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Abstract 

Mechanism of gene regulation of HNF4A 

Shangdong Guo 

Hong Lu 

Hepatocyte Nuclear Factor 4 alpha (HNF4α) is a master regulator that modulates the liver development and 

function. The dysfunction of HNF4α causes multiple human diseases, such as hepatocellular carcinoma 

(HCC) and maturity onset diabetes of the young 1 (MODY1). In contrast, the restoration of HNF4α can 

inhibit the development of liver cancer and improve the liver function simultaneously. However, HNF4α is 

an orphan nuclear receptor whose activating ligand remains elusive. Therefore, an alternative approach to 

enhance the HNF4α activity is to up-regulate the protein expression. While a great progress has been made 

on the functional study of HNF4α, the mechanistic details regarding the gene regulation of HNF4α are still 

a vast knowledge gap. The present study was aimed to investigate the mechanism of gene regulation of 

HNF4α systematically. In chapter 2 and chapter 3, we reported the strong translational inhibition of both 

human and mouse HNF4α induced by the nucleic acid secondary structure termed “G-quadruplex”(G4) 

within the 5` untranslated region (UTR). By performing the deletion/mutation studies, we determined the 

composition of the G4 in HNF4A 5`UTR. We further speculated that this G4 required the adjacent 

cis-elements, such as the RNA-binding proteins and other secondary structures, to form a conjunction for 

the strong translational inhibition. We for the first time reported the RNA-G4 induced translational 

repression within the 5`UTR of a tumor suppressor and highlighted the significance of the “biostability” of 

G4s in exerting their biological functions. In chapter 4, we conducted a comprehensive study that covered 

the auto-regulation, transcriptional regulation and transactivation activity of HNF4α. By creating various 

reporter constructs, we were able to validate the self-stimulation of HNF4α and discovered the strong 

correlation between HNF4α and its corresponding anti-sense RNA, HNF4A-AS1. Additionally, we 

identified novel HNF4α mutations such as Q277X that may affect the crosstalk of HNF4α with other 

transcription factors. Overall, the novel findings from our study shed light on the gene regulation of HNF4α 

and provide further insights into our ultimate goal that is to up-regulate HNF4α protein expression/activity 

to treat human diseases.  
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Chapter 1. General Introduction 

1.1. The research history of HNF4 

Hepatocytes nuclear factor 4 (HNF4) is a liver-enriched transcription factor (TF) that involves 

numerous biological functions. HNF4 was so termed because it was first identified in rat liver 

extracts, and it had DNA recognition sites distinct from other previously described HNFs (HNF1 & 

HNF3). HNF4 and HNF3 were initially defined as two crucial liver-enriched factors for the gene 

expression of Transthyretin (TTR) and apolipoprotein CIII (APO C3), which were regulators of lipid 

metabolisms (Costa, Grayson et al. 1989, Costa, Van Dyke et al. 1990). In 1990, Frances M. Sladek	

purified the HNF4 protein from rat liver and	further demonstrated several critical features of HNF4: 

(1) HNF4 belonged to the superfamily of steroid hormone receptor. (2) HNF4 mRNA was prevalent 

in liver, kidney, and intestine. (3) HNF4 participated the regulation of multiple liver-specific genes 

(Sladek, Zhong et al. 1990). Since then, HNF4 was identified as the master regulator of a number of 

crucial biological pathways, which included glycolysis, drug metabolism, gluconeogenesis, 

hepatocyte differentiation, and bile acid (BA) synthesis (Inoue, Yu et al. 2006, Chiang 2009, 

Hwang-Verslues and Sladek 2010, Soubeyrand, Martinuk et al. 2017). In 1996, HNF4 was further 

discriminated into three subtypes that were HNF4α, HNF4β, and HNF4γ. It turned out that the 

human organs only expressed HNF4α and HNF4γ, and their coding genes located on chromosomes 

20 and 8, respectively (Drewes, Senkel et al. 1996). Moreover, HNF4α was predominant over 

HNF4γ in human tissues. HNF4β was first identified in Xenopus laevis, where it played critical roles 

in oogenesis and embryogenesis (Holewa, Zapp et al. 1997). 
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1.2. The gene structure and functional domains of HNF4α 

The HNF4A gene locates on 20q12-q13.1 in the human genome. The entire gene spans ~77kb 

of the genome, and consists of 10 exons, among which the exon1 is composed of four motifs 

(Fig.1-1A) (Torres-Padilla, Fougere-Deschatrette et al. 2001, Jiang, Tanaka et al. 2003, Walesky and 

Apte 2015). HNF4A uses two separated promoters P1 and P2 encoding overall nine transcriptional 

variants via alternative splicing (Kritis, Argyrokastritis et al. 1996, Babeu and Boudreau 2014, Lu 

2016). HNF4α1-3 and HNF4α7-9 are experimentally verified P1 and P2 products, respectively 

(Fig.1-1A). The activation function 1 (AF-1) domain at the N-terminus depicts the major structural 

distinction between P1- and P2-HNF4α: HNF4α1-3 (P1) uses exon1-A whereas HNF4α 7-9 (P2) 

uses exon1-D (Harries, Locke et al. 2008). Nevertheless, no transactivation activity was detected at 

the N-terminal domain of P2-HNF4α, which consequently resulted in a weaker transactivation 

activity (Torres-Padilla, Sladek et al. 2002, Eeckhoute, Moerman et al. 2003, Babeu and Boudreau 

2014, Vuong, Chellappa et al. 2015). To date, it is still arguable for the presence of HNF4α4-6, 

which presumably are the remaining P1-HNF4α isoforms containing exon-1B and 1C at the 

N-terminus (Huang, Karakucuk et al. 2008). In addition to the different topology, P1- and 

P2-HNF4α also differs regarding the tissue distribution. P1-HNF4α is predominantly expressed in 

adult liver and kidney, whereas P2-HNF4α is mainly prevalent in fetal liver and pancreas (Perilhou, 

Tourrel-Cuzin et al. 2008, Vuong, Chellappa et al. 2015).	Both products are detectable in the adult 

colon and small intestine (Tanaka, Jiang et al. 2006). HNF4α is a member of the nuclear receptor 

(NR), which typically consists of the DNA binding domain (DBD), ligand binding domain (LBD) 
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and additional activating domains (Bain, Heneghan et al. 2007). Similar with other NRs, the DBD of 

HNF4α is composed of two all-cysteine zinc finger motifs, and the LBD forms a hydrophobic 

pocket by 12 alpha helices (Fig.1-1B) (Dhe-Paganon, Duda et al. 2002, Wisely, Miller et al. 2002, 

Lu, Rha et al. 2008). The AF-1 domain at N-terminus contains two modules (A & B) that are both 

necessary for the full activation function of P1-HNF4α (Fig.1-1A) (Green, Kokkotou et al. 1998). 

Additionally, both P1- and P2-HNF4α have an AF-2 domain formed by the helix 12 of the LBD, 

which is also required for the activation function. The C-terminus of HNF4α contains a negatively 

regulatory region termed F-domain (~90 amino acids), which prohibits the access of co-activators to 

the AF-2 domain (Holewa, Zapp et al. 1997, Sladek, Ruse et al. 1999, Walesky and Apte 2015).  

1.3. The function and the clinical relevance of HNF4α 

HNF4α mainly localizes in the	nucleus, where they form the homodimers and bind to the DNA 

response elements of the promoter regions. Thus far, HNF4α has been implicated to exert a broad 

array of functions in liver and pancreas, such as hepatocytes differentiation, proliferation, glycolysis, 

and gluconeogenesis. The dysfunction of HNF4α is highly related to the hepatocellular carcinoma 

(HCC) and the maturity onset diabetes of the young 1 (MODY1). Additionally, the mutation of 

HNF4α also directly or indirectly induces other human diseases depending on the specific gene it 

modulates (Fig.1-2).  

1.3.1. Regulation of Hepatocytes differentiation and proliferation 

HNF4α has been characterized as a core modulator of hepatocytes differentiation and liver 

development (Watt, Garrison et al. 2003, Walesky and Apte 2015). In the post-implantation mouse 
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embryos, the HNF4α mRNA was detected in the primary endoderm at day 4.5, and in embryonic 

liver tissues at day 8.5, which was the earliest stage of liver development (Duncan, Manova et al. 

1994). Knockout of HNF4α in fetal liver resulted in a drastic loss of apoA1, apoB, apoC3, aldoB, 

L-type fatty acid-binding protein (LFABP), and albumin, which were all genes expressed 

extensively in mature hepatocytes (Li, Ning et al. 2000). HNF4α is involved in the cell 

proliferation via multiple mechanisms. A well-studied pathway is that HNF4α up-regulates 

p21/WAF1 (cyclin-dependent kinase inhibitor 1) promoter and inhibits cell proliferation by 

competing with c-Myc, a known p21 repressor that is responsible for the cell proliferation during 

carcinogenesis (Eilers, Schirm et al. 1991, Amati, Alevizopoulos et al. 1998, Mitchell and 

El-Deiry 1999). Further study indicated that the depletion of HNF4α in mouse increased the 

expression of c-Myc, and Cyclin D1(Hanse, Mashek et al. 2012). This finding provided additional 

support for the established regulatory model of c-Myc/HNF4α/Cyclin D1, where Cyclin D1 and 

HNF4α negatively regulated each other under the modulation of factors from the cell cycle, such 

as Myc, p21 and p53 (Hanse, Mashek et al. 2012, Walesky and Apte 2015). In addition to Cyclin 

D1, Cyclin F was also implicated to be relevant to the tumor progression in the absence of HNF4α 

(Walesky and Apte 2015). Alternatively, HNF4α is capable of regulating cell proliferation via the 

modulation of miRNAs and post-translational modifications (Hatziapostolou, Polytarchou et al. 

2011). Overall, HNF4α is a master regulator of the hepatocytes differentiation and proliferation, 

and it controls these biological events via multiple molecular pathways. 

1.3.2. The role of HNF4α in HCC 
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Liver cancer is the 3rd leading cause of death from cancer worldwide (Jemal, Bray et al. 

2011, Yang, Wu et al. 2014), during which HCC accounts for over 90% of liver malignancies 

(Llovet, Burroughs et al. 2003). Current therapy utilizes transarterial chemoembolization (TACE) 

or sorafenib, the only FDA approved oral drug responsible for advanced HCC (Di Marco, De Vita 

et al. 2013, Wang, Zhang et al. 2013). However, the efficacy of these standard treatments is still 

limited, suggesting an urgent need of a novel therapy. HNF4α was demonstrated as a tumor 

suppressor whose protein expression was markedly diminished in HCC (Flodby, Liao et al. 1995, 

Hatziapostolou, Polytarchou et al. 2011, Bonzo, Ferry et al. 2012). It was also proposed that 

HNF4α prohibits the development of HCC through regulating the translocation and activity of 

β-catenin, which is a key factor for the epithelial-mesenchymal transition (EMT) and hepatic 

fibrogenesis (Ning, Ding et al. 2010). The liver is a unique organ that provides essential functions 

for humans’ survival. Indeed, the majority of the HCC patients are coupled with liver cirrhosis, 

which independently results in death due to the severely compromised liver function (Couto, 

Dvorchik et al. 2007). The overexpression of HNF4α is capable of not only repressing the 

development of HCC but also improving the liver function (Wu, Zhang et al. 2016, Hang, Liu et al. 

2017). Thus, HNF4α is a promising drug target for developing a novel therapy to treat liver 

cancers. 

1.3.3. The role of HNF4α in MODY1 

MODY is a rare case of diabetes (1%), but it contains up to 13 subtypes (MODY1-MODY13) 

(Anik, Catli et al. 2015). In 1996, MODY1 was first recognized being associated with the 
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loss-of-function mutations of HNF4α, which resulted in the dysfunction of glucose-dependent 

insulin secretion (Yamagata, Furuta et al. 1996, Stanger 2008). Currently, MODY1 is less 

commonly identified than MODY3, which accounts for the majority of MODY cases and is 

mainly caused by mutations of Hepatocyte Nuclear Factor 1 alpha (HNF1α) (Vaxillaire, Rouard et 

al. 1997, Forlani, Zucchini et al. 2010). The pathologies of MODY1 and MODY3 are very similar. 

The insulin secretion is controlled by the glucose influx to pancreatic beta cells and the glucose 

metabolism in liver (Thorens, Sarkar et al. 1988). Studies found that loss-of-function mutations of 

HNF4α disrupted the expression of crucial genes that were responsible for the signaling pathway 

of insulin secretion, such as glucose transporter 2 (GLUT2), the glycolytic enzymes AldoB, and 

glyceraldehyde-3- phosphate dehydrogenase (Gapdh) (Stoffel and Duncan 1997). To date, the 

clinical observations have reported a set of MODY1 related HNF4α mutations. However, the 

functional studies of many mutations are still missing or in a discrepancy.  

1.4. The functional difference between P1- and P2-HNF4α 

It is noteworthy that many HNF4α studies do not distinguish the protein isoforms. The 

above-described scenario where HNF4α serves as a tumor suppressor in HCC, unless otherwise 

noted, mainly refers to the P1-HNF4α. In fact, the P2-HNF4α was reported to be up-regulated in the 

occurrence of HCC (Cai, Lu et al. 2017). In general, P1- and P2-HNF4α have overlapped 

transactivation function and share a subset of target genes. However, the distinct AF-1 domain 

enables individual functions of P1- and P2-HNF4α, which gives rise to opposing roles of two 

isoforms during the embryonic development and the carcinogenesis. 
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1.4.1 The dynamic switch of HNF4α isoforms during development  

In the development of the mouse liver, P1 and P2 promoters are activated in a sequential 

fashion: P2 promoter is active at the fetal stage, but drastically diminishes at birth when 

P1-HNF4α starts to be abundant (Dean, Tang et al. 2010). This difference may be because 

P2-HNF4α possesses a more potent transactivation potential than P1-HNF4α on genes that are 

desired for the early development of liver, such as TTR (transthyretin). Conversely, P1-HNF4α 

has a stronger transactivation activity for genes expressed postnatally, like AFP (Alpha-fetoprotein) 

(Torres-Padilla, Fougere-Deschatrette et al. 2001). However, the precise mechanism regarding the 

dynamic switch between P1- and P2-HNF4α at birth point remains elusive. Although the 

mechanistic details were undisclosed, one study stated that P1-HNF4α was capable of suppressing 

the P2 promoter (Briancon, Bailly et al. 2004), which might partly explain the switch of HNF4α 

isoforms. In the pancreas, P1-HNF4α only exists in a transient period starting from ~9 weeks to 

19-23 weeks post-conception (Harries, Locke et al. 2008). To date, it is commonly accepted that 

P2-HNF4α is prevalent in the pancreatic islet. However, whether the P1-HNF4α is also abundant 

in adult pancreas is still controversial. While multiple groups announced that HNF4α was 

exclusively driven by the P2 promoter in pancreatic β-cells (Boj, Parrizas et al. 2001, Eeckhoute, 

Moerman et al. 2003, Tanaka, Jiang et al. 2006), one study indicated that the P1-HNF4α was 

indeed active and exhibited stronger transcriptional potentials than P2-HNF4α in human β-cells 

(Hansen, Parrizas et al. 2002). However, it should be noted that among those conflicts, the only 

detection of HNF4α isoforms at protein levels revealed P2-HNF4α but not P1-HNF4α in adult 
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pancreas (Tanaka, Jiang et al. 2006). In summary, the spatial distribution of HNF4α isoforms in 

different tissues is still obscure. The regulatory mechanism regarding the tissue-specific switch 

between P1- and P2-HNF4α demands further investigations. 

1.4.2. The role of P2-HNF4α in carcinogenesis 

While P1-HNF4α is a known tumor suppressor for HCC, it is increasingly reported that 

P2-HNF4α re-expresses in the development of liver cancers and could be an onco-associated 

protein. The increase of P2-HNF4α in HCC has been correlated with the dedifferentiation and 

vascular invasion, (Tanaka, Jiang et al. 2006, Cai, Lu et al. 2017). Thus far, no studies have been 

done regarding the mechanism of aberrant up-regulation of P2-HNF4α in HCC, and it remains 

unknown whether this up-regulation is the cause or the consequence of the tumor development. 

Similarly, P2-HNF4α was also elevated as the only HNF4α isoform in gastric cancer (Chang, Nam 

et al. 2016). The role of different HNF4α isoforms in colorectal cancer (CRC) is more ambiguous. 

A number of studies reported the tumor suppressive role of P1-HNF4α in CRC, during which the 

P2-HNF4α was persistently expressed or even up-regulated (Oshima, Kawasaki et al. 2007, 

Takano, Hasegawa et al. 2009, Chellappa, Jankova et al. 2012). However, the ectopic expression 

of P2-HNF4α in the xenograft model did not induce tumor accumulation, which indicated that the 

P2-HNF4α might not promote the proliferation (Vuong, Chellappa et al. 2015, Chellappa, Deol et 

al. 2016). In summary, the current understanding regarding the role of HNF4α isoforms in tumors 

is as follows: the P1- and P2-HNF4α are considered to be functionally replaceable in the normal 

development and homeostasis. Nevertheless, the stress condition and carcinogenesis may trigger 
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the distinct functions of HNF4α isoforms, during which P1-HNF4α is “limiting” whereas 

P2-HNF4α is more “permissive” for the aberrant proliferation (Chellappa, Deol et al. 2016).  

1.5 The interaction and regulation of HNF4α 

Unlike other steroid hormone receptors, there is no clear evidence demonstrating that HNF4α is 

activated by exogenous ligands (Gonzalez 2008). To date, the only endogenous ligand of HNF4α 

identified in mammalian cells is linoleic acid (LA, C18:2omega6), whose exact function is still 

unclear. Other than the ligands involved activation, the expression and function of HNF4α are also 

regulated by the interaction with other TFs or co-regulators. To date, a complex regulatory network 

that contains HNF4α and other liver-enriched transcription factors (LETFs) have been established. 

1.5.1 The endogenous ligand of HNF4α 

While HNF4α is a ligand-dependent nuclear receptor, very little is known about the role of 

the endogenous ligand of HNF4α. The X-ray crystal structure of HNF4α LBD revealed fatty acid 

as the endogenous ligand tightly embedded in the binding pocket (Dhe-Paganon, Duda et al. 2002). 

Further study specified the binding pocket be selectively occupied by LA in mammalian cells and 

mouse liver (Yuan, Ta et al. 2009). Unfortunately, both studies indicated the ligand bound with 

HNF4α could not be released without disrupting the protein structure. The presence of the 

non-exchangeable endogenous ligand has dramatically discouraged the potential to develop 

HNF4α as drug target by using synthetic compounds. Therefore, a more feasible approach to target 

HNF4α should focus on the gene expression of HNF4α, such as transcription and translation, to 

eventually up-regulate the HNF4α protein expression. 
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1.5.2 The auto-regulatory loops of HNF4α and other LETFs 

Other than HNF4α, there are several additional master regulators in hepatocytes, such as 

HNF1α, HNF1β, HNF3β, HNF6, and C/EBP	(CCAAT-enhancer-binding proteins). Together, 

these TFs establish a complex regulatory circuitry that governs the hepatic gene expression 

(Hayashi, Wang et al. 1999). Interestingly, all above LETFs are shown to have the self-stimulating 

loops (Fig.1-3): HNF1α (Drewes, Senkel et al. 1996), HNF1β (Demartis, Maffei et al. 1994), 

HNF3β (Pani, Quian et al. 1992), HNF4α (Hatzis and Talianidis 2001) and C/EBPα (Timchenko, 

Wilson et al. 1995). The auto-regulation might be essential for the self-perpetuating and 

constitutive expression of these LETFs. The transcriptional auto-regulatory loops are highly 

conserved in vertebrate evolution (Kielbasa and Vingron 2008). Noteworthy, contradictory results 

were also presented regarding the self-stimulation of several TFs. For instance, both HNF4α and 

HNF1α were reported to negatively regulate their own promoters instead of the self-stimulation 

(Kritis, Ktistaki et al. 1993, Magenheim, Hertz et al. 2005). These controversies further masked 

the entire picture of the regulatory circuitry of LETFs in hepatocytes. 

1.5.3 The regulatory networks of LETFs  

In addition to the auto-regulation, LETFs are also involved in the sophisticated crosstalk. The 

HNF1 protein family contains HNF1α and HNF1β that locates on chromosome 12 and 

chromosome 17, respectively (Rey-Campos, Chouard et al. 1991). HNF1α is expressed later than 

HNF1β during embryonic development but possess a stronger transactivation potency (Hayashi, 

Wang et al. 1999). HNF4α was defined as a critical positive transactivator of HNF1α (Kuo, 
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Conley et al. 1992), and HNF1α was also shown to strongly activated HNF4α (Bulla and Fournier 

1994). HNF1α is highly conserved during evolution, and the protein is composed of the 

N-terminal dimerization domain, two DNA-binding domains and the transactivation domain at 

C-terminus (Cereghini 1996). The multiple functional domains enable HNF1α to recruit other 

co-activators to further enhance its transactivation potential (Eeckhoute, Formstecher et al. 2004). 

HNF4α was also shown to enhance the transactivation activity of HNF1α, and this stimulation was 

further potentiated by the recruitment of the p300 (Eeckhoute, Formstecher et al. 2004). In 

contrast, HNF1α was indicated to repress the HNF4α mediated transactivation by the direct 

protein-protein interaction (Kritis, Ktistaki et al. 1993, Ktistaki and Talianidis 1997). Thus, the 

precise relationship between HNF1α and HNF4α in gene transcription and protein transactivation 

requires further studies. HNF1β also has the reciprocal regulatory loop with HNF4α, and the 

RNAi-knockdown of HNF1β induced a down-regulation of multiple other LETFs including 

HNF1α, HNF3γ, HNF4α and HNF6 (Hatzis and Talianidis 2001, Tanaka, Tomaru et al. 2004). 

The HNF3 family has three members that are HNF3α, β, and γ, in which HNF3β has been 

speculated to locate at the top hierarchy of the entire regulatory network (Hayashi, Wang et al. 

1999, Lee, Friedman et al. 2005, Odom, Dowell et al. 2006). The HNF3β transcript was first 

detected in the primitive streak and the node ahead of the expression of other liver genes (Hayashi, 

Wang et al. 1999), which may be consistent with its role as an initiator for the expression of other 

LETFs. More importantly, HNF3β was also known to directly activate the HNF4α (Park and 

Waxman 2001). HNF3β is mainly stimulated by HNF6, a LETF that also has the reciprocal 
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activation with HNF4α (Rastegar, Lemaigre et al. 2000). While the HNF6 transcript first appears 

on embryonic day 9, which is even later than HNF4α, the ability to control the expression of 

HNF3β and HNF4α may enable it to regulate bulk of hepatic genes. A known HNF6 antagonist is 

C/EBPα, a transcription factors expressed in the later stage of development (Rastegar, Lemaigre et 

al. 2000, Rastegar, Rousseau et al. 2000). C/EBP is the leucine zipper (b/ZIP) protein and the 

family contains C/EBPα, β, and δ. C/EBPα is mostly expressed in fully differentiated cells, where 

it is highly associated with cellular proliferation/differentiation (Landschulz, Johnson et al. 1988, 

Koschmieder, Halmos et al. 2009). Interestingly, C/EBPα was also shown to stimulate HNF3β 

(Samadani, Porcella et al. 1995). In summary, the entire regulatory networks of LETFs are highly 

interconnected (Fig.1-3). Additional regulatory interactions among those LETFs may be further 

uncovered in the future. 

1.5.4 The interaction of HNF4α with	farnesoid X receptor (FXR) 

In addition to the LETFs described above, HNF4α also interact with other NRs, such as FXR, 

pregnane X receptor (PXR) and constitutive androstane receptor (CAR) (Lu 2016). FXR is a 

natural receptor of bile acid (BA), and it plays crucial roles in the BA homeostasis by controlling 

the core enzymes in BA synthesis (Lefebvre, Cariou et al. 2009). FXR was also shown to regulate 

lipid metabolism, glucose homeostasis (Lambert, Amar et al. 2003, Ma, Saha et al. 2006) and 

insulin sensitivity (Cariou, van Harmelen et al. 2006). The in vitro GST pull-down indicated that 

FXR physically interacted with HNF4α (Caron, Huaman Samanez et al. 2013), and The ChIP-seq 

analysis of mouse liver illustrated that Fxr was highly overlapped with Hnf4α regarding the DNA 
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binding sites (Thomas, Hart et al. 2013). It was proposed that HNF4α and FXR regulate the 

transcription of shared targets in both a dependent and independent manner, and they can assist or 

antagonize transactivation activity of one another (Thomas, Hart et al. 2013). For instance, HNF4α 

further enhances the FXR activated transcription of scavenger receptor class B type 1 

(SCARB1)(Thomas, Hart et al. 2013), which is a high-density lipoprotein receptor that plays 

important roles in cholesterol transportation (Acton, Rigotti et al. 1996, Gutierrez-Pajares, Ben 

Hassen et al. 2016). This result indicates that FXR could cooperate with HNF4α for gene 

regulation. On the other hand, studies also demonstrated that HNF4α and FXR had the opposing 

role in regulating certain shared targets, such as APOC-III (Claudel, Inoue et al. 2003). In 

conclusion, HNF4α and FXR have the compensatory or antagonizing effect depending on specific 

binding sites, and such mechanism might be the regulatory basis for maintaining the homeostasis 

of lipid metabolisms. 

1.6 An overview of G-quadruplex (G4)  

The structure of G-tetramers, where the hydrogen bonds link four guanines to form a planar 

platform, has been defined for more than five decades (Gellert, Lipsett et al. 1962). The subsequent in 

vitro studies revealed that the stacking of G-tetramers built a stereo structure within the DNA 

telomeric region, which is now known as G-quadruplex (G4) (Sundquist and Klug 1989). Since then, 

the G4 related studies identified the presence of G4 in both DNA and RNA sequences. The 

computational data suggest the presence of >375,000 G4 motifs in the human genome (Bochman, 

Paeschke et al. 2012). More recently, it was reported that the G4 forming motifs appeared in more 
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than 90% of human DNA replication origins and numerous promoter regions to exert critical 

biological functions (Yang and Okamoto 2010, Rhodes and Lipps 2015).  

1.6.1 The topological features of G4 

G4 is a unique secondary structure that is mostly formed within the guanine-enriched motifs. 

A typical G4 is composed of two modules that are the guanine-scaffold stacked by G-tetramers 

and the side chains (Loops) as the hinge. A G-tetramer contains four guanines that are linked by 

Hoogsten hydrogen bond (Fig.1-4A). Multiple planar G-tetramers stack on top of one another, 

which give rise to a four-stranded stereo structure (Fig.1-4B) (Sacca, Lacroix et al. 2005). The vast 

majority of the G4 research studies the intramolecular G4 that is formed by single-stranded 

DNA/RNA. Depending on the orientation of four stands and the folding status, an intramolecular 

G4 can be roughly divided into three subtypes that are parallel, anti-parallel and hybrid G4s 

(Fig.1-4B) (Kwok and Merrick 2017). Recent bioinformatics studies also uncovered the 

prevalence of intermolecular G4, where multiple nucleotides or even DNA-RNA hybrids could 

form G4 structures to affect gene transcription (Fig.1-4B) (Zheng, Xiao et al. 2013). The canonical 

sequence composition of a G4 follows the consensus formula (G≥3NxG≥3NxG≥3NxG≥3), where “N” 

can be any nucleotides, and “x” denotes the length of the side chains. The entire G4 is stabilized 

by the monovalent cations (mostly Na+ or K+) in the center. In addition, the number of G-stacks 

and the length of the loop “x” are also key determiners of the G4 stability. While a 2-ring-G4 

(when G=2) does exist, its stability is usually lower than G4s with higher layers (G≥3) of 

G-tetramers (Bugaut and Balasubramanian 2012). A universal rule is that the shorter loops result 
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in more stable G4s. Based on some studies, the number x=7 might be the maximum length of a 

given G4, as a longer side chain may induce instability and destruct the whole structure. However, 

other studies also reported the presence of the stable G4 that comprised a 30-Nt-long loop in vitro 

(Guedin, Gros et al. 2010, Le, Di Antonio et al. 2015). Thus, the precise rule of G4 composition is 

still uncertain. 

1.6.2 Current approaches to determine the presence of G4 in vitro and in vivo 

The computational studies can be performed in the first place to identify and characterize a 

potential G4. To date, a number of G4 analyzing software have been developed, such as QGRS 

mapper and G4 hunter (Kikin, D'Antonio et al. 2006, Bedrat, Lacroix et al. 2016). The frequently 

used biophysical and biochemical approaches for the detection of G4 in vitro includes nuclear 

magnetic resonance (NMR), circular dichroism (CD), UV melting curves and fluorescence probes 

(Paramasivan, Rujan et al. 2007, Webba da Silva 2007, Mergny and Lacroix 2009, Kreig, Calvert 

et al. 2015). Compared the in vitro assays, the determination of G4 in vivo is way more limited. 

Recent studies reported the G4 induced stuck of the reverse transcription, and developed the 

reverse transcriptase stalling assay to determine the formation of RNA-G4s. The rationale was to 

methylate A and C residues of RNA by dimethyl sulfate (DMS). The A and C residues within an 

already-formed G4 in vivo are immune to the methylation due to the compact secondary structure. 

Likewise, the completion of the methylation also prevents the formation of G4 at nearby regions 

(Kwok and Balasubramanian 2015, Guo and Bartel 2016). Combining such method with the 

next-generation-sequencing (NGS), Bartel’s group claimed that the RNA-G4 had the propensity to 
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be extensively unfolded in bacterial transcriptome and eukaryotic genome (Guo and Bartel 2016). 

These studies further advanced our knowledge about the formation of RNA-G4s in vivo, and may 

help explain why plenty of RNA-G4s discovered in vitro were not validated in vivo. Nevertheless, 

the DMS method was still limited to some technical issues and could be misleading. For instance, 

a particular RNA-G4 in vivo is dynamically folded and unfolded, and it may only form during a 

certain fraction within the entire lifetime of the RNA. Thus, a transiently unfolded G4 will be 

irreversibly modified by DMS, and eventually may not be identified (Fay, Lyons et al. 2017). 

Other studies also applied the G4-interacting antibodies (e.g. BG4 and 1H6) or small-molecule 

probes to determine G4s in living cells, but both methods still confront folding dynamics of G4 in 

vivo (Kwok and Merrick 2017). Overall, current approaches have made sufficient effort in 

characterizing the G4 structure in vitro. In contrast, the identification of G4 in vivo is rather 

murkier and requires further progress.  

1.7 The biological functions of RNA-G4s  

Compared to DNA-G4s, RNA-G4s are thermodynamically more stable and easier to be formed 

because RNAs are usually single-stranded (Sacca, Lacroix et al. 2005, Joachimi, Benz et al. 2009, 

Bugaut and Balasubramanian 2012). The potential G4s have been extensively identified within the 

5` and 3` untranslated regions (UTRs), as well as introns of immature RNAs (Huppert, Bugaut et al. 

2008, Simone, Fratta et al. 2015). 

1.7.1 The role of G4s in mRNA transcription and splicing 
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The DNA-G4 regulates the transcription directly by forming a stable secondary structure, 

which either blocks or enhances the polymerase activity through multiple mechanisms (Bochman, 

Paeschke et al. 2012). However, the primary mechanism that RNA-G4s affect transcription is 

through forming a DNA-RNA intermolecular G4 when transcription machinery moves forward. 

When the context sequence contains a G rich region, the newly synthesized mRNA may be able to 

hybridize with the non-template DNA strand to form a G4 structure that induces pause or 

termination of transcription (Fay, Lyons et al. 2017). RNA-G4s were also implicated in the 

regulation of alternative splicing of immature mRNAs. Alternative splicing is a complex 

biological event that involves multiple RNA-binding proteins (RBP). Assembly of G4s near the 

RBP binding sites of pre-mRNAs may directly affect the binding of splicing machinery, either as 

enhancers or repressors. For instance, it has been reported that the fragile X mental retardation 

protein (FMRP) binds to its own pre-mRNA via associating with two alternative G4s. This 

interaction enhanced alternative splicing of FMRP pre-mRNA and gave rise to two different 

isoforms (Didiot, Tian et al. 2008). 

1.7.2 The role of G4s in mRNA translation 

The RNA-G4s are mostly defined as a translational modulator due to its overwhelming 

presence in the 5`UTR of mRNAs. In the cap-dependent protein synthesis, the translation initiation 

is a rate-limiting phase, during which the 5`-Cap is recognized by (eIF4F), and the 5`UTR is 

scanned by eukaryotic initiation factor 2 (eIF2) complex to reach the start codon “AUG” (Merrick 

2004). The thermodynamically stable RNA structures, such as long stem-loops, are known to 
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induce strong translational inhibition (Babendure, Babendure et al. 2006). Thus, solid G4 

structures formed within the 5`UTR of mRNAs can also suppress translation initiation via 

blocking the scanning process (Fig.1-4C). A number of genes have been reported to bear a strong 

G4 in the 5`UTR of mRNA, which consequently prohibits the protein synthesis. The first example 

of translational repression by an RNA-G4 located within the 5`UTR is the neuroblastoma RAS 

viral oncogene homolog (NRAS) (Kumari, Bugaut et al. 2007). Subsequent investigations 

uncovered additional genes such as translation of oncogenes telomeric repeat binding factor 2 

(TRF2) and matrix metallopeptidase 16 (MT3-MMP) (Morris and Basu 2009, Gomez, Guedin et 

al. 2010). Noteworthy, there is no reported G4 that causes translational suppression within the 

5`UTR of a tumor suppressor gene. To date, in vitro studies have indicated that the G4 stability is 

affected by RNA helicases (Grand, Han et al. 2002, Halder, Wieland et al. 2009). Thus, the in vivo 

stability (biostability) might be a critical parameter to judge if an RNA-G4 is capable of surviving 

the unwinding process and exerting biological functions. However, due to limited information of 

in vivo formed G4, how the “bio-stability” of RNA-G4s is modulated in living cells remains 

elusive.  

1.8 The Interaction and regulation of RNA-G4s 

The “multiple-layer” structure of G4 physically can interact with many small molecules. In 

addition, RNA-G4 as a secondary structure is recognized by RNA helicases or RBPs, which may 

facilitate the stabilization or destabilization of the G4 structure, and in turn, regulate the G4-involved 

biological functions.  
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1.8.1 Interaction of G4 with small molecules 

The G-tetramer is a planar ring structure that stacks via π-π interaction to form a cube-like 

G4. This feature allows the attachment of many small molecules to top, bottom and sides (Muller 

and Rodriguez 2014). TMPyP4	[5,10,15,20-Tetrakis-(N-methyl-4-pyridyl) porphine] was the first 

identified small molecule that stabilizes the G4 structure and represses the growth of multiple 

cancer cell lines (Siddiqui-Jain, Grand et al. 2002, Mikami-Terao, Akiyama et al. 2008, 

Mikami-Terao, Akiyama et al. 2009). TMPyP4 is a porphyrin molecule that has the planar 

structure and can interact with G4 by π-π stacks (Fig.1-5A) (Yamamoto, Kinoshita et al. 2015). 

Indeed, a number of molecules from the porphyrin family can bind G4 with the same mechanism, 

such as protoporphyrin IX (PPIX) and heme (Zhou, Li et al. 2015, Shibata, Nakayama et al. 2017). 

However, TMPyP4 was also demonstrated to interact with the duplex DNA and induce 

cytotoxicity to normal cells (Guliaev and Leontis 1999, Huppert and Balasubramanian 2005). 

Pyridostatin (PDS) was a subsequently developed G4 ligand that displayed a dominant binding 

affinity to G4 over duplex nucleic acids (Pennarun, Granotier et al. 2008, Muller, Sanders et al. 

2012). PDS was also shown to inhibit the development of several cancer cell lines and suppress 

the translation of NRAS mRNA in vitro (Bugaut, Rodriguez et al. 2010, Muller, Kumari et al. 

2010). Some additional developed G4 ligands include Braco19, RHPS4, Quarfloxin, Phen-DC3 

and so on (Chung, Heddi et al. 2014, Machireddy, Kalra et al. 2017, Berardinelli, Sgura et al. 2018, 

Harris, Monsell et al. 2018). Although great progress has been achieved to enlarge the specificity 

of the newly developed small molecules to G4 structures, these developed G4-ligands are unable 
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to recognize a specified G4 based on the folding conformation and the loop composition. The 

underlying concern is that the G4-ligands induced cytotoxicity to normal cells may not only come 

from its non-specific interaction with DNA duplexes but also the potential presence of G4s within 

the 5`UTR of some fundamental genes, such as tumor suppressors. Therefore, the ultimate goal for 

the development of G4-interacting molecules is to enhance the specificity of the compound to a 

level where an individual G4 can be recognized. 

1.8.2 Interaction of RNA-G4s with RNA helicases and RBPs 

The RNA-G4 interacting proteins are largely unknown to date, but they can be roughly 

divided into “G4-stabilizing” and “G4-unwinding” groups depending on their biological impact. 

RHAU (RNA helicase associated with the AU-rich element, also known as DHX36 or G4R1) and 

RHA (RNA helicase A, also known as DHX9) were two major reported RNA helicases that can 

unwind the RNA-G4 structures (Creacy, Routh et al. 2008, Chakraborty and Grosse 2011). There 

are also other RNA helicases that have been demonstrated to have the G4-resolving effect (Wolfe, 

Singh et al. 2014). Since currently there is no consensus on how the RNA-G4s are folded in vivo, 

the precise mechanism of RNA helicases involved destabilization of G4s remains obscure. 

Another family of G4-binding proteins is heterogeneous nuclear ribonucleoprotein (hnRNP), 

which are a group of RBPs that present in the nucleus and are involved in the post-transcriptional 

regulation, such as RNA subcellular localization and splicing. A variety of hnRNPs bind to the 

G-rich RNAs (Guo and Bartel 2016). For examples, hnRNP A2/B1 was shown to unfold the G4 

efficiently (Scalabrin, Frasson et al. 2017). Similarly, hnRNP F was proposed to bind RNA 
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co-transcriptionally and prevent the G4 formation (Samatanga, Dominguez et al. 2013). 

Additional G4 interacting RBPs are increasingly reported to be involved in a number of biological 

functions, which are summarized and reviewed in Fig.1-5B and Table 1. 

1.9 Summary and research objectives 

As described above, HNF4α is a master regulator that governs a number of biological functions 

in multiple tissues. The dysfunction of HNF4α is the major cause of MODY1, and is also closely 

related to the development of liver cancer. Multiple groups have indicated the restoration of HNF4α 

protein is capable of repressing the tumor progression, as well as mending liver function 

simultaneously. Nevertheless, very little is known about the activating ligand of HNF4α thus far. 

While LA has been identified as the endogenous ligand of HNF4α, the structural analysis indicated 

that tightly embedded fatty acid is non-exchangeable by an exogenous compound. Additionally, it was 

shown the transcriptional activity of HNF4α was not dependent on the occupancy of LA in the binding 

pocket (Yuan, Ta et al. 2009). Taken together, the ultimate goal of the current study was to up-regulate 

the protein level of HNF4α, to treat liver cancer and other human diseases caused by dysfunction of 

HNF4α. To achieve this goal, thoroughly understanding the regulatory mechanisms of HNF4α at 

different molecular levels is a must. To date, the transcriptional and posttranslational regulation of 

HNF4α has been extensively studied by investigating the activators and co-factors of HNF4α. Great 

progress has been achieved, which includes the gradually characterized regulatory networks of LETFs, 

the recognition of HNF4α isoforms transcribed by distinct promoters and the identified crosstalk of 

HNF4α with numerous protein factors for biological functions. In contrast, a vast knowledge gap still 
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exists for the post-transcriptional regulation of HNF4α, regarding the pre-mRNA processing, mRNA 

modification, and translation. Rather than control the sophisticated regulatory networks at the 

transcription level, the modulation of posttranscriptional regulation, particularly the protein translation, 

might be a more realistic and efficient way. The current project initiates from the discovery of a 

potential strong secondary structure, G-quadruplex, within the 5`UTR of P1-HNF4A mRNA. While 

DNA-G4s have been extensively reported to possess critical functions, the known cases of RNA-G4 in 

the 5`UTR of a tumor suppressor are extremely limited. Most RNA-G4s are determined and 

characterized by in vitro assays, which are insufficient to reveal the in vivo status of G4 complexes 

entirely. G4s are dynamically folded and unfolded in vivo depending on their biostability at real time. 

Therefore, a certain G4 may need to cooperate with surrounding factors such as 

proteins/structures/molecules to accomplish its biological functions. Taken together, the primary aim 

is to elucidate the role of the G4 in the translational regulation of HNF4α, and perform an in-depth 

mechanistic study to understand the regulation of RNA-G4 formation in vivo. 

The other focus of the study involves the regulation of transcription and transactivation of 

HNF4α. The interconnection and the cross-regulation of LETFs were identified over the years, and a 

complicated network was recognized. However, many underlying and detailed mechanisms behind the 

large picture are unknown or in a discrepancy. For instance, it was reported HNF4α could be 

self-stimulated and synergistically activated by combinations of other LETFs, but no further studies 

were followed to support the statement. The P1- and P2-HNF4α have been increasingly announced to 

have opposing roles in embryonic development and carcinogenesis. However, it is still unclear about 
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the regulation of the dynamic switch between isoforms. A bulk of HNF4α MODY1 or HCC mutations 

have been claimed from clinical studies, but many of which still lack functional studies and very little 

is known about how the mutation can cause diseases. Thus, the second aim is to better understand the 

previously defined regulatory mechanisms regarding the transcription, alternative splicing, and 

transactivation of HNF4α. 

In summary, the research scope of this project covers the regulation of HNF4α at multiple 

molecular levels. Understanding the regulatory mechanisms of HNF4α will help develop alternative 

approaches to manipulate the protein expression of HNF4α, and shed light on the ultimate goal that is 

to treat HNF4α involved human diseases.  
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Figure 1-1. The schematic view of gene structure and functional motifs of HNF4α  

(A) The structure of HNF4A gene [adapted and modified from (Yusuf, Butland et al. 2012), 

http://cisreg.cmmt.ubc.ca/tfe/images/H4_gene_structure_isoforms.png]. P1- and P2-HNF4α mainly differ 

at the N-terminal domain. HNF4α1-3 and HNF4α7-9 are experimentally validated P1 and P2 products, 

which have a distinct tissue distribution. (B) The functional domains of HNF4α2 [adapted and modified 

from (Lu 2016). AF-1: Activation function domain 1; DBD: DNA binding domain; H: Hinge; LBD: Ligand 

binding domain; AF-2: Activation function domain 2; F: F domain. 

 

 

versus heterodimer)37. The X-ray crystal structure of an HNF4α
protein fragment that contains the HNF4α LBD but lacks the
transactivation F-domain shows that the ligand binding pockets of
both the closed and open forms contain fatty acids38. However,
occupancy of the ligand linoleic acid does not appear to
significantly affect the HNF4α transcriptional activity39. The
conversion of fatty acids to fatty acyl-CoAs by fatty acyl-CoA
synthetases is required for the modulation of HNF4α transcrip-
tional activity by fatty acids21. Using His-tagged full-length
HNF4α protein, GST-tagged LBD of HNF4α, and radio-labeled
fatty acyl-CoAs, fatty acyl-CoA thioesters were found to bind to
the LBD of HNF4α with high affinity and selectivity over
peroxisomal proliferator-activated receptor α (PPARα) and
RXRα21. The effects of saturated fatty acids on HNF4α are
dependent on chain length: (C16:0) acid activates whereas
(C18:0) acid suppresses HNF4α transcriptional activity, whereas
saturated fatty acids shorter than C16 are inactive. In contrast,
unsaturated long-chain fatty acids dose-dependently suppress
HNF4α transcriptional activity21. Interestingly, shorter chain
(C14:0 and C16:0) fatty acyl-CoA markedly enhances, whereas
long-chain (C18:0 or C18:3, ω-3) fatty acyl-CoA markedly
decreases the binding of HNF4α protein to its cognate enhancer
DNA21. Conversely, HNF4α has thioesterase activity40, which
might be a mechanism of feedback regulation. Acyl-CoA-binding
protein and liver type fatty acid binding protein (L-FABP)
physically interact with HNF4α, slow the degradation of fatty
acyl-CoA, and potentiate the transactivation of target genes by

HNF4α41. Dietary supplementation of medium-chain triglycerides
preserved HNF4α expression and improved alcohol-induced
hepatic lipid dyshomeostasis in rats12. Thus, further understanding
the mechanism of regulation of HNF4α transactivation activity by
various fatty acids and their acyl-CoA thioesters may help develop
novel approaches to activate HNF4α to treat liver and metabolic
diseases.

2.2. Post-translational modifications of HNF4α

2.2.1. Methylation
The arginine methyltransferase PRMT1 methylates arginine-100
(R100) in the DBD of HNF4α to enhance the affinity of HNF4α
for its binding site (Fig. 1B)42,43. Moreover, facilitated by the p160
family of coactivators, PRMT1 is recruited to the HNF4α LBD
and methylates histone H4 at arginine 3, leading to nucleosomal
alterations and subsequent RNA polymerase II preinitiation com-
plex formation42. Analysis of the crystal structure of the HNF4α
homodimer/DNA complex showed that the methylation of
arginine-100 would more firmly “glue” the DBD junctional
interface with both LBDs31.

2.2.2. Acetylation
Acetylation of HNF4α at lysine residues within the nuclear
localization sequence of DBD by CREB-binding protein (CBP)

Figure 1 Diagrams that illustrate the protein domain structure (A), posttranslational modifications (B), and interactions (C) of HNF4α with other
signaling pathways. (A) Domain structure of HNF4α protein, with the 474-amino-acid-long human HNF4α2 shown as the canonical HNF4α
isoform. (B) Posttranslational modifications of HNF4α. HNF4α is methylated at arginine 100 (R100M) by PRMT1, and acetylated at lysines 106,
108, 118, or 119 by CBP. HNF4α is phosphorylated at lysine-23 (Y23P) and Y286 (Y286P) by c-SRC, serine 87 (S87P) by PKC, serine 142 and
143 (S142P and S143P) by PKA, serine 167 (S167P) by P38, and serine 313 (S313P) by AMPK. The positions of post-translational modifications
of HNF4α have been renumbered in the text and Fig. 1 based on the updated NCBI protein database for HNF4α2 (NP_000448.3), which is also
used as the canonical protein isoform for human HNF4α in PhosphoSitePluss, a public database for posttranslational modifications of proteins43.
(C) Transcriptional factors that modulate the transcriptional activity of HNF4α through physical interactions. Red shape: negative interaction;
purple shape: both negative and positive interactions; green shape: positive interaction.
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Figure 1-2. The clinical relevance of HNF4α  

A diagram indicating the HNF4α related biological functions and the HNF4α-deficiency associated human 

diseases. [adapted and modified from (Yusuf, Butland et al. 2012), 

http://www.cisreg.ca/tfe/images/H4_worldview2.png].  

PEPCK, Phosphoenolpyruvate carboxykinase; EPO, The glycoprotein hormone erythropoietin; MCAD, 

Medium-chain acyl-CoA dehydrogenase; OTC, Ornithine transcarbamylase; HBV, hepatitis B virus. 
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Figure 1-3. The regulatory circuitry of LETFs  

A diagram demonstrating the regulatory networks of HNF4α and other LETFs based on [adapted and 

modified from (Hayashi, Wang et al. 1999)] The symbol “+” means the simulation. The circular arrows 

represent the self-enhancement.  
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tissues in which C/EBPs are found. In human
hepatocellular carcinoma tissues, the level of
C/EBP· expression is very low or
undetectable.24 54 Induction of C/EBP· expres-
sion in human hepatoma cells, Hep3B and
HepG2, results in reversible arrest of prolifera-
tion, and delayed tumorigenesis is seen in
immunodeficient mice implanted with two
transfected cells.55 C/EBP‚ (also called NF-
IL6) and C/EBP‰ are also mediators that regu-
late the acute phase response and they have low
activity until activated by inflammatory stimuli.
Activated C/EBP‚ can transactivate multiple
cytokine genes57–59 and promote the diVerentia-
tion of macrophages and granulocytes.60 61

Another member of the b/ZIP family, DBP,
binds to the D element of the albumin promoter
that is recognised by C/EBP‚.62 Both DBP and
C/EBP‚, as liver enriched transcription factors,
appear to be involved in the diVerentiation and
regulation of acute phase and immune re-
sponses; however, DBP belongs to a distinct
b/ZIP family, the PAR protein family, and is
detected only after birth (fig 2).63 DBP and
C/EBP‚ do not heterodimerise, and C/EBP‚
has a more relaxed binding specificity.64 65

Hepatocyte nuclear factor 3 (HNF-3)

The HNF-3 family comprises three proteins,
HNF-3·, HNF-3‚, and HNF-3„. These pro-
teins share high homology in the winged helix/
fork head DNA binding domain and in two
short similar regions in their C-terminal and
N-terminal regions, which exhibit transactivity
(fig 1).66–68 They have been shown to be
required for node and notochord axis forma-
tion and endodermal diVerentiation in the
mouse embryo (fig 2).69 70 HNF-3‚, HNF-3·,
and HNF-3„ are activated sequentially during
development. HNF-3‚ mRNA is expressed
first in the primitive streak and the node before
the expression of any liver genes. Slightly later
than HNF-3‚, HNF-3· (along with HNF-3‚)
is expressed in the definitive endoderm that
lines the developing gut and subsequently
forms components of the liver, lung, pancreas,
and alimentary canal. HNF-3„ is expressed in
the early liver and more posterior endoderm
after the gut has formed.71 In combination with
other liver enriched transcription factors that
are expressed later, HNF-3 binds and transac-
tivates numerous liver specific genes such as

albumin, transthyretin, ·1-antitrypsin,67 72 and
transcription factor HNF-1· (fig 3).73 The
concentration of HNF-3· increases when
hepatocye derived cell lines are cultured on an
extracellular matrix gel substratum. Extracellu-
lar matrix gel substrata coordinately induce
diVerentiated cell morphology and liver gene
transcription in primary hepatocyte
cultures.74 75 Thus, HNF-3· is important in
transducing extracellular signals in the main-
tainence of hepatocyte diVerentiation. A
winged helix gene in Caenorhabolitis elegans,
lin-31, appears to act via a receptor tyrosine
kinase signal transduction cascade.76 Once
HNF-3· and HNF-3‚ genes are activated, the
gene products help to maintain their own syn-
thesis by autoactivation (fig 3).77 78 In primary
cultured rat hepatocytes that exhibit the transi-
tion between growth and diVerentiation, the
constant expression of HNF-3· and HNF-3‚
is seen; nevertheless, HNF-1·, HNF-4,
C/EBP·, and C/EBP‚ show a decrease during
proliferation and an increase after the induc-
tion of diVerentiation.79 In chemically induced
mouse liver tumours, the expression of
HNF-3· and HNF-3‚ remains unchanged,
although that of HNF-3„ increases.23 It is
evident that HNF-3· and HNF-3‚ expression
is necessary to maintain basic hepatocyte func-
tion. In addition, HNF-3· and HNF-3‚ also
mediate the cell specific transcription of genes
that are important for the function of intestine,
stomach, and pancreatic acinar cells from the
foregut. The HNF-3 family is expressed at ear-
lier stages of embryonic development and is
competent for transactivation even in dediVer-
entiated hepatocyte derived cells, when other
liver transcription factors are inactive or
absent. Thus, members of the HNF-3 gene
family might be the primary factors in the hier-
archy of the expression of liver enriched
transcription factors in hepatogenesis (fig 2).

Hepatocyte nuclear factor 6 (HNF-6)

HNF-6 is a recently identified member of the
family of liver enriched transcription
factors.80 81 It contains two diVerent DNA
binding domains: the novel homeodomain and
a domain homologous to the drosophila cut
domain (fig 1). HNF-6 is expressed in tissues
that originate from the endoderm cells lining
foregut, liver, pancreas, nervous system, brain,
and spinal cord.82 83 In the study of HNF-6
potential target genes during development, it
has been found that there are HNF-6 binding
sites in the promoter regions of HNF-3‚ and
HNF-4, as well as in the liver specific genes
transthyretin and ·-FP.81 An overexpression of
HNF-6 can stimulate the expression of
HNF-3‚ and HNF-4 (fig 3) in cotransfection
experiments. The onset of HNF-6 gene
trancription is detected in the liver at embry-
onic day 9, correlating with the onset of liver
diVerentiation (fig 2). In situ hybridisation
studies of staged specific embryos demonstrate
that the HNF-6 expression pattern and level
are consistent with those of its target gene
HNF-3‚ in liver and pancreas. HNF-6 expres-
sion disappears transiently from the liver
between embryonic days 12.5 and 15, but is

Figure 3 Regulatory network of liver enriched transcription factors. The circlular arrows
represent autoregulation.
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seen
in

im
m

unodeficient
m

ice
im

planted
w

ith
tw

o

transfected
cells.

55
C

/E
B

P‚
(also

called
N

F
-

IL
6)

and
C

/E
B

P‰
are

also
m

ediators
thatregu-

late
the

acute
phase

response
and

they
have

low

activity
untilactivated

by
inflam

m
atory

stim
uli.

A
ctivated

C
/E

B
P‚

can
transactivate

m
ultiple

cytokine
genes

57–59and
prom

ote
the

diVerentia-

tion
of

m
acrophages

and
granulocytes.

60
61

A
nother

m
em

ber
of

the
b/Z

IP
fam

ily,
D

B
P,

bindsto
the

D
elem

entofthe
album

in
prom

oter

thatis
recognised

by
C

/E
B

P‚.
62B

oth
D

B
P

and

C
/E

B
P‚,as

liverenriched
transcription

factors,

appear
to

be
involved

in
the

diVerentiation
and

regulation
of

acute
phase

and
im

m
une

re-

sponses;
how

ever,
D

B
P

belongs
to

a
distinct

b/Z
IP

fam
ily,

the
PA

R
protein

fam
ily,

and
is

detected
only

after
birth

(fig
2).

63
D

B
P

and

C
/E

B
P‚

do
not

heterodim
erise,

and
C

/E
B

P‚

has
a

m
ore

relaxed
binding

specificity.
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H
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r

f
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r
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(
H

N
F

-
3
)

T
he

H
N

F
-3

fam
ily

com
prises

three
proteins,

H
N

F
-3·,H

N
F

-3‚,and
H

N
F

-3„.T
hese

pro-

teins
share

high
hom

ology
in

the
w

inged
helix/

fork
head

D
N

A
binding

dom
ain

and
in

tw
o

short
sim

ilar
regions

in
their

C
-term

inal
and

N
-term

inalregions,w
hich

exhibittransactivity

(fig
1).

66–68
T

hey
have

been
show

n
to

be

required
for

node
and

notochord
axis

form
a-

tion
and

endoderm
al

diVerentiation
in

the

m
ouse

em
bryo

(fig
2).

69
70H

N
F

-3‚,H
N

F
-3·,

and
H

N
F

-3„
are

activated
sequentially

during

developm
ent.

H
N

F
-3‚

m
R

N
A

is
expressed

firstin
the

prim
itive

streak
and

the
node

before

the
expression

ofany
liver

genes.Slightly
later

than
H

N
F

-3‚,H
N

F
-3·

(along
w

ith
H

N
F

-3‚)

is
expressed

in
the

definitive
endoderm

that

lines
the

developing
gut

and
subsequently

form
s

com
ponents

ofthe
liver,lung,pancreas,

and
alim

entary
canal.H

N
F

-3„
is

expressed
in

the
early

liver
and

m
ore

posterior
endoderm

afterthe
guthas

form
ed.

71In
com

bination
w

ith

other
liver

enriched
transcription

factors
that

are
expressed

later,H
N

F
-3

binds
and

transac-

tivates
num

erous
liver

specific
genes

such
as

album
in,transthyretin,·1-antitrypsin,

67
72and

transcription
factor

H
N

F
-1·

(fig
3).

73
T

he

concentration
of

H
N

F
-3·

increases
w

hen

hepatocye
derived

celllines
are

cultured
on

an

extracellularm
atrix

gelsubstratum
.E

xtracellu-

lar
m

atrix
gel

substrata
coordinately

induce

diVerentiated
cell

m
orphology

and
liver

gene

transcription
in

prim
ary

hepatocyte

cultures.
74

75
T

hus,
H

N
F

-3·
is

im
portant

in

transducing
extracellular

signals
in

the
m

ain-

tainence
of

hepatocyte
diVerentiation.

A

w
inged

helix
gene

in
C

aenorhabolitis
elegans,

lin-31,
appears

to
act

via
a

receptor
tyrosine

kinase
signal

transduction
cascade.

76
O

nce

H
N

F
-3·

and
H

N
F

-3‚
genes

are
activated,the

gene
products

help
to

m
aintain

their
ow

n
syn-

thesis
by

autoactivation
(fig

3).
77

78In
prim

ary

cultured
rathepatocytes

thatexhibitthe
transi-

tion
betw

een
grow

th
and

diVerentiation,
the

constant
expression

of
H

N
F

-3·
and

H
N

F
-3‚

is
seen;

nevertheless,
H

N
F

-1·,
H

N
F

-4,

C
/E

B
P·,and

C
/E

B
P‚

show
a

decrease
during

proliferation
and

an
increase

after
the

induc-

tion
ofdiVerentiation.

79In
chem

ically
induced

m
ouse

liver
tum

ours,
the

expression
of

H
N

F
-3·

and
H

N
F

-3‚
rem

ains
unchanged,

although
that

of
H

N
F

-3„
increases.
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It

is

evident
that

H
N

F
-3·

and
H

N
F

-3‚
expression

is
necessary

to
m

aintain
basic

hepatocyte
func-

tion.
In

addition,
H

N
F

-3·
and

H
N

F
-3‚

also

m
ediate

the
cellspecific

transcription
ofgenes

thatare
im

portantforthe
function

ofintestine,

stom
ach,and

pancreatic
acinar

cells
from

the

foregut.T
he

H
N

F
-3

fam
ily

is
expressed

atear-

lier
stages

of
em

bryonic
developm

ent
and

is

com
petentfor

transactivation
even

in
dediVer-

entiated
hepatocyte

derived
cells,

w
hen

other

liver
transcription

factors
are

inactive
or

absent.
T

hus,
m

em
bers

of
the

H
N

F
-3

gene

fam
ily

m
ightbe

the
prim

ary
factors

in
the

hier-

archy
of

the
expression

of
liver

enriched

transcription
factors

in
hepatogenesis

(fig
2).
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H
N

F
-6

is
a

recently
identified

m
em

ber
of

the

fam
ily

of
liver

enriched
transcription

factors.
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It

contains
tw

o
diVerent

D
N

A

binding
dom

ains:the
novelhom

eodom
ain

and

a
dom

ain
hom

ologous
to

the
drosophila

cut

dom
ain

(fig
1).H

N
F

-6
is

expressed
in

tissues

that
originate

from
the

endoderm
cells

lining

foregut,liver,pancreas,nervous
system

,brain,

and
spinal

cord.
82

83In
the

study
of

H
N

F
-6

potential
target

genes
during

developm
ent,

it

has
been

found
that

there
are

H
N

F
-6

binding

sites
in

the
prom

oter
regions

of
H

N
F

-3‚
and

H
N

F
-4,

as
w

ell
as

in
the

liver
specific

genes

transthyretin
and

·-F
P.

81A
n

overexpression
of

H
N

F
-6

can
stim

ulate
the

expression
of

H
N

F
-3‚

and
H

N
F

-4
(fig

3)
in

cotransfection

experim
ents.

T
he

onset
of

H
N

F
-6

gene

trancription
is

detected
in

the
liver

at
em

bry-

onic
day

9,
correlating

w
ith

the
onset

of
liver

diVerentiation
(fig

2).
In

situ
hybridisation

studies
ofstaged

specific
em

bryos
dem

onstrate

that
the

H
N

F
-6

expression
pattern

and
level

are
consistent

w
ith

those
of

its
target

gene

H
N

F
-3‚

in
liver

and
pancreas.H

N
F

-6
expres-

sion
disappears

transiently
from

the
liver

betw
een

em
bryonic

days
12.5

and
15,

but
is

Figure
3
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H
ayashi,W

ang,N
inom

iya,etal

tissues
in

w
hich

C
/E

B
Ps

are
found.In

hum
an

hepatocellular
carcinom

a
tissues,

the
level

of

C
/E

B
P·

expression
is

very
low

or

undetectable.
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54Induction
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B

P·
expres-

sion
in

hum
an

hepatom
a

cells,
H

ep3B
and

H
epG

2,results
in

reversible
arrestofprolifera-

tion,
and

delayed
tum

origenesis
is

seen
in

im
m

unodeficient
m

ice
im

planted
w

ith
tw

o

transfected
cells.
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C

/E
B

P‚
(also

called
N

F
-

IL
6)

and
C

/E
B

P‰
are

also
m

ediators
thatregu-

late
the

acute
phase

response
and

they
have

low

activity
untilactivated

by
inflam

m
atory

stim
uli.

A
ctivated

C
/E

B
P‚

can
transactivate

m
ultiple

cytokine
genes

57–59and
prom

ote
the

diVerentia-

tion
of

m
acrophages

and
granulocytes.
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A
nother

m
em

ber
of

the
b/Z

IP
fam

ily,
D

B
P,

bindsto
the

D
elem

entofthe
album

in
prom

oter

thatis
recognised

by
C

/E
B

P‚.
62B

oth
D

B
P

and

C
/E

B
P‚,as

liverenriched
transcription

factors,

appear
to

be
involved

in
the

diVerentiation
and

regulation
of

acute
phase

and
im

m
une

re-

sponses;
how

ever,
D

B
P

belongs
to

a
distinct

b/Z
IP

fam
ily,

the
PA

R
protein

fam
ily,

and
is

detected
only

after
birth

(fig
2).
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and
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do
not
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and
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has
a
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relaxed
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specificity.
64

65

H
e
p

a
t
o
c
y
t
e

n
u

c
le

a
r

f
a
c
t
o
r

3
(
H

N
F

-
3
)

T
he
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N

F
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ily

com
prises

three
proteins,

H
N

F
-3·,H

N
F

-3‚,and
H

N
F

-3„.T
hese

pro-

teins
share

high
hom

ology
in

the
w

inged
helix/

fork
head

D
N

A
binding

dom
ain

and
in

tw
o

short
sim

ilar
regions

in
their
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-term

inal
and

N
-term

inalregions,w
hich

exhibittransactivity

(fig
1).
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hey

have
been

show
n

to
be

required
for

node
and

notochord
axis

form
a-

tion
and

endoderm
al

diVerentiation
in

the

m
ouse

em
bryo

(fig
2).

69
70H

N
F

-3‚,H
N

F
-3·,

and
H

N
F

-3„
are

activated
sequentially

during

developm
ent.

H
N

F
-3‚

m
R

N
A

is
expressed

firstin
the

prim
itive

streak
and

the
node

before

the
expression

ofany
liver

genes.Slightly
later

than
H

N
F

-3‚,H
N

F
-3·

(along
w

ith
H

N
F

-3‚)

is
expressed

in
the

definitive
endoderm

that

lines
the

developing
gut

and
subsequently

form
s

com
ponents

ofthe
liver,lung,pancreas,

and
alim

entary
canal.H

N
F

-3„
is

expressed
in

the
early

liver
and

m
ore

posterior
endoderm

afterthe
guthasform

ed.
71In

com
bination

w
ith

other
liver

enriched
transcription

factors
that

are
expressed

later,H
N

F
-3

binds
and

transac-

tivates
num

erous
liver

specific
genes

such
as

album
in,transthyretin,·1-antitrypsin,

67
72and

transcription
factor

H
N

F
-1·

(fig
3).
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T
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concentration
of
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-3·

increases
w

hen

hepatocye
derived

celllines
are

cultured
on

an

extracellularm
atrix

gelsubstratum
.E
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lar
m

atrix
gel

substrata
coordinately

induce

diVerentiated
cell

m
orphology

and
liver

gene

transcription
in

prim
ary

hepatocyte

cultures.
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75
T

hus,
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N
F

-3·
is

im
portant

in

transducing
extracellular

signals
in

the
m

ain-

tainence
of

hepatocyte
diVerentiation.

A

w
inged

helix
gene

in
C

aenorhabolitis
elegans,

lin-31,
appears

to
act

via
a

receptor
tyrosine

kinase
signal

transduction
cascade.
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nce

H
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F
-3·

and
H

N
F

-3‚
genes

are
activated,the

gene
products

help
to

m
aintain

their
ow

n
syn-
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by

autoactivation
(fig

3).
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78In
prim

ary

cultured
rathepatocytesthatexhibitthe

transi-

tion
betw

een
grow

th
and

diVerentiation,
the

constant
expression

of
H

N
F

-3·
and

H
N

F
-3‚

is
seen;

nevertheless,
H

N
F

-1·,
H

N
F

-4,

C
/E

B
P·,and

C
/E

B
P‚

show
a

decrease
during

proliferation
and

an
increase

after
the

induc-

tion
ofdiVerentiation.
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ically
induced

m
ouse

liver
tum
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the

expression
of

H
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F
-3·

and
H

N
F

-3‚
rem

ains
unchanged,

although
that

of
H

N
F
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increases.
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It

is

evidentthatH
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F
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expression

is
necessary

to
m
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basic
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func-

tion.
In

addition,
H
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F
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and

H
N

F
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also
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ediate

the
cellspecific

transcription
ofgenes

thatare
im

portantforthe
function

ofintestine,

stom
ach,and

pancreatic
acinar

cells
from

the

foregut.T
he

H
N

F
-3

fam
ily

isexpressed
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lier
stages

of
em

bryonic
developm

ent
and

is

com
petentfor

transactivation
even

in
dediVer-

entiated
hepatocyte

derived
cells,

w
hen

other

liver
transcription

factors
are

inactive
or

absent.
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hus,
m
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bers

of
the
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gene
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ily

m
ightbe

the
prim

ary
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the
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of

the
expression

of
liver

enriched

transcription
factors

in
hepatogenesis

(fig
2).
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is
a
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of
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enriched
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factors.
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2).
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H
ayashi,W

ang,N
inom

iya,etal

tissuesinwhichC/EBPsarefound.Inhuman
hepatocellularcarcinomatissues,thelevelof
C/EBP·expressionisverylowor
undetectable.

2454
InductionofC/EBP·expres-

sioninhumanhepatomacells,Hep3Band
HepG2,resultsinreversiblearrestofprolifera-
tion,anddelayedtumorigenesisisseenin
immunodeficientmiceimplantedwithtwo
transfectedcells.

55
C/EBP‚(alsocalledNF-

IL6)andC/EBP‰arealsomediatorsthatregu-
latetheacutephaseresponseandtheyhavelow
activityuntilactivatedbyinflammatorystimuli.
ActivatedC/EBP‚cantransactivatemultiple
cytokinegenes

57–59
andpromotethediVerentia-

tionofmacrophagesandgranulocytes.
6061

Anothermemberoftheb/ZIPfamily,DBP,
bindstotheDelementofthealbuminpromoter
thatisrecognisedbyC/EBP‚.

62
BothDBPand

C/EBP‚,asliverenrichedtranscriptionfactors,
appeartobeinvolvedinthediVerentiationand
regulationofacutephaseandimmunere-
sponses;however,DBPbelongstoadistinct
b/ZIPfamily,thePARproteinfamily,andis
detectedonlyafterbirth(fig2).

63
DBPand

C/EBP‚donotheterodimerise,andC/EBP‚
hasamorerelaxedbindingspecificity.

6465

Hepatocytenuclearfactor3(HNF-3)

TheHNF-3familycomprisesthreeproteins,
HNF-3·,HNF-3‚,andHNF-3„.Thesepro-
teinssharehighhomologyinthewingedhelix/
forkheadDNAbindingdomainandintwo
shortsimilarregionsintheirC-terminaland
N-terminalregions,whichexhibittransactivity
(fig1).

66–68
Theyhavebeenshowntobe

requiredfornodeandnotochordaxisforma-
tionandendodermaldiVerentiationinthe
mouseembryo(fig2).

6970
HNF-3‚,HNF-3·,

andHNF-3„areactivatedsequentiallyduring
development.HNF-3‚mRNAisexpressed
firstintheprimitivestreakandthenodebefore
theexpressionofanylivergenes.Slightlylater
thanHNF-3‚,HNF-3·(alongwithHNF-3‚)
isexpressedinthedefinitiveendodermthat
linesthedevelopinggutandsubsequently
formscomponentsoftheliver,lung,pancreas,
andalimentarycanal.HNF-3„isexpressedin
theearlyliverandmoreposteriorendoderm
aftertheguthasformed.

71
Incombinationwith

otherliverenrichedtranscriptionfactorsthat
areexpressedlater,HNF-3bindsandtransac-
tivatesnumerousliverspecificgenessuchas

albumin,transthyretin,·1-antitrypsin,
6772

and
transcriptionfactorHNF-1·(fig3).

73
The

concentrationofHNF-3·increaseswhen
hepatocyederivedcelllinesareculturedonan
extracellularmatrixgelsubstratum.Extracellu-
larmatrixgelsubstratacoordinatelyinduce
diVerentiatedcellmorphologyandlivergene
transcriptioninprimaryhepatocyte
cultures.

7475
Thus,HNF-3·isimportantin

transducingextracellularsignalsinthemain-
tainenceofhepatocytediVerentiation.A
wingedhelixgeneinCaenorhabolitiselegans,
lin-31,appearstoactviaareceptortyrosine
kinasesignaltransductioncascade.

76
Once

HNF-3·andHNF-3‚genesareactivated,the
geneproductshelptomaintaintheirownsyn-
thesisbyautoactivation(fig3).

7778
Inprimary

culturedrathepatocytesthatexhibitthetransi-
tionbetweengrowthanddiVerentiation,the
constantexpressionofHNF-3·andHNF-3‚
isseen;nevertheless,HNF-1·,HNF-4,
C/EBP·,andC/EBP‚showadecreaseduring
proliferationandanincreaseaftertheinduc-
tionofdiVerentiation.

79
Inchemicallyinduced

mouselivertumours,theexpressionof
HNF-3·andHNF-3‚remainsunchanged,
althoughthatofHNF-3„increases.

23
Itis

evidentthatHNF-3·andHNF-3‚expression
isnecessarytomaintainbasichepatocytefunc-
tion.Inaddition,HNF-3·andHNF-3‚also
mediatethecellspecifictranscriptionofgenes
thatareimportantforthefunctionofintestine,
stomach,andpancreaticacinarcellsfromthe
foregut.TheHNF-3familyisexpressedatear-
lierstagesofembryonicdevelopmentandis
competentfortransactivationevenindediVer-
entiatedhepatocytederivedcells,whenother
livertranscriptionfactorsareinactiveor
absent.Thus,membersoftheHNF-3gene
familymightbetheprimaryfactorsinthehier-
archyoftheexpressionofliverenriched
transcriptionfactorsinhepatogenesis(fig2).

Hepatocytenuclearfactor6(HNF-6)

HNF-6isarecentlyidentifiedmemberofthe
familyofliverenrichedtranscription
factors.

8081
ItcontainstwodiVerentDNA

bindingdomains:thenovelhomeodomainand
adomainhomologoustothedrosophilacut
domain(fig1).HNF-6isexpressedintissues
thatoriginatefromtheendodermcellslining
foregut,liver,pancreas,nervoussystem,brain,
andspinalcord.

8283
InthestudyofHNF-6

potentialtargetgenesduringdevelopment,it
hasbeenfoundthatthereareHNF-6binding
sitesinthepromoterregionsofHNF-3‚and
HNF-4,aswellasintheliverspecificgenes
transthyretinand·-FP.

81
Anoverexpressionof

HNF-6canstimulatetheexpressionof
HNF-3‚andHNF-4(fig3)incotransfection
experiments.TheonsetofHNF-6gene
trancriptionisdetectedintheliveratembry-
onicday9,correlatingwiththeonsetofliver
diVerentiation(fig2).Insituhybridisation
studiesofstagedspecificembryosdemonstrate
thattheHNF-6expressionpatternandlevel
areconsistentwiththoseofitstargetgene
HNF-3‚inliverandpancreas.HNF-6expres-
siondisappearstransientlyfromtheliver
betweenembryonicdays12.5and15,butis

Figure3Regulatorynetworkofliverenrichedtranscriptionfactors.Thecirclulararrows
representautoregulation.
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Thanks to the unusual structure and folding of the G-quadruplex, one can experimentally
identify G-quadruplex formation and investigate structural properties using biophysical tech-
niques (Table 2). For example, the topology of the G-quadruplex structure can be determined
by monitoring the positive or negative circular dichroism (CD) signals at specific wavelengths
[57]. In general, G-quadruplexes with parallel topology (Figure 1B) have negative and positive
CD signals at 240 and 262 nm, respectively, whereas antiparallel topology (Figure 1B) places
these signals at 262 and 295 nm, respectively. To verify G-quadruplex formation, one should
also perform the CD experiments under non-G-quadruplex stabilizing (Li+) and G-quadruplex
stabilizing conditions (such as K+ or with G-quadruplex ligands), and scan toward the far-UV
region (!180–230 nm). Likewise, the thermostability of the G-quadruplex structure can be
identified by observing the UV signal at 295 nm [58]. Upon G-quadruplex melting, the UV
absorbance at 295 nm decreases, leading to a hypochromic shift that is a distinctive feature of
G-quadruplex structure. In addition, G-imino protons involved in G-quartets will exhibit a
distinct proton chemical shift value of 10.5–12 ppm in NMR. Moreover, certain dyes such
as the benzothiazole Thioflavin T (ThT) and N-methyl mesoporphyrin IX have been found to
fluoresce upon binding to G-quadruplexes [59,60], providing light-up structural probes to
detect G-quadruplexes in vitro: such chemical tools were recently reviewed [61]. These and
other biophysical techniques (Table 2) are widely used under different in vitro conditions to verify
G-quadruplex formation; however, these methods are limited to studying short oligonucleo-
tides and thus do not account for the effect of flanking sequences.

Figure 1. G-Quadruplex Structure and Biology. (A) Chemical structure of a G-quartet. Potassium ion (K+) sits within the G-quartet for stabilization. G-quartets
stack on each other to form G-quadruplex. (B) Representative topologies of G-quadruplex structures. (C–E) Representative G-quadruplex-associated biology:
regulation of (C) DNA replication, (D) transcription, and (E) translation.
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promoting either ribosomal pausing or ribosomal
dissociation [70]. ORF-situated G4s are reported to
act as roadblock for elongating ribosomes [153,154].
RNA G4s also stimulate ribosomal frameshifting
[155], the recoding event when ribosomes are forced
to move backward or forward, leading to alternative
ORF on the same mRNA [156]. In contrast, poorly
studied glycine-arginine-rich domain (RGG)
domain-contain ing RBP Aven recognizes

ORF-situated G4s in its mRNA targets to stimulate
translation [157]. Aven cooperates with DHX36,
a helicase that is required for the optimal transla-
tion of Aven-regulated mRNAs and is known to
unwind RNA G4s in cells [110]. It is tempting to spec-
ulate that DHX36 stimulates the translation of Aven
mRNA targets through its G4 resolvase activities,
removing roadblocks for elongating ribosomes [157]
(Fig. 7A).
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Fig. 7. Proposed roles of RNA G4s in protein synthesis. (A) Proposed roles of G4s in mRNA translation. G4s can be
found in both non-coding (5′- and 3′-UTRs) and coding (ORF) regions of mRNA where they can inhibit or stimulate
translation. In 5′-UTRs, G4s are commonly found near mRNA 5′-cap structures, where they inhibit translation initiation by
mechanisms that may involve interference with cap binding or inhibition of 43S preinitiation complex scanning (e.g., in
NRas mRNA). G4-mediated stimulation of translation is proposed in an IRESes-like manner (e.g., in 5′-UTRs of vascular
endothelial growth factor or fibroblast growth factor 2 mRNAs), although strong experimental evidences are still lacking. In
3′-UTRs, G4s can both inhibit and stimulate translation by recruitment of translational silencers or stimulators, the identity
of which is still unknown. As in non-coding parts, G4s located in the ORF can both block (most likely acting as roadblocks
for elongating ribosomes) or promote translation by recruitment of specific protein complexes (such as RBP Aven and RNA
helicase DHX36). (B) Hypothetical role of G4s in repeat-associated non-AUG (RAN) translation, an unconventional
translation mechanism. (i) In ALS patients, hexameric r(GGGGCC)n repeats located in the intron of C9ORF72 gene are
amplified. (ii) These repeats are capable of forming higher order G4 structures that make them extremely stable. (iii) Some
r(GGGGCC)n transcripts undergo RAN translation via direct recruitment of translationally competent ribosomal complexes
to produce dipeptide proteins.
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Thanks to the unusual structure and folding of the G-quadruplex, one can experimentally
identify G-quadruplex formation and investigate structural properties using biophysical tech-
niques (Table 2). For example, the topology of the G-quadruplex structure can be determined
by monitoring the positive or negative circular dichroism (CD) signals at specific wavelengths
[57]. In general, G-quadruplexes with parallel topology (Figure 1B) have negative and positive
CD signals at 240 and 262 nm, respectively, whereas antiparallel topology (Figure 1B) places
these signals at 262 and 295 nm, respectively. To verify G-quadruplex formation, one should
also perform the CD experiments under non-G-quadruplex stabilizing (Li+) and G-quadruplex
stabilizing conditions (such as K+ or with G-quadruplex ligands), and scan toward the far-UV
region (!180–230 nm). Likewise, the thermostability of the G-quadruplex structure can be
identified by observing the UV signal at 295 nm [58]. Upon G-quadruplex melting, the UV
absorbance at 295 nm decreases, leading to a hypochromic shift that is a distinctive feature of
G-quadruplex structure. In addition, G-imino protons involved in G-quartets will exhibit a
distinct proton chemical shift value of 10.5–12 ppm in NMR. Moreover, certain dyes such
as the benzothiazole Thioflavin T (ThT) and N-methyl mesoporphyrin IX have been found to
fluoresce upon binding to G-quadruplexes [59,60], providing light-up structural probes to
detect G-quadruplexes in vitro: such chemical tools were recently reviewed [61]. These and
other biophysical techniques (Table 2) are widely used under different in vitro conditions to verify
G-quadruplex formation; however, these methods are limited to studying short oligonucleo-
tides and thus do not account for the effect of flanking sequences.

Figure 1. G-Quadruplex Structure and Biology. (A) Chemical structure of a G-quartet. Potassium ion (K+) sits within the G-quartet for stabilization. G-quartets
stack on each other to form G-quadruplex. (B) Representative topologies of G-quadruplex structures. (C–E) Representative G-quadruplex-associated biology:
regulation of (C) DNA replication, (D) transcription, and (E) translation.
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Figure 1-4. A view of the G4 structure and its role in translation 

(A) The structure of G-quartet that is composed of four guanines with 

a K+ sitting in the center. (B) The intermolecular and intramolecular 

G4s. Each category contains additional subtypes such as parallel, 

antiparallel, and hybrid G4s [adapted and modified from (Kwok and 

Merrick 2017)]. (C) RNA-G4s formed in the 5`UTR and the coding 

motif of mRNA may interfere with the protein synthesis [adapted and 

modified from (Fay, Lyons et al. 2017)]. 
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Figure 1-5. The G4 interacting ligands and proteins  

(A) The chemical structure of two developed G4 ligands, TMPyP4 and PDS. These ligands with the planar 

conformation stack on the top and bottom of G4s and stabilize the entire structure. (B) A systemic 

overview of G4 interacting proteins [adapted and modified from (Fay, Lyons et al. 2017)] 

 

 

 

approaches using 7-deazaguanine-subsituted RNAs
to compare with native RNAs can be used as a control
for G4-binding specificity. Finally, with a few excep-
tions, structural information on the protein–RNA G4
interaction is lacking; such studies are required for in
depth insight into the biological relevance of the
interaction.

Proposed Functions of RNA G4s

Putative RNA G4s are widely distributed in
coding and non-coding regions of pre-mRNAs
and mRNAs such as introns and 5′- and 3′-UTRs.
Their enrichment in mRNA regions with regulatory
functions (5′- and 3′-UTRs) hints that RNA G4s
exist to regulate RNA metabolism. Below, we
discuss proposed biological functions of RNA
G4s, and it should be noted that many of these
functions are based on in vitro studies and the
usage of G4-specific ligands.

Role of G4s in mRNA transcription
and processing

The initial finding that up to 50% of human genes
may contain pG4s in their promoter regions sug-
gested a role for G4s in regulating gene expression.
After the first evidence that promoter-associated
G4s in the oncogene c-MYC affect transcription
in vivo [41,43,119], genome-wide studies in yeast
and human cells identified transcriptional changes
in numerous pG4-containing genes upon treatment
with the G4-specific ligand TMPyP4 [120,121].
During transcription, the newly synthesized RNA

can base pair with the complimentary template DNA
strand to form a RNA:DNA hybrid. Together with
displaced single-stranded DNA, this RNA:DNA hybrid
forms a structure known as an R-loop (Fig. 3A). When
sequences involved in R-loop formation contain
two or more neighboring guanines, they can poten-
tially fold into an intermolecular RNA:DNA G4
(Fig. 3B). Formation of such hybrid G4 requires as
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Fig. 2. Possible mechanisms of action underlying RNA G4 functions. (A) G4s act as specific binding sites for regulatory
or structural proteins. (B) G4s act as barriers or kinetic traps for movement of proteins or protein machines along RNA.
(C) G4s regulate the formation of alternative secondary structures on RNA, recognized by different proteins. Arrows
indicate possible bidirectional shift of equilibrium between G4 and hairpin conformation. (D) Examples of proposed
G4-specific binding proteins.
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Table 1. An overview of reported RBPs that interact with RNA-G4s  

Protein Implicated functions Reference 

Nucleolin Pull-down assay combined with the surface plasmon resonance (SPR) 

indicated that Nucleolin interacted with APRC2 RNA G4. Further 

study also indicated Nucleolin preferentially bind G4s with long 

loops. 

(von Hacht, Seifert et al. 2014) 

(Lago, Tosoni et al. 2017) 

SRSF1 SRSF1 was shown to specifically interact with APRC2 RNA G4, and 

it was expected to affect splicing. 

(von Hacht, Seifert et al. 2014) 

hnRNP A1 By using EMSA and CD spectra, hnRNPA1 was reported to interact 

with the RNA G4 via recognizing the loop bases.  

(Liu and Xu 2018) 

hnRNP H It was reported hnRNP H associated with G4 forming repeats and 

forms aggregates to disrupt splicing in ALS patients. 

(Conlon, Lu et al. 2016) 

Lin28 The N-methy mesoporphyrin IX (NMM) binding assay shown that 

Lin28 recognize RNA targets with G-quartet features and may 

function to remodel G4s. 

(O'Day, Le et al. 2015) 

FMRP It was shown the RGG Box in FMRP served as recognition domain to 

interact with RNA G quartet elements, which were expect to regulate 

the RNA translation. 

(Darnell, Jensen et al. 2001) 

CNBP The CCHC-type zinc finger nucleic acid-binding protein (CNBP) was 

shown to interact with RNA G4s by using PAR-CLIP assay. Further 

in vitro studies indicated it prevented the G4 formation and promote 

the translation of mRNAs. 

(Benhalevy, Gupta et al. 2017) 

TRF2 Using ELISA immobilization assay, the G4 structure in the telomeric 

repeat-containing RNA (TERRA) was shown to be necessary for the 

TRF2 recognition and the association to the telomere. 

(Biffi, Tannahill et al. 2012) 

TLS The EMSA assay indicated that TLS protein interacted with both 

DNA telomere and TERRA through the RGG domain. 

(Takahama, Takada et al. 

2013) 

AFF The AFF protein families including AFF2/FMR2, AFF3/LAF4 and 

AFF4/AF5q31 were reported to modulate the splicing via the 

interaction with the RNA-G4s 

(Melko, Douguet et al. 2011) 
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Chapter 2 

Conjunction of potential G-quadruplex and 

adjacent cis-elements in the 5' UTR of hepatocyte 

nuclear factor 4-alpha strongly inhibit protein 

expression 
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Chapter 2 Conjunction of potential G-quadruplex and adjacent cis-elements in the 5' UTR of 

hepatocyte nuclear factor 4-alpha strongly inhibit protein expression 

2.1 Abstract 

Hepatocyte nuclear factor 4-alpha (HNF4α) is a well-established master regulator of liver 

development and function. We identified the in vitro presence of a stable secondary structure, 

G-quadruplex (G4) in the 5' UTR of P1-HNF4A, the predominant HNF4α isoform in adult liver. Our 

data suggest that the cooperation of G4 and the adjacent putative protein-binding sites within the 5` 

UTR was necessary and sufficient to mediate a strong translational repression. This was supported by 

analysis of deleted/mutated 5`UTRs and two native regulatory single-nucleotide polymorphisms in the 

5`UTR. Additional results indicated that G4 motifs in the 5' UTRs of other liver-enriched transcription 

factors also inhibited protein expression. Moreover, pyridostatin, a G4 ligand, specifically potentiated 

the translational suppressing effect of P1-HNF4A-5` UTR. In summary, the present study provides the 

first evidence of the presence of G4 in human P1-HNF4A-5' UTR in vitro, and establishes a novel 

working model of strong inhibition of protein translation via interactions of G4 with potential 

RNA-binding proteins (RBPs). The protein expression of the tumor suppressor HNF4α may be 

inhibited by interactions of RBPs with the G4 motif in the 5' UTR to promote cell proliferation during 

liver development and carcinogenesis. 
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2.2 Introduction 

Hepatocyte nuclear factor 4α (HNF4α) is a liver-enriched master regulator of liver development 

and differentiation (Lu 2016). HNF4α is essential for hepatocyte differentiation in fetuses (Li, Ning et 

al. 2000, Kyrmizi, Hatzis et al. 2006) and maintenance of liver function in adults (Hayhurst, Lee et al. 

2001, Gonzalez 2008, Hwang-Verslues and Sladek 2010). Hepatic expression and/or activity of 

HNF4α are decreased markedly in severe cirrhotic livers, alcoholic liver disease, tumor necrosis 

factor-α-induced hepatotoxicity, and hepatoma progression (Berasain, Herrero et al. 2003, Lazarevich, 

Cheremnova et al. 2004, Zhou, Kang et al. 2007, Kang, Zhong et al. 2009). HNF4α is down-regulated 

at protein levels during liver carcinogenesis in rats (Flodby, Liao et al. 1995). Hepatocellular 

carcinoma (HCC) is a primary malignancy accounting for 90% of liver cancers, the 3rd leading cause of 

death from cancer worldwide (Wang, Zhang et al. 2013). Tumor development and cirrhosis 

cooperatively cause the destruction of the liver function, which directly results in death since liver is 

vital for survival. In this regard, an ideal treatment for HCC should not only suppress the progression 

of tumor cells but also improve the liver function. Interestingly, over-expression of HNF4α markedly 

inhibits liver carcinogenesis and liver fibrosis (Yin, Lin et al. 2008, Ning, Ding et al. 2010, Yue, Yin et 

al. 2010). Thus, down-regulation of HNF4α is a major contributing factor to cirrhosis and liver cancer, 

whereas restoration of HNF4α can inhibit the development of the liver cancer and improve liver 

function simultaneously.  

Like many important oncogenes and tumor-suppressors, HNF4α is an orphan nuclear receptor 

that lacks well-defined ligand; how to modulate these “undruggable” oncogenes and tumor-suppressors 
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to treat cancer is a huge challenge. In view of the difficulty to directly modulate the protein activity, an 

alternative approach is to regulate their expression levels. The HNF4A gene uses two separate 

promoters P1 and P2, which encode overall 9 transcription isoforms (A1-A9) via alternative splicing. 

Products driven by the P1 promoter (A1-A3) are predominantly expressed in adult liver, whereas the 

P2 (A7-A9) products are prevalent in fetal liver and liver cancer (Lazarevich, Shavochkina et al. 2010). 

Down-regulation of P1-HNF4α is a hallmark of HCC occurrence, during which P2-HNF4α are 

aberrantly elevated (Tanaka, Jiang et al. 2006, Chellappa, Robertson et al. 2012). The 5' UTR of 

mRNAs play a key role in regulating the translation of proteins. We found that the 5`UTRs of several 

P1-HNF4α isoforms (HNF4α1-3), but not the P2-HNF4α is highly G-C enriched and predicted to form 

complex secondary structures that are composed of the G-quadruplex (G4) and the stem-loop.  

G4s consist of stacked planar of G-tetrads stabilized by hydrogen bonds via the Hoogsteen faces 

of the guanine residues. Compared to the double-stranded DNA, in vitro, many G4-DNA structures are 

thermodynamically more stable and their unfolding kinetics are much slower (Lane, Chaires et al. 

2008). Recent studies demonstrate important roles of G4s in the regulation of DNA replication, gene 

expression, and telomere regulation (Rawal, Kummarasetti et al. 2006, Rhodes and Lipps 2015). For 

example, G4s are found within the promoter regions and have been implicated to play important roles 

in modulating the transcription of many oncogenes such as c-Myc, Bcl-2, and c-KIT (Siddiqui-Jain, 

Grand et al. 2002, Da Ros, Zorzan et al. 2014, Sun, Xiang et al. 2014). However, studies of RNA-G4s 

are limited. Compared to DNA-G4s, RNA-G4s are thermodynamically more stable and easier to be 

formed because RNAs are usually single-stranded (Sacca, Lacroix et al. 2005, Joachimi, Benz et al. 
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2009, Bugaut and Balasubramanian 2012). RNA-G4s are mainly localized within the 5` and 3` UTRs 

of messenger RNAs. G4 structures act as specific elements to regulate mRNA splicing, transcription 

termination, and translation (Huppert, Bugaut et al. 2008, Millevoi, Moine et al. 2012). In most cases, 

G4s suppress gene expression when localized within the 5` UTR (Halder, Wieland et al. 2009). Such 

inhibitory effect can be explained by the blockage of the scanning stage during the translation initiation 

due to the stable complex secondary structures of G4s. The first example of translational repression by 

an RNA G4 located within the 5`UTR is the neuroblastoma RAS viral oncogene homolog (NRAS) 

(Kumari, Bugaut et al. 2007). Subsequent studies further demonstrate that the translation of oncogenes 

telomeric repeat binding factor 2 (TRF2) and matrix metallopeptidase 16 (MT3-MMP) are also 

suppressed by the G4 motifs within their 5` UTRs (Morris and Basu 2009, Gomez, Guedin et al. 2010).  

To date, the existence and importance of G4s in the 5' UTRs of tumor suppressors have not been 

reported yet. The aim of this study was to characterize the putative G4 motifs that we discovered in the 

P1-HNF4A 5`UTR. We used multiple approaches to identify the presence of G4s within the 5` UTR. 

Moreover, via sequential deletion/mutation analysis of the luciferase reporters for the 5' UTR, we 

found that the strong inhibitory effect requires the cooperation of G4 with the adjacent potential 

protein-binding sites to suppress the protein expression.  
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2.3 Result 

2.3.1 P1-HNF4A 5` UTRs markedly repress the reporter activity of luciferase and the protein 

expression of HNF4α1 

The previous primer extension assay has identified an 89-nt long 5`UTR for P1-HNF4A 

(Hatzis and Talianidis 2001). According to the analysis of QGRS, a software that is extensively 

applied for the prediction of G4s (Kikin, D'Antonio et al. 2006, Frees, Menendez et al. 2014), this 

5`UTR contains multiple successive “GGG” sets that allow itself to fold into different 

three-ring-G4s (3 layers of the G-tetrads). Thus, the highly structured P1-HNF4A 5' UTR has a 

great possibility to suppress the protein expression. To validate this hypothesis, we generated 

reporter vectors for the wild-type and mutant (UTR_9G_Mut) P1-HNF4A 5` UTR in which the 

potential formation of the three-ring-G4 was completely disrupted by replacing nine critical 

guanines with thymines. Results of dual-luciferase assay showed that the wild type 5` UTR 

markedly reduced luciferase activity by 78%, whereas the G4-mutant 5` UTR had no suppressing 

effect (Fig.2-1A). Real-time PCR results showed that all three reporter vectors produced 

comparable levels of mRNA, indicating that the transcription is unaffected by the 5' UTR 

(Fig.2-1A). Taken together, our data clearly demonstrate that the 5` UTR of P1-HNF4A 

dramatically represses the reporter activity, likely due to the G4-mediated inhibition of protein 

translation.  

To determine the effect of the P1-HNF4A 5` UTR on HNF4α protein expression, we 

transfected expression vectors for HNF4A1 cDNA with/without the 5' UTR into HEK293 cells, 
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which has no endogenous HNF4α. Results of western blot showed that the 5' UTR decreased 

HNF4α protein expression by 76% (Fig.2-1B & 2-1C). In contrast, the 5' UTR had no suppressing 

effect on the expression of HNF4A1 mRNA (Fig.2-1C).  

To elucidate the biological significance of the inhibition of P1-HNF4α protein expression by 

its 5' UTR, we determined the effect of the 5' UTR on HNF4α-mediated activation of the promoter 

of miR-194, a known HNF4α-target gene (Lu, Lei et al. 2017) (Fig.2-1D). Compared to the basal 

activity of miR-194, 1, 3, and 10 ng pcDNA3-HNF4A1-cDNA (without UTR) increased the 

reporter signal of by 4.2, 13, and 27 fold, respectively. Meanwhile, equal amounts of 

pcDNA3-HNF4A1-5`UTR (with UTR) only activate the miR-194 by 1.6, 5.2, and 16.8 fold, 

accordingly (Fig.2-1D). Thus, P1-HNF4A 5`UTR plays a key role in limiting the protein 

expression and biological activities of HNF4α.  

2.3.2 Structure-activity relationship (SAR) studies of P1-HNF4A 5`UTR reveal the importance of the 

cooperation of the G4 with the potential protein-binding sites 

The entire P1-HNF4A 5`UTR has the potential to form 3-ring-G4 structures in distinct 

conformations by using the various “GGG” sets within Nt1-32 (Fig.2-2A). In addition, the 

formation of a stem-loop in Nt33-82 is predicted by RNAfold, a web-based software for analysis 

of RNA secondary structures (Gruber, Lorenz et al. 2008). To determine the role of these 

structures, we constructed a set of reporter vectors by inserting the G4- and the 

stem-loop-containing motifs into the pGL3T7 backbone, a modified backbone based on 

pGL3-promoter (Promega) that contains a T7 promoter to drive the 
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in-vitro-transcription/translation. Surprisingly, DelA (96% < control), the G4 forming motif, 

solely caused an inhibitory effect that was slightly stronger than the full-length 5`UTR (91% < 

control) (Fig.2-2B). In contrast, DelA_M7, a DelA mutant that loses the 3-ring-G4 motif, had no 

inhibitory effect (Fig.2-2B). Real-time PCR analysis showed no difference in luciferase mRNAs, 

indicating that the substantial inhibitory effect of DelA was on protein translation (Fig.2-2B). In 

contrast, DelB, the predicted stem-loop, had a stimulating effect (52% > control) on the reporter 

activity (Fig.2-2C), which might be the cause of the slightly weaker inhibitory activity of the 

full-length 5`UTR than DelA. These data together indicate the predominant role of the upstream 

G4-forming motif (Nt1-32), namely DelA, in repressing protein translation.  

Nt1-32 overall contains 5 sets of GGG, which allows the formation of the G4 in multiple 

possibilities. Thus, it is critical to determine the major conformation of G4 in Nt1-32 that causes 

the extremely strong inhibitory effect. We firstly tested DelC (Nt14-32, 70% < control) because it 

might be more stable than its peers due to its shortest side chains. Interestingly, DelC had much 

weaker inhibitory effect than DelA (Fig.2-2C), indicating that the G4 formed in DelC alone is 

insufficient to induce a comparable inhibitory effect as DelA. We screened Nt1-32 for potential 

protein-binding sites with a web server RBPmap (Paz, Kosti et al. 2014). We found multiple 

motifs for recruiting RNA-binding proteins (RBPs), which include heterogeneous nuclear 

ribonucleoprotein H1/H2 (HNRNP H1/H2), HNRNP F, HNRNP A2, serine/arginine-rich splicing 

factor 1 (SRSF1), SRSF2, and SRSF9. Thus, we created different mutations on the G4-forming 

regions and the predicted RBP-binding sites to further investigate the SAR of the 5`UTR. 
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We first created reporter vectors by individually deleting/mutating 5 sets of GGG in DelA 

(DelA_M1-M6, Fig.2-2A and Table.S2-1). In HepG2 cells (human hepatocellular carcinoma cell 

lin), all constructs showed markedly diminished inhibitory effects: only DelA_M1 maintained a 

weak inhibitory effect (37% < control), whereas DelA_M2, DelA_M3, DelA_M4, DelA_M5, and 

DelA_M6 completely lost inhibitory effects (Fig.2-2D). This suggests a less important role of the 

4th GGG (Nt 25-27), mutated in DelA_M1, than other GGGs in the G4 formation. Thus, the 1st 

GGG (Nt1-3) might be used to form the G4 backbone.  

We then assessed the effect of mutation of putative RBP-binding sites (DelA_M8-10, 

Fig.2-2E) on translational suppression. Literature suggests that different RBPs may have distinct 

effects on G4 formation. Per RBPmap prediction, mutations DelA_M8/M9/M10 disrupt multiple 

predicted protein binding sites. Interestingly, DelA_M10 had partial loss of the inhibitory effect 

(61% < control) (Fig.2-2F). Strikingly, with all the intact GGGs for G4 structures, DelA_M8 (Nt4 

A/U) and DelA_M9 (Nt7 A/U) completely lost the inhibitory effect (Fig.2-2F). Thus, the strong 

inhibitory effect of DelA requires both G4 and the RBP-binding sites.  

Compared to living cells, the cell-free in vitro transcription/translation system from 

reticulocyte lysates has much lower concentration of K+ (communication with Promega), and thus 

the G4 formed in this in vitro system is chemically weaker than that in intact cells; however, a 

comparable inhibitory effect by P1-HNF4A 5`UTR was observed (Fig.2-2G). Additionally, by 

increasing the K+ concentration to 150mM that is same with the living cells, the inhibitory effect 

of P1-HNF4A 5`UTR was strengthened remarkably (Fig.S2-2). These data suggest that the 
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G4-unwinding capability of the in-vitro-translation system is much weaker than the living cells. 

Therefore, the in-vitro-translation system provides a special translational context that the G4 may 

become the predominant determining factor in the translational inhibition. As expected, all the 

tested G4-containing constructs had a strong inhibitory effect: UTR (83% < control), DelA (95% < 

control), DelC (81% < control), and DelA_M8 (76%< control) (Fig.2-2G). The loss of inhibitory 

effect in HepG2 cells (Fig.2-2F) but maintenance of strong inhibitory effect in the cell-free system 

(Fig.2-2G) by DelA_M8, a binding-site mutant, suggests that the G4 within P1-HNF4A 5`UTR is 

sufficient to cause structural barrier for the basic translational machinery, which nevertheless may 

be overcome by the G4-unwinding factors in the intact cells. In this case, the RBPs bound to the 

side chains might be indispensable for stabilizing the entire G4 and maintaining the strong 

suppressing effect of the 5' UTR. Some of the predicted RBPs, such as SRSF1 can shuttle the 

spliced mRNA between the nucleus and cytosol (Goncalves and Jordan 2015). DelA caused a 

strong inhibition without affecting the cytosolic levels of mRNA (Fig.2-2H), indicating that its 

inhibition of translation is not due to impaired nuclear export of mRNA. 

2.3.3 Protoporphyrin-IX (PPIX)-binding assay and circular dichroism (CD) spectrum further confirm 

the presence of the G4 in the 5`UTR RNA and deletion/mutation constructs. 

In order to verify that the G4 is formed in the P1-HNF4A 5' UTR, we performed 

PPIX-binding assay using biosynthesized RNA oligo of the 5`UTR. PPIX is a G4-specific 

fluorescent probe that specially recognizes parallel G4s (Li, Wang et al. 2010). Binding of PPIX to 

the top/bottom of the G4 remarkably increases the solubility and fluorescence signal of PPIX. As 
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expected, P1-HNF4A 5' UTR RNA had a strong positive peak at 640 nm in PPIX-binding-assay 

(Fig.2-3A), which is the typical signature of G4s (Li, Wang et al. 2010). This is a solid evidence of 

the in vitro presence of the G4 within the P1-HNF4A 5`UTR mRNA. Additionally, DelA and all 

its mutants (by using DNA oligos), except DelA_M4, had the similar G4 patterns (Fig.2-3B & 

2-3C). We also conducted CD spectrum to further confirm the results from PPIX binding assays. 

Likewise, all individual mutations of the G4 within DelA, except DelA_M4, showed a classical 

parallel G4 pattern with slightly varied peak heights in CD spectrum (Fig.2-3D). Moreover, the 

binding-site mutants DelA_M8, DelA_M9, and DelA_M10 displayed parallel G4 signatures 

similar to DelA (Fig. 2-3E). Thus, the 5`UTR and most of the deletion/mutation oligos are capable 

of forming G4 structure in vitro. Importantly, DelA_M4 is the only oligo that largely loses the G4 

pattern, indicating that the 5th GGG (Nt 29-31) is most critical for G4 conformation. We also 

measured the melting temperature (Tm) of several oligos to evaluate the changes of the G4 

stability caused by these deletion/mutations. In the presence of 5 mM K+, only DelA_M4/M5/M6, 

mutations in the 1st and 5th GGG, had prominent decreases of Tms (~10 °C). The rest of mutations 

in the G4 backbone and side chains did not chemically alter the G4 stability. This result further 

indicates the importance of the 1st and the 5th GGG for G4 conformation in DelA. 

2.3.4 Two regulatory single-nucleotide polymorphisms (rSNPs) within P1-HNF4A 5` UTR have 

decreased inhibitory effects on reporter activities 

By examining the NCBI dbSNP database (Sherry, Ward et al. 2001), We found two rSNPs in 

P1-HNF4A 5` UTR, namely rs546643401 (SNP1) and rs75356504 (SNP2) with single mutation at 
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the predicted RBP-binding site and the G4 backbone, respectively. DelA_SNP1/SNP2 and 

UTR_SNP1/SNP2 were generated to elucidate the effects of the 2 SNPs on DelA and the full 5' 

UTR (Fig.2-4A). As expected, DelA_SNP1 (50% < control) and UTR_SNP1 (42% < control) had 

only moderate inhibitory effects, whereas DelA_SNP2 and UTR_SNP2 completely lost the 

inhibitory effects (Fig.2-4B & 2-4C). In CD spectra, the RBP-binding-site-mutant DelA_SNP1 

maintained the G4 pattern, whereas the mutation of the 5th GGG in DelA_SNP2 largely abolished 

the G4 signature (Fig.2-4D).  

Pyridostatin (PDS) is a G4-specific ligand (Rodriguez, Muller et al. 2008). At 10 µM, PDS 

specifically decreased P1-HNF4A 5' UTR reporter activity by 45% (Fig.2-4E), and decreased the 

ability of pcDNA3-HNF4A-5`UTR to activate the miR-194 by 30% (Fig.2-4F). However, PDS 

treatment had no effect on the reporter activities of UTR_SNP1 and UTR_SNP2, indicating the 

resistance of the two SNPs to G4-stabilizing chemicals (Fig.2-4E). 

2.3.5 G4 motifs within HNF3β, CCAAT/enhancer binding protein β (C/EBPβ), and nuclear receptor 

corepressor 1 (NCOR1) 5`UTRs have strong inhibitory effects on luciferase reporter activities in 

HepG2 cells 

In addition to P1-HNF4A, we found strong inhibitory effects on the reporter activities by 

putative G4 motifs from 5`UTRs of several liver-enriched transcription factors (LETFs) including 

C/EBPβ (66% < control), NCOR1 (47% < control), and HNF3β (68% < control) (Fig.2-5A). 

Similar to the G4s within the P1-HNF4A 5' UTR, the G4 motif within the HNF3B 5' UTR had no 
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effect on the mRNA expression of the reporter gene (Fig.2-5B). All inserted sequence is listed in 

Table.S2-1. 

2.4 Discussion 

In the current study, we used multiple approaches to validate the in vitro presence of G4 in the 5’ 

UTR of human P1-HNF4A, a well-established tumor suppressor and master regulator of liver 

development and function. Data from multiple experiments strongly support a novel working model 

that the tight conjunction of RBP-binding sites and the adjacent G4 within P1-HNF4A 5`UTR is both 

necessary and sufficient to exert a very strong inhibitory effect on the protein expression of P1-HNF4α. 

PDS, a G4-stabilizing ligand, can further specifically potentiate the translational suppressing effect of 

P1-HNF4A 5` UTR. Furthermore, we identified two rSNPs within P1-HNF4A 5`UTR that have 

partial/complete loss of the suppressing effect and are resistant to PDS.  

Overall, the SAR study of P1-HNF4A 5` UTR proves that the major motif that causes the strong 

translational repression is Nt1-32, where both G4 and the potential RBP-binding sites are required to 

maintain the inhibitory effect (Fig. 2-2). Our SAR data suggest that the composition of the G4 within 

the 5' UTR is as follows:  1) the 5th GGG (Nt29-31) is most critical in maintaining the G4 with strong 

inhibitory effect. Disruption of this GGG (DelA_M4 and DelA_SNP2) causes a complete loss of the 

inhibitory effect (Fig. 2-2D & 2-4B) and a largely diminished G4 signature (Fig. 2-3B, 2-3D, 2-4D); 2) 

the 1st (Nt1-3), 2nd (Nt14-16), and 3rd (Nt18-20) GGG weigh comparably as their corresponding 

mutations completely abolishes the suppressing effect (Fig.2-2D). However, these three GGG sets 

appear less critical than the 5th GGG in the formation of G4 in vitro since the G4 signature is still 
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maintained, suggesting that an alternative G4 can still be formed with the remaining GGG sets (Fig. 

2-3B & 2-3D); 3) The 4th GGG (Nt25-27) is the least important and likely, it is not used to form the 

major G4 backbone because the corresponding mutant (DelA_M1) still maintains a weak inhibitory 

effect (Fig.2-2D). The largely diminished inhibitory effect by DelA_M1 might be the consequence of 

the alteration in the RBP-binding sites. Therefore, we propose that the major conformation of G4 

within P1-HNF4A 5`UTR (Fig.2-6) is using the 1st, 2nd, 3rd and 5th GGG based upon all the above 

indications, as well as the following additional data and information: 1) The transcriptional event 

might favor the formation of G4 utilizing the 1st GGGs once they are transcribed; 2) DelA_M5 and 

DelA_M6, mutations in the 1st GGG have reduced Tm (55 °C & 53 °C) compared to DelA (65 °C), 

indicating that the alternative G4 formed without the 1st GGG is less stable; and 3) DelA_M8 and 

DelA_M9 completely lose the inhibitory effect (Fig. 2-2F). It is thus unlikely that the major G4 is 

formed by 2nd -5th GGG, as in such case DelA_M8 and DelA_M9 would not compromise either the 

backbone or the side chains of the G4. Thus, a more reasonable explanation is that the predominant G4 

is formed using the 1st GGG, so the potential RBP-binding sites (M8 and M9) in the G4 side chains can 

play critical roles in stabilizing the entire G4 structure when bound with RBPs (Fig.2-6). 

To date, the regulation of the G4 by RBPs is largely unknown, but may involve G4 stabilizers 

and destabilizers (Fay, Lyons et al. 2017). The formation of G4 is dynamic (Harkness and Mittermaier 

2017) and may be altered by the competition of distinct RBPs when bound to G4-forming motifs. 

Taken together, we establish a cooperative model for P1-HNF4A 5`UTR (Fig.2-6): the major G4 

formed within Nt1-32 has two long side-chains, which may recruit RBPs. This G4 conformation 
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allows the G4 to survive in vivo from competitive binding of G4-unwinding factors, and exert the 

translational suppressing effects. It is not a surprise that G4 can cooperate with RBPs to modulate the 

mRNA translation. One example is that the direct interaction of hnRNP A1 with the G4 within the 

5`UTR of RON/MTS1R (a tyrosine kinase receptor) mRNA activates the mRNA translation (Cammas, 

Lacroix-Triki et al. 2016). However, unlike the above co-regulatory model where the G4 and 

RBP-binding site are geographically separated (Cammas, Lacroix-Triki et al. 2016), the P1-HNF4A 5` 

UTR appears to have a tight conjunction of G4 with the RBP-binding sites. In addition, G4 is known to 

be stabilized via consolidating the side chains. For instance, the quadruplex-duplex hybrid is a well 

known stable conformation that contains the stem loop as the side chain of G4, which shows a high 

stability (Lim, Jenjaroenpun et al. 2015). Noteworthy, a recent study published in Science proposes 

that the RNA-G4s are globally unfolded within eukaryotic cells, potentially with the assistance of 

RBPs, which are largely comparable with our predicted side-chain-binders: hnRNP families (A1, A2, 

F/H, D0), SRSF1/2 and CBF-A (Guo and Bartel 2016). They speculate that in the G4-containing-5` 

UTR-mediated translational repression, RBPs may unfold the G4 structure and remain bound to the 5` 

UTR, which subsequently represses translation initiation. Our established model for P1-HNF4A 5` 

UTR agrees with this proposed scenario in that the G4 is prone to be unfolded in vivo and the predicted 

RBPs remain bound to the 5` UTR. However, we speculate that the final outcome of the G4 formation 

may be decided by the dominant binders (G4 stabilizer or destabilizer), and the binding loci (side 

chains or backbone). The present study does not provide definitive evidence of G4 formation in vivo. 

To date, the detection of G4 in vivo is very limited. The reverse transcriptase stalling caused by G4s 
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has been used to detect G4 formation (Guo and Bartel 2016). However, a previous primer extension 

assay, which was conducted to determine the length of the 5`UTR, indicates that the P1-HNF4A 

5`UTR is unable to terminate the reverse transcription (Hatzis and Talianidis 2001). Although it was 

reported that the stalling of the reverse-transcription by many G4s are K+ dependent (Guo and Bartel 

2016), our additional data demonstrated that the P1-HNF4A 5`UTR did not cease the reverse 

transcription even under the physiological concentration of K+ (150mM) (Fig.S2-1). Thus, this method 

may not be feasible to determine the presence of G4 in P1-HNF4A 5`UTR in vivo. Nevertheless, our 

data that the G4 ligand PDS specifically potentiated the translational inhibitory effects of P1-HNF4A 

5` UTR (Fig.2-4E & 2-4F) provide a direct support that the RNA-G4 is most likely formed within 

P1-HNF4A 5` UTR in cells; in this case, binding of PDS to the G4 shifts the in vivo dynamic 

equilibrium of G4 folding-unfolding toward folding, and those RBPs bound to the G4 within the 5' 

UTR mainly stabilize the entire G4 structure (Fig.2-6).  

The present study discovers two rSNPs, rs546643401 and rs75356504, within P1-HNF4A 5'UTR 

that may act as protective SNPs to reduce the individual susceptibility to liver cancer and other liver 

diseases via up-regulating P1-HNF4α. In this regard, a single site-directed mutation in the 5' UTR of 

endogenous HNF4A gene may dramatically enhance the expression level of the P1-HNF4α protein. 

This may be explored as a novel therapy for liver cancer via gene editing. The recently developed 

CRISPR-Cas9 (Clustered regularly interspaced short palindromic repeats, CRISPR-associated protein 

9) system is an efficient and simplified tool for genome engineering (Cho, Kim et al. 2013, Mali, Yang 

et al. 2013, Ran, Hsu et al. 2013, Albitar, Rohani et al. 2017). A recent successful application of 
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CRISPR-Cas9 to correct genetic disorders in mouse hepatocyte has been reported (Yin, Xue et al. 

2014). Future study on the use of the CRISPR-Cas9 system to specifically enhance the protein 

expression of the "undruggable" P1-HNF4α to treat liver cancer is warranted.  

In addition to HNF4α, the tumor-suppressor p53 and a subset of LETFs also contain potential G4 

motifs in the 5’ UTR (Table.S2-2). The present study confirms the translational inhibitory effects of 

G4 motifs within the 5`UTRs of HNF3β, NCOR1, and C/EBPβ (Fig.2-5A) which all play critical roles 

in liver development and liver function. HNF3β is essential in liver development (Lee, Friedman et al. 

2005), and it functions as a tumor-suppressor in liver (Tang, Shu et al. 2011). C/EBPβ is 

down-regulated in human and mouse HCC, whereas its over-expression causes cell-cycle arrest in 

hepatoma cells (Buck, Turler et al. 1994, Wang, Majumder et al. 2009). NCOR1 is also reported to be 

down-regulated in HCC (Bhaskara, Knutson et al. 2010). Thus, all these LETFs function as 

tumor-suppressors in human liver cancer. The potential roles of G4 motifs and RBPs in regulating the 

protein expression of these tumor-suppressors warrant further investigation.  

Currently, how to improve the specificity of G4-interacting chemicals is a bottleneck in the 

development of novel anticancer drugs by stabilizing the G4 located within the promoter and 5`UTRs 

of oncogenes and the telomere (Balasubramanian, Hurley et al. 2011). Some of these G4-stabilizing 

small molecules, particularly the porphyrin analogs, have relatively high toxicity toward normal cells 

(Rha, Izbicka et al. 2000). The present study, for the first time, reports the significance of G4 motifs in 

the 5`UTR of a key tumor suppressor, which uncovers a novel mechanism that G4-stabilizing 

compounds may cause cytotoxicity to normal cells: those compounds also target on the G4 motifs 
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within the 5' UTRs to inhibit the protein expression of certain master regulators of cellular physiology 

(such as HNF4α and other LETFs). The discovery of the presence of G4 in the P1-HNF4A 5`UTR and 

the inhibition of P1-HNF4α expression by the G4-specific ligand PDS may well promote the in-depth 

SAR studies of G4 and G4-interacting RBPs, particularly RBP–G4 RNA interaction interfaces 

(Cammas and Millevoi 2017) which may help develop paradigm-shift approaches for cancer therapy 

by inhibiting "undruggable" oncogenes and/or increasing the expression of "undruggable" 

tumor-suppressors via specific modulation of the G4 and G4-interacting RBPs.  

In conclusion, the present study provides the first evidence of the in vitro presence of G4 in the 5’ 

UTR of human P1-HNF4A. Multiple lines of evidence support our novel working model that the 

formation of a tight conjunction of G4 and the neighbouring cis-elements in the 5’ UTR plays the key 

role in mediating the strong inhibition of protein expression by human P1-HNF4A 5' UTR. Potential 

inhibition of protein expression of P1-HNF4α due to stabilization of G4 in the 5' UTR should be 

evaluated in the development of G4 ligands as anticancer drugs. Future in-depth SAR studies on the 

regulatory mechanisms of G4s by RBPs and the exploration of gene-editing technologies may greatly 

advance the basic research of gene regulation and the development of novel cancer therapies to target 

the "undruggable" oncogenes and tumor suppressors.  

2.5 Methods and Materials 

2.5.1  Plasmids construction 

The sense strand (SS, 5`-AGCTGGGAGGAGGCAGTGGGAGGGCGGAGGGCGGGGGCC 

TTCGGGGTGGGCGCCCAGGGTAGGGCAGGTGGCCGCGGCGTGGAGGCAGGGAGAC
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-3`) and the anti-sense strand (AS, 5`-CATGGTCTCCCTGCCTCCACGCCGCGGCCACCTG 

CCCTACCCTGGGCGCCCACCCCGAAGGCCCCCGCCCTCCGCCCTCCCACTGCCTCCTC

CC-3`) of HNF4A1 wild-type (WT) 89-nt 5` UTR (Hatzis and Talianidis 2001) were synthesized 

by Integrated DNA Technologies (IDT). Additional nucleotides marked in bold at the 5` and 3` 

terminals produce artificial HindIII and NcoI sites. The annealed 89-nt wild-type and mutant 

HNF4A1-5` UTR were cloned into the HindIII/NcoI sites of pGL3T7 vector, a modified backbone 

based on pGL3-promoter (Promega) that contains a T7 promoter to drive the 

in-vitro-transcription/translation. The inserted 5' UTRs were immediately upstream of the 

translation start site of the luciferase cDNA. The newly constructed vectors were named as 

pGL3T7-HNF4A1-5`UTR. All other reporter vectors for SNPs and deleted/mutated fragments 

were constructed by the same method. The sequence information of all deletion/mutation 

constructs is provided in Table.S2-1. To create the P1-HNF4α expression vector with 5` UTR, we 

inserted the annealed 5` UTR into the backbone of pcDNA3-HNF4A1-cDNA (a gift from Dr. 

Todd Leff) (Taylor, Haubenwallner et al. 1996). The newly created construct was named as 

pcDNA3-HNF4A1-5`UTR. All the constructed expression and reporter vectors were verified by 

sequencing. 

2.5.2 Transient transfection and dual-luciferase assay 

HEK293 and HepG2 cells were cultured with MEM medium (Corning) supplemented with 10% 

fetal calf serum. Twenty-four hours after seeding, transfection was conducted using Lipofectamine 

3000 (Invitrogen), following the manufacturer's protocol. In the 96-well-plate, each well were 
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transfected with firefly luciferase vectors, the control renilla luciferase vector pRL-CMV, and/or 

the HNF4α1 expression vector. Twenty-four hours after transfection, cells were harvested for 

dual-luciferase assay using Dual-Glo™ luciferase assay system (Promega) and GloMax 

Luminometer (Promega), following the manufacturer’s protocol. The ratios of firefly/renilla 

luciferase activities were calculated as the normalized reporter activity, with the control values set 

at 1.0. For treatment of the G4-specific ligand, pyridostatin (PDS, Sigma) in aqueous solution was 

added 18 h after transfection (Le, Di Antonio et al. 2015), and cells were harvested for 

dual-luciferase assay 6 h after PDS treatment.    

2.5.3 Western blot  

HEK293 cells in 6-well-plates were transfected with 500 ng HNF4α expression vectors and 150 

ng pcDNA3-eGFP. Whole cell lysates were prepared 24 h after transfection. Proteins in cell 

lysates were resolved in sodium dodecyl sulphate-polyacrylamide gel electrophoresis. Western 

blot quantification of HNF4α and EGFP was conducted with primary antibodies as follows: 

anti-HNF4α (H1415, PPMX) and anti-GFP (ab290, Abcam). Primary antibodies were revealed 

with HRP-conjugated secondary antibodies (Anti-mouse IgG, #7076; Anti-rabbit IgG, #7074, Cell 

Signaling) and ECL Western Blotting Substrate (W1015, Promega). ChemiDocTM XRS+System 

(Bio-Rad) and Image-J software were used for band capturing and density analysis.  

2.5.4 Real-time PCR  

Total RNAs from transfected cells in 6-well-plate were isolated by RNA-STAT60 (Tel-Test) and 

quantified by Qubit RNA assay kit and Qubit 2.0 fluorometer (Life technology). One µg of RNA 
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was reverse transcribed using the High-Capacity RNA-to-cDNATM Kit (Applied Biosystems®, life 

technologies) for cDNA synthesis, following the manufacturer's instructions. iQ™ SYBR® Green 

Supermix (Bio-Rad) was applied to quantify mRNAs using MyiQ2™ Two-Color Real-Time PCR 

Detection System (Bio-Rad). The amounts of mRNA were calculated using the comparative CT 

method, which determines the amount of target gene normalized to an introduced control (e.g. 

EGFP or renilla luciferase). The sequences of real-time PCR primers (synthesized by IDT) were 

listed in Table.S2-3. 

2.5.5 PPIX-binding assay 

DNA/RNA fragments (2 µM in TE buffer) were heated at 88°C for 4 min and then cooled down to 

room temperature. An equal volume of PPIX solution (2 µM) coupled with 200 mM KCl in TE 

buffer was then mixed with DNA/RNA oligos (the final concentration of DNA/RNA-PPIX 

complex is 1 µM in 100 mM K+). The resultant mixtures were incubated in the dark for 2 h at 

room temperature, followed by the fluorescence scanning using synergy micro-plate reader 

(BioTek). The Ex wavelength was fixed at 410 nm and the Em wavelength varied from 550 to 700 

nm.  

2.5.6 CD Spectrum 

All DNA oligos (4 µM) were dissolved in Buffer A (5 mM Tris-HCl, pH 7.5, 100 mM KCl) for 

wavelength scanning and Buffer B (5 mM Tris-HCl, pH 7.5, 5 mM KCl) for melting temperature 

(Tm) determination. The DNA solution was heated at 90 °C x 10 min and gradually cooled down 

to 25 °C in 40 min. All data were collected by Aviv Model 410 CD spectrometer (Aviv 
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Biomedical). The CD spectra of oligos were scanned from 220 to 320 nm at 25°C. To determine 

the Tm of G4s, temperature-dependent (25°C-88°C) changes in the CD of oligos were monitored 

at 260 nm. Each measurement of DNA oligo uses its corresponding buffer as the background, 

which was subtracted in the final data analysis.   

2.5.7 In vitro transcription and translation  

Two µg plasmid of pGL3T7-HNF4A1-5`UTR was linearized by NcoI digestion and isolated by 

Gene Jet Extraction and DNA Clean-up Kit (Fisher) for in vitro transcription using MEGA script 

T7 kit (Ambion). The synthesized transcript was isolated by RNA-STAT60 (Tel-Test) and 

quantified by Qubit RNA assay kit and Qubit 2.0 fluorometer (Life technology). TNT® Quick 

Coupled Transcription/Translation System (Promega) was used for in vitro translation. Briefly, 

template plasmids (125 ng firefly luciferase vectors coupled with 125 ng pRL-CMV) were mixed 

with TNT® T7 Quick Master Mix and methionine (25 µM). The whole mixture was incubated at 

30°C for 90 min, after which 1 µl reaction products were used for dual-luciferase assay. 

2.6 Statistical analysis 

All values were expressed as mean ± S.D. For comparison of two groups, the two-tailed student’s t-test 

was used to determine the statistical difference, which was set at p < 0.05. For multiple comparisons, 

analysis of variance (ANOVA) was performed, followed by the Student-Newman-Keuls Method in 

SigmaPlot 12.5, with significance set at p < 0.05.   

2.7 Figures and legends 
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Figure 2-1. Effects of P1-HNF4A 5`UTR on luciferase activities and protein expression. (A) 

Quantification of the reporter activities and mRNAs of luciferase genes in HEK293 cells that were 

transiently transfected with the pRL-CMV control vector and luciferase reporter vectors for the wild-type 

and 9G-mutant human P1-HNF4A 5' UTRs. (B) Western blot of over-expressed HNF4α1. HNF4α1 

expression vectors with/without 5`UTR and an EGFP expression vector were co-transfected into HEK293 

cells. N=3, mean ± SD.  (C) Density analysis of Western blot and real-time PCR quantification of mRNA 

of HNF4α1 with/without 5`UTR.  Both band density and mRNA expression of HNF4α1 were normalized 

to that of EGFP. (D) Dual-luciferase assay of effects of different HNF4α1 expression vectors on the 

activation of human miR-194 promoter in HEK293 cells. HEK293 cells in 96-well plate were 

co-transfected with miR-194 reporter vector, pRL-CMV vector, as well as 1, 3, and 10 ng HNF4α1 

expression vectors. Y-axis represents normalized reporter activities. N=4, mean ± SD. * p < 0.05 versus 

control group; † p < 0.05 versus the corresponding 5`UTR(-) group. 
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Figure 2-2. Structure-activity-relationship (SAR) studies on the role of human P1-HNF4A 5' UTR in 

the inhibition of protein expression of luciferase reporter gene in human hepatoma HepG2 cells. (A) 

& (E) Sequences and schematic structures of the full-length and deletion/mutation fragments of P1-HNF4A 

5`UTR. (B) Luciferase reporter activities and mRNA levels of P1-HNF4A 5`UTR, DelA, and DelA_M7. 

(C) Dual-luciferase assay for DelA, DelB, and DelC. (D) & (F) Dual luciferase assay for the 

deletion/mutation reporter constructs for DelA. (G) Effects of deletion/mutation fragments of human 

P1-HNF4A 5' UTR on the luciferase reporter activities in the in vitro transcription/translation system. (H) 

Luciferase reporter activities and mRNA levels of DelA and DelA_M9 extracted from the cytosolic 

fraction of transfected cells. HepG2 cells were co-transfected with pGL3T7 firefly luciferase reporter 

vectors for deletion/mutation of P1-HNF4A 5' UTR and the pRL-CMV control vector. N=4, mean ± SD. * 

p <0.05 versus pGL3T7 control. N=3, mean ± SD. * p < 0.05 versus the pGL3T7 control.  
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Figure 2-3. Characterization of the G-quadruplex within the constructed DNA oligos and P1-HNF4A 

5`UTR RNA by PPIX-binding assay and CD spectra. (A) PPIX-binding assay of DelA, DelC, and the 

biosynthesized 89-nt P1-HNF4A 5`UTR RNA. (B) & (C) PPIX-binding assay of DNA oligos of all the 

mutant constructs of DelA. Controls in the PPIX-binding assay: 1 µM PPIX dissolved in 1X TE 

supplemented with 100 mM K+. (D) & (E) CD spectra of DNA oligos of DelA and all its mutants. The 

buffer for CD spectra is 5 mM Tris-HCl supplemented with 100 mM K+. 
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Figure 2-4. The study of two SNPs that disrupt G4 structures. (A) Sequences and schematic structures 

of P1-HNF4A 5`UTR (UTR) and DelA that contains SNP1 and SNP2. (B & C) Dual-luciferase assay of 

reporters for SNP1 and SNP2 of P1-HNF4A 5`UTR (UTR) and DelA. * p < 0.05 versus pGL3T7 control. 

(D) CD spectra of DNA oligos of DelA, DelA_SNP1 and DelA_SNP2 (E) Effects of PDS treatment on the 

activities of luciferase reporters for wildtype (WT), SNP1, and SNP2 of P1-HNF4A 5`UTR (UTR_WT). 
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N=4, mean ± SD. (F) Effects of PDS treatment on the activation of miR-194 reporter by 

pcDNA3-HNF4A1-5′UTR in HEK293 cells. N = 4, mean ± SD. * p < 0.05 versus vehicle control. 

 

 

 

Figure 2-5.  The translational suppression potentially induced by G4 in the 5`UTR of other TFs (A) 

Regulation of luciferase reporter activities by G-quadruplex motifs from the 5' UTRs of transcription 

factors in HepG2 cells. (B) Luciferase activities and mRNA levels of luciferase reporters for the G4 motif 

from the 5' UTR of HNF3B. N=3, mean ± SD. * p < 0.05 versus the corresponding pGL3T7 control.  
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Figure 2-6. The hypothetical model of G-quadruplex (G4) formed in the human P1-HNF4A 5`UTR. 

The bolded black arrows indicate the orientation of the 5`UTR. The guanines (Gs) in black constitute the 

G4 backbone. The two long side chains with the GGAGG motif can recruit RNA-binding proteins (RBPs). 

The major predicted binding factors by RBPmap are as follows: HNRNPs (A1, A2B1, F, H1 and H2), 

RBM4 & 5, and SRSF1, 2 & 9. In the absence of those RBPs, the entire G4 is prone to be resolved by 

G4-unwinding factors. Conversely, attachment of certain RBPs stabilizes the G4 within the 5`UTR, and 

consequently causes a strong translational repression. 
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2.8 Supplemental materials 

Table S2-1. Sequence of deletion/mutation reporter constructs for P1-HNF4A 5`UTR	

Constructs  Sequence  

UTR_WT GGGAGGAGGCAGTGGGAGGGCGGAGGGCGGGGGCCTTCGGGGTGGGC

GCCCAGGGTAGGGCAGGTGGCCGCGGCGTGGAGGCAGGGAGA 

UTR_9G_Mut GGGAGGAGGCAGTGTGAGTGCGGAGTGCGGTGGCCTTCGTGGTGTGCGC

CCAGTGTAGTGCAGGTGGCCGCGGCGTGGAGGCAGTGAGA 

UTR_SNP1 GGGAGGAAGCAGTGGGAGGGCGGAGGGCGGGGGCCTTCGGGGTGGGC

GCCCAGGGTAGGGCAGGTGGCCGCGGCGTGGAGGCAGGGAGA 

UTR_SNP2 GGGAGGAGGCAGTGGGAGGGCGGAGGGCAGGGGCCTTCGGGGTGGGC

GCCCAGGGTAGGGCAGGTGGCCGCGGCGTGGAGGCAGGGAGA 

DelA GGGAGGAGGCAGTGGGAGGGCGGAGGGCGGGG 

DelA_M1 GGGAGGAGGCAGTGGGAGGGCGGAGAGCGGGG 

DelA_M2 GGGAGGAGGCAGTGAGAGGGCGGAGGGCGGGG 

DelA_M3 GGGAGGAGGCAGTGGGAGAGCGGAGGGCGGGG 

DelA_M4 GGGAGGAGGCAGTGGGAGGGCGGAGGGCGAAG 

DelA_M5 GGTAGGAGGCAGTGGGAGGGCGGAGGGCGGGG 

DelA_M6 GGCAGGAGGCAGTGGGAGGGCGGAGGGCGGGG 

DelA_M7 GGGAGGAGGCAGTGGGAGAGCGGAGAGCGGGG 

DelA_M8 GGGTGGAGGCAGTGGGAGGGCGGAGGGCGGGG 

DelA_M9 GGGAGGTGGCAGTGGGAGGGCGGAGGGCGGGG 

DelA_M10 GGGAGGAGGCAGTGGGAGGGCGGTGGGCGGGG 

DelA_SNP1 GGGAGGAAGCAGTGGGAGGGCGGAGGGCGGGG 

DelA_SNP2 GGGAGGAGGCAGTGGGAGGGCGGAGGGCAGGG 

DelB GCCTTCGGGGTGGGCGCCCAGGGTAGGGCAGGTGGCCGCGGCGTGGAGG

CAGGGAGA 

DelC GGGAGGGCGGAGGGCGGGG 

C/EBPβ GGGCGGGGGTGGGCAGGG 

HNF3β GGGTGGGGGTGGGGGG 

NCOR1 GGGCTGGGGGGAGGGAGAGGG 
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Note: The bolded and underlined G (guanines) indicates the potential composition of the G4 structure. The 

shaded A & U (adenine & uracil) represent G/A and G/U mutations. 

 

Table S2-2. List of genes with putative 3-ring or 4-ring G-quadruplex (G4) motifs in their 5`UTR 

Gene Accession No./ 

Transcript ID 

5`UTR 

length 

G4 

position 

G4 

Length 

Quadruplex forming G-Rich 

Sequence(QGRS) 

G 

Score 

HNF1α NM_001306179.1 202 2 32 GGGCCCTGATTCACGGGCCG

CTGGGGCCAGGG 

65 

HNF1α NM_001306179.1 202 36 45 GGGGGTTGGGGGTGCCCACA

GGGCTTGGCTAGTGGGGTTT

TGGGG 

91 

HNF3β NM_021784.4 185 47 37 GGGAGTGGAGCCCAGGGAGA

GGGAGCGCGAGAGAGGG 

64 

HNF3β NM_021784.4 185 127 16 GGGTGGGGGTGGGGGG 70 

C/EBP α NM_004364.4 125 52 26 GGGCGCGGGCGAGCAGGGTC

TCCGGG 

69 

C/EBP β NM_005194.3 451 20 18 GGGCGGGGGTGGGCAGGG 72 

C/EBP β NM_005194.3 451 268 28 GGGACTGGGAAGGGGACCCA

CCCGAGGG 

65 

HDAC3 NM_003883.3 66 6 43 GGGCTGGCGGCGGCCGCGGG

CGGCGGGCGGCGGAGGTGCG

GGG 

62 

NCOR1 NM_006311.3 269 3 21 GGGCTGGGGGGAGGGAGAGG

G 

72 

P53 NM_000546.5 203 86 44 GGGAGCAGGTAGCTGCTGGG

CTCCGGGGACACTTTGCGTT

CGGG 

63 

Note: The bolded and underlined G (guanines) indicates the potential composition of the G4 structure. 
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Table S2-3. List of primers for RT-PCR 

Primer name Sequence Accession number 

/Vector name 

Amplicon 

 length 

Fire_Luc_for CTGGAGAGCAACTGCATAAGG pGL3-promoter 142 bp 

Fire_Luc_rev CGTTTCATAGCTTCTGCCAAC pGL3-promoter  

Renilla_Luc_for TGTGCCACATATTGAGCCAGTA pRL-CMV 134 bp 

Renilla_Luc_rev GAAGTTCAAACCATGCAGTAAGA pRL-CMV  

eGFP_for ACATGAAGCAGCACGACTTCT pcDNA3-EGFP 227 bp 

eGFP_rev GATATAGACGTTGTGGCTGTTG pcDNA3-EGFP  

HNF4A_for GATCAGCACTCGAAGGTCAAG NM_178849.2 171 bp 

HNF4A_rev TCCTTCATGGACTCACACACA NM_178849.2  
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Figure. S2. Effect of potassium concentrations on the reverse transcription of P1-HNF4A-
5`UTR RNA 

  

 

 

 

 

 

 

 

 

 

Method 

Reverse Transcription and real-time-PCR determination of P1-HNF4A-5'UTR RNA 

HEK293 cells were seeded in 6-well-plate. Twenty-four hours after seeding, pcDNA3-HNF4A1-
5`UTR and pRL-CMV vectors were co-transfected into cells using lipofectamine 3000 
(Invitrogen), per manufacturer’s protocol. Twenty-four hours after transfection, total RNAs were 
isolated by RNA-STAT60 (Tel-test) and quantified by Qubit RNA assay kit and Qubit 2.0 
fluorometer (Life technology). Total RNAs (250 ng) were treated with RNAse-free DNAse and 
then reverse transcribed using SuperScriptTMIII reverse transcriptase (Invitrogen) with following 
conditions: 42°C, 75 mM KCl/150 mM KCl, 60 min. iQ™ SYBR® Green Supermix (Bio-Rad) 
was applied to quantify mRNAs using MyiQ2™ Two-Color Real-Time PCR Detection System 
(Bio-Rad). The amounts of mRNA were calculated using the comparative CT method, which 
determines the amounts of P1-HNF4A-5`UTR normalized to the renilla luciferase. The forward 
primer for P1-HNF4A-5`UTR targets the sequence immediately downstream of the 
transcriptional start site of pcDNA3, and the reverse primer for P1-HNF4A-5`UTR targets the 5' 
sequence of HNF4A1 cDNA.  All real-time PCR primers (synthesized by IDT) were listed in 
Supplemental Table 3.  

  

Figure S2. Effects of potassium 
concentrations on the reverse transcription 
of P1-HNF4A-5`UTR RNA. The reverse 
transcription of P1-HNF4A-5`UTR RNA 
was conducted with 75 mM and 150 mM 
KCl. Amounts of P1-HNF4A-5`UTR cDNA 
were quantified by real-time PCR and 
normalized to the co-transfected Renilla 
Luciferase. N=3, mean ± SD.   
 

 

 

 

 

 

 

 

Figure S2-1. Effects of potassium concentrations on the reverse transcription of P1-HNF4A-5`UTR 

RNA. The reverse transcription of P1-HNF4A-5`UTR RNA was conducted with 75 mM and 150 mM KCl. 

Amounts of P1-HNF4A-5`UTR cDNA were quantified by real-time PCR and normalized to the 

co-transfected renilla luciferase. N=3, mean ± SD.  

Method  

HEK293 cells were seeded in 6-well-plate. Twenty-four hours after seeding, pcDNA3-HNF4A1- 5`UTR 

and pRL-CMV vectors were co-transfected into cells using lipofectamine 3000 (Invitrogen), per 

manufacturer’s protocol. Twenty-four hours after transfection, total RNAs were isolated by RNA-STAT60 

(Tel-test) and quantified by Qubit RNA assay kit and Qubit 2.0 fluorometer (Life technology). Total RNAs 

(250 ng) were treated with RNAse-free DNAse and then reverse transcribed using SuperScriptTMIII 

reverse transcriptase (Invitrogen) with following conditions: 42°C, 75 mM KCl/150 mM KCl, 60 min. 

iQTM SYBR® Green Supermix (Bio-Rad) was applied to quantify mRNAs using MyiQ2TM Two-Color 

Real-Time PCR Detection System (Bio-Rad). The amounts of mRNA were calculated using the 

comparative CT method, which determines the amounts of P1-HNF4A-5`UTR normalized to the renilla 

luciferase. The forward primer for P1-HNF4A-5`UTR targets the sequence immediately downstream of the 

transcriptional start site of pcDNA3, and the reverse primer for P1-HNF4A-5`UTR targets the 5' sequence 

of HNF4A1 cDNA. All real-time PCR primers (synthesized by IDT) were listed in Table.S2-3.  
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Figure S2-2. Effect of potassium concentrations on the in vitro translation of pGL3T7-HNF4A- 

5`UTR. N=3, mean ± SD. * p < 0.05 versus pGL3T7 group. In the presence of 0, 5, and 150 mM 

exogenous K+, the P1-HNF4A-5'UTR caused 20%, 98.0%, and 99.6% inhibition of the luciferase reporter 

activities, respectively. These results suggest that the in-vitro-translation system has much weaker 

capability to unwind the G4 under a K+ concentration that is identical with the cellular condition (150 

mM).  

Method  

Two µg plasmid of pGL3T7-HNF4A-5`UTR was linearized by NcoI digestion and isolated by Gene Jet 

Extraction and DNA Clean-up Kit (Fisher) for in vitro transcription using MEGA script T7 kit (Ambion). 

The synthesized transcript was isolated by RNA-STAT60 (Tel-Test) and quantified by Qubit RNA assay 

kit and Qubit 2.0 fluorometer (Life technology). TNT® Quick Coupled Transcription/Translation System 

(Promega) was used for in vitro translation. Briefly, template plasmids (125 ng firefly luciferase vectors 

coupled with 125 ng pRL-CMV) were mixed with TNT® T7 Quick Master Mix and methionine (25 µM), 

with the addition of 0, 5, and 150 mM KCl (final concentration). The whole mixture was incubated at 30°C 

for 90 min, after which 1 µl reaction products were used for dual-luciferase assay.  

 

 

 

Figure. S3. Effect of potassium concentrations on the in vitro translation of pGL3T7-
HNF4A-5`UTR. 

 

 

 

 

 

   

 

 

 

 

Figure S3. Effect of potassium concentrations on the in vitro translation of pGL3T7-HNF4A-
5`UTR.  N=3, mean ± SD.  * p < 0.05 versus pGL3T7 group. In the presence of 0, 5, and 150 
mM exogenous K+, the P1-HNF4A-5'UTR caused 20%, 98.0%, and 99.6% inhibition of the 
luciferase reporter activities, respectively.  These results suggest that the in-vitro-translation 
system has much weaker capability to unwind the G4 under a K+ concentration that is identical 
with the cellular condition (150 mM). 

Method 

In vitro transcription and translation  
 
Two µg plasmid of pGL3T7-HNF4A-5`UTR was linearized by NcoI digestion and isolated by 
Gene Jet Extraction and DNA Clean-up Kit (Fisher) for in vitro transcription using MEGA script 
T7 kit (Ambion). The synthesized transcript was isolated by RNA-STAT60 (Tel-Test) and 
quantified by Qubit RNA assay kit and Qubit 2.0 fluorometer (Life technology). TNT® Quick 
Coupled Transcription/Translation System (Promega) was used for in vitro translation. Briefly, 
template plasmids (125 ng firefly luciferase vectors coupled with 125 ng pRL-CMV) were mixed 
with TNT® T7 Quick Master Mix and methionine (25 µM), with the addition of 0, 5, and 150 mM 
KCl (final concentration). The whole mixture was incubated at 30°C for 90 min, after which 1 µl 
reaction products were used for dual-luciferase assay. 
 

 

*

*
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Appendix to Chapter 2  

This section provides the negative data of an extended study that investigates the role of RBPs in 

regulating the G4 within HNF4A 5`UTR. We established a hypothetic model of G4 complex, in which the 

RBPs associated with the G4 loops and stabilized the entire G4 structure. We speculated that the hnRNPs 

might be the loop binders to prevent the unwinding of RNA helicases. We overexpressed two reported G4 

resolvers, DHX9 and eIF4A2, in HEK293 cells that are transfected with the HNF4A-5`UTR reporter. 

However, we observed no prominent increase of the reporter activity. (Fig.A2-A). We also conducted the 

in-vitro-translation assay where a mixture of RNA helicases (DHX9/DHX32/DHX36/eIF4A2) were 

co-expressed with the HNF4A-5`UTR reporter. Similar with the cellular transfection, the addition of 

multiple RNA helicases did not attenuate the HNF4A-5`UTR induced translational repression (Fig.A2-B). 

We further knockdown the endogenous hnRNP A2 in HEK293 cells transfected with HNF4A-5`UTR 

reporter. While the hnRNP A2 induced a 50% decrease of hnRNP mRNA, the hnRNP knockdown had no 

evident effect on the HNF4A-5`UTR reporter activity (Fig.A2-C & A2-D) 
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Figure A2. Testing the potential unwinding and stabilizing effect of RBPs on the G4 within 

HNF4A-5`UTR. (A) The reporter activity of HNF4A-5`UTR in HEK293 cells with the overexpression of 

eIF4A2, DHX9 and the combination. N=3, mean ± SD. * p < 0.05 versus pGL3T7 group (B) The reporter 

activity of HNF4A-5`UTR from the in-vitro-translation. A mixture of the expression vectors of RNA 

helicases that included equal amounts of DHX9, DHX32, DHX36 and eIF4A2 were applied with 

HNF4A-5`UTR. N=2 (C) The reporter activity of HNF4A-5`UTR in HEK293 cells with the presence of 

hnRNP A2 shRNAs. N=3 (D) The endogenous mRNA level of hnRNP A2 in HEK 293 cells that are 

transfected with HNF4A-5`UTR and the hnRNP A2 shRNAs. N=3, mean ± SD. * p < 0.05 versus 

scramble. 
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Discussion 

Our attempt to validate the role of RBPs in stabilizing and destabilizing RNA-G4 does not return 

promising results. The over-expression of previously defined G4 resolvers in living cells and in vitro has no 

releasing effect on the expression of HNF4A 5`UTR reporter. This observation might be due to the high 

resistance of the G4-RBP conjunction to the RNA helicase. In another word, the RNA helicases may be 

efficient to unwind G4s that are not associated with proteins, but less useful when confronting with the 

tightly compressed conjunction structure. The binding of RBPs may prevent the RNA helicases from 

approaching. The knockdown of hnRNP A2 in HEK293 cells does not affect the reporter activity as well. 

However, the current shRNA only induced a moderate reduction of the endogenous hnRNPA2 mRNAs, 

and there may be compensatory mechanisms by other hnRNPs. Overall, the exact role of RBPs in 

regulating the gene expression of HNF4A is not fully determined in the preliminary studies. An 

optimization of the shRNAs, or a switch to alternative approaches may be considered. 
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Chapter 3  

Conjunction of G-quadruplex and Stem-Loop in 

the 5` Untranslated Region of Mouse Hepatocyte 

Nuclear Factor 4-alpha1 Mediates Strong 

Inhibition of Protein Expression 
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Shangdong Guo, Hong Lu. (2018). Conjunction of G-quadruplex and Stem-Loop in the 5` 
untranslated region of mouse hepatocyte nuclear factor 4-alpha1 mediates strong inhibition of  protein 
expression. Mol Cell Biochem, https://doi.org/10.1007/s11010-018-3274-3   
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Chapter 3. Conjunction of G-quadruplex and stem-Loop in the 5` untranslated region of mouse 

hepatocyte nuclear factor 4-alpha1 mediates strong inhibition of protein expression 

3.1 Abstract 

Hepatocyte nuclear factor 4-alpha (HNF4α) is a well-established master regulator of liver 

development and function. Restoration of HNF4α can treat multiple liver disorders and liver cancers. 

To date, HNF4α is still “undruggable” due to lack of known activating ligands. Thus, understanding 

the regulatory mechanism of HNF4α expression may help develop an alternative approach to modulate 

HNF4α protein levels. G-quadruplexes (G4) are non-canonical stable secondary structures discovered 

mostly in the promoters of oncogenes. Recent genome-wide studies demonstrate the enrichment of G4s 

in the 5' UTR (untranslated region). By protophrin-IX binding assay and circular dichroism spectrum, 

we validated the presence of a chemically highly stable 4-ring G4 within the 5`UTR of mouse Hnf4a1. 

Our real-time PCR and Western blot data showed that the Hnf4a1 5`UTR caused a remarkable 

translational suppression regardless of a moderate effect on Hnf4a1 mRNA levels. The subsequent 

deletion/mutation analysis of Hnf4a1 5' UTR using dual-luciferase reporter assays further 

demonstrated that although the disruption of the chemically highly stable 4-ring G4 resulted in a 

marked attenuation of inhibition, the G4 alone only weakly inhibited translation. Likewise, disruption 

of a long stem-loop adjacent to the 4-ring-G4 markedly attenuated translational inhibition, although the 

stem-loop alone only exerted a weak inhibitory effect. Thus, the tight conjunction of G4s and an 

adjacent stem-loop within the Hnf4a1 5' UTR was both necessary and sufficient to mediate the very 
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strong translational repression. Our results establish a novel working model that a chemically stable G4 

may require co-factors to be bio-stable for exerting biological functions.  
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3.2 Introduction 

Hepatocyte nuclear factor 4α (HNF4α) is a liver-enriched master regulator that is essential for 

hepatocyte differentiation in fetal liver (Li, Ning et al. 2000, Kyrmizi, Hatzis et al. 2006), and 

maintenance of liver function in adults (Hayhurst, Lee et al. 2001, Gonzalez 2008, Lu 2016). Hepatic 

expression and/or activity of HNF4α are decreased markedly in severe cirrhotic livers, alcoholic liver 

disease, tumor necrosis factor-α-induced hepatotoxicity, and hepatoma progression (Zhou, Kang et al. 

2007, Kang, Zhong et al. 2009). Interestingly, over-expression of P1-HNF4α, the predominant HNF4α 

isoform in adult liver, markedly inhibits liver carcinogenesis and liver fibrosis (Ning, Ding et al. 2010, 

Yue, Yin et al. 2010).  

Like many important oncogenes and tumor-suppressors, HNF4α is a transcription factor (TF) that 

lacks a known activating ligand; how to modulate these “undruggable” TFs to treat cancer is a huge 

challenge. An alternative approach is to modulate the expression of these “undruggable” TFs. Hnf4a1 

is the mouse ortholog of human HNF4A1, and they share more than 90% sequence similarities. 

Bioinformatics studies indicated the potential formation of multiple G-quadruplexes (G4s) within the 

Hnf4a1 5` UTR. Recent studies demonstrate important roles of G4s in the regulation of gene 

expression and DNA replication, via alternating the structure of the telomere (Rawal, Kummarasetti et 

al. 2006, Rhodes and Lipps 2015). For example, G4s are reported to regulate gene transcription within 

the promoter regions of oncogenes such as c-Myc, Bcl-2, and c-KIT (Siddiqui-Jain, Grand et al. 2002, 

Da Ros, Zorzan et al. 2014, Sun, Xiang et al. 2014). However, limited studies of RNA-G4s were 

reported. In general, RNA-G4s act as specific elements to regulate mRNA splicing, transcription 
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termination, and mRNA translation (Huppert, Bugaut et al. 2008, Millevoi, Moine et al. 2012). G4 

structures usually suppress gene expression when localized within the 5` UTR (Halder, Wieland et al. 

2009). Such inhibitory effects can be explained by the blocking of the scanning process during 

translation initiation due to the stable complex secondary structures of G4s. Thus, the potential 

presence of G4s within Hnf4a1 5` UTR may play critical roles in regulating its gene expression. 

In the present study, we report the presence of G4 within Hnf4a1 5' UTR, and its tight conjunction with 

the adjacent stem-loops is necessary and sufficient to induce a very strong translational suppression. 

Our study opens a novel window for G4 studies where the “biostability” of G4 needs to be achieved 

via interactions with its context sequences to exert the biological function. 

3.3 Results 

3.3.1 The Hnf4a1-5`UTR markedly represses gene expression 

The entire Hnf4a1 5` UTR is capable of forming multiple complex secondary structures 

including G4s and stem-loops. We engineered the 117-nt 5` UTR into the luciferase reporter 

vector to investigate its effect on gene expression. Strikingly, the 5` UTR repressed the luciferase 

activity by 97% (Fig.3-1A). Real-time PCR results showed no changes of luciferase mRNAs, 

indicating that the inhibition occurred mainly via blocking protein translation (Fig.3-1A). We 

further over-expressed the Hnf4α1 protein with/without the 5`UTR in HEK293 cells, which lacks 

endogenous HNF4α expression. Likewise, Western blot data showed that the 5` UTR reduced the 

Hnf4α1 protein expression by 90% (Fig.3-1B & C). Surprisingly, the 5`UTR also caused a 

decrease of the Hnf4a1 mRNA by 65% (Fig.3-1C), which revealed a gene-specific role of the 
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Hnf4a1 5` UTR regarding the transcriptional/translational regulation. To validate the functional 

significance of the Hnf4a1 5` UTR-mediated gene suppression, we determined the capability of 

the Hnf4a1 expression vectors to activate the promoter of microRNA 194 (miR194), a known 

HNF4α-target gene (Lu, Lei et al. 2017). pcDNA3-Hnf4a1-cDNA (without 5`UTR) in varied 

dosages (1,3, and 10 ng) increased the reporter activities of miR194 up to 13, 50, and 115 fold 

(Fig.3-1D), whereas the stimulating effect on miR194 induced by pCDNA3-Hnf4a1-5`UTR (with 

5`UTR) by using the same dosages were 83, 90, and 83% lower (Fig.3-1D). Thus, the Hnf4a1 

5`UTR plays a key role in limiting the protein expression and biological activities of Hnf4α1. 

3.3.2 Structure-activity relationship (SAR) studies of Hnf4a1-5`UTR reveal the importance of the 

cooperation of the G4 with the stem-loop in repressing translation 

Per software predictions of secondary structures, the entire 117-nt 5`UTR was roughly 

segregated into 4 motifs (Fig.3-2A): a) Nt1-28, a 5` upstream sequence with a very weak stem 

loop. b) Nt29-48, a strong 4-ring-G4 (four layers of G-tetrads) forming motif. c) Nt49-84, a long 

stem-loop. d) Nt85-117, the 3` downstream sequence that has the capacity to form weak G4s. In 

order to exclude the effect of 5`UTR on transcription, we created a set of luciferase reporter 

vectors (C1-C8, Fig.3-2A) to investigate the effects of these structural motifs on translation. The 

wild-type 5`UTR (a+b+c+d, Nt1-117, 96% < control) had the strongest inhibitory effect on the 

reporter activity (Fig.3-2B). Constructs with the single G4 or stem-loop only induced moderate 

repressions (Fig.3-2B), which include C1 (b, Nt29-48, 39% < control), C4 (a+b, Nt1-48, 52% < 

control), C2 (c, Nt48-85, 33% < control), and C6 (d, Nt82-117, 20% < control). Conversely, 
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constructs with the combination of both G4 and the stem-loop induced stronger inhibitory effects 

(Fig.3-2B): C3 (b+c, Nt29-85, 79% < control), C5 (c+d, Nt49-117, 66%< control), C7 (Nt1-80, 92% 

< control), and C8 (Nt1-94, 87% < control). C7 and C8 have a similar composition of the 

structural motifs (a+b+c), whereas they differ slightly at the 3` end. Note that a mismatch of the 

stem-loop occurs at Nt52-Nt81. Thus, the comparison of C7 and C8 may provide additional 

information to infer the composition of the stem-loop. Overall, these data indicate that the very 

strong inhibition induced by Hnf4a1 5`UTR requires both the G4 and the stem-loop. We also 

verify the repressing effect of C1, C2 and C3, which represents the G4, stem-loop and 

G4_stem-loop, in HepG2 cells that express endogenous HNF4α. Compared to the HEK293 cells, 

the reporter assay displayed a similar inhibitory effect (Fig.3-2C). Furthermore, the RT-PCR data 

validated that the transcription of reporter genes were unaffected by these deletion fragments 

(Fig.3-2C). 

We designed additional 3 deletion/mutation constructs for C3 and C4 respectively, to 

investigate the relationship between the G4 strength and the inhibitory effect. Via point 

deletion/mutations of critical guanines, C3_M1-3 and C4_M1-3 gradually disrupted the predicted 

4-ring-G4, and transformed it into 3-ring, 2-ring, Non-G4 accordingly. The designing details and 

the corresponding reporter activities are as follows (Fig. 3-3A & 3-3B): C3_M1 (Nt30-85, 52% < 

control) maintains a 3-ring-G4 by deleting Nt29. Based upon M1, C3_M2 (Nt30-85, Nt40 G/A), 

which has an additional G/A mutation so that only a 2-ring-G4 may be formed, lost the inhibitory 

effect. Lastly, C3_M3 (Nt30-85, Nt31 G/A, Nt40 G/A) with two additional G/A mutations to 
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disrupt all typical G4s completely lost inhibitory effect. Likewise, C4_mutants followed the 

similar design to gradually disrupt the G4 (Fig.3-3A & 3-3C): C4_M1 (Nt1-48, Nt29 G/U, 45% < 

control, 3-ring-G4) maintained weak inhibitory effect, whereas C4_M2 (Nt1-48, Nt29 G/U, Nt41 

G/U, 2-ring-G4) and C4_M3 (Nt1-48, Nt29 G/U, Nt41 G/U, Nt48 G/U, Non-G4) completely lost 

inhibitory effects. In general, a 3-ring-G4 still maintained a weak inhibitory effect, but a 2-ring-G4 

or Non-G4-structure completely lost the inhibition. Taken together, these data indicate that the 

structure of G4 is highly relevant regarding the ability of Hnf4a1 5`UTR to inhibit mRNA 

translation. 

To further verify the relationship between the major G4 and the stem-loop in the context of 

the native sequence, we designed two deletion/mutation constructs based on the 117nt-5`UTR. 

UTR_G4_M (Nt1-117, Nt31 G/U, Nt41 G/U Nt47 G/U, 79% < control) has the 4-ring-G4 

completely disrupted (Fig.3-3D). UTR_SL(-) (Nt1-48 & Nt85-117, 73% < control) has the 

remaining motifs of the 5`UTR after the removal of the stem-loop (Fig.3-3E). Compared to the 

wild type 5`UTR, the reporter activities of UTR_G4_M and UTR_SL(-) increased by 4.2 and 5.4 

fold respectively, further indicating that these elements are indispensible for the entire 5`UTR to 

maintain a very strong translational suppression (Fig.3-3D & 3-3E). 

3.3.3 In vitro assays confirm the presence of G4 within the Hnf4a1-5`UTR and deletion/mutation 

constructs. 

In order to determine the presence of G4 within the 5`UTR and deletion/mutation constructs, 

we conducted PPIX-binding assay and CD spectrum by using the 5' UTR RNA and/or DNA oligos 
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of the deleted/mutated 5`UTRs. PPIX has been reported as a G4-specific fluorescent probe that 

selectively recognizes parallel G4s (Li, Wang et al. 2010). Stacking of PPIX at the top/bottom of 

the G4 markedly enhances the aqueous solubility of the PPIX, which consequently produces 

detectable fluorescent signals (Li, Wang et al. 2010). All oligos displayed a peak at wavelength 

640 nm, which is a typical signature for G4 formation in PPIX-binding assay (Fig.3-4A). C1 had 

the strongest G4 signature likely due to its short sequence of a 4-ring-G4 without any interference 

by the context sequence. Compared with C1, C4 contains additional 5` upstream sequence, which 

might be the cause of the weakened G4 signature (curves’ shape and peak values, Fig.3-4A). C3, 

C5, C6, and the 5`UTR-RNA displayed a comparable G4 signature (Fig.3-4A). A further 

determination using C3_mutations indicated a gradual attenuation of G4 signatures by serial 

mutations (Fig.3-4B): C3 (4-ring-G4) > C3_M1 (3-ring-G4) > C3_M2 (2-ring-G4) > C3_M3 

(Non-G4).  

In addition to PPIX-binding assay, we also validated the presence of G4s by CD spectrum, 

which is extensively applied for the recognition of G4s. A typical parallel G4 in CD spectra has a 

positive peak at wavelength 260 nm and a valley at 240 nm. We selected several representatives 

into the CD spectrum. In summary, C1, C3, and C7 that contain the 4-ring-G4 displayed a strong 

G4 signature, whereas C5 and C6 with potential weak G4s had lower peak values (Fig.3-4C). As 

expected, the stem-loop C2 did not have the G4 signature (Fig.3-4C). Likewise, CD spectra for 

C3_muations confirmed a comparable G4 signature of C3 and C3_M1, whereas the C3_M2 and 

C3_M3 displayed weak or hybrid-like G4 signatures (Fig.3-4D). We also attempted to measure 
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the melting temperature of C1, the 4-ring-G4-forming motif, which nevertheless turned out to be 

unfeasible as the peak value (260 nm) only decreased slightly even at the maximum temperature 

(88 ⁰C). Such result verified the very high chemical stability of the 4-ring-G4 formed in C1 in 

vitro. Taken together, results from the CD spectra were highly consistent with the PPIX-binding 

assay, and both assays were in agreement with the corresponding luciferase reporter studies. 

3.4 Discussion 

The current study demonstrates the important role of the 5`UTR within Hnf4a1, which is the 

ortholog of human HNF4A1, in modulating the gene translation/transcription. By using PPIX-binding 

assay and the CD spectrum, we confirmed the existence of G4s within the 5`UTR. Deletion/mutation 

studies demonstrate that the very strong translational repression by the 5`UTR requires a conjunction 

of both G4s and stem-loops. 

The present study demonstrates that the Hnf4a1-5`UTR induces a moderate reduction of Hnf4a1 

mRNA and a remarkable translational suppression (Fig.3-1B & 3-1C). Interestingly, the moderate 

reduction of mRNA appears to be gene specific. To date, the reports of the repressing effect of 5`UTR 

on transcription is extremely limited and largely unknown. We speculate the regulatory elements 

within the Hnf4a1 5`UTR coding region such as DPE (downstream promoter element), which is 

known to play important roles in regulating transcription (Kutach and Kadonaga 2000), may have 

interactions with the context sequences, and consequently modulate the transcription in a gene specific 

manner. In addition, the regulation of RNA stability by the 5`UTR has been reported (Jian, Xiong et al. 

2016). Overall the Hnf4a1 5`UTR may affect the mRNA level via multiple mechanisms, which 
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demand further investigations. However, our data indicate that the 5`UTR causes a comparable level of 

translational inhibition on the reporter gene without affecting its transcription (Fig.3-1A). Therefore, 

focusing on the role of Hnf4a1 5`UTR in protein translation would be more meaningful, as its 

inhibitory effect on translation is much stronger than its effect on mRNA levels (Fig.3-1C).  

The current SAR studies indicate that the tight conjunction of G4s and stem-loop within the Hnf4a1 5' 

UTR are both necessary and sufficient to cause a very strong translational suppression.  We 

conducted the SAR studies using luciferase reporter vectors to determine the mechanism of the 

exceptionally strong translational repression by the Hnf4a1 5`UTR. The major predicted secondary 

structures within the 5`UTR include a major G4 (Nt29-48), a long stem-loop (Nt50-85), and the 3` 

sequence (Nt82-117) that is capable of forming a minor G4 (Fig.3-2A). Constructs with the G4 or 

stem-loop alone, such as C1, C2, C4, and C6, only cause very mild inhibitory effects (Fig.3-2B). 

Conversely, the inhibitory effects of constructs with both the G4 and stem-loop structures, including 

C3, C5, C7, and C8, are much stronger (Fig.3-2B). Additionally, the SAR data provide detailed 

information for evaluating the role of individual structures: 1) Although the inhibitory effect of both 

constructs were weak, C1 was still 19% stronger than C6, indicating that the major 4-ring-G4 is more 

critical than the minor G4 formed within Nt82-117. This was also supported by the comparison of C3 

and C5, both of which are composed of G4 and stem-loop, but C3 causes 13% more inhibition than C5 

(Fig.3-2B). 2) The precise start/end of the stem-loop and the exact composition of the minor G4 are 

still unclear due to the overlapping sequences. However, our data suggest that the stem-loop may end 

at Nt80 instead of Nt85, as the reporter construct containing the shorter stem-loop (C7) caused a 
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stronger inhibitory effect than the longer one (C8) (Fig.3-2B). Moreover, the sequence analysis 

suggests a higher stability for a shorter stem-loop as well, due to an A/C mismatching at Nt52/Nt81 

and a G/U pairing at Nt51/Nt83. Therefore, the GGG set in Nt82-85 may be used to form a weak 

3-ring-G4 in the C6 region, and a tight conjunction of 4-ring-G4_stem-loop_3-ring-G4 may be formed 

in the whole Hnf4a1 5' UTR to exert a very strong translational inhibition. 3) While an inhibitory effect 

was still maintained, the disruption/removal of the individual structure (major G4/stem-loop) had 

remarkably enhanced the Hnf4a1 5`UTR leaded reporter activity for 4-5 fold versus the WT-UTR 

(Fig.3-3D & E). It is therefore predictable that a disruption of both structures simultaneously would 

further diminish the inhibitory effect by 5`UTR. Together, these data demonstrate that the 

up-regulation of the Hnf4a1 might be feasible by manipulating the G4 and the stem-loop, via releasing 

the secondary structures. 

The present study suggests that the context sequences dictate the biological significance of a 

putative G4 motif. Interestingly, ~77% and 56% of human genes have potential G4 motifs within the 

±5 and ±1 kb region with respect to transcription start site, respectively (Verma, Halder et al. 2008). 

The highest density of G4s is found in the 5' UTR and splicing sites (Chambers, Marsico et al. 2015). 

However, only a very small subset of G4s is known to have biological importance. A single strong G4 

alone (such as C1 that bears a 4-ring-G4) or stem-loop, albeit thermodynamically very stable, may be 

easily unwound in vivo and thus only exert moderate inhibitory effect. The biological stability of those 

secondary structures is greatly affected by the context sequences. In this scenario, the tight conjunction 

of several distinct secondary structures may be a hard barrier for translational machinery to overcome 
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since complex structures may require multiple mechanisms and factors to release, and each of the 

secondary structure may stabilize one another. The putative tight conjunction of G4_stem-loop_G4 

within the Hnf4a1 5` UTR will create a large spatial hindrance for multiple distinct translational 

factors to unwind. Thus, we propose a novel working model that a G4 formed in vivo requires the 

assistance of co-factors to be bio-stable and exert biological functions. The tight conjunction of G4 

with the stem-loop within the Hnf4a1 5`UTR is one possibility to stabilize the entire structure. 

Additional factors may involve the interactions with RNA-binding-proteins. Interestingly, in addition 

to Hnf4a1, our previous study demonstrated that the stem-loop in Human HNF4A1 5`UTR, which also 

bares “G4-stem-loop” motif, did not suppress the protein translation. Alternatively, the G4 potentially 

demanded RNA-binding-proteins to stabilize the entire structure (Guo and Lu 2017). This regulatory 

mechanism may be more flexible and efficient than it of Hnf4a1, as the modulation of G4-unwinding 

factors and RNA binding proteins are both capable of regulating the protein translation of HNF4A1. 

Based on our bioinformatics studies, this G4-stem-loop motif is highly conserved in mammals. While 

mice and rats share less homology by the 5`UTR sequence with the human genome, most remaining 

mammals (e.g. rabbits, dogs, pigs, whales and chimpanzees) in our research have the G4-stem-loop 

motif that is highly homologous to human (Table.S3-2). Overall, this working model may help guide 

the study of the biological significance of the numerous potential G4 motifs identified in the human 

and mouse genome, particularly regarding the G4 motifs located in the 5' UTRs (Verma, Halder et al. 

2008). 
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3.5 Materials and methods 

3.5.1 Vector constructions 

The 117-bp Hnf4a1 5` UTR DNA was synthesized by GeneScript, with artificial HindIII and NcoI 

restriction enzyme sites on the 5` and 3` terminal, respectively. The 117-bp 5` UTR was then 

cloned into the HindIII/NcoI sites of pGL3T7 vector, a pGL3-promoter-based (Promega) 

backbone that contains a T7 promoter to drive the in-vitro-transcription/translation. The newly 

constructed vector was named as pGL3T7-Hnf4a1-5`UTR. The same method was applied to 

create all other deleted/mutated 5`UTR-fragments (Table.S3-1). In order to create the Hnf4a1 

expression vectors, a 1.5kb DNA fragment that contains the full-length 117-nt 5` UTR and the 

entire cDNA of mouse Hnf4a1 (NM_008261.3) with the HindIII and XbaI sites at the 5` and 3` 

ends was synthesized by GeneScript and cloned into the pcDNA3 backbone to generate the 

expression vector for Hnf4a1 with 5`UTR, named as pcDNA3-Hnf4a1-5` UTR. This vector was 

used as a PCR template to clone the Hnf4a1 cDNA, with the primers as follows: Forward, 

TTTAACAAGCTTATGCGACTCTCTAAAACCCTTG; Reverse, 

TTTTTTTCTAGACTAGATGGCTTCTTGCTTGGTGA. The bolded sequences generated 

HindIII and XbaI sites for cloning the Hnf4a1 cDNA into the pcDNA3 backbone to generate the 

Hnf4a1 expression vector without the 5 `UTR, which was named as pcDNA3-Hnf4a1-cDNA. 

3.5.2 Transient transfection and Dual-Luciferase assay 

HEK293 (ATCC) or HepG2 (ATCC) cells were seeded in the 96-well-plate. After 24 h, cells in 

each well were transfected with 100 ng plasmids that included 28 ng firefly luciferase vectors 
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(pGL3T7-Hnf4a1-5`UTR etc.), 2 ng renilla luciferase vectors (pRL-CMV), 10 ng eGFP 

expressing vectors (to monitor the transfection efficiency) and 60 ng pcDNA3 using lipofectamine 

2000. Cells were harvested 24 h after transfection for dual-luciferase assay using Dual-GloTM 

luciferase assay system (Promega) and GloMax Luminometer (Promega), following the 

manufacturer’s protocol. The ratios of firefly/renilla luciferases were calculated as the normalized 

reporter activities, with the control values set at 1.0.  

3.5.3 Western blot  

HEK293 cells seeded in the 6-well-plate were transfected with Hnf4a1 expressing vectors (500 ng) 

and  pCDNA3-eGFP (150 ng) using lipofectmine 2000. The whole cell lysates were prepared 24 

h after transfection. Proteins in cell lysates were resolved in sodium dodecyl 

sulphate-polyacrylamide gel electrophoresis. Western blot quantification of Hnf4α and eGFP was 

conducted using primary antibodies as follows: anti-HNF4α (H1415, PPMX) and anti-GFP (ab290, 

Abcam). Primary antibodies were revealed with HRP-conjugated secondary antibodies 

(Anti-mouse IgG, #7076; Anti-rabbit IgG, #7074, Cell Signaling) and ECL Western Blotting 

Substrate (W1015, Promega). ChemiDocTM XRS+System (Bio-Rad) and Image-J software were 

used for band capturing and density analysis. 

3.5.4 Real-time PCR  

Total RNAs from transfected cells were isolated by RNA-STAT60 (Tel-Test) and quantified by 

Qubit RNA assay kit and Qubit 2.0 fluorometer (Life technology). The High-Capacity 

RNA-to-cDNATM Kit (Applied Biosystems®, life technologies) was used for cDNA synthesis. 
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iQ™ SYBR® Green Supermix (Bio-Rad) was applied to quantify mRNAs using MyiQ2™ 

Two-Color Real-Time PCR Detection System (Bio-Rad). The amounts of mRNA were calculated 

using the comparative CT method, which determines the amount of target gene normalized to an 

introduced control (e.g. eGFP or renilla luciferase). 

3.5.5 Protoporphyrin-IX (PPIX)-binding assay 

DNA/RNA fragments (2 µM in TE buffer) were heated at 88°C for 4 min and then cooled down to 

room temperature. An equal volume of PPIX solution (2 µM) coupled with 200 mM KCl in TE 

buffer was then mixed with the solution of DNA/RNA oligos (the final concentration of 

DNA/RNA-PPIX complex is 1 µM in 100 mM K+). The resultant mixtures were incubated in the 

dark for 2 h at room temperature, followed by the fluorescence scanning using synergy 

micro-plate reader (BioTek). The Ex wavelength was fixed at 410 nm and the Em wavelength 

varied from 550 to 700 nm.  

3.5.6 Circular dichroism (CD) spectroscopy  

All DNA oligos (4 µM) were dissolved in Buffer A (5 mM Tris-HCl, pH 7.5, 100 mM KCl) for 

wavelength scanning and Buffer B (5 mM Tris-HCl, pH 7.5, 5 mM KCl) for melting temperature 

determination. The DNA solution was heated at 90 °C x 10 min and gradually cooled down to 

room temperature. All data were collected by Aviv Model 410 CD spectrometer (Aviv 

Biomedical). The CD spectra of oligos were scanned from 220 to 320 nm at 25°C. The Melting 

temperature was determined by monitoring the temperature-dependent (25-88 °C) changes of CD 
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spectroscopy at wavelength 260 nm. Each measurement of DNA oligo uses its corresponding 

buffer as the background, which was subtracted in the final data analysis.   

3.5.7  In vitro transcription  

Plasmid (2 µg) of pGL3T7-Hnf4a1-5`UTR was linearized by NcoI digestion and isolated by Gene 

Jet Extraction and DNA Clean-up Kit (Fisher) for in-vitro-transcription using MEGA script T7 kit 

(Ambion). The synthesized transcript was isolated by RNA-STAT60 (Tel-Test) and quantified by 

Qubit RNA assay kit and Qubit 2.0 fluorometer (Life technology). 

3.6 Statistical analysis 

All values were expressed as mean ± S.D. The two-tailed student’s t-test was used to determine the 

statistical difference between two groups, which was set at p < 0.05. For multiple comparisons, 

analysis of variance (ANOVA) was performed, followed by the Turkey Test in SigmaPlot 12.5, with 

significance set at p < 0.05.   

3.7 Figures and legends 
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Figure 3-1. Effects of Hnf4a1 5`UTR on luciferase reporter activities as well as mRNA and protein 

expression in HEK293 cells. (A) Quantification of the reporter activities and mRNAs of luciferase genes 

with/without Hnf4a1 5`UTR. (B) Western blot of over-expressed Hnf4α1. The control represents cells 

without transfection, which is used to validate that the endogenous HNF4α1 is undetectable. The displayed 

bands come from two sections of a single gel. (C) Density analysis of Western blot and real-time PCR 

quantification of mRNA of Hnf4a1 with/without 5`UTR. Both band density and mRNA expression of 

Hnf4a1 were normalized to that of co-transfected EGFP.  N=3, mean ± SD. * p < 0.05 versus control 

group. (D) Effect of Hnf4a1 5' UTR on Hnf4α1 expression and the resultant activation of miR194 promoter. 

1, 3, and 10 ng Hnf4a1 expression vectors (with/without 5`UTR) were co-transfected with the miR-194 

reporter vector into HEK293 cells. Y-axis represents normalized reporter activities. N=4, mean ± SD. * p < 

0.05 versus control group; † p < 0.05 versus the corresponding 5`UTR(-) group. 
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Results

The Hnf4a1-5′ UTR markedly represses gene 
expression

The entire Hnf4a1 5′ UTR is capable of forming multiple 
complex secondary structures including G4s and stem-
loops. We engineered the 117-nt 5′ UTR into the luciferase 
reporter vector to investigate its effect on gene expression. 
Strikingly, the 5′ UTR repressed the luciferase activity by 
97% (Fig. 1a). Real-time PCR results showed no changes 
of luciferase mRNAs, indicating that the inhibition 
occurred mainly via blocking protein translation (Fig. 1a). 
We further over-expressed the Hnf4α1 protein with/with-
out the 5′ UTR in HEK293 cells, which lacks endogenous 
HNF4A expression. Likewise, Western blot data showed 
that the 5′ UTR reduced the Hnf4α1 protein expression 
by 90% (Fig. 1b, c). Surprisingly, the 5′ UTR also caused 
a decrease of the Hnf4a1 mRNA by 65% (Fig. 1c), which 
revealed a gene-specific role of the Hnf4a1 5′ UTR regard-
ing the transcriptional/translational regulation. To validate 

the functional significance of the Hnf4a1 5′ UTR-medi-
ated gene suppression, we determined the capability of 
the Hnf4a1 expression vectors to activate the promoter of 
microRNA 194 (miR194), a known HNF4α-target gene 
[18]. pcDNA3-Hnf4a1-cDNA (without 5′ UTR) in varied 
dosages (1, 3, and 10 ng) increased the reporter activities 
of miR194 up to 13, 50, and 115 fold (Fig. 1d), whereas 
the stimulating effect on miR194 induced by pCDNA3-
Hnf4a1-5′ UTR (with 5′ UTR) by using the same dosages 
were 83, 90, and 83% lower (Fig. 1d). Thus, the Hnf4a1 
5′ UTR plays a key role in limiting the protein expression 
and biological activities of Hnf4a1.

Structure-activity relationship (SAR) studies 
of Hnf4a1-5′ UTR reveal the importance 
of the cooperation of the G4 with the stem-loop 
in repressing translation

Per software predictions of secondary structures, the 
entire 117-nt 5′ UTR was roughly segregated into 4 motifs 

Fig. 1  Effects of Hnf4a1 5′ UTR on luciferase reporter activities as 
well as mRNA and protein expression in HEK293 cells. a Quantifi-
cation of the reporter activities and mRNAs of luciferase genes with/
without Hnf4a1 5′ UTR. b Western blot of over-expressed Hnf4α1. The 
control represents cells without transfection, which is used to validate 
that the endogenous HNF4α1 is undetectable. The displayed bands 
come from two sections of a single gel. c Density analysis of Western 
blot and real-time PCR quantification of mRNA of Hnf4a1 with/with-

out 5′ UTR. Both band density and mRNA expression of Hnf4a1 were 
normalized to that of co-transfected EGFP. N = 3, mean ± SD. *p < 0.05 
versus control group. d Effect of Hnf4a1 5′ UTR on Hnf4α1 expres-
sion and the resultant activation of miR194 promoter. 1, 3, and 10 ng 
Hnf4a1 expression vectors (with/without 5′ UTR) were co-transfected 
with the miR-194 reporter vector into HEK293 cells. Y-axis represents 
normalized reporter activities. N = 4, mean ± SD. *p < 0.05 versus con-
trol group; † p < 0.05 versus the corresponding 5′ UTR(-) group
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Figure 3-2. Structure-activity relationship (SAR) studies on the regulation of luciferase mRNA and 

reporter activities by Hnf4a1 5' UTR. (A) Sequences and schematic structures of the full-length (UTR) 

and deletion fragments of Hnf4a1 5`UTR. The black Gs indicate the composition of the major 4-ring 

G-quadruplex, and gray Gs show potential formation of a minor 3-ring-G4 within Nt85-117. (B) 

Dual-luciferase reporter activities of all the deletion constructs. N=4, mean ± SD. (C) Determination of 

luciferase mRNA levels and reporter activities of UTR in hepG2 cells, C1, C2, and C3. N=3, mean ± SD. 

Groups that do not have common letters are statistically different.  
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(Fig. 2A): (a) Nt1–28, a 5′ upstream sequence with a very 
weak stem-loop. (b) Nt29–48, a strong 4-ring-G4 (four lay-
ers of G-tetrads) forming motif. (c) Nt49–84, a long stem-
loop. (d) Nt85–117, the 3′ downstream sequence that has 
the capacity to form weak G4s. In order to exclude the effect 
of 5′ UTR on transcription, we created a set of luciferase 
reporter vectors (C1–C8, Fig. 2A, Table 1) to investigate 
the effects of these structural motifs on translation. The 
wild-type 5′ UTR (a + b + c + d, Nt1–117, 96% < control) 
had the strongest inhibitory effect on the reporter activity 
(Fig. 2B). Constructs with the single G4 or stem-loop only 
induced moderate repressions (Fig. 2B), which includes C1 
(b, Nt29–48, 39% < control), C4 (a + b, Nt1–48, 52% < con-
trol), C2 (c, Nt48–85, 33% < control), and C6 (d, Nt82–117, 
20% < control). Conversely, constructs with the combina-
tion of both G4 and the stem-loop induced stronger inhibi-
tory effects (Fig. 2B): C3 (b + c, Nt29–85, 79% < control), 
C5 (c + d, Nt49–117, 66% < control), C7 (Nt1–80, 92% 

< control), and C8 (Nt1–94, 87% < control). C7 and C8 have 
a similar composition of the structural motifs (a + b + c), 
whereas they differ slightly at the 3′ end. Note that a mis-
match of the stem-loop occurs at Nt52–Nt81. Thus, the com-
parison of C7 and C8 may provide additional information to 
infer the composition of the stem-loop. Overall, these data 
indicate that the very strong inhibition induced by Hnf4a1 
5′ UTR requires both the G4 and the stem-loop. We also 
verify the repressing effect of C1, C2, and C3, which repre-
sents the G4, stem-loop, and G4_stem-loop, in HepG2 cells 
that express endogenous HNF4α. Compared to the HEK293 
cells, the reporter assay displayed a similar inhibitory effect 
(Fig. 2C). Furthermore, the RT-PCR data validated that the 
transcription of reporter genes was unaffected by these dele-
tion fragments (Fig. 2C).

We designed additional 3 deletion/mutation constructs for 
C3 and C4 (Table 1), respectively, to investigate the relation-
ship between the G4 strength and the inhibitory effect. Via 

Fig. 2  SAR studies on the regulation of luciferase mRNA and 
reporter activities by Hnf4a1 5′ UTR. A Sequences and schematic 
structures of the full-length (UTR) and deletion fragments of Hnf4a1 
5′ UTR. The black Gs indicate the composition of the major 4-ring 
G-quadruplex, and gray Gs show potential formation of a minor 

3-ring-G4 within Nt85–117. B Dual-luciferase reporter activities 
of all the deletion constructs. N = 4, mean ± SD. C Determination 
of luciferase mRNA levels and reporter activities of UTR in hepG2 
cells, C1, C2, and C3. N = 3, mean ± SD. Groups that do not have 
common letters are statistically different
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Figure 3-3. Structure-activity relationship (SAR) studies on the role of the major 4-ring 

G-quadruplex in mediating the translational suppression by Hnf4a1 5' UTR. (A) Sequences and 

schematic structures of the mutant constructs of C3 and C4 which contain the 4-ring G-quadruplex. The 

individual nucleotides indicate the loci of the mutations and the substituted bases. The symbol “ᴓ” indicates 

a deletion at the corresponding site. (B) & (C) Luciferase reporter activities of mutant constructs of C3 and 

C4 in HEK293 cells. N=4, mean ± SD, * p < 0.05 versus control group. (D) & (E) Luciferase reporter 

activity of UTR_G4_M and UTR_SL_(-) in HEK293 cells. N=4, mean ± SD, * p < 0.05 versus control 

group; † p < 0.05 versus the UTR group. 
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point deletion/mutations of critical guanines, C3_M1-3 and 
C4_M1-3 gradually disrupted the predicted 4-ring-G4, and 
transformed it into 3-ring, 2-ring, Non-G4 accordingly. The 
designing details and the corresponding reporter activities 
are as follows (Fig. 3a, b): C3_M1 (Nt30–85, 52% < con-
trol) maintains a 3-ring-G4 by deleting Nt29. Based upon 
M1, C3_M2 (Nt30–85, Nt40 G/A), which has an additional 
G/A mutation so that only a 2-ring-G4 may be formed, lost 
the inhibitory effect. Lastly, C3_M3 (Nt30–85, Nt31 G/A, 
Nt40 G/A) with two additional G/A mutations to disrupt 
all typical G4s completely lost inhibitory effect. Likewise, 
C4_mutants followed the similar design to gradually dis-
rupt the G4 (Fig. 3a, c): C4_M1(Nt1–48, Nt29 G/U, 45% 
< control, 3-ring-G4) maintained weak inhibitory effect, 
whereas C4_M2 (Nt1–48, Nt29 G/U, Nt41 G/U, 2-ring-G4) 
and C4_M3 (Nt1–48, Nt29 G/U, Nt41 G/U, Nt48 G/U, Non-
G4) completely lost inhibitory effects. In general, a 3-ring-
G4 still maintained a weak repressing effect, but a 2-ring-G4 
or Non-G4-structure completely lost the inhibition. Taken 
together, these data indicate that the structure of G4 is highly 
relevant regarding the ability of Hnf4a1 5′ UTR to inhibit 
mRNA translation.

To further verify the relationship between the major G4 
and the stem-loop in the context of the native sequence, 
we designed two deletion/mutation constructs based on 
the 117nt-5′ UTR (Table 1). UTR_G4_M (Nt1–117, Nt31 
G/U, Nt41 G/U Nt47 G/U, 79% < control) has the 4-ring-
G4 completely disrupted (Fig. 3d). UTR_SL(-) (Nt1-48 
& Nt85–117, 73% < control) has the remaining motifs of 
the 5′ UTR after the removal of the stem-loop (Fig. 3e). 
Compared to the wild-type 5′ UTR, the reporter activities 
of UTR_G4_M and UTR_SL(-) increased by 4.2 and 5.4 
fold, respectively, further indicating that these elements are 
indispensible for the entire 5′ UTR to maintain a very strong 
translational suppression (Fig. 3d, e).

In vitro assays confirm the presence of G4 
within the Hnf4a1-5′ UTR and deletion/mutation 
constructs

In order to determine the presence of G4 within the 5′ UTR 
and deletion/mutation constructs, we conducted PPIX-
binding assay and CD spectrum by using the 5′ UTR RNA 
and/or DNA oligos of the deleted/mutated 5′ UTRs. PPIX 
has been reported as a G4-specific fluorescent probe that 
selectively recognizes parallel G4s [19]. Stacking of PPIX 
at the top/bottom of the G4 markedly enhances the aqueous 
solubility of the PPIX, which consequently produces detect-
able fluorescent signals [19]. All oligos displayed a peak at 
wavelength 640 nm, which is a typical signature for G4 for-
mation in PPIX-binding assay (Fig. 4a). C1 had the strongest 
G4 signature likely due to its short sequence of a 4-ring-G4 
without any interference by the context sequence. Compared 

Fig. 3  SAR studies on the role of the major 4-ring G-quadruplex 
in mediating the translational suppression by Hnf4a1 5′ UTR. a 
Sequences and schematic structures of the mutant constructs of C3 
and C4 which contain the 4-ring G-quadruplex. The individual 
nucleotides indicate the loci of the mutations and the substituted 
bases. The symbol indicates a deletion at the corresponding site. 
b, c Luciferase reporter activities of mutant constructs of C3 and C4 
in HEK293 cells. N = 4, mean ± SD, *p < 0.05 versus control group. 
d, e Luciferase reporter activity of UTR_G4_M and UTR_SL_(-) 
in HEK293 cells. N = 4, mean ± SD, *p < 0.05 versus control group; 
† p < 0.05 versus the UTR group
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Figure 3-4. Characterization of the G-quadruplex within the constructed DNA oligos and Hnf4a1 

5`UTR RNA by protophyrin IX (PPIX)-binding assay and CD spectra. (A) & (B) PPIX-binding assay 

of deletion/mutation constructs of Hnf4a1 5' UTR and the in-vitro-synthesized full-length Hnf4a1 5`UTR 

RNA. Controls in the PPIX-binding assay: 1 µM PPIX dissolved in 1X TE supplemented with 100 mM K+. 

(C) & (D) CD spectra of deletion/mutation constructs of Hnf4a1 5' UTR. The buffer for CD spectra is 5 

mM Tris-HCl supplemented with 100 mM K+.  
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with C1, C4 contains additional 5′ upstream sequence, which 
might be the cause of the weakened G4 signature (curves’ 
shape and peak values, Fig. 4a). C3, C5, C6, and the 5′ UTR 
RNA displayed a comparable G4 signature (Fig. 4a). A fur-
ther determination using C3_mutations indicated a gradual 
attenuation of G4 signatures by serial mutations (Fig. 4b): 
C3 (4-ring-G4) > C3_M1 (3-ring-G4) > C3_M2 (2-ring-
G4) > C3_M3 (Non-G4).

In addition to PPIX-binding assay, we also validated 
the presence of G4s by CD spectrum, which is extensively 
applied for the recognition of G4s. A typical parallel G4 
in CD spectra has a positive peak at wavelength 260 nm 
and a valley at 240 nm. We selected several representatives 
into the CD spectrum. In summary, C1, C3, and C7 that 
contain the 4-ring-G4 displayed a strong G4 signature, 
whereas C5 and C6 with potential weak G4s had lower 
peak values (Fig. 4c). As expected, the stem-loop C2 did 
not have the G4 signature (Fig. 4c). Likewise, CD spectra 
for C3_mutations confirmed a comparable G4 signature 

of C3 and C3_M1, whereas the C3_M2 and C3_M3 dis-
played weak or hybrid-like G4 signatures (Fig. 4d). We 
also attempted to measure the melting temperature of 
C1, the 4-ring-G4-forming motif, which nevertheless 
turned out to be unfeasible as the peak value (260 nm) 
only decreased slightly even at the maximum temperature 
(88 °C). Such result verified the very high chemical stabil-
ity of the 4-ring-G4 formed in C1 in vitro. Taken together, 
results from the CD spectra were highly consistent with 
the PPIX-binding assay, and both assays were in agree-
ment with the corresponding luciferase reporter studies.

Discussion

The current study demonstrates the important role of the 
5′ UTR within Hnf4a1, which is the ortholog of human 
HNF4A1, in modulating the gene translation/transcrip-
tion. By using PPIX-binding assay and the CD spectrum, 

Fig. 4  Characterization of the G-quadruplex within the constructed 
DNA oligos and Hnf4a1 5′ UTR RNA by protoporphyrin IX (PPIX)-
binding assay and CD spectra. a, b PPIX-binding assay of deletion/
mutation constructs of Hnf4a1 5′ UTR and the in vitro-synthesized full-

length Hnf4a1 5′ UTR RNA. Controls in the PPIX-binding assay: 1 µM 
PPIX dissolved in 1X TE supplemented with 100  mM  K+. c, d CD 
spectra of deletion/mutation constructs of Hnf4a1 5′ UTR. The buffer 
for CD spectra is 5 mM Tris–HCl supplemented with 100 mM  K+
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3.8 Supplemental materials 

Table S3-1. Sequence of deletion/mutation reporter constructs for Hnf4a1 5`UTR 

Constructs  Sequence  

UTR_WT GGGACCUGGGAGGAGGCAGGAGGAGGGCGGGGACGGGGGGGGCUGGGG

CUCAGCCCAGGGGCUUGGGUGGCAUCCUGGGCCGGGCAGGACAGGGGGCU

AAGGCGUGGGUAGGGGAGA 

C1 GGGGACGGGGGGGGCUGGGG 

C2 GCUCAGCCCAGGGGCUUGGGUGGCAUCCUGGGCCGGGC 

C3 GGGGACGGGGGGGGCUGGGGCUCAGCCCAGGGGCUUGGGUGGCAUCCU

GGGCCGGGC 

C3_M1 GGGACGGGGGGGGCTGGGGCTCAGCCCAGGGGCTTGGGTGGCATCCTGG

GCCGGGC 

C3_M2 GGGACGGGGGAGGCTGGGGCTCAGCCCAGGGGCTTGGGTGGCATCCTGGG

CCGGGC 

C3_M3 GAGACGGGGGAGGCTGGGGCTCAGCCCAGGGGCTTGGGTGGCATCCTGGG

CCGGGC 

C4 GGGACCUGGGAGGAGGCAGGAGGAGGGCGGGGACGGGGGGGGCUGGGG 

C4_M1 GGGACCUGGGAGGAGGCAGGAGGAGGGCGGUGACGGGGGGGGCUGGGG 

C4_M2 GGGACCUGGGAGGAGGCAGGAGGAGGGCGGUGACGGGGGGUGCUGGGG 

C4_M3 GGGACCUGGGAGGAGGCAGGAGGAGGGCGGUGACGGGGGGUGCUGGUG 

C5 CUCAGCCCAGGGGCUUGGGUGGCAUCCUGGGCCGGGCAGGACAGGGGGC

UAAGGCGUGGGUAGGGGAGA 

C6 GGGCAGGACAGGGGGCTAAGGCGTGGGTAGGGGAGA 

C7 GGGACCUGGGAGGAGGCAGGAGGAGGGCGGGGACGGGGGGGGCUGGGG

CUCAGCCCAGGGGCUUGGGUGGCAUCCUGGGCC 

C8 GGGACCUGGGAGGAGGCAGGAGGAGGGCGGGGACGGGGGGGGCUGGGG

CUCAGCCCAGGGGCUUGGGUGGCAUCCUGGGCCCGGGCAGGACAGGG  
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UTR_G4_M GGGACCUGGGAGGAGGCAGGAGGAGGGCGGUGACGGGGGGUGCUGGUG

CUCA 

GCCCAGGGGCUUGGGUGGCAUCCUGGGCCGGGCAGGACAGGGGGCUAAG

GCG UGGGUAGGGGAGA  

UTR_SL(-) GGGACCUGGGAGGAGGCAGGAGGAGGGCGGGGACGGGGGGGGCUGGGGC

AG GACAGGGGGCUAAGGCGUGGGUAGGGGAGA  

Note: The bolded and underlined G (guanines) indicates the potential composition of the G4 structure. The 

shaded A & U (adenine & uracil) represent G/A and G/U mutations. 
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Table S3-2. Sequence information of conserved “G4-stem-loop” motifs among multiple mammalian 

species 

 Partial Sequence of HNF4A 5` UTR 

Species G4 motif Stem-loop motif (directly follow G4 

motif) 

Mus musculus (house mouse) 

NCBI_ID: NM_008261 

GGGGACGGGGGGGGCU

GGGG 

CUCAGCCCAGGGGCUUGGGUGG

CAUCCUGGGCCGGGCAGGACAG

GGGGCUAAGGCGUGGGUAGGG

G 

Rattus norvegicus (Norway 

rat) 

NCBI_ ID: NM_022180.2 

GGGGACGGAGGGGCUG

GGGCUCAGCCCAGGGG 

CUUGGGUAGCAUCCUGGGCAG

GGCAGGACAGGGGGCUGAGGG

GUGGGUAGA 

Oryctolagus cuniculus 

(rabbit) 

NCBI_ID: XM_008274469.2 

GGGAGGAGGCAGUGGG

AGGGCGGAGGGCGGG 

GGGGCCGGGCUCGCCUGGAGCC

UUCGGGGUGGGCACCCUGGGCA

GGGCAGGUGGCCGAGGC 

Canis lupus familiaris (dog) 

NCBI_ID: XM_005635088.3 

GGGAGGAGGCAGUGGG

AGGGCGGAGGGGGGG 

GGCCAGGGCUCUGCCCCGAGCC

UCUGGGGUGGUCAUCCUGGGC

AGGGCGAGCGG 

Sus scrofa (pig) 

NCBI_ID: NM_001044571.1 

GGGAGGAGGCAGUGGG

AGGGCGGAGGGCGGG 

GGCCGGGGCUCAGCCCAGAGCC

UUCGGGGUGGACAUCCUGGGC

AGGGCAAGUGGCC 

Delphinapterus leucas 

(beluga whale) 

NCBI_ID: XM_022592339.1 

GGGAGGAGGCGGUGGG

AGGGCAGAGGGCGGG 

GGCUGGGGCUCGGCCCAGAGCC

UUCGGGGUGGGCAUCCUGGGC

AGGGCAGGUGGC 

Pan troglodytes (chimpanzee) 

NCBI_ID: XM_016937951.1 

GGGAGGAGGCAGUGGG

AGGGCGGAGGGCGGG 

GGCCUUCUGGGUGGGCGCCCAG

GGCAGGGCAGGUGGCCGCGGCG

UGGAGGC 

Homo sapiens (human) 

NCBI_ ID: NM_178849.2 

GGGAGGAGGCAGUGGG

AGGGCGGAGGGCGGG 

GGCCUUCGGGGUGGGCGCCCAG

GGUAGGGCAGGUGGCCGCGGC

GUGGAGGC 
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Chapter 4. Novel mechanisms of regulation of the expression and transcriptional activity of HNF4α 

4.1 Abstract 

Hepatocyte nuclear factor 4 alpha (HNF4α) is a master regulator of liver development and 

function. The HNF4A gene uses two separate promoters P1 and P2, with the P1 products predominant 

in adult liver whereas the P2 products prevalent in fetal liver, pancreas, and liver cancer. To date, the 

mechanism for the regulation of HNF4A and the dynamic switch of P1 and P2-HNF4α during 

ontogenesis and carcinogenesis is still obscure. Previous investigations reported a self-stimulation of 

HNF4α and synergistic transactivation of the HNF4α P1 promoter by HNF4α and HNF1α/HNF6. Our 

study validated the self-stimulation of P1-HNF4α but invalidated the synergism between HNF4α and 

HNF1α. HNF4A-AS1, a long-non-coding RNA, is localized between the P2 and P1 promoter of 

HNF4A. We identified critical roles of P1-HNF4α in regulating the expression of HNF4A-AS1 and its 

mouse ortholog Hnf4a-os. This finding sheds light on the regulatory mechanism of the dynamic 

swtich between P1- and P2-HNF4α, where the anti-sense RNA might be involved. We also 

interrogated transactivation activities on multiple gene targets by multiple known and novel HNF4α 

mutants identified in patients with maturity onset diabetes of the young1 (MODY1) and liver cancer. 

Particularly, HNF4α-D78A and HNF4α-G79S, two HNF4α mutants found in liver cancer with 

mutations in the DNA-binding domain, displayed highly gene-specific transactivation activities in a 

broad range. Interestingly, HNF4α-Q277X, a MODY1 truncation mutant, antagonized the 

transactivation activities of HNF1α and FXR. Taken together, our study provides novel mechanistic 

insights regarding the transcriptional regulation and transactivation activity of HNF4α.  
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4.2 Introduction 

Hepatocyte nuclear factor 4 alpha (HNF4α) is a liver-enriched master regulator of liver 

development and liver function (Gonzalez 2008, Walesky, Edwards et al. 2013). The HNF4A gene is 

composed of 10 exons and driven by two separated P1 and P2 promoters (Hwang-Verslues and Sladek 

2010). Overall 9 transcriptional variants are generated via alternative splicing (Babeu and Boudreau 

2014, Lu 2016). Currently, HNF4α1-3 and HNF4α7-9 are experimentally verified P1 and P2 products. 

The activation function 1 (AF-1) domain at the N-terminus depicts the major difference between the 

P1 and P2 HNF4α. The P2-HNF4α lacks the AF-1 domain and therefore is weaker than P1-HNF4α 

regarding the transactivation activity (Babeu and Boudreau 2014, Vuong, Chellappa et al. 2015). 

Additionally, P1- and P2-HNF4α also differ in terms of tissue distribution. P1-HNF4α is 

predominantly expressed in adult liver and kidney, whereas P2-HNF4α is mainly prevalent in fetal 

liver and pancreas (Perilhou, Tourrel-Cuzin et al. 2008, Vuong, Chellappa et al. 2015). Both products 

are detectable in adult colon and small intestine (Tanaka, Jiang et al. 2006). The dysregulation of P1- 

and P2-HNF4α is a hallmark in multiple carcinogenesis. Down-regulation of P1-HNF4α has been 

reported in hepatocellular carcinoma (HCC), colorectal carcinoma, and gastric carcinoma, during 

which P2 products are aberrantly elevated (Tanaka, Jiang et al. 2006, Oshima, Kawasaki et al. 2007). 

P2-HNF4α has been shown to promote inflammation and carcinogenesis in colon (Vuong, Chellappa 

et al. 2015, Chellappa, Deol et al. 2016).  

To date, the precise mechanism for maintaining the balance of P1- and P2-HNF4α expression in 

different tissues and tumors remains unknown. HNF4A-AS1 (NR_109949.1) is an antisense RNA 
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transcribed by the complementary motif of HNF4A gene between the P1 and P2 promoter. Antisense 

RNA has a widespread occurrence within the human genome (Yelin, Dahary et al. 2003), and many of 

which are known to inhibit gene expression by affecting DNA methylation, chromatin modification, 

isoform variation and RNA stability (Magistri, Faghihi et al. 2012, Pelechano and Steinmetz 2013). 

HNF4A-AS1 has been implicated as one of the biomarkers for the diagnosis of HCC and Crohn’s 

disease (Esposti, Hernandez-Vargas et al. 2016, Haberman, BenShoshan et al. 2018). These findings 

strongly indicate the positive correlation between HNF4α and HNF4A-AS1, as loss of HNF4α is a 

hallmark of those diseases. In the present study, we found that P1-HNF4α strongly activated the 

proximal promoter of HNF4A-AS1, which indicated a hypothetic model that HNF4A-AS1 may be a 

biomarker for the HNF4α expression, and might be involved in the dynamic switch of HNF4α 

isoforms. 

 The self-stimulation of HNF4α on its own promoter, and the reciprocal regulatory loop between 

HNF4α and HNF1α has been reported for more than two decades (Spath and Weiss 1997, Bailly, Spath 

et al. 1998, Hatzis and Talianidis 2001). This positive feedback loop between HNF4α and HNF1α 

needs a brake, such as self-inhibition of HNF1α (Ktistaki and Talianidis 1997), to sustain constant 

intracellular levels of HNF4α and HNF1α in vivo. Surprisingly, a following study indicated that 

HNF4α was capable of not only self-activating its own promoter, but also inducing a highly synergistic 

self-activation in HeLa cells via interacting with HNF1α and HNF6 (Hatzis and Talianidis 2001). Such 

a strong self-activation by HNF4α is very unusual in biology. Thus, this study was aimed to interrogate 

the exact self-regulatory mechanisms of HNF4α using luciferase reporters that contain more complete 
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regulatory genetic sequences of HNF4A in two cell lines, human embryonic kidney 293 (HEK293) 

cells and hepatocellular carcinoma HepG2 cells. 

Many pathological mutations of HNF4α have been reported to compromise the transactivation 

activity of HNF4α. Maturity Onset Diabetes of the Young 1 (MODY1) is caused by the heterozygous 

loss-of-function mutations of HNF4α. However, most of these HNF4α mutants do not exert 

dominant-negative effects on the wild type (WT) HNF4α; it remains unclear how moderate decreases 

of HNF4α activity in patients with heterozygous HNF4α mutation cause MODY (Sladek, Dallas-Yang 

et al. 1998, Wisely, Miller et al. 2002, Sato, Tsuyama et al. 2017). MODY1 currently is less commonly 

identified than MODY3, which accounts for the majority of MODY cases and is mainly caused by 

mutations of HNF1α (Vaxillaire, Rouard et al. 1997, Forlani, Zucchini et al. 2010). The pathologies of 

MODY1 and MODY3 are very similar. Based on the reported reciprocal regulatory loop of HNF4α 

and HNF1α, an HNF4α mutation may compromise its ability to transactivate HNF1α, resulting in the 

dysregulation of HNF1α and MODY. Additionally, it is noteworthy that HNF4α serves as a master 

regulator in liver via crosstalk with many other transcription factors (Lu 2016). A point mutation may 

disrupt one specific function of HNF4α protein (e.g. DNA binding, ligand binding, dimerization, etc), 

which may consequently compromise its transactivation activity for a subset of gene targets, or alter its 

crosstalk with other factors. Therefore, it is in a strong desire that the functional studies of HNF4α 

mutants should cover a broad range of gene-targets and their crosstalk with other key factors to fully 

depict the effect of a potential pathological mutation of HNF4α. In this study, we interrogated 

transactivation activities on multiple gene targets by multiple known and novel HNF4α mutants 
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identified in patients with MODY1 and liver cancer. Our results illustrated highly gene-specific 

changes of transcriptional activities by two cancer mutants and markedly altered crosstalk with other 

transcription factors by a MODY1 mutant. 

4.3 Results 

4.3.1 The 5`UTR coding motif is required for the self-stimulation of the proximal P1 promoter by 

P1-HNF4α. 

We in the first place wanted to reproduce the self-stimulation of HNF4α. Our recent study 

discovered a critical role of the HNF4α 5' UTR in inhibiting the protein expression of HNF4α 

(Guo and Lu 2017). In order to further investigate the mechanism of the self-stimulation of 

P1-HNF4α, we generated multiple luciferase reporter vectors carrying the P1-promoter (nt -985) 

and/or the coding sequence of 5`UTR (nt +89). For control purpose, we also included the empty 

vector (pGL3-Basic) and the 5`UTR only vector (pGL3T7-5`UTR-Luc). Surprisingly, in HEK293 

cells, the P1-HNF4α enhanced the luciferase activity by 2.5 fold only in the presence of both the 

P1-promoter and the +89nt 5`UTR coding region (Fig.4-1A). The reporter vector that merely 

contains the P1 promoter (HNF4A-P1-Luc) or the 5`UTR was not activated by HNF4α (Fig.4-1A). 

Results of RT-PCR showed that P1-HNF4α did not alter the mRNA levels of the luciferase 

reporter (Fig.4-1B), indicating that the self-stimulation of HNF4α on its proximal P1 promoter 

may not be through the up-regulation of transcription. Similarly, HNF4α activated 

HNF4A-P1-5`UTR-Luc by two fold in HepG2 cells, but had no effect on HNF4A-P1-Luc 

(Fig.4-1C). In order to determine if the HNF4A-5`UTR is commonly required for the 
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transcription-factor (TF)-modulated transactivation, we also tested HNF1α, a known HNF4A 

transactivator. Interestingly, in HEK293 cells, HNF1α activated HNF4A-P1 promoter by ~12 fold 

without requiring the 5`UTR coding motif (Fig.4-1D). Overall, these data confirmed the 

self-activation of HNF4α on its own proximal promoter, and indicated that the 5`UTR coding 

region (+89 nt) was indispensable for HNF4α-mediated activation of the P1 proximal promoter. 

4.3.2 The proximal promoter of HNF4A-AS1 is strongly activated by P1-HNF4α but not P2-HNF4α  

    HNF4A-AS1 (NR_109949.1) encodes a 648-nt antisense non-coding-RNA that locates on the 

complementary strand of P2-HNF4A_intron 1-2. The overall length of HNF4A-AS1 coding 

sequence is ~17.9 kb that consists of four exons and three introns. The P1 proximal promoter is 

approximately 8 kb downstream (Fig.4-2A). The chromatin immunoprecipitation-sequencing 

(ChIP-seq) data from both human liver and HepG2 cells indicated that P1-HNF4α had strong 

bindings to the HNF4A-AS1 locus (Fig.4-2B). The same data also revealed the weak and strong 

bindings of HNF4α and HNF1α, respectively to the HNF4A-P1 proximal promoter, which was 

consistent with the reported studies that both factors activated the P1-HNF4A. Moreover, our 

RNA-sequencing data from primary human hepatocytes treated with the HNF4α inhibitor (BI6015) 

indicated that the transcripts of HNF4A-AS1 were reduced by inhibition of HNF4α, in accordance 

with the Na+-taurocholate cotransporting polypeptide (NTCP, also known as SLC10A1), an 

HNF4α-target gene (Fig.S4-1A). Last but not least, the HNF4A-AS1 is mainly transcribed in liver, 

kidney and intestine, which highly overlap with P1-HNF4α regarding the tissue distribution 

(Fig.S4-1B). Taken together, we hypothesized that HNF4α is capable of activating the 
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transcription of HNF4A-AS1, which potentially regulates the P1- and P2-HNF4α expression. To 

test this hypothesis, we cloned the proximal promoter (Fig.4-2A, red arrow) of HNF4A-AS1 into 

the pGL3-Basic reporter, and found that 3 ng and 10 ng P1-HNF4α strongly activated the reporter 

vector HNF4A-AS1-Pro-Luc by 25 and 58 fold, respectively (Fig.4-2C). Conversely, P2-HNF4α 

had no activation (Fig.4-2C). To determine whether this HNF4A-AS1 promoter region could also 

regulate the transcription of P1-HNF4A (as a distal promoter), we cloned the reverse 

complementary sequence of the HNF4A-AS1 proximal promoter (Fig.4-2A, green arrow) into the 

5' upstream of the P1 proximal promoter in the HNF4A-P1-5`UTR-Luc. The newly generated 

chimerical reporter vector was named HNF4A-Dis-P1-5`UTR-Luc. Compared to the 

HNF4A-P1-5`UTR-Luc, insertion of the potential distal promoter at the upstream of the P1 

promoter induced an additional 50% increase in the luciferase activity when stimulated by 

P1-HNF4α (Fig.4-2D). The same study was also performed in HepG2 cells, where introducing the 

distal promoter induced an additional 63% enhancement for the self-stimulation (Fig.4-2E). In 

conclusion, the proximal promoter of HNF4A-AS1 was strongly activated by P1-HNF4α but not 

P2-HNF4α. The reverse complementary motif of HNF4A-AS1 proximal promoter served as a 

distal promoter of P1-HNF4A that could augment the self-stimulation. 

In addition, we found evidence that the ortholog of HNF4A-AS1 in mouse, Hnf4a_os 

(NR_027970.1), also had a strong correlation with Hnf4α. For instance, Hnf4α showed strong 

binding to Hnf4a_os1-exon1 based on the ChIP-seq data from mouse liver (Fig.S4-2A). The 

RNA-seq data of mouse liver indicated that hepatic expression of Hnf4a_os started to rise after 
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birth and reached the highest levels at adulthood. In adult mouse liver, Hnf4a_os had a moderate 

reduction in Hnf4α heterozygous mice and a remarkable down-regulation in Hnf4α knockout mice 

(Fig.S4-2B & S4-2C). All these changes of Hnf4a_os were consistent with the expression level of 

P1 Hnf4α. Moreover, we cloned the proximal promoter of Hnf4a_os into the reporter vector, and 

found that Hnf4α activated it by 4.2 fold (Fig.S4-2D). These findings suggest a conserved 

important role of HNF4A-AS1 in liver during evolution. 

4.3.3 Paired box 6 (Pax6) activates the P2 promoter whereas antagonizes the P1-HNF4α-induced 

activation of HNF4A-AS1. 

The HNF4A-AS1 was strongly activated by P1-HNF4α but not P2-HNF4α, which may 

potentially explain the fact that P1-HNF4α overwhelmingly dominated over P2-HNF4α in adult 

liver, as the anti-sense RNA was mostly known as a gene repressor. Therefore, the P1-HNF4α 

may trigger the expression of HNF4A-AS1, which might suppress the expression of P2-HNF4α in 

adult liver. In contrast, the P2-HNF4α is predominant over P1-HNF4α in pancreas, where 

HNF4A-AS1 is barely detectable (Fig.S4-1B). This means the expression of HNF4A-AS1 may be 

also regulated by other factors. Pax6 is a crucial transcriptional factor for the development and 

functional maintenance of pancreas (Hart, Mella et al. 2013). We analyzed the ChIP-seq data of 

Pax6 in pancreas and found that Pax6 was capable of binding to HNF4A-P2 promoter (Fig.4-3A). 

Thus, we hypothesized that Pax6 is one of the key factors in pancreas that regulates the 

P2-HNF4A transcription. We determined the effect of Pax6 on HNF4A-P2-Luc in HEK293 and 

HepG2 cells, where Pax6 was not endogenously expressed. We also included HNF1α, which was 
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known to activate the P2 promoter (Galan, Garcia-Herrero et al. 2011), as a positive control. 

HNF1α activated HNF4A-P2-Luc by 8 and 5 fold in HEK293 and HepG2 cells, respectively 

(Fig.4-3B). Pax6 activated the P2 promoter by 2 and 8.5 fold in HEK293 and HepG2 cells, 

respectively. The combination of Pax6 and HNF1α activated the P2 promoter by 13 and 21 fold, 

respectively (Fig.4-3B). We then further studied the effect of Pax6 on the activation of 

HNF4A-AS1 by P1-HNF4α. As expected, over-expression of Pax6 in HEK293 cells caused a 44% 

reduction of HNF4A-AS1 promoter activity activated by P1-HNF4α (Fig.4-3C). In summary, the 

Pax6 was capable of stimulating the P2 promoter and antagonizing the transactivation of 

HNF4A-AS1 induced by P1-HNF4α. 

4.3.4 HNF4α shows no synergistic effect with either HNF1α or HNF6 for the self-stimulation. 

Previous studies indicated that HNF4α synergizes with HNF6 and HNF1α to activate its own 

promoter (Hatzis and Talianidis 2001). In order to validate the reported synergism, so as to 

systemically study the crosstalk of HNF4α with other TFs, we combined HNF4α with HNF1α, 

HNF1β, and HNF3β, which were all liver-enriched TFs, to determine the effects of their 

interactions on the HNF4A P1 promoter. In addition to the known induction by HNF1α and 

HNF4α, HNF1β also activated the P1 promoter by 1.5 fold (Fig.4-4A). HNF3β had no prominent 

effect. However, none of the combinations displayed a synergistic activation (Fig.4-4A). We 

repeated the combination of HNF4α and HNF1α on HNF4A-Dis-P1-5`UTR-Luc, and found no 

synergism either (Fig.4-4B). To test the synergism between HNF4α and HNF6, we introduced the 

reporter for the promoter of PDZ domain containing 1 (PDZK1), a known HNF4α-target gene 
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(Zhang, Lei et al. 2014). The transporter adaptor protein PDZK1 is required for proper membrane 

localization of certain key membrane transporters important for lipid metabolism (Kato, Sai et al. 

2005, Kocher and Krieger 2009). The combination of HNF4α and HNF6 activated the PDZK1 

promoter by 42 fold (Fig.4-4C), which indicated a synergism compared to the individual 

activation by HNF4α and HNF6 (12.8 fold and 2.2 fold, respectively). Nevertheless, co-expression 

of HNF4α and HNF6 only induced a 3.4-fold activation of HNF4A-P1-5'UTR-Luc (Fig.4-4C), 

which was less than the sum of the individual treatment (1.8 fold and 2.3 fold). Similar results 

were obtained with the HNF4A-Dis-P1-5`UTR-Luc: in HEK293 cells, the co-expression of HNF6 

and HNF4α induced a 5-fold activation, and the individual treatments were 1.6 fold and 3.4 fold 

(Fig.4-4D). Likewise, in HepG2 cells, the combination induced an 8.7-fold activation, whereas the 

individual treatments were 4.3 fold and 5.7 fold, respectively (Fig.4-4D). Overall, we observed the 

synergism between HNF4α and HNF6/HNF1α on PDZK1 promoter (See Fig.4-6C for the 

synergistic activation of PDZK1 promoter by HNF4α and HNF1α). Even so, by the same 

combination we only observed an additive transactivation on the HNF4A P1 promoter by HNF4α 

and HNF6, and HNF4α tended to inhibit, rather than enhance, the transactivation of the proximal 

P1 promoter by HNF1α (Fig.4-4A).  

4.3.5 A serial scan of HNF4A mutations revealed the gene-specific transactivation activity of multiple 

HNF4α mutants. 

To investigate how the pathological mutations of HNF4α affect their transactivation 

activities, we selected a set of P1-HNF4α mutations from MODY1 and liver cancer, which include 
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D78A (was D69A), G79S, R163X (was R154X), D215Y (was D206Y), Q277X (was Q268X), 

E285Q (was E276Q), L341P, W349X (was W340X), V402I (was V393I) and I463V (Fig.4-5A). 

D78A is a mutation originally found in HepG2 cells. This mutation alters the structure of the 

Zinc-finger in the DNA-binding domain (DBD), and has unchanged or enhanced transactivation 

activity on several promoters compared to WT-HNF4α (Lausen, Thomas et al. 2000). G79S 

(COSM4943131) thus far is only identified in cancers, including two cases of liver cancer, in the 

COSMIC human cancer mutations database. D215Y/D206Y is a MODY1 mutation that has been 

reported to occur near the binding pocket of the LXXLL motif, and has a subtle effect on the 

transactivation (Han, Rha et al. 2012). R163X/R154X, Q277X/Q268X and W349X/W340X are all 

MODY1 non-sense mutations that produce a truncated HNF4α, which consequently results in the 

dysfunction of the HNF4α protein (Lausen, Thomas et al. 2000, Raeder, Bjorkhaug et al. 2006). 

L341P/L332P is an uncharacterized MODY1 mutation (Pearson, Pruhova et al. 2005).  

E285Q/E276Q and V402I/V393I are MODY1 mutations that have reduced transactivation 

activities (Hani, Suaud et al. 1998, Lausen, Thomas et al. 2000). I463V/I454V has a mutation on 

the F domain, and whether this variant is responsible for MODY1 is still uncertain (Amara, Ben 

Charfeddine et al. 2015). We created all mutant HNF4α expressing vectors by using the wild type 

HNF4α2, one of the major isoform of P1-HNF4α.  

We investigated the effects of all these WT and mutant HNF4α on three HNF4α-target 

promoters which were HNF4A-AS1, HNF1A, and miR-194 (Lu, Lei et al. 2017). The detailed 

changes of luciferase activities were presented in Table.S4-2. Briefly, E285Q and the two 
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nonsense mutations including Q277X and Q349X essentially lost the transactivation activity on all 

three promoters (Fig.4-5B, 4-5C, 4-5D and supplemental Table.S4-2). Noteworthy, R163X 

maintained a weak transactivation activity on the proximal promoter of HNF4A-AS1, even though 

it completely lost the activation of miR-194 and HNF1A promoters, similar to other truncated 

mutations (Fig. 4-5B). D215Y and L341P had the same performance with the wild type on the 

promoters of HNF4A-AS1 and HNF1A; however, both mutations had a moderately reduced 

transactivation on the miR-194 promoter (Fig. 4-5B, 4-5C, 4-5D and Table.S4-2) In contrast, 

V402I and I463V either displayed no changes as the wild type, or a moderately enhanced 

activation on all three promoters (Fig. 4-5B, 4-5C, 4-5D and Table.S4-2). The cancer mutation 

G79S only maintained a weak transactivation activity for HNF1A promoter, but lost the 

transactivation activity for the HNF4A-AS1 promoter and miR-194 promoter. Since no previous 

publications reported the functional study of G79S, we confirmed the protein expression of 

HNF4α-G79S in HEK293 cells, which showed a comparable expression with the wild type 

HNF4α (Fig.S4-3C). Interestingly, another cancer mutation that resides neighboring the G79S, 

namely D78A, displayed highly distinct transactivation activities on different gene targets. D78A 

had unchanged and slightly reduced activity on HNF1A and HNF4A-AS1 promoter, respectively, 

but remarkably (80%) decreased transactivation of the miR-194 promoter (Fig.4-5B, 4-5C, 4-5D 

and Table.S4-2). 

We further applied the combination of HNF4α mutants with HNF1α (or HNF6) on promoters 

of HNF4A-P1 (HNF4A-Dis-P1-5`UTR-Luc) and PDZK1. All detailed changes of values were 
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summarized in Table.S4-3 & S4-4. Generally, the single treatment of HNF4α mutations on 

promoters of PDZK1 and HNF4A-P1 were similar to other three promoters that we have tested 

(Fig.4-6A & 4-6B). Both D78A and G79S completely lost the transactivation activity for 

HNF4A-P1, but maintained a strong and moderate activation of PDZK1 promoter, respectively 

(Fig. 4-6A & 4-6B). For the combination of HNF1α and mutant HNF4α on HNF4A-P1, HNF1α 

again did not show any synergism with HNF4α, and none of the mutant HNF4α, except Q277X, 

compromised the transactivation of HNF4A-P1 by HNF1α (Fig.4-6A). For PDZK1 promoter, both 

combinations (HNF4α/HNF1α and HNF4α/HNF6) displayed a high synergism (Fig.4-6B & 4-6C), 

and this synergism was diminished along with different mutations. For example, G79S and L341P 

had a decreased transactivation activity on PDZK1 promoter. Similarly, the corresponding 

combination of G79S and L341P with HNF1α or HNF6 also showed a reduced transactivation. 

R163X, W349X and E285Q completely lost the transactivation potential on PDZK1, and they 

showed no synergism when combined with HNF1α or HNF6 (Fig.4-6B & 4-6C). Noteworthy, 

Q277X is the only mutation that showed an antagonizing effect on the HNF1α-induced activation 

of HNF4A-P1 and PDZK1 promoter. Although Q277X had no transactivation activity, the 

addition of Q277X HNF4α even further reduced the HNF1α-mediated activation of HNF4A-P1 

and PDZK1 by 42 and 61% (Fig.4-6A & 4-6C). In summary, our study reported the 

transactivation activities of multiple HNF4α mutations from MODY1 and liver cancer. 

Particularly, D78A and G79S displayed highly distinct gene-specific transactivation activities. 

Q277X appears to possess an antagonizing effect on HNF1α-mediated transactivation. 
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4.4 Discussion 

In the current study, we validated the self-stimulation of HNF4α on its own promoter and 5`UTR 

coding motif. Further investigations uncovered the strong activation of HNF4A-AS1 promoter by the 

P1-HNF4α. We were unable to reproduce the previously reported synergistic activation of the HNF4A 

P1 promoter by HNF4α and HNF1α/HNF6. These data further prompted us to determine the crosstalk 

of HNF4α with other TFs on different gene targets, and our results elucidated highly gene-specific 

transactivation by multiple HNF4α mutations and a novel antagonism of HNF1α transactivation 

activity by HNF4α-Q277X, the first identified MODY1 mutant.  

The present study discovers novel roles of the distal promoter and the 5' UTR in the 

self-stimulation of HNF4α. In our validating experiment, HNF1α strongly activates the HNF4A P1 

promoter. However, HNF4α induces a moderate increase in the reporter activity of its own proximal 

promoter only when the 5`UTR coding motif is present. A direct explanation may be that this 5`UTR 

coding motif contains additional binding sites recognized by HNF4α or HNF4α-recruited proteins, so 

the specific region in the 5`UTR is indispensible for HNF4α-mediated transactivation. However, an 

alternative explanation may also exist. We recently discovered the presence of the G-quadruplex, a 

solid nucleotide secondary structure, within the 5`UTR of human HNF4A that induces a strong 

translational suppression (Guo and Lu 2017). In addition, our results indicate that the reporter activity 

of P1-5`UTR activated by the P1-HNF4α is comparable with the basal activity of the P1 promoter 

without the 5`UTR (Data not shown). Additionally, the self-stimulation of HNF4α on its own proximal 

promoter does not change the mRNA level (Fig.4-1B). Therefore, we herein present an alternative 
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hypothesis that HNF4α may shift the transcriptional starting site (TSS) forward, which consequently 

shortens the 5' UTR of HNF4A mRNA and thus attenuates the inhibitory effect by the 5' UTR. Thus, 

HNF4α has no activation effect on the P1 proximal promoter when the 5`UTR is removed. Indeed, the 

TF-mediated TSS selection or shift is not rare (Goel, Krishnamurthy et al. 2012, Richards, Watza et al. 

2017), and we also find inconsistent reports on the TSS of P1-HNF4A in different databases. Overall, 

we propose that the HNF4α protein may induce the self-activation through enhancing the distal 

promoter activity and shifting the TSS to lessen the translational repression by its 5' UTR. The 

underlining mechanism of HNF4α self-stimulation demands further investigations. 

Our data do not support the previously reported synergistic self-activation of HNF4α with other 

TFs. The previously reported synergism of HNF4α with HNF1α or HNF6 on HNF4A promoter is a bit 

surprising since it brings the positive feedback loop into a further cascade that would result in an 

aberrant high intracellular level of HNF4α expression. In the original study where the synergism was 

observed, the same question was also raised. The authors made an explanation by introducing COUP 

transcription factor 2 (COUP-TFII) as a major negative regulator to suppress the expression of HNF4A. 

However, this is controversial since a later study done by Perilhou and his colleagues in 2008 

demonstrates that COUP-TFII positively regulates HNF4A expression, instead of being a negative 

regulator (Perilhou, Tourrel-Cuzin et al. 2008). More recently, a summary of the role of COUP-TFII 

indicates that although COUP-TFII increases the expression of HNF4α, COUP-TFII inhibits HNF4α 

function on other gene targets (Litchfield and Klinge 2012). Taken together, currently the precise role 

of COUP-TFII in regulating the feedback loop of HNF4A-HNF1A is still obscure. Our study did not 
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observe the synergism between HNF4α with HNF1α/HNF6 on HNF4A-P1 promoter in two cell lines 

(Fig.4-4). This might be due partly to the difference of cell lines (HeLa cells were used in the previous 

study). Furthermore, our HNF4A-P1 reporter vector maintains the HNF4A promoter and 5`UTR 

motifs with a higher integrity (nt -985 to nt +89) compared to the prior reported construct (nt -500 to nt 

+63). The shortened promoter and the incomplete 5`UTR may have larger chances to generate false 

positive observations. Taken together, we propose that this synergism in self-stimulation of HNF4α 

reported in HeLa cells is unlikely of physiological relevance. We established this model by following 

additional two considerations: (1) A transcription factor usually does not require a high intracellular 

amount to exert its biological function. (2) HNF1α inhibits the transactivation of HNF1α promoter by 

HNF4α (Ktistaki and Talianidis 1997), and our data showed that HNF4α tends to antagonize, rather 

than enhance, the activation of HNF4α P1 proximal promoter by HNF1α (Fig.4-4A).  Overall, we 

propose a working model that during liver development, HNF4α, the upstream regulator of HNF1α, in 

the first place induces HNF1α and a moderate self-activation, and HNF1α in turn further transactivates 

HNF4α to achieve high expression levels of both HNF1α and HNF4α to promote hepatocellular 

differentiation and maturation. When hepatic expression of HNF1α arrives to a threshold, HNF1α and 

HNF4α antagonize each other on the transactivation of HNF1α and HNF4α proximal promoter to 

break the reciprocal transactivation between HNF1α and HNF4α, and thus hepatic expression of 

HNF1α and HNF4α will reach plateau. The additive transactivation of HNF4α by HNF4α and HNF6 

(Fig.4-4D) will help ensure that hepatic expression of HNF4α can be independent of HNF1α. 
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To date, the dynamic change of P1 and P2 HNF4α during the embryonic development and 

oncogenesis is still puzzling. Both P1- and P2-HNF4α are detected in fetal liver. However, P2-HNF4α 

dramatically diminishes after birth, and re-expresses during the development of HCC (Briancon, Bailly 

et al. 2004, Tanaka, Jiang et al. 2006, Lazarevich, Shavochkina et al. 2010, Babeu and Boudreau 2014). 

This dynamic switch has been explained partly by the finding that P1-HNF4α is capable of inhibiting 

P2-HNF4α (Briancon, Bailly et al. 2004); however, the underlining mechanism remains elusive. 

Additionally, how P2-HNF4α gets dominated over P1-HNF4α in pancreas is uncertain. The antisense 

RNAs belong to a subclass of lncRNAs and regulate gene expression via multiple mechanisms (Rinn, 

Kertesz et al. 2007, Lanzafame, Bianco et al. 2018). The current study uncovers the strong correlation 

between P1-HNF4α and HNF4A-AS1: On one hand, the P1-HNF4α substantially activates the 

proximal promoter of HNF4A-AS1 (Fig.4-2C). On the other hand, the corresponding sense motif of the 

HNF4A-AS1 proximal promoter serves as a distal promoter that can further enhance the 

self-stimulation of P1-HNF4A (Fig.4-2D & 4-2E). Moreover, the special localization of HNF4A-AS1, 

namely intron1-2 of P2-HNF4A that sits between the P2 and P1 promoters (Fig.4-2A) may enable the 

HNF4A-AS1 to specifically regulate the P2-HNF4α. Herein we propose a working model that in liver, 

the P1-HNF4α controls the transcription of HNF4A-AS1, which might repress the expression of 

P2-HNF4α by inducing the methylation to the P2 promoter or interfering with the alterative splicing. 

In pancreas, additional factors such as Pax6 may interfere with regulatory pathway by inhibiting the 

expression of HNF4A-AS1. However, the precise role of HNF4A-AS1 in regulating the balance of 

HNF4α isoforms in different tissues is still obscure and requires further validation. 
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The present study discovers highly gene-specific changes of transcriptional activities by multiple 

HNF4α mutations. Many HNF4α mutations responsible for MODY1 and HCC have been identified; 

however, the functional and phenotypic alterations of most HNF4α mutations are not fully 

characterized yet. Moreover, the functional studies of some HNF4α mutations raise controversy. For 

instance, HNF4α-E285Q was originally reported to lose the ability of binding to HNF4 consensus 

sequence, and therefore completely lost the transactivation activity (Navas, Munoz-Elias et al. 1999). 

However, other studies reported the human HNF4α-E285Q was still transactive (Suaud, Hemimou et al. 

1999). This controversy was later explained by the species difference between human and rat HNF4α 

(Lausen, Thomas et al. 2000). Our results indicate that the HNF4α-E285Q does not maintain any 

transactivation activity for all promoters that we have tested. The other example is HNF4α-V402I, 

which has been reported to have a significantly reduced transactivation activity on HNF1α (Hani, 

Suaud et al. 1998). A later study of the HNF4α-I463V concluded that the I463V might not be 

responsible for MODY1 (Amara, Ben Charfeddine et al. 2015). These authors also indicate that the 

I463V could have a similar effect with V402I. Our data are mostly in agreement with the conclusion 

that V402I and I463V may not be a direct cause of MODY1, as both mutations do not show a 

comprised transactivation activity. We have confirmed that all three nonsense mutations (R163X, 

Q277X and W349X) lost their transactivation activity, with the exception of a weak activation of 

HNF1A promoter by R163X. R163X maintains the AF-1 activation domain and DNA-binding activity. 

Interestingly, R163X maintains weak activation effects on certain HNF4α targets in kidney cells, but 

completely loses the transactivation activity and exerts strong dominant-negative effects on 
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WT-HNF4α in β-cells [Laine, Eeckhoute et al. (2000). The Q277X cannot bind DNA or dimerize, and 

it has no dominant-negative effect on WT-HNF4α (Sladek, Dallas-Yang et al. 1998, Lausen, Thomas 

et al. 2000). Our novel finding that the Q277X interferes with the transactivation by HNF1α may 

provide important mechanistic insight on the MODY1 pathogenesis induced by Q277X. Moreover, we 

found that Q277X strongly antagonized farnesoid X receptor (FXR) for the activation of the promoter 

of bile salt export pump (BSEP) (Fig.S4-3A). FXR can physically interact with HNF4α (Thomas, Hart 

et al. 2013), and FXR plays a key role in regulating insulin transcription and secretion in the pancreas 

(Renga, Mencarelli et al. 2010). The subcellular localization of HNF4α-Q277X is different from the 

WT-HNF4α (Sladek, Dallas-Yang et al. 1998, Ogata, Awaji et al. 2012). Whether the Q277X mutant 

may alter the cellular localization of HNF1α and FXR to inhibit their transactivation requires further 

investigations. Overall, our study provides further evidence and mechanistic insights for the functional 

changes of multiple elusive HNF4α MODY1 mutations. In addition, we provide novel findings 

regarding the gene-specific effects of HNF4α-D78A and G79S, two DBD mutations found in liver 

cancer. D78A was only seen in limited literature whereas G79S could only be found in the cancer 

database. Heterozygous mutation of D78A is present in HepG2 cells, a widely used liver cancer cell 

line (Lausen, Thomas et al. 2000). D78A has been indicated to bear an enhanced transactivation 

activity on specific promoters including the rat apolipoprotein AI promoter and the Xenopus HNF1α 

promoter (Lausen, Thomas et al. 2000). We found that the effects of D78A mutation on HNF4α-target 

genes are highly gene-specific, which varies from a complete loss of activation (on self-stimulation) to 

a moderately enhanced transactivation of mouse stearoyl-CoA desaturase-1 (Fig.S4-3B). The 
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diminished transactivation of tumor suppressors (e.g. P1-HNF4α and miR-194) and increased 

transactivation of certain metabolic genes by HNF4α-D78A may explain the unique feature of HepG2 

cells being a cancer cell line with high metabolic activities. Although G79S also has a gene-specific 

pattern, it only maintains a weak transactivation activity on HNF1α and PDZK1 promoter. Intriguingly, 

the Asp 78 and Arg 85 in the DBD were indicated to be critical for the HNF4α specific recognition site 

(Fang, Mane-Padros et al. 2012). Thus, the alteration of these residues will likely to selectively affect 

the HNF4α specific targeting genes. The novel findings of the highly gene-specific changes of D78A 

and G79S will provide important mechanistic insights for the study of HNF4α mutations in 

carcinogenesis. The inconsistency and discrepancy regarding the functional studies of certain HNF4α 

mutants have been noted in the past two decades. HNF4α crosstalks with diverse extracellular and 

intracellular signaling molecules to regulate a large battery of genes in liver (Lu 2016). Thus, when 

performing functional studies of HNF4α mutations, a more extensive test of the HNF4α-target genes 

and interactions of the mutant HNF4α with other signaling pathways will be preferred to elucidate the 

precise changes in the transactivation activities of these HNF4α mutants. 

In summary, the current study provides multiple novel insights regarding the regulatory 

mechanisms of the gene expression and transactivation activity of HNF4α. The 5`UTR-involved 

self-stimulation of HNF4α requires further investigation, which may be a potential novel target for 

up-regulating the gene expression of HNF4α. We have identified the antisense HNF4A-AS1 as a novel 

HNF4α-target gene. In addition to being a promising biomarker for diseases diagnosis, HNF4A-AS1 

may play a key role in regulating the P2 and P1 HNF4α expression in tissue distribution, ontogeny, and 
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carcinogenesis, which warrant further investigation. Finally, the novel discoveries of the antagonism of 

HNF1α and FXR transactivation activities by the MODY1 mutant HNF4α-Q277X and the highly 

target-gene-specific effects of D78A and G79S, two DBD mutations of HNF4α provide important 

mechanistic insights on how HNF4α mutations lead to MODY1 and liver cancer. 

4.5 Materials and Methods 

4.5.1 Vector constructions 

All reporter/expression vectors used in the study were generated by restriction digestion and 

ligation reactions or site-directed mutagenesis (SDM). The inserts with artificial restriction 

enzyme sites were obtained by PCR cloning or direct purchase from Integrated DNA 

Technologies (IDT) and GenScript. For vector construction, the luciferase reporter vectors were 

built on the pGL3-Basic/Promoter backbones, and the protein expression vectors were built on the 

pCDNA backbone. The detailed information regarding the engineered sequence was provided in 

Table.S4-1. The mammalian expression vectors for HNF1α (FR_HNF1A, #31104), P1-HNF4α 

(FR_HNF4A2, #31100), and P2-HNF4α (FR_HNF4A8, #31114) as well as luciferase reporter 

vector for the HNF4A P2 promoter (HNF4A_P2-2200, #31062) were purchased from Addgene. 

The expression vector for wildtype P1-HNF4α, pcDNA3-HNF4A2 was generated by PCR cloning 

of the HNF4A2 cDNA into the EcoRI/NotI site of pcDNA3 using the FR_HNF4A2 as the PCR 

template. All HNF4α mutations used in this study were generated by SDM with the Q5® 

Site-Directed Mutagenesis Kit (E0554S, New England BioLabs) using the pcDNA3-HNF4A2 as 

the template and verified by sequencing. The mammalian expression vectors for HNF1β (pBJ5 
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HNF1β, Dr.Gerald Crabtree, Stanford University), HNF3β (pHNF3β, Dr. David Waxman, Boston 

University), HNF6 (pCMV Flag HNF6, Dr. Frédéric Lemaigre, Université Catholique de Louvain), 

PAX6 (Dr. Ales Cvekl, Albert Einstein College of Medicine), and FXR (pCMX FXRα2, Dr. 

David Mangelsdorf, University of Texas Southwestern Medical Center) were generous gifts from 

other laboratories. The luciferase reporter p-1445-Luc for the promoter of human bile salt export 

pump (BSEP) was a gift from Dr. M. Ananthanarayanan (The Mount Sinai Medical Center). 

4.5.2 Transient transfection and dual-luciferase assay 

Human embryonic kidney 293 (ATCC Cat# CRL-3216, RRID:CVCL_0063) and human 

hepatocellular carcinoma HepG2  (ATCC Cat# CRL-10741, RRID:CVCL_1098) were seeded in 

the 96-well-plate, After 24 h, cells in each well were transfected with 100 ng plasmids that 

included 28 ng firefly luciferase vectors, 2 ng renilla luciferase vectors (pRL-CMV), 10 ng eGFP 

expressing vectors (to monitor the transfection efficiency), and 60 ng other expression vectors 

(collection of co-transfecting factors), using Lipofectamine 2000 or 3000 (Invitrogen, 2000 for 

HEK293 cells and 3000 for HepG2 cells). Cells were harvested 24 h after transfection for 

dual-luciferase assay using Dual-GloTM luciferase assay system (Promega) and GloMax 

Luminometer (Promega), following the manufacturer’s protocol. The ratios of firefly/renilla 

luciferases were calculated as the normalized reporter activities, with the control values set as 1.0. 

4.5.3 Real time PCR  

Total RNAs from cells were isolated by RNA-STAT60 (Tel-Test) and quantified by Qubit RNA 

assay kit and Qubit 2.0 fluorometer (Life technology). The High-Capacity RNA-to-cDNATM kit 
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(Applied Biosystems®, life technologies) was used for cDNA synthesis. iQTM SYBR® Green 

supermix (Bio-rad) was applied to quantify mRNAs using MyiQ2TM Two-Color Real-Time PCR 

System (Bio-rad). The amounts of mRNA were calculated using the comparative CT method, 

which determines the amount of target gene normalized to an introduced control.  

4.5.4 Western blot  

HEK293 cells in 6-well-plates were transfected with 500 ng HNF4α expression vectors and 500 

ng pcDNA3-eGFP. Whole cell lysates were prepared 24 h after transfection. Proteins in cell 

lysates were resolved in sodium dodecyl sulphate-polyacrylamide gel electrophoresis. Western 

blot quantification of HNF4α and EGFP was conducted with primary antibodies as follows: 

anti-HNF4α (Cell Signaling Technology Cat# 3113S, RRID:AB_2295208)  and anti-GFP 

(Abcam Cat# ab290, RRID:AB_303395). Primary antibodies were revealed with HRP-conjugated 

secondary antibodies (Cell Signaling Technology Cat# 7076, RRID:AB_330924 & Cell Signaling 

Technology Cat# 7074, RRID:AB_2099233) and ECL Western Blotting Substrate (W1015, 

Promega). ChemiDocTM XRS+System (Bio-Rad) and software were used for band capturing. 

4.6 Statistical analysis 

All values were expressed as mean + S.E. The two-tailed Student’s test was used to determine the 

statistical difference between two groups, which was set as p < 0.05.  

4.7 Figures and legends 

 

 



	 116	

 

 

Figure 4-1. Self-regulation of HNF4α P1 proximal promoter by HNF4α. (A) Effects of HNF4α on 

the reporter activities of HNF4A-P1 promoter with/without 5' UTR in HEK293 cells. N=4, mean ± SE. 

* p<0.05 vs control group; (B) Real-time PCR quantification  of HNF4A-P1-5`UTR mRNA in the 

presence/absence of HNF4α. N=3, mean ± SE; (C) Effects of HNF4α on the reporter activities of 

HNF4A-P1 promoter with/without 5' UTR in HepG2 cells. in. N=4, mean ± SE. * p<0.05 vs control 

group; (D) Effects of HNF1α on the reporter activities of HNF4A-P1 promoter with/without 5' UTR in 

HEK293 cells. N=4, mean ± SE. * p<0.05 vs control group. 
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Figure 4-2. Regulation of HNF4A-AS1 promoter by HNF4α. (A) A schematic view of 

HNF4A/HNF4A-AS1 genomic structure and the construction principle of reporter vectors with 

HNF4A-AS1. Purple ellipse: HNF4A-P2 promoter; Purple rectangle: P2-exon1; Cyan arrows: The 

indicator of 5` and 3` orientation. Blue ellipse: The proximal promoter of HNF4A-AS1; Blue rectangle: 

HNF4A-AS1 exons; Red arrow: coding sequence of HNF4A-AS1 proximal promoter. Green arrow: The 

reverse complementary sequence of red arrow; (B) The ChIP-seq data showing the binding of HNF4α 

to the promoter of HNF4A-AS1 and P1-HNF4A in liver and HepG2 cells; (C) Luciferase reporter 

activities of HNF4A-AS1-Pro-P1-Luc induced by 0, 3 and 10 ng P1 & P2 HNF4α in HEK293 cells. 

N=4, mean ± SE. * p<0.05 vs control group. † p<0.05 vs 3 ng P1-HNF4α; (D & E) Comparison of 

reporter activities of HNF4A-AS1-Pro-Luc, HNF4A-P1-5`UTR-Luc, and HNF4A-Dis-P1-5`UTR-Luc 

with/without HNF4α induction in HEK293 cells (D) and HepG2 cells (E). N=4, mean ± SE. * p<0.05 

vs HNF4α-null group. † p<0.05 vs HNF4A-P1-5`UTR-Luc. 
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Figure 4-3. Regulation of HNF4α P2 promoter and HNF4A-AS1 promoter by Pax6. (A) The ChIP-seq 

data showing the binding of Pax6 to the HNF4A-P2 promoter in pancreas; (B) Effects of Pax6 and HNF1α 

on the reporter activity of HNF4A-P2-Luc in HEK293 cells and HepG2 cells. N=4, mean ± SE. * p<0.05 vs 

control † p<0.05 vs Pax6 or HNF1α single treatment; (C) Effects of Pax6 and HNF4α on the reporter 

activity of HNF4A-AS1-Pro-Luc in HEK293 cells. N=4, mean ± SE. * p<0.05 vs control. † p<0.05 vs 

P1-HNF4α group. 
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Figure 4-4. Interactions of HNF4α with other liver-enriched transcription factors in the regulation of 

gene expression. (A) Effects of HNF4α, HNF1α, HNF1β, and HNF3β on the reporter activities of 

HNF4A-P1-5`UTR-Luc in HEK293 cells. N=4, mean ± SE. * p<0.05 vs control; (B) Effects of HNF4α and 

HNF1α on the reporter activities of HNF4A-Dis-P1-5`UTR-Luc in HEK293 cells. N=4, mean ± SE. * 

p<0.05 vs control; (C & D) Effects of HNF4α and HNF6 on the reporter activities of PDZK1 and 

HNF4A-P1-5`UTR-Luc, in HEK293 cells (C) and HNF4A-Dis-P1-5`UTR-Luc in HEK293 and HepG2 

cells (D). N=4, mean ± SE. * p<0.05 vs control. † p<0.05 vs HNF6 or P1-HNF4α single treatment.  
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Figure 4-5. Effects of HNF4α mutations on the transcriptional activities of HNF4α in HEK293 cells. 

(A) A schematic view of HNF4α2 protein structure. AF-1 & AF-2: Activation Function domain 1 & 2; 

DBD: DNA Binding Domain; H: Hinge; LBD: Ligand Binding Domain; F: F domain. The mutants in 

parentheses indicated the prior known names of HNF4α mutations; (B & C & D) The reporter activities of 

HNF4A-AS1-Pro-Luc (B), HNF1A-Pro-Luc (C) and miR-194-Pro-Luc (D) induced by wild-type and 

mutant HNF4α2. N=4, mean ± SE. * p<0.05 vs control. † p<0.05 vs wildtype HNF4α (HNF4α_WT). 
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Figure 4-6. Interactions of HNF4α mutants with HNF1α and HNF6 in the regulation of gene 

expression in HEK293 cells.  (A) Reporter activities of HNF4A-Dis-P1-5`UTR-Luc induced by wildtype 

(WT)/mutant P1-HNF4α in the presence/absence of HNF1α. N=4, mean ± SE. * p<0.05 vs HNF4α-null 

group. † p<0.05 vs HNF4α_WT group; (B & C) Reporter activities of PDZK1 promoter induced by 

WT/mutant P1-HNF4α in the presence/absence of HNF6 (B) or HNF1α (C). N=4, mean ± SE. * p<0.05 vs 

HNF4α-null group. † p<0.05 vs HNF4α_WT group. 
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4.8 Supplemental Materials 

 

 

 

Figure S4-1. Additional indications of the correlation between HNF4A-AS1 and P1-HNF4α (A) 

RNA-seq data comparing the mRNA changes of NTCP and HNF4A-AS1 in primary human hepatocytes 

treated with an HNF4α inhibitor BI6015 (10 µM) for 24 h. (B) Tissue distribution of HNF4A-AS1 in 

humans (from NCBI Gene database). 
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Figure S4-2. The evidence of the correlation between Hnf4α and Hnf4a_os (A) ChIP-seq data showing 

the binding of Hnf4α to the promoter and exons of Hnf4a_os in mouse liver. (B) Expression of Hnf4a_os in 

the developing mouse liver (GSE58827). N=3, mean ± SE. (C) RNA-seq data of pooled liver total RNAs 

that indicate the difference in Hnf4a_os expression in livers from adult male wildtype (WT) mice and mice 

with liver-specific heterozygous (Het) and knockout (KO) of Hnf4α. (D) Luciferase reporter activities of 

Hnf4a_os-Pro-Luc activated by Hnf4α in HEK293 cells. N=4, mean ± SE. * p<0.05 vs control. 

	

 

 

 

 

	

	

	

	 	
	 	
	 	
	 	 	 	 	 	 	 	 	 	 	 	 	
	 	 	 	 	 	 	 	 	 	 	 	 	
	 	 	 	 	 	 	 	 	 	 	 	 	

	

	

Supplemental Figure 2. (A) ChIP-seq data showing the binding of Hnf4α to the promoter and 
exons of Hnf4a_os in mouse liver. (B) Expression of Hnf4a_os in the developing mouse liver 
(GSE58827). N=3, mean ± SE. (C) RNA-seq data of pooled liver total RNAs that indicate the 
difference in Hnf4a_os expression in livers from adult male wildtype (WT) mice and mice with 
liver-specific heterozygous (Het) and knockout (KO) of Hnf4α. (D) Luciferase reporter activities 
of Hnf4a_os-Pro-Luc activated by Hnf4α in HEK293 cells. N=4, mean ± SE. * p<0.05 vs control. 
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Figure S4-3. The interference of FXR transactivation by Q277X and the gene specific transactivation 

of D78A. (A) Effect of HNF4α-Q277X on the FXR-transactivated BSEP promoter. *p<0.05 vs control. † 

p<0.05 vs HNF4α_WT; (B) Effects of wildtype (WT) and D78A mutant of HNF4α2 on luciferase activities 

of promoters of Scd1, HNF4A P1, PDZK1, and miR- 194 in HEK293 cells. N=4, mean ± SE. * p<0.05 vs 

control. † p<0.05 vs HNF4α_WT.; (C) Western blot determination of the protein expression of the 

transiently transfected HNF4α_WT and HNF4α_G79S in HEK293 cells.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

   

 

 
Supplemental Figure 3. (A) Effect of HNF4α-Q277X on the FXR-transactivated BSEP 
promoter. *p<0.05 vs control. † p<0.05 vs HNF4α_WT; (B) Effects of wildtype (WT) and D78A 
mutant of HNF4α2 on luciferase activities of promoters of Scd1, HNF4A P1, PDZK1, and miR-
194 in HEK293 cells. N=4, mean ± SE. * p<0.05 vs control. † p<0.05 vs HNF4α_WT.; (C) 
Western blot determination of the protein expression of the transiently transfected HNF4α_WT 
and HNF4α_G79S in HEK293 cells. 
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Supplemental Figure 3. (A) Effect of HNF4α-Q277X on the FXR-transactivated BSEP 
promoter. *p<0.05 vs control. † p<0.05 vs HNF4α_WT; (B) Effects of wildtype (WT) and D78A 
mutant of HNF4α2 on luciferase activities of promoters of Scd1, HNF4A P1, PDZK1, and miR-
194 in HEK293 cells. N=4, mean ± SE. * p<0.05 vs control. † p<0.05 vs HNF4α_WT.; (C) 
Western blot determination of the protein expression of the transiently transfected HNF4α_WT 
and HNF4α_G79S in HEK293 cells. 
 
 

 

 

 

 

 

 

 

B A 

C 

* *† * 
*† 

* 

* 

*† 

* 

* 

*† 

 

 

 

 

 

 

 

 

 

 

 

 

 

   

 

 
Supplemental Figure 3. (A) Effect of HNF4α-Q277X on the FXR-transactivated BSEP 
promoter. *p<0.05 vs control. † p<0.05 vs HNF4α_WT; (B) Effects of wildtype (WT) and D78A 
mutant of HNF4α2 on luciferase activities of promoters of Scd1, HNF4A P1, PDZK1, and miR-
194 in HEK293 cells. N=4, mean ± SE. * p<0.05 vs control. † p<0.05 vs HNF4α_WT.; (C) 
Western blot determination of the protein expression of the transiently transfected HNF4α_WT 
and HNF4α_G79S in HEK293 cells. 
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Table S4-1. Sequence information of vector constructions 

Plasmid Name  Engineered motifs Sequence 

HNF4A-P1-Luc Nt -985 Proximal 

promoter of HNF4A-P1 

Promoter (-985 ∼ +1 bp) 

agaaacagggggatggcaagggggatacgaaacagggagagggaggag

gg 

ggaagaggatggacgtctaccaggccccacttggtgcttgatttatgcca 

tctcatttccttctcaaaccaccctttgaagttgattgtacattttacag 

aaaaggaaactgaggctcggagaggagaatcatttacccaaggtcccagt 

tagtagacggtaggtgcctgaatgtaaatccaggtctctgcctgctccgg 

gagggggtgggggtgagggaaacaggagaatgtgatgggaaaatccgaga 

tggagccagcctgggccagaaacactgggagctgtgggagacggagaggg 

gcagggtgggatcacagggagcaggagcggggaattggaggtgaatctgg 

ccctcccaaacttccagtccattctgctcccaggggaaccgggaaactgc 

gggggaactggaagggagctcccagaacaaggatccagaagattggcatc 

tggggcctgggatttaggtttctaaatcgtgggccatggggcagccttat 

ctctgcaaaagcattgagggtagaagtcaatgatttgggaagttattgaa 

ttaggggatctcggaggtaggctgtcagtgcctgatagtatcagttagaa 

tgcctgacttggggtgacaatggcttggaggggtgggtgagtcaagggtc 

aaatgagtgcccgtgagtcatgatgcctgccttgtacaattgataactga 

acatcggtgagttagggccccagcagttgtaattagcaccccgggtgtcaca 

gccagaaaccaacaaacagccaaatccctgcagccccgcccagcctatcc 

accggcgggggaccgattaaccattaacccccacccctccccggcagagc 

ctccaccccttcacagaggctaggccaagactcccagcagatcttcccag 

aggacggtttgaaaggaaggcagagagggcact 

pGL3T7-5`UTR Nt+89 

5`UTR of P1-HNF4A 

gggaggaggcagtgggagggcggagggcgggggccttcggggtgggcg

cccagggtagggcaggtggccgcggcgtggaggcagggaga 

 

HNF4A-P1-5`U

TR-Luc 

Nt -985 

Proximal promoter of 

HNF4A-P1 Promoter 

Same as above 

Nt+89 Same as above 
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5`UTR of P1-HNF4A 

HNF4A-AS1-Pro

-Luc 

The proximal promoter 

and exon 1 of 

HNF4A-AS1 (-168 ∼ 

+145 bp) 

ttttcttccccacccaccactccgggagaggtgcagagaaaactgggacttatc 

aagacaaagaacaaaagtcgtggaggaaagaagccaagagccatctctact 

ctggggtagggcccttcagttttgcccctttgaaatttcaaattccagtttgtggac

aa 

agtcCTAACTATCTCACAATATAGGTCCCCAACCA

CTGACCAAACTCCAGTCCAGGCAGCCACCAGCT

GGCCTGGTCTTGCTGCTTCCTTTAGCGGCTTCCA

AGGTCCAGGGACAGGGGGTCTGGGCCACCAAG

AGGCTCTGCTAGGCT 

HNF4A-Dis-P1-

5`UTR-Luc 

The reverse 

complementary strand of 

the proximal promoter of 

HNF4A-AS1 

agcctagcagagcctcttggtggcccagaccccctgtccctggaccttggaag

ccgctaaaggaagcagcaagaccaggccagctggtggctgcctggactgga

gtttggtcagtggttggggacctatattgtgagatagttaggactttgtccacaaa

ctggaatttgaaatttcaaaggggcaaaactgaagggccctaccccagagtag

agatggctcttggcttctttcctccacgacttttgttctttgtcttgataagtcccagt

tttctctgcacctctcccggagtggtgggtggggaagaaaa 

Nt -985 

Proximal promoter of 

HNF4A-P1 Promoter 

Same as above 

Nt+89 

5`UTR of P1-HNF4A 

Same as above 

HNF1A-Pro 

 

 

 

Nt -135 

Proximal promoter of 

HNF1A (-105 ∼ +30 bp) 

tgtccctctccgctgccatgaggcctgcactttgcagggctgaagtccaaagtt

cagtcccttcgctaagcacacggataaatatgaaccttggagaatttccccagc

tccaatgtaaacagaacaggcaggggc 
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HNF4A-P2-Luc Nt -2.2kb Proximal 

promoter of P2-HNF4A 

(-2200 ∼ +1 bp) 

ctcaggaaggcaatgtgagacctgttgaaatagcacgggctttggggtca 

gatgatgctgaattccagttctgtgttggctccttcgtagttatgtgacc 

tcatgacgccacttcatgcagggggttacgtaccacttaaatctccagaa 

cattttgggaaattgacatagggttagcaaacctcccccacccccatata 

aaaatattaatactttttttttttctgagatggagtctggctctgtcgcc 

aaggctgcagtgcagtagtgcaatcttggctcactgcaacatttgcctcc 

taggttgaaacgattctcctccttcagcctcccgagtagctgagattaca 

ggtgctcgctgccacacccagctaatttttgtatttttagtagagatggg 

attacaccgtgttggccagcctggtctcaaactcctgacctcaagtgatc 

cacctgcctcagcctcccaaactgctgggattacaggcatgagccactac 

acccgaccaagaatattaatacttttttttaaaaaatatcgaagttattt 

atttatttatttatttatttatttatttatttattttgagatggagtctc 

tctctgttgcccaggctggagtgcagtggcacgatcttggctcactgcaa 

cctctgtccccctggttcaaacgattctcttgcctcagcctcccgtttgc 

caccatgcccggctaatttttttatttttggtagagacggggtttcacca 

tgttggtcaggctggcctcaaactcctgacctcgtgatcggtgcgcctcg 

gcctcccaaaatgctggggttacaggcgtgagccactgcacccggcccca 

aaatctaacgtttgttatcactgttgttttagaaaagaaaggacatttta 

atgcaacccatgcccatctgtaggggctgaaggtccctctgaggtgattg 

ataaagctgaaaaaagagactatgggaagagaagaggaatattatcaatt 

agctattttagaagcagggcaaactatgagctaggtattcctataaggaa 

atgaaataatttactaaaaaacatacagcaagaaaataatagagctggag 

ttttctgatttttctgagtccagaatttgtttcactgttctcatttcagc 

tctctctaacaggatgaatgaccttgatttcagaatccccaagcaggtgg 

tgagatccaaaactgagacaaaagaaacggggctgttccaaaaaaaaagc 

taggtggcaggtgtctaacatgccagggagctaaaacagagtgtgtgagt 

ttcagcagcaggttgaatttagaatggggaaggagaccagaggagacgcc 

agacaggatgactttgtcccattggcctggaggcagccccatgtttctcc 

acccctcatatcactcaccagtttgtaatagtatctttgaatgacgatct 

gattaaggtccgtctcctccattagtccacaagtttcgggggtacatcta 
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ctttgctcatttccatatccccagagtctagcacaaggcctggtacatag 

taggtgctcaataaatatgttagatgaaaggaagataacacctctatgta 

ctagcagtgagactccaggcatgcaatttctctctgtccttcagtccctt 

catctcaaggtttaatttaaatatggtaacgcctgtatgcaactcccagc 

atccagtaggcactcactaaacacagttctccaccctccttttttcctct 

gcccctccctcggttttcccactacttcctgcatggtgacacacccatag 

tttggagccataaaacccaacccaggttggactctcacctctccagcccc 

ttctgctccggccctgtcctcaaattggggggctgatgtccccatacacc 

tggctctgggttcccctaaccccagagtgcaggactaggacccgagtgga 

cctcaggtctggccaggtcgccattgccatggagacagcaacagtcccca 

gccgcgggttccctaagtgactggttactctttaacgtatccacccacct 

tgggtgattagaagaatcaataagataaccgggcggtggcagctggccgc 

actcaccgccttcctggtggacgggctcctggtggctgtgctgctgctgt 

gagcgggcccctgctcctccatgcccccagctctccggctgggtgggctt 

PDZK1-Pro-Luc 224 bp human PDZK1 

proximal promoter and 5' 

UTR (-141 ∼ +83 bp) 

gagcttttggtttgctgaggtttgtcagattttccagctcagggcccagccagct

ggcaggaagcaggacagaggtcacttgaattcagaccacatgtccctgttaaa

tacattagcttttaaatcaatctttgttcaaagTCCAGTGAGTTGCAA

GCTTAATGCTCACCTGCAGAGACAGAATTCCTG

AGTGAACGAACAGAGCAGCTCCTCTTCCATCTC

CA 
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Table S4-2. Numerical changes induced by HNF4α mutants on 3 HNF4α target promoters 

 HNF4A-AS1-Pro-Luc HNF1A-Pro-Luc miR194-Pro-Luc 

HNF4α VS control VS WT VS control VS WT VS control VS WT 

Wild Type ↑ 27 x * - ↑ 50 x * - ↑ 15 x * - 

D78A ↑ 19 x * ↓30.6% † ↑ 42 x * N/S ↑ 3 x * ↓80.0% † 

G79S N/S ↓93.5% † ↑ 10 x * ↓81.0% † N/S ↓92.2% † 

R163X N/S ↓95.7% † ↑ 4 x * ↓92.7% † N/S ↓92.2% † 

D215Y ↑ 26 x * N/S ↑ 45 x * N/S ↑ 8 x * ↓49.3% † 

Q277X N/S ↓96.5% † N/S ↓96.8% † N/S ↓90.8% † 

E285Q N/S ↓96.4% † N/S ↓98.0% † N/S ↓94.0% † 

L341P ↑ 28 x * N/S ↑ 53 x * N/S ↑ 10 x * ↓38.1% † 

W349X N/S ↓96.9% † N/S ↓95.0% † N/S ↓95.0% † 

V402I ↑ 24 x * N/S ↑ 85 x * ↑70% † ↑ 12 x * N/S 

I463V ↑ 44 x * N/S ↑ 83 x * ↑66% † ↑ 17 x * N/S 

 
Symbols & Notes 

• “VS control”: The luciferase activity versus control (No HNF4α added)  

• “VS WT”: The Promoter activity regulated by mutant HNF4α versus wild-type HNF4α 

• “↑” & “↓”: increase and decrease; “x” : fold;  

• “*” & “†” : A statistical difference, p < 0.05 

• “N/S”: Not a statistical difference 
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Table S4-3. Numerical changes induced by HNF4α mutants/HNF1α on HNF4A-Dis-P1-5`UTR-Luc 

 HNF4A-Dis-P1-5`UTR-Luc HNF4A-AS1-Dis-P1-5`UTR-Luc with HNF1α 

HNF4α VS control VS WT VS control VS WT 

Wild Type ↑ 3.7 x * - N/S 

 

N/S 

 D78A N/S ↓76.5% † 

G79S N/S ↓65.7% † 

R163X N/S ↓75.0% † 

D215Y ↑ 2.1 x * ↓42.1% † 

Q277X N/S ↓76.3% † Q277X   ↓42.1% † 

E285Q N/S ↓82.7% †  

L341P ↑ 1.5 x * ↓59% † 

W349X N/S ↓80.1% † 

V402I ↑ 2.8 x * N/S 

I463V ↑ 2.8 x * N/S 

 

Symbols & Notes 

• “VS control”: The luciferase activity versus control (No HNF4α added)  

• “VS WT”: The Promoter activity regulated by mutant HNF4α versus wild-type HNF4α 

• “↑” & “↓”: increase and decrease; “x” : fold;  

• “*” & “†” : A statistical difference, p < 0.05 

• “N/S”: Not a statistical difference 
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Table S4-4. Numerical changes induced by HNF4α mutants/HNF1α/HNF6 on PDZK1-Pro-Luc 

 PDZK1-Pro-Luc PDZK1-Pro-luc with HNF1α PDZK1-Pro-Luc with HNF6 

HNF4α VS control VS WT VS control VS WT VS control VS WT 

Wild Type ↑ 17 x * - ↑ 10 x * - ↑ 21 x * - 

D78A ↑ 8 x * ↓55.5% † ↑ 6 x * N/S ↑ 17 x * N/S 

G79S ↑ 2 x * ↓87.8% † ↑ 3 x * ↓75.1% † ↑ 3 x * ↓84.0% † 

R163X N/S ↓95.1% † N/S ↓92.7% † N/S ↓94.5% † 

D215Y ↑ 12 x * N/S ↑ 9 x * N/S ↑ 16 x * N/S 

Q277X N/S ↓95.7% † N/S ↓95.6% † N/S ↓95.8% † 

E285Q N/S ↓95.8% † N/S ↓93.0% † N/S ↓94.9% † 

L341P ↑10 x * ↓41.5% † ↑ 6 x * ↓44.7% † ↑ 9 x * ↓56.2% † 

W349X N/S ↓95.1% † N/S ↓90.2% † N/S ↓95.8% † 

V402I ↑ 14 x * N/S ↑ 8 x * N/S ↑ 17 x * N/S 

I463V ↑ 13 x * N/S ↑ 11 x * N/S ↑ 19 x * N/S 

 

Symbols & Notes 

• “VS control”: The luciferase activity versus control (No HNF4α added)  

• “VS WT”: The Promoter activity regulated by mutant HNF4α versus wild-type HNF4α 

• “↑” & “↓”: increase and decrease; “x” : fold;  

• “*” & “†” : A statistical difference, p < 0.05 

• “N/S”: Not a statistical difference 
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Appendix to Chapter 4  

This section provides the negative data of an extended study that investigates the role of HNF4A-AS1 

in regulating the expression of P2-HNF4A. In chapter 4 we validated that P1-HNF4α activated the 

expression of HNF4A-AS1, and we further speculated HNF4A-AS1 might be capable of suppressing the 

expression of P2-HNF4A. In order to test this hypothesis, we constructed the expression vector of 

HNF4A-AS1 and overexpress it in the BxPC3 cells, a pancreatic cancer cell line that expressed both P1- 

and P2-HNF4α. By combining the Neon transfection system and fluorescence activated cell sorting (FACS), 

we obtained the cells transfected with HNF4A-AS1 expression vectors in a high purity. The RT-PCR was 

followed to examine the transcripts of P1- and P2-HNF4A. However, compared to the control, the 

overexpression of HNF4A-AS1 did not induce evident alterations of transcription of either P1- or 

P2-HNF4A (Fig.A4). 
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Figure A4. Investigating the role of HNF4A-AS1 in regulating the transcription of P2-HNF4A. 

The pcDNA3-HNF4A-AS1 and pcDNA3 (control) coupled with pcDNA-EGFP vectors were transfected 

into BxPC3 cells. The GFP positive cells were sorted out by FACS, and the RT-PCR was followed to 

determine the transcripts of both P1- and P2-HNF4A. N=3. 

Methods and Materials 

The Neon transfection   

The BxPC3 cells were well trypsinized into single cells and were dissolved into phosphate buffered saline 

with the concentration of 1.5 x10^7 cells/ml. 100ul cells mixed with 3 ug expression plasmids (2.5 ug 

pcDNA3-eGFP+0.5ug pcDNA3-HNF4A-AS1 or 0.5ug pcDNA3) were applied to Neon transfection system 

using 100 ul-tip by following settings: 1450V, 10ms, 4 pulses. The transfected cells were transferred into 

the 6-well-plate with the concentration of 200 ul/well, supplemented with 1.8ml antibiotics free RPMI 

media. 

FACS 

72 hours after transfection, the transfected BxPC3 cells were washed and trypsinized into single cells. The 

cells were resuspended in the sorting buffer that consists of 1x phosphate buffered saline, 1mM EDTA, and 

1% BSA. The resuspended cells were passed through the nylon mesh with a pore size of 70uM to eliminate 

any large aggregates. The sorting of GFP positive cells was conducted by the Flow Cytometry Core Facility 

of SUNY Upstate Medical University.  

 

 

 



	 137	

Discussion 

The central hypothesis of the extended study is that the overexpression of HNF4A-AS1 may inhibit the 

gene expression of P2-HNF4A. However, our preliminary experiments failed to validate this view in BxPC 

cells. Notably, the BxPC3 is a pancreatic cancer cell line, and the TF such as Pax6 is known to be active in 

pancreatic carcinoma cells (Mascarenhas, Young et al. 2009). Our data in chapter 4 indicated the 

stimulating effect of Pax6 on HNF4A-P2, and we also showed that Pax6 antagonized the activation of 

HNF4A-AS1 by P1-HNF4α (Fig.4-3B & Fig.4-3C). Therefore, the active Pax6 may antagonize the impact 

HNF4A-AS1 in BxPC3 cells. The pancreas mainly expresses P2-HNF4α, which was also the original 

rationale for us to use this cell line, as the robustly expressed P2-HNF4α might be more sensitive to the 

overexpression of HNF4A-AS1. However, the failure of the overexpression experiment led us to consider 

the story from the opposite side: the P2-HNF4α might be protected by other TFs, such as Pax6, which was 

the reason of the high expressing profile of P2-HNF4A in pancreas. In contrast, the normal hepatocytes or 

hepatoma cells could be the place where HNF4A-AS1 is able to prohibit the transcription of P2-HNF4A, 

since P1-HNF4α is dominant over P2-HNF4α in liver. Therefore, additional attempts are desired to repeat 

the overexpression experiment by using the liver cancer cell lines that are known to have up-regulated 

P2-HNF4α. 

 

 

 



	 138	

Chapter 5   

Conclusion, perspectives and future directions 
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Chapter 5. Conclusion, perspectives and future directions 

The primary goal of the current project is to thoroughly understand the gene regulation of HNF4α, a 

master regulator enriched in liver. In chapter 2 and chapter 3, we investigate the mechanism of RNA-G4 in 

the translational regulation of HNF4α. By conducting the SAR studies, we present two different types of 

conjunctions that G4 forms with other molecular elements in HNF4A 5`UTR to induce the strong 

translational inhibition. In chapter 4, we conduct a comprehensive study that covers the auto-regulation, 

transcriptional regulation, and transactivation activity of HNF4α. 

5.1 The regulatory role of RNA-G4s in the protein expression of P1-HNF4α 

5.1.1 HNF4α is the first reported tumor suppressor that bears a functioning G4 within its 5`UTR. 

The RNA-G4s have been extensively identified within the 5`UTR of many critical oncogenes, 

such as NRAS (Kumari, Bugaut et al. 2007). However, there are thus far no other studies 

presenting the inhibitory effect of the RNA-G4 in the expression of tumor suppressor genes.  

For the first time, we report that the RNA-G4 within the 5`UTR of P1-HNF4A (both human and 

mouse), which is a well-known tumor suppressor in liver, induces a strong translational inhibition. 

This finding raises the alarm for the cytotoxicity of G4 ligands that are designed to stabilize and 

silent the G4 containing oncogenes. The major dilemma for developing an effective G4 ligand was 

to simultaneously obtain high selectivity and affinity to G-quadruplexes over other secondary 

structures. What makes the situation worse now is that we also need to consider the negative 

impact of G4 ligands on tumor suppressor genes that are fundamentally crucial for the normal 

cells. This potential toxicity consequently also raises the desire that a G4 ligand or a 
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G4-interacting-complex should be capable of recognizing a specific G4 structure, rather than 

target all G4s.  

It is commonly accepted that a particular G4 is dynamically folded and unfolded depending 

on the environmental factors in vivo. The context sequences and the loops may interact with 

potential protein factors that eventually form a G4 that is structurally different from in vitro 

observations. Thus, a G4 may be alternatively modulated via targeting on its surrounding elements. 

It is unfortunate that due to the limitation of detecting G4s in vivo, most developed G4 ligands are 

designed based on the in vitro features, which may not be properly engaged in living cells 

(Shivalingam, Izquierdo et al. 2015). By conducting the SAR study, our results demonstrate the 

atypical formation of G4 within HNF4A 5`UTR in living cells and establish novel hypothetic 

models to explain the regulation of RNA-G4. While the current project does not provide a 

definitive view of G4 structure in vivo, it illustrates detailed features of the G4 formed in HNF4A 

5`UTR and may directly contribute to the identification and development of the G4-specific 

ligand. 

5.1.2 The “conjunction” might be an extensive working mode for RNA-G4s. 

One of our most novel findings is that the G4 formed in HNF4A 5`UTR requires additional 

factors to be functioning. For both human and mouse HNF4A, the conjunction of G4 with the 

neighboring cis-elements is necessary and sufficient to maintain the strong translational inhibition. 

To date, numerous RNA-G4s have been predicted by computational analysis, and many of them 

are stable in vitro. Nevertheless, only a limited portion of predicted RNA-G4s was reported to 
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have active biological functions. The “conjunction” working mode we identified from G4s in the 

HNF4A 5`UTR may provide one direct explanation for this inconsistency: while many RNA-G4s 

are thermodynamically stable in vitro, they are prone to be unfolded in vivo by G4 resolvers. 

Therefore, only the G4s cooperating with the co-factors can survive the unfolding process and 

exert the biological functions. More importantly, our study suggests the HNF4A 5`UTR is highly 

conserved among various mammals. While the 5`UTRs in mouse and rat Hnf4a share less 

homology with human HNF4A, they still maintain the basal combination of “G4” with 

“stem-loop”. The remaining 5`UTRs we have blasted from mammals including rabbits, dogs, pigs, 

whales, and chimpanzees, are all extremely homologous to human HNF4A. The UTR sequences 

are generally considered to evolve more rapidly than coding sequences, and they lack clear 

organizing markers such as the coding frame, making it difficult to align UTRs over even 

moderate evolutionary distances (Roy, Penny et al. 2007). However, the conserved non-coding 

element (CNE), such as UTRs, is an important genomic feature that tends to show regulatory roles 

in gene expression, and its significance is increasingly reported in recent years (Polychronopoulos, 

King et al. 2017). For instance, studies indicated that the presence of the hyper conserved elements 

in the 3`UTR of vertebrate mRNAs were critical markers for the recognition of RBPs such as HuR 

to regulate the translation (Dassi, Zuccotti et al. 2013). Our study suggests the G4-involved 

conjunction in HNF4A 5`UTR is highly conserved in mammals and should be considered as a 

novel CNE for future studies. The essence of the “conjunction-mode” is that the combination of 

G4 with other regulatory elements assists the G4 to achieve a biostable status, which prevents the 
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destabilization of G4s by the unwinding machinery in vivo. We hypothesize that the “conjunction” 

might be a common working mode of RNA-G4s in vivo. 

5.2 The biostable status may be the basis for RNA-G4s to exert biological functions 

The thermostability of G4s has been rigorously investigated by in vitro assays. Some critical 

determiners include the number of G-tetrads, the length of side chains and the concentration of 

environmental cations. In contrast, the concept of “biostability” has not been emphasized in G4 studies. 

We speculate that the biostability is the basis for the RNA-G4 to be functioning in vivo, and we have 

discovered two potential mechanisms that the G4 formed within HNF4A/Hnf4a 5`UTR may achieve a 

biostable status. 

5.2.1 The interaction of G4 loops with RBPs 

In chapter 2, we reported the influence of the side chain on the G4 formation, which 

indicated that the G4 loops might recruit additional factors to stabilize the entire structure in vivo. 

It is noteworthy that a number of G-rich motifs, such as HNF4A 5`UTR, contain multiple sets of 

successive guanines, which gives rise to G4s with diverse conformations. Based on the common 

algorithm for computational prediction of G4s, the one with the smallest loop size should present 

as the major conformation due to the highest stability (Guedin, Gros et al. 2010, Tippana, Xiao et 

al. 2014). However, our study indicates that the formation of G4 within HNF4A 5`UTR does not 

follow the commonly accepted algorithm. Instead, it has two long loops that bear the potential 

RBP-binding sites. A recent study indicated that a known G4 interacting protein, Nucleolin, 

preferentially bound to the long-looped G4s (Lago, Tosoni et al. 2017), which further highlighted 
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the role of the loops in the G4-protein-interaction. In this study, we speculate that the hnRNP is 

one of the protein families that interact with the G4 loops, due to their common consensus 

recognition motifs “GGAGG”. In fact, some hnRNPs, such as hnRNP F, were known to unfold 

G4s (Samatanga, Dominguez et al. 2013). It was speculated that the hnRNPs associated with the 

G4 skeletons perpetually even after transcription and therefore prevented the G4 formation (Guo 

and Bartel 2016). Our working model complies with the speculated scenario where the remaining 

hnRNPs may prevent the G4 formation when they mainly interact with the G4 skeletons. However, 

these leftover binders may also serve as the G4 stabilizers when they are largely attached with the 

G4 loops. Interestingly, a very recent study stated that the loop base was a critical recognition 

marker for hnRNP A1 to interact with RNA-G4s (Liu and Xu 2018), which further strengthened 

our belief that the interaction of RBPs with G4 loops may be a key to study the field of RNA-G4s 

in the future. 

5.2.2 The interaction of G4 with surrounding secondary structures. 

In chapter 3, we reported the G4 within the Hnf4a 5`UTR required the neighboring 

stem-loop to induce the strong translational repression. The G4 or the stem-loop alone merely 

induced a weak inhibitory effect. Interestingly, a similar stem-loop also presents in the HNF4A 

5`UTR, but no prominent translational inhibition is identified. While the 5`UTRs of HNF4A and 

Hnf4a share the high similarity, and both consist of the G4 and the stem-loop. They have 

remarkable different topological features that may result in varied regulatory mechanisms. First, 

the G-rich region within Hnf4a 5`UTR allows the formation of a 4-ring-G4 that is more resistant 
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to the unwinding factors than the 3-ring-G4 formed in the HNF4A 5`UTR. Second, the stem-loop 

in Hnf4a 5`UTR are thermodynamically more stable than that in HNF4A 5`UTR. These 

differences may allow the Hnf4a 5`UTR combine the two solid secondary structures into a 

compact complex. The hairpin structure and other RNA secondary structures were considered 

important elements for the regulation of translation in both prokaryotes and eukaryotes (Kozak 

1991, Gebauer and Hentze 2004, Babendure, Babendure et al. 2006, Deiorio-Haggar, Anthony et 

al. 2013). While a number of the RNA helicases were identified to assist eIF4 complex in 

releasing the secondary structures (Takyar, Hickerson et al. 2005), the combination of G4 and the 

hairpin may establish a large spatial hindrance for the unwinding machinery. We speculate that G4 

may also work with other types of structures, such as another solid G4, to achieve the biostable 

status.  

5.3 The transcriptional regulation of HNF4α 

5.3.1 The regulation of HNF4α by itself and other LETFs 

The auto-regulation is extensively identified in TFs, and it provides a useful circuitry to 

sustain the cellular circumstances of those TFs without the assistance from other factors (Bateman 

1998). The commonly reported mechanism for the auto-regulation is through the direct 

self-binding the promoter, which enhances the transcriptional activity. Although HNF4α has been 

reported to have the self-stimulation for over two decades (Spath and Weiss 1997), there is no 

in-depth study investigating the underlying mechanism. The ChIP-seq data indicates the binding 

of P1-HNF4α to P1 promoter, and we have validated the self-stimulation of HNF4α. However, our 
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data demonstrate that the enhancement of the transcriptional activity might not be the primary 

mechanism for the auto-regulation of HNF4α. The proximal promoter of P1-HNF4A has no 

response to the HNF4α when the 5`UTR coding region is removed. Also, the self-stimulated 

P1-HNF4A has the comparable translational efficiency with the mutant P1-HNF4A where the 

5`UTR coding motif is removed. Based upon these findings, we speculate the self-stimulation of 

HNF4α may be achieved at least partially through the manipulation of the TSS and the relief of 

5`UTR-induced translational suppression. The modulation of TSS is a common mechanism for 

regulating the translation (Liang, Suzuki et al. 2014). We have experimentally tested the 

composition of G4 within HNF4A 5`UTR in chapter 2, and it illustrates that the “GGG” in the 5` 

terminal of the UTR may be used to form the G4. The binding of TFs to the corresponding coding 

genome may shift the TSS forward and disrupt the potential G4 structure in the 5`UTR, which 

consequently enhance the translation efficiency.  

The complicated regulatory circuitry of LETFs has been briefly summarized in chapter 1, 

and there are much more characters that involve the entire network. HNF1α and HNF6 were both 

known to have the reciprocal activation with HNF4α, and the combination of HNF1α/HNF4α or 

HNF6/HNF4α were reported to induce the synergistic activation on HNF4α (Hatzis and Talianidis 

2001). Nevertheless, our study shows no synergism by both combinations. This finding indicates 

that the activation of HNF4α by LETFs is regulated in a delicate manner. The saturated 

stimulating signals induced by multiple activators may reach the plateau and potentially initiates 

other negative pathways to maintain the intracellular level of HNF4α in homeostasis.  
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5.3.2 HNF4A-AS1 may be important for the dynamic switch between P1- and P2-HNF4α 

The underlying mechanism of the dynamic switch between P1- and P2-HNF4α during 

development and carcinogenesis in different tissues remains elusive to date. Although P1- and P2- 

HNF4α share many mutual targets, each isoform has its own specific controlled genes (Vuong, 

Chellappa et al. 2015). P1-HNF4α is a well-established tumor suppressor, but P2-HNF4α has 

gained considerable attention in recent years due to its up-regulated expression in multiple cancers 

(Cai, Lu et al. 2017). As one critical member of lncRNAs, the anti-sense RNA is increasingly 

reported to induce a negative impact on gene expression by various mechanisms. Our study 

illustrates the strong correlation between P1-HNF4A and HNF4A-AS1, and we propose a novel 

working model that P1-HNF4α may repress the gene expression of P2-HNF4α by controlling the 

transcription of HNF4A-AS1.  

5.4 The clinical relevance  

The ultimate goal of the study was aimed to enhance the protein expression/activity of P1-HNF4α 

for the treatment of multiple human diseases such as HCC and MODY1, where the HNF4α are 

drastically diminished or dysregulated. It has been implicated that the restoration of HNF4α is capable 

of inhibiting the tumor progression and recovering the liver function. By understanding the 

transcriptional and translational regulation of HNF4α, we have discovered multiple regulatory 

elements that can be potentially targeted to enhance the HNF4α protein expression.  

5.4.1 Increase the HNF4α protein expression by disrupting G4 structures.  
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The HNF4A 5`UTR induced a strong translation repression by forming a G4. However, the 

maintenance of such strong inhibition requires the assistance of protein factors binding to the side 

chains. Interestingly, a single nucleotide mutation may destruct the entire structure and abolish the 

inhibitory effect. In chapter 2, we reported two SNPs of HNF4A 5`UTR that displaced the G with 

A on the G4 body and the loop, respectively. Both SNPs remarkably compromised the 

translational inhibition. Therefore, it might be possible to use the gene therapy to specifically 

disrupt the G4 structure and increase the protein expression of HNF4α. An alternative approach 

may use the G4 ligand to prevent the binding of protein factors to G4 loops. To date, a number of 

G4 interacting compounds have been developed. In chapter 2, we demonstrated that PDS, a 

synthesized G4 ligand, was capable of further enhancing the 5`UTR induced translational 

suppression, likely via stabilizing the G4 structure. Our data demonstrate that the binding of the 

RBPs to the side chains may be critical to maintain the G4 structure. Thus, a loop-interacting 

small molecule might be developed to prevent the binding of RBPs and facilitate the unwinding of 

G4 structures in vivo. 

5.4.2 The functional studies of mutant HNF4α provide a direct reference for the mechanistic research of 

HCC and MODY1 

By the clinical definition, the dysfunction of HNF4α is the direct cause of MODY1 

(Yamagata, Furuta et al. 1996). A number of HNF4α mutations have been reported during the 

MODY1 and HCC occurrence. However, many of them still lack the functional study and show 

controversy in different studies. In chapter 4, we conducted the functional study for a subset of 
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HNF4α mutations occurring in HCC and MODY1, and tested the mutation-induced alterations of 

transactivation potentials of HNF4α. It is interesting that D78A has the ability to change the 

transactivation activity in a gene-specific manner. In addition, Q277X comprise the crosstalk of 

HNF4α with other LETFs, and consequently, may alter the gene regulation in hepatocytes in a 

broad range. Loss-of-function (LOF) and gain-of-function (GOF) are the two major types to 

classify mutations based on their impact on protein functions. However, the two HNF4α mutations 

we identified, namely D78A and Q277X, have blurred the difference between two types of 

mutations. D78A occurs at the DBD and has a varied transactivation activity depending on the 

specific targets. In our test, the D78A mutation is considered a LOF mutation for P1-HNF4A, 

miR194, and PDZK1, but a GOF for Scd1. Q277X, a mutation at LBD, is a LOF for all targeting 

genes we have tested. While Q277X has no dominant-negative effect based on literature reports, 

our finding shows that it gains a new function to repress the transactivation activity of other 

proteins that have the crosstalk with HNF4α, such as HNF1α and FXR. An example with the 

similar feature is the mutant p53 proteins. The WT p53 is disabled by the missense mutations in 

half of human cancers, and the mutant p53 proteins not only lose the native protein function but 

also acquire new oncogenic properties that favor the tumor development and progression (Strano, 

Dell'Orso et al. 2007). However, the Q277X is still unique since it is GOF induced by a nonsense 

mutation. Indeed, a genomic study investigating the identification and classification of LOFs and 

GOFs has shown that a nonsense mutation usually results in the loss of native function but not 

gaining new functions (Jung, Lee et al. 2015). This finding demonstrates the fact that a particular 
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HNF4α mutation may not only abandon its native function, but also gain new function break the 

crosstalk of HNF4α with other factors. Studies have shown that many HNF4α mutations identified 

in HCC or MODY1 patients are functioning as the WT. However, the potential effect of these 

mutations on the crosstalk of HNF4α is mostly missing. Thus, investigating the impact of the 

specific mutation of HNF4α to the crosstalk of HNF4α with other TFs is highly desired.  

5.5 Future directions 

The current project initiated multiple mechanistic studies investigating the transcriptional and 

translational regulation of HNF4α, and established several novel hypothetic models. The future 

direction should focus on the validation and further extension of the hypothetic details. Herein I have 

highlighted several future directions with the high potentials. 

! The G4 interacting RBPs are the crucial compartments in the conjunction model of G4. While 

the software indicates a high binding affinity of hnRNPs to the G4, it is necessary to further 

validate the binding of protein factors to G4 in vivo. Due to the dynamic folding status of G4, as 

well as the limitation of techniques to determine the G4 in vivo, the major challenge might be 

maintaining the intact G4 while precipitating the G4-RBP-complex for biochemical analysis. 

! The conjunction model indicates that a single G4 may be prone to unfold in vivo, and the 

combination of G4 with other elements is required to exert the biological function. The SNP 

study further illustrates that a minor topological change may be able to disrupt the entire 

complex. Therefore, seeking for the path to destabilize the G4 formed in HNF4A 5`UTR is 

indeed feasible and promising for the up-regulation of HNF4α. 
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! The current study uncovers the strong correlation between P1-HNF4α and HNF4A-AS1. 

However, the precise effect of HNF4A-AS1 in regulating the HNF4α isoforms remains elusive. 

Our first attempt of the overexpression of HNF4A-AS1 in pancreatic cancer cell line did not 

obtain the expected outcome. Further investigations are desired. 

! The functional studies identified several important HNF4α mutations with gene-specific 

responses. Addition HNF4α targets should be applied to test the effect of those mutations on the 

crosstalk of HNF4α with other LETFs. 
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Conjunction of potential 
G-quadruplex and adjacent 
cis-elements in the 5′ UTR of 
hepatocyte nuclear factor 4-alpha 
strongly inhibit protein expression
Shangdong Guo & Hong Lu

Hepatocyte nuclear factor 4-alpha (HNF4α) is a well established master regulator of liver development 
and function. We identified the in vitro presence of a stable secondary structure, G-quadruplex (G4) in 
the 5′ UTR of P1-HNF4A, the predominant HNF4α isoform(s) in adult liver. Our data suggest that the 
cooperation of G4 and the adjacent putative protein-binding sites within the 5′ UTR was necessary 
and sufficient to mediate a strong translational repression. This was supported by analysis of deleted/
mutated 5′UTRs and two native regulatory single-nucleotide polymorphisms in the 5′UTR. Additional 
results indicated that G4 motifs in the 5′ UTRs of other liver-enriched transcription factors also inhibited 
protein expression. Moreover, pyridostatin, a G4 ligand, specifically potentiated the translational 
suppressing effect of P1-HNF4A-5′ UTR. In summary, the present study provides the first evidence of 
the presence of G4 in human P1-HNF4A-5′ UTR in vitro, and establishes a novel working model of strong 
inhibition of protein translation via interactions of G4 with potential RNA-binding proteins (RBPs). The 
protein expression of the tumor suppressor HNF4α may be inhibited by interactions of RBPs with the 
G4 motif in the 5′ UTR to promote cell proliferation during liver development and carcinogenesis.

Hepatocyte nuclear factor 4α (HNF4α) is a liver-enriched master regulator of liver development and differentia-
tion1. HNF4α is essential for hepatocyte differentiation in fetuses2,3 and maintenance of liver function in adults4–6. 
Hepatic expression and/or activity of HNF4α are decreased markedly in severe cirrhotic livers, alcoholic liver dis-
ease, tumor necrosis factor-α-induced hepatotoxicity, and hepatoma progression7–10. HNF4α is down-regulated 
at protein levels during liver carcinogenesis in rats11. Hepatocellular carcinoma (HCC) is a primary malignancy 
accounting for 90% of liver cancers, the 3rd leading cause of death from cancer worldwide12. Tumor development 
and cirrhosis cooperatively cause the destruction of the liver function. In this regard, an ideal treatment for 
HCC should not only suppress the progression of tumor cells but also improve the liver function. Interestingly, 
over-expression of HNF4α markedly inhibits liver carcinogenesis and liver fibrosis13–15. Thus, down-regulation of 
HNF4α is a major contributing factor to cirrhosis and liver cancer, whereas restoration of HNF4α can inhibit the 
development of the liver cancer and improve liver function simultaneously.

Like many important oncogenes and tumor-suppressors, HNF4α is an orphan nuclear receptor that lacks 
well-defined activating ligand; how to modulate these oncogenes and tumor-suppressors to treat cancer is a huge 
challenge. In view of the difficulty to directly modulate the protein activity, an alternative approach is to regu-
late their expression levels. The HNF4A gene uses two separate promoters P1 and P2, which encode overall 9 
transcription isoforms (A1-A9) via alternative splicing. Products driven by the P1 promoter (HNF4A1-A6) are 
predominantly expressed in adult liver, whereas the P2 (HNF4A7-A9) products are prevalent in fetal liver and 
liver cancer16. Down-regulation of P1-HNF4A is a hallmark of HCC occurrence, during which P2-HNF4A are 
aberrantly elevated17,18. The 5′ UTR of mRNAs play a key role in regulating the translation of proteins. We found 
that the 5′UTR of several P1-HNF4A products, but not the P2-HNF4A, is highly G-C enriched and predicted to 
form complex secondary structures that are composed of the G-quadruplex (G4) and the stem-loop.
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G4s consist of stacked planes of G-tetrads stabilized by hydrogen bonds via the Hoogsteen faces of the guanine 
residues. Compared to the double-stranded DNA, in vitro, many G4 DNA structures are thermodynamically 
more stable and their unfolding kinetics are much slower19. Recent studies demonstrate important roles of G4s 
in the regulation of DNA replication, gene expression, and telomere regulation20,21. For example, G4s are found 
in vitro within the promoter regions and have been implicated to play important roles in modulating the tran-
scription of many oncogenes such as c-Myc, Bcl-2, and c-KIT22–24. However, studies of RNA G4s are limited. 
Compared to DNA G4s, RNA G4s are thermodynamically more stable and easier to be formed because RNAs 
are usually single-stranded25–27. RNA G4s are mainly localized within the 5′ and 3′ UTRs of messenger RNAs. 
G4 structures act as specific elements to regulate mRNA splicing, transcription termination, and translation28,29. 
In most cases, G4s suppress gene expression when localized within the 5′ UTR30. Such inhibitory effect can be 
explained by the blockage of the scanning stage during the translation initiation due to the stable complex sec-
ondary structures of G4s. The first example of translational repression by an RNA G4 located within the 5′UTR 
is the neuroblastoma RAS viral oncogene homolog (NRAS)31. Subsequent studies further demonstrate that the 
translation of oncogenes telomeric repeat binding factor 2 (TRF2) and matrix metallopeptidase 16 (MT3-MMP) 
are also suppressed by the G4 motifs within their 5′ UTRs32,33.

To date, the existence and importance of G4s in the 5′ UTRs of tumor suppressors have not been reported yet. 
The aim of this study was to characterize the putative G4 structures that we discovered in the P1-HNF4A-5′UTR. 
We used multiple approaches to identify the presence of G4s within the 5′ UTR in vitro. Moreover, via sequen-
tial deletion/mutation analysis of the luciferase reporters for the 5′ UTR, we found that the strong inhibitory 
effect requires the cooperation of G4 with the adjacent potential protein-binding sites to suppress the protein 
expression.

Results
P1-HNF4A-5′ UTRs markedly repress the reporter activity of luciferase and the protein expres-
sion of HNF4α1. The previous primer extension assay has identified an 89-nt long 5′UTR for P1-HNF4A34. 
According to the analysis of QGRS, a software that is extensively applied for the prediction of G4s35,36, this 5′UTR 
contains multiple successive “GGG” sets that allow itself to fold into different three-ring-G4s (three layers of the 
G-tetrads). Thus, the highly structured P1-HNF4A-5′ UTR has a great possibility to suppress the protein expres-
sion. To validate this hypothesis, we generated reporter vectors for the wild-type and a mutant (UTR_9G_Mut) 
P1-HNF4A-5′ UTR in which the potential formation of the three-ring-G4 was completely disrupted by replacing 
nine critical guanines with thymines. Results of dual-luciferase assay showed that the wild type 5′ UTR markedly 
reduced luciferase activity by 78%, whereas the G4-mutant 5′ UTR had no suppressing effect (Fig. 1A). Real-time 
PCR results showed that the wild type 5′UTR showed no decrease of luciferase mRNA (Fig. 1A). Taken together, 
our data clearly demonstrate that the 5′ UTR of P1-HNF4A dramatically represses the reporter activity, likely due 
to the G4-mediated inhibition of protein translation.

To determine the effect of the P1-HNF4A-5′ UTR on HNF4α protein expression, we transfected expression 
vectors for HNF4A1 cDNA with/without the 5′ UTR into HEK293 cells, which has no endogenous HNF4α. 
Results of Western blot showed that the 5′ UTR decreased HNF4α1 protein expression by 76% (Fig. 1B & C). In 
contrast, the 5′ UTR had no suppressing effect on the expression of HNF4A1 mRNA (Fig. 1C).

To elucidate the biological significance of the inhibition of P1-HNF4α protein expression by its 5′ UTR, 
we determined the effect of the 5′ UTR on HNF4α-mediated activation of the promoter of miR-194, a 
known HNF4α-target gene37 (Fig. 1D). Compared to the basal activity of miR-194, 1, 3, and 10 ng pcD-
NA3-HNF4A1-cDNA (without UTR) increased the reporter signal by 4.2, 13, and 27 fold, respectively. 
Meanwhile, equal amounts of pcDNA3-HNF4A1-5′ UTR (with UTR) only activate the miR-194 by 1.6, 5.2, and 
16.8 fold, accordingly (Fig. 1D). Thus, P1-HNF4A-5′UTR plays a key role in limiting the protein expression and 
biological activities of HNF4α.

Structure-activity relationship (SAR) studies of P1-HNF4A-5′UTR reveal the importance of the 
cooperation of the G4 with the potential protein-binding sites. The entire P1-HNF4A-5′UTR has 
the potential to form 3-ring-G4 structures in distinct conformations by using the various “GGG” sets within Nt1-
32 (Fig. 2A). In addition, the formation of a stem-loop in Nt33-82 is predicted by RNAfold, a web-based software 
for analysis of RNA secondary structures38. To determine the roles of these structures, we constructed a set of 
reporter vectors by inserting the G4- and the stem-loop-containing motifs into the pGL3T7 backbone, a modified 
backbone based on pGL3-promoter (Promega) that contains a T7 promoter to drive the in-vitro-transcription/
translation. Surprisingly, DelA, the G4 forming motif, solely caused an inhibitory effect (96% < control) that was 
slightly stronger than the full-length 5′UTR (91% < control) (Fig. 2B). In contrast, DelA_M7, a DelA mutant that 
loses the 3-ring-G4 motif, had no inhibitory effect (Fig. 2B). Real-time PCR analysis showed no difference in 
luciferase mRNAs, indicating that the substantial inhibitory effect of DelA was on protein translation (Fig. 2B). 
In contrast, DelB, the predicted stem-loop, had a stimulating effect (52% > control) on the reporter activity 
(Fig. 2C), which might be the cause of the slightly weaker inhibitory activity of the full-length 5′UTR than DelA. 
These data together indicate the predominant role of the upstream G4-forming motif (Nt1-32), namely DelA, in 
repressing protein translation.

Nt1-32 overall contains 5 sets of GGG, which allows the formation of the G4 in multiple possibilities. Thus, 
it is critical to determine the major conformation of G4 in Nt1-32 that causes the extremely strong inhibi-
tory effect. We first tested DelC because it might be more stable than its peers due to the shortest side chains. 
Interestingly, DelC had much weaker inhibitory effect (70% < control) than DelA (Fig. 2C), indicating that the 
G4 formed in DelC alone is insufficient to induce a comparable inhibitory effect as DelA. We screened Nt1-
32 for potential protein-binding sites with a web server RBPmap39. We found multiple motifs for recruiting 
RNA-binding proteins (RBPs), which include heterogeneous nuclear ribonucleoprotein H1/H2 (HNRNPH1/
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Figure 1. Effects of P1-HNF4A-5′UTR on luciferase activities and protein expression. (A) Quantification of 
the reporter activities and mRNAs of luciferase genes in HEK293 cells that were transiently transfected with the 
pRL-CMV control vector and luciferase reporter vectors for the wild-type and 9G-mutant P1-HNF4A-5′ UTRs. 
(B) Western blot of over-expressed HNF4α. HNF4A1 expression vectors with/without 5′UTR and an EGFP 
expression vector were co-transfected into HEK293 cells. The displayed bands for HNF4α and eGFP came 
from two sections of a single gel, revealed with different secondary antibodies. N = 3, mean ± SD. (C) Density 
analysis of Western blot and real-time PCR quantification of mRNA of HNF4A1 with/without 5′UTR. Both 
band density and mRNA expression of HNF4A1 were normalized to that of EGFP. (D) Dual-luciferase assay of 
effects of different HNF4α expression vectors on the activation of human miR-194 promoter in HEK293 cells. 
HEK293 cells in 96-well plate were co-transfected with miR-194 reporter vector, pRL-CMV vector, as well as 1, 
3, and 10 ng HNF4α1 expression vectors. Y-axis represents normalized reporter activities. N = 4, mean ± SD. 
*p < 0.05 versus control group; †p < 0.05 versus the corresponding 5′UTR(−) group.
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H2), HNRNPF, HNRNPA2, serine/arginine-rich splicing factor 1 (SRSF1), SRSF2, and SRSF9. Thus, we created 
different mutations on the G4-forming regions and the predicted RBP-binding sites to further investigate the 
SAR of the 5′UTR.

We first created reporter vectors by individually deleting/mutating 5 sets of GGG in DelA (DelA_M1-M6, 
Fig. 2A and Supplemental Table 1). In HepG2 cells (human hepatocellular carcinoma cell line), all con-
structs showed markedly diminished inhibitory effects: only DelA_M1 maintained a weak inhibitory effect 

Figure 2. Structure-activity relationship (SAR) studies on the role of human P1-HNF4A-5′ UTR in the 
inhibition of protein expression of luciferase reporter gene in HepG2 cells. (A,E) Sequences and schematic 
structures of the full-length and deletion/mutation fragments of P1-HNF4A-5′UTR. (B) Luciferase reporter 
activities and mRNA levels of P1-HNF4A-5′UTR, DelA, and DelA_M7. (C) Dual-luciferase assay for DelA, 
DelB, and DelC. (D,F) Dual luciferase assay for the deletion/mutation reporter constructs for DelA. (G) Effects 
of deletion/mutation fragments of P1-HNF4A-5′ UTR on the luciferase reporter activities in the in vitro 
transcription/translation system. (H) Luciferase reporter activities and mRNA levels of DelA and DelA_M9 
extracted from the cytosolic fraction of transfected cells. HepG2 cells were co-transfected with pGL3T7 firefly 
luciferase reporter vectors for deletion/mutation of P1-HNF4A-5′ UTR and the pRL-CMV control vector. 
N = 4, mean ± SD. *p < 0.05 versus pGL3T7 control. N = 3, mean ± SD. *p < 0.05 versus the pGL3T7 control.
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(37% < control), whereas DelA_M2, DelA_M3, DelA_M4, DelA_M5 and DelA_M6 completely lost inhibitory 
effects (Fig. 2D). This suggests a less important role of the 4th GGG (Nt 25-27), mutated in DelA_M1, than other 
GGGs in the G4 formation. Thus, the 1st GGG (Nt1-3) might be used to form the G4 backbone.

We then assessed the effects of mutation of putative RBP-binding sites (DelA_M8-10, Fig. 2E) on translational 
suppression. Literature suggests that different RBPs may have distinct effects on G4 formation. Per RBPmap pre-
diction, mutations DelA_M8/M9/M10 disrupt multiple predicted protein binding sites. Interestingly, DelA_M10 
had partial loss of the inhibitory effect (61% < control) (Fig. 2F). Strikingly, with all the intact GGGs for G4 struc-
tures, DelA_M8 and DelA_M9 completely lost the inhibitory effect (Fig. 2F). Thus, the strong inhibitory effect of 
DelA requires both G4 and the RBP-binding sites.

Compared to living cells, the cell-free in vitro transcription/translation system from reticulocyte lysates has 
much lower concentration of K+ (communication with Promega), and thus the G4 formed in this in vitro sys-
tem is chemically weaker than that in the intact cells; however, a comparable inhibitory effect by P1-HNF4A-
5′UTR was observed (Fig. 2G). Additionally, by increasing the K+ concentration to 150 mM that is same with 
the living cells, the inhibitory effect of P1-HNF4A-5′UTR was strengthened remarkably (Fig. S3). These data 
suggest that the G4-unwinding capability of the in-vitro-translation system is much weaker than the living cells. 
Therefore, the in-vitro-translation system provides a special translational context that the G4 may become the 
predominant determining factor in the translational inhibition. As expected, all the tested G4-containing con-
structs had a strong inhibitory effect: UTR (83% < control), DelA (95% < control), DelC (81% < control), and 
DelA_M8 (76% < control) (Fig. 2G). The loss of inhibitory effect in HepG2 cells (Fig. 2F) but maintenance of 
strong inhibitory effect in the cell-free system (Fig. 2G) by DelA_M8, a binding-site mutant, suggests that the G4 
within P1-HNF4A-5′UTR is sufficient to cause structural barrier for the basic translational machinery, which 
nevertheless may be overcome by the G4-unwinding factors in HepG2 cells. In this case, the RBPs bound to the 
side chains might be indispensable for stabilizing the entire G4 and maintaining the strong suppressing effect of 
the 5′ UTR. Some of the predicted RBPs, such as SRSF1 can shuttle the spliced mRNA between the nucleus and 
cytosol40. DelA caused a strong inhibition without affecting the cytosolic levels of mRNA (Fig. 2H), indicating 
that its inhibition of translation is not due to impaired nuclear export of mRNA.

Protoporphyrin-IX (PPIX)-binding assay and circular dichroism (CD) spectrum further confirm 
the presence of the G4 in the 5′UTR RNA and deletion/mutation constructs. In order to ver-
ify that the G4 is formed in the P1-HNF4A-5′ UTR, we performed PPIX-binding assay using biosynthesized 
RNA oligo of the 5′UTR. PPIX is a G4-specific fluorescent probe that specially recognizes parallel G4s41. Binding 
of PPIX to the top/bottom of the G4 remarkably increases the solubility and fluorescence signal of PPIX. As 
expected, P1-HNF4A-5′ UTR RNA had a strong positive peak at 640 nm in PPIX-binding-assay (Fig. 3A), which 
is the typical signature of G4s41. This is a solid evidence of the in vitro presence of the G4 within the P1-HNF4A-
5′UTR mRNA. Additionally, DelA and all its mutants (by using DNA oligos), except DelA_M4, had the similar 
G4 patterns (Fig. 3B & C). We also conducted CD spectrum to further confirm the results from PPIX binding 
assays. Likewise, all individual mutations of the G4 within DelA, except DelA_M4, showed a classical paral-
lel G4 pattern with slightly varied peak heights in CD spectrum (Fig. 3D). Moreover, the binding-site mutants 
DelA_M8, DelA_M9, and DelA_M10 displayed parallel G4 signatures similar to DelA (Fig. 3E). Thus, the 5′UTR 
and most of the deletion/mutation oligos are capable of forming G4 structure in vitro. Importantly, DelA_M4 
is the only oligo that largely loses the G4 pattern, indicating that the 5th GGG (Nt 29-31) is most critical for G4 
conformation. We also measured the melting temperature (Tm) of several oligos to evaluate the changes of the 
G4 stability caused by these deletion/mutations. In the presence of 5 mM K+, only DelA_M4/M5/M6, mutations 
in the 1st and 5th GGG, had prominent decreases of Tms (~10 °C). The rest of mutations in the G4 backbone and 
side chains did not alter the G4 chemical stability. These results further indicate the importance of the 1st and the 
5th GGG for G4 conformation in DelA.

Two regulatory single-nucleotide polymorphisms (rSNPs) within P1-HNF4A-5′ UTR have 
decreased inhibitory effects on reporter activities. By examining the NCBI dbSNP database42, we 
found two rSNPs in P1-HNF4A-5′ UTR, namely rs546643401 (SNP1) and rs75356504 (SNP2) with single muta-
tion at the predicted RBP-binding site and the G4 backbone, respectively. DelA_SNP1/SNP2 and UTR_SNP1/
SNP2 were generated to elucidate the effects of the 2 SNPs on DelA and the full 5′ UTR (Fig. 4A). DelA_SNP1 
(50% < control) and UTR_SNP1 (42% < control) had only moderate inhibitory effects, whereas DelA_SNP2 and 
UTR_SNP2 completely lost the inhibitory effects (Fig. 4B & C). In CD spectra, the RBP-binding-site-mutant 
DelA_SNP1 maintained the G4 pattern, whereas the mutation of the 5th GGG in DelA_SNP2 largely abolished 
the G4 signature (Fig. 4D).

Pyridostatin (PDS) is a G4-specific ligand43. At 10 μM, PDS specifically decreased P1-HNF4A-5′ UTR reporter 
activity by 45% (Fig. 4E), and decreased the ability of HNF4A1-5′UTR to activate the miR-194 reporter by 30% 
(Fig. 4F). However, PDS treatment had no effect on the reporter activities of UTR_SNP1 and UTR_SNP2, indi-
cating the resistance of the two SNPs to G4-stabilizing chemicals (Fig. 4E).

G4 motifs within HNF3β, CCAAT/enhancer binding protein β (C/EBPβ), and nuclear receptor 
corepressor 1 (NCOR1) 5′UTRs have strong inhibitory effects on luciferase reporter activities in 
HepG2 cells. In addition to P1-HNF4A, we found strong inhibitory effects on the reporter activities by G4 
motifs from 5′UTRs of several liver-enriched transcription factors (LETFs) including C/EBPβ (66% < control), 
NCOR1 (47% < control), and HNF3β (68% < control) (Fig. 5A). Similar to the G4s within the P1-HNF4A-5′ 
UTR, the G4 motif within the HNF3B-5′ UTR had no effect on the mRNA expression of the reporter gene 
(Fig. 5B). All inserted sequence is listed in Supplemental Table 1.
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Discussion
In the current study, we used multiple approaches to validate the in vitro presence of G4 in the 5′ UTR of human 
P1-HNF4A, a well-established tumor suppressor and master regulator of liver development and function. Data 
from multiple experiments strongly support a novel working model that the tight conjunction of RBP-binding 
sites and the adjacent G4 within P1-HNF4A-5′UTR is both necessary and sufficient to exert a strong inhibitory 
effect on the protein expression of P1-HNF4α. PDS, a G4-stabilizing ligand, can further specifically potentiate the 
translational suppressing effect of P1-HNF4A-5′UTR. Furthermore, we identified two rSNPs within P1-HNF4A-
5′UTR that have partial/complete loss of the suppressing effect and are resistant to PDS.

Overall, the SAR study of P1-HNF4A-5′ UTR proves that the major motif that causes the strong translational 
repression is Nt1-32, where both G4 and the potential RBP-binding sites are required to maintain the inhibitory 
effect (Fig. 2). Our SAR data suggest that the composition of the G4 within the 5′ UTR is as follows: 1) the 5th GGG 
(Nt29-31) is most critical in maintaining the G4 with strong inhibitory effect. Disruption of this GGG (DelA_M4 
and DelA_SNP2) causes a complete loss of the inhibitory effect (Figs 2D & 4B) and a largely diminished G4 
signature (Figs 3B, D, 4D); 2) the 1st (Nt1-3), 2nd (Nt14-16), and 3rd (Nt18-20) GGG weigh comparably as their 

Figure 3. Characterization of the G-quadruplex within the constructed DNA oligos and P1-HNF4A-5′UTR 
RNA by PPIX-binding assay and CD spectra. (A) PPIX-binding assay of DelA, DelC, and the biosynthesized 
89-nt P1-HNF4A-5′UTR RNA. (B,C) PPIX-binding assay of DNA oligos of all the mutant constructs of DelA. 
Controls in the PPIX-binding assay: 1 µM PPIX dissolved in 1X TE supplemented with 100 mM K+. (D,E) CD 
spectra of DNA oligos of DelA and all its mutants. The buffer for CD spectra is 5 mM Tris-HCl supplemented 
with 100 mM K+.
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corresponding mutations completely abolishes the suppressing effect (Fig. 2D). However, these 3 GGG sets appear 
less critical than the 5th GGG in the formation of G4 in vitro since the G4 signature is still maintained, suggesting 
that an alternative G4 can still be formed with the remaining GGG sets (Fig. 3B & D); 3) The 4th GGG (Nt25-27) 
is the least important and likely, it is not used to form the major G4 backbone because the corresponding mutant 
(DelA_M1) still maintains a weak inhibitory effect (Fig. 2D). The largely diminished inhibitory effect by DelA_M1 
might be the consequence of the alteration in the RBP-binding sites. Therefore, we propose that the major con-
formation of G4 within P1-HNF4A-5′UTR (Fig. 6) is using the 1st, 2nd, 3rd and 5th GGG based upon all the above 
indications, as well as the following additional data and information: 1) The transcriptional event might favor the 
formation of G4 utilizing the 1st GGGs once they are transcribed; 2) DelA_M5 and DelA_M6, mutations in the 1st 

Figure 4. Characterization of two regulatory SNPs in the P1-HNF4A-5′ UTR. (A) Sequences and schematic 
structures of P1-HNF4A-5′UTR (UTR) and DelA that contains SNP1 and SNP2. (B,C) Dual-luciferase assay of 
reporters for SNP1 and SNP2 of P1-HNF4A-5′UTR (UTR) and DelA in HepG2 cells. *p < 0.05 versus pGL3T7 
control. (D) CD spectra of DNA oligos of DelA, DelA_SNP1 and DelA_SNP2 (E) Effects of pyridostatin (PDS) 
treatment on the activities of luciferase reporters for wildtype (WT), SNP1, and SNP2 of P1-HNF4A-5′UTR 
(UTR_WT) in HEK293 cells. (F) Effect of PDS treatment on the activation of miR-194 reporter by pcDNA3-
HNF4A1–5′UTR in HEK293 cells. N = 4, mean ± SD. *p < 0.05 versus vehicle control.
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GGG have reduced Tm (55 °C & 53 °C) compared to DelA (65 °C), indicating that the alternative G4 formed with-
out the 1st GGG is less stable; and 3) DelA_M8 and DelA_M9 completely lose the inhibitory effect in HepG2 cells 
(Fig. 2F). It is thus unlikely that the major G4 is formed by 2nd -5th GGG, as in such case DelA_M8 and DelA_M9 
would not compromise either the backbone or the side chains of the G4. Thus, a more reasonable explanation is 
that the predominant G4 is formed using the 1st GGG, so the potential RBP-binding sites (M8 and M9) in the G4 
side chains can play critical roles in stabilizing the entire G4 structure when bound with RBPs (Fig. 6).

To date, the regulation of the G4 by RBPs is largely unknown, but may involve G4 stabilizers and destabiliz-
ers44. The formation of G4 is dynamic45, and may be altered by the competition of distinct RBPs when bound to 
G4-forming motifs. Taken together, we establish a cooperative model for P1-HNF4A-5′UTR (Fig. 6): the major 
G4 formed within Nt1-32 has two long side-chains, which may recruit RBPs. This G4 conformation allows the 
G4 to survive in vivo from competitive binding of G4-unwinding factors, and exert the translational suppressing 
effects. It is not a surprise that G4 can cooperate with RBPs to modulate the mRNA translation. One example is 
that the direct interaction of HNRNPA1 with the G4 within the 5′UTR of RON/MTS1R (a tyrosine kinase recep-
tor) mRNA activates the mRNA translation46. However, unlike the above co-regulatory model where the G4 and 
RBP-binding site are geographically separated46, the P1-HNF4A-5′ UTR appears to have a tight conjunction of 
G4 with the RBP-binding sites. In addition, G4 is known to be stabilized via consolidating the side chains. For 
instance, the quadruplex-duplex hybrids is a well known stable conformation that contains the stem loop as the 

Figure 5. Characterization of G-quadruplex motifs in the 5′ UTRs of transcription factors. (A) Regulation of 
luciferase reporter activities by G-quadruplex motifs from the 5′ UTRs of transcription factors in HepG2 cells. 
(B) Luciferase activities and mRNA levels of luciferase reporters for the G-quadruplex motif in the 5′ UTR of 
HNF3B. N = 3, mean ± SD. *p < 0.05 versus the corresponding pGL3T7 control.

Figure 6. Hypothetical model of G-quadruplex (G4) formed in the P1-HNF4A-5′UTR. The bolded black 
arrows indicate the orientation of the 5′UTR. The guanines (Gs) in black constitute the G4 backbone. The two 
long side chains with the GGAGG core motif can recruit RNA-binding proteins (RBPs). The major binding 
factors predicted by RBPmap are as follows: HNRNPs (A1, A2B1, F, H1 and H2), RBM4 & 5, and SRSF1, 2 & 
9. In the absence of those RBPs, the entire G4 is prone to be resolved by G4-unwinding factors. Conversely, 
binding of certain RBPs stabilizes the G4 within the 5′UTR, and consequently causes a strong translational 
repression. The G4-specific ligand PDS can bind to and stabilize G4 within the 5′UTR, resulting in enhanced 
translational repression by P1-HNF4A-5′UTR.
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side chain of G4, which shows a high stability47. Noteworthy, a recent study published in Science proposes that the 
RNA G4s are globally unfolded within eukaryotic cells, potentially with the assistance of RBPs, which are largely 
comparable with our predicted side-chain-binders: hnRNP families (A1, A2, F/H, D0), SRSF1/2 and CBF-A48. They 
speculate that in the G4-containing-5′ UTR-mediated translational repression, RBPs may unfold the G4 structure 
and remain bound to the 5′ UTR, which subsequently represses translation initiation. Our established model for 
P1-HNF4A-5′ UTR agrees with this proposed scenario in that the G4 is prone to be unfolded in vivo and the pre-
dicted RBPs remain bound to the 5′ UTR. However, we speculate that the final outcome of the G4 formation may 
be decided by the dominant binders (G4 stabilizer or destabilzer) and the binding loci (side chains or backbone). 
The present study does not provide definitive evidence of G4 formation in vivo. To date, the detection of G4 in vivo 
is very limited. The reverse transcriptase stalling caused by G4s has been used to detect G4 formation48. However, 
a previous primer extension assay, which was conducted to determine the length of the 5′UTR, indicates that the 
P1-HNF4A-5′UTR is unable to terminate the reverse transcription34. Although it was reported that the stalling of 
the reverse-transcription by many G4s are K+ dependent48, our additional data demonstrated that the P1-HNF4A-
5′UTR did not cease the reverse transcription even under the physiological concentration of K+ (150 mM) (Fig. S2). 
Thus, this method may not be feasible to determine the formation of G4 in P1-HNF4A-5′UTR in vivo. Nevertheless, 
our data that the G4 ligand PDS specifically potentiates the translational inhibitory effects of P1-HNF4A-5′ UTR 
(Fig. 4E & F) provide a direct support that the RNA G4 is most likely formed within P1-HNF4A-5′ UTR in cells; in 
this case, binding of PDS to the G4 shifts the in vivo dynamic equilibrium of G4 folding-unfolding toward folding, 
and those RBPs bound to the G4 within the 5′ UTR mainly stabilize the entire G4 structure (Fig. 6).

The present study discovers two rSNPs, rs546643401 and rs75356504, within P1-HNF4A 5′UTR that may act 
as protective SNPs to reduce the individual susceptibility to liver cancer and other liver diseases via up-regulating 
P1-HNF4α. In this regard, a single site-directed mutation in the 5′ UTR of endogenous HNF4A gene may dra-
matically enhance the expression level of the P1-HNF4α protein. This may be explored as a novel therapy for liver 
cancer via gene editing. The recently developed CRISPR-Cas9 (Clustered regularly interspaced short palindro-
mic repeats, CRISPR-associated protein 9) system is an efficient and simplified tool for genome engineering49–52. 
A recent successful application of CRISPR-Cas9 to correct genetic disorders in mouse hepatocyte has been 
reported53. Future study on the use of the CRISPR-Cas9 system to specifically enhance the protein expression of 
P1- HNF4α to treat liver cancer is warranted.

In addition to HNF4α, the tumor-suppressor p53 and a subset of LETFs also contain potential G4 motifs in 
the 5′ UTR (Supplemental Table 2). The present study confirms the translational inhibitory effects of G4 motifs 
within the 5′UTRs of HNF3β, NCOR1, and C/EBPβ (Fig. 5A) which all play critical roles in liver development 
and liver function. HNF3β is essential in liver development54, and it functions as a tumor-suppressor in liver55. 
C/EBPβ is down-regulated in human and mouse HCC, whereas its over-expression causes cell-cycle arrest in 
hepatoma cells56,57. NCOR1 is also reported to be down-regulated in HCC58. Thus, all these LETFs function as 
tumor-suppressors in human liver cancer. The potential roles of G4 motifs and RBPs in regulating the protein 
expression of these tumor-suppressors warrant further investigation.

Currently, how to improve the specificity of G4-interacting chemicals is a bottleneck in the development of novel 
anticancer drugs by stabilizing the G4 located within the promoter and 5′UTRs of oncogenes and the telomere59.  
Some of these G4-stabilizing small molecules, particularly the porphyrin analogs, have relatively high toxicity 
toward normal cells60. The present study, for the first time, reports the significance of G4 motifs in the 5′UTR of a 
key tumor suppressor, which uncovers a novel mechanism that G4-stabilizing compounds may cause cytotoxicity 
to normal cells: those compounds may also target on the G4 motifs within the 5′ UTRs to inhibit the protein expres-
sion of certain master regulators of cellular physiology (such as P1-HNF4α and other LETFs). The discovery of the 
presence of G4 in the 5′ UTR of P1-HNF4A and the inhibition of P1-HNF4α expression by the G4-specific ligand 
PDS may well promote the in-depth SAR studies of G4 and G4-interacting RBPs, particularly RBP–G4 RNA inter-
action interfaces61 which may help develop paradigm-shift approaches for cancer therapy by inhibiting oncogenes 
and/or increasing the expression of tumor-suppressors via specific modulation of the G4 and G4-interacting RBPs.

In conclusion, the present study provides the first evidence of the in vitro presence of G4 in the 5′ UTR of 
human P1-HNF4A. Multiple lines of evidence support our novel working model that the formation of a tight 
conjunction of G4 and the neighboring cis-elements in the 5′ UTR plays the key role in mediating the strong 
inhibition of protein expression by P1-HNF4A-5′ UTR. Potential inhibition of protein expression of P1-HNF4α 
due to stabilization of G4 in the 5′ UTR should be evaluated in the development of G4 ligands as anticancer drugs. 
Future in-depth SAR studies on the regulatory mechanisms of G4s by RBPs and the exploration of gene-editing 
technologies may greatly advance the basic research of gene regulation and the development of novel cancer ther-
apies to target the “undruggable” oncogenes and tumor suppressors.

Methods
Plasmids construction. The sense strand (SS, 5′-AGCTGGGAGGAGGCAGTGGGAGGGCGGAG 
G G C G G G G G C C T T C G G G G T G G G C G C C C A G G G T A G G G C A G G T G G C C G C G G C G 
TGGAGGCAGGGAGAC-3′) and the anti-sense strand (AS, 5′-CATGGTCTCCCTGCCTCCACG 
CCGCGGCCACCTG CCCTACCCTGGGCGCCCACCCCGAAGGCCCCCGCCCTCCGCCCT 
CCCACTGCCTCCTCCC-3′) of P1-HNF4A wild-type (WT) 89-nt 5′ UTR34 were synthesized by Integrated 
DNATechnologies (IDT). Additional nucleotides marked in bold at the 5′ and 3′ terminals produce artificial 
HindIII and NcoI sites. The annealed 89-nt wild-type and mutant P1-HNF4A-5′ UTR were cloned into the 
HindIII/NcoI sites of pGL3T7 vector, a modified backbone based on pGL3-promoter (Promega) that contains a 
T7 promoter to drive the in-vitro-transcription/translation. The inserted 5′ UTRs were immediately upstream of 
the translation start site of the luciferase cDNA. The newly constructed vectors were named as pGL3T7-HNF4A-
5′UTR. All other reporter vectors for SNPs and deleted/mutated fragments were constructed by the same method. 
The sequence information of all deletion/mutation constructs is provided in Supplemental Table 1. To create the 
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HNF4A1 expression vector with 5′ UTR, we inserted the annealed 5′ UTR into the backbone of pcDNA3-HN-
F4A1-cDNA (a gift from Dr. Todd Leff)62. The newly created construct was named as pcDNA3-HNF4A1-5′UTR. 
All the constructed expression and reporter vectors were verified by sequencing.

Transient transfection and dual-luciferase assay. HEK293 and HepG2 cells were cultured with MEM 
medium (Corning) supplemented with 10% fetal calf serum. Twenty-four hours after seeding, transfection was 
conducted using Lipofectamine 3000 (Invitrogen), following the manufacturer’s protocol. In the 96-well-plate, 
each well were transfected with firefly luciferase vectors, the control renilla luciferase vector pRL-CMV, and/or 
the HNF4A1 expression vector. Twenty-four hours after transfection, cells were harvested for dual-luciferase 
assay using Dual-Glo™ luciferase assay system (Promega) and GloMax Luminometer (Promega), following 
the manufacturer’s protocol. The ratios of firefly/renilla luciferase activities were calculated as the normalized 
reporter activity, with the control values set at 1.0. For treatment of the G4-specific ligand, pyridostatin (PDS, 
Sigma) in aqueous solution was added 18 h after transfection of HEK293 cells63, and HEK293 cells were harvested 
for dual-luciferase assay 6 h after PDS treatment.

Western blot. HEK293 cells in 6-well-plates were transfected with 500 ng HNF4α expression vectors and 
150 ng pcDNA3-eGFP. Whole cell lysates were prepared 24 h after transfection. Proteins in cell lysates were 
resolved in sodium dodecyl sulphate-polyacrylamide gel electrophoresis. Western blot quantification of HNF4α 
and EGFP was conducted with primary antibodies as follows: anti-HNF4α (H1415, PPMX) and anti-GFP 
(ab290, Abcam). Primary antibodies were revealed with HRP-conjugated secondary antibodies (Anti-mouse 
IgG, #7076; Anti-rabbit IgG, #7074, Cell Signaling) and ECL Western Blotting Substrate (W1015, Promega). 
ChemiDocTM XRS + System (Bio-Rad) and Image-J software were used for band capturing and density analysis.

Real-time PCR. Total RNAs from transfected cells in 6-well-plate were isolated by RNA-STAT60 (Tel-Test) 
and quantified by Qubit RNA assay kit and Qubit 2.0 fluorometer (Life technology). One µg of RNA was reverse 
transcribed using the High-Capacity RNA-to-cDNATM Kit (Applied Biosystems®, life technologies) for cDNA 
synthesis, following the manufacturer’s instructions. iQ™ SYBR® Green Supermix (Bio-Rad) was applied to 
quantify mRNAs using MyiQ2™ Two-Color Real-Time PCR Detection System (Bio-Rad). The amounts of 
mRNA were calculated using the comparative CT method, which determines the amount of target gene normal-
ized to an introduced control (e.g. EGFP or renilla luciferase). The sequences of real-time PCR primers (synthe-
sized by IDT) were listed in Supplemental Table 3.

PPIX-binding assay. DNA/RNA fragments (2 µM in TE buffer) were heated at 88 °C for 4 min and then 
cooled down to room temperature. An equal volume of PPIX solution (2 µM) coupled with 200 mM KCl in TE 
buffer was then mixed with DNA/RNA oligos (the final concentration of DNA/RNA-PPIX complex is 1 µM in 
100 mM K+). The resultant mixtures were incubated in the dark for 2 h at room temperature, followed by the flu-
orescence scanning using synergy micro-plate reader (BioTek). The Ex wavelength was fixed at 410 nm and the 
Em wavelength varied from 550 to 700 nm.

CD Spectrum. All DNA oligos (4 µM) were dissolved in Buffer A (5 mM Tris-HCl, pH 7.5, 100 mM KCl) for 
wavelength scanning and Buffer B (5 mM Tris-HCl, pH 7.5, 5 mM KCl) for melting temperature (Tm) determi-
nation. The DNA solution was heated at 90 °C × 10 min and gradually cooled down to 25 °C in 40 min. All data 
were collected by Aviv Model 410 CD spectrometer (Aviv Biomedical). The CD spectra of oligos were scanned 
from 220 to 320 nm at 25 °C. To determine the Tm of G4s, temperature-dependent (25 °C-88 °C) changes in the 
CD of oligos were monitored at 260 nm. Each measurement of DNA oligo uses its corresponding buffer as the 
background, which was subtracted in the final data analysis.

In vitro transcription and translation. Two µg plasmid of pGL3T7-HNF4A-5′UTR was linearized by NcoI 
digestion and isolated by Gene Jet Extraction and DNA Clean-up Kit (Fisher) for in vitro transcription using MEGA 
script T7 kit (Ambion). The synthesized transcript was isolated by RNA-STAT60 (Tel-Test) and quantified by Qubit 
RNA assay kit and Qubit 2.0 fluorometer (Life technology). TNT® Quick Coupled Transcription/Translation System 
(Promega) was used for in vitro translation. Briefly, template plasmids (125 ng firefly luciferase vectors coupled with 
125 ng pRL-CMV) were mixed with TNT® T7 Quick Master Mix and methionine (25 µM). The whole mixture was 
incubated at 30 °C for 90 min, after which 1 µl reaction products were used for dual-luciferase assay.

Statistical analysis. All values were expressed as mean ± S.D. For comparison of two groups, the two-tailed 
student’s t-test was used to determine the statistical difference, which was set at p < 0.05. For multiple com-
parisons, analysis of variance (ANOVA) was performed, followed by the Student-Newman-Keuls Method in 
SigmaPlot 12.5, with significance set at p < 0.05.

Data availability. All supplementary data is accessible on nature.com.

References
 1. Lu, H. Crosstalk of HNF4alpha with extracellular and intracellular signaling pathways in the regulation of hepatic metabolism of 

drugs and lipids. Acta Pharm Sin B. 6, 393–408, https://doi.org/10.1016/j.apsb.2016.07.003 (2016).
 2. Li, J., Ning, G. & Duncan, S. A. Mammalian hepatocyte differentiation requires the transcription factor HNF-4alpha. Genes Dev. 14, 

464–474 (2000).
 3. Kyrmizi, I. et al. Plasticity and expanding complexity of the hepatic transcription factor network during liver development. Genes 

Dev. 20, 2293–2305 (2006).

http://dx.doi.org/10.1016/j.apsb.2016.07.003


www.nature.com/scientificreports/

1 1Scientific RePoRTS | 7: 17444  | DOI:10.1038/s41598-017-17629-y

 4. Hayhurst, G. P., Lee, Y. H., Lambert, G., Ward, J. M. & Gonzalez, F. J. Hepatocyte nuclear factor 4alpha (nuclear receptor 2A1) is 
essential for maintenance of hepatic gene expression and lipid homeostasis. Mol Cell Biol. 21, 1393–1403 (2001).

 5. Gonzalez, F. J. Regulation of hepatocyte nuclear factor 4 alpha-mediated transcription. Drug Metab Pharmacokinet. 23, 2–7, JST.
JSTAGE/dmpk/23.2 (2008).

 6. Hwang-Verslues, W. W. & Sladek, F. M. HNF4alpha–role in drug metabolism and potential drug target? Curr Opin Pharmacol. 10, 
698–705, https://doi.org/10.1016/j.coph.2010.08.010 (2010).

 7. Zhou, Z. et al. Preservation of hepatocyte nuclear factor-4alpha is associated with zinc protection against TNF-alpha hepatotoxicity 
in mice. Exp Biol Med (Maywood). 232, 622–628, 232/5/622 (2007).

 8. Lazarevich, N. L. et al. Progression of HCC in mice is associated with a downregulation in the expression of hepatocyte nuclear 
factors. Hepatology. 39, 1038–1047 (2004).

 9. Berasain, C. et al. Expression of Wilms’ tumor suppressor in the liver with cirrhosis: relation to hepatocyte nuclear factor 4 and 
hepatocellular function. Hepatology. 38, 148–157 (2003).

 10. Kang, X. et al. Zinc supplementation reverses alcohol-induced steatosis in mice through reactivating hepatocyte nuclear factor-
4alpha and peroxisome proliferator-activated receptor-alpha. Hepatology. 50, 1241–1250, https://doi.org/10.1002/hep.23090 (2009).

 11. Flodby, P., Liao, D. Z., Blanck, A., Xanthopoulos, K. G. & Hallstrom, I. P. Expression of the liver-enriched transcription factors C/
EBP alpha, C/EBP beta, HNF-1, and HNF-4 in preneoplastic nodules and hepatocellular carcinoma in rat liver. Mol Carcinog. 12, 
103–109 (1995).

 12. Wang, Z., Zhang, G., Wu, J. & Jia, M. Adjuvant therapy for hepatocellular carcinoma: current situation and prospect. Drug Discov 
Ther. 7, 137–143 (2013).

 13. Ning, B. F. et al. Hepatocyte nuclear factor 4 alpha suppresses the development of hepatocellular carcinoma. Cancer Res. 70, 
7640–7651, 0008-5472.CAN-10-0824 (2010).

 14. Yue, H. Y. et al. Hepatocyte nuclear factor 4alpha attenuates hepatic fibrosis in rats. Gut. 59, 236–246, https://doi.org/10.1136/
gut.2008.174904 (2010).

 15. Yin, C. et al. Differentiation therapy of hepatocellular carcinoma in mice with recombinant adenovirus carrying hepatocyte nuclear 
factor-4alpha gene. Hepatology. 48, 1528–1539, https://doi.org/10.1002/hep.22510 (2008).

 16. Lazarevich, N. L. et al. Deregulation of hepatocyte nuclear factor 4 (HNF4)as a marker of epithelial tumors progression. Exp Oncol. 
32, 167–171 (2010).

 17. Chellappa, K., Robertson, G. R. & Sladek, F. M. HNF4alpha: a new biomarker in colon cancer? Biomark Med. 6, 297–300, https://doi.
org/10.2217/bmm.12.23 (2012).

 18. Tanaka, T. et al. Dysregulated expression of P1 and P2 promoter-driven hepatocyte nuclear factor-4alpha in the pathogenesis of 
human cancer. J Pathol. 208, 662–672, https://doi.org/10.1002/path.1928 (2006).

 19. Lane, A. N., Chaires, J. B., Gray, R. D. & Trent, J. O. Stability and kinetics of G-quadruplex structures. Nucleic Acids Res. 36, 
5482–5515, https://doi.org/10.1093/nar/gkn517 (2008).

 20. Rhodes, D. & Lipps, H. J. G-quadruplexes and their regulatory roles in biology. Nucleic Acids Res. 43, 8627–8637, https://doi.
org/10.1093/nar/gkv862 (2015).

 21. Rawal, P. et al. Genome-wide prediction of G4 DNA as regulatory motifs: role in Escherichia coli global regulation. Genome Res. 16, 
644–655, https://doi.org/10.1101/gr.4508806 (2006).

 22. Sun, H. et al. A newly identified G-quadruplex as a potential target regulating Bcl-2 expression. Biochim Biophys Acta. 1840, 
3052–3057, https://doi.org/10.1016/j.bbagen.2014.07.014 (2014).

 23. Siddiqui-Jain, A., Grand, C. L., Bearss, D. J. & Hurley, L. H. Direct evidence for a G-quadruplex in a promoter region and its 
targeting with a small molecule to repress c-MYC transcription. Proc Natl Acad Sci USA 99, 11593–11598, https://doi.org/10.1073/
pnas.182256799 (2002).

 24. Da Ros, S. et al. Sequencing and G-quadruplex folding of the canine proto-oncogene KIT promoter region: might dog be used as a 
model for human disease? PLoS One. 9, e103876, https://doi.org/10.1371/journal.pone.0103876 (2014).

 25. Joachimi, A., Benz, A. & Hartig, J. S. A comparison of DNA and RNA quadruplex structures and stabilities. Bioorg Med Chem. 17, 
6811–6815, https://doi.org/10.1016/j.bmc.2009.08.043 (2009).

 26. Sacca, B., Lacroix, L. & Mergny, J. L. The effect of chemical modifications on the thermal stability of different G-quadruplex-forming 
oligonucleotides. Nucleic Acids Res. 33, 1182–1192, https://doi.org/10.1093/nar/gki257 (2005).

 27. Bugaut, A. & Balasubramanian, S. 5′-UTR RNA G-quadruplexes: translation regulation and targeting. Nucleic Acids Res. 40, 
4727–4741, https://doi.org/10.1093/nar/gks068 (2012).

 28. Millevoi, S., Moine, H. & Vagner, S. G-quadruplexes in RNA biology. Wiley Interdiscip Rev RNA. 3, 495–507, https://doi.org/10.1002/
wrna.1113 (2012).

 29. Huppert, J. L., Bugaut, A., Kumari, S. & Balasubramanian, S. G-quadruplexes: the beginning and end of UTRs. Nucleic Acids Res. 36, 
6260–6268 (2008).

 30. Halder, K., Wieland, M. & Hartig, J. S. Predictable suppression of gene expression by 5′-UTR-based RNA quadruplexes. Nucleic 
Acids Res. 37, 6811–6817, https://doi.org/10.1093/nar/gkp696 (2009).

 31. Kumari, S., Bugaut, A., Huppert, J. L. & Balasubramanian, S. An RNA G-quadruplex in the 5′ UTR of the NRAS proto-oncogene 
modulates translation. Nat Chem Biol. 3, 218–221 (2007).

 32. Gomez, D. et al. A G-quadruplex structure within the 5′-UTR of TRF2 mRNA represses translation in human cells. Nucleic Acids 
Res. 38, 7187–7198, https://doi.org/10.1093/nar/gkq563 (2010).

 33. Morris, M. J. & Basu, S. An unusually stable G-quadruplex within the 5′-UTR of the MT3 matrix metalloproteinase mRNA represses 
translation in eukaryotic cells. Biochemistry. 48, 5313–5319, https://doi.org/10.1021/bi900498z (2009).

 34. Hatzis, P. & Talianidis, I. Regulatory mechanisms controlling human hepatocyte nuclear factor 4alpha gene expression. Mol Cell Biol. 
21, 7320–7330, https://doi.org/10.1128/MCB.21.21.7320-7330.2001 (2001).

 35. Frees, S., Menendez, C., Crum, M. & Bagga, P. S. QGRS-Conserve: a computational method for discovering evolutionarily conserved 
G-quadruplex motifs. Hum Genomics. 8, 8, https://doi.org/10.1186/1479-7364-8-8 (2014).

 36. Kikin, O., D’Antonio, L. & Bagga, P. S. QGRS Mapper: a web-based server for predicting G-quadruplexes in nucleotide sequences. 
Nucleic Acids Res. 34, W676–682, https://doi.org/10.1093/nar/gkl253 (2006).

 37. Lu, H., Lei, X., Liu, J. & Klaassen, C. D. Regulation of hepatic microRNA expression by hepatocyte nuclear factor 4 alpha. World J 
Hepatol. 9, 191–208, https://doi.org/10.4254/wjh.v9.i4.191 (2017).

 38. Gruber, A. R., Lorenz, R., Bernhart, S. H., Neubock, R. & Hofacker, I. L. The Vienna RNA websuite. Nucleic Acids Res. 36, W70–74, 
https://doi.org/10.1093/nar/gkn188 (2008).

 39. Paz, I. et al. RBPmap: a web server for mapping binding sites of RNA-binding proteins. Nucleic Acids Res. 42, W361–367, https://doi.
org/10.1093/nar/gku406 (2014).

 40. Goncalves, V. & Jordan, P. Posttranscriptional Regulation of Splicing Factor SRSF1 and Its Role in Cancer Cell Biology. Biomed Res 
Int. 2015, 287048, https://doi.org/10.1155/2015/287048 (2015).

 41. Li, T., Wang, E. & Dong, S. Parallel G-quadruplex-specific fluorescent probe for monitoring DNA structural changes and label-free 
detection of potassium ion. Anal Chem. 82, 7576–7580, https://doi.org/10.1021/ac1019446 (2010).

 42. Sherry, S. T. et al. dbSNP: the NCBI database of genetic variation. Nucleic Acids Res. 29, 308–311 (2001).
 43. Rodriguez, R. et al. A novel small molecule that alters shelterin integrity and triggers a DNA-damage response at telomeres. J Am 

Chem Soc. 130, 15758–15759, https://doi.org/10.1021/ja805615w (2008).

http://dx.doi.org/10.1016/j.coph.2010.08.010
http://dx.doi.org/10.1002/hep.23090
http://dx.doi.org/10.1136/gut.2008.174904
http://dx.doi.org/10.1136/gut.2008.174904
http://dx.doi.org/10.1002/hep.22510
http://dx.doi.org/10.2217/bmm.12.23
http://dx.doi.org/10.2217/bmm.12.23
http://dx.doi.org/10.1002/path.1928
http://dx.doi.org/10.1093/nar/gkn517
http://dx.doi.org/10.1093/nar/gkv862
http://dx.doi.org/10.1093/nar/gkv862
http://dx.doi.org/10.1101/gr.4508806
http://dx.doi.org/10.1016/j.bbagen.2014.07.014
http://dx.doi.org/10.1073/pnas.182256799
http://dx.doi.org/10.1073/pnas.182256799
http://dx.doi.org/10.1371/journal.pone.0103876
http://dx.doi.org/10.1016/j.bmc.2009.08.043
http://dx.doi.org/10.1093/nar/gki257
http://dx.doi.org/10.1093/nar/gks068
http://dx.doi.org/10.1002/wrna.1113
http://dx.doi.org/10.1002/wrna.1113
http://dx.doi.org/10.1093/nar/gkp696
http://dx.doi.org/10.1093/nar/gkq563
http://dx.doi.org/10.1021/bi900498z
http://dx.doi.org/10.1128/MCB.21.21.7320-7330.2001
http://dx.doi.org/10.1186/1479-7364-8-8
http://dx.doi.org/10.1093/nar/gkl253
http://dx.doi.org/10.4254/wjh.v9.i4.191
http://dx.doi.org/10.1093/nar/gkn188
http://dx.doi.org/10.1093/nar/gku406
http://dx.doi.org/10.1093/nar/gku406
http://dx.doi.org/10.1155/2015/287048
http://dx.doi.org/10.1021/ac1019446
http://dx.doi.org/10.1021/ja805615w


www.nature.com/scientificreports/

1 2Scientific RePoRTS | 7: 17444  | DOI:10.1038/s41598-017-17629-y

 44. Fay, M. M., Lyons, S. M. & Ivanov, P. RNA G-Quadruplexes in Biology: Principles and Molecular Mechanisms. J Mol Biol. 429, 
2127–2147, https://doi.org/10.1016/j.jmb.2017.05.017 (2017).

 45. Harkness, R. W. t. & Mittermaier, A. K. G-quadruplex dynamics. Biochim Biophys Acta, https://doi.org/10.1016/j.bbapap.2017.06.012 
(2017).

 46. Cammas, A. et al. hnRNP A1-mediated translational regulation of the G quadruplex-containing RON receptor tyrosine kinase 
mRNA linked to tumor progression. Oncotarget. 7, 16793–16805, https://doi.org/10.18632/oncotarget.7589 (2016).

 47. Lim, K. W. et al. Duplex stem-loop-containing quadruplex motifs in the human genome: a combined genomic and structural study. 
Nucleic Acids Res. 43, 5630–5646, https://doi.org/10.1093/nar/gkv355 (2015).

 48. Guo, J. U. & Bartel, D. P. RNA G-quadruplexes are globally unfolded in eukaryotic cells and depleted in bacteria. Science. 353, 
https://doi.org/10.1126/science.aaf5371 (2016).

 49. Ran, F. A. et al. Genome engineering using the CRISPR-Cas9 system. Nat Protoc. 8, 2281–2308, https://doi.org/10.1038/
nprot.2013.143 (2013).

 50. Mali, P. et al. RNA-guided human genome engineering via Cas9. Science. 339, 823–826, https://doi.org/10.1126/science.1232033 
(2013).

 51. Cho, S. W., Kim, S., Kim, J. M. & Kim, J. S. Targeted genome engineering in human cells with the Cas9 RNA-guided endonuclease. 
Nat Biotechnol. 31, 230–232, https://doi.org/10.1038/nbt.2507 (2013).

 52. Albitar, A., Rohani, B., Will, B., Yan, A. & Gallicano, G. I. The Application of CRISPR/Cas Technology to Efficiently Model Complex 
Cancer Genomes in Stem Cells. J Cell Biochem. https://doi.org/10.1002/jcb.26195 (2017).

 53. Yin, H. et al. Genome editing with Cas9 in adult mice corrects a disease mutation and phenotype. Nat Biotechnol. 32, 551–553, 
https://doi.org/10.1038/nbt.2884 (2014).

 54. Lee, C. S., Friedman, J. R., Fulmer, J. T. & Kaestner, K. H. The initiation of liver development is dependent on Foxa transcription 
factors. Nature. 435, 944–947 (2005).

 55. Tang, Y., Shu, G., Yuan, X., Jing, N. & Song, J. FOXA2 functions as a suppressor of tumor metastasis by inhibition of epithelial-to-
mesenchymal transition in human lung cancers. Cell Res. 21, 316–326, https://doi.org/10.1038/cr.2010.126 (2011).

 56. Wang, B. et al. Role of microRNA-155 at early stages of hepatocarcinogenesis induced by choline-deficient and amino acid-defined 
diet in C57BL/6 mice. Hepatology. 50, 1152–1161, https://doi.org/10.1002/hep.23100 (2009).

 57. Buck, M., Turler, H. & Chojkier, M. LAP (NF-IL-6), a tissue-specific transcriptional activator, is an inhibitor of hepatoma cell 
proliferation. Embo J. 13, 851–860 (1994).

 58. Bhaskara, S. et al. Hdac3 is essential for the maintenance of chromatin structure and genome stability. Cancer Cell. 18, 436–447, 
https://doi.org/10.1016/j.ccr.2010.10.022 (2010).

 59. Balasubramanian, S., Hurley, L. H. & Neidle, S. Targeting G-quadruplexes in gene promoters: a novel anticancer strategy? Nat Rev 
Drug Discov. 10, 261–275, https://doi.org/10.1038/nrd3428 (2011).

 60. Rha, S. Y. et al. Effect of telomere and telomerase interactive agents on human tumor and normal cell lines. Clin Cancer Res. 6, 
987–993 (2000).

 61. Cammas, A. & Millevoi, S. RNA G-quadruplexes: emerging mechanisms in disease. Nucleic Acids Res. 45, 1584–1595, https://doi.
org/10.1093/nar/gkw1280 (2017).

 62. Taylor, D. G., Haubenwallner, S. & Leff, T. Characterization of a dominant negative mutant form of the HNF-4 orphan receptor. 
Nucleic Acids Res. 24, 2930–2935 (1996).

 63. Le, D. D., Di Antonio, M., Chan, L. K. & Balasubramanian, S. G-quadruplex ligands exhibit differential G-tetrad selectivity. Chem 
Commun (Camb). 51, 8048–8050, https://doi.org/10.1039/c5cc02252e (2015).

Acknowledgements
This work was supported by the National Institutes of Health (NIH) [CA169877 to H.L.] and a pilot grant from 
SUNY Upstate Cancer Center. We thank Dr. Stewart Loh in Department of Biochemistry for providing the 
equipment and assistance in the study of CD spectrum. We also thank Dr. Debashis Ghosh in Department of 
Pharmacology and Dr. Guirong Wang in Department of Surgery for discussion of experiments during this study.

Author Contributions
S.G. and H.L. conceived the experiments, S.G. conducted the experiments. S.G. and H.L. analysed the results. All 
authors reviewed the manuscript.

Additional Information
Supplementary information accompanies this paper at https://doi.org/10.1038/s41598-017-17629-y.
Competing Interests: The authors declare that they have no competing interests.
Publisher's note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the 
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.
 
© The Author(s) 2017

http://dx.doi.org/10.1016/j.jmb.2017.05.017
http://dx.doi.org/10.1016/j.bbapap.2017.06.012
http://dx.doi.org/10.18632/oncotarget.7589
http://dx.doi.org/10.1093/nar/gkv355
http://dx.doi.org/10.1126/science.aaf5371
http://dx.doi.org/10.1038/nprot.2013.143
http://dx.doi.org/10.1038/nprot.2013.143
http://dx.doi.org/10.1126/science.1232033
http://dx.doi.org/10.1038/nbt.2507
http://dx.doi.org/10.1002/jcb.26195
http://dx.doi.org/10.1038/nbt.2884
http://dx.doi.org/10.1038/cr.2010.126
http://dx.doi.org/10.1002/hep.23100
http://dx.doi.org/10.1016/j.ccr.2010.10.022
http://dx.doi.org/10.1038/nrd3428
http://dx.doi.org/10.1093/nar/gkw1280
http://dx.doi.org/10.1093/nar/gkw1280
http://dx.doi.org/10.1039/c5cc02252e
http://dx.doi.org/10.1038/s41598-017-17629-y
http://creativecommons.org/licenses/by/4.0/


1 23

Molecular and Cellular Biochemistry
An International Journal for Chemical
Biology in Health and Disease
 
ISSN 0300-8177
 
Mol Cell Biochem
DOI 10.1007/s11010-018-3274-3

Conjunction of G-quadruplex and stem-
loop in the 5′ untranslated region of
mouse hepatocyte nuclear factor 4-alpha1
mediates strong inhibition of protein
expression
Shangdong Guo & Hong Lu



1 23

Your article is protected by copyright and
all rights are held exclusively by Springer
Science+Business Media, LLC, part of
Springer Nature. This e-offprint is for personal
use only and shall not be self-archived in
electronic repositories. If you wish to self-
archive your article, please use the accepted
manuscript version for posting on your own
website. You may further deposit the accepted
manuscript version in any repository,
provided it is only made publicly available 12
months after official publication or later and
provided acknowledgement is given to the
original source of publication and a link is
inserted to the published article on Springer's
website. The link must be accompanied by
the following text: "The final publication is
available at link.springer.com”.



Vol.:(0123456789)1 3

Molecular and Cellular Biochemistry 
https://doi.org/10.1007/s11010-018-3274-3

Conjunction of G-quadruplex and stem-loop in the 5′ untranslated 
region of mouse hepatocyte nuclear factor 4-alpha1 mediates strong 
inhibition of protein expression

Shangdong Guo1 · Hong Lu1 

Received: 20 September 2017 / Accepted: 4 January 2018 
© Springer Science+Business Media, LLC, part of Springer Nature 2018

Abstract
Hepatocyte nuclear factor 4-alpha (HNF4α) is a well-established master regulator of liver development and function. Res-
toration of HNF4α can treat multiple liver disorders and liver cancers. To date, HNF4α is still “undruggable” due to lack 
of known activating ligands. Thus, understanding the regulatory mechanism of HNF4α expression may help develop an 
alternative approach to modulate HNF4α protein levels. G-quadruplexes (G4) are non-canonical stable secondary structures 
discovered mostly in the promoters of oncogenes. Recent genome-wide studies demonstrate the enrichment of G4s in the 
5′ untranslated region (UTR). By protoporphyrin IX-binding assay and circular dichroism spectrum, we validated the pres-
ence of a chemically highly stable 4-ring G4 within the 5′ UTR of mouse Hnf4a1. Our real-time PCR and Western blot data 
showed that the Hnf4a1 5′ UTR caused a remarkable translational suppression regardless of a moderate effect on Hnf4a1 
mRNA levels. The subsequent deletion/mutation analysis of Hnf4a1 5′ UTR using dual-luciferase reporter assays further 
demonstrated that although the disruption of the chemically highly stable 4-ring G4 resulted in a marked attenuation of 
inhibition, the G4 alone only weakly inhibited translation. Likewise, disruption of a long stem-loop adjacent to the 4-ring G4 
markedly attenuated translational inhibition, although the stem-loop alone only exerted a weak inhibitory effect. Thus, the 
tight conjunction of G4s and an adjacent stem-loop within the Hnf4a1 5′ UTR was both necessary and sufficient to mediate 
the very strong translational repression. Our results establish a novel working model that a chemically stable G4 may require 
co-factors to be bio-stable for exerting biological functions.

Keywords G-quadruplex · Stem-loop · 5′ untranslated region · Hepatocyte nuclear factor 4-alpha · Liver · Mouse

Introduction

Hepatocyte nuclear factor 4α (HNF4α) is a liver-enriched 
master regulator that is essential for hepatocyte differentia-
tion in fetal liver [1, 2], and maintenance of liver function in 
adults [3–5]. Hepatic expression and/or activity of HNF4α 
are decreased markedly in severe cirrhotic livers, alco-
holic liver disease, tumor necrosis factor-α-induced hepa-
totoxicity, and hepatoma progression [6, 7]. Interestingly, 

over-expression of HNF4α1, the predominant HNF4α iso-
form in adult liver, markedly inhibits liver carcinogenesis 
and liver fibrosis [8, 9].

Like many important oncogenes and tumor-suppressors, 
HNF4α is a transcription factor (TF) that lacks a known 
activating ligand; how to modulate these “undruggable” TFs 
to treat cancer is a huge challenge. An alternative approach 
is to modulate the expression of these “undruggable” TFs. 
Hnf4a1 is the mouse ortholog of human HNF4A1, and they 
share > 90% sequence similarities. Bioinformatics stud-
ies indicated the potential formation of multiple G-quad-
ruplexes (G4s) within the Hnf4a1 5′ untranslated region 
(UTR). Recent studies demonstrate important roles of G4s 
in the regulation of DNA replication and gene expression, 
via alternating the structures of telomere and promoter [10, 
11]. For example, G4s are reported to regulate gene tran-
scription within the promoter regions of oncogenes such as 
c-Myc, Bcl-2, and c-KIT [12–14]. However, limited studies 
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of RNA G4s were reported. In general, RNA G4s act as 
specific elements to regulate mRNA splicing, transcription 
termination, and mRNA translation [15, 16]. G4 structures 
usually suppress gene expression when localized within the 
5′ UTR [17]. Such inhibitory effects can be explained by the 
blocking of the scanning process during translation initiation 
due to the stable complex secondary structures of G4s. Thus, 
the potential presence of G4s within Hnf4a1 5′ UTR may 
play critical roles in regulating its gene expression.

In the present study, we report the presence of G4 within 
Hnf4a1 5′ UTR, and its tight conjunction with the adjacent 
stem-loops is necessary and sufficient to induce a very strong 
translational suppression. Our study opens a novel window 
for G4 studies where the “bio-stability” of G4 needs to be 
achieved via interactions with its context sequences to exert 
the biological function.

Materials and methods

Vector constructions

The 117-bp Hnf4a1 5′ UTR DNA was synthesized by Gen-
Script, with artificial HindIII and NcoI restriction enzyme 
sites on the 5′ and 3′ terminal, respectively. The 117-bp 5′ 
UTR was then cloned into the HindIII/NcoI sites of pGL3T7 
vector, a pGL3-promoter-based (Promega) backbone that 
contains a T7 promoter to drive the in vitro transcription/
translation. The newly constructed vector was named as 
pGL3T7-Hnf4a1-5′ UTR. The same method was applied to 
create all other deleted/mutated 5′ UTR-fragments (Table 1). 
In order to create the Hnf4a1 expression vectors, a 1.5 kb 
DNA fragment that contains the full-length 117-nt 5′ UTR 
and the entire cDNA of mouse Hnf4a1 (NM_008261.3) with 
the HindIII and XbaI sites at the 5′ and 3′ ends was synthe-
sized by GenScript and cloned into the pcDNA3 backbone 
to generate the expression vector for Hnf4a1 with 5′ UTR, 
named as pcDNA3-Hnf4a1-5′ UTR. This vector was used as 
a PCR template to clone the Hnf4a1 cDNA, with the primers 

Table 1  Sequence information of all deletion/mutation constructs. The bolded and underlined G (guanines) indicates the potential compostion of 
the G4 structure. The shaded A & U (adenine & uracil) represent G/A and G/U mutations

Constructs Sequence 
Full length GGGACCUGGGAGGAGGCAGGAGGAGGGCGGGGACGGGGGGGGCUGGGGCUCA

GCCCAGGGGCUUGGGUGGCAUCCUGGGCCGGGCAGGACAGGGGGCUAAGGCG
UGGGUAGGGGAGA

C1 GGGGACGGGGGGGGCUGGGG
C2 GCUCAGCCCAGGGGCUUGGGUGGCAUCCUGGGCCGGGC
C3 GGGGACGGGGGGGGCUGGGGCUCAGCCCAGGGGCUUGGGUGGCAUCCUGGG

CCGGGC
C3_M1 GGGACGGGGGGGGCUGGGGCUCAGCCCAGGGGCUUGGGUGGCAUCCUGGGC

CGGGC
C3_M2 GGGACGGGGGAGGCUGGGGCUCAGCCCAGGGGCUUGGGUGGCAUCCUGGGCC

GGGC
C3_M3 GAGACGGGGGAGGCUGGGGCUCAGCCCAGGGGCUUGGGUGGCAUCCUGGGCC

GGGC
C4 GGGACCUGGGAGGAGGCAGGAGGAGGGCGGGGACGGGGGGGGCUGGGG
C4_M1 GGGACCUGGGAGGAGGCAGGAGGAGGGCGGUGACGGGGGGGGCUGGGG
C4_M2 GGGACCUGGGAGGAGGCAGGAGGAGGGCGGUGACGGGGGGUGCUGGGG
C4_M3 GGGACCUGGGAGGAGGCAGGAGGAGGGCGGUGACGGGGGGUGCUGGUG
C5 CUCAGCCCAGGGGCUUGGGUGGCAUCCUGGGCCGGGCAGGACAGGGGGCUAA

GGCGUGGGUAGGGGAGA
C6 GGGCAGGACAGGGGGCUAAGGCGUGGGUAGGGGAGA
C7 GGGACCUGGGAGGAGGCAGGAGGAGGGCGGGGACGGGGGGGGCUGGGGCUC

AGCCCAGGGGCUUGGGUGGCAUCCUGGGC
C8 GGGACCUGGGAGGAGGCAGGAGGAGGGCGGGGACGGGGGGGGCUGGGGCUC

AGCCCAGGGGCUUGGGUGGCAUCCUGGGCCCGGGCAGGACAGGG
UTR_G4_M GGGACCUGGGAGGAGGCAGGAGGAGGGCGGUGACGGGGGGUGCUGGUGCUCA

GCCCAGGGGCUUGGGUGGCAUCCUGGGCCGGGCAGGACAGGGGGCUAAGGCG
UGGGUAGGGGAGA

UTR_SL(-) GGGACCUGGGAGGAGGCAGGAGGAGGGCGGGGACGGGGGGGGCUGGGGCAG
GACAGGGGGCUAAGGCGUGGGUAGGGGAGA
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as follows: Forward, TTT AAC AAG CTT ATG CGA CTC 
TCT AAA ACC CTTG; Reverse, TTT TTT TCT AGA CTA 
GAT GGC TTC TTG CTT GGTGA. The bolded sequences 
generated HindIII and XbaI sites for cloning the Hnf4a1 
cDNA into the pcDNA3 backbone to generate the Hnf4a1 
expression vector without the 5′ UTR, which was named as 
pcDNA3-Hnf4a1-cDNA.

Transient transfection and dual-luciferase assay

Human embryonic kidney 293 (HEK293T, ATCC) or human 
hepatocellular carcinoma HepG2 (HepG2-C3A, ATCC) cells 
were seeded in the 96-well-plate. After 24 h, cells in each 
well were transfected with 100 ng plasmids that included 
28 ng firefly luciferase vectors (pGL3T7-Hnf4a1-5′ UTR, 
etc.), 2 ng renilla luciferase vectors (pRL-CMV), 10 ng 
eGFP expressing vectors (to monitor the transfection effi-
ciency), and 60 ng pcDNA3 using lipofectamine 2000. Cells 
were harvested 24 h after transfection for dual-luciferase 
assay using Dual-Glo™ luciferase assay system (Promega) 
and GloMax Luminometer (Promega), following the manu-
facturer’s protocol. The ratios of firefly/renilla luciferases 
were calculated as the normalized reporter activities, with 
the control values set at 1.0.

Western blot

HEK293 cells seeded in the 6-well-plate were transfected 
with Hnf4a1-expressing vectors (500 ng) and pCDNA3-
eGFP (150 ng) using lipofectamine 2000. The whole cell 
lysates were prepared 24 h after transfection. Proteins in 
cell lysates were resolved in sodium dodecyl sulfate–poly-
acrylamide gel electrophoresis. Western blot quantification 
of Hnf4α and eGFP was conducted using primary antibod-
ies as follows: anti-HNF4α (H1415, PPMX) and anti-GFP 
(ab290, Abcam). Primary antibodies were revealed with 
HRP-conjugated secondary antibodies (Anti-mouse IgG, 
#7076; Anti-rabbit IgG, #7074, Cell Signaling) and ECL 
Western Blotting Substrate (W1015, Promega). Chemi-
Doc™ XRS+System (Bio-Rad) and ImageJ software were 
used for band capturing and density analysis.

Real-time PCR

Total RNAs from transfected cells were isolated by RNA-
STAT60 (Tel-Test) and quantified by Qubit RNA assay kit 
and Qubit 2.0 fluorometer (Life technology). The High-
Capacity RNA-to-cDNA™ Kit (Applied Biosystems®, life 
technologies) was used for cDNA synthesis. iQ™ SYBR® 
Green Supermix (Bio-Rad) was applied to quantify mRNAs 
using MyiQ2™ Two-Color Real-Time PCR Detection Sys-
tem (Bio-Rad). The amounts of mRNA were calculated 
using the comparative CT method, which determines the 

amount of target gene normalized to an introduced control 
(e.g., eGFP or renilla luciferase).

Protoporphyrin IX (PPIX)-binding assay

DNA/RNA fragments (2 µM in TE buffer) were heated at 
88 °C for 4 min and then cooled down to room temperature. 
An equal volume of PPIX solution (2 µM) coupled with 
200 mM KCl in TE buffer was then mixed with the solu-
tion of DNA/RNA oligos (the final concentration of DNA/
RNA-PPIX complex is 1 µM in 100 mM  K+). The resultant 
mixtures were incubated in the dark for 2 h at room tempera-
ture, followed by the fluorescence scanning using synergy 
micro-plate reader (BioTek). The Ex wavelength was fixed at 
410 nm and the Em wavelength varied from 550 to 700 nm.

Circular dichroism (CD) spectroscopy

All DNA oligos (4 µM) were dissolved in buffer A (5 mM 
Tris–HCl, pH 7.5, 100  mM KCl) for wavelength scan-
ning and buffer B (5 mM Tris–HCl, pH 7.5, 5 mM KCl) 
for melting temperature determination. The DNA solution 
was heated at 90 °C × 10 min and gradually cooled down to 
room temperature. All data were collected by Aviv Model 
410 CD spectrometer (Aviv Biomedical). The CD spectra 
of oligos were scanned from 220 to 320 nm at 25 °C. The 
Melting temperature was determined by monitoring the tem-
perature-dependent (25–88 °C) changes of CD spectroscopy 
at wavelength 260 nm. Each measurement of DNA oligo 
uses its corresponding buffer as the background, which was 
subtracted in the final data analysis.

In vitro transcription

Plasmid (2 µg) of pGL3T7-Hnf4a1-5′ UTR was linearized 
by NcoI digestion and isolated by Gene Jet Extraction and 
DNA Clean-up Kit (Fisher) for in vitro transcription using 
MEGA script T7 kit (Ambion). The synthesized transcript 
was isolated by RNA-STAT60 (Tel-Test) and quantified 
by Qubit RNA assay kit and Qubit 2.0 fluorometer (Life 
technology).

Statistical analysis

All values were expressed as mean ± S.D. The two-tailed 
Student’s t test was used to determine the statistical differ-
ence between two groups, which was set at p < 0.05. For 
multiple comparisons, analysis of variance (ANOVA) was 
performed, followed by the Turkey Test in SigmaPlot 12.5, 
with significance set at p < 0.05.
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Results

The Hnf4a1-5′ UTR markedly represses gene 
expression

The entire Hnf4a1 5′ UTR is capable of forming multiple 
complex secondary structures including G4s and stem-
loops. We engineered the 117-nt 5′ UTR into the luciferase 
reporter vector to investigate its effect on gene expression. 
Strikingly, the 5′ UTR repressed the luciferase activity by 
97% (Fig. 1a). Real-time PCR results showed no changes 
of luciferase mRNAs, indicating that the inhibition 
occurred mainly via blocking protein translation (Fig. 1a). 
We further over-expressed the Hnf4α1 protein with/with-
out the 5′ UTR in HEK293 cells, which lacks endogenous 
HNF4A expression. Likewise, Western blot data showed 
that the 5′ UTR reduced the Hnf4α1 protein expression 
by 90% (Fig. 1b, c). Surprisingly, the 5′ UTR also caused 
a decrease of the Hnf4a1 mRNA by 65% (Fig. 1c), which 
revealed a gene-specific role of the Hnf4a1 5′ UTR regard-
ing the transcriptional/translational regulation. To validate 

the functional significance of the Hnf4a1 5′ UTR-medi-
ated gene suppression, we determined the capability of 
the Hnf4a1 expression vectors to activate the promoter of 
microRNA 194 (miR194), a known HNF4α-target gene 
[18]. pcDNA3-Hnf4a1-cDNA (without 5′ UTR) in varied 
dosages (1, 3, and 10 ng) increased the reporter activities 
of miR194 up to 13, 50, and 115 fold (Fig. 1d), whereas 
the stimulating effect on miR194 induced by pCDNA3-
Hnf4a1-5′ UTR (with 5′ UTR) by using the same dosages 
were 83, 90, and 83% lower (Fig. 1d). Thus, the Hnf4a1 
5′ UTR plays a key role in limiting the protein expression 
and biological activities of Hnf4a1.

Structure-activity relationship (SAR) studies 
of Hnf4a1-5′ UTR reveal the importance 
of the cooperation of the G4 with the stem-loop 
in repressing translation

Per software predictions of secondary structures, the 
entire 117-nt 5′ UTR was roughly segregated into 4 motifs 

Fig. 1  Effects of Hnf4a1 5′ UTR on luciferase reporter activities as 
well as mRNA and protein expression in HEK293 cells. a Quantifi-
cation of the reporter activities and mRNAs of luciferase genes with/
without Hnf4a1 5′ UTR. b Western blot of over-expressed Hnf4α1. The 
control represents cells without transfection, which is used to validate 
that the endogenous HNF4α1 is undetectable. The displayed bands 
come from two sections of a single gel. c Density analysis of Western 
blot and real-time PCR quantification of mRNA of Hnf4a1 with/with-

out 5′ UTR. Both band density and mRNA expression of Hnf4a1 were 
normalized to that of co-transfected EGFP. N = 3, mean ± SD. *p < 0.05 
versus control group. d Effect of Hnf4a1 5′ UTR on Hnf4α1 expres-
sion and the resultant activation of miR194 promoter. 1, 3, and 10 ng 
Hnf4a1 expression vectors (with/without 5′ UTR) were co-transfected 
with the miR-194 reporter vector into HEK293 cells. Y-axis represents 
normalized reporter activities. N = 4, mean ± SD. *p < 0.05 versus con-
trol group; †p < 0.05 versus the corresponding 5′ UTR(-) group
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(Fig. 2A): (a) Nt1–28, a 5′ upstream sequence with a very 
weak stem-loop. (b) Nt29–48, a strong 4-ring-G4 (four lay-
ers of G-tetrads) forming motif. (c) Nt49–84, a long stem-
loop. (d) Nt85–117, the 3′ downstream sequence that has 
the capacity to form weak G4s. In order to exclude the effect 
of 5′ UTR on transcription, we created a set of luciferase 
reporter vectors (C1–C8, Fig. 2A, Table 1) to investigate 
the effects of these structural motifs on translation. The 
wild-type 5′ UTR (a + b + c + d, Nt1–117, 96% < control) 
had the strongest inhibitory effect on the reporter activity 
(Fig. 2B). Constructs with the single G4 or stem-loop only 
induced moderate repressions (Fig. 2B), which includes C1 
(b, Nt29–48, 39% < control), C4 (a + b, Nt1–48, 52% < con-
trol), C2 (c, Nt48–85, 33% < control), and C6 (d, Nt82–117, 
20% < control). Conversely, constructs with the combina-
tion of both G4 and the stem-loop induced stronger inhibi-
tory effects (Fig. 2B): C3 (b + c, Nt29–85, 79% < control), 
C5 (c + d, Nt49–117, 66% < control), C7 (Nt1–80, 92% 

< control), and C8 (Nt1–94, 87% < control). C7 and C8 have 
a similar composition of the structural motifs (a + b + c), 
whereas they differ slightly at the 3′ end. Note that a mis-
match of the stem-loop occurs at Nt52–Nt81. Thus, the com-
parison of C7 and C8 may provide additional information to 
infer the composition of the stem-loop. Overall, these data 
indicate that the very strong inhibition induced by Hnf4a1 
5′ UTR requires both the G4 and the stem-loop. We also 
verify the repressing effect of C1, C2, and C3, which repre-
sents the G4, stem-loop, and G4_stem-loop, in HepG2 cells 
that express endogenous HNF4α. Compared to the HEK293 
cells, the reporter assay displayed a similar inhibitory effect 
(Fig. 2C). Furthermore, the RT-PCR data validated that the 
transcription of reporter genes was unaffected by these dele-
tion fragments (Fig. 2C).

We designed additional 3 deletion/mutation constructs for 
C3 and C4 (Table 1), respectively, to investigate the relation-
ship between the G4 strength and the inhibitory effect. Via 

Fig. 2  SAR studies on the regulation of luciferase mRNA and 
reporter activities by Hnf4a1 5′ UTR. A Sequences and schematic 
structures of the full-length (UTR) and deletion fragments of Hnf4a1 
5′ UTR. The black Gs indicate the composition of the major 4-ring 
G-quadruplex, and gray Gs show potential formation of a minor 

3-ring-G4 within Nt85–117. B Dual-luciferase reporter activities 
of all the deletion constructs. N = 4, mean ± SD. C Determination 
of luciferase mRNA levels and reporter activities of UTR in hepG2 
cells, C1, C2, and C3. N = 3, mean ± SD. Groups that do not have 
common letters are statistically different
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point deletion/mutations of critical guanines, C3_M1-3 and 
C4_M1-3 gradually disrupted the predicted 4-ring-G4, and 
transformed it into 3-ring, 2-ring, Non-G4 accordingly. The 
designing details and the corresponding reporter activities 
are as follows (Fig. 3a, b): C3_M1 (Nt30–85, 52% < con-
trol) maintains a 3-ring-G4 by deleting Nt29. Based upon 
M1, C3_M2 (Nt30–85, Nt40 G/A), which has an additional 
G/A mutation so that only a 2-ring-G4 may be formed, lost 
the inhibitory effect. Lastly, C3_M3 (Nt30–85, Nt31 G/A, 
Nt40 G/A) with two additional G/A mutations to disrupt 
all typical G4s completely lost inhibitory effect. Likewise, 
C4_mutants followed the similar design to gradually dis-
rupt the G4 (Fig. 3a, c): C4_M1(Nt1–48, Nt29 G/U, 45% 
< control, 3-ring-G4) maintained weak inhibitory effect, 
whereas C4_M2 (Nt1–48, Nt29 G/U, Nt41 G/U, 2-ring-G4) 
and C4_M3 (Nt1–48, Nt29 G/U, Nt41 G/U, Nt48 G/U, Non-
G4) completely lost inhibitory effects. In general, a 3-ring-
G4 still maintained a weak repressing effect, but a 2-ring-G4 
or Non-G4-structure completely lost the inhibition. Taken 
together, these data indicate that the structure of G4 is highly 
relevant regarding the ability of Hnf4a1 5′ UTR to inhibit 
mRNA translation.

To further verify the relationship between the major G4 
and the stem-loop in the context of the native sequence, 
we designed two deletion/mutation constructs based on 
the 117nt-5′ UTR (Table 1). UTR_G4_M (Nt1–117, Nt31 
G/U, Nt41 G/U Nt47 G/U, 79% < control) has the 4-ring-
G4 completely disrupted (Fig. 3d). UTR_SL(-) (Nt1-48 
& Nt85–117, 73% < control) has the remaining motifs of 
the 5′ UTR after the removal of the stem-loop (Fig. 3e). 
Compared to the wild-type 5′ UTR, the reporter activities 
of UTR_G4_M and UTR_SL(-) increased by 4.2 and 5.4 
fold, respectively, further indicating that these elements are 
indispensible for the entire 5′ UTR to maintain a very strong 
translational suppression (Fig. 3d, e).

In vitro assays confirm the presence of G4 
within the Hnf4a1-5′ UTR and deletion/mutation 
constructs

In order to determine the presence of G4 within the 5′ UTR 
and deletion/mutation constructs, we conducted PPIX-
binding assay and CD spectrum by using the 5′ UTR RNA 
and/or DNA oligos of the deleted/mutated 5′ UTRs. PPIX 
has been reported as a G4-specific fluorescent probe that 
selectively recognizes parallel G4s [19]. Stacking of PPIX 
at the top/bottom of the G4 markedly enhances the aqueous 
solubility of the PPIX, which consequently produces detect-
able fluorescent signals [19]. All oligos displayed a peak at 
wavelength 640 nm, which is a typical signature for G4 for-
mation in PPIX-binding assay (Fig. 4a). C1 had the strongest 
G4 signature likely due to its short sequence of a 4-ring-G4 
without any interference by the context sequence. Compared 

Fig. 3  SAR studies on the role of the major 4-ring G-quadruplex 
in mediating the translational suppression by Hnf4a1 5′ UTR. a 
Sequences and schematic structures of the mutant constructs of C3 
and C4 which contain the 4-ring G-quadruplex. The individual 
nucleotides indicate the loci of the mutations and the substituted 
bases. The symbol indicates a deletion at the corresponding site. 
b, c Luciferase reporter activities of mutant constructs of C3 and C4 
in HEK293 cells. N = 4, mean ± SD, *p < 0.05 versus control group. 
d, e Luciferase reporter activity of UTR_G4_M and UTR_SL_(-) 
in HEK293 cells. N = 4, mean ± SD, *p < 0.05 versus control group; 
†p < 0.05 versus the UTR group
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with C1, C4 contains additional 5′ upstream sequence, which 
might be the cause of the weakened G4 signature (curves’ 
shape and peak values, Fig. 4a). C3, C5, C6, and the 5′ UTR 
RNA displayed a comparable G4 signature (Fig. 4a). A fur-
ther determination using C3_mutations indicated a gradual 
attenuation of G4 signatures by serial mutations (Fig. 4b): 
C3 (4-ring-G4) > C3_M1 (3-ring-G4) > C3_M2 (2-ring-
G4) > C3_M3 (Non-G4).

In addition to PPIX-binding assay, we also validated 
the presence of G4s by CD spectrum, which is extensively 
applied for the recognition of G4s. A typical parallel G4 
in CD spectra has a positive peak at wavelength 260 nm 
and a valley at 240 nm. We selected several representatives 
into the CD spectrum. In summary, C1, C3, and C7 that 
contain the 4-ring-G4 displayed a strong G4 signature, 
whereas C5 and C6 with potential weak G4s had lower 
peak values (Fig. 4c). As expected, the stem-loop C2 did 
not have the G4 signature (Fig. 4c). Likewise, CD spectra 
for C3_mutations confirmed a comparable G4 signature 

of C3 and C3_M1, whereas the C3_M2 and C3_M3 dis-
played weak or hybrid-like G4 signatures (Fig. 4d). We 
also attempted to measure the melting temperature of 
C1, the 4-ring-G4-forming motif, which nevertheless 
turned out to be unfeasible as the peak value (260 nm) 
only decreased slightly even at the maximum temperature 
(88 °C). Such result verified the very high chemical stabil-
ity of the 4-ring-G4 formed in C1 in vitro. Taken together, 
results from the CD spectra were highly consistent with 
the PPIX-binding assay, and both assays were in agree-
ment with the corresponding luciferase reporter studies.

Discussion

The current study demonstrates the important role of the 
5′ UTR within Hnf4a1, which is the ortholog of human 
HNF4A1, in modulating the gene translation/transcrip-
tion. By using PPIX-binding assay and the CD spectrum, 

Fig. 4  Characterization of the G-quadruplex within the constructed 
DNA oligos and Hnf4a1 5′ UTR RNA by protoporphyrin IX (PPIX)-
binding assay and CD spectra. a, b PPIX-binding assay of deletion/
mutation constructs of Hnf4a1 5′ UTR and the in vitro-synthesized full-

length Hnf4a1 5′ UTR RNA. Controls in the PPIX-binding assay: 1 µM 
PPIX dissolved in 1X TE supplemented with 100  mM  K+. c, d CD 
spectra of deletion/mutation constructs of Hnf4a1 5′ UTR. The buffer 
for CD spectra is 5 mM Tris–HCl supplemented with 100 mM  K+
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we confirmed the existence of G4s within the 5′ UTR. 
Deletion/mutation studies demonstrate that the very strong 
translational repression by the 5′ UTR requires a conjunc-
tion of both G4s and stem-loops.

The present study demonstrates that the Hnf4a1-5′ UTR 
induces a moderate reduction of Hnf4a1 mRNA and a 
remarkable translational suppression (Fig. 1b, c). Interest-
ingly, the moderate reduction of mRNA appears to be gene 
specific (Fig. 1a, c). To date, the reports of the repressing 
effect of 5′ UTR on transcription is extremely limited and 
largely unknown. We speculate that certain regulatory ele-
ments within the Hnf4a1 5′ UTR or the coding region of 
Hnf4a1 cDNA, such as the downstream promoter element 
which is known to play important roles in regulating tran-
scription [20], might interact with the context sequences 
to modulate the transcription in a gene-specific manner. 
In addition, the regulation of RNA stability by the 5′ UTR 
has been reported [21]. Overall the Hnf4a1 5′ UTR might 
affect the mRNA level via multiple mechanisms, which 
require further investigations. Nevertheless, our data indi-
cate that the 5′ UTR causes a comparable level of trans-
lational inhibition on the reporter gene without affecting 
its transcription (Fig. 1a). Therefore, focusing on the role 
of Hnf4a1 5′ UTR in protein translation would be more 
meaningful, as its inhibitory effect on translation is much 
stronger than its effect on mRNA levels (Fig. 1c).

The current SAR studies indicate that the tight conjunc-
tion of G4s and stem-loop within the Hnf4a1 5′ UTR are 
both necessary and sufficient to cause a very strong trans-
lational suppression. We conducted the SAR studies using 
luciferase reporter vectors to determine the mechanism 
of the exceptionally strong translational repression by the 
Hnf4a1 5′ UTR. The major predicted secondary structures 
within the 5′ UTR include a major G4 (Nt29–48), a long 
stem-loop (Nt50–85), and the 3′ sequence (Nt82–117) that 
is capable of forming a minor G4 (Fig. 2A). Constructs 
with the G4 or stem-loop alone, such as C1, C2, C4, and 
C6, only cause very mild inhibitory effects (Fig. 2B). Con-
versely, the inhibitory effects of constructs with both the 
G4 and stem-loop structures, including C3, C5, C7, and 
C8, are much stronger (Fig. 2B). Additionally, the SAR 
data provide detailed information for evaluating the role 
of individual structures: (1) Although the inhibitory effect 
of both constructs were weak, C1 was still 19% stronger 
than C6, indicating that the major 4-ring-G4 is more criti-
cal than the minor G4 formed within Nt82–117. This was 
also supported by the comparison of C3 and C5, both of 
which are composed of G4 and stem-loop, but C3 causes 
13% more inhibition than C5 (Fig. 2B). (2) The precise 
start/end of the stem-loop and the exact composition of 
the minor G4 are still unclear due to the overlapping 
sequences. However, our data suggest that the stem-loop 
may end at Nt80 instead of Nt85, as the reporter construct 

containing the shorter stem-loop (C7) caused a stronger 
inhibitory effect than the longer one (C8) (Fig. 2B). More-
over, the sequence analysis suggests a higher stability for 
a shorter stem-loop as well, due to an A/C mismatching at 
Nt52/Nt81 and a G/U pairing at Nt51/Nt83. Therefore, the 
GGG set in Nt82–85 may be used to form a weak 3-ring-
G4 in the C6 region, and a tight conjunction of 4-ring-G4_
stem-loop_3-ring-G4 may be formed in the whole Hnf4a1 
5′ UTR to exert a very strong translational inhibition. (3) 
While an inhibitory effect was still maintained, the dis-
ruption/removal of the individual structure (major G4/
stem-loop) had remarkably enhanced the Hnf4a1 5′ UTR 
leaded reporter activity for 4–5-fold versus the WT-UTR 
(Fig. 3d, e). It is therefore predictable that a disruption 
of both structures simultaneously would further dimin-
ish the inhibitory effect by 5′ UTR. Together, these data 
demonstrate that the up-regulation of the Hnf4a1 might 
be feasible by manipulating the G4 and the stem-loop, via 
releasing the secondary structures.

The present study suggests that the context sequences 
dictate the biological significance of a putative G4 motif. 
Interestingly, ~77 and 56% of human genes have potential 
G4 motifs within the ± 5 and ± 1 kb region with respect to 
transcription start site, respectively [22]. The highest den-
sity of G4s is found in the 5′ UTR and splicing sites [23]. 
However, only a very small subset of G4s is known to have 
biological importance. A single strong G4 alone (such as 
C1 that bears a 4-ring-G4) or stem-loop, albeit thermody-
namically very stable, may be easily unwound in vivo and 
thus only exert moderate inhibitory effect. The biological 
stability of those secondary structures is greatly affected by 
the context sequences. In this scenario, the tight conjunction 
of several distinct secondary structures may be a hard bar-
rier for translational machinery to overcome since complex 
structures may require multiple mechanisms and factors to 
release, and each of the secondary structure may stabilize 
one another. The putative tight conjunction of G4_stem-
loop_G4 within the Hnf4a1 5′ UTR will create a large spa-
tial hindrance for multiple distinct translational factors to 
unwind. Thus, we propose a novel working model that a G4 
formed in vivo requires the assistance of co-factors to be bio-
stable and exert biological functions. The tight conjunction 
of G4 with the stem-loop within the Hnf4a1 5′ UTR is one 
possibility to stabilize the entire structure. Additional fac-
tors may involve the interactions with RNA-binding proteins 
(RBPs). Interestingly, our recent study demonstrated that the 
stem-loop in human HNF4A1 5′ UTR, which also has the 
“G4-stem-loop” motif, did not suppress the protein transla-
tion. Alternatively, the G4 motif appeared to require RBPs 
to stabilize the entire G4 structure in the human HNF4A1 5′ 
UTR to exert a very strong translational inhibition [24]. This 
regulatory mechanism by the human HNF4A1 5′ UTR might 
be more flexible and efficient than that by Hnf4a1 5′ UTR , as 
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the modulation of both G4-unwinding factors and RBPs may 
regulate the protein translation of HNF4α in humans. Based 
on our bioinformatic analysis, this G4-stem-loop motif is 
highly conserved in the 5′ UTR of HNF4A among mammals. 
Although mice and rats share less homology with humans, 
most other mammals (e.g., rabbits, dogs, pigs, whales, and 
chimpanzees) have the G4-stem-loop motif that is highly 
homologous to humans (Supplementary Table 1). Overall, 
this working model may help guide the study of the biologi-
cal significance of the numerous potential G4 motifs identi-
fied in the human and mouse genome, particularly regarding 
the G4 motifs located in the 5′ UTRs [22].
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