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CHEMICAL AND GENETIC REGULATION OF NUCLEAR 

RECEPTOR 5A (NR5A) SUMOYLATION 

By Karmela Ramos Gertz 

 

ABSTRACT 

 

SUMO-modification of nuclear proteins has profound effects on gene expression. 

While inhibitors of in vitro sumoylation exist, drugs that affect in vivo protein sumoylation 

have yet to be described. Using a gene expression- and cell-based screen and the Liver 

Receptor Homolog 1 (LRH-1, NR5A2), we identify the polyphenol tannic acid (TA) as a 

potent, detergent-resistant inhibitor in vitro. TA can inhibit sumoylation of multiple 

substrates and also reduces levels of general sumoylation. Further, TA appears to be 

more potent and more effective than other sumoylation inhibitors. Importantly, we 

demonstrate that TA can greatly diminish hLRH-1 sumoylation in multiple cell models, 

robustly activating SUMO-sensitive transcription and enriching chromatin occupancy of 

hLRH-1. Further studies using either TA or the SUMO-less mutants of LRH-1 and its 

homolog, SF-1, reveal that de novo genome-wide chromatin occupancy is relatively 

unchanged. However, preliminary suggest that protein-protein interaction with a specific 

binding partner can be enhanced by SF-1 sumoylation. Our findings show that 

pharmacological and genetic approaches to probe sumoylation begin to provide insights 

into how post translational modification of proteins is used to fine tune gene expression.  
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INTRODUCTION 

 

 

 

 

 

 SUMO-modification or sumoylation with the Small Ubiquitin-like Modifier (SUMO) 

is a prevalent post-translational modification of many transcription factors and is 

generally associated with transcriptional repression [1]. Disrupting the components of 

the sumoylation-desumoylation cycle or 

preventing sumoylation of specific 

substrates affects multiple cellular 

processes including DNA repair, 

chromosome segregation and 

transcription. Similar to other ubiquitin-

like modifications, the sumoylation cycle 

is multi-stepped, as reviewed in [2] and 

diagrammed in Figure 1. Sumoylation is 

initiated by the heterodimer E1 (human 

SAE1/SAE2), which forms a thioester 

bond with either SUMO-1, 2, or 3 in an 

ATP-dependent manner. The single E2 enzyme (Ubc9) facilitates the hand-off and 
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covalent conjugation of SUMO on a given protein substrate. Although E3 ligases are 

believed to guide substrate selectivity in cells, only E1 and E2 are required for in vitro 

sumoylation. Sumoylation can be then reversed by isopeptidases called sentrin 

proteases (SENPs).   

 

Eliminating the sumoylation machinery or disrupting the normal sumoylation 

cycle for a given substrate in mice results in embryonic lethality and impairs 

organogenesis [3-7]. Our lab and others find that sumoylation represents an important, 

ligand-independent mode to regulate the NR5A nuclear receptor subfamily that includes 

Steroidogenic Factor 1 (NR5A1/SF-1) [8-10] and Liver Receptor Homolog 1 

(NR5A2/LRH-1) [11-13] (Fig 2). If the cycle of SF-1 sumoylation-desumoylation is 

permanently broken through SUMO acceptor lysine to arginine mutations profound 

changes in endocrine physiology and tissue development occurs [4]. Mechanistically, 

expressing a SUMO-less SF-1 mutant in cells dramatically affects a subset of 

downstream targets, referred to as SUMO-sensitive genes [8]. In vivo, SUMO-sensitive 

gene programs including Sonic Hedgehog (Shh) signaling are switched on in a SUMO-

deficient SF-1 knock-in mouse model. This gain-of-function or dominance of the SUMO-

less SF-1 mutant results in endocrine disorders illustrating how dysregulation of 

substrate sumoylation can lead to developmental abnormalities and disease. Indeed, 

human melanoma is linked with heterozygous gain-of-function mutations that attenuate 

sumoylation of the transcription factor MITF [14]. Consistent with these genetic studies, 

SUMO-less variants of the androgen or glucocorticoid hormone receptor (AR or GR) are 

also reported to activate new transcriptional programs linked to cellular proliferation [15, 
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16]. In these studies, chromatin immunoprecipitation experiments using the MITF, AR, 

and GR SUMO-less mutants suggest that altering sumoylation can also dramatically 

change genome-wide occupancy. Taken together, these studies suggest that 

successful efforts to chemically target sumoylation could be used to modulate the 

activity of nuclear receptors, as well as other transcription factors. 

 

Thus far, efforts to drug sumoylation using in vitro target-based assays and in 

silico screens have identified different classes of SUMO inhibitors whose IC50s are 

generally in the micromolar range (Table 1). Of these, ginkgolic acid (GA), davidiin, and 

kerriamycin B inhibit E1, while 2-D08, GSK145A and spectomycin B1 target Ubc9. 

These target-based screens rely on defined components that are limited to E1, E2 and 

the peptide substrate being assayed. Potential contributions by E3s or other unidentified 

cofactors that modulate substrate sumoylation in vivo are missed in these in vitro target-

based screens. An in situ screen in permeabilized, fixed cells partially overcomes this 

limitation, but still relies on the addition of exogenous SUMO machinery. To date, while 

GA is the most widely used chemical probe of sumoylation, its efficacy as an inhibitor 

varies greatly depending on the assay and substrate being tested [17-20]. 
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A recent survey of small-molecule drug discovery strategies suggests that 

phenotypic screening is effective for finding first-in-class new molecular entities [21]. 

Therefore, we set out to identify chemical probes that modulate human (h)LRH-1 

sumoylation using a gene-expression based screen that assayed hLRH-1 SUMO-

sensitive transcripts as the readout. This nuclear receptor is an ideal test substrate for 

this screen because of its high basal levels of sumoylation in relevant cellular model 

systems, and the ability to test candidate hits in liver, where LRH-1 is known to regulate 

critical metabolic pathways [22-24]. Human placental choriocarcinoma JEG3 cells 

expressing hLRH-1 were used to screen the FDA- and European-approved Pharmakon 

1600 drug library. From this phenotypic screen the commercial plant extract, tannic acid 

(TA) emerged as a general sumoylation inhibitor in multiple platforms and remarkably, 

functionally mimics SUMO-less LRH-1 in vivo.  

 

Table 1. List of Sumoylation Inhibitors Identified by Screens and Their Reported IC50 Values.  

Compound Class Screen Library Assay Substrate Target IC50 Ref 

2-D08 Flavonoid Target 500 
Flavones 

IVS AR 
Peptide 

UBC9 6.0 µM [17] 

Davidiin Ellagitannin Target 
750 
Extracts In Situ RanGap1 E1 0.15 µM [25] 

Ginkgolic 
Acid  Alkylphenol Target 500 

Extracts 
In Situ RanGap1 E1 3.0 µM 

[26] 

GSK145A Diamino-
pyrimidine 

Target 
GSK 
Library 

IVS 
TRPS1 
Peptide 

UBC9 12.5 µM 
[27] 

Kerriamycin 
B  Antibiotic Target 1800 

Broths 
In Situ RanGap1 E1 11.7 µM 

[28] 

Spectomycin 
B1 Antibiotic Target Chemical 

Library 
In Situ RanGap1 UBC9 4.4 µM [29] 

C#21 Phenyl 
Urea 

Virtual Maybridge Docking RanGap1 E1 14.4 µM 
[30] 

Tannic Acid Gallotannin Phenotypic Pharmakon qPCR LRH-1 E1 12.8 µM  
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This doctorate dissertation investigates the chemical and biochemical activities of 

TA as a SUMO inhibitor. In addition, using TA and genetic manipulations of NR5A 

sumoylation, we probe into the effects of desumoylating NR5As on transcription, 

chromatin binding, and protein-protein interactions. 
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CHAPTER 1 

Tannic Acid is a Potent Inhibitor of LRH-1 Sumoylation 

 

 

 

 

To identify small molecule modulators of sumoylation, rather than assessing 

substrate sumoylation directly, transcriptional changes associated with a SUMO-less 

hLRH-1 mutant were used as the end point. Sumoylation of LRH-1 occurs in the flexible 

hinge domain on two conserved acceptor lysines K192 and K270 (Refer back to Fig 2). 

The N-terminal domain contains a third putative site at K44. Similar to SF-1, LRH-1 is 

efficiently sumoylated (~40%) with three sumoylated species (1x, 2x doublet and 3x) 

detected in steroidogenic JEG3 cells (Fig 3a) and HEK293S cells (data not shown). In 

both cells, and in other cell models, we do not have to add exogenous SUMO to detect 

efficient hLRH-1 sumoylation. Substituting K192 and K270 with arginines, and inclusion 

of K44R mutation (3KR) eliminates sumoylated LRH-1 species, as previously noted [11, 

13]. 

 

Next, SUMO-sensitive genes to be assayed in the screen were obtained by 

profiling JEG3 cells stably expressing hLRH-1 or the SUMO-less 3KR hLRH-1 mutant. 

Two genes, APOC3 and MUC1 were prominently upregulated in the 3KR SUMO-less 

LRH-1 mutant or after siRNA knock down of the conjugating enzyme UBC9 (siUBC9) 



	    7 

(Fig 3b). The proximal promoter of APOC3 contains binding sites for LRH-1, as well as 

for HNF4α [31]. MUC1, on the other hand, is known to be a downstream target of 

Androgen Receptor [32]. Both APOC3 and MUC1 are highly induced after siUBC9 

knockdown experiments, as well as by 3KR hLRH-1, therefore we refer to APOC3 and 

MUC1 as SUMO-sensitive genes. In contrast, expression of a known NR5A target, 

CYP11A1, is unchanged by both 3KR LRH-1 and siUBC9 designating CYP11A1 as 

SUMO-insensitive (Fig 3b). 

 

 

 

Using the two SUMO-sensitive genes, APOC3 and MUC1, a 1600-compound 

library (Pharmakon 1600) was used in a phenotypic screen, adapted from [33] and 
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summarized in Fig 4. JEG3 cells expressing hLRH-1 (referred to as JEG3 hLRH-1 cells) 

were cultured in a 384-well format, treated with 10 µM of each drug, and measured for 

APOC3 and MUC1 transcripts; TBP served as an internal control (Fig 4).  

 

 

 

Robust Z-scores for each drug treatment are obtained by normalizing the 

amplification cycle number (CT) of APOC3 or MUC1 to TBP (ΔCT), and then to the 

DMSO external control (ΔΔCT). A scatter plot of Z-scores ± 2SD shows a 0.8% hit rate 

with 13 drugs producing significant changes (up and down) in both MUC1 and APOC3 

expression (Fig 5). Drugs that were cytotoxic and changed TBP expression were filtered 

out leaving six potential hits. Tannic acid, our primary hit, is highlighted in the scatter 

plot. For secondary screening, these drugs were also tested for their dose-dependent 

upregulation of SUMO-sensitive genes APOC3 and MUC1 (data not shown).
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CHAPTER 1.1 

Validation of Tannic Acid as a Sumoylation Inhibitor in Vitro 

 

 

 

 

Tannic acid (TA) emerged as the top hit in the primary and secondary screen, 

showing significant induction of the expression of both SUMO-sensitive genes APOC3 

and MUC1. Five other non-toxic compounds exhibited lower, but still significant Z-

scores (Fig 6a). In order to validate the potency and efficacy of these drugs, all six hits 

listed in Fig 6a were repurchased and tested in an in vitro sumoylation (IVS) assay 

using recombinant full-length human LRH-1 (FL-hLRH-1) and SUMO1 protein. In order 

to carry out these assays, we purified bacterially expressed sumoylation components 

and tested their purity and activity in vitro (data not shown). To better recapitulate in 

vitro the effects of these compounds in cellular conditions as in our primary screen, we 

carried out our IVS assays at 37 °C. 

 

In our IVS assays (Fig 6b and 7a) the pattern of sumoylated FL-hLRH-1 in 

untreated control is identical to that found in JEG3 cells in Fig 1a. Among the six drugs 

tested, only TA exhibits a dose-dependent inhibition of FL-hLRH-1 IVS as it partially 

decreased LRH-1 sumoylation at 10 µm and completely abolished it at 100 µM (Fig 6b). 

To determine the potency of tannic acid, we performed the IVS on a more dynamic 
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range of drug concentrations and measured the normalized percent conversion of 1x 

SUMO1-LRH-1 revealing the IC50 of TA to be 12.8 µM (Fig 6c).  

 

 

Interestingly, when we examined the percent conversion of multiple sumoylation 

species we noticed different sensitivities to increasing doses of the drug (Fig 7a). The 

curve fit of data obtained from Fig 7a shows that TA appears to be most potent on 3x 

sumoylated hLRH-1 and least potent on 1x sumoylated hLRH-1 (Fig 7b). This might 

suggest that compounds may have varying effects on different sumoylated species or 

perhaps on specific residues. This observation is can only be observed when using a 

full-length substrate with multiple sites of sumoylation as opposed to a small peptide or 

protein fragment that contains a single acceptor lysine. 
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CHAPTER 1.2 

Tannic Acid is More Potent than Other General Sumoylation 

Inhibitors 

 

 

 

 

Next, we wanted to compare the potency of TA versus other, mechanistically 

distinct sumoylation inhibitors (refer back to Table 1). One of the first reported 

sumoylation inhibitors, ginkgolic acid (GA) [26] is commercially available and, as such, 

has been widely tested in independent follow-up studies. However, these studies report 

conflicting results in vitro, as well as results in vivo that conflict with our cellular studies 

(which will be presented and discussed in Chapter 2). A more recently discovered 

inhibitor 2’,3’,4’-trihydroxyflavone (2-D08) [17], identified using a fluorescent gel-shift 

assay, was given to us as part of our collaboration with the laboratory of Jay 

Schneekloth (National Cancer Institute) to also test in our assays. Unfortunately, 

davidiin [25], another tannin-like inhibitor present in natural extracts, and more potent 

than TA according to its published IC50, was unavailable to us at the time and was not 

included in this study. The structure for TA, GA and 2-D08 are presented in Fig 8a. 
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In our hands, TA was more potent and more effective than either 2-D08 or GA at 

inhibiting FL-hLRH-1 sumoylation (Fig 8b-c). When quantitated, TA is clearly more 

potent with an IC50 in the mid-µM range (Fig 8c). Neither 2-D08 nor GA was effective at 

completely inhibiting FL-hLRH-1 sumoylation at soluble concentrations and, as such, we 

were not able to determine their efficacy in our experiments (Fig 8c). Notably, the IVS 

conditions used to previously validate GA and 2-D08 are different from the in vitro 

sumoylation conditions used in our assays to compare with TA (see Chapter 1 Methods) 

[34]. 
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We then determined the activity of TA on other substrates. IVS assays were 

performed on recombinant hinge-LBD SF-1 protein, which contains a single sumoylation 

site, and , on full-length IκBα, and a fluorescent AR peptide. Effects of TA on the latter 

two substrates were tested in collaboration with the Schneekloth lab (Fig 9a-c). Similar 

to what is observed on FL-hLRH-1 IVS, TA also inhibits the IVS of all three of these 

substrates in two different IVS assay conditions and using three different read-outs. 

Given the versatility of TA in inhibiting sumoylation of multiple substrates, we conclude 

that TA is a general inhibitor of sumoylation in vitro (Fig 9a-c).  
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CHAPTER 1.3 

Elucidating the Mechanism of Action of Tannic Acid in Vitro 

 

 

 

 

To fully characterize the activity of TA we first wanted to address its potential for 

exhibiting aggregating behavior in our assays, which may be causing non-specific or 

promiscuous inhibition. Given that TA and other polyphenols are prone to aggregate 

formation [35], IVS assays were carried out in the presence of a non-ionic detergent, 

which would break up any colloid formation in vitro [36]. We first tried the addition of 

Tween-20 to our IVS assays but found that this destabilized the FL-hLRH-1 substrate in 

the presence of the drug, leading to the loss of overall signal (Fig 10a). We also found 

that the addition of 0.1 or 0.5 % BSA to the IVS assay interfered with the migration and 

signal of unmodified FL-hLRH-1, thus negating these results (data not shown). As an 

alternative, we turned to a standard non-ionic detergent Triton X-100 to test if TA is 

simply inhibiting sumoylation by aggregate formation. We were pleased to find that TA 

maintains its inhibitory activity at 0.01 % Triton X-100 concentration with no significant 

changes in inhibition at 15 or 30 µM drug concentrations (Fig 10b). Thus, this detergent-

resistance of TA’s activity suggests that the inhibitory effects of TA in these assay 

conditions are not promiscuous. 
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In collaboration with the Schneekloth lab, we performed additional studies using 

a real-time IVS assay of a fluorescently-labeled Androgen Receptor peptide. By 

measuring IVS in real-time, we have demonstrated that the addition of TA in increasing 

doses reduces the apparent rate of sumoylation in vitro (Fig 11a).  Due to the higher 

potency (IC50 2 µM) in this assay, we can see maximal loss of sumoylation by as low as 

3.33 µM TA concentration.  
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 Finally, we wanted to identify the specific enzymatic step of sumoylation that TA 

may interfere with and performed thioester formation assays in non-reducing conditions.  

Thioester bonds formed in the SUMO-E1 complex decrease with TA (10 µM) and can 

be compared to reducing conditions (+DTT), which completely eliminate all SUMO-E1 

complex (SUMO-SAE1) (Fig 11b). Note that SUMO1 dimers are also formed in non-

reducing conditions (SUMO1 Dimer). Interestingly, the formation of UBC9-SUMO1 

thioesters did not seem to be different in the absence or presence of TA (Fig 11c). 

These data suggest that TA impedes E1 thioester formation, which is consistent with 

the mechanism of action for davidiin [25].  
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CHAPTER 1 CONCLUSIONS 

 

 

 

 

Here, we devised an innovative approach to identify chemical modulators of 

sumoylation using a phenotypic screen. Capitalizing on SUMO-sensitive genes as a 

transcriptional read-out we were able to identify the natural product tannic acid (TA) as 

a sumoylation inhibitor. In this chapter, we validated and characterized the chemical 

activity of TA when added to sumoylation reactions in vitro. When compared against 

other candidate drugs from the screen, TA stood out as the sole inhibitor that could 

effectively impede full-length human LRH-1 sumoylation in vitro. In addition, TA 

appeared to be more potent than other sumoylation inhibitors 2-D08 and ginkgolic acid 

in our assays. To rule out the possibility of promiscuous inhibition from aggregate 

formation, we added the non-ionic detergent Triton X-100 to our assays and found that 

TA still maintained its inhibitory activity. Additionally, TA is capable of reducing the rate 

of apparent sumoylation and can inhibit sumoylation of multiple substrates in vitro. 

Finally, to elucidate the mechanism of TA inhibition, we performed thioester assays and 

determined that TA could inhibit the E1 but not the E2 enzymatic step of sumoylation. 

 

In many of our validation assays, we used FL-hLRH-1 as a substrate. hLRH-1, 

like many sumoylated substrates, has multiple putative sumoylation sites (refer back to 
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Fig 2). Our in vitro sumoylation assays show that TA exhibits different potencies and 

efficacies on distinct sumoylated hLRH-1 species (IC50 of 12.8 µM on 1x SUMO-hLRH-

1). In contrast, like many peptide fragments used in target-based screens, TA more 

easily inhibits the IVS of the AR peptide than FL-hLRH-1 with a lower 50% inhibitory 

concentration of 2 µM. These data suggests that using a full-length substrate allows us 

to better understand the contribution of multiple sumoylation and the effects of 

chemically inhibiting these modifications in substrates with multiple sumoylation sites. 

Moreover, using full-length substrate for target-based screening or downstream 

validation may provide more accurate assays for assessing drug efficacy and potency 

as we will assess in Chapter 2. 
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CHAPTER 1 METHODS 

 

Cell lines and Transfections 

To generate tetracycline (TET)-inducible Flp-In T-REx stable JEG3 cells, 3x Flag-

tagged wild type (WT), 2KR (K192/270R) and 3KR (K44/192/270R) hLRH-1 in 

pcDNA5/FRT/TO (Life technologies) were cloned into pcDNA5/FRT/TO expression 

vectors. Flp-In T-REx HEK293 and JEG3 cell lines were transfected with WT, 2KR and 

3KR hLRH-1 in pcDNA5/FRT/TO and selected with 100 or 125 µg/ml Hygromycin B 

(Gemini Bio-Products), respectively.  For detecting WT or sumo-less LRH-1 (2KR or 

3KR) expression, JEG3 cells were treated with 100 ng/mL TET (Teknova Laboratory) 

for 6 or 24 h. 

 

Quantitative Real-time Polymerase Chain Reaction (qPCR)  

Total RNA from cells and tissues were isolated using Trizol Reagent (Life 

Technologies) and PureLink RNA mini kit (Life Technologies), respectively. DNase-

treated total RNA was used to generate cDNA using High-Capacity cDNA Reverse 

Transcription kits (Life technologies). RT-qPCR was performed and data analyzed 

essentially as described (Kurrasch, 2007 #31). All primer sequences used for qPCR 

reactions are listed in Supplemental Material 1. 
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Primary Screening Workflow and Gene-Expression Based qPCR Assays 

JEG3 WT hLRH-1 cells (5000 cells per well) were plated into 384-well by cell 

dispenser Wellmate (Thermo scientific) for 24 h. Using an FDA approved Pharmakon 

library of 1600 compounds (Pharmakon) drugs were pinned at a concentration of 10 µM 

in 0.1 % DMSO using a BiomekFxP (Beckman).  At the same time, cells were treated 

with 100 ng/ml final concentration of Tet for inducing expression of WT hLRH-1. 

Twenty-four hours later, cells were washed once in PBS and then lysed in 25 µl of lysis 

buffer provided in the TurboCapture 384 mRNA Kit (Qiagen) using ELx405 microplate 

washer (Biotek).  After a 10 min incubation at 37 °C, 20 µl of cell lysate was transferred 

to 384-well oligo (dT)-coated plate (Qiagen) using ELx405 and incubated at room 

temperature for 90 min with shaking. Plates were washed three times with washing 

buffer and reverse transcription was performed in the same well using High-Capacity 

cDNA Reverse Transfection kits (Life Technologies), according to the manufacture’s 

instruction to a total volume of 20 µl. The cDNA was aliquoted to 384-well qPCR plates 

using a BiomekFxP Liquid handler and stored at -20 °C for subsequent qPCR assays.  

For qPCR assays, 8 µl of the master-mix buffer containing PCR oligos and Quanta 

qScript cDNA SYBR Mix (Quanta Biosciences) were added to 2 µl cDNA. All qPCR 

assays were performed using an ABI 7900HT instrument. Data were analyzed using the 

ΔΔCT method with TBP serving as internal control and multiple DMSO-treated samples 

as external control. MUC1 and APOC3 genes were used as the end-point read-outs for 

the SUMO-sensitive genes.  
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In Vitro Sumoylation and Thioester Assay 

His-tagged (6X) components of sumoylation reactions including hE1, hUBC9 and 

hSUMO1 were grown to an OD 0.3-0.7 and induced with IPTG (350 mM) for 5 h at 

22 °C. Cells were lysed in 50 mM Tris-HCl, pH 8.0, 150 mM NaCl and 5% glycerol 

supplemented with protease inhibitors and proteins purified as described [34, 37]. Full 

length human LRH-1 was prepared and lysed in 20 mM Tris-HCl pH 8.0, 1 mM CHAPS, 

10 % glycerol, 5 mM β-mercaptoethanol, 20 mM imidazole, and 300 mM NaCl 

supplemented with protease inhibitors and then eluted with lysis buffer with 300 mM 

Imidazole. IVS reactions were performed in at 37 °C for 1 hr using 0.1 µM E1, 10 µM 

UBC9, 30 µM SUMO1 and 1 µM full-length hLRH-1 substrate in 50 mM Tris-HCl, 100 

mM NaCl, 10 mM MgCl2, 2 mM DTT and initiated by addition of freshly made 10 mM 

ATP [12]. Aggregation assays used 0.01% Triton X-100 (Sigma). IVS reactions were 

quenched with 4x Laemmli Buffer with β-mercaptoethanol, boiled for 5 min and loaded 

onto a Novex Nupage 4-12% Bis-Tris gel and transferred to nitrocellulose membranes 

followed by incubation with mouse anti-LRH-1 (1:7500, R&D) or mouse anti-SUMO1 

(1:325, DSHB). Proteins were visualized using LiCor Odyssey system and goat anti-

mouse 800 (1:20,000 LiCor, Pierce) and quantitated by Image Studio Lite. Percent 

conversion was calculated by taking the ratio of sumoylated protein over total signal per 

reaction then normalized to DMSO control. Concentration curves were derived from at 

least three independent reactions and fit with nonlinear fitting of log10 [µM TA] versus 

variable slope using Prism graphing software. In vitro sumoylation of full-length IκBα 

and fluorescent AR peptide was performed as previously described [17]. Conditions for 
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the thioester assay were as described above except that FL-hLRH-1 substrate and, in 

some cases, UBC9 or DTT from the reaction buffer were omitted from IVS reactions.  

 

Statistics 

Data are represented as mean + SEM (or SD, as indicated): *p < 0.05; **p < 

0.005; ***p < 0.001; ****p< 0.0001. Statistical analyses were performed using Prism 5 

(GraphPad) software. Statistical significance was determined by Student’s t-test unless 

otherwise indicated. 
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CHAPTER 2 

Tannic Acid Inhibits Sumoylation in Cells to Activate hLRH-1 

SUMO-sensitive Transcription  

 

 

 

 

As novel approaches are devised to discover more sumoylated proteins [38], the 

utility of chemical tools to dissect the physiological significance of these modifications in 

regulating cellular activities is beginning to emerge (Refer back to Table 1). So far, 

attempts have been made to demonstrate that GA can alter protein localization or gene 

expression via transcription factors like Oct4, Sox2 or TFAP2A [18-20]. However, there 

is very little accompanying evidence for the sumoylation of these proteins to suggest 

that the effects of GA are mediated by limiting sumoylation-dependent activity. On the 

other hand, our substrate, hLRH-1, exhibits efficient levels of sumoylation in cells 

without the addition of exogenous sumoylation machinery making it an ideal model for 

testing perturbations in protein sumoylation. This factor allowed us to compare the 

effects of TA with that of GA in our cellular assays. Importantly, since LRH-1 

sumoylation is a potent regulator of LRH-1 activity we also asked whether TA can alter 

induce transcriptional changes via DNA binding. 
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CHAPTER 2.1 

Tannic Acid is More Potent than Other Sumoylation 

Inhibitors and is Non-toxic in Cells 

 

 

 

 

To determine the potency of tannic acid in cells we first tested the effects of TA 

on hLRH-1 sumoylation in WT hLRH-1 JEG3 cells for 24 hours at 10 µM concentration, 

just as in the primary screening conditions, and saw an inhibition of hLRH-1 sumoylation 

by TA (data not shown). Unfortunately, when we wanted to compare this to other 

candidate drugs from the screen or to published sumoylation inhibitors we noticed some 

slight toxicity from some of these drugs. Additionally, higher concentrations of GA (40-

100 µM) were insoluble in our cell culture media and therefore could not be tested (data 

not shown). So, to be able to make equimolar comparisons without undesired effects we 

lowered the final concentration of drug used and only treated with tolerable 

concentrations of drugs (<30 µM) and for a shorter time period. 

 

We found that the application of TA for 5 hours of drug treatment in cell culture is 

still effective in reducing hLRH-1 sumoylation in JEG3 cells (Fig 12a). While the same 

concentration of GA (30 µM) appears to effectively reduce hLRH-1 sumoylation (Fig 
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12a), we noticed changes in cell morphology indicative of cell toxicity (data not shown). 

When we tested for cell viability in with either TA or GA during a 5 h application, we 

found that GA is significantly highly cytotoxic in JEG3 cells compared to TA (Fig 12b). 

The lack of TA cytotoxicity, at least at the concentrations and durations we tested in our 

cell lines, does not surprise us given that it is an FDA-approved drug 

(http://www.accessdata.fda.gov/scripts/cdrh/cfdocs/cfcfr/CFRSearch.cfm?fr=184.1097). 

The fact that GA is extremely toxic at lower concentrations, however, did conflict with 

other cellular studies involving much higher concentrations (50-200 µM) of GA applied 

for longer durations (10 hrs in cells and two days in vivo) [18-20]. Unfortunately, the 

cytotoxicity of GA during our acute applications made it difficult to test for its effects on 

hLRH-1 transcription in our subsequent experiments.  
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CHAPTER 2.2 

LRH-1 Modification By Both Endogenous SUMO1 and 

SUMO2 Can Be Inhibited By Tannic Acid 

 

 

 

 

After showing that hLRH-1 sumoylation can be inhibited by TA in JEG3 cells, we 

wanted to also reproduce these effects in a more physiologically relevant cell line for 

LRH-1, HEPG2 hepatocarcinoma cells. As expected, treating with increasing doses of 

TA for 6 hrs also reduced the levels of hLRH-1 protein sumoylation by approximately 

fifty percent compared to untreated control in HEPG2 cells (Fig 13a). This acute loss of 

sumoylation corresponds to a slight increase in unmodified hLRH-1 protein. 

Surprisingly, when compared to a 72 hr knockdown of the UBC9 (with 90% knockdown 

efficiency), the effects of TA leads to a higher reduction in sumoylated hLRH-1 protein 

than siUBC9 (Fig 13a) suggesting that TA is more effective at blocking LRH-1 

sumoylation. However, during both perturbations we see the retention of the 1x SUMO-

hLRH-1 band suggesting the high stability of this particular modification.  
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Since multiple SUMO isoforms can modify a substrate we wanted to determine 

whether hLRH-1 was differentially conjugated by SUMO1 or SUMO2 and whether TA 

had a preference for desumoylating either modification. To do this, we 

immunoprecipitated the samples from Fig 13a for flag-tagged WT hLRH-1 and probed 

with antibodies against Sumo1 or Sumo2. First of all, in our untreated WT hLRH-1 

controls Sumo1 appears to modify hLRH-1 solely at the 1x position in HEPG2 cells and 

Sumo2 forms higher migrating modified hLRH-1 species, likely corresponding to protein 

chains (Fig 13b). These data are consistent with what we’ve seen in co-
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immunoprecipitation experiments in HEK293 cells (data not shown) and will be revisited 

in Chapter 3. 

 

Quantitation of the SUMO-hLRH-1 protein levels suggest that SUMO2-hLRH-1 

chains are reduced by half with 50 µM TA, comparable to siUBC9 (Fig 13b). On the 

other hand, SUMO1-hLRH-1 levels drop to roughly 20% at the same concentration of 

TA but only to about 80% with siUBC9. We believe that SUMO1-hLRH-1 at the 1x 

position may be extremely stable even after 72 hr UBC9 siRNA knockdown and may be 

main contributor to the 1x band retained in whole cell lysate experiments (Fig 13a). 

Interestingly, 1x SUMO1-hLRH-1 appears to me more sensitive to acute TA treatment 

than to siUBC9, which suggests that TA could be working through a mechanism other 

than inhibiting UBC9 activity. These data are in conjunction with our in vitro UBC9 

thioester assays (refer back to Fig 11c). 

 

We also hypothesized that general sumoylation in cells can also be reduced by 

TA as it inhibited multiple substrate sumoylation in vitro (refer back to Fig 9). 

Additionally, we wanted to test if TA could also alter protein ubiquitination, since it is 

chemically and mechanistically similar to sumoylation. Our cellular data suggest that TA 

can reduce overall SUMO1 and SUMO2 protein levels but does not change overall 

ubiquitination (Fig 14).  
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CHAPTER 2.3 

Tannic Acid Induces Expression of and Enriches for hLRH-1 

Occupancy on SUMO-sensitive Genes 

 

 

 

 

Our phenotypic screen used SUMO-sensitive gene expression as a read-out to 

find chemical probes for sumoylation. Naturally, we wanted to test the effects of TA on 

SUMO-sensitive transcription, as well as chromatin occupancy, especially on NR5A 

targets.  

 

Reevaluating the transcriptional effects of TA in JEG3 cells confirms that TA 

increases APOC3 in a dose-dependent manner through the action of WT hLRH-1 (Fig 

15a). We then asked if LRH-1 sumoylation is required to observe the stimulatory effects 

of TA on this gene. It appears that the dose-dependent effects of TA on APOC3 are lost 

when tested with the SUMO-less hLRH-1 (3KR), showing that activation of APOC3 by 

TA requires that LRH-1 be sumoylatable (Fig 15a). In both WT and 3KR hLRH-1 

expressing cells, TA had little to no effect on CYP11A1 transcript levels while it 

increased MUC1 levels in both conditions (data not shown). These data demonstrate 

that CYP11A1 is indeed SUMO-insensitive but that MUC1, while highly sensitive to TA 
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and to general sumoylation (refer back to Fig 4b), is far less sensitive to the sumoylation 

status of LRH-1 than APOC3.  

 

Because NR5A sumoylation has been shown to regulate chromatin occupancy 

on a SUMO-sensitive gene [4, 8], we wanted to test if LRH-1 DNA binding could be 

affected by sumoylation. By chromatin immunoprecipitating WT hLRH-1 in JEG3 cells 

and measuring occupancy on the APOC3 gene locus by quantitative real-time PCR 

(ChIP-qPCR), we show that addition of TA can enhance hLRH-1 occupancy on APOC3 

but not on a control DNA region relative to occupancy of untreated WT hLRH-1 (Fig 

15b). We therefore conclude that TA is enhancing APOC3 transcription by enriching for 

hLRH-1 recruitment to APOC3 by promoting desumoylation. 
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CHAPTER 2 CONCLUSIONS 

 

 

 

 

After rigorous chemical validation of TA’s activity in vitro, we attempted to test its 

effects in JEG3 and HEPG2 cells. As expected, TA reduces hLRH-1 sumoylation in 

cells and is much better than other SUMO inhibitors 2-D08 and GA. Additionally, we 

found that the inhibition of hLRH-1 sumoylation by TA was not accompanied by 

significant cell death, which is associated with GA. Further, we also determined that TA 

can alter endogenous global sumoylation but not ubiquitination, establishing its 

usefulness not only as a specific hLRH-1 inhibitor but also as a general sumoylation 

inhibitor. 

 

Since our original platform for screening was hLRH-1 transcriptional output, we 

further characterized TA’s effects on hLRH-1 targets in JEG3 cells. We found that TA 

can enhance SUMO-sensitive gene expression of LRH-1 target APOC3 and this effect 

is mediated by the sumoylation status of hLRH-1. Finally, using chIP-qPCR on the 

APOC3 locus we also established that by promoting WT hLRH-1 desumoylation TA can 

enhance chromatin occupancy on a SUMO-sensitive gene. 
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CHAPTER 2 METHODS 

Cell lines and Transfections 

See Chapter 1 Methods for generation of JEG3 stable cells. For making 

doxycycline (Dox)-inducible HEPG2 3G stable cells, we cloned 3x Flag-tagged WT, 

K192R, K270R and 2KR (K192/270R) hLRH-1 into pTRE 3G vectors (Clontech). The 

TET-On 3G HEPG2 parental cell line was a generous gift from Dr. Stephen Hand [39]. 

Linearized expression vectors were transfected in TET-On 3G parental HEPG2 cells 

and selected with 250 µg/mL Hygromycin B (Gemini Biosciences).  For detecting WT or 

sumo-less LRH-1 expression, HEPG2 3G cells were treated with 200 ng/mL Dox 

(Sigma-Aldrich) for 6 h. For siUBC9 knockdowns, Ubc9 (SI04185937, SI04368420) and 

non-silencing control (SI03650318) siRNA were purchased from Qiagen. SiRNA at 5 nM 

final concentration was transfected into JEG3 or HEPG2 WT hLRH-1 stable cells by 

RNAiMax (Life technologies) for 72 h followed by induction of hLRH-1 expression by 

addition of 100 ng/mL TET for 24 h to JEG3 cells with or 250 ng/ml Dox for 6 h for 

HEPG2 cells. 

 

Immunoprecipitation and Western Blotting  

Cells were lysed in RIPA buffer (6 mM Na2HPO4, 4 mM NaH2PO4, 2 mM EDTA 

pH 8.0, 150 mM NaCl, 1 % NaDOC, 0.1 % SDS and 1 % NP-40) supplemented with 

protease inhibitors (Calbiochem) and 20 mM N-Ethylmaleimide (NEM; Sigma-Aldrich) 

and sonicated using the Diagenode Bioruptor.  Lysates were clarified by centrifugation 

and protein concentration was measured using Protein assay Dye reagent concentrate 



	    36 

(Bio-Rad) according to the manufacturer’s protocol. For immunoprecipitations (IPs) 

equivalent amounts of cell lysates were then incubated with 20 µl anti-Flag M2 Affinity 

Gel (Sigma-Aldrich) overnight at 4 °C. After multiple washes with RIPA buffer, bound 

proteins were eluted by addition of 2x Laemmli Buffer and boiling. For Western blotting, 

all of stable cell lines were lysed with RIPA buffer supplemented with protease inhibitors 

and 20 mM NEM and equal amounts of protein were denatured with 5x Laemmli buffer. 

The following antibodies and concentrations were used: anti-Flag M2; 1:7500 (Sigma-

Aldrich), anti-Sumo1; 1:1000 (Developmental Studies Hybridoma Bank), anti-SUMO 2; 

1:1000 (Life technologies) and Ubiquitin P4D1; 1:1000 (Cell Signaling).  

 

Cell Viability Assay 

JEG3 hLRH-1 cells (0.2 x 106) were plated on 24-well plates in 0.5 ml of media. 

The following day, fresh media was applied with compounds or DMSO control. After 5 h 

treatment, cells were washed 3X with PBS, and then incubated with 100 µl of PBS + 

100 µl of Celltiter Glo reagent (Promega) for 12 min. Cell lysates were transferred to a 

96-well opaque plate and relative luminescence was measured with Veritas Microplate 

Luminometer (Turner BioSystems) with an integration time of 1.0 sec. Measurements 

from quadruplicate samples were normalized to the DMSO control. 
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Chromatin Immunoprecipitation and qPCR 

JEG3 WT hLRH-1 cells were seeded (2.25 X 106) on 10 cm plates overnight, 

induced with 100 ng/mL tetracycline and treated with DMSO or 10 µM Tannic acid for 

24 hours. Chromatin extraction and qPCR is described thoroughly in Chapter 3 Methods  

and primer sequences are listed in Supp Mat 2. 

 

  



	    38 

CHAPTER 3 

LRH-1 Sumoylation Regulates Transcription through the 

Enhancement of Chromatin Occupancy in HEPG2 cells 

 

 

 

 

In Chapter 2 we established the potency of TA in multiple cell lines and, as 

previously mentioned, we turned to HEPG2 cells as a more appropriate cell line for 

studying the biochemistry of LRH-1 sumoylation. LRH-1 has very robust effects in liver 

metabolic homeostasis, regulating the transcription of genes like CYP7A1 in HEPG2 

cells [40], [41]. Interestingly, TA is a non-toxic, commercially available FDA-approved 

natural product found in grape seed extracts and in HEPG2 cells these extracts have 

been known to change the transcription of CYP7A1 [42]. Thus, we thought that HEPG2 

cells would be ideal in probing the functional significance of the interaction between TA 

and LRH-1 sumoylation. 

 

To understand the role of LRH-1 in liver metabolism, many groups have 

performed unbiased probes into the genome-wide binding of LRH-1 [43, 44]. However, 

the contribution of sumoylation in regulating LRH-1 DNA binding has been relatively 

unexplored. In this chapter, we also use HEPG2 cells as a model for investigating 
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whether sumoylation can regulate LRH-1 chromatin occupancy, particularly to genes 

which are sumo-sensitive, using two approaches to promote LRH-1 desumoylation: (1) 

through the drug TA and (2) by a SUMO-less mutant hLRH-1.  
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CHAPTER 3.1 

Expression of hLRH-1 and Treatment with Tannic Acid 

Reveal SUMO-sensitive Genes in HEPG2 Cells 

 

 

 

 

To examine the global effects of TA on LRH-1 target gene expression and 

promoter occupancy we carried out mRNA profiling and chromatin-immunoprecipitation 

followed by deep sequencing (ChIP-Seq); we used HEPG2 cells overexpressing hLRH-

1 in the absence and presence of TA. ChIP-Seq genes associated with WT hLRH-1 

binding were identified (Supp Mat 3) and cross-referenced to 95th and 5th percentile 

genes from microarray profiles in the aforementioned conditions (Supp Mat 4). A Venn 

diagram of all three data sets show that in the background of hLRH-1 expression TA 

regulates a subset of genes both activated and bound by hLRH-1 (Fig 16a and c) and 

this subset partially overlaps with genes affected by the siUBC9 knock-down (Fig 16c). 

This suggests that SUMO-sensitive genes in HEPG2 cells, both by TA and siUBC9 

treatment, contain WT hLRH-1 binding sites. Among these genes are CYP24A1, 

PFKFB3 and SERPINE1 (Fig 16c).  
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Relative expression measurements of these SUMO-sensitive genes show that 

their expression is changed by TA in a dose-dependent manner (Fig 16c). Note the 

difference in expression with TA: CYP24A1 being downregulated while PFKFB3 and 

SERPINE1 are both induced. These cellular data confirm that TA is able to modulate 

SUMO-sensitive hLRH-1 target genes in the relevant HEPG2 cells.   
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CHAPTER 3.2 

Tannic Acid Does Not Change De Novo hLRH-1 Binding but 

Enhances Chromatin Occupancy   

 

 

 

 

After determining that the addition of TA robustly induces transcription of hLRH-1 

SUMO-sensitive genes we decided to determine whether DNA binding is a mechanism 

by which these changes are effected. Therefore, we deep-sequenced chromatin 

associated with WT hLRH-1 (ChIP-seq) and asked if genome-wide chromatin 

occupancy of hLRH-1 was changed by the presence of TA. Binding profiles of the three 

SUMO-sensitive genes CYP24A1, PFKFB3 and SERP1 are shown in Fig 17a; putative 

hLRH-1 binding sequences in these regions are indicated below. To determine if TA 

also enhances hLRH-1 affinity to these genes we also tested for chromatin binding by 

ChIP-qPCR and found a significant dose-dependent increase in DNA binding to 

CYP24A1 and SERP1 nearby their transcriptional start sites (TSS) (Fig 17b). 

Unfortunately, we could not design ChIP-qPCR primers for PFKFB3 and to test LRH-1 

binding to it we would have to perform luciferase assays. As a control, we also tested 

the NR0B2 gene encoding for SHP, which is not responsive in our hLRH-1 

overexpressing HEPG2 cells, and did not find a significant increase in occupancy.  
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An unbiased look at the genome-wide occupancy of hLRH-1 shows that 

regardless of the extent of its sumoylation (Fig 18a) hLRH-1 appears to be enriched in 

upstream promoter regions (Suppl Mat 3 and 5). Alignment of signal from ChIP-seq 

datasets with or without TA to known TSS reveals that hLRH-1 is highly enriched in 

regions up to 1 kb upstream of a TSS (Fig 18b). A bioinformatics search for putative 

transcription factor binding sequences in these peaks shows that NR5A2 binding 

consensus sequences were identified as the most highly represented motif in both data 

sets (Fig 18c). Heat maps of the hLRH-1 ChIP-Seq profiles plus or minus TA sort into 

three major classes of binding sites: (1) those with high affinity for LRH-1 in both 

conditions (shared hLRH-1 and TA) and sites preferentially bound by (2) LRH-1 without 

the drug (Preferred hLRH-1) or (3) with the drug (Preferred hLRH-1 + TA) (Fig 18c). A 

majority of promoter binding sites fall under (1) and (2) but a much smaller group has 

binding preference in the presence of the drug (3). These data suggest that while hLRH-

1 is binding direct targets regardless of TA, a disproportionately low fraction of them are 

specifically enriched with TA. We therefore conclude that hLRH-1 can directly bind 

SUMO-sensitive genes but also that de novo binding by hLRH-1 does not likely change 

based on desumoylation by TA. 
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CHAPTER 3.3 

Loss of hLRH-1 Sumoylation in Multiple Lysines Result in 

Few Changes in De Novo LRH-1 DNA Binding 

 

 

 

 

Since we did not see any gross alterations in de novo, direct binding by hLRH-1 

with TA treatment, we wanted to also test hLRH-1 binding with a SUMO-less mutant. 

We reasoned that the addition of this data set could help us focus on genes whose 

occupancy were highly dependent on LRH-1 sumoylation, much like how we tested the 

transcription of APOC3 (refer back to Fig 13a). To do this, we first generated single and 

combinatorial K to R mutations in hLRH-1 in HEPG2 cells and verified the loss of 

sumoylation.  

 

The extent and pattern of WT sumoylation and its reduction by about fifty percent 

with the 2KR mutation (Fig 19a) are consistent with what we’ve detected in other cell 

lines. Interestingly, with respect to sumoylated WT protein, the K192R mutation allowed 

us to detect a larger proportion of 1x SUMO-hLRH-1, which is mostly lost with the 

K270R mutation and is completely undetectable with the 2KR mutation. Furthermore, 

we notice different migrating 2x SUMO-hLRH-1 bands for K192R and K270R, which we 
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believe correspond to the doublet detected with WT protein.  When we probe 

immunoprecipitated hLRH-1 from Fig 19a with antibody against SUMO2, we can see 

higher migrating sumoylated species corresponding to chains (Fig 19b). These data are 

also consistent with SUMO2-hLRH-1 from Fig13b. To our surprise, 2x SUMO2-hLRH-1 

appears as a triplet of bands and we can detect up to 7x SUMO2 chains with WT, 

K192R and K270R hLRH-1. Some residual SUMO2 bands can be detected with 2KR 

hLRH-1. Finally, additional bands from Fig 19a that do not react to SUMO2 may be 

other forms of modified hLRH-1 that can be designated as sumoylated species if we 

mutate additional acceptor lysines.  
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Next, we performed ChIP-seq experiments on 2KR hLRH-1 samples (Supp Mat 

6) and compared it to WT hLRH-1 ChIP-seq with or without TA. The false discovery rate 

(FDR) was calculated by comparing samples to experiments available from ENCODE 

that have technical replicates of the Input channel (see Chapter 3 Methods) and used 

replicates that passed the cut-off of less than 0.5 FDR. After peak calling, we 

discovered 18, 884 peaks from WT hLRH-1 without TA (WT), only 4, 890 from WT with 

TA (WT + TA) and 23, 185 peaks from 2KR hLRH-1 (2KR) (Fig 20a). Based on the 

ChIP-seq analysis of the sumoylation-deficient MITF [14], we expected more peaks to 

emerge from the 2KR data set but, unfortunately, we could not directly compare it to WT 

samples due to the difference in hLRH-1 doxycycline induction times (12 hrs for 2KR 

and 6 hrs for WT + TA). Differential analysis shows the proportion of peaks not shared 

with WT and found only 30% unique to 2KR and 35% unique to WT + TA (Fig 20a). To 

identify peaks that were specific to sumoylation-deficient conditions we identified genes 

that were enriched in 2KR and WT + TA and found only 52 peaks corresponding to 22 

genes (0.22% of 2KR peaks and 1.1% for WT + TA peaks) (Fig 20b). Only three of 

these genes matched as SUMO-sensitive hLRH-1 targets in HEPG2 cells by 

transcriptional profiling from addition of TA and siUBC9 (Fig 16b and Supp Mat 4 and 

data not shown) and these are shown in Fig 20c.  
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While the binding affinity for unsumoylated hLRH-1 by TA is yet to be determined 

for the three genes in Fig 20c we wanted to know if hLRH-1 could be differentially 

recruited by cofactors with the 2KR mutation. Similar to WT hLRH-1 + TA ChIP-seq 

data, the NR5A2 binding motif is again the primary consensus sequence in the 2KR 

ChIP-seq data set (Fig 21). However, we observed that for 2KR hLRH-1 bound peaks, 

putative sequences for other TFs like NFATC2, MAFB or NR4A2/PPAR/RXR may exist, 
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identifying potential cofactors for testing differential recruitment when we promote 

desumoylation.  
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CHAPTER 3 CONCLUSIONS 

 

 

 

 

In Chapter 3 we took unbiased approaches to study how hLRH-1 desumoylation 

affects transcription and genome-wide occupancy in physiologically relevant HEPG2 

cells. By combining transcriptional arrays with ChIP-seq binding profiles with or without 

TA, we’ve been able to identify direct targets of hLRH-1 such as CYP24A1, PFKFB3 

and SERP1 as SUMO-sensitive genes. Additional studies demonstrate that TA dose-

dependently enhances chromatin occupancy on these genes, particularly CYP24A1 and 

SERP1, likely through putative NR5A2 consensus sequences. However, TA also dose-

dependently induces transcription of SERP1 while decreasing expression of CYP24A1. 

Together, these data suggest that hLRH-1 binding on CYP24A1 may recruit an 

unidentified co-repressor to dampen CYP24A1 transcription. 

 

We then wanted to complement this pharmacological approach with genetics and 

generated SUMO-less hLRH-1 mutants. In doing so, we gained more insight into the 

different modifications of major sumoylated residues of hLRH-1. Mutating K192 leads to 

compensation of modification at K270, hence the higher proportion of 1x sumoylated 

hLRH-1. However, K270R appears to be the major sumoylation site with its mutation 

leading to the loss of 1x sumoylation. Interestingly, we’ve detected different migrating 2x 
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species: when K270 is intact 2x SUMO-LRH-1 migrates at a higher MW than when 

K192 is unchanged. Finally, we’ve again been able to detect 4-7x SUMO2-hLRH-1 (Fig 

13b and 19b) indicating that SUMO2 prefers forming chains. With the 2KR mutation we 

deduce that there are more than two sumoylatable sites in hLRH-1 due to incomplete 

loss of modification with 2x and persistent detection of groups with slight shifts in 

migration (3x SUMO2-hLRH-1, for example). 

 

While we’ve shown that hLRH-1 can exhibit direct binding to upstream promoters 

regardless of it sumoylation status, overall, genome-wide binding by hLRH-1 appears to 

be largely unaltered. We base this on the relatively small population of TA and 2KR-

unique binding sites (1% and 0.22%, respectively). This suggests that hLRH-1 binding 

preference or de novo binding is relatively unchanged by its sumoylation state. The 

roles of co-activators like NFATC2, MAFB or NR4A2/PPAR/RXR remain unknown. We 

believe that co-repressors may also play a distinct role in regulating SUMO-sensitive 

gene transcription given the enhancement of occupancy alongside repression on the 

CYP24A1 gene. To identify candidates we can perform an unbiased screen for specific 

binding partners to sumoylated or unsumoylated LRH-1. We will explore this further in 

Chapter 4. Once candidates are identified, their recruitment can be easily tested this is 

by doing sequential chips on these SUMO-sensitive genes.   

 

In a similar study, we also asked whether TA could mimic a SUMO-less hLRH-1 

when tested in mouse liver. Impressively, TA abrogates nearly all sumoylated wild type 

hLRH-1 species, closely resembling the pattern observed for the SUMO-less 2KR 
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mutant (data not shown). TA also induces the robust activation of SUMO-sensitive 

hLRH-1 targets in primary hepatocytes, which were also highly upregulated by SUMO-

less hLRH-1 in mouse liver. Collectively, these data establish that in a mouse tissue, TA 

inhibits hLRH-1 sumoylation and induces the same robust transcriptional changes 

induced by SUMO-less LRH-1.  We are curious to test chromatin occupancy with or 

without TA in this humanized mouse model. 
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CHAPTER 3 METHODS 

 

Microarrays 

Human Exonic Evidence Based Open-source (HEEBO) arrays were printed at 

the UCSF Center for Advanced Technology (CAT). Hybridization conditions were 

carried out as previously described [45]. For siRNA experiments, HEPG2 WT hLRH-1 

cells were reverse-transfected with 5 nM of pooled siRNA directed against human 

siUBC9 or siRNA control from Qiagen, with RNAiMAX transfection reagent (Life 

technologies) according to the manufacturer’s protocol.  Seventy-two hours after siRNA 

transfection, wild type hLRH-1 was induced with DOX for 6 h. Total RNA was purified 

using RNAeasy kit (Life technologies) according to the manufacturer’s protocol. 

Hybridizations were performed at 65 °C for 16 h using mixers compatible with the MAUI 

hybridization systems (BioMicro Systems). Arrays were scanned using an Axon 

Scanner 4000B, and data analyzed by GenePix 6.0 software (Molecular Devices). Heat 

maps were generated using Cluster 3 and TreeView. 

(http://bonsai.hgc.jp/_mdehoon/software/cluster). 

 

Chromatin Immunoprecipitation and Deep Sequencing or qPCR 

Detailed ChIP protocol is attached as Supplemental Material 7. HEPG2 WT 

hLRH-1 cells were seeded (4 x 106) on 10 cm plates overnight, then induced with 250 

ng/mL DOX and treated with DMSO or 50 µM Tannic acid for 6 h while HEPG2 2KR 

hLRH-1 cells were induced with 250 ng/mL DOX for 12 h. Cells were cross-linked with 

1 % formaldehyde for 3 min at room temperature and quenched by addition of 400 mM 
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glycine. Cells were harvested in 50 mM HEPES-KOH pH 7.4, 1 mM EDTA, 150 mM 

NaCl, 10 % glycerol and 0.5 % Triton X-100, swelled for 40 min at 4 °C, then nuclei 

were pelleted at 600 x G for 5 min and resuspended in RIPA buffer (10 mM Tris-HCl pH 

8.0, 1 mM EDTA, 150 mM NaCl, 5% glycerol, 0.1% sodium deoxycholate, 0.1% SDS, 

1% Triton X-100) [46]. Lysates were sonicated for a total of 30 min (30 sec on, 30 sec 

off, 5 min intervals) with a Diagenode Biorupter UD-200 on High setting at 4 °C. 

Sonicated chromatin was clarified by centrifugation then IP’d with 1 µg anti-Flag M2 

antibody pre-conjugated to 10 µl Protein G Dynabeads (Invitrogen) for 2 h at 4 °C. 

Bound protein were washed with 500 mM NaCl and LiCl buffer before reverse cross-

linking and proteinase K digested overnight. DNA was isolated using Zymogen ChIP 

DNA Clean and Concentrator columns and pooled for deep sequencing. ChIP DNA was 

sent to Hudson Alpha Genomic Services Laboratory for library preparation using 

Illumina TruSeq Kit. For qPCR all primer sequences used for ChIP-qPCR reactions are 

listed in Supplemental Material 2. 

 

Bioinformatics Analysis 

Triplicates of WT hLRH1 ChIP-seq (WT hLRH-1), duplicates of WT hLRH1 ChIP-

seq following tannic acid treatment (WT hLRH-1 + TA) and a control (Input), were 

sequenced on the Illumina HiSeq 2000 platform using 50 bp, single-end reads. Reads 

were mapped to the hg19 human reference using bowtie and de-duplicated using 

Samtools, resulting in 3.36, 10.77 and 7.7 million uniquely mapped reads from the WT 

hLRH1 triplicates, 12.46 and 6.6 million uniquely mapped reads from WT hLRH1-TA 

and 2.67 million reads from Input. Quality control and ChIP-signal strength assessment 
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was performed via CHANCE [47]. CHANCE called both experiments as successful (via 

a comparison with the distribution of ChIP-strengths observed in the ENCODE 

repository) at a combined, positive false discovery rate (FDR) of FDR=2.1X10-4 and 

FDR=7X10-7, for WT hLRH1 and WT hLRH1 + TA respectively. Reads from replicates 

were then pooled, and peaks were called via MACS [48], using the default parameter 

settings. Genes overlapping WT hLRH1 and WT hLRH1 + TA peaks, within 1 Kbp of 

their promoters, were identified using bedtools [49], and the NCBI RefSeq reference 

sequences [50]. Fragment counts within a 1 Kbp window of each of these genes were 

then tabulated and summarized via deepTools [51]. Genes up-regulated or down-

regulated in response to TA were called by setting a probe-intensity threshold at the 

95th percentile or 5th percentile, respectively, of array-wide probe intensities. Motif 

searches were done by MEME-chip [52] and NR5A binding sequences were discovered 

by PROMO [53, 54]. 

 

Immunoprecipitation and Western Blotting  

Carried out as described in Chapter 2 Methods. 
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CHAPTER 4 

Sumoylation of the LRH-1 Homolog, SF-1, Enriches Both Chromatin 

Occupancy and Protein-Protein Interaction 

 

 

 

 

The transcription factor SF-1, much like its NR5A homolog, LRH-1, is an 

excellent sumoylation substrate in cells [10] (Fig 23a). As mentioned in the Introduction 

section, the permanent disruption of SF-1 sumoylation drastically changes endocrine 

development and function through alterations in transcriptional programs and DNA 

binding [4, 8]. SF-1 sumoylation has also been proposed to mediate physical interaction 

with repressive cofactors like ARIP4 suggesting that protein-protein interactions may 

also play a mechanistic role in regulating SF-1 function [55]. So, we performed a 

candidate approach to look for potential cofactors for SF-1 and focused on the 

Forkhead box protein FOXL2. FOXL2 is also another transcription factor that, like SF-1, 

is important for the development and maintenance of the ovaries [56]. Recently, it has 

been suggested that FOXL2 is sumoylated, implicating this modification in regulating 

gene targets of SF-1 [57]. 

 

When we mutate main two sumoylated residues of mouse (m) SF-1 (refer back 

to Fig 2) we detect a complete loss of mSF-1 sumoylation (Fig 22a), in contrast to 2KR 
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hLRH-1 mutation (Fig 3a and 19a). When human FOXL2 is expressed in mouse 

embryonic hypothalamic N40 cells, we see a repression of the SF-1 and FOXL2 target 

gene mStar, but only when SF-1 is also expressed via tetracycline (tet) induction (Fig 

22b) suggesting a functional interaction between SF-1 and FOXL2. hFOXL2 has four 

putative sumoylation sites [57] so we acquired 4KR SUMO mutants generated by the 

Crisponi lab to test if protein-protein interaction between SF-1 and FOXL2 could be 

mediated by sumoylation. When we performed co-immunoprecipitation studies with 

sumoylated WT or SUMO-less 2KR mSF-1 we found reduced interactions when one 

binding partner is a SUMO mutant (2KR SF-1 with WT FOXL2 and WT SF-1 and 4KR 

FOXL2, respectively) (Fig 22c). Furthermore, we found that physical binding between 

SF-1 and FOXL2 was weakest in the presence of mutants for both proteins suggesting 

that intact SUMO residues of SF-1 and FOXL2 is required for the two proteins to bind 

efficiently (Fig 22c). Unfortunately, we were never able to demonstrate that hFOXL2 

protein is sumoylated in cells (Fig 22d) even with addition of exogenous SUMO (data 

not shown) and we are skeptical whether hFOXL2 is indeed sumoylated. Future mass 

spectrometric studies could determine the sumoylation status of FOXL2. So far, we can 

only conclude that SF-1 sumoylation is required for SF-1 and FOXL2 physical 

interaction.  
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To test if the loss of SF-1 sumoylation also leads to changes in DNA binding, we 

also performed ChIP-seq experiments on WT and 2KR mSF-1 in HEK293 cells. We 

obtained nearly 24, 000 binding sites for WT SF-1 but only ~4, 600 binding sites for 2KR 

SF-1. Similar to what we’ve found in HEGP2 cells for hLRH-1, the primary motif for both 

sumoylatable and SUMO-less SF-1 is the NR5A consensus sequence (Fig 23a). 

However, we do notice difference in frequency distribution of some nucleotides in the 

NR5A binding motifs and some low nucletotide conservation in its flanking. To identify 

which 2KR peaks may be associated with transcription, we looked for genes associated 

with 2KR ChIP-seq binding that were also SUMO-sensitive in HEK293 cells (Supp Mat 

8-9). Only 20 genes showered greater than 2-fold upregulation when 2KR SF-1 was 

expressed relative to WT SF-1 (Supp Mat 10) and only 11 of those genes contained 

2KR SF-1 binding sites (Fig 23b). Four of those genes were investigated for chromatin 

occupancy and it appears that binding to those genes may be enhanced in the SUMO-

less 2KR SF-1 with respect to WT over time (Fig 23c). 
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CHAPTER 4 CONCLUSIONS 

 

 

 

 

In Chapter 4 we studied the effects of sumoylation on SF-1 protein-protein and 

protein-DNA binding. From chromatin immunoprecipitation studies with WT and 2KR 

SF-1 we were not able to identify unique binding sites to 2KR SF-1, likely due to the 

small number of 2KR binding sites. When we looked for SUMO-sensitive genes that had 

2KR ChIP-seq binding sites, we identified only four that appeared to have enhanced 

chromatin occupancy over time. These data are not surprising given what we’ve found 

in HEPG2 cells for LRH-1 which suggest that altering NR5A sumoylation does not 

change de novo binding. Therefore, we believe that there must be a larger role for 

interacting proteins like cofactors in contributing to SUMO regulation. This is in line with 

our transcriptional and binding data for CYP24A1 and SERP1 in HEPG2 cells. 

 

Indeed, what we’ve discovered from co-immunoprecipitation studies is that SF-1 

sumoylation is required for binding to the transcription factor FOXL2. Additional 

mutations of FOXL2’s four putative sumoylation sites further reduce this interaction. 

However, more biochemical studies need to be carried out to determine whether FOXL2 

is indeed sumoylated in cells.  
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We took a candidate-based approach in investigating FOXL2 binding based on 

common functions with SF-1 but there are likely more candidates that interact with 

sumoylated or unsumoylated SF-1.  In fact, work from a different group identified ARIP4 

as another sumoylated SF-1 binding partner through an unbiased screen [55]. ChIP 

studies show that ARIP4 recruitment represses SF-1 transcription. Interestingly, the SF-

1 homolog LRH-1 plays a prominent role in the ovary [58] and LRH-1 can also bind 

ARIP4. Thus, we are curious to know if LRH-1 sumoylation is also required for binding 

to FOXL2 and whether this contributes to a functional interaction in the ovary. 
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CHAPTER 4 METHODS 

 

The generation of tetracycline (TET)-inducible Flp-In T-REx stable HEK293 cells 

is the same as described for JEG3 cells in Chapter 1 Methods. HEK293 cells were 

generally induced with TET for 24 hours followed by western blotting, co-

immunoprecipitation or chromatin immunoprecipitation followed by qPCR or deep 

sequencing, all of which have been described in Chapter 1-3 methods. C-Myc antibody 

(supernatant) was purchased from Developmental Studies Hybridoma Bank and used at 

1:200 concentrations. 

  



	    65 

DISCUSSION 

 

 

 

 

Here, we validate TA as a potent in vivo inhibitor of hLRH-1 sumoylation after 

being discovered through a phenotypic, gene-expression based screen. In vitro assays 

confirm that TA impedes sumoylation on multiple substrates, even in the presence of 

detergent. An acute, non-toxic dose of TA treatment markedly reduces the levels of 

LRH-1 modified by SUMO1 and SUMO2 in cellular assays, exceeding the inhibitory 

effects of siUBC9 knockdown. TA modulates expression of hLRH-1 target genes in cells 

and can mimic the transcriptional output of the SUMO-less 2KR LRH-1 mutant to switch 

on SUMO-sensitive genes in mouse hepatocytes (data not shown). However, when we 

test for how TA could change global chromatin occupancy, we found no overall changes 

in de novo occupancy through direct hLRH-1 binding but merely an enhancement of 

DNA binding to SUMO-sensitive genes.  

 

Tannic Acid as a Potent Sumoylation Inhibitor 

 

TA is a potent sumoylation inhibitor that validated in multiple models. While 

polyphenols such as TA are easily dismissed as promiscuous inhibitors and false 

positives in high-throughput screens, its effects in our sumoylation assays are extremely 
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reproducible in multiple cell lines and in vivo. In our IVS assay conditions, TA is more 

effective than 2-D08 and GA and can inhibit sumoylation of multiple substrates in vitro, 

including SF-1 and a fragment of the androgen receptor. In our hands, we noted 

significant cellular toxicity with GA beginning at 10 µM, consistent with GA-mediated 

decrease in HEPG2 cell viability[59]. In contrast to other published work, the effects of 

GA in our cellular studies decrease sumoylation as an adaptive response to cell death. 

Hence, we believe that the utility of GA in assessing the transcriptional responses of 

substrate sumoylation is limited. The fact that 2-D08 does not inhibit hLRH-1 

sumoylation but is effective on other substrates (AR peptide and FL-IκBα) might reflect 

2-D08’s failure to block the strong interactions between Ubc9 and NR5As. To 

corroborate this, cellular assays comparing prolonged UBC9 knockdown to acute TA 

treatment show that TA may work on an alternate pathway to UBC9-mediated 

sumoylation based on their different effects on SUMO1 modification of hLRH-1. 

Nonetheless, these data imply that mechanistically distinct sumoylation inhibitors act on 

different classes of substrates. 

 

Elucidating the MMOA of Tannic Acid  

 

One challenge from this as well as other phenotypic screens is identifying the 

molecular mechanism of action (MMOA) of a hit. Limited in vitro data suggest a direct 

mechanism in vitro for TA via: (1) inhibition of FL-hLRH-1 sumoylation even in the 

presence of detergent and (2) inhibition of E1 thioesterization, as found for the 

ellagitannin davidiin, but not the E2 step. Polyphenols, including TA are antioxidants 
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and can scavenge reactive oxygen species (ROS) during oxidative stress [60, 61], and 

as such, might alter substrate sumoylation given that ROS directly affect the equilibrium 

between sumoylation-desumoylation [62]. In this regard, we find that two other 

antioxidants, ellagic acid and EGCG are ineffective at inhibiting hLRH-1 sumoylation 

(data not shown). Further, our IVS assays are highly reducing implying that TA does not 

inhibit LRH-1 sumoylation via antioxidant properties.  

 

TA-induced colloid formation is difficult to detect by dynamic light scattering in 

cell culture media (10% FBS, data not shown), making it unclear whether aggregate 

formation contributes to the MMOA of TA in cellular assays. We can test this by 

centrifugation or addition of detergent to our cell-based assays and tracking the loss or 

persistence of TA activity [63]. If TA is indeed forming colloids in our cellular assays, 

one interesting hypothesis its MMOA is that it could also alter G-protein Coupled 

Receptor (GCPR) activity. In fact, well-characterized aggregators have been 

demonstrated to inhibit GPCRs and, conversely, some GPCR ligands can also form 

aggregates [63]. Clearly, TA could also interfere with other factors or upstream signaling 

pathways that directly or indirectly promote NR5A sumoylation. It is of great interest for 

us to screen for GPCRs that could be epistatic to sumoylation and perhaps LRH-1 

sumoylation can serve as a platform for identifying these GPCRs. 
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NR5A Sumoylation as Model for Investigating Transcription, DNA Binding and 

Protein-Protein Interactions 

 

Our gene-expression based screen was designed to sample the transcriptional 

output of substrate sumoylation, which is not yet possible in an in vitro target-based 

screen. Two factors make hLRH-1 an excellent test substrate in our initial and follow-up 

assays. First, our earlier work established that manipulating the levels of sumoylated 

NR5A results in robust transcriptional changes, which were exploited in our phenotypic 

screen. We reasoned that a transcriptional endpoint would integrate contributions of 

other cellular proteins in promoting substrate-specific sumoylation or desumoylation and 

also integrate the synergistic effects of multiple transcription factor sumoylation [64, 65]. 

Second, hLRH-1 is well-sumoylated when expressed in multiple cell types, as shown in 

this study. Indeed, identical patterns of hLRH-1 sumoylated species are observed in 

multiple cell models including, JEG3, and HEPG2 cells, as well as in primary 

hepatocytes (data not shown). Moreover, in contrast to most studies, this report shows 

that sumoylated hLRH-1 species are readily detected with only the endogenous 

sumoylation machinery; exogenous SUMO and E3s are not required. Thus, the 

consistency and robust sumoylation observed for hLRH-1 facilitated follow-up studies 

on candidate small molecule hits.  

 

Parts of this study follow up on prior reports that suggest that sumoylation 

impedes NR5A DNA binding in gel shifts and ChIP-qPCR assays [4, 8]. Elaborate ChIP-

seq studies have also shown that the loss of transcription factor sumoylation 
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dramatically alters global chromatin occupancy [14-16]. Using tannic acid or genetic 

mutations to eliminate LRH-1 or SF-1 sumoylation we’ve tested this model through 

unbiased chromatin immunoprecipitation and deep sequencing studies. In both 

pharmacological and genetic conditions we have found no obvious changes in de novo 

binding by manipulating the sumoylation of either SF-1 or LRH-1. However, the NR5A 

motif for sumoylated and unsumoylated LRH-1 or SF-1 is never completely identical. 

Whether low frequency distribution or “wobbly” sites may play a role in SUMO-sensitive 

gene binding remains unknown. This can be easily tested by protein binding 

microarrays with sumoylated and unsumoylated protein. Meanwhile, we’ve found that 

DNA binding on SUMO-sensitive genes in particular may be enhanced over prolonged 

expression of a SUMO-less mutant or by acute desumoylation by TA. While a growing 

number of reports show that sumoylation may be a robust method for regulating 

genome-wide chromatin occupancy for ligand-dependent nuclear receptors like AR or 

GR, it appears that the same may not be true for ligand-independent sumoylation of 

NR5As.  

 

On the other hand, when we tested specific protein interactions using co-

immunoprecipitation assays, preliminary data suggest that SF-1 sumoylation may be 

required for its physical interaction with the developmental transcription factor FOXL2. 

Moreover, the regulatory role of SF-1 or LRH-1 sumoylation during cofactor recruitment 

is still unclear. These preliminary data open the door to a series of explorations on the 

biochemical nature of the interactions between sumoylated and unsumoylated NR5A 

proteins and their binding partners. 
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Collectively, this and aforementioned studies on NR5A sumoylation suggest that 

the ratio of sumoylated-desumoylated NR5As can be manipulated to switch on and off 

transcription. Permanently disrupting the cycle of NR5A sumoylation, in other words 

generating K to R gene mutations, ectopically activates some transcriptional programs, 

eventually leading to disease [4]. On the other hand, the ability to acutely turn on these 

SUMO-sensitive pathways, for example by the acute addition of TA, might circumvent 

the negative impact of permanently disrupting substrate sumoylation. Clearly, identifying 

drugs that selectively decrease or promote substrate sumoylation will be the goal of 

future phenotypic screening strategies. Lastly, while immortalized cells have been 

particularly useful in studying the impact of NR5A sumoylation and elucidating its 

different mechanisms perhaps more significant findings will come about in the context of 

development or in an in vivo, physiological model.  
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