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Abstract

Ovarian cancer is the fifth most deadly cancer in women in the United States and despite advances 

in surgical and chemotherapeutic treatments survival rates have not significantly improved in 

decades. The poor prognosis for ovarian cancer patients is largely due to the extremely high (80%) 

recurrence rate of ovarian cancer and because the recurrent tumors are often resistant to the widely 

utilized platinum-based chemotherapeutic drugs. In this study, expression of Rad6, an E2 

ubiquitin-conjugating enzyme, was found to strongly correlate with ovarian cancer progression. 

Furthermore, in ovarian cancer cells Rad6 was found to stabilize β-catenin promoting stem cell-

related characteristics, including expression of stem cell markers and anchorage-independent 

growth. Cancer stem cells can promote chemoresistance, tumor recurrence and metastasis, all of 

which are limiting factors in treating ovarian cancer. Thus it is significant that Rad6 

overexpression led to increased resistance to the chemotherapeutic drug carboplatin and correlated 

with tumor cell invasion. These findings show the importance of Rad6 in ovarian cancer and 

emphasize the need for further studies of Rad6 as a potential target for the treatment of ovarian 

cancer.
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1. Introduction

Ovarian cancer (OC) is a serious problem worldwide and is the most deadly gynecological 

malignancy in women in the USA [1]. OC is typically asymptomatic during early 

development and thus is frequently detected at late stages where prognosis is poor. 
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Currently, the five year survival rate is only 45.6%, a number which has changed little in 

decades [2]. This highlights the need to find new treatment options for patients with ovarian 

cancer.

Rad6 is an E2 ubiquitin-conjugating enzyme originally identified in yeast where it is 

required for DNA repair, induced mutagenesis and proliferation [3]. Humans have two 

homologs, Rad6A and Rad6B, which were able to complement mutant Saccharomyces 

cerevisiae Rad6 in DNA repair [4]. In humans, Rad6 has been shown to regulate gene 

transcription through modulation of chromatin conformation by histone modification and 

degradation [5–7]. Furthermore, Rad6 plays a pivotal role in choosing which DNA repair 

pathway is used [8,9]. Loss of Rad6 sensitizes cells to DNA damage and chemotherapeutic 

drugs [7]. Conversely, overexpression of Rad6 corresponds with mitotic abnormalities and 

can lead to transformation [10]. High levels of Rad6 correlate with melanoma development 

and progression [11]. Elevated Rad6 was also found in breast cancer, where it promotes 

malignant progression through stimulation of the Wnt/β-catenin signaling pathway [10,12].

In this report we examined the expression of Rad6 in ovarian cancer patient tissue and found 

that its expression correlated with tumor stage. In OC-derived cell lines increased Rad6 

expression led to increased expression of stem cell markers and components signaling 

pathways that promote stemness. Cells expressing higher levels of Rad6 were also more 

capable of anchorage-independent growth, a key property of cancer stem cells (CSCs). 

Furthermore, ectopic overexpression of Rad6 increased resistance to carboplatin in ovarian 

cancer cells. Therefore, Rad6 is important for the progression of ovarian cancer and 

promotes stem cell characteristics that can provide the tumor with increased capacity for 

chemoresistance, proliferation and metastasis.

2. Methods and materials

2.1. Cell Lines and reagents

Fallopian tube epithelial cells (FTSEC or FTEC) were used as normal ovarian cells 

(generously provided by Dr. Amir Jazaeri) [13]. OV90 and SKOV3 cells were purchased 

from ATCC, isogenic A2780 (cisplatin-sensitive) and A2780/CP70 (cisplatin-resistant) cells 

were previously described [14]. OV90 and SKOV3 cells were cultured in 1:1 DMEM/F12 

(Mediatech). FTSEC, A2780 and A2780/CP70 cells were cultured in RPMI [14]. All media 

were supplemented with 10% FBS and 1x Penicillin/Streptomycin. Carboplatin was from 

Sigma and Rad6 expression vector was obtained from Addgene [15]. The siRNAs used in 

this study were purchased from Dharmacon and the transfections were done using 

Lipofectamine 2000 (Invitrogen) following the manufacturer’s protocol. Antibodies specific 

to the following proteins were used: Gli1 (Cell Signaling Technology); GAPDH, 

ALDA1H1, BMI1, Nanog, OCT4, Myc, and β-Catenin (Santa Cruz Biotechnology); Rad6 

(Bethyl Laboratories); H2B, H3K79me3 and SOX2 (Abcam); and Ub-H2B (Millipore).

2.2. Clonogenic survival assays

For clonogenic survival assays, 500 cells were plated in 6-well culture dishes in triplicate 

[16]. Cells were allowed to attach overnight and treated with indicated concentrations of 

carboplatin or vehicle control (DMSO) overnight. After the drug treatment cells were 
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washed three times with PBS and two times with growth medium and allowed to form 

colonies in complete growth medium. After 8 to 12 days colonies were fixed in methanol, 

stained with crystal violet (0.5% w/v) and counted as described [16]. Only colonies 

containing more than 25 cells were counted.

2.3. Western blotting

For Western blot analysis cell lysates were prepared after washing three times with ice-cold 

PBS. Cells were lysed in ice-cold cytoskeletal (CSK) buffer freshly supplemented with 

protease and phosphatase inhibitors (Roche) as described [17]. After quantitation of the 

protein concentrations, samples were normalized and prepared in 5x Laemmli buffer and 

heated to 100°C for 15 min. Denatured samples were resolved by SDS-PAGE gel followed 

by immunoblotting as described [17].

2.4. Sphere formation assays

The adherent ovarian cancer cells growing in log phase were harvested by trypsinization, 

counted and seeded in ultra-low attachment 6 well dishes at 1×104 to 1000 cells/well. The 

cells were allowed to grow and form spheres as detailed elsewhere [18]. In brief, the counted 

cells were carefully dispersed as single cells, cultured in stem cell-specific serum free media 

(2 mL) in an ultra-low attachment six well plates for 10–12 days. This defined media (1:1 

DMEM/F-12) was supplemented with 1% penicillin-streptomycin, B27 and N2 supplements 

(all from Gibco), and growth factors [recombinant human epidermal growth factor (EGF) 

and fibroblast growth factor (FGF), both from Invitrogen]. These conditions support stem 

cell growth, and with time, cells proliferate to form floating single cell cloned spheres, 

known as OC spheres. After seeding the cells were observed daily to ensure that spheres 

were forming as a result of multiplication from a single cell and not due to cell adherence. 

Fresh media containing growth supplements EGF (20 ng/ml) and FGF (20 ng/ml) was added 

every 72 h. The spheres containing ≥ 50 cells were scored as large (true stem cell spheres), 

while spheres <50 but >15 cells were considered to be small spheres.

2.5. Generation of carboplatin-resistant cells

The carboplatin-resistant SKOV3 cell lines were generated by intermittently exposing the 

original SKOV3 cell line to sequentially increased concentrations of carboplatin. The 

SKOV3 cells were exposed to different concentrations of carboplatin for 72 hours and then 

allowed to recover in the drug free medium. This process was repeated to get resistant cell 

lines at a range of concentrations of carboplatin (1 to 20 μM). Resistance was confirmed by 

clonogenic survival assay. The cell lines were named according to level of carboplatin 

resistance. The cell line widely used here is SKOV3/CP20 which is resistant to 20 μM 

carboplatin.

2.6. Immunohistochemistry

Normal ovarian tissue and ovarian cancer tumor samples were purchased from US 

BIOMAX and expression of Rad6 protein was measured by immunohistochemistry. Tissue 

sections were incubated with anti-Rad6 antibody, followed by a specific biotinylated 

secondary antibody (1:250 dilution), and then conjugated HRP streptavidin and DAB 
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chromogen and tissues were counterstained with hematoxylin. Stained sections were 

analyzed by Zeiss Axioscope 2 microscope and images captured by AxioCam camera at 

400x magnifications were analyzed by NIS Element AR software (Nikon). This process was 

carried out without any knowledge of the identity of each tissue sample to prevent bias in 

scoring the samples.

2.7. 3-D culture invasion assay

OC cell spheres generated as described above were harvested and immobilized in Matrigel 

according to manufacturer’s instructions (Cultrex). Briefly, 4-chambered glass slides were 

coated with thin layer of Matrigel (80 μL/well). Approximately 100 spheres in PBS were 

mixed (1:1 ratio) with Matrigel and 500 μl was layered on top of the solidified basement 

Matrigel-coated chamber slide. The slide was incubated at 37°C for 30 min. After Matrigel 

had solidified complete growth media supplemented with EGF (20 ng/ml) was added. The 

spheres were allowed to grow in this 3-D culture media for 72 hr. The spheres were 

monitored and imaged by Zeiss Axioscope 2 microscope and images were captured for 

every 24 hr by AxioCam camera at 100x magnification.

2.8. Statistical analysis

Clonogenic survival data and sphere formation data presented are averages of three 

independent experiments. The experiments performed in triplicate each time. Error bars 

represents the ± SEM. Data were analyzed either by GraphPad Prism 6 or Excel 2010 

(Microsoft).

3. Results

3.1. Rad6 expression correlates with ovarian cancer stage

Rad6 levels correlate with severity of melanoma and breast cancer [10,11]. To determine if 

Rad6 is also associated with disease progression in OC, normal and staged OC tissue 

samples were stained for Rad6 (Fig. 1A). The identities of the samples were concealed to 

limit any bias in scoring for Rad6 signal intensity. Consistent with the findings in 

aforementioned cancers, Rad6 levels correlated well with disease progression (Fig. 1B). 

Aberrant Hedgehog (Hh)/Gli signaling is commonly associated with tumor growth, 

metastasis, and resistance to chemotherapy [16,19] and we previously demonstrated that 

ALDH1A1 regulates DNA repair and checkpoint progression to enhance resistance to 

platinum drugs [14]. Therefore, we examined stage 3 and 4 OC and adjacent normal tissue 

for expression of these proteins in addition to Rad6. All three proteins were highly expressed 

in the tumor samples compared to normal tissue (Fig. 1C). In order to determine if the high 

levels of these proteins is due to enhanced transcription of their genes in the OC tumors, 

mRNA levels of each were quantitated. Gli1 and Rad6 message correlated with OC stage 

similarly to protein, with Gli1 mRNA being 4 to almost 10-fold higher in grade 3 and nearly 

10-fold higher in stage 4 and Rad6 3 to 7-fold more in stage 3 and 13-fold greater in stage 4 

tissue compared to normal ovarian tissues (Fig. 1D).

To further establish the correlation between Rad6 and OC we analyzed a normal, 

immortalized cell line derived from fallopian tube epithelial cells, a proposed OC precursor 
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[13], and several OC cell lines, including 2 isogenic pairs of platinum-sensitive (A2780 and 

SKOV3) and platinum-resistant (A2780/CP70 and SKOV3/CP20) lines. As expected the OC 

cell lines had higher Rad6 expression than normal cells (Fig. 1E). Interestingly, Rad6 levels 

were also significantly higher in the cell lines with platinum drug resistance.

3.2. Rad6 levels correlate with platinum drug resistance and stem-like characteristics

Carboplatin-resistant A2780/CP70 cells exhibited greater Rad6 expression than its isogenic 

carboplatin-sensitive counterpart (Fig. 1E). SKOV3/CP20 cells were generated by sequential 

exposure to increasing concentrations of carboplatin and analyzed for Rad6 expression. 

Rad6 levels increased with the level of platinum resistance in these cells (Fig. S1). Together 

these results show that Rad6 correlates with platinum resistance in ovarian cancer cells; a 

finding that is consistent with earlier studies reporting that Rad6 can promote 

chemoresistance [7]. Rad6 is also known to stabilize β-catenin and stimulate Wnt signaling 

[12], a pathway associated with stem cell properties [20]. Thus, we examined the capability 

of the isogenic platinum-sensitive and –resistant A2780 cells for anchorage-independent 

growth as spheres, an indicator of stem cell-like properties. The resistant A2780/CP70 cell 

line generated substantially more spheres in culture (Fig. 2A & B). To further confirm the 

correlation between Rad6, stemness and platinum resistance we examined the expression 

levels of several stem cell markers (ALDH1A1, BMI1, SOX2, Nanog, OCT4) and signaling 

proteins (Gli1 and β-catenin) and found that all were upregulated in the platinum-resistant 

cells (Fig. 2C and not shown). An increase in histone 2B (H2B) ubiquitination and 

formation of histone H3K79me3 were also seen in these cells. Alterations in H2B 

ubiquitination have previously been shown to enhance transcription in cancer cells [21] and 

Rad6 has been implicated in H2B ubiquitination [5]. Histone H3K79 trimethylation is 

dependent upon H2B monoubiquitantion by Rad6 and is a marker for an open 

transcriptionally active region [22,23]. Additionally, Matrigel invasion assays showed that 

the more stem cell-like, platinum resistant A2780/CP70 cells were also more invasive than 

their platinum-sensitive counterpart (Fig. 2D).

At least 80% of OC cases in the US involve serous tumors [24]; therefore, it is important to 

confirm the correlation between stemness, platinum resistance and Rad6 expression using 

cell lines derived from serous tumor (SKOV3). As seen with the isogenic A2780 cell lines, 

the platinum-resistant SKOV3/CP20 cells were more proficient at anchorage-independent 

growth (Fig. 3A & B), and expressed higher levels of Rad6, stem cell markers, and Wnt and 

Hh signaling molecules (β-catenin and Gli1) than the isogenic platinum-sensitive SKOV3 

(Fig. 3C). The SKOV3/CP20 generated for this work were confirmed to be resistant to the 

platinum chemotherapy drug carboplatin (to 20 μM, hence the name CP20 - Fig. 3D). 

Importantly, knocking down Rad6B using siRNAs attenuated SKOV3 cells’ clonogenic 

potential (Fig. 3E). This shows that the effects are not cell line specific but are found in cells 

derived from several types of ovarian cancers.

3.3. Ectopic overexpression of Rad6 induces carboplatin-resistance and stem-like 
properties

Rad6 expression correlates with OC severity (Fig. 1A–D), resistance to platinum-based 

chemotherapeutic drugs (Fig. 1E & S1) and with anchorage-independent growth as spheres 
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and expression of stem cell markers and the signaling molecules β-catenin and Gli1 in OC 

cell lines (Fig 2 & 3). In order to determine if Rad6 is responsible for the enhanced platinum 

resistance and the development of stem cell properties, it was overexpressed in SKOV3 

cells. Increasing Rad6 expression in these cells was accompanied by increased sphere 

formation, which is indicative of stem cell characteristics (Fig 4A & B). This was 

accompanied by increased expression of stem cell markers (SOX2, BMI1, ALDH1A1, 

Nanog, and OCT4) and ubiquitinated histone 2B (Fig. 4C and not shown) in the SKOV3/

Rad6 cells. Rad6 overexpression in these normally platinum-sensitive cells significantly 

increased resistance to carboplatin in clonogenic survival assays (Fig. 4D). Taken together 

this data shows that overexpression of Rad6 in ovarian cancer cells can lead to increased 

resistance to platinum-based chemotherapeutic drugs and enhanced stem cell characteristics 

potentially leading to more aggressive tumor growth and metastasis. This is significant in 

light of evidence showing that chemotherapy drug-resistant CSCs can lead to tumor 

recurrence [25].

4. Discussion

Ovarian cancer remains a serious health issue worldwide and in the United States alone 

there are more than 22,000 new cases annually. Because of its largely asymptomatic 

progression OC typically goes undetected until reaching an advanced stage with widespread 

intra-abdominal involvement and/or metastatic spread. While survival rates of many cancers 

have improved with current detection and treatment methods, OC outcomes have changed 

little in decades [2]. Therefore, there is a need for better understanding of the nature and 

pathology of OC in order to develop better treatment options. Thus in this study we have 

explored the role of Rad6 in ovarian cancer. Expression of the E2 ubiquitin-conjugating 

enzyme Rad6 correlates well with progression of OC tumors (Fig. 1A–D). This finding 

correlates with previous studies of Rad6 expression in melanoma and breast cancer [10,11]. 

This is important because Rad6 has been implicated in regulating proliferation, DNA repair 

and resistance to chemotherapeutic drugs [3,7–9].

The expression of Rad6 in laboratory cell lines derived from OC was also high and 

correlated with resistance to platinum-based drugs (carboplatin and cisplatin – Fig. 1D). 

When an OC cell line (SKOV3) was made resistant to increasing levels of the chemotherapy 

drug carboplatin, Rad6 expression increased with resistance (Fig. S1), suggesting Rad6 

expression is important for developing drug resistance. This was confirmed by measuring 

carboplatin resistance in OC cells overexpressing Rad6. These cells showed significantly 

greater resistance to carboplatin than vector control (Fig. 4D). This confirms previous 

studies correlating Rad6 expression with drug resistance [7].

Rad6 has previously been shown to stabilize β-catenin a member of the Wnt signaling 

pathway [12]. Wnt signaling through β-catenin promotes stemness and self-renewal [20]. 

There is a wealth of evidence that cancer stem cells (CSCs) promote tumor initiation, 

cellular heterogeneity, avoidance or resistance to treatment, recurrence and metastasis [26]. 

Chemotherapy resistance, recurrence and metastasis are major limitations in the current 

treatment of OC that need to be addressed; therefore, OC cells were analyzed for expression 

of stem cell markers and capacity for anchorage-independent growth (stem cell 
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characteristic). Analysis of two sets of isogenic OC cell lines showed that the platinum-

resistant cell lines that express higher levels of Rad6 (A2780/CP70 & SKOV3/CP20) were 

enriched in protein markers of stemness compared to platinum-sensitive counterparts 

(A2780 & SKOV3) which express lower levels of Rad6 (Fig. 2C & 3C). Furthermore, 

downregulation of Rad6B attenuated clongenic potential of OC cells (Fig 3E). On the other 

hand, when OC cells were transfected with a plasmid expressing Rad6B, these cells 

exhibited increased levels of stem cell markers (Fig. 4C) and Rad6 levels correlated with 

histone modifications suggesting open, actively transcribed chromatin. Each of these cell 

lines expressing higher levels of Rad6 and stem cell markers were more capable of 

anchorage-independent growth as OC spheres than their isogenic counterparts that had less 

Rad6 (Fig. 2A & 2B). Rad6 overexpressing SKOV3 cells formed more spheres than the 

vector control cells (Fig. 4A & B). Together these findings suggest that Rad6 promotes 

stemness in OC cells by stabilizing β-catenin. A model representation of these findings is 

presented in the Supplementary material (Fig. S2). Increased Rad6 expression in OC cells 

means there is more Rad6-mediated ubiquitin signaling leading to β-catenin stabilization 

(increased Wnt signaling) and enhanced Gli1 expression (increased Hh signaling). Enhanced 

activity of these signaling pathways combined with Rad6-directed chromatin remodeling 

leads to increased expression of proteins that promote stem cell-like properties leading to 

chemoresistance. Rad6 also partners with Rad18, an E3 ubiquitin ligase to regulate multiple 

DNA repair pathways including translesion synthesis and the Fanconi anemia/BRCA 

pathway [27,28].

Since most ovarian cancer cases are diagnosed at later stages and Rad6 expression correlates 

with progression of ovarian cancer, many patients will already have high levels of Rad6 

expressing tumor cells. Rad6 promotes chemoresistance and stem cell characteristics, which 

could lead to enhanced disease recurrence and metastasis. These findings suggest that 

development of new therapies targeting Rad6 may be warranted in the treatment of ovarian 

cancer.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

• Rad6 expression positively correlates with progression of ovarian cancer.

• Increased Rad6 expression lead to resistance to chemotherapeutic platinum 

drugs.

• Rad6 induces stem cell-like properties in ovarian cancer cells.
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Fig. 1. 
Rad6 expression correlates with ovarian cancer progression. A. Ovarian cancer tissue 

microarray containing both normal and all four stages of serous ovarian carcinoma from US 

Biomax was used for immunohistochemical analysis. Tissues were incubated with primary 

Rad6 antibody and DAB chromogen and then counterstained with hematoxylin. Shown are 

representative normal (top panel) and stage 3 tumor tissue (bottom panel) and selected areas 

are also shown at high magnification. B. Rad6 stained normal (n=16) and staged ovarian 

tumor (n=60) samples were scored for Rad6 intensity by double blind analysis and average 

values plotted. C. Protein was harvested from paired normal (N) and stage 3 and 4 ovarian 

tumor (T3 & T4, respectively) samples, and levels of Rad6, ALDH1A1 and Gli1 were 

measured by Western blot. D. Quantitative RT-PCR of Rad6 and Gli1 mRNA levels in 

normal ovarian (n=6) and graded ovarian tumors (n=42) of the HORT104 ovarian cDNA 

array (OriGene). Message levels were normalized to GAPDH mRNA and quantified using 

the ΔΔCt method. E. Total protein was isolated form normal, immortalized FTEC and 

ovarian cancer cell lines and Rad6 levels were quantitated by Western blot. Shown are a 

representative blot and the average values obtained from 3 independent experiments with 

each band adjusted to the corresponding GAPDH control. Statistical analysis: * indicates 

P<0.05, **P<0.01, ***P<0.001.
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Fig. 2. 
Rad6 expression correlates with stemness and platinum resistance in OC cells. A. Isogenic 

platinum-sensitive (A2780) platinum-resistant (A2780/CP70) ovarian cancer cells were 

tested for capacity for anchorage-independent growth (as described in Methods & 

Materials). B. The large (>50 cells) and small (<50 cells) OC spheres formed by each cell 

line were counted and average value presented. C. Anchorage-independent growth 

(represented by OC sphere formation) is characteristic of CSCs; therefore, protein was 

harvested from these cells and analyzed for the Rad6 levels, the presence of stem cell 

markers (ALDH1A1 & BMI1), expression of signaling molecules that promote stemness 

(Gli1 & β-catenin), and ubiquitination of histone 2B by Rad6 and related downstream 

histone H3 trimethylation H3K79me3. D. The isogenic A2780 and A2780/CP70 cell lines 

were analyzed by Matrigel invasion assay to determine invasive potential of these cells. 

Statistical analysis: * indicates P<0.05, **P<0.01.
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Fig. 3. 
Rad6 expression correlates with stemness in serous OC cells. A. Isogenic platinum-sensitive 

(SKOV3) and platinum-resistant (SKOV3/CP20) serous OC cells were assayed for 

capability of anchorage-independent growth as spheres. B. Average values of numbers of 

small (<50 cells) and large (>50 cells) spheres formed by SKOV3 and SKOV3/CP20 cells 

from 3 independent experiments. C. Total protein was examined for expression of stemness 

markers (SOX2 & BMI1) as well as pro-stem cell signaling proteins (Gli1 & β-catenin) and 

ubiquitination of histone H2B by Rad6 and the subsequent trimethylation of histone 3 

(H3K79me3). D. Clonogenic survival assay for analyzing carboplatinum resistance in 

SKOV3 and SKOV3/CP20 cells. Clonogenic survival was assessed in control and Rad6 

siRNAs transfected SKOV3 cells. E, and the representing Rad6 blot (inset) showing 

knockdown level of about 50%. Statistical analysis: * indicates P<0.05, **P<0.01.
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Fig. 4. 
Ectopic expression of Rad6 promotes platinum drug resistance and stemness in OC cells. 

SKOV3 cells were transfected with a plasmid to express Rad6B. A. The ability of parental 

and Rad6-overexpressing SKOV3 cells for anchorage-independent growth as spheres was 

determined. B. The average number of OC spheres produced by parental and Rad6-

overexpressing cells from three independent experiments. C. Levels of stem cell markers 

(SOX2 & BMI1) signaling molecules that promote stemness (Gli1 & β-catenin), and 

ubiquitination of histone 2B by Rad6 and trimethylation of histone 3 (H3K79me3) were 

measured by Western blot. D. The parental and Rad6-expressing cells were analyzed for 

resistance to the chemotherapy drug carboplatin by clonogenic survival assay. Statistical 

analysis: * indicates P<0.05, **P<0.01.
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