstream regions did not show 

any significant enrichment over that with the IgG (Figs. 30A, B).  

Previously, we showed that FoxM1 binds to both DNMT3b and Rb, forming a repressor 

complex in breast cancer cells112. Interestingly, that complex could be easily detected in 

HCC cells. Immunoprecipitation of Huh7 cell extracts with a monoclonal antibody against 

FoxM1 (Fig. 31A) or a rabbit polyclonal antibody against FoxM1 (Fig. 31B) co-

immunoprecipitated DNMT3b and Rb. Next, we investigated whether FoxM1 recruits Rb 

and DNMT3b onto the upstream regions of FoxA1/A2. We carried out chromatin-IP 

experiments with Rb and DNMT3b antibodies using the Huh7 cells expressing control-
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siRNA or FoxM1-siRNA (Fig. 31C). As shown in Figs. 32 & 33, both Rb and DNMT3b are 

bound to the same promoter-fragments that were enriched in chromatin-IP with FoxM1-

ab. Moreover, knockdown of FoxM1 caused significant reduction in the bindings of Rb 

and DNMT3b onto the specific sites in the FoxA1/A2 promoters. Together, the results 

confirm the notion that FoxM1 recruits DNMT3b and Rb onto the FoxA1/A2 promoters. 
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Figure 28 

GATA3 protein levels in human HCC cell lines. Multiple human HCC cell lines (HepG2, 

Huh7, Hep3B, and SNU449) were investigated for the expression of GATA3 using western 

blot assay. 100 g of protein extract from HCC cell lines and luminal breast cancer cell line 

MCF7 were compared for GATA3 expression. ImageJ quantifications are also indicated 

above the lanes. 
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Figure 28 

 

 

 

 

 

 

 

 

 

 

 

 

 



94 
 

Figure 29 

Presence of FoxM1 binding sites and CpG islands on human FoxA1 and FoxA2 

promoters. Schematic shows the predicted CpG methylation islands (sky blue) using 

Methprimer tool (http://www.urogene.org) and FoxM1 binding sites (Red arrow) using 

Mac Vector promoter consensus sequence finding tool on the FoxA1 and FoxA2 

promoters.  
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Figure 29 
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Figure 30 

FoxM1 binds to FoxA1 and FoxA2 promoter 

Huh7 cells were transfected with control-siRNA or FoxM1-siRNA1. Seventy-two hours 

after transfection, cells were subjected to crosslinking for chromatin-IP (ChIP). The 

chromatin preparations were immunoprecipitated with FoxM1-ab or IgG. Enrichments of 

the FoxA1 (A) and FoxA2 (B) promoter fragments were assayed by quantitative RT-PCR, 

and the relative enrichments with FoxM1-ab over that with IgG after normalization 

against a non-specific site are shown. Statistical calculations were done using GraphPad 

Prism online tool for t-test and p values stated as *p≤0.05 and **p≤0.001 
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Figure 30 

A. 

 

B. 
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Figure 31 

FoxM1 binds to Rb and DNMT3b in human HCC cell line Huh7. Interactions of FoxM1 

with Rb and DNMT3b were analyzed by immunoprecipitating Huh7 cell extracts (1.5 mg) 

with mouse IgG or a monoclonal FoxM1 antibody (A); rabbit-IgG or Rabbit polyclonal 

antibody (B). The immunoprecipitates were assayed for the presence of Rb and DNMT3b 

by western blotting. Huh7 cells transfected with control-siRNA or FoxM1 siRNA for 72h, 

the transfected cells were harvested 72 hours post transfection and the level of FoxM1 

knock down was analyzed by western blotting (0.1 mg cell-extracts) with FoxM1 antibody 

and actin was used as loading control (C).  
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Figure 31 

A. 

 

B. 

C. 
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Figure 32 

FoxM1 recruits Rb and DNMT3b to FoxA1 promoter. Huh7 cells transfected with control-

siRNA or FoxM1 siRNA for 72h (Fig 31C); the transfected cells were harvested 72 hours 

post transfection and processed for for ChIP using Rb antibody or DNMT3b-antibod. 

Relative enrichments of the FoxA1 promoter fragments from control-siRNA transfected 

cells over those from the FoxM1-siRNA transfected cells are shown. Statistical calculations 

were done using GraphPad Prism online tool for t-test and p values stated as *p≤0.05 and 

**p≤0.001 
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Figure 32 
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Figure 33 

FoxM1 recruits Rb and DNMT3b to FoxA2 promoter. Huh7 cells transfected with control-

siRNA or FoxM1 siRNA for 72h (Fig 31C); the transfected cells were harvested 72 hours 

post transfection and processed for for ChIP using Rb antibody or DNMT3b-antibod. 

Relative enrichments of the FoxA2 promoter fragments from control-siRNA transfected 

cells over those from the FoxM1-siRNA transfected cells are shown. Statistical calculations 

were done using GraphPad Prism online tool for t-test and p values stated as *p≤0.05 and 

**p≤0.001 
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Figure 33 
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(v) FoxM1 induces methylation of CpGs in the FoxA1/A2 promoters requiring Rb 

Recruitment of DNMT3b onto the FoxA1/A2 promoters suggests that the repression by 

FoxM1 would involve methylation of CpG islands in the FoxA1/A2 promoters. We 

employed methylation-specific PCR to investigate FoxM1-mediated methylation of the 

FoxA1/A2 promoters. Huh7 cells were transfected with FoxM1b-expresion vector or 

FoxM1-siRNA. Genomic DNAs from the transfected cells were treated with bisulfite 

followed by PCR using primers for the CpG islands in the FoxA1/A2 promoters. Expression 

of FoxM1b caused an increase in CpG methylation near the FoxM1-binding sites in the 

FoxA1/A2 gene (Fig. 34A, B and C). Moreover, knockdown of FoxM1 caused a decrease in 

CpG methylation at those sites in the FoxA1/2 promoters (Fig. 35).  

Next, we investigated whether there is any involvement of Rb in the FoxM1-directed 

methylation of the FoxA1/A2 promoters. We employed an Rb-shRNA construct that 

allows inducible depletion of Rb in the presence of doxycycline (Fig. 36A). As shown in Fig. 

36B, expression of FoxM1 increased methylation of the FoxA1/A2 promoters in the 

presence of Rb (no doxycycline), but upon depletion of Rb (doxycycline) there was no 

increase in the CpG methylation at the indicated sites. Moreover, depletion of Rb caused 

increases in the expression of FoxA1/A2 (Fig. 37, 36A). Expression of FoxM1 in the Rb-

depleted cells had very little effect (Fig. 37). These observations demonstrate that the 

FoxM1/DNMT3b complex methylates and represses the FoxA1/A2 promoters requiring 

Rb. The extent of FoxA1/A2 repression by FoxM1 varied between 40 and 75%, which is 

likely due to variations in the levels of active Rb in the transfected cells.  
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Figure 34 

FoxM1 induces methylation of the FoxA1 and FoxA2 promoters. (A) Huh7 cells were 

transfected with empty vector (control) and T7-FoxM1b expressing vector. Genomic DNA 

was isolated and subjected to bisulphite treatment for CT conversion. Methylation of the 

FoxA1 and FoxA2 upstream regions in control and FoxM1 transfected was assayed using 

qRT-PCR. Other sites did not show any noticeable change in methylation levels (B, C). 

Statistical calculations were done using GraphPad Prism online tool for t-test and p values 

stated as *p≤0.05and **p≤0.001. 
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Figure 34 
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Figure 35 

FoxM1 induces methylation of the FoxA1 and FoxA2 promoters. 

Huh7 cells were transfected with either control siRNA or FoxM1 siRNA. Cell were 

harvested 72 hours post transfection; genomic DNA was isolated and subjected to 

bisulphite treatment for CT conversion. Methylation of the FoxA1 and FoxA2 upstream 

regions in control and FoxM1 transfected was assayed using qRT-PCR. Statistical 

calculations were done using GraphPad Prism online tool for t-test and p values stated as 

*p≤0.05and **p≤0.001. 
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Figure 35 
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Figure 36 

FoxM1 induces methylation of the FoxA1 and FoxA2 promoters requiring Rb. 

Huh7 cells stably expressing Dox inducible Rb-shRNA (A). Western blot (100 g of cell-

extracts) showing depletion of Rb in doxycycline-induced Huh7 cells and effect of Rb 

knock down on FoxA1 and FoxA2 expression. Inducible Rb-shRNA Huh7 cells were 

transfected with control and T7-FoxM1 expression vectors in presence and absence of 

Dox as depicted (B). The genomic DNAs were isolated for CT conversion using bisulphite 

method and the difference in the promoter methylation of FoxA1 and FoxA2 was assayed 

by qRT-PCR. Statistical calculations were done using GraphPad Prism online tool for t-test 

and p values stated as *p≤0.05and **p≤0.001. 
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Figure 36 
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Figure 37 

Rb is required for FoxM1 mediated repression of FoxA1 and FoxA2. 

Quantification of FoxA1 and FoxA2 relative mRNA expressions using qRT-PCR in Huh7 cells 

expressing Dox inducible Rb-shRNA and transfected with either control vector or T7-

FoxM1 in absence and presence of Dox. Statistical calculations were done using GraphPad 

Prism online tool for t-test and p values stated as *p≤0.05and **p≤0.001.  
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Figure 37 
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(vi) Deletion of FoxM1 in a Ras-transgenic model for HCC causes accumulation of 

FoxA1/A2, coinciding with decreased promoter methylation 

As described above, we studied the roles of FoxM1 in HCC progression using a transgenic 

mouse model that expresses oncogenic HRas in the liver. In that study, the floxed alleles 

of FoxM1 were deleted after HCC development using the MxCre deletion system, which 

deletes floxed alleles in liver as well as in blood cells117, and that somewhat mimics what 

would be expected from a drug that inhibits FoxM1. In those experiments, FoxM1-

deletion in the HCC nodules was detected mainly in the HCC cells. Moreover, it is shown 

above that deletion of FoxM1 after HCC development inhibits HCC progression. Sections 

from those tumor nodules were analyzed for FoxA1/A2 expression by 

immunohistochemistry. The HRas-derived tumor nodules without FoxM1-deletion 

exhibited very little expression of FoxA1/A2 (Figs. 38A, B and 39A, B). But, in the FoxM1-

deleted samples there was a significant increase in the FoxA1/A2. The observation was 

confirmed by western blot assays using extracts from tumor nodules with and without 

FoxM1-deletion (Figs. 38C and 39C). The increases in the expression of FoxA1/A2 in the 

FoxM1-deleted samples provides in vivo genetic evidence that FoxM1 plays a role in the 

inhibition of these FoxA genes in HCC. Expression of FoxM1, FoxA1 and FoxA2 in normal 

mouse liver is shown in Fig. 40. Changes in CpG methylation was detected also in the 

mouse HCC samples following deletion of FoxM1. We checked for changes in methylation 

at the predicted CpG islands (Fig 41A, B) on mFoxA1 and mFoxA2 promoters. As shown in 

Figs. 42A and 42B, there were decreases in CpG-methylation in the promoters of FoxA1 

and FoxA2 in samples derived from FoxM1-deleted livers. Moreover, we show evidence 
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that mouse FoxM1 binds to Rb and DNMT3b using extracts from the mouse Hepa1-6 cell 

line (Fig. 42C). 
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Figure 38 

Increase in FoxA1 protein levels in mouse HCC samples upon deletion of FoxM1 

 (A) Immunohistochemical staining of mouse HCC sections using FoxA1 antibody with and 

without deletion of FoxM1. HCC in those mice was driven by expression of oncogenic H-

Ras. The mouse strains also harbored floxed alleles of FoxM1 and MxCre. FoxM1 deletion 

was induced following HCC development by injecting (10 times) the mice with polyIpolyC. 

(B) Graph showing quantification of FoxA1 +ve from 3 pairs of mice, and 5 random fields 

were chosen for analyses. p<0.05 (C) Comparison (0.1 mg of tumor extracts) of the FoxA1 

protein levels between FoxM1+/+ and FoxM1 fl/fl tumor tissue-extracts from mice 

injected with poly(I)poly(C) five times, using western blots.  
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Figure 38 
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Figure 39 

Increase in FoxA2 protein levels in mouse HCC samples upon FoxM1 deletion 

(A) Immunohistochemical staining of mouse HCC sections using FoxA2 antibody with and 

without deletion of FoxM1. HCC in those mice was driven by expression of oncogenic H-

Ras. The mouse strains also harbored floxed alleles of FoxM1 and MxCre. FoxM1 deletion 

was induced following HCC development by injecting (5 times) the mice with polyIpolyC. 

(B) Graph showing quantification of FoxA1 +ve from 3 pairs of mice, and 5 random fields 

were chosen for analyses. p<0.05 (C) Comparison (0.1 mg of tumor extracts) of the FoxA2 

protein levels between FoxM1+/+ and FoxM1 fl/fl tumor tissue-extracts from mice 

injected with poly(I)poly(C) five times, using western blots.   
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Figure 39 
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Figure 40 

Immunohistochemical analysis for checking the expression of FoxM1, FoxA1 and FoxA2 

in adult mice non-tumor liver sections of the transgenic mice. Scale bar is set to 100 m. 
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Figure 40 
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Figure 41 

Schematics of mFoxA1 and mFoxA2 promoters and interaction between mFoxM1, mRb 

and mDNMT3b: (A-B) Schematic shows the predicted CpG methylation islands (sky blue) 

using Methprimer tool (http://www.urogene.org) and FoxM1 binding sites (Red arrow) 

using Mac Vector promoter consensus sequence finding tool on the FoxA1 and FoxA2 

promoters.  
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Figure 41 
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Figure 42  

FoxM1 deletion leads to decrease in promoter methylation on FoxA1 and FoxA2 

promoters invivo. (A, B) Genomic DNA was isolated from FoxM1+/+ and FoxM1-/- mouse 

tumor tissues and bisulphite conversion was performed, quantification of the FoxA1 and 

FoxA2 promoter methylation was assayed using qRT-PCR and graph shows the average 

representation of tumor samples from two different mice (Statistical calculation was 

performed using Graphpad Prism and p value states *p<=0.05). (C) Interactions of 

mFoxM1 with mRb and mDNMT3b were assayed by immunoprecipitation with FoxM1- 

ab and 2 mg of mouse cellular extract (Hepa1-6 cells) and interaction was analyzed by 

western blotting with Rb and DNMT3b antibody.  
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Figure 42 
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(vii) FoxA1/A2 inhibit FoxM1b-induced clonogenicity and soft agar colony 

formation 

FoxM1 is a pro-proliferation transcription factor that also inhibits apoptosis, and drives 

aggressive progression of cancers when over-expressed95. We investigated whether 

repression of the FoxA genes plays any role in those processes. If repression of FoxAs is 

important, the prediction is that expression of FoxAs would inhibit the FoxM1 pathways 

in HCC cells. We investigated whether FoxA1/A2 inhibits FoxM1 functions. We analyzed 

clonogenicity of Huh7 cells following expression of FoxM1 and FoxA1/A2. Clonogenic 

growth accounts for both proliferative capacity and viability of cells. As expected, 

expression of FoxM1 led to significant increases in clonogenicity of the Huh7 cells (Figs. 

43A and B). Expression of either FoxA1 or FoxA2 alone did not show any significant effect, 

but when expressed in combination with FoxM1 they strongly inhibited the FoxM1-

induced increased clonogenicity of the Huh7 cells (Figs. 43A and 43B). Expression of 

FoxM1 also increases soft agar colony formation (Figs. 44A and B). We show that co-

expression of FoxA1 or FoxA2 inhibited FoxM1-induced increase in soft agar colonies 

(Figs. 44A and B). Also, FoxA1 or FoxA2 inhibits FoxM1-mediated increase in cell migration 

in wound healing assays (Fig. 45). Furthermore, we observed that expression of FoxM1 

increased sphere formation in HepG2 cells, and that co-expression of FoxA1 or FoxA2 

inhibited the FoxM1-mediated increase in sphere formation (Fig. 46A, B and C). 

Interestingly, in the co-expression experiments above, we consistently observed that 

expression of FoxA1 or FoxA2 affected the levels of total FoxM1. FoxA1/A2 did not have 

any significant effect on the co-expressed Flag tagged FoxM1b levels (Fig. 47, Flag panel). 
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However, expression of Flag-FoxM1b increased the levels of the endogenous FoxM1 (Fig. 

47, top panel), and that is consistent with a previous report134. Co-expression of FoxA1 or 

FoxA2 appeared to inhibit the increase of the endogenous FoxM1 (Fig. 47, top panel). 

Therefore, we investigated whether FoxA1/A2 are able to inhibit expression of FoxM1. As 

shown in Fig. 48, expression of FoxA1 or FoxA2 in Huh7 cells inhibited the mRNA levels of 

FoxM1 as well as several FoxM1 target genes, including Survivin, Aurora B and CD44. 

Moreover, in a chromatin-IP experiment, we observed interaction of the endogenous 

FoxA1 and FoxA2 with an upstream FoxA1/A2 cognate element in the FoxM1 promoter 

(Fig. 49). Together, these observations indicate that FoxA1/A2 are inhibitors of the FoxM1 

pathway, which is related to aggressive cancer progression, and that FoxM1-mediated 

suppression of FoxA1/A2 is likely an important step towards aggressive progression of 

HCC.  
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Figure 43 

FoxA1 and FoxA2 inhibits FoxM1-induced clonogenicity and anchorage independent 

growth of the Huh7 cells. Huh7 cells were transfected individually with empty vector, 

Flag-FoxM1, FoxA1, or FoxA2 or a combination of Flag-FoxM1 and FoxA1 or Flag-FoxM1 

and FoxA2, along with GFP expression plasmid as transfection control. Clonogenicity assay 

was performed using these cells. About 1x104 cells were seeded in triplicate in 24-well 

plate and allowed to grow for one week then cells were fixed and stained with crystal 

violet and pictures were taken under a light microscope (B). Quantifications are shown in 

(A). 
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Figure 43 
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Figure 44 

FoxA1 and FoxA2 inhibits FoxM1-induced anchorage independent growth of the Huh7 

cells. Huh7 cells (2 x104 cells) as described for Figure 43 were seeded in triplicate into soft 

agar and allowed to grow for 20 days and the quantification (A) and representative 

pictures of soft agar colonies are shown (B). Statistical calculations were done using 

GraphPad Prism online tool for t-test and p values stated as *p≤0.05, **p≤0.001 and 

***p≤0.0001    
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Figure 44 
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Figure 45 

FoxA1 and FoxA2 inhibit the migration properties of Huh7 cells. Huh7 cells transfected 

with control, Flag-FoxM1, FoxA1 and FoxA2, or a combination of FoxM1 and FoxA1 or 

FoxM1 and FoxA2. Cells (1x106 cells) were seeded in 6-well plates in triplicate and allowed 

to reach full confluency. Scratch-wounds were generated using the 200 μl micro tip and 

debris were washed and the cells were replenished with fresh media and 0h pictures were 

captured. The wounds were monitored every 24h and representative pictures were 

captured.  
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Figure 45 
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Figure 46 

FoxA1 and FoxA2 inhibit FoxM1-induced sphere formation by HepG2 cells. HepG2 cells 

transfected individually with Flag-FoxM1, FoxA1 and FoxA2 or in combination with Flag-

FoxM1 and FoxA1 or Flag-FoxM1 and FoxA2. Forty-eight hours post transfections 200 cells 

were seeded in spheroid formation medium and allowed to grow for two weeks. 

Quantification of the spheres in respective conditions in panel (A). Representative images 

of the spheres in control, FoxM1, FoxA1, FoxA2, FoxM1+FoxA1 and FoxM1+FoxA2 are 

shown in (B). Western blot (70 ug extract) for protein expression of FoxM1, FoxA1 and 

FoxA2 (C). **p≤0.001 and ***p≤0.0001. 
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Figure 46 
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Figure 47 

FoxA1/A2 attenuate endogenous FoxM1 protein levels. Huh7 cells were transfected 

individually with empty vector, Flag-FoxM1, FoxA1, or FoxA2 or a combination of Flag-

FoxM1 and FoxA1 or Flag-FoxM1 and FoxA2, along with GFP expression plasmid as 

transfection control. Cells were harvested for protein extraction forty-eight hours after 

transfection, and 70 g of extracts were resolved on SDS-PAGE. Expressions of FoxM1, 

FoxA1 and FoxA2 were assayed by western blotting with anti-Flag, anti-FoxM1, anti-

FoxA1, anti-FoxA2 antibodies. For loading control, actin-ab and anti-GFP antibody were 

used. For the over-expressed Flag-FoxM1b, FoxA1/A2 short exposure (t<1 sec) of the 

blots was taken.  
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Figure 47 
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Figure 48  

Overexpression of FoxA1 and FoxA2 inhibits FoxM1 mRNA expression. Huh7 cells were 

transfected with control vector, FoxA1 or FoxA2 expression vector. Forty-eight hours post 

transfection cells were harvested. Total RNAs were isolated and effects of FoxA1 or FoxA2 

on FoxM1 and its downstream targets were analyzed by qRT-PCR. Statistical calculations 

were done using GraphPad Prism online tool for t-test and p values stated as *p≤0.05, 

**p≤0.001 and ***p≤0.0001    

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



138 
 

Figure 48 
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Figure 49 

Binding of FoxA1 and FoxA2 to the FoxM1 promoter. Huh7 cells were cross linked and 

ChIP was performed using anti-FoxA1 or anti-FoxA2 antibody and the binding of FoxA1 

and FoxA2 to the FoxM1 promoter was analyzed using the qRT-PCR for the indicated 

consensus binding sites. Statistical calculations were done using GraphPad Prism online 

tool for t-test and p values stated as *p≤0.05, **p≤0.001 and ***p≤0.0001. 
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Figure 49 
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Discussion 

The work presented in my thesis is significant in several ways. First, we provide genetic 

evidence that FoxM1 is essential for H-ras12V-driven liver cancer (HCC) progression. Loss 

of FoxM1 leads to decreased proliferation and increased apoptosis of HCC cells. Targeting 

FoxM1 leads to a disproportionate loss of the CD44+ and EpCAM+ HCC cells, in vivo. 

Moreover, FoxM1 plays important roles in the maintenance of the cancer cells with stem-

like features (CD90+ cells), at least partly, through its ability to regulate the levels of ROS.  

High-grade progression of HCC coincides with over-expression of FoxM1. Our 

observations provide evidence for a causal role of FoxM1 in the high-grade progression 

of HCC, as it suppresses expression of the hepatocyte-differentiation genes FoxA1/A2. 

Mechanistically, it involves FoxM1-directed methylation of the promoters of those genes. 

Surprisingly, suppression of the FoxA1/A2 genes by FoxM1 involves Rb, a tumor 

suppressor protein. 

Nonalcoholic fatty liver disease (NAFLD), including nonalcoholic steatohepatitis (NASH) is 

a significant risk factor for liver cirrhosis, and becoming a major cause of hepatocellular 

carcinoma7,8. Recent studies also indicated almost ubiquitous activation of the Ras-

signaling pathway in hepatocellular carcinoma through silencing expression of the Ras 

regulatory GAP proteins28. A transgenic mouse model that expresses H-ras12V in the liver 

was shown to develop steatosis, linking activated Ras-signaling to steatosis135. Moreover, 

the male mice in that strain develop hepatocellular carcinoma. Interestingly, we observed 

that FoxM1 is expressed at a high level in those tumors (HCCs), and it is critical for the 
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survival of the tumors. The genetically engineered mouse model for HCC used in this study 

is significant because of its relatedness to human HCC. Our observation that inhibition of 

FoxM1 inhibits HCC progression in that model further supports the notion that FoxM1 is 

a key molecular target for HCC. It is noteworthy that deletion of FoxM1 also inhibits 

initiation of lung cancer136. 

We employed the MxCre transgene and double stranded RNA to induce expression of Cre 

recombinase conditionally to delete FoxM1 after tumor development. Surprisingly, we 

observed loss of FoxM1 mainly in the HCC cells, but not in other fibroblast-like cells within 

the tumor nodules. Nevertheless, the reduction in FoxM1 expression caused a decrease 

in cell proliferation and an increase in apoptosis of the HCC cells, which coincided with a 

reduction in the number of tumor nodules. Some of the mice with longer induction of the 

Cre recombinase (10 injections of pIpC) exhibited a total loss of the tumor nodules. The 

deletion of FoxM1 resulted in inhibition of HCC progression, however we did not observe 

any significant loss in the expression of HRasV12 driver oncogene. This suggests that Ras 

signaling pathway is dependent on FoxM1’s expression to drive the progression of the 

disease. There was a significant increase in the levels of ROS in the HCC nodules following 

deletion of FoxM1. It is likely that the increased ROS might be an important factor in 

increasing apoptosis of the HCC cells that is likely related to the loss of the tumor nodules.  

The disproportionate loss of the EpCAM+ and CD44+ HCC cells in H-ras12V induced HCC 

is interesting because it is likely related to the mechanism by which FoxM1 deletion 

inhibits HCC progression. These markers were shown to be present in the HCC precursor 

cells137. Moreover, the liver cancer cells with stem cell features were shown to express 
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these markers. Importantly, CD44 has been shown to protect cancer cells with stem cell 

properties from ROS-induced apoptosis by increasing the cellular levels of anti-

oxidants138. Also, it was shown that CD44 is important for survival of the liver cancer cells 

with stem cell features69. We observed that both human and mouse CD44 promoters 

contain FoxM1 binding sites, and that FoxM1 interacts with those sites in the human gene 

promoter to activate expression of CD44. Since expression of CD44 is under the regulation 

by FoxM1 and is required by the HCC precursor cells, this could potentially explain why 

FoxM1 is essential for HCC development137. However, we did not observe dependence of 

CD90 expression on FoxM1 in the human liver cancer cell lines. Our observations on the 

liver cancer cells with stem cell features provide further insights into the mechanism by 

which FoxM1 supports HCC progression. The CD90+, CD44+ and the CD133+/CD44+ cells in 

culture were induced to apoptosis by transient depletion of FoxM1, which had only 

marginal effect on the majority of the cells in culture. Moreover, subcutaneous injections 

of 106 FoxM1-depleted Huh7 cells did not form tumors indicating that FoxM1 is required 

for tumorigenicity, also this observation would be consistent with a loss of the cancer 

stem-like cells. We observed increased ROS accumulation following depletion of FoxM1 

in those cells. Moreover, inhibition of ROS decreased the apoptosis of the CD90+ cells. 

While some, but not all, of the CD90+ cells were also positive for CD44, we observed that 

expression of the antioxidant gene MnSOD in the CD90+ cells was dependent upon 

FoxM1. Loss of the FoxM1-activated antioxidant gene expression could explain the loss of 

the CD90+ cells. However, since FoxM1 deletion also inhibits the ‘‘stemness’’ genes in 
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these HCC cells, it is possible that a significant population of those also undergo 

differentiation upon transient loss of FoxM1.  

Our data suggest that MnSOD expression strongly depends upon FoxM1 in the CD90+ 

cells, but not in the CD90- cell population. MnSOD expression is activated by a variety of 

transcription factors, including p53139–141. It is likely that in the CD90- cells one or more of 

those transcription factor(s) participate in the expression of MnSOD. Together, these 

observations are highly significant with regards to development of new therapeutic 

strategies against HCC focusing on the FoxM1 pathway. 

The FoxA genes are critical for liver development. FoxA1/A2 knockout embryos failed to 

develop liver bud from the gut endoderm that is also associated with a loss of the 

hepatoblast marker alpha-fetoprotein130. These genes are important also for hepatocyte 

differentiation142. In chemical carcinogenesis (Diethylnitrosamine or DEN)-induced HCC 

model, the FoxA1/A2 genes were shown to play important roles in the sexual dimorphism 

in HCC development132. Male mice are more susceptible to HCC development than 

females, and that is related to the sex hormones androgen and estrogen. A previous study 

linked estrogen to IL-6 expression to explain sexual dimorphism of HCC development137. 

However, studies by Li et al. 132 suggested that genes co-regulated by FoxA1/A2 and AR 

(androgen receptor) are responsible for the susceptibility to HCC in male mice, whereas 

genes co-regulated by FoxA1/A2 and ER (estrogen receptor) in female liver are 

responsible for the resistance to DEN-induced HCC development. That study also implied 

a need for FoxA1/A2 in the development of HCC in male mice. FoxM1 is not linked to 

sexual dimorphism with regards to HCC development because, unlike the FoxA1/A2 liver 
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knockout female mice, the FoxM1 liver knockout male or female mice fail to develop HCC. 

This apparent discrepancy in the observations on FoxM1 and FoxA1/A2 is most likely 

related to the context in which FoxM1 regulates FoxA1/A2. Based on analyses of human 

HCC specimens we think that the FoxM1/Rb/DNMT3 pathway of FoxA1/A2 repression is 

operative only when FoxM1 is over-expressed. The need for over-expression of FoxM1 

might be related to low-abundance of active Rb in HCC cells. High levels of FoxM1 would 

be needed to seek out active under-phosphorylated Rb protein because it is the under-

phosphorylated Rb that binds to FoxM1143 (Fig. 50). We suspect that the FoxM1 mediated 

inhibition of FoxA1/A2 might be involved in de-differentiation of the HCC cells or 

maintenance of poorly differentiated HCC cells. Alternatively, in the event that the low- 

and high-grade HCCs develop from different progenitors, we speculate that the FoxM1 

mediated repression of FoxA1/A2 is important for the progenitors that give rise to high-

grade HCC. It is noteworthy that studies by another group also indicated that, in human 

specimens, FoxA2 expression is down-regulated in metastatic HCC133. Moreover, 

expression of FoxA2 inhibits expression of MMP9, leading to an inhibition of invasiveness 

of HCC cells. Therefore, it appears that, while the FoxA genes are required for HCC 

development in male mice subjected to DEN chemical carcinogenesis they have opposite 

effects on metastatic progression of HCC.  

Importantly, over-expression of FoxM1 in the high-grade HCC specimens coincides with 

reduced expression of FoxA1/A2. Moreover, deletion of FoxM1 in HRasV12-induced HCC, 

which expresses FoxM1 at high levels, led to increased expression of FoxA1/A2. These 

observations provide genetic evidence that FoxM1 is involved in suppression of the FoxA 
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genes in high-grade HCC. It is noteworthy that deletion of FoxM1 in the HRasV12 mouse 

HCC model was associated with a preferential loss of the EpCAM+ve and CD44+ve cells. 

Those cell-surface markers are found on liver cancer stem cells (). It is possible that 

increased expression of the FoxA genes, upon FoxM1 deletion, increases differentiation 

of those cells. Consistent with that we show that expression of FoxA1/A2 inhibits FoxM1-

induced sphere formation in HepG2 cells (Fig. 46). These observations also are consistent 

with the notion that suppression of the FoxA genes is important in the mechanism by 

which FoxM1 supports maintenance or progression to poorly differentiated HCC cells. 

That would be consistent also with a previous study, which indicated that FoxA2 inhibits 

epithelial to mesenchymal transition of HCC cells133.  

Inhibition of FoxM1-induced increase in clonogenicity and soft-agar colony formation by 

FoxA1/A2 further explains why expression of the FoxA genes needs to be repressed by 

FoxM1. Interestingly, we also provide evidence for a feedback loop in which over-

expression of FoxA1 or FoxA2 inhibits expression of FoxM1 and the FoxM1 target genes 

in HCC cells. Inhibition of FoxM1 expression coincides with binding of FoxA1 and FoxA2 to 

the promoter of FoxM1 in HCC cells. FoxM1 was shown to activate its own expression in 

a positive feedback loop134. We think that over-expressed FoxA1 or FoxA2 disrupts that 

positive feedback, resulting in an inhibition of FoxM1 expression. That would further 

explain the opposite expression patterns of FoxM1 and FoxA1/A2 in HCCs (Fig. 24). 

Moreover, the inhibition of FoxM1 would explain how FoxA1/A2 inhibits clonogenicity 

and soft agar colonies induced by FoxM1. A recent study showed that in HCC cells 

FoxA1/A2 bind to the promoters of G6Pase and IGFBP1 in a FoxO-dependent manner144. 
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That study also showed that FoxA1/A2 promotes promoter binding of the FoxO factors 

that are known to stimulate genes involved in growth arrest145. Therefore, it is possible 

that FoxA1/A2 antagonize FoxM1 also by enhancing the activities of the FoxO factors.  

Soft-agar colony formation is a reflection of tumorigenic properties of cancer cells, and 

that is related also to the presence of cancer stem cells or tumor initiating cells. FoxM1 

increases tumorigenicity of HCC cells by supporting the population of cancer stem cells as 

observed above. Inhibition of the FoxM1-mediated increase in the soft-agar colony by 

FoxA1/A2 further supports the notion that suppression of FoxA1/A2 is important for 

FoxM1-driven aggressive HCC progression.  

The involvement of Rb in the suppression of the FoxA1/A2 genes is surprising because it 

suggests that Rb participates in progression of high-grade HCC. We show that FoxM1 

recruits Rb and DNMT3b onto the promoters of FoxA1/A2, and increases methylation of 

the CpG islands in those promoters. Moreover, depletion of Rb blocks FoxM1-mediated 

increase in promoter-methylation and suppression of the FoxA1/A2 genes. Promoter 

CpG-methylation strongly correlates with gene silencing146. Often, following methylation, 

MeCpG-binding proteins bind to the methylated sites and recruit co-repressor complexes, 

including HDACs. Therefore, it is likely that the repression of FoxA1/A2 also involves the 

co-repressor complex and HDACs147. Other histone modifications, such as H3K9 tri-

methylation and H3K27 tri-methylation, also have been reported to associate with CpG-

methylation148. We think that the methylation of the FoxA1/A2 promoters is the primary 

event directed by FoxM1 because we could detect abundant interaction between FoxM1 

and DNMT3b.  
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Rb has previously been shown to participate in cell lineage fate decision making149,150. It 

depends on the differentiation factor and the cellular context, whether Rb activates or 

represses its expression150. For example, in mesenchymal progenitors, Rb represses 

PPAR in association with E2F to suppress adipogenesis (Fig 51). In another study, Rb has 

been shown to be crucial for switch between white and brown adipose tissue, deletion of 

Rb from adult adipose tissue results higher accumulation of brown adipose tissue151. This 

suggests that Rb plays a role in cell lineage commitment decisions at multiple hierarchal 

levels as well.  

The involvement of Rb in the suppression of FoxA1/A2 also suggests that the mechanism 

might be more active in G1 phase where under-phosphorylated Rb is abundant. 

Interestingly, studies on embryonic stem (ES) cell differentiation indicated that G1 phase 

is the phase in which the chromatin is available for the differentiation mechanisms, and 

that the ES cells retain pluripotency by suppressing differentiation mechanisms in G1 and 

increasing expression of the pluripotency genes in the S/G2 phases152. In the light of those 

observations in ES cells, our observations that FoxA1/A2 inhibit expression of the 

pluripotency genes and that FoxM1/Rb/DNMT3b inhibit FoxA1/A2 are interesting 

because that could be important in the mechanism by which FoxM1 over-expression 

maintain poorly differentiated state of cells in high-grade HCC. Together, the results 

suggest that, in the context of over-expressed FoxM1, there is a gain of function for Rb, 

and that function is related to the suppression of differentiation genes, which is likely 

involved in high-grade progression of HCC. 
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Figure 50 

Tumorigenic bypass by Rb.  

Rb is a classical tumor suppressor, however, tumorigenic bypass of Rb suppression can 

lead to high grade progression of liver cancer in context of high FoxM1 expression. High 

levels of FoxM1 are needed to seek out the active Rb from cells and repress the 

differentiation genes FoxA1 and FoxA2. 
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Figure 50 
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Figure 51 

Rb inhibits adipogenesis of mesenchymal progenitor cells by inhibiting the expression of 

PPAR.  
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Materials and Methods 

Cell Culture and Transfections 

Human hepatocellular carcinoma Huh7 cells (American Type Culture Collection) were 

maintained in Dulbecco’s modified Eagle’s medium supplemented with 10% fetal bovine 

serum (HyClone Laboratories Inc.) and 100 units of penicillin/ streptomycin at 37 °C with 

5% CO2. Cells were transfected with plasmid DNA or siRNA using LipofectamineTM 2000 

(Invitrogen) in serum-free tissue culture medium following the manufacturer’s protocol. 

Six hours after transfection, cells were fed with complete Dulbecco’s modified Eagle’s 

medium containing 10% fetal bovine serum. 

Animal studies  

All animal experiments were pre-approved by the UIC institutional animal care and use 

committee. Previously described H-ras12V mice were crossed with FoxM1fl/fl MxCre 

C57/BL6 mice to obtain FoxM1fl/fl MxCre H-ras12V and FoxM1+/+ MxCre H-ras12V mice. 

For deletion studies, eight months old male mice (FoxM1+/+ MxCre H-ras12V and FoxM1fl/fl 

MxCre H-ras12V) were subjected to five or ten intraperitoneal (i.p.) injections (every 

other day) with 250 µg of synthetic polyinosinic-polycytidylic acid (polyIpolyC) (Sigma-

Aldrich, St. Louis, MO) to induce expression of the Mx-Cre transgene. The mice were 

sacrificed three weeks following the last injection, and the liver tissues and HCC nodules 

were harvested. For xenograft tumor, male Nu/Nu strain mice were purchased from Charles 

River Laboratories (USA). Huh7 cells were transfected with control or FoxM1 siRNA. 

Twenty-four hours post transfection, cells (total of 1 X 106) were subcutaneously injected. 
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Immunohistochemistry and human tissue micro array 

Immunohistochemical stainings were performed following standard procedure. Antigen 

retrieval was done using sodium citrate buffer and sections were then treated with 

antibodies overnight. Additional blocking step was performed using Avidin/biotin 

Vectastain kit following manufacturer’s protocol. Visualization was done using DAB and 

counterstained using Hematoxylin (Polyscientific, Bay Shore, NY). For antibodies of mouse 

origin, mouse on mouse (MOM) kit was used. All used reagents are from Vector Labs 

(Burlingame, CA). Information about the antibodies is included in Table 1. Visualization 

was done using DAB and counterstained using Hematoxylin (Polyscientific, Bay Shore, 

NY). For antibodies of mouse origin, mouse on mouse (MOM) kit was used. All used 

reagents are from Vector Labs (Burlingame, CA) unless otherwise indicated. 

RT-PCR, Western Blot, and Chromatin Immunoprecipitation  

RNA was Trizol extracted (Invitrogen, Carlsbad, CA) and cDNA was synthesized using Bio-

Rad reverse transcriptase (Bio-Rad, Hercules, CA). cDNA was amplified using SYBR Green 

(Bio-Rad, Hercules, CA) and analyzed via iCycler software. Western blots and chromatin-

IPs were performed following previously described procedures112. For chromatin-IPs, 

signals obtained with IgG and specific-antibodies were first normalized with signals 

obtained with those antibodies on a non-specific site in the GATA3 promoter112. The 

normalized values were used to plot the fold enrichment with FoxM1-ab over IgG. For Rb-

ChIP and DNMT3b-ChIP, we compared enrichments with same antibody, after 

normalization, in the presence and absence of FoxM1-siRNA, and the fold enrichments in 
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control-siRNA over FoxM1-siRNA were plotted. All antibodies and primer sequences are 

included in Table 1 and Table 2 respectively. 

FACS analysis and cell sorting 

Antibodies used for FLOW analysis are listed in Table 1. Cells (re-suspended in PBS with 

2%FBS and 2 mM EDTA) were incubated with PE and/ or FITC-conjugated antibodies for 

20 min on ice. To analyze apoptosis of CD90+ versus CD90- cell population, cells were 

collected by trypsinization and incubated in pre-warmed complete medium with DEVD-

FMK-FITC (CaspGLOW™ Fluorescein Active Caspase Staining Kit, eBioscience, San Diego, 

CA) for 20 min, at 37°C, 5% CO2 as recommended by the manufacturer. After incubation 

cells were washed with provided washing buffer, resuspended in 2% FBS, 2mM EDTA PBS 

and stained with CD90-PE antibody as described.  

To analyze apoptosis of tumor cells, collected tumors were dissociated by collagenase, 

single cell suspension was made and incubated with DEVD-FMK-FITC as described.  

To measure ROS in CD90+ and CD90- cells, cells were incubated with 10 μM 5-(6)-

chloromethyl-2-dichlorodihydrofluorescein diacetate (CM-H2DCFDA) (Invitrogen, 

Carlsbad, CA,) for 20 min at 37°C. Cells were then washed with PBS, collected by 

trypsinization and immediately stained with CD90-PE antibody. The samples were 

analyzed using a Cyan ADP flow cytometer (Beckman Coulter, Fullerton, CA) and Summit 

software. To sort CD90+ vs. CD90- cell population, Huh7 cells were incubated with CD90-

PE antibody as described above and sorted by a Mo-Flo instrument (Beckman Coulter, 

Fullerton, CA). 
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Isolation of genomic DNA 

Genomic DNA (gDNA) was obtained from Huh7 cells and mouse tissue using WizardTM 

Genomic DNA Purification kit as instructed by the manufacturers manual. 

Bisulfite treatment and Quantitative methylation-specific PCR assay (qMSP) 

Genomic DNA samples were treated with EZ DNA methylationTM kit (Zymo Research, 

Orange, CA) as per the manufacturer's recommendation. The extent of methylation of 

desired gene was then measured by qPCR amplification with pairs of specific primers as 

mentioned in Table 3 which were designed using MethPrimer MSP/BSP prediction and 

primer designing tool. Quantitative MSP was performed with using SYBR Green (Bio-Rad, 

Hercules, CA) and analyzed via iCycler software. Each reaction contained 20 ng of 

bisulfite-treated DNA as a template, 6.25 µl SYBR Green PCR (Bio-Rad, Hercules, CA) and 

50 nM each forward and reverse primers in a total volume of 12.5 µl. The quantification 

cycle (Cq) was determined for each reaction with methylation-specific primers (MSP) the 

ratio of unmethylated to total amplifiable bisulfite-treated DNA was calculated. 

Wound Healing (Cell Culture) Assay 

For wound healing assay, cells were seeded at a density of 1x105 cells in 24 well plates 

and allowed to grow up to full confluence in a monolayer. A single linear scratch of 

approximately 1mm was introduced in each well using a sterile micro-tip. The debris was 

washed with PBS and replaced with fresh growth medium containing appropriate drug. 

Wound closure was monitored by capturing images at different time intervals after 

scratching. The experiments were carried out in triplicate. 
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Soft Agar Assay 

For transformation and anchorage independent colony formation ability, soft agar assay 

was performed. Cells (2×104) were suspended in a medium containing 0.4% agarose and 

then poured onto 60mm culture dish coated with 0.8% agarose. The top agar surface was 

layered with complete medium every third day and cells were allowed to grow for 20 

days. Colonies larger than 1mm in soft agar were stained with 0.1% crystal violet for 

counting and capturing images. 

Clonogenic assay 

To check the effect of the FoxA2 on FoxM1 expressing cell line proliferation, clonogenic 

assay was performed with Huh7 cells transfected with Control, T7-FoxM1, CMV-FoxA2 

and co-transfected with T7-FoxM1 and FoxA2 were seeded at the density of 1X104 cell in 

24 well plate. Cells were feed with fresh medium every third day and were allowed to 

grow for 6 days. At the end of the assay, pictures of the cells were captured under bright 

field microscope after staining with crystal violet solution (0.1% crystal violet in 10% 

ethanol). Stained colonies were counted. 
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Table 1. Antibodies 

Protein Company Catalogue number 

FoxM1 Santa Cruz SC-500 

FoxM1 Santa Cruz SC-376471 

CD44 Abcam Ab 65829 

PCNA Neomarkers MS-106-P0 

EpCAM Abcam Ab71916 

Bmi1 Cell Signaling CS#2830 

Sox2 Cell Signaling CS#3579 

Oct4 Cell Signaling CS#2840 

c-myc SantaCruz Biotechnology sc-764 

Survivin Novus Biologicals NB500-201 

Cyclin E Santa Cruz sc-481 

Plk-1 Upstate 05-844 

CD90-PE BD Biosciences #555596 

CD44-FIITC BD biosciences #555478 

CD133-PE MACS Miltenyl Biotec AC133 

FoxA1 Abcam Ab23738 

FoxA2 Santa Cruz SC-374376 

FoxA2 Rabbit Ab produced in lab  

Rb Cell Signaling  CST9309 

DNMT3b Imgenex 52A1018 

Tubulin Sigma T9026 

Actin Sigma AC-40 

GAPDH Cell Signaling CST5174 
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Table 2. Primer sequences 

Gene name Sense (5’→3’) Antisense (5’→3’) 

RT-PCR 

hFoxM1 GGAGGAAATGCCACACTTAGCG TAGGACTTCTTGGGTCTTGGGGTG 

hcyclophilin GCAGACAAGGTCCCAAAGACAG CACCCTGACACATAAACCCTGG 

hCD44 CGGACACCATGGACAAGTTT GAAAGCCTTGCAGAGGTCAG 

hSOX2 TGAATGCCTTCATGGTGTGGTC CCGTCTCCGACAAAAGTTTCC 

hBmi1 TGATGTGTGTGCTTTGTGGAGG GTGGTCTGGTCTTGTGAACTTGG 

hNanog CCAGTCCCAAAGGCAAACAAC TGGAGGCTGAGGTATTTCTGTCTC 

hOct4 GGGGTTCTATTTGGGAAGGTATTC GGTTCGCTTTCTCTTTCGGG 

hc-myc TAGTGGAAAACCAGCAGCCTCC CCTCGTCGCAGTAGAAATACGG 

hAFP GGTGGTGGATGAAACATATG TTGCTTTTGCTTCACAAGGTTA 

hMnSOD GGCTTGGTTTCAATAAGGAACGG ATCCCCAGCAGTGGAATAAGG 

hGAPDH  ACACCCACTCCTCCACCTTT  TTCCTCTTGTGCTCTTGCTG   

mFoxM1 GAGGAAAGAGCACCTTCAGC   AGGCAATGTCTCCTTGATGG   

mGAPDH AACTTTGGCATTGTGGAAGG CCATCCACAGTCTTCTGGGT 

mHRasV12 CCTTTCCTATCAACCCCACTA GGATCAACTGAATGGTCAGC 

mBmi1 AGAGGGATGGACTACGAATGC AACAGGAAGAGGTGGAGGGAAC 

mNanog AGCCCTGATTCTTCTACCAGTCCC ACAGTCCGCATCTTCTGCTTCC 

mc-myc TAATCGAGGAGGAGCTGGA ACCAAGGTTGTGAGGTTAGG 
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mCdc25B CCCTTCCCTGTTTTCCTTTC ACACACACTCCTGCCATAGG 

mAuroraB CAGAAGGAGAACGCCTACCC GAGAGCAAGCGCAGATGTC 

mPlk1 CCCAGCTACTACGAAAGGGTG CAACATACGTCTGGACACATTCA 

hFoxA1 CAATGACTGCTTCGTCAAGG TAGCAGCCGTTCTCGAACAT 

hFoxA2 CTTCAAGCACCTGCAGATTC AGACCTGGATTTCACCGTGT 

ChIP primers 

CD44 (-1180) TTTCTGTGTAACTCACCAGGCAAG TCTCCCATCTTTCCTACCCAGC 

CD44 (-4714, -

4698) 

GACTGTTTTGCTTGTGTTCCTTCC GGTTTTACGCAGACCTTTGGAGG 

CD44 (-16487) TACTTTCTGCTTTGTTTCGGGG ACTGCCAAGGGATAACTCACTCC 

FoxA1 (-1391) ACAAAGCACAGGGAAAAAGG GATGGTGCGTGTGTTTTGAG 

FoxA1 (-4221) AGGCAGGAGTAGGGGAAAAG CGTGTGCTTGTGTCTGTGTG 

FoxA1 (-6846) GGAGGGCAGGGCTCAGTT CTATGGACCACAGAGCAAAACTACT 

FoxA2 (-1294) GGACAGAGACGCTCTTGAA  AAACAGGGCAGGAGGTG 

FoxA2 (-3581) CATATCTGCCTTATGTTGC CACATGAAACCAACCAGTGC 

FoxA2 (-4156) CTGGTCTTTTGACCATCCAAGAAC GGCCCATGCCTATAATCCCAGCTAC 

FoxA2 (-4535) GAGAATGTAATAATAAAGTAGTG GGGGGAGGCAAGGTGCAACATT 

Non-Specific TTTTACGGGGCAACTACGGC CAGTGGCATTAGCAGGTC 

MSP primers (human) 

FoxA1 (-55) TTGTAAATAAAGTGAGGGTTTCGT AAACTAATATAAATCTTACGTCGCT 
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FoxA1 (-512) GTATTTTTGGGGAGGGATTTC ACGAACGAACTAAAACTCTAAATCG 

FoxA1 (-846) GTATTTTTGGGGAGGGATTTC ACTAAAACTCTAAATCGAAACCTCG 

FoxA1 (-1207) GTTTAGGATCGATTAGGAATTAAGC AAAAAAACATCTCCCATAACACG 

FoxA1 (-2641) AATTTAAATTTTTGATTGGGATGC CAAAATAAACTCTACCAACTTCGAA 

FoxA1 (-3194) TACGGGTGTAGTAAGGGTAGTTTTC GAACTCCTCAAATAAAAAATCCG 

FoxA2 (-356) CGCGTTATATTATTAGTTTTTTACGT CAATACCGAACTACCCCGAA 

FoxA2 (-882) GGTTTTTATAGGGATTTGTCGG AAAAAAAACCACCCTCTAAAACG 

FoxA2 (-1080) AATTTTAGTTTTTTAATCGTCGGTC CCTATTACAATTCAAACCCGAA 

FoxA2 (-1974) GAGTTTTTAGTATTCGGGGGATC CATAAAAAAAACATTAATAAACCCG 

FoxA2 (-2656) GTATTTTTATGGGTAGGCGTGTC CTAACGAAATTCTAAAAACTCCGAT 

Non-Specific ATTTAATACGATTTTGTTGATTCGT AAAAAAAACTAAATTTTCCCGC 

MSP primers (mouse) 

FoxA1 GGTTTAATTTAGTTTAGTTCGTCGG CCCTTTAAAACCTTAATCCGAA 

FoxA1 AGAGGTAGGTTTGATTAGGATTCGT CTAAATCAACCGAACAAAATAACGT 

FoxA2 TTAGAAAGAGGATTGAGGTAATTGAC CAAATAACAACCAATTTACAAAACG 

Non-Specific TTCAGTCCAAAAGGATGCTG GGATACAGTCCCAAACTCTTC 

siRNA sequences 

FoxM1 siRNA#1 CAACAGGAGUCUAAUCAAG  

FoxM1 siRNA#2 GGACCACUUUCCCUACUUUUU  
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