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 Hepatocyte nuclear factor-1β (HNF-1β) is a homeodomain-containing 

transcription factor that regulates tissue-specific gene expression in the kidney, 

liver, and other organs. Humans with heterozygous mutations of HNF-1β develop 

maturity-onset diabetes of the young type 5 (MODY5) associated with cystic 

abnormalities of the kidney. A yeast two-hybrid screen was performed to identify 

proteins that interact with HNF-1β. The SUMO E2 ligase, Ubc9, SUMO E3 

ligases, PIAS1 and PIASγ, and the ubiquitin E3 ligase, Arkadia, were isolated as 

putative interacting proteins. SUMOylation of transcription factors affects their 

subcellular localization, intracellular transport, stability, and transcriptional 

activity. Ubiquitination of transcription factors has been shown to alter their 

stability and transcriptional activity. Immunostaining of the adult mouse kidney 

showed that HNF-1β co-localized with Ubc9, PIAS1, and PIASγ in the nuclei of 

renal tubular epithelial cells. Immunostaining also showed that Arkadia localized 

to the nuclei of renal tubules. Overexpression of Ubc9, PIAS1, or PIASγ inhibited 

the activity of the Pkhd1 promoter, a known HNF-1β target. Expression of 

catalytically inactive Ubc9 or PIASγ mutants also inhibited Pkhd1 promoter 

activity, suggesting that repression of HNF-1β transcriptional activity is 

SUMOylation-independent. In contrast to the repressive effect of SUMO ligases, 

overexpression of Arkadia stimulated Pkhd1 promoter activity in an HNF-1β-

dependent fashion. Immunoprecipitation of epitope-tagged SUMO or ubiquitin 

resulted in co-precipitation of HNF-1β, indicating that HNF-1β is both 

SUMOylated and ubiquitinated in vivo. In summary, the E2 and E3 SUMO 

ligases Ubc9, PIAS1, and PIASγ repressed HNF-1β transcriptional activity via 

SUMOylation-dependent and -independent mechanisms. The E3 ubiquitin ligase 

Arkadia stimulated HNF-1β transcriptional activity. Together, these results 

demonstrated that HNF-1β is covalently modified by SUMO and ubiquitin, and 



 

these modifications had opposing effects on HNF-1β transcriptional activity. In 

addition, insights into the regulation of HNF-1β and subsequent effects on target 

gene expression may lead to a greater understanding of the mechanisms that lead 

to renal cystogenesis. 
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CHAPTER ONE 

Introduction & Literature Review 
 

RENAL CYSTIC DISEASE AND DIABETES 

 

The kidneys are essential organs that are responsible for maintaining 

physiological homeostasis by removal of waste products and regulation of water 

and electrolyte balance. End-Stage Renal Disease (ESRD) is a failure of the 

kidneys to maintain the homeostatic state and is often the endpoint resulting from 

chronic kidney disease that progressively destroyed renal function. ESRD patients 

must have a form of renal replacement such as dialysis or kidney transplantation 

to survive. The United States Renal Data System reported that as of December 31, 

2004 there were over 472,000 people with ESRD in the United States. The cost of 

ESRD treatment from both public and private efforts in 2003 totaled over $ 27.3 

billion, which illustrates that ESRD is a significant health care issue in the United 

States (1)1. 

A number of different disease conditions can result in ESRD, with varied 

prevalence rates (Table 1.1). ESRD can result from genetic conditions that 

predispose individuals to renal disease or from non-inheritable causes that damage 

the kidneys. The categories listed in Table 1.1 are compilations of different 

pathologies observed in patients with ESRD. For example, inclusion of a patient 

in the cystic disease category could result from the patient being diagnosed with a 

single disease of the over 17 known diseases that develop renal cysts. However, 

some disorders could be classified into two or more of the categories listed. For 

                                                
1 The data reported here have been supplied by the United States Renal Data 
System (USRDS). The interpretation and reporting of these data are the 
responsibility of the author(s) and in no way should be seen as an official policy 
or interpretation of the U.S. government. 
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instance, a single genetically homogeneous clinical syndrome, Renal Cysts and 

Diabetes (RCAD), is characterized by having features present in two categories. 

This autosomal dominant syndrome is associated with mutations in the gene 

Hepatocyte Nuclear Factor-1 Beta (HNF-1β). 

 

TABLE 1.1 

 

Cause of ESRD Number of Patients 

Diabetes 172,938 

Hypertension 114,481 

Glomerulonephritis 77,121 

Cystic Kidney Disease 21,397 

Other Urologic 14,298 

Other Cause 47,584 

Unknown Cause 18,468 

Missing Disease 5,812 

Total 472,099 

 

 

HEPATOCYTE NUCLEAR FACTOR – 1 BETA 

 

Protein Structure 

 

HNF-1β, also named TCF2, LFB3, HNF1B, vHNF1, is a transcription 

factor that was originally identified based on its ability to interact with a specific 

sequence in the promoters of liver-enriched genes such as albumin, alpha- and 

beta-fibrinogen, and alpha 1-antitrypsin (2, 3). The sequence was also known to 
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bind a previously described protein HNF-1α, also referred to as HNF1 (4, 5). The 

HNF1 family of transcription factors comprises HNF-1α and HNF-1β, based on 

homology and DNA-binding sequence specificity. 

 
Figure 1-1. Domain Structures of HNF1 Family Members. 
HNF1 family members have a conserved dimerization domain (orange) that 
facilitates the obligatory hetero- or homodimerization. The POUS (green) and 
POUH (blue) are responsible for DNA binding. There are three domains in the 
carboxyl terminus of HNF-1α that have been shown to confer transcriptional 
activity (pink). Only one of those domains is conserved in HNF-1β. HNF-1β has 
an alternatively spliced exon (yellow) that codes for an additional 26-amino acid 
that can recruit transcriptional cofactors. The identity between various domains of 
HNF-1α and HNF-1β is shown. 

 

The members of the HNF1 family of transcription factors have a similar 

protein domain structure. The amino termini of HNF-1α and HNF-1β contain 32-

amino acid dimerization domains, which facilitates obligatory hetero- or homo 

dimerization that is required for DNA binding. The dimerization domain is 

necessary and sufficient for dimerization. Although HNF1 proteins can dimerize 

in solution in the absence of any other molecules, in vivo the dimerization 

appeared to be regulated by the small protein named Dimerization Cofactor of 

HNF1 (DCoH). DCoH was originally identified by co-purification with HNF-1α 

and does not participate in DNA binding or have intrinsic transcriptional activity. 
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Two molecules of DCoH interact with the HNF1 dimers forming a tetrameric 

structure that is resistant to the exchange of individual subunits. DCoH is believed 

to stabilize the dimerized HNF1 complex for maximal transcriptional activity (6). 

The HNF1 family members are classified as POU-homeodomain 

containing proteins. The POU domain is named for the first four transcription 

factors, Pit-1, Oct-1, Oct-2, and Unc86, in which it was identified. The POU 

domain is composed of two subdomains, an amino-terminal POU-Specific-

domain (POUS) followed by the POU-Homeodomain (POUH). The POUS and 

POUH subdomains are separated by a variable linker. The POUS and POUH 

domains are responsible for sequence-specific DNA binding (7). At the amino 

terminus of the POUH domain in HNF1 proteins is a cluster of basic amino acids 

that direct nuclear localization (8). 

The carboxyl termini of HNF-1α and HNF-1β, while only 47% identical, 

contain transcriptional activation domains. Previous studies have demonstrated 

that HNF-1α and HNF-1β have different transactivational capacities, which could 

be a result of their different carboxyl termini (9, 10). In the case of HNF-1α, three 

regions were identified that contribute to transactivation. The three domains, 

named ADI, ADII, and ADIII, respectively, are enriched with the specific amino 

acids serine, proline, and glutamine. The ADI and ADIII domains combined 

together yielded transactivation in vitro, whereas ADI and ADII are involved in 

transactivation in an in vitro transcription assay (11). However, in HNF-1β only 

the glutamine-rich domain is present in the carboxyl terminus. The transactivation 

domain of HNF-1β was further defined using a series of GAL4 fusion proteins 

with carboxyl-terminal deletions, testing activity in GAL4-responsive promoter-

reporter assays. The core transcriptional activation domain was shown between 

amino acids 352 and 483, which overlaps the glutamine-rich domain (12). 
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The HNF-1β isoforms generated by alternative splicing increase HNF-1β 

protein diversity. The first isoform, isoform A, contains a 26-amino acid-coding 

exon between the POUS and POUH, which is excluded in isoform B. Isoform A 

has a greater transactivational capacity in reporter assays (10). The amino-

terminal half of isoform A was shown to interact with the co-activators CBP and 

P/CAF (13), whereas an amino-terminal half of isoform B was not able to interact 

with these proteins (12). The interactions between co-activators and isoform A 

and not isoform B may explain this different transcriptional activation. Isoform C 

is generated when a 5’ splice site is repressed and an alternative poly-A site is 

used. The third mRNA isoform encodes a protein that contains the dimerization 

domain and both POU subdomains but has a unique 50-amino acid truncated 

carboxyl terminus. The A and B isoforms have relatively eqimolar ratios in the 

tissues tested, and the C isoform is expressed at lower levels. The A and B 

isoforms are the most well-studied, partly because the C isoform has been isolated 

only in rat (14). 

 
Figure 1-2. HNF-1β mRNA isoforms. 
These three isoforms all contain an amino-terminal dimerization domain (orange) 
that mediates obligatory homo- or heterodimerization among HNF1 family 
members. The POUS (green) and POUH (blue) domains are responsible for DNA 
binding. An alternative exon (yellow) codes for 26-amino acids that may play a 
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role in transcriptional activation and protein-protein interactions. A carboxyl-
terminal transactivation domain (red) was defined by deletion mapping. The 
isoform C does not use a splice site and creates an alternative carboxyl terminus 
that does not contain an activation domain. 
 

Expression Pattern of HNF-1β  

 

HNF-1β is expressed early in development through organogenesis and is 

expressed in the specialized epithelia of the adult kidney, liver, pancreas, and 

intestine. Initial characterization of HNF-1β expression in the developing mouse 

came from in situ hybridization experiments. This analysis detected HNF-1β 

transcripts as early as E6.5 in the visceral endoderm (15). HNF-1β transcripts 

were mainly observed in the extraembryonic endoderm, although not in the 

parietal endoderm. At E7.5, HNF-1β transcripts were detected in the columnar 

visceral endoderm and correlated with HNF-1 transcriptional target gene 

expression. The early HNF-1β expression pattern was further refined with the 

generation of a HNF-1β-targeted lacZ knockin mouse (16). In this mouse, β-

galactosidase expression is under the control of the HNF-1β regulatory elements 

and was detected as early as E4.5 in the primitive endoderm. At E5.5, expression 

was detected in the parietal endoderm and the visceral endoderm but expression 

became progressively restricted to the columnar visceral endoderm. At E7.5, 

HNF-1β expression was detected in the emerging definitive endoderm. 

Subsequently, a high level of expression was detected in the neural tube and gut. 

The expression in the neural tube became restricted ventrally and to the roof plate 

and finally disappeared around E12. At E9.5, expression was detected in the 

hepatic and pancreatic precursors, as well as the epithelia in the gut. 

In the kidney, lacZ expression was detected in the mesonephros at E10 

(17). Expression was also detected in the ureteric bud, which emerged from the 
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Wolffian duct at E11.5. HNF-1β expression is detected throughout the subsequent 

stages of kidney development in the epithelia of the maturing nephrons. The 

Müllerian duct appears in conjunction with the development of the Wolffian duct. 

These ducts and their derivatives give rise to the genital tracts. In males, β-

galactosidase is detected in the epithelia comprising the vas deferens, the 

prostrate, and the epididymis. In females, expression is observed in the oviduct 

and uterus. In the adult mouse, HNF-1β is expressed along the entire length of the 

nephron of the kidney, throughout the biliary system of the liver and in the 

endocrine cells of the pancreas. 

 

HNF-1β in Humans 

 

The initial discovery of a mutation in HNF-1β leading to disease in 

humans was based on the previous association of HNF-1α with Maturity-Onset 

Diabetes of the Young (MODY). MODY is a monogenic, autosomal dominant 

inherited form of diabetes mellitus that usually presents by the age of 25 with 

abnormal glucose-stimulated insulin secretion. Horikawa and colleagues screened 

57 unrelated Japanese subjects with MODY for mutations in HNF-1β and DCoH 

(18). A R177X nonsense mutation was identified in one subject and was not 

observed in any unaffected control subjects. Pedigree analysis showed that the 

R177X mutation was present in family members that had MODY and 

nephropathy. This mutation is predicted to produce a truncated HNF-1β protein 

lacking the homeodomain and the carboxyl-terminal activation domain. The 

truncated protein was not able to stimulate a target promoter-reporter system and 

did not inhibit transcriptional activity of the wild-type protein. Therefore, the 

R177X mutation appeared to be a loss-of-function mutation, with a phenotype 
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that arises from haploinsufficiency of HNF-1β. Subsequently, mutations in HNF-

1β associated with MODY were grouped together as MODY type 5. 

Since the original discovery, a number of additional mutations in HNF-1β 

have been identified through screening patients with diabetes or severe renal 

disease. Mutations identified to date include splice site mutations, deletions, and 

missense and nonsense codon changes. The phenotype of patients with HNF-1β 

mutations has expanded since the originally identified mutation. The renal 

manifestations associated with MODY are varied and are often associated with 

cystic abnormalities such as simple cysts, multicystic renal dysplasia, and 

glomerulocystic kidney disease (GCKD). Other renal abnormalities include renal 

hypoplasia, agenesis, oligomeganephronia, and familial juvenile hyperuricemic 

nephropathy (FJHN). Genital malformations have been documented in a few 

cases of MODY, such as uterine hypoplasia or a bicornate uterus. However, 

recent studies have suggested that HNF-1β mutations in humans may not be 

confined to the MODY type 5 disorder. A recent survey showed that subjects with 

sporadic renal hypoplasia or dysplasia and chronic kidney disease may have 

mutations in HNF-1β (19). This study suggested that a much larger population of 

individuals could have kidney disease stemming from mutations in HNF-1β. A 

second study examined whether SNPs in MODY genes are associated with type II 

diabetes. This study demonstrated that a SNP within a noncoding region of the 

HNF-1β gene was associated with type II diabetes in a small population (20). 

Furthermore, HNF-1β may also play a role as a tumor suppressor gene in the 

context of either renal or ovarian cancer. Biallelic inactivation of HNF-1β has 

been identified in chromophobe renal cell carcinoma (21). Studies of ovarian 

cancer cell lines and primary ovarian cancer observed an epigenetic inactivation 

of HNF-1β (22, 23). Lastly, a study showed that a mutation in HNF-1β was 

associated with neonatal diabetes and intrauterine growth retardation (24). Taken 
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together these studies demonstrated that HNF-1β is a pleiotropic regulator of 

human health. 

 

Model systems for HNF-1β  Studies 

 

To further understand HNF-1β function, a diverse set of strategies has 

been employed to understand the molecular mechanisms that lead to disease. The 

HNF1 family is an evolutionarily conserved gene family with representatives 

identified in most vertebrates. Therefore, researchers have investigated HNF-1β 

function in cell culture systems, frogs, zebrafish, mice, rats, and humans. 

To assay the biochemical function of HNF-1β, cell culture systems have 

been employed in combination with promoter-reporter systems. Beginning with 

the initial identification of the R177X mutation, promoter-reporter assays have 

been used to examine the functional ramifications of mutations in HNF-1β. 

Promoter-reporter assays have described both loss-of-function mutations and 

gain-of-function mutations in HNF-1β. Loss-of-function mutations were 

identified by experiments that demonstrated that HNF-1β mutant protein is unable 

to activate target promoters and had no effect on wild-type HNF-1β. To better 

understand the molecular mechanism behind the loss-of-function phenotype 

additional experimental tests have been performed. Using 

immunofluorescencence microscopy, subcellular localization of wild-type HNF-

1β and mutant proteins has been examined (8). The wild-type HNF-1β localized 

almost exclusively to the nucleus, and mutations that either delete or alter the 

sequence between amino acids 177 and 243 resulted in aberrant localization. 

Mutant proteins that localized to the cytoplasm do not affect the nuclear 

localization of wild-type protein. The ability of HNF-1β to hetero- or 

homodimerize is essential for function. Gel retardation experiments tested HNF-
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1β mutant proteins’ ability to dimerize. These experiments suggested that S151P, 

E101X, R177X, P159delT, Q243delC, R137-K161del mutant proteins do not 

heterodimerize with wild-type HNF-1β (8). DNA binding of HNF-1β mutant 

protein has been tested by electrophoretic mobility-shift assay (EMSA). A 

number of mutations have been identified in the POUS and POUH domains that 

abrogate DNA binding and resulted in a loss-of-function phenotype. 

Some HNF-1β mutations appeared to act as gain-of-function mutations by 

producing a potent transactivator. The S36F mutation, identified in two families 

with diabetes, has a higher transactivational capacity in reporter assays (25, 26). 

Two mutations in HNF-1β that code for truncated proteins have been 

characterized as dominant-negative mutations (12, 27). These mutations lead to 

increased complexity when attempting to define the molecular mechanism leading 

to disease. 

Promoter-reporter assays are useful for identifying the functional effects 

that mutations might have on HNF-1β but assume the mutant protein is produced. 

Haploinsufficiency may result from mutant transcripts being targeted to the 

nonsense-mediated decay pathway. Using a nested RT-PCR approach, 

investigators were able to assay for the presence or absence of mutant HNF-1β 

transcripts from isolated renal tubule cells. For some mutations, smaller amounts 

of mutant HNF-1β transcripts were detected compared to wild-type transcripts. 

This result suggested that those HNF-1β mutant transcripts are probably directed 

to the nonsense-mediated decay pathway (28). 

The cell culture model system has provided insight into the molecular 

function of HNF-1β and the effect mutations might have on gene function. The 

cell culture experiments allowed for the general characterization of molecular 

function. Although cultured or primary cell lines are representative of tissues in 
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vivo, the experiments above do not model the physiological effects of HNF-1β 

mutations in the whole animal. 

 

Knockout Mouse 

A common genetic technique to study gene function is to generate a null 

mutant by removing, replacing or interrupting the coding sequence of a gene. The 

generation of an HNF-1β-deficient mouse was performed by two groups using 

similar strategies (16, 29). The targeting vectors designed by both groups replaced 

exon 1 of the mouse HNF-1β gene with the lacZ gene. Both groups’ resulting 

heterozygous- and homozygous HNF-1β-deficient animals were virtually 

identical in phenotype. The heterozygote mice were normal in phenotype, in 

contrast to the human condition, and the homozygous null mice failed to survive 

past E7.5. Homozygous null animals have a loss of extraembryonic tissue or 

visceral endoderm and a disordered ectoderm at E6. To confirm that the visceral 

endoderm defect is responsible for the observed lethality and to examine 

subsequent developmental requirements for HNF-1β, tetraploid aggregation 

experiments were performed. This experiment generated chimeric embryos in 

which the extraembryonic tissue has a wild-type genotype, whereas the embryo 

has HNF-1β inactivated. The resulting chimeric embryos were rescued for the 

perimimplantation defect and survived to E9.5, and thus confirmed that HNF-1β 

is required for visceral endoderm formation. The chimeric embryos had neural 

tube defects, overgrowth of the neural folds, a large allantois, and distended 

pericardia. Lineage tracing of HNF-1β null cells by β-galactosidase expression 

suggested that HNF-1β inactivated cells were not excluded from any specific 

tissue. These studies described HNF-1β function in early development but did not 

examine the role of HNF-1β in subsequent organogenesis. 
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Conditional Knockouts 

The traditional knockout strategy demonstrated an early developmental 

role for HNF-1β but yielded little insight into tissue-specific functions. The early 

lethality of null embryos precluded a more detailed analysis of HNF-1β function 

in organogenesis or adult organs. 

To address the tissue-specific function of HNF-1β, conditional knockout 

strategies were employed to determine the function of HNF-1β in a given tissue. 

A conditional knockout strategy was designed using the Cre-lox recombination 

technology (30). Pontoglio and colleagues generated a mouse with HNF-1β exon 

1 flanked by loxP sites and after crossing with a tissue-specific Cre recombinase 

mouse line a null allele of HNF-1β would be generated in that tissue (31). This 

“floxed” HNF-1β mouse were crossed to three Cre-expressing mouse lines. The 

AlfpCre transgene contains regulatory elements that drive expression in the 

hepatic bud beginning at E10. Therefore, when AlfpCre was crossed with the 

“floxed” HNF-1β, liver-specific inactivation of HNF-1β was generated. The 

resulting mice had severe growth retardation and jaundice. Inspection of the 

derivatives of the hepatic bud revealed gallbladder epithelial dysplasia and a 

scarcity of intrahepatic bile ducts. Lipid metabolism was altered in the HNF-1β-

deficient liver perhaps because of reduced bile flow from the reduced number of 

intrahepatic bile ducts. This study provided the first analysis of HNF-1β function 

in the developing mouse liver (31). 

The “floxed” HNF-1β mouse was also crossed to the RIP-Cre transgenic 

mouse line, thus inactivating HNF-1β in pancreatic β cells. The rat insulin 

promoter (RIP) drives expression in the pancreatic β cells but only weakly during 

pancreatic development. The mice with HNF-1β inactivated in the pancreatic β 

cells were phenotypically normal, except for impaired glucose tolerance (32). 

However, the RIP-Cre-HNF-1β mouse is a poor model of human subjects with 
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MODY type 5. The mice exhibited glucose intolerance only during a glucose 

tolerance test, whereas patients with MODY type 5 have fasting plasma 

hyperglycemia. Second, the onset of glucose intolerance in mice was consistent at 

two months of age, although the onset of diabetes in humans is highly variable. 

To further understand HNF-1β function in the pancreas, a study used tetraploid 

aggregation to rescue the early lethality associated with constitutive HNF-1β 

inactivation and allowed analysis of later stages in development (33). This 

chimeric mouse showed a complete absence of the ventral pancreatic bud and a 

paucity of the dorsal bud that led to complete pancreatic agenesis. Taken together, 

the RIP-Cre-HNF-1β mouse and the chimeric HNF-1β rescue mouse 

demonstrated a continued requirement for HNF-1β function in pancreatic 

development and function. 

Kidney-specific inactivation of HNF-1β was tested by crossing the 

“floxed” HNF-1β mice with transgenic Ksp-cadherin Cre mice (34). The Ksp-

cadherin promoter drives expression along the length of the nephron beginning 

from the earliest ureteric bud stages. The kidney-specific inactivation of HNF-1β 

led to a severe cystic phenotype. The cysts found along the length of the nephron 

were lined with HNF-1β inactive cells. The cystic phenotype observed in this 

model corresponded to the human renal cystic disease. 

In addition to mouse studies with wild-type HNF-1β disrupted, MODY 

transgenic mouse lines were generated. Two transgenic animal lines were 

generated in which mutant HNF-1β was expressed specifically along the length of 

the nephron under the control of the Ksp-cadherin promoter. The mutant HNF-1β 

coding sequences chosen corresponded to two mutations described in MODY 

patients. Both transgenic mice were observed to have severe renal cysts (12, 27). 

The MODY transgenic mouse and the kidney-specific HNF-1β knockout 

mouse both resemble the renal cysts found in patients. To examine the molecular 
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mechanism behind cystogenesis in these models, expression of known cystic 

disease-associated genes was assayed by Q-RT-PCR and in situ hybridization. In 

both studies, expression of Pkhd1, the gene associated with autosomal recessive 

polycystic kidney disease (ARPKD), had reduced expression in the mutant or 

transgenic mouse compared to wild-type (27, 34). Two HNF-1β binding sites 5’ 

of the Pkhd1 transcription start site were identified by chromatin 

immunoprecipitation (ChIP). Hiesberger and colleagues cloned the mouse Pkhd1 

proximal promoter and identified a HNF-1 site. The binding site, located at -49 to 

-62 bp from the transcription start site, was bound by HNF-1β in vitro. The 

proximal Pkhd1 promoter was active in mIMCD-3 murine renal epithelial cells 

that endogenously expressed Pkhd1 and Hnf-1β. Mutation of the HNF-1 site 

abolished expression of a promoter-reporter gene. Transient transfection of two 

truncated HNF-1β proteins acted in a dominant-negative fashion on Pkhd1 

expression by forming dimers with mutant and wild-type HNF-1β protein. The 

HNF-1β (A263insGG) mutant protein cannot bind DNA and prevented wild-type 

HNF-1β protein from binding in a dose-dependent fashion (27). The HNF-1β 

(P328L329fsdelCCTCT) mutant protein can bind DNA either as a homodimer or 

as a heterodimer with wild-type HNF-1β but not activate transcription because of 

the loss of the carboxyl terminus. These studies together identified the cystic 

disease gene, Pkhd1, as a transcriptional target of HNF-1β and linked together 

two genetic diseases in a common pathway. 
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UBIQUITINATION 

 
Introduction 

 

Ubiquitination is the biochemical ligation of the small protein, ubiquitin, 

to a target protein. Ubiquitination is a reversible post-translational modification 

that affects biochemical processes including endocytosis and transcriptional 

activity but most commonly protein stability. Ubiquitination can also modify the 

protein ubiquitin, thus forming polyubiquitin chains. Ubiquitin chain formation 

has increased the functional diversity of this post-translational modification. 

Perturbations of ubiquitination were associated with a number of disease 

processes including neurodegenation, muscle atrophy, and cancer. 

 

Biochemical Pathway 

 

Ubiquitin is a highly conserved 76-amino acid protein present in every 

eukaryotic cell. The ubiquitin protein is identical from insects to humans, and 

only three amino acids are different between human and yeast ubiquitin. Ubiquitin 

has a well-defined structure that is resistant to proteolysis. Ubiquitin is 

synthesized as a propeptide that is proteolytic processed to generate the mature 

76-amino acid species. The cleavage is catalyzed by thiol proteases that reveal a 

glycine on the carboxyl terminus of ubiquitin. 

Following cleavage, ubiquitin enters a multistep enzymatic pathway that 

delivers ubiquitin to the target protein. Initially, ubiquitin is activated by the E1 

ligase in an ATP-dependent process. An ubiquitin-AMP intermediate is formed 

before the final E1-ubiquitin thiol ester is formed. Ubiquitin E2 ligases, of which 

11 are known in humans, recognize and bind the E1-ubiquitin thiol ester. The 
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ubiquitin is transferred from the E1 ligase to the E2 ligase via another thiol ester 

linkage. The E2, often called the ubiquitin-carrier enzymes, then forms a complex 

with an E3 ubiquitin ligase. A conserved core in E2 ligases mediates the binding 

with the E3 ligase. In turn, the E3 ubiquitin ligases do not require a specific E2 

ubiquitin ligase. There are an expanding number of ubiquitin E3 ligases, possibly 

totaling in the hundreds in the human genome. The E3 ligases have been grouped 

into three categories based on conserved domains. The first group consists of the 

HECT domain ligases that form a thiol ester bond with ubiquitin before 

transferring ubiquitin to the target protein. The second and third groups consist of 

RING finger domain-containing proteins or U-box-containing proteins. Both 

groups facilitate the transfer of ubiquitin to the substrate protein directly as 

opposed to forming an intermediate ubiquitin-E3 conjugate. The E3 ubiquitin 

ligases are responsible for target recognition, and they accomplish this by binding 

either directly to the substrate or via an adaptor protein. 

 
Figure 1-3. The Ubiquitination Pathway. 

After proteolytic processing, ubiquitin enters a biochemical pathway by being 
conjugated to an E1 ligase in an ATP-dependent process. The ubiquitin is then 
transferred from the E1 ligase to the E2 ligase. The E2 ligase then forms a 
complex with an E3 ligase and the target protein. The ubiquitin is then transferred 
to the target protein directly or through an intermediate linkage with the E3 ligase. 
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After the ubiquitin is conjugated to the target protein, the ubiquitin 

molecule itself can be ubiquitinated, thus a chain of ubiquitin molecules is 

formed. The ubiquitin protein has seven lysines that can be ubiquitinated. 

Although all seven lysines may form chains, the Lysine-48 (K48) and Lysine-63 

(K63) linkages are the best characterized. A polyubiquitin chain composed of four 

or more ubiquitin molecules linked via K48 will recruit the proteasome and 

facilitate the destruction of the target protein. The K63 chains have been linked to 

signal transduction and DNA repair pathways and not to target protein 

destruction. The ubiquitin chains can be removed from target proteins by 

ubiquitin-processing enzymes or ubiquitin carboxyl-terminal hydrolases. For K48 

polyubiquitin chains, removal of the polyubiquitin chain from target protein 

occurs before destruction by the proteasome. The removal of K63 polyubiquitin 

chains is less well understood. Although ubiquitination of a target protein may 

lead to future ubiquitin chain formation, monoubiquitination is emerging as an 

important regulatory modification of membrane-bound receptors and transcription 

factors. 

 

Role in Transcriptional Regulation 

 

The connection between ubiquitination and transcription was originally 

made from the study of the first identified ubiquitin-conjugated proteins, histones. 

Since this initial observation, the field of ubiquitination has focused on the role in 

protein degradation, culminating in the awarding of the Nobel Prize in Chemistry 

to Hershko, Ciechanover, and Rose in 2004 for the discovery of ubiquitin-

mediated protein degradation. However, in recent years, the connection between 

ubiquitination and transcriptional regulation has received new attention. 

 Transcription factors are regulated initially by activation of the protein, and 

subsequently the protein is deactivated. Destruction of the transcription factor is 
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an effective means of deactivation. This hypothesis was explored in two early 

studies. The first demonstrated that degradation of transcriptional activators by 

the proteasome correlated with activation potency (35). The second study 

demonstrated that the domains responsible for transcriptional activation 

overlapped with domains responsible for protein stability (36). These studies 

formed a foundation linking ubiquitin-mediated destruction with the intrinsic 

transactivational capacity of transcription factors. 

 The functional effects of transcription factor ubiquitination in higher 

eukaryotes were first described in 2003. The major histocompatibility complex 

(MHC) class II transactivator (CIITA) was shown bound to a promoter in an 

ubiquitinated state (37). In an impressive study, a component of the E3 ligase 

complex that ubiquitinates c-myc was demonstrated to also act as a transcriptional 

cofactor for c-myc (38). These studies and others enforced the concept that 

ubiquitination positively regulated transcription factor activity at the promoter. 

 In an effort to mechanistically understand the function of an ubiquitin 

linkage to a transcription factor, the LexA-VP16 artificial transcription factor was 

employed as a model system. The LexA DNA-binding domain is fused to the 

viral protein VP16 transactivation domain to create an artificial transcription 

factor. The LexA-VP16 transcription factor activates transcription of reporter 

genes containing LexA-binding sites in eukaryotic cells. By screening yeast 

deletion strains, Met30, an ubiquitin E3 ligase, was identified as a positive 

regulator of LexA-VP16 activity. Removal of Met30 function resulted in a loss of 

LexA reporter activity in the presence of LexA-VP16 protein. However, addition 

of LexA-VP16 fused to ubiquitin rescued reporter activity in a Met30 null 

background. This study demonstrated that monoubiquitination of a transcription 

factor was sufficient to promote transcription factor activity (39). In a subsequent 

study, p-TEFb, an important transcription elongation factor, showed increased 

recruitment to an ubiquitinated LexA-VP16 (40). These studies demonstrated that 
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monoubiquitination increased transcriptional activity perhaps by increased RNA 

polymerase elongation rates. However, another ubiquitin E3 ligase complex 

stimulated GAL4 turnover, GAL4-dependent transactivation, and GAL4 target 

gene cotranscriptional mRNA processing (41). This study suggested that 

monoubiquitination of transcriptional activators may act on multiple steps in 

transcription. 

 To place into context the effect of ubiquitination on transcriptional 

activation, the stability of the transcription factor must be examined. In a review 

by Kodadek and colleagues, three models were proposed for integrating the action 

of ubiquitination and transcription (42). The three models were the timer model, 

the black widow model, and the second-generation timer model. The timer model 

suggested that monoubiquitination of the transcription factor permits transcription 

initiation. The transcription factor remains active until a polyubiquitin chain 

containing four ubiquitins linked through K48 has formed. The polyubiquitinated 

transcription factor is then recognized by the proteasome and destroyed. 

Therefore, each transcription factor molecule has a finite lifetime in which to 

activate transcription (43, 44). The black widow model builds off the timer model 

by incorporating the results of a study performed on Gcn4. This study 

demonstrated that Gcn4, a yeast transcription factor, is phosphorylated by a 

Mediator complex component, Srb10, that is present on active promoters. 

Phosphorylation of Srb10 triggered the subsequent polyubiquitination of Gcn4 

(45). The black widow model proposed that interaction of a transcription factor 

with the RNA polymerase complex triggers the ubiquitination and subsequent 

destruction of that transcription factor (46). Finally, the second-generation timer 

model added an additional layer of regulation. Ubiquitin chain elongation is a 

regulated balance between the elongation of the ubiquitin chains catalyzed by E4 

ligases and shortening of the ubiquitin chain by deubiquitinating enzymes. 

Regulation of these rates could be initiated by polymerase complex or by 
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independent factors. This model allowed additional variables to be considered that 

may have been omitted previously. 

 The field of ubiquitinated transcription factors is still undeveloped. Many 

questions remain to be answered in this field with few defined molecular model 

systems. What steps of transcription require the ubiquitinated form of a 

transcription factor? When and where is a transcription factor ubiquitinated? Do 

alternative ubiquitin linkages play a role in this process? The understanding of 

these and other questions will allow for a better understanding of gene regulation 

in vivo.
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SUMOYLATION 

 

Introduction 

 

SUMOylation is a reversible post-translational modification of proteins in 

which a Small Ubiquitin-like Modifier (SUMO) protein is covalently bonded to a 

target protein. The SUMO proteins belong to the Ubiquitin-like protein (UBL) 

family, and SUMOylation mirrors the ubiquitination enzymatic cascade (47). 

SUMO proteins and ubiquitin have a similar molecular mass, and their amino acid 

sequences are 20% identical. Both ubiquitin and SUMO are initially synthesized 

as propeptides that undergo a proteolytic cleavage yielding the mature protein 

containing a carboxyl-terminal glycine. The mature SUMO protein enters an 

enzymatic cascade that links SUMO to an E1 activating enzyme. The SUMO is 

then transferred to an E2 ligase before binding to the target protein and an E3 

ligase. In this final complex, the SUMO is conjugated to the lysine in the target 

protein. Removal of the SUMO protein from the target protein is accomplished by 

a family of isopeptidases. SUMOylation has been shown to regulate protein 

complex formation, protein-DNA interactions, protein stability, subcellular 

localization, subnuclear localization, and transcription factor activity. Disruption 

of the murine SUMO E2 ligase, Ubc9, is lethal, emphasizing that SUMOylation is 

an essential biochemical modification (48). 

 

Biochemical Pathway 

The SUMOylation pathway is analogous to the ubiquitination pathway; 

however, differences between them merit further explanation. Ubiquitination 

involves a single protein, ubiquitin, whereas there are four SUMO proteins, 

SUMO-1, SUMO-2, SUMO-3, and SUMO-4. SUMO-1 shares 44% identity with 
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SUMO-2 and SUMO-3, although SUMO-2 and SUMO-3 are 86% identical (49). 

The SUMO-4 gene should be considered separately from the rest of the SUMO 

genes. The SUMO-4 gene is transcribed highest in the kidney; however to date no 

protein has been detected (50). Additionally, the putative SUMO-4 proprotein 

would be resistant to proteolytic maturation because of a unique proline-90 and 

thus would not be a substrate for SUMO conjugation (51). 

The SUMO family proproteins enter the SUMO conjugation pathway after 

a proteolytic cleavage. The proteolytic cleavage is catalyzed by a family of 

isopeptidases called the SENP family (SUMO-specific proteases). The SENP 

family proteins are cysteine proteases with two functions, the first is a C-terminal 

hydrolase activity that processes the SUMO proprotein and the second is the 

cleavage of the isopeptide bond that links SUMO to the target protein. The 

catalytic core is conserved in the C-terminal domain of the SENP family, whereas 

the amino terminus is variable and may regulate subcellular localization and 

target specificity. The SENP enzymes discriminate between individual SUMO 

proteins. As an example, SENP-5 did not process SUMO-1 but cleaved SUMO-2 

or SUMO-3 (52). 

After proteolytic cleavage, the mature SUMO protein is conjugated to an 

E1 activating enzyme complex. In contrast to the ubiquitin pathway in which the 

E1 ligase is a monomer, the E1 is a heterodimeric complex that separates the 

adenylation and thioesterification activity into SAE1 and SAE2 subunits, 

respectively. The SAE1/SAE2 complex facilitates the formation of an adenylated 

SUMO protein by linking the C-terminus to AMP. Subsequently, the bond is 

broken and the same C-terminus forms a thiol ester bond with a cysteine in SAE2. 

The SUMO/SUMO E1 complex proceeds to interact with Ubc9, the SUMO E2 

enzyme. Ubc9 is the only known SUMO E2 ligase identified to date. 
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Figure 1-4. The SUMOylation Pathway. 

The mature SUMO protein enters the SUMO modification pathway by 
conjugation to a heterodimeric E1 ligase in an ATP-dependent process. The 
SUMO is transesterified to Ubc9, the SUMO E2 ligase, yielding a thiol ester. The 
SUMO-Ubc9 conjugate then forms a complex with the target protein and a 
SUMO E3 ligase (such as the PIAS family proteins as shown above). The SUMO 
is then conjugated to a lysine in the target protein. 
 

The SUMO is transesterified from the cysteine in SAE2 to cysteine-93 in 

Ubc9, yielding an Ubc9-SUMO thiol ester. Ubc9-SUMO complex catalyzes the 

formation of an isopeptide bond between the carboxyl terminus of SUMO and the 

amino group on a target lysine. Target proteins are recognized by Ubc9 via a 

consensus motif without any additional factors. This mechanism sharply contrasts 

with the ubiquitination pathway where target specificity is defined by the E3 

ligase. The consensus target motif was first described as psi-K-X-E, where psi is a 

large hydrophobic amino acid and X represents any amino acid (53). Exceptions 

to the SUMO target site have been characterized, and not all consensus SUMO 

target sites are modified. Recently, two studies have further refined definition of 

SUMO consensus site (54, 55). Phosphorylation preceded SUMOylation for some 

transcription factors such as MEF2 and HSF family proteins. Further investigation 

identified a phosphorylation-dependent SUMO motif (PDSM) as an additional 
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SUMOylation consensus site. The PDSM is the conventional SUMOylation site 

followed by a SP phosphorylation motif, or psi-K-X-E-X-X-S-P (56). Sharrocks 

and colleagues identified acidic residues carboxyl-terminal to the target site as 

important thus yielding the negatively charged amino acid-dependent 

SUMOylation motif (NDSM) (57). The NDSM motif has been a successful 

predictive tool for identifying sites of SUMOylation. 

Ubiquitin modification of proteins exists in three states, 

monoubiquitination, multi-ubiquitination, and poly-ubiquitination. Similarly, 

SUMO-modified proteins can be monoSUMOylated, multi-SUMOylated, and 

poly-SUMOylated. MonoSUMOylation consists of a single SUMO, SUMO-1, 

SUMO-2 or SUMO-3, attached to a target protein. Multi-SUMOylation is the 

addition of two or more SUMO proteins at different lysines on a single protein. 

PolySUMOylation is a chain of SUMO proteins that are linked to a single lysine. 

SUMO-2/3 contain consensus SUMO sites that are modified in vivo, whereas 

SUMO-1 cannot be SUMOylated (58). SUMO-1 can be incorporated into a 

polySUMOylation chain but SUMO-1 incorporation terminates chain elongation. 

The function of SUMO-2/3 chains is not well understood but may result in more 

robust transcriptional repression (59). 

Four types of SUMO E3 ligases have been described. The first type is 

represented by a single large nuclear pore component enzyme called 

RanBP2/Nu358. RanBP2 is not homologous to any known ubiquitin E3 ligase. 

The RanBP2 SUMO E3 ligase activity resides in a 30 kDa domain. The domain 

consists of two 50-amino acid domains (IR1 and IR2) separated by a spacer (M). 

The IR1 domain bound Ubc9 with high affinity, and the IR2 domain bound 

SUMO-1 preferentially. RanBP2 does not interact with target proteins directly. 

RanBP2 is thought to be an allosteric co-factor that alters the structure of the 

Ubc9-SUMO-1 thiol ester, resulting in the transfer of SUMO-1 to the target 

lysine. The second type of SUMO E3 ligase is also represented by a single protein 
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Pc2. Pc2 is a component of the polycomb chromatin-modifying complex that 

mediates transcriptional repression. The Pc2 protein is akin to RanBP2; the 

SUMO E3 activity resides in a bipartite domain that is not homologous to 

ubiquitin E3 ligases. Additionally, the Pc2 catalytic domain does not bind the 

target protein but directly interacts with Ubc9. The Pc2 protein recruited substrate 

proteins via another domain, thus forming a platform for SUMOylation (60). The 

third type of SUMO E3 ligase is represented by the Protein Inhibitor of Activated 

STAT (PIAS) family of proteins. The PIAS family has at least four members in 

mammals, PIAS1, PIAS3, PIASx, and PIASγ. The PIAS proteins contain a SP-

RING domain that is similar to the RING finger domain of ubiquitin E3 ligases. 

The PIAS family members contain several conserved protein motifs (Fig. 1-5). 

The first domain is an amino-terminal SAP domain, a domain named for the 

proteins: SAFA/B, ACINUS, and PIAS. The SAP domain facilitates interactions 

between the nuclear matrix and specific regions of DNA, perhaps leading to 

changes in chromatin structure. These interactions with the nuclear matrix could 

promote either activation or repression of associated downstream targets. 

Adjacent to the SAP domain is a PINIT domain. The PINIT domain may function 

together with the SP-RING domain to mediate the SUMO E3 ligase activity (61). 

The SP-RING domain is similar to the RING domain of the ubiquitin E3 ligases, 

except the SP-RING domain lacks the third and sixth cysteine residues (62). PIAS 

proteins contain a SUMO binding domain (SBD) that facilitates the interaction 

between PIAS proteins and SUMOylated proteins. The PIAS proteins are thought 

to promote interactions between the target proteins and Ubc9, thus promoting 

SUMO conjugation. However, additional functions for PIAS proteins are 

suggested by experiments that demonstrated PIAS proteins interact directly with 

SUMOylated proteins. Additionally, previous studies have showed that multiple 

PIAS proteins may interact with the same target protein allowing for functional 
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redundancy. This explanation is the most likely for the relatively mild phenotypes 

observed in the PIAS1 (63) and PIASγ (64, 65) knockout mice. 

 
Figure 1-5. The PIAS family of proteins. 
An evolutionarily conserved SAP domain (blue) facilitates interactions with the 
nuclear matrix. A PINIT (orange) and SP-RING (red) mediate the transfer of 
SUMO from Ubc9 to the target protein. PIAS family proteins may bind SUMO 
directly via a SUMO-binding domain (SBD) (green). Near the carboxyl terminus, 
the PIAS proteins have domains rich in Serine/Threonine (S/T) or 
Aspartate/Glutatmate (D/E). 

 

The fourth type of SUMO E3 ligase is the Zimp family of proteins. The 

Zimp family has two members in mammals and has a single orthologue in flies. 

The Zimp proteins are named Zimp7 and Zimp10 for zinc finger-containing, Miz-

1, PIAS-like protein on chromosome 7 or 10 (66). The Zimp proteins contain an 

SP-RING domain, the domain that harbors the SUMO E3 ligase activity in PIAS 

proteins. Zimp10 can enhance Androgen Receptor (AR) SUMOylation in vivo but 

not as efficiently as PIAS1 (67). The weaker SUMO E3 ligase activity may be 
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due to other structural elements that are absent in Zimp10, such as the PINIT 

domain. The Zimp proteins contain strong acidic transactivation domains and 

function as co-activators of AR-regulated transcription (67, 68). The Zimp 

transactivation activity may be a result of the interaction between Zimps and the 

SWI/SNF2 chromatin remodeling complexes. These PIAS-like proteins extend 

the functional diversity of SUMO E3 ligases. 

SUMOylation is a reversible modification, and removal of SUMO protein 

is catalyzed by SENP family proteins. The regulation of the removal of SUMO 

from target proteins is not well understood, but SENP enzymes are tightly 

regulated. SENP enzymes localize to distinct subcellular locales and therefore 

interact with different sets of SUMOylated proteins. The SENP enzymes display 

substrate specificity for the conjugated SUMO, for instance SENP-5 preferred 

SUMO-2/3 conjugates versus SUMO-1 conjugates (52). SENP enzyme 

expression is regulated transcriptionally, which influences the quantity of 

SUMOylated protein. To highlight the importance of SENP function, 

overexpression of SENP1 has been associated with prostate cancer development 

(69). 

SUMOylation alters behavior of target proteins by altering physical 

interactions. Studies of SUMOylation have demonstrated changes in protein 

complex assembly, DNA interactions, subcellular and subnuclear localization and 

effects on activity. However, to date the most common group of proteins that are 

SUMOylated are transcription factors. Generally, SUMOylation is thought to 

have a repressive effect on transcriptional activation; however there are examples 

of stimulatory effects. 

 

Role in Transcriptional Regulation 
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Nuclear proteins are preferentially SUMOylated. Although SUMOylation 

has been shown to occur in the cytoplasm, substrate modeling in vivo 

demonstrated that nuclear targeting is required for SUMO modification (53). 

Studies have linked SUMOylation to various nuclear processes including the cell 

cycle, DNA topology, DNA repair, antagonism to ubiquitination, nuclear and 

subnuclear localization, and transcriptional regulation (70). The SUMO E2 and 

E3 ligases both positively and negatively regulate transcriptional activity, via both 

SUMOylation-dependent and -independent mechanisms. 

SUMOylation of transcription factors affects protein stability, localization, 

and activity. SUMO modification of a transcription factor can alter both the 

subcellular and subnuclear distribution of a transcription factor. As an example, 

SUMO modification is required for Elk-1 to enter the nucleus (71). SUMO 

modification of Daxx and PML localized these proteins to PML bodies (72-74). 

Immunolocalization of PIAS proteins also showed a subnuclear focal pattern, and 

this localization is dependent on their E3 activity. However, co-localization 

studies of PIAS proteins and PML showed that there is an incomplete overlap of 

these proteins. This study suggested that there are nuclear bodies containing 

SUMOylated proteins which are not the transcriptionally silent PML bodies (75). 

SUMOylation can target the same lysine as ubiquitination, thus providing 

a competitive model for regulation. In the case of the inhibitor of nuclear factor 

κB alpha, IκBα, SUMOylation blocked ubiquitination, which stabilized the 

protein and inhibited the transcriptional activity of NFκB (76). SUMOylation and 

ubiquitination competed for the same lysine on the pathogenic protein Htt that is 

associated with Huntington’s disease (77). SUMOylation exacerbated 

neurodegeneration in a Drosophila model by stabilizing the Htt protein fragment 

that formed protein aggregates and repressed transcription. Ubiquitination 

destabilized the protein fragment and led to a reduction in protein aggregates. 

Mutation of this target lysine reduced disease pathology. 
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SUMO modification of proteins can alter DNA-protein and protein-protein 

interactions by inhibiting some associations and promoting novel interactions. 

The SUMOylation of HSF2 decreased the affinity for DNA but oligomerization 

was not affected (78). An example of disrupting protein-protein interactions was 

illustrated by the SUMOylation of the synergy control (SC) motif in SF-1. Some 

target promoters of SF-1, such as Müllerian inhibitory substance, are regulated by 

a number of transcription factor complexes. Mutation of a SUMOylated lysine in 

the SF-1 SC motif allowed for greater synergistic activation with Sox9, 

suggesting that SUMOylation inhibited this interaction-based activation (79). 

Chromatin immunoprecipitation (ChIP) experiments demonstrated that SUMO-

modified Elk-1 had an increased association with HDAC-2. This association 

correlated with decreased histone acetylation of target gene promoters (80). 

SUMO ligases are able to act as transcriptional cofactors, independent of 

their ability to SUMOylate target proteins. This bifunctionality appears to rely on 

non-covalent interactions with target proteins. A SUMO ligase may recruit other 

cofactors or delocalize the target protein. For example, Ubc9 modulated the 

transcriptional activation of the glucocorticoid receptor (GR). Simons and 

colleagues characterized Ubc9 as a transcriptional adaptor as defined by the total 

increase in GR transactivational capacity. Independence from SUMOylation was 

demonstrated by a similar effect using a catalytically inactive Ubc9 that bound 

GR and GMEB (81). Catalytically inactive Ubc9 was generated by mutation of 

cysteine-93 to a serine, thus preventing the formation of the SUMO-Ubc9 thiol 

ester but not interfering with the binding of either SUMO or target proteins. A 

similar phenomenon has been demonstrated for at least three other transcription 

factors, in which overexpression of a catalytically inactive Ubc9 has the same 

effect on promoter activity as the wild-type Ubc9 (82-84). 

The PIAS proteins were originally identified as modulators of STAT 

transcriptional activity. Four mechanisms have been described whereby PIAS 
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proteins can affect transcription factor activity independent of SUMOylation. The 

first mechanism is relocalization of a transcription factor to a distinct subnuclear 

localization by a PIAS protein. PIAS1 relocalized Msx1 bound target promoters 

to the nuclear periphery where they are inactive (85). In addition, PIASγ mediated 

relocalization of LEF1 to PML bodies (75). The second mechanism is disruption 

of the transcription factor-promoter interaction. PIAS1 interfered with STAT1 

DNA-binding (86). The third mechanism is cofactor recruitment. PIASγ 

negatively regulated AR transcriptional activity independent of SUMOylation 

(87). PIASγ interacted with HDACs, and this interaction was not dependent on 

SUMOylation activity. This study suggested that a PIAS protein could recruit a 

co-repressor without SUMOylation of the target protein. The final mechanism of 

a SUMOylation-independent effect by a PIAS protein is perhaps the least 

intuitive. In this case, PIASx acted as a transcriptional activator for Elk-1 by 

promoting its deSUMOylation and loss of HDAC-2 binding (88). Although the 

mechanism by which this transcriptional activation is accomplished is unknown, 

the SUMOylation activity of PIASx was dispensable.
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CHAPTER TWO 

SUMO Ligases Regulate HNF-1β  

 

Introduction 

 

Hepatocyte Nuclear Factor-1 beta (HNF-1β) is a member of the HNF1 

family of transcription factors. Heterozygous mutations of HNF-1 transcription 

factors in humans are associated with Maturity-Onset Diabetes of the Young 

(HNF-1α type 3 and HNF-1β type 5)(89). Patients with MODY type 5 present 

with an array of renal malformations, most common are cysts along the length of 

the nephron leading to renal failure. In addition, biallelic inactivation of HNF-1β 

has been associated with development of renal cell carcinomas underscoring the 

importance of HNF-1β function(90). 

HNF1 proteins contain three conserved protein domains: an amino-

terminal dimerization domain that facilitates obligatory hetero- or homo-

dimerization, and a POUS and POUH that are responsible for sequence-specific 

DNA-binding. HNF1 family members recruit co-activators to target promoters via 

their carboxyl terminal domains (12, 13). The transactivation domain is required 

for proper HNF-1β function in vivo. However, the transcription cofactor 

interactions previously described to require the carboxyl terminus are also 

mediated by a domain near the POUS domain in the A isoform. Other factors may 

interact with HNF-1β through the carboxyl terminus either specifically or in 

conjunction with other domains within HNF-1β. Additionally, HNF1 family 

members are similar in the dimerization domain and DNA-binding domains but 

are divergent elsewhere, potentially explaining the variable activation strength on 

the same promoters. These divergent portions of HNF-1α and HNF-1β may foster 
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unique interactions with other proteins. The interaction of other proteins with 

HNF-1β may play a fundamental role in regulating activity with ramifications 

throughout development and adult metabolic homeostasis and disease. 

 

Results 

 

SUMO Ligases Interacted with HNF-1β 

A yeast two-hybrid screen was performed to identify proteins that interact 

with HNF-1β. Two bait plasmids were constructed by fusing either the full-length 

mouse HNF-1β (isoform B) or a C-terminal fragment of HNF-1β (amino acids 

264-532) to the LexA DNA-binding domain. Each bait construct was tested for 

expression and the inability to auto-activate the reporter system (data not shown). 

An adult mouse kidney cDNA library was screened with both bait proteins. The 

full-length bait and C-terminal bait screened approximately 11 × 106 and 11.6 × 

106 clones and yielded 86 and 80 positive clones, respectively. Sixty-five clones 

were isolated to homogeneity, and 52 were sequenced. The cDNA sequences 

were then used to search the Genbank database to identify the putative interacting 

proteins. Multiple independent clones were identified as opening reading frames 

encoding the SUMO ligases, Ubc9, PIAS1, and PIASγ. Two clones encoded the 

SUMO E2 ligase, Ubc9, from amino acids 1-158 and 2-158. The full-length Ubc9 

clone was isolated with the full-length bait, while the Ubc9 clone missing the first 

amino acid was isolated with the C-terminal bait. The full-length bait isolated the 

single PIAS1 cDNA clone encoding amino acids 2-652. The full-length bait also 

isolated the two clones of PIASγ that encode amino acids 1-507 and 6-507. All 

the Ubc9 (Fig. 1A) and PIAS protein clones (Fig. 1B) were re-transformed to 

verify they did not confer survival under histidine selection and lacZ expression 

by themselves. 
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Figure 2-1. SUMO Ligases interacted with HNF-1β  in a yeast two-hybrid. 
A. Yeast were transformed with either full-length HNF-1β bait, the HNF-1β C-
terminal bait, the isolated Ubc9 prey plasmids or both the bait and prey plasmids 
and were tested for growth under auxotrophic conditions. Yeast only survived in 
the absence of histidine when both bait and prey plasmids were present. 
B. Yeast were transformed with either the full-length HNF-1β bait, the isolated 
PIAS1, the isolated PIASγ prey plasmids or both the bait and prey plasmids and 
were tested for growth under auxotrophic conditions. Yeast only survived in the 
absence of histidine when both bait and prey plasmids were present. 
 

SUMO Ligases Interacted with HNF-1β in vivo 
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Co-immunoprecipitation experiments were performed to verify that HNF-

1β interacted with the SUMO ligases in vivo. The co-immunoprecipatations were 

conducted with 293T cells that were cotransfected with epitope-tagged HNF-1β 

and epitope-tagged SUMO E3 ligases or mutant versions of the ligases. 

Immunoprecipitation of HNF-1β-FLAG resulted in co-precipitation of myc-

PIAS1 (Fig. 2-2A) indicating that PIAS1 and HNF-1β form a complex in vivo. A 

PIAS1 (CS) mutant protein(91) contains three cysteine to serine mutations in the 

SP-RING domain which abolish the ability to enhance SUMOylation. This 

mutant protein was also tested for the ability to interact with HNF-1β. The myc-

PIAS1 (CS) mutant was not detected in the anti-FLAG immunoprecipitates but 

was detected in the supernatant (Fig. 2-2A) indicating that the SP-RING is 

necessary for the interaction with HNF-1β. 

293T cells were cotransfected with epitope-tagged HNF-1β and epitope-

tagged PIASγ. Immunoprecipitation of FLAG-PIASγ resulted in co-precipitation 

of HA-HNF-1β (Fig. 2-2B)  The PIASγ (AA) mutant contains the LXXLL 

coregulator signature motif mutated to LXXAA(92). The PIASγ (W363A) mutant 

contains a mutation in the SP-RING of PIASγ that is unable to enhance 

SUMOylation(87). The HA-HNF-1β was also co-precipitated in the presence of 

two PIASγ mutants, PIASγ (AA) and PIASγ (W363A) (Fig. 2-2B). These results 

indicated that PIASγ can form a complex with HNF-1β in vivo and mutation of 

the SP-RING domain and the LXXLL domain does not prevent this interaction. 
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A. 

 
B. 

 
 
Figure 2-2. SUMO ligases interacted with HNF-1β  in vivo. 
A. 293T cells were transiently transfected with 4.0 µg of myc-tagged PIAS1 
expression plasmid together with pcDNA3 or FLAG-tagged HNF-1β expression 
plasmid. Cells were lysed and subjected to immunoprecipitation with mouse 
monoclonal anti-FLAG antibodies. PIAS1 was detected by immunoblotting using 
an anti-myc antibody. B. 293T cells were transiently transfected with 4.0 µg of 
FLAG-tagged PIASγ expression plasmid together with pcDNA3 or HA-tagged 
HNF-1β expression plasmid. Cells were lysed and subjected to 
immunoprecipitation with mouse monoclonal anti-FLAG antibodies. HNF-1β was 
detected by immunoblotting using an anti-HA antibody. 
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SUMO Ligases and HNF-1β are co-expressed in the kidney 

Co-localization studies were performed to validate potential interactions 

between the SUMO ligases and HNF-1β. Adult mouse kidney sections were 

immunostained with antibodies against HNF-1β and the SUMO ligases, Ubc9, 

PIAS1, and PIASγ. HNF-1β was observed in the nuclei of the tubular epithelium 

along the length of the nephron consistent with previous studies (34). Ubc9 

immunostaining was observed in the nuclei of all cells when co-stained with 

DAPI (data not shown). Ubc9 and HNF-1β co-localization was detected in the 

tubular epithelium (Fig. 2-3 A-C). PIAS1 was detected in the nuclei of both 

tubular epithelial cells and interstitial cells. PIAS1 co-localized with HNF-1β in 

tubular epithelial cells (Fig. 2-3 D-F). PIASγ expression was detected in the 

nuclei of some epithelial cells and interstitial cells. PIASγ co-localized with HNF-

1β  in tubular epithelial cells (Fig. 2-3 G-I). Therefore, HNF-1β is expressed in 

renal tubular epithelial cells, and co-localization studies verified that all the 

SUMO ligases that interact with HNF-1β in vitro are also expressed in the same 

cells in the adult kidney. 
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Figure 2-3. Co-localization of SUMO ligases with HNF-1β  in the adult mouse 
kidney. 
A-C. Adult mouse kidney medulla showed expression of Ubc9 (A), HNF-1β  (B) 
and merged image (C). D-F. Adult mouse kidney medulla showed expression of 
PIAS1 (D), HNF-1β  (E) and merged image (F). G-I. Adult mouse kidney 
medulla showed expression of PIASγ  (G), HNF-1β  (H) and merged image (I). 
Arrows identifies co-expressing cells. Arrowheads identify cells that expressed 
the SUMO ligase and not HNF-1β. Open arrowheads identify cells that expressed 
HNF-1β and not the SUMO ligase. 
 

HNF-1β is SUMOylated 

The SUMO E2 ligase, Ubc9, recognizes the consensus SUMO site ΨKXE in 

target proteins, where Ψ represents a large hydrophobic amino acid. Initially, the 

HNF-1β primary sequence was scanned using the online program SUMOplot 
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(http://www.abgent.com/doc/sumoplot) to identify potential SUMO sites in HNF-

1β. Two potential SUMO sites were identified in HNF-1β located at K42 and 

K237. Subsequently, a bioinformatic search using the NDSM extended motif only 

predicted that K42 would be a suitable candidate for modification (57). A co-

immunoprecipitation experiment was performed to test if HNF-1β is 

SUMOylated in vivo. mIMCD-3 murine renal epithelial cells were transfected 

with FLAG-tagged HNF-1β or empty pcDNA3 together with HA-tagged SUMO-

1. The cells were then lysed and subjected to immunoprecipitation with an anti-

HA antibody to isolate SUMOylated proteins. The precipitate was separated by 

SDS-PAGE and immunoblotted with an anti-FLAG antibody. An immunoreactive 

protein corresponding to HNF-1β was detected in the supernatant in cells that 

were transfected HNF-1β (Fig. 2-4A, lanes 6 and 8). An immunoreactive band 

was observed in the pellet only when HA-SUMO-1 and HNF-1β-FLAG were 

transfected together (Fig. 2-4A, lane 4). The immunoprecipitated protein migrated 

at a higher molecular weight corresponding to the estimated molecular weight of 

HNF-1β-FLAG and a single HA-SUMO-1. This result suggested that SUMO is 

covalently bound to HNF-1β and HNF-1β is SUMOylated in vivo. 
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Figure 2-4. HNF-1β is SUMOylated on lysine-42. 
A. mIMCD-3 cells were transiently transfected with plasmids encoding the 
indicated proteins. The cells were lysed, and HA epitope-tagged proteins were 
immunoprecipitated. The immunoprecipitates (lanes 1-4) and supernatants (lanes 
5-8) were then analyzed by immunoblotting with an anti-FLAG antibody. 
B. In vitro expressed HNF-1β-FLAG and HNF-1β (K42R)-FLAG were incubated 
with SUMO E1 ligase, Ubc9, and ATP either in the presence or absence of GST-
SUMO-1. After incubation, the reactions were analyzed by immunoblotting using 
an anti-FLAG antibody. 
 

An in vitro SUMOylation assay was used to confirm that HNF-1β is 

SUMOylated and to identify the site of SUMOylation. FLAG-tagged HNF-1β 

was in vitro translated using rabbit reticulocyte lysates and incubated in the 

presence of GST-SUMO-1, SUMO E1 ligase, and Ubc9. Following incubation, 

the reaction products were separated by SDS-PAGE and immunoblotted with an 

anti-FLAG antibody. An immunoreactive protein corresponding to HNF-1β was 
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detected in programmed lysate (Fig. 2-4A, lanes 6 and 8). An immunoreactive 

protein that migrated at a higher molecular mass was observed in lysates with 

GST-SUMO-1. This higher molecular weight species corresponded to the 

molecular weight of HNF-1β-FLAG and a single GST-SUMO-1. This result 

showed that HNF-1β could be modified by SUMOylation in vitro. Site-directed 

mutagenesis was performed to change the lysine-42 to arginine. The mutant HNF-

1β plasmid was then transcribed, translated and tested in the in vitro 

SUMOylation assay. The HNF-1β(K42R) mutant sample was observed not to 

have a higher molecular weight after the reaction with GST-SUMO-1. This result 

indicated that the primary site of SUMOylation in HNF-1β is lysine-42. 

 

SUMO Ligases repressed HNF-1β transcriptional activity 

SUMO ligases have been shown to affect the transcriptional activity of 

many transcription factors (93). To determine the effect of Ubc9, PIAS1 and 

PIASγ on HNF-1β transcriptional activity, promoter-reporter assays were 

performed. The plasmid containing the Pkhd1 promoter driving firefly luciferase 

was transiently transfected into mIMCD3 cells together with increasing amounts 

of SUMO ligase expression plasmid. Renilla luciferase expression plasmid was 

used to control for transfection efficiency. Increasing amounts of Ubc9 produced 

a dose-dependent reduction in Pkhd1 promoter activity (Fig. 2-5A). To test 

whether the reduction in promoter activity required the SUMOylation activity of 

Ubc9, increasing amounts of a catalytically inactive Ubc9 mutant (C93S) were 

transfected into cells. The inactive Ubc9 showed a dose-dependent reduction 

similar to wild-type Ubc9, suggesting that Ubc9 repressed Pkhd1 promoter 

independent of SUMOylation activity (Fig. 2-5A). Increasing amounts of PIAS1 

produced a dose-dependent repression of Pkhd1 promoter activity (Fig. 2-5B). 

PIAS1 (CS), a PIAS1 mutant that does not interact with HNF-1β, was unable to 
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repress Pkhd1 promoter activity (Fig. 2-5B). Increased amounts of PIASγ 

produced a marked dose-dependent reduction in Pkhd1 promoter activity. Two 

mutants of PIASγ were tested for their effects on Pkhd1 promoter activity. 

PIASγ(AA) was unable to repress Pkhd1 promoter activity, suggesting that the 

LXXLL domain is required for PIASγ-dependent repression. The PIASγ 

(W363A) mutant was able to repress Pkhd1 promoter activity but with a 

diminished capacity compared to the wild-type enzyme (Fig. 2-5C). This result 

suggested that PIASγ can repress Pkhd1 promoter activity through both 

SUMOylation-dependent and -independent mechanisms. 
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Figure 2-5. SUMO ligases repressed PKHD1 promoter activity. 
A. mIMCD-3 cells were transiently transfected with 0.6 µg of Pkhd1 promoter-
reporter plasmid and increasing amounts of plasmids encoding wild-type Ubc9 
(open) or mutant Ubc9 (closed). B. mIMCD-3 cells were transiently transfected 
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with 0.6 µg of Pkhd1 promoter-reporter and increasing amounts of PIAS1 (open) 
or mutant PIAS1 (closed) expression plasmid. C. mIMCD-3 cells were transiently 
transfected with 0.6 µg of Pkhd1 promoter-reporter and increasing amounts of 
PIASγ (open), PIASγ-AA (hatched) or PIASγ-W363A (closed) expression 
plasmid. 20 ng of a renilla expression plasmid were used as a transfection control. 
Cells were lysed after 48 hours and assayed for luciferase activity. Relative light 
output is shown as the mean (± S.D.) of six independent experiments. * P < 0.01 
compared with no SUMO ligase plasmid added. 
 

SUMOylation is not required for nuclear localization of HNF-1β 

SUMOylation has previously been shown to regulate the nuclear 

localization of transcription factors(71, 94). To test whether HNF-1β must be 

SUMOylated to enter the nucleus, fusion proteins were constructed containing 

EGFP and wild-type HNF-1β or the SUMOylation-defective HNF-1β mutant 

(K42R). HNF-1β-EGFP fusion protein and the mutant HNF-1β(K42R)-EGFP 

protein localized to the nucleus of mIMCD-3 cells, as verified by DAPI co-

staining (Fig. 5). These results demonstrated that the SUMOylation site of HNF-

1β is not required for its nuclear localization. 

 
Figure 2-6. Lysine-42 is not required for nuclear localization of HNF-1β . 
mIMCD-3 cells were transiently transfected with either HNF-1β-EGFP or HNF-
1β(K42R)-EGFP. Cells were then grown for 48 hours, fixed and then stained with 
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DAPI. Fluorescence microscopy shows HNF-1β and HNF-1β(K42R) in green and 
both localized to the nucleus shown in blue. 
 

Mutation of the SUMO modification site stimulated HNF-1β transcriptional 

activity 

Overexpression of SUMO ligases repressed HNF-1β transcriptional 

activity. However, the catalytically inactive mutants of Ubc9 and PIASγ also 

repressed HNF-1β activity. To understand the role of SUMOylation on the 

transcriptional activity of HNF-1β, GAL4 fusion proteins were constructed and 

used in promoter-reporter assays. GAL4 was fused to the wild-type HNF-1β or to 

HNF-1β (K42R). These plasmids were transfected into mIMCD3 cells with a 

GAL4-responsive luciferase reporter plasmid. The HNF-1β (K42R) fusion protein 

stimulated GAL4-responsive promoter activity approximately 3.5-fold greater 

compared to wild-type HNF-1β (Fig. 2-7). 

 

 
Figure 2-7. Mutation of Lysine-42 stimulated HNF-1β transcriptional 
activity. 
mIMCD-3 cells were transiently transfected with 0.3 µg of a GAL4-responsive 
promoter luciferase reporter and either 0.3 µg of GAL4-HNF-1β expression 
vector or 0.3 µg of GAL4-HNF-1β(K42R) expression vector. 20 ng of a renilla 
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expression plasmid was used as a transfection control. Cells were lysed after 48 
hours and assayed for luciferase activity. Relative light output is shown as the 
mean (± S.D.) of six independent experiments. * P < 0.01. 

 

Discussion 

 

HNF-1β is an essential transcription factor and is required for normal 

development (16, 29). The importance of HNF-1β is underscored by its 

involvement in renal dysfunction and disease. Previous studies have identified 

targets of HNF-1β, such as Pkhd1, that are also important in human disease (89). 

Few studies have addressed the mechanisms that regulate HNF-1β transcriptional 

activity. Therefore, identifying interacting partners might reveal insight into the 

regulation of HNF-1β. To identify proteins that physically interact with HNF-1β 

and potentially regulate target promoter activity, a yeast two-hybrid screen was 

performed with a kidney cDNA library using HNF-1β as bait. Multiple 

independent clones representing members of the SUMOylation pathway were 

identified as interacting partners of HNF-1β, including Ubc9, the SUMO E2 

ligase, PIAS1 and PIASγ, SUMO E3 ligases. 

The recent finding that SUMO-1 haploinsufficiency is associated with 

cleft lip and palate highlighted the tissue-specific effects potentially mediated by 

SUMO ligases (95). Previous analysis of SUMO and SUMO ligases did not 

specifically describe their pattern of expression in the kidney. Immunofluorescent 

localization demonstrated that HNF-1β and SUMO ligases co-localized in the 

epithelia of the nephron. Co-expression of HNF-1β and SUMO ligases confirmed 

that these proteins might have a relevant interaction in vivo. 

SUMOylation of transcription factors has emerged as a common post-

translational modification with diverse effects on protein localization. The data in 

this study demonstrated that HNF-1β can be SUMOylated, and the primary site of 
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SUMOylation is lysine-42. SUMOylation does not appear to be required for 

nuclear localization, as the HNF-1β(K42R) mutant still localized to the nucleus. 

Previous studies have shown that SUMOylated c-Myb localized to PML 

bodies(96). Subnuclear distribution of the HNF-1β(K42R) mutant appeared 

unaffected when compared to wild-type HNF-1β suggesting that SUMOylation 

does not regulate subnuclear localization of HNF-1β. 

SUMO ligases and SUMOylation have been associated with repression of 

transcriptional activity. However, effects of SUMO ligases on transcriptional 

activity are not exclusively linked to SUMOylation, and a number of studies have 

demonstrated that SUMOylation-independent mechanisms have either stimulatory 

or repressive effects on the transcriptional activity of target proteins. Ubc9 

repressed HNF-1β transcriptional activity and that repression is SUMOylation-

independent. Ubc9 has been shown to act as a SUMOylation-independent co-

repressor of GR, AR, TEL, and IE2(81, 97-99). PIAS1 also repressed HNF-1β 

transcriptional activity, and the mutant PIAS1(CS) had no effect on HNF-1β 

presumably because it did not interact with HNF-1β in co-immunoprecipitation 

experiments. PIASγ repression of HNF-1β transcriptional activity appeared to 

have two modes. Mutation of the SP-RING domain, which disrupts SUMOylation 

activity, partially inhibited PIASγ repression of HNF-1β transcriptional activity. 

This result suggested that PIASγ repressed HNF-1β via both SUMOylation-

dependent and -independent means. Mutation of the LXXLL motif ablated the 

repressive activity of PIASγ, and suggested that this domain is responsible for the 

recruitment of negative regulatory factors to a target promoter. Future studies to 

identify the factor(s) that are recruited by this domain will better define the 

mechanism of repression. Mutation of lysine-42 relieved a repressive contribution 

to HNF-1β transcriptional activity. This result emphasized that SUMOylation 

repressed HNF-1β transcriptional activity. 
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In summary, this study described a new post-translational modification of 

HNF-1β. Three members of the SUMOylation pathway negatively regulated 

HNF-1β transcriptional activity. The mechanisms that regulate the interactions 

between HNF-1β and the SUMO ligases will contribute to the understanding of 

HNF-1β function in development and disease. 
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CHAPTER THREE 

Arkadia Regulates HNF-1β  

 

Introduction 

 

Mutations in HNF-1β are associated with both RCAD and renal cell 

carcinomas. HNF-1β regulates gene expression via the transcriptional activation 

domain in the carboxyl terminus (12, 13). Previously, a candidate approach had 

examined potential mediators of HNF-1β transcriptional activity. Initial 

observations implicated histone acetyltransferases (HATs) and histone 

deacetylases (HDACs) (12, 13). Concurrently, an unbiased proteomic approach to 

identify specific cofactors that regulate HNF-1β transcriptional activity was 

performed. The identification of SUMO ligases as regulators of HNF-1β 

(described in Chapter 2) suggested that other post-translational modifications 

might be important regulators of HNF-1β function. The yeast two-hybrid screen 

also identified an ubiquitin E3 ligase as a putative HNF-1β-interacting protein. 

The experiments in this chapter described the identification of Arkadia, the 

ubiquitin E3 ligase, as a HNF-1β-interacting protein and described a role for 

Arkadia in HNF-1β activity. 

 

Results 

 

Arkadia Interacted with HNF-1β 

As described in Chapter 2, a yeast two-hybrid screen was performed with 

HNF-1β as bait to screen a mouse kidney cDNA library. A single clone encoding 
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Arkadia was isolated with the full-length HNF-1β bait. Arkadia is a RING finger 

protein with ubiquitin E3 ligase activity. This clone was transformed into the 

yeast parental strain and did not auto-activate the reporter system, verifying the 

interaction was specific. 

 
Figure 3-1. Arkadia interacted with HNF-1β in a yeast two-hybrid screen. 
Yeast were transformed with full-length HNF-1β bait, the isolated Arkadia prey 
plasmid, or both the bait and prey plasmids and were tested for growth under 
auxotrophic conditions. Yeast only survived in the absence of histidine when both 
bait and prey plasmids were present. 
 

 

Arkadia Interacted with HNF-1β in vivo 

Co-immunoprecipitation experiments were performed to verify that HNF-

1β interacts with Arkadia in vivo. The co-immunoprecipatations were conducted 

with 293T cells cotransfected with epitope-tagged HA-HNF-1β and with epitope-

tagged FLAG-Arkadia. Immunoprecipitation of Arkadia resulted in co-

precipitation of HNF-1β and indicated that Arkadia and HNF-1β form a complex 

in vivo (Fig. 3-2). Mutant versions of Arkadia were tested for their ability to bind 
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HNF-1β. An Arkadia-ΔC mutant protein, which lacks the carboxyl-terminal 

RING domain, co-precipitated with HA-HNF-1β (Fig. 3-2). The Arkadia-CA 

mutant, which contains a cysteine to alanine mutation at residue 937 that 

abrogates the ubiquitin E3 activity, co-precipitated with HNF-1β (Fig.3-2). These 

results indicated that the RING finger of Arkadia is not required for the 

interaction with HNF-1β. 

 
Figure 3-2. Arkadia interacted with HNF-1β in vivo. 
293T cells were transiently transfected with 4.0 µg of plasmids encoding FLAG-
tagged Arkadia, FLAG-tagged Arkadia-ΔC, or FLAG-tagged Arkadia-CA 
together with pcDNA3 or plasmid encoding HA-tagged HNF-1β. Cells were 
lysed after treatment with proteasome inhibitors for six hours and subjected to 
immunoprecipitation with mouse monoclonal anti-FLAG antibodies. HNF-1β was 
detected by immunoblotting using an anti-HA antibody. 
 

Arkadia is expressed in renal tubules 

Two previous studies examined Arkadia expression in the mouse 

suggested that Arkadia is ubiquitously expressed (100, 101). Although previous 

studies demonstrated that Arkadia is expressed in the kidney, a more detailed 

analysis was necessary to confirm a potential interaction with HNF-1β. Adult 

mouse kidney sections were immunostained with antibodies against Arkadia, 
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expression was observed in the nuclei of kidney cells (Fig. 3-3). Arkadia positive 

nuclei lined the nephron, and suggested that Arkadia was expressed in the tubular 

epithelium. As discussed in Chapter 1, HNF-1β is expressed in renal tubular 

epithelial cells, therefore localization studies confirmed expression of both 

Arkadia and HNF-1β in the epithelia of the adult kidney. 

 
Figure 3-3 Arkadia localized to the nuclei of renal tubules. 
Adult mouse kidney showed expression of Arkadia that was co-stained with 
DAPI. 
 

HNF-1β is Ubiquitinated 

To determine whether HNF-1β is a substrate for ubiquitination, an in vivo 

ubiquitination assay was performed. mIMCD-3 cells were cotransfected with 

FLAG-tagged HNF-1β or empty pcDNA3, together with HA-tagged ubiquitin. 

The cells were treated with proteasome inhibitors to block degradation of poly-

ubiquitinated proteins, lysed, and immunoprecipitated with an anti-HA antibody 

to isolate ubiquitinated proteins. The precipitate was separated by SDS-PAGE and 

immunoblotted with an anti-FLAG antibody. An immunoreactive protein 

corresponding to HNF-1β was detected in the supernatant of cells transfected with 

an HNF−1β expression vector (Fig. 3-4 lanes 6 & 8). A series of immunoreactive 

proteins of increasing molecular weight were observed in the pellet only when 

HA-ubiquitin and HNF-1β-FLAG were transfected together (Fig.3-4, lane 4). 

These immunoprecipitated proteins had uniformly increased molecular weight, 
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indicative of poly-ubiquitination. An immunoreactive band corresponded to an 

unmodified form of HNF-1β was also observed in the anti-HA immunoprecipitate 

(Fig.3-4 lane 4). This unmodified HNF-1β co-precipitated with ubiquitinated 

HNF-1β, and suggested that modified and unmodified HNF-1β can dimerize in 

vivo. 

 
Figure 3-4. HNF-1β is ubiquitinated in vivo. 
mIMCD-3 cells were transiently transfected with the indicated plasmids. The cells 
were lysed after six hours of proteasome inhibitor treatment, and HA epitope 
tagged proteins were immunoprecipitated. The precipitates (lanes 1-4) and 
supernatants (lanes 5-8) were then analyzed by immunoblotting with an anti-
FLAG antibody. The arrowhead denoted a non-specific band and the arrow 
denoted the unmodified HNF-1β. 
 

Arkadia stimulated HNF-1β transcriptional activity 

Previous studies have shown that ubiquitination affects the activity of 

transcription factors, such as myc, Gal4, Gcn4 (reviewed in (42, 102)). To 

determine the effect of Arkadia on HNF-1β transcriptional activity, promoter-

reporter assays were performed. The plasmid containing the Pkhd1 promoter 

driving firefly luciferase was transiently transfected into mIMCD3 cells with 

increasing amounts of Arkadia expression plasmid. Renilla luciferase expression 
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plasmid was used as a transfection efficiency control. Increasing amounts of 

Arkadia induced a dose-dependent stimulation of Pkhd1 promoter activity (Fig. 3-

5). To test whether the stimulation in promoter activity required the RING finger 

of Arkadia, increasing concentrations of the mutant Arkadia-ΔC expression 

plasmid were transfected into cells. The Arkadia-ΔC did not stimulate the Pkhd1 

promoter, suggesting that the RING finger is required for stimulation of Pkhd1 

promoter activity. In a similar manner, the Arkadia-CA mutant was unable to 

stimulate promoter activity. Rather, increasing amounts of Arkadia-CA 

expression plasmid repressed Pkhd1 promoter activity (Fig. 3-5). Taken together, 

these results indicated that Arkadia can stimulate the Pkhd1 promoter in a dose-

dependent fashion, and this stimulation required the RING domain and E3 ligase 

activity. 

 
Figure 3-5. Arkadia stimulated Pkhd1 promoter activity. 
mIMCD-3 cells were transiently transfected with 0.6 µg of Pkhd1 promoter-
reporter plasmid and increasing amounts of Arkadia (open), Arkadia-ΔC (closed) 
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or Arkadia-CA (gray) expression plasmid. 20 ng of a renilla expression plasmid 
were used as a transfection control. Cells were lysed after 48 hours and assayed 
for luciferase activity. Relative light output is shown as the mean (± S.D.) of three 
independent experiments. 
 

To examine whether Arkadia had a direct role on HNF-1β-dependent 

Pkhd1 promoter activity, additional reporter assays were performed. mIMCD-3 

cells were transiently transfected with wild-type Pkhd1 promoter-reporter plasmid 

or a Pkhd1 promoter-reporter containing a mutated HNF1 site. 

 

 
Figure 3-6. The HNF1 site in the Pkhd1 promoter is required for stimulation 
by Arkadia. 
mIMCD-3 cells were transiently transfected with 0.6 µg of either Pkhd1 
promoter-reporter or the Pkhd1 promoter containing a mutated HNF1 site in the 
presence of 1.0 µg of Arkadia expression plasmid (closed) or pcDNA3 (open). 
Cells were lysed after 48 hours and assayed for luciferase activity. Relative light 
output is shown as the mean (± S.D.) of three independent experiments. 
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The cells were cotransfected with either pcDNA3 or the Arkadia 

expression plasmid. Arkadia only stimulated the wild-type promoter and not the 

mutant promoter (Fig. 3-6). This result demonstrated that the HNF1 site is 

necessary for Arkadia-dependent stimulation of the Pkhd1 promoter. 

 

 
 

Figure 3-7. HNF-1β Protein is required for Arkadia-dependent stimulation 
of Pkhd1 promoter activity. 
HeLa cells were transiently transfected with 0.3 µg of Pkhd1 promoter-reporter 
and 0.3 µg of Arkadia expression plasmid or HNF-1β expression plasmid or both 
plasmids using pcDNA3 to equalize for the total amount of transfected DNA. 
Cells were lysed after 48 hours and assayed for luciferase activity. Relative light 
output is shown as the mean (± S.D.) of three independent experiments. 
 

HeLa cells, which do not endogenously express HNF-1β, were transiently 

transfected with the Pkhd1 promoter-reporter plasmid and the Arkadia expression 

plasmid together with pcDNA3 or a HNF-1β expression plasmid. Pkhd1 promoter 
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activity was stimulated in the presence of the HNF-1β expression plasmid alone. 

The addition of Arkadia only stimulated Pkhd1 promoter activity in the presence 

of HNF-1β (Fig. 3-7). Therefore, HNF-1β is required for Arkadia to stimulate the 

Pkhd1 promoter. Together, these results demonstrated that the HNF1 site and 

HNF-1β protein are required for Arkadia to stimulate Pkhd1 promoter activity. 

Discussion 
 

HNF-1β is an essential transcription factor required for normal 

development(16, 29). Disruption of HNF-1β resulted in renal dysfunction and 

disease. Pkhd1 was previously identified as a downstream target of HNF-1β, and 

proper PKHD1 expression is also implicated in human disease(89). Few studies 

have addressed the mechanisms that regulate HNF-1β transcriptional activity. A 

yeast two-hybrid screen was performed using HNF-1β as bait to identify 

interacting proteins that potentially regulate HNF-1β transcriptional activity. A 

single clone representing Arkadia, an ubiquitin E3 ligase, was identified as a 

HNF-1β-interacting protein. Co-immunoprecipitation experiments showed that 

Arkadia and HNF-1β interact in vivo. Studies using mutant versions of Arkadia 

demonstrated that the RING domain and E3 ligase activity of Arkadia are not 

required for the interaction with HNF-1β. Arkadia expression was previously 

described in the kidney, but immunofluorescence studies showed that Arkadia is 

expressed in the tubular epithelia of the mature nephron. 

Ubiquitination is most commonly associated with marking proteins for 

destruction by the proteasome. However, ubiquitination has been demonstrated to 

also have direct effects on transcription factor activity. Ubiquitination of 

transcription factors has emerged as a post-translational modification that 

increases transcriptional activity. The data in this study showed that HNF-1β 

could be ubiquitinated. Arkadia enhanced Pkhd1 promoter activity in an HNF-1β-
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dependent fashion. Stimulation of Pkhd1 promoter activity required both the 

RING domain and ubiquitin E3 ligase activity of Arkadia. Arkadia required the 

presence of HNF-1β protein and a functional HNF1 site in the Pkhd1 promoter. 

These data together suggested that Arkadia stimulated Pkhd1 promoter activity 

via the ubiquitination of HNF-1β. 

This study describes one of the first examples of an ubiquitin ligase 

enhancing activation of a mammalian transcription factor. The Gcn4 and Gal4 

transcription factors have been reported to undergo ubiquitin-mediated activation 

(41, 103). In mammalian systems, CIITA has been shown to be a more potent 

transcription factor upon ubiquitination but an E3 ligase was not described (37). 

In perhaps the most well-characterized system, an F-box protein interacted with 

myc and acted as a transcriptional cofactor by targeting myc for ubiquitination by 

a SCF complex (36, 39, 104, 105). Ubiquitination of a transcription factor is 

thought to recruit transcriptional machinery. 

Arkadia and HNF-1β represent a novel system to study ubiquitination of a 

transcription factor, using the endogenous catalytic E3 ubiquitin ligase and target 

protein. Additionally, HNF-1β and Arkadia may provide a useful model to study 

early developmental processes. HNF-1β is an essential regulator of development 

and loss-of-function resulted in early lethality (16, 29). Arkadia was first 

identified in a recessive lethal gene-trap screen that is phenotypically similar to 

homozygous HNF-1β knockout mice. Both Arkadia homozygous null and HNF-

1β homozygous null embryos have visceral endoderm defects. This study and the 

studies that described the Arkadia and HNF-1β null mice suggested that a 

biochemical interaction between these two proteins might have ramifications in 

early development. 

Arkadia is regulated transcriptionally and post-translationally by TGF-β 

signaling (101, 106). TGF-β treatment of HaCaT cells, a human keratinocyte cell 
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line, resulted in a transient reduction in Arkadia mRNA levels, whereas TGF-β 

treatment of Cos7 cells resulted in Arkadia no longer being restricted to the 

nucleus. Taken together, Arkadia regulation by TGF-β may have effects on HNF-

1β transcriptional activity. 

In summary, this study described a new post-translational modification for 

HNF-1β. The ubiquitin ligase Arkadia positively regulated HNF-1β 

transcriptional activity. Ascertainment of the mechanism of action of Arkadia and 

the regulation of its interaction with HNF-1β may be important in understanding 

HNF-1β function in development and disease. 



 

78 

CHAPTER FOUR 

Conclusions and Recommendations 

 
Summary 

 

The molecular function of HNF-1β is still being characterized in the 

following ways: the identification of downstream targets, regulation of HNF-1β, 

and characterization of mutant forms of HNF-1β. The studies performed herein 

began with the hypothesis that the identification of HNF-1β-interacting proteins 

might give insight into the mechanisms governing HNF-1β function. The 

unbiased proteomic approach that was used to identify HNF-1β-interacting 

proteins has two fundamental strengths. The first advantage is an unbiased 

approach can yield unexpected or ignored candidates as potential interaction 

partners. The second is the initial candidates have a biochemical property that can 

be validated, namely forming a complex with HNF-1β. The interacting proteins 

chosen for further examination in this body of work reveal two novel post-

translational modifications of HNF-1β with direct effects on transcriptional 

activity. These studies provide model systems for three areas of research as 

discussed below, and suggestions for future investigations are included. 

 

Contributions to SUMOylation and Future Directions 

 

SUMOylation has emerged as a common post-translational modification 

of nuclear proteins, especially transcription factors. As more examples of 

SUMOylated transcription factors have been described, exceptions to the early 

SUMOylation models seem to have increased. Initially, SUMOylation was 
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associated with repression of transcriptional activity. However, the ratio of 

SUMOylated to non-SUMOylated protein did not correlate well with observed 

effects. The SUMOylated fraction of a given transcription factor pool is often less 

than one percent. The predicted fraction of HNF-1β that is SUMOylated based on 

the in vivo SUMOylation assay would seem to agree with these previous reports. 

To address this Ronald Hay proposed a model where a SUMOylated protein has a 

“history of modification.” (47) SUMOylation targets a given transcription factor 

to an inactive complex or state. After incorporation into the repressed state, the 

SUMO modification can be removed by SENPs without immediate re-activation 

of the transcription factor. The transcription factor must be activated by a second 

signal. A precedent for the “history of modification” model is ubiquitination of 

receptor proteins. Ubiquitination targets transmembrane receptors to membrane 

domains that will be endocytosed. In the process, the ubiquitin is removed and the 

receptor is endocytosed later. SUMOylated transcription factors bound to a target 

promoter could subsequently recruit chromatin modifiers to inactivate the 

promoter. SUMO could be removed from the transcription factor, and the 

chromatin modifications could maintain the repressed state. Experiments in this 

study do not specifically address the mechanism of SUMOylation-dependent 

repression of HNF-1β transcriptional activity. However, the HNF-1β(K42R) 

protein stimulated a promoter to a greater extent than the wild-type HNF-1β. This 

result agrees with the “history of modification” model because HNF-1β(K42R) 

increased transcriptional activity is greater than the expected fraction of 

SUMOylated HNF-1β. 

The “history of modification” model is attractive for explaining SUMO-

dependent effects of SUMO ligases on target proteins. However, as shown in the 

case of HNF-1β, SUMO ligases can have SUMOylation-independent effects as 

well. Ubc9 repression of HNF-1β transcriptional activity independent of 
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SUMOylation suggests that Ubc9 nucleates a co-repressor complex. A caveat to 

this model is that catalytically inactive Ubc9 retains the ability to bind SUMO, 

thus allowing a previously SUMOylated HNF-1β to recruit the mutant Ubc9 and 

form a similar complex as the wild-type Ubc9. This study did not address whether 

catalytically inactive Ubc9 required HNF-1β to be SUMOylated before forming a 

repression complex. To test this possibility, a promoter-reporter assay would test 

the effect of Ubc9(C93S) on the HNF-1β(K42R) mutant protein. In any case, the 

characterization of proteins that bind the Ubc9-HNF-1β complex could suggest 

the mechanism of repression. 

PIASγ repressed HNF-1β transcriptional activity in both SUMOylation-

dependent and -independent mechanisms. The SUMOylation-dependent 

mechanism for PIASγ repression would be part of the “history of modification” 

model. The independent mechanism required the LXXLL motif of PIASγ to 

repress HNF-1β transcriptional activity. The LXXLL motif was identified in 

proteins that bound the ligand binding domain of nuclear receptors and was 

characterized as a protein-protein interaction motif(107, 108). LXXLL motifs 

have been shown to recruit both co-activators such as CBP/p300 and co-

repressors such as RIP140 and ETO (109). The LXXLL domain of PIASγ is 

required for repression of STAT1 (92). In order to understand the mechanism of 

repression, the proteins that interact with the LXXLL domain of PIASγ must be 

identified. A potential model for PIASγ-mediated repression would be PIASγ 

bound to HNF-1β and then recruits a co-repressor complex to the promoter. 

SUMOylation is associated with transcriptional repression but in a few 

cases, it is associated with transcriptional activation. As an example, p53 is 

activated by SUMO-1 conjugation (110). In experiments designed to test the 

effects of SUMO ligases on Pkhd1 promoter activity in the absence of HNF-1β, 

the promoter-reporter system described in Chapter 2 was tested in cell lines that 
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do not endogenously express HNF-1β. In contrast to the SUMO ligase-mediated 

repression of the Pkhd1 promoter in mIMCD-3 cells, SUMO ligases stimulated 

Pkhd1 promoter activity in a dose-dependent fashion in HeLa and 293T cells 

(data not shown). Previous experiments verified that HNF-1β was SUMOylated 

in both of these cell lines (data not shown). This reciprocal effect on promoter 

activity with only a change in the cells suggested that perhaps SUMOylation is a 

“contextual-switch.” “Contextual switch” is defined here as a modification that 

altered the behavior of a target protein in a cell type-dependent fashion. The 

stimulation of the Pkhd1 promoter by Ubc9, PIAS1, and PIASγ observed in these 

experiments suggested that a common pathway exists. There are at least two 

possible hypotheses that arise from this observation. The first is factors in HeLa 

and 293T cells disrupt the repression. The second hypothesis is the presence of 

factors in mIMCD-3 cells that mediate this repression. A “contextual-switch” may 

diversify the effects SUMOylation might have on a given transcription factor. For 

example, HNF-1β is expressed in numerous cell types in the kidney and other 

organs; however, SUMO ligase-mediated repression has only been tested in one 

cell type that endogenously expresses HNF-1β. Experiments to examine this 

“contextual-switch” will begin by determining if this is a biologically relevant 

observation or simply an effect of exogenous expression. However, if positive 

regulation of HNF-1β transcriptional activity by SUMO ligases were confirmed in 

a tissue that endogenously expresses HNF-1β, this would be a unique contribution 

to the field of SUMOylation. 

The description of SUMOylation of HNF-1β is not surprising, considering 

a putative SUMOylation site in HNF-1β was identified in silico (57). However, 

the SUMOylation of HNF-1β might provide a good model system to understand 

the redundant functions of SUMO ligases on a given target protein in vivo. 

Experimental mouse models suggested that SUMO E3 ligases might be 
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redundant. The interactions of HNF-1β with the SUMO E3 ligases could be used 

as a model to better understand the nature of this redundancy. As examples, is the 

SUMO E3 ligase PIAS1 transcriptionally upregulated to compensate in the 

kidneys of PIASγ null animals? Does the amount of SUMOylated HNF-1β 

change in either of these knockout models? HNF-1β and SUMO ligases may also 

be a model system for the molecular function of SUMOylation. SUMOylated 

HNF-1β could provide a unique opportunity to understand a “contextual-switch” 

between stimulation and repression of transcriptional activity. The observations 

leading to this hypothesis may be unique and have not been actively addressed in 

the literature. 

 

Contributions to Ubiquitination and Future Directions 

 

The ubiquitination of transcription factors as related to transcriptional 

activation is an emerging field of research with few examples. Further narrowing 

the models available, there are perhaps three or four transcription factor-ubiquitin 

ligase pairs identified to date. The Arkadia-HNF-1β interaction provides a model 

system with potential consequences related to human disease. Questions in the 

field of ubiquitinated transcriptional activators need to describe the most 

fundamental characteristics. As an example, what types of polyubiquitin chains 

are formed on transcriptional activators? The current model in the literature 

suggests that the initial ubiquitination activates the transcription factor, triggering 

transcription. The ubiquitin chain is elongated over time with K48 linkages. The 

proteasome recognizes the transcription factor for destruction after three more 

ubiquitins have been added (42). However, an abstract at the 3rd International 

Conference on Ubiquitin, Ubiquitin-like proteins and Cancer by Dr. Cam 

Patterson presented results that suggested another model. Dr. Patterson described 
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ubiquitin ligases that activated a transcription factor with the addition of K63 

linked polyubiquitin chains. Whereas, the rate-limiting step in generating an 

activated transcription factor is the initial ubiquitination, different ubiquitin chains 

may have consequences on subsequent modes of action. The ubiquitin chains 

formed on HNF-1β have not been analyzed, but ubiquitinated HNF-1β was not 

isolated in the absence of proteasome inhibitors, suggesting that K48 linkages 

would be the predominant form in the cell. Further questions in this field that the 

HNF-1β model could address are: Is the transcription factor ubiquitinated on the 

promoter or in the nucleoplasm? What is the mechanism of action? What are the 

dynamics of ubiquitination? Are there signals that regulate ubiquitination-

mediated activation of transcription factors, chain type and chain elongation 

rates? Ubiquitination of HNF-1β by Arkadia has provided a model for studying 

all of these questions as they relate to ubiquitination of transcription factors. 

 

Contributions to HNF-1β  and Future Directions 

 

The studies described here began with the goal of understanding HNF-1β 

function as related to human biology. Although the experiments described above 

allow HNF-1β to become a model substrate for two post-translational 

modifications, these studies describe two new regulatory mechanisms governing 

HNF-1β function. SUMOylation has not been previously described for either 

HNF1 family member. Ubiquitination of HNF-1α was described previously as it 

related to protein stability (111). The role these pathways play must be further 

understood in both normal and disease states. 

Post-translational modifications alter the biochemical properties of target 

proteins. SUMOylation and ubiquitination are not the first post-translational 

modifications described for HNF-1β. HNF-1β was shown to be phosphorylated in 
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an intestinal derived cell line after treatment with okadaic acid, a phosphatase 

inhibitor (112). Phosphorylation of HNF-1β resulted in decreased DNA binding 

and subsequent reduction in target gene expression. These experiments 

demonstrated that HNF-1β activity could be regulated post-translationally, and 

suggested that either extra- or intracellular signaling pathways may regulate HNF-

1β. The SUMOylation and phosphorylation of HNF-1β may act in series to affect 

transcriptional activity. Phosphorylation-dependent SUMOylation has been 

illustrated for a few transcription factors. Serine-49 of HNF-1β is in sufficient 

proximity to direct phosphorylation-dependent SUMOylation. Serine-49 resides 

in an Erk1 kinase phosphorylation motif (predicted by Scansite: 

http://scansite.mit.edu/) supporting the possibility of serine-49 phosphorylation 

regulating the SUMOylation of lysine-42. Together these two modifications might 

together regulate HNF-1β function. 

There are at least two examples in which these post-translational 

modifications may play a role in human disease. First, mutations in HNF-1β, may 

affect the rate of SUMOylation or ubiquitination. The second mechanism might 

be extracellular signals that regulate the rate of HNF-1β SUMOylation or 

ubiquitination. Mutations of HNF-1β have been associated with RCAD, renal 

dysplasia, and pancreatic atrophy. Mutations in the coding sequence could alter 

the ability for SUMO or ubiquitin ligases to efficiently interact with HNF-1β. As 

an example, serine-36 of HNF-1β is mutated to a phenylalanine in two families 

with diabetes (25, 26). These studies demonstrated that the resulting HNF-1β 

protein has higher transcriptional activity than the wild-type HNF-1β. One might 

hypothesize that S36F may disrupt Ubc9 binding and SUMOylation of lysine-42, 

yielding a mutant protein with a greater intrinsic transactivation potential. 

An example of extracellular signaling perhaps altering HNF-1β function 

in a disease process may involve reducing the level of ubiquitinated HNF-1β. The 
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amount of Arkadia in the cell may influence HNF-1β transcriptional activity as 

evidenced by promoter-reporter assays described in Chapter 3. Previous studies 

suggested that Arkadia protein localization and transcription are regulated by 

TGF-β and possibly Wnt signaling (101, 106). Therefore, TGF-β regulation of 

Arkadia, either transcriptionally or by relocalization of Arkadia protein, may 

affect HNF-1β target gene expression. In unilateral ureteral obstruction models 

(UUO), TGF-β signaling is increased. Preliminary experiments showed an 

increase in Arkadia expression in the tubule of a UUO model (113). The increase 

in Arkadia, as detected by immunofluorescent microscopy, may reflect a shift in 

Arkadia from the nucleus to the cytoplasm. Removal of Arkadia from the nucleus 

could result in diminished HNF-1β transcriptional activity. 

The studies described in Chapters 2 and 3 define novel post-translational 

modifications for HNF-1β. Omitted from this discussion are the other identified 

proteins in the yeast two-hybrid using HNF-1β as a bait protein. Already several 

of these other proteins have been confirmed to interact with HNF-1β in vivo and 

have effects on HNF-1β transcriptional activity. Together, understanding the 

interactions and modifications of HNF-1β will assist in our understanding of 

human biology and disease. 
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CHAPTER FIVE 

Materials and Methods 
 

Plasmids - The FLAG epitope tagged HNF-1β expression plasmid and the 1.9 kb 

Pkhd1 promoter firefly luciferase reporter plasmid were described previously(27). 

The yeast two-hybrid bait fusion proteins were produced by inserting the PCR 

products encoding the full-length HNF-1β and C-terminus of HNF-1β (amino 

acids 263-532) into the vector pBTM116(114). The HA epitope-tagged HNF-1β 

expression plasmid was generated by inserting a PCR product encoding the 

coding sequence of HNF-1β into pCMV-HA (BD Biosciences Clontech, Palo 

Alto, CA). The expression plasmid HA-SUMO-1 was a generous gift from Dr. 

Kim Orth (UT Southwestern, Dallas, TX). The expression plasmids pmycUbc9 

and pmycUbc9C93S were generous gifts from Dr. Zhiyuan Shen (University of 

New Mexico Health Science Center, Albuquerque, NM). The expression plasmids 

FLAG-PIASγ, FLAG-PIASγ-AA(92), and FLAG-PIASγ-W363A were generous 

gifts from Dr. Ke Shuai (UCLA, Los Angeles, CA). The plasmids pGEX2TK-

PIAS1 and pGEX2TK-PIAS1(CS) were generous gifts from Dr. Xin-Hua Feng  

(Baylor College of Medicine, Houston, TX). The myc epitope tagged PIAS1 and 

myc epitope tagged PIAS1(CS) expression plasmids were generated by inserting 

the coding sequence derived from pGEX2TK-PIAS1 and pGEX2TK-PIAS1(CS) 

into pCMV-myc (BD Biosciences Clontech). The expression plasmids FLAG-

Arkadia, FLAG-ArkadiaΔC, and FLAG-Arkadia-CA were generous gifts from 

Dr. Miyazono and colleagues (University of Tokyo, Japan) (101). 

 

Site-Directed Mutagenesis - Mutagenesis of lysine 42 in HNF-1β was performed 

with QuikChange  (Stratagene) and primers 5'-
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AATTTCGGGGTGAGGCTGGAGACACTG-3'and 5'-

CAGTGTCTCCAGCCTCACCCCGAAATT-3'. The mutation was verified by 

DNA sequencing. 

 

Yeast Transformation and Growth Selection - LexA-HNF-1β fusion vectors were 

transformed into S. cerevisiae (strain L40, genotype MATa trp1 leu2 his3 

LYS2::lexA-HIS3 URA3::LexA-LacZ). Yeast were grown in YPDA (2% Difco 

peptone, 1% yeast extract, 2% glucose, 0.1% adenine hemisulfate) or in synthetic 

minimal Trp dropout medium (SD-Trp) complemented with 0.1% adenine 

hemisulfate. For transformation, a culture was grown overnight to an OD600 of 

~1 was centrifuged for 3 min. at 1200g, washed with 40 ml of distilled H2O, and 

resuspended in 1 ml of H2O. Aliquots of 50 ml were treated with 240 µL of PEG 

3350 (50% w/v), 50 µL of ddH2O, 36 µL of 1 M LiOAc, 25 µL of single-

stranded DNA (2.0mg/mL), and 1 mg of plasmid. Proper expression of the baits 

was confirmed by Western blotting of total cell lysates with antibody against 

LexA. As a control experiment, an autonomous activation of the L40 reporter 

genes by the baits was verified. 

 

Library Screening - An adult mouse kidney cDNA library (Matchmaker, BD 

Biosciences Clontech) was used. A 100 mL culture in SD-Trp medium was 

inoculated, grown to OD546 greater than 2 at 30°C and used to inoculate 1 liter of 

YPDA to an OD600 of 0.2. The culture was propagated to an OD600 of 0.7, split 

up in quarters and pelleted at 4200g for 15 min at 4°C. The pellets were washed 

with 100 mL sterile ddH20 and centrifuged again. Each pellet was resuspended in 

40 mL of ddH2O, transferred to 50 mL tubes, and repelleted at 1300g for 10 min 

at 4 °C. Each pellet was transfected separately using a scaled-up reaction mixture 

as above with 50 µl of cDNA (1mg/ml). After an incubation at 30°C followed by 
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a 30 minute heat shock at 42 °C, cells were harvested at 1900g for 3 min, washed 

with 80 mL of ddH2O, recombined in 20 mL of ddH2O and plated onto 50 14-cm 

Petri dishes. After 3 days, Trp/Leu/His prototrophies were tested for LacZ 

expression by a colony-lift assay, where the permeabilized cells transferred onto 

Whatman filters were overlaid with 0.2 mg/ml X-gal, in TBS (50 mM Tris-HCl 

pH 7.4,150 mM NaCl) and 0.8% agarose. Putative positive colonies were 

restreaked on selective medium and rescreened by colony-lift assay. Yeast DNA 

of true positives was isolated, and prey plasmids were rescued by transformation 

into KC8 cells. Insert sizes were checked by BglII digestion and subjected to 

sequencing. 

 

Immunolocalization - Paraformaldehyde-fixed adult mouse kidney sections were 

stained with antibodies against the SUMO ligases Ubc9 (Santa Cruz 

Biotechnology, Santa Cruz, CA), PIAS1 (Santa Cruz Biotechnology), PIASγ 

(Santa Cruz Biotechnology), HNF-1β (gift from Dr. Marco Pontoglio, Pasteur 

Institute, Paris, France), and Arkadia (gift from Dr. Kohei Miyazono, University 

of Tokyo). Secondary antibodies were conjugated to Alexa Fluor 488 (Invitrogen, 

Carlbad, CA) or Alexa Fluor 594 (Invitrogen). Immunofluoresecence and 

microscopy was performed as described previously. 

 

Cell Culture & Transfections - Mouse inner medullary collecting duct cells 

(mIMCD-3) and 293T cells were grown in DMEM containing 10% FBS and 1% 

penicillin and streptomycin. HeLa cells were grown in MEM containing 10% FBS 

and 1% penicillin and streptomycin. Reporter gene assays were seeded with 1.2 X 

105 cells/well in six-well dishes. The cells were grown for 24 hours prior to 

transfection. Cells were transfected, using Effectene (Qiagen), with 0.6 µg of 

Pkhd1 luciferase reporter plasmid and 0.02 µg of phRL-SV40 (Promega, 



89 

 

Madison, WI) as a transfection efficiency control. After 48 hours, cells were lysed 

in 500 µL of Passive Lysis buffer (Promega) for 15 minutes and then centrifuged. 

Twenty microliters of supernatant was added to a 96-well microplate, and firefly 

and renilla luciferase activities were measured using the Dual-Luciferase Reporter 

Assay System (Promega). Light output was measured by a Wallac VICTOR V 

multilabel counter (Perkin Elmer, Wellesley, MA). 

 

Co-immunoprecipitations – 293T cells were transfected with 4.0 µg of expression 

plasmids using Effectene (Qiagen). Cells were harvested 48 hours later and lysed 

in 150 µL of BIP-Lysis buffer (20 mM Tris pH 7.5, 100 mM NaCl, 10 mM 

EDTA, 10% glycerol, 1% NP-40) for 30 minutes on ice. Extracts were 

centrifuged for to remove cellular debris. Then the extract was diluted 10 fold in 

BIP Wash Buffer (20 mM Tris pH 7.5, 100 mM NaCl, 10 mM EDTA). The lysate 

was rotated at 4°C overnight with the antibody-coupled sepharose. The sepharose 

was washed three times by centrifugation (10 sec, 13,000 x g) using BIP Wash 

Buffer. The pellet and supernatant were analyzed by immunoblotting using an 

anti-myc (Sigma) or anti-HA antibody (Sigma). 

 

In vivo SUMOylation Assay – mIMCD3 cells were transfected with 4.0 µg of 

expression plasmids using Effectene (Qiagen). Cell were harvested 48 hours later 

in SUMO lysis buffer and then sonicated. The lysate was then centrifuged before 

being diluted 10 fold with PBS + 0.5% NP-40. The diluted lysate was then rotated 

overnight with 40 µL of anti-HA-Agarose antibody at 4°C. The agarose was 

washed three times with PBS + 0.5% NP-40 and centrifugation. The pellet and 

supernatant were analyzed by immunoblotting using an anti-FLAG epitope 

antibody (Sigma). 
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In vivo Ubiquitination Assay – mIMCD3 cells were transfected with 4.0 µg of 

expression plasmids using Effectene (Qiagen). Cells were treated 36 hours later 

with proteasome inhibitors for 6 hours before the cells were harvested in lysis 

buffer and then sonicated. The lysate was then centrifuged before being diluted 10 

fold with PBS + 0.5% NP-40. The diluted lysate was then rotated overnight with 

40 µL of anti-HA-Agarose antibody at 4°C. The agarose was washed three times 

with PBS + 0.5% NP-40 and centrifugation. The pellet and supernatant were 

analyzed by immunoblotting using an anti-FLAG epitope antibody (Sigma). 

 

In vitro SUMOylation Assay - The HNF-1β protein and mutant proteins were in 

vitro transcribed and translated using the TNT® Coupled Reticulocyte Lysate 

Systems (Promega) with rabbit reticulocyte lysate in 25 µL reactions according to 

the manufacturer’s protocol. For the in vitro SUMOylation reaction, 2 µL of 

programmed lysate was added to 2 µl of Ubc9  (500ng/µL, LAE Biotech), 2 µL of 

GST-SUMO-1 (1 mg/mL), a generous gift from Dr. Kim Orth (UT Southwestern, 

Dallas, TX), 2 µL of 10x reaction buffer (LAE Biotech), 2 µL of human 

SAEI/SAEII (75 ng/µL, LAE Biotech), 2 µL of ATP (20 mM, Sigma) and 8 µL 

of ddH20. The samples were incubated at 37°C for 60 minutes. 

 

Statistical Analysis – The results of the promoter-reporter assays are expressed as 

means with the error bar representing the standard deviations of six independent 

experiments in duplicate. The statistical significance between the means was done 

using the one-way ANOVA test with Dunnet’s post-hoc test. Differences were 

considered significant at P values less than 0.01. 
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APPENDIX A 

Clones Isolated in Yeast Two Hybrid Screen 
 

 

Encoded Gene Number of Independent Clones Bait Used Auto-Activation 

Ubc9 2 Both No 

PIAS1 1 Full-length No 

PIASγ 2 Full-length No 

Arkadia 1 Full-length No 

Zyxin 1 Full-length No 

LPP 1 C-terminal No 

RACK1 1 C-terminal No 

PLZF 3 Both Yes 

ROG 1 C-terminal Yes 

MAN1 1 Full-length No 

β-galactosidase 1 C-terminal No 

Tcte1l Not Determined C-terminal No 

Yif1 2 Full length No 

DNase I 2 C-terminal No 

GMEB-1 1 Full-length Not Determined 

Fibulin 5 1 C-terminal Not Determined 

Hadh2 1 C-terminal Not Determined 
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