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RAD6 promotes chemoresistance in ovarian cancer
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ABSTRACT
Mortality in ovarian cancer is predominantly due to acquired chemoresistance and tumor recurrence.
UBIQUITIN CONJUGATING ENZYME E2 or RAD6 expression increases in cell lines and patient tumors in
response to platinum-based chemotherapy and promotes both activation of DNA damage response
pathways and expression of stemness genes and a stem cell-like phenotype driving ovarian cancer
chemoresistance.
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Chemoresistance in cancer can be attributed to several fac-
tors including enhanced DNA repair or damage tolerance
(DDT) activities and/or development of a stem cell-like
phenotype – which can include quiescence to evade impact
of chemotherapeutic drugs, increased efflux pumps or alde-
hyde dehydrogenase (ALDH) activity to remove or inacti-
vate the drug, or impaired apoptosis to survive the
cytotoxic effects of chemotherapy. Acquired chemoresist-
ance is a major factor contributing to poor survival rates in
ovarian cancer patients. We recently identified UBIQUITIN
CONJUGATING ENZYME E2 (UBE2), commonly known
as RAD6, as a key regulator of acquired chemoresistance in
ovarian cancer.1 RAD6 is an ubiquitin-conjugating enzyme
that, through interaction with different ubiquitin ligase part-
ners, acts to regulate multiple DNA repair and damage tol-
erance pathways. Furthermore, RAD6 is capable of
regulating gene expression through pro-transcription his-
tone modifications.2 Humans have two RAD6 proteins
(RAD6A & B or UBE2A & B) and both are frequently over-
expressed in various tumor types, and overexpression of
RAD6 promotes tumorigenesis, proliferation, invasion and
chemoresistance in normal, immortalized cells.3

Our previous work has shown a connection between
RAD6 expression and chemoresistance and acquisition of a
stem cell-like phenotype in ovarian cancer cell lines.4 In our
manuscript we followed up on these findings and showed
that RAD6 levels are high in ovarian cancer and increase in
response to treatment with chemotherapeutic agents in
ovarian cancer cell lines as well as patient tumors.1 Mortal-
ity in ovarian cancer patients is typically attributed to devel-
opment of a recurrent, chemoresistant tumor following
chemotherapy and RAD6 correlated with progression free
survival (PFS) in ovarian cancer patients. These findings
suggest RAD6 could be an important factor for resistance
to treatment and poor PFS. Therefore, to investigate the
role of RAD6 in acquired chemoresistance in ovarian

cancer, we knocked-down or inhibited both RAD6A and
RAD6B in multiple ovarian cancer cell lines. These cells
showed marked decreases in expression of cancer stem cell
(CSC) markers and activation of DNA damage response
(DDR) proteins and concomitant sensitivity to carboplatin
treatment. These findings strongly suggest that RAD6
expression is stimulated in response to chemotherapy and
in turn promotes chemoresistance in cancer cells through at
least two mechanisms; stimulating expression of CSC genes
and enhancing DNA repair activity in response to chemo-
therapeutic agents (Fig. 1). While the mechanisms of
RAD6-mediated activation of DNA repair are well-known,
RAD6 regulation of CSC gene expression has not been
explored. RAD6 promotes stabilization and nuclear localiza-
tion of CTNNB1, typically called b-catenin5 and functions
in conjunction with ring finger protein 20/40 (RNF20/40)
to monoubiquitinate histone H2B at lysine 120 which leads to
further histone modification resulting in a localized open confor-
mation that allows increased gene transcription.2 Neither of these
mechanisms has been shown to promote CSC gene expression in
cancer cells; therefore, we examined the levels monoubiquitinated
H2B within the promoters of two CSC genes that we determined
to be transcriptionally regulated by RAD6 and that also corre-
lated with chemoresistance and poor PFS in ovarian cancer
patients [Aldehyde Dehydrogenase 1 Family Member A1
(ALDH1A1) and SRY-box 2 (SOX2)]. We found that the levels
of monoubiquitinated H2B decreased when RAD6 was depleted
or inhibited, while control regions in promoters of genes not reg-
ulated by RAD6 were unchanged. The promoters of both
ALDH1A1 and SOX2 contain putative b-catenin binding sites,
and while b-catenin was not found to be associated with these
sites in untreated cells, it did bind the ALDH1A1 promoter in
response to carboplatin treatment and this interaction was
dependent upon the presence of RAD6. This establishes for the
first time direct RAD6-mediated regulation of CSC gene expres-
sion in response to chemotherapeutic agents.
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We demonstrated that the RAD6-specific small molecule
inhibitor TZ9 [4-Amino-6-(phenylamino)-[1,3,5]triazin-2-yl)
methyl-4-nitrobenzoate] strongly sensitized multiple ovarian
cancer cell lines to carboplatin, a drug commonly utilized for
treating ovarian cancer by blocking activation of DNA repair
and DDT as well as preventing expression of CSC proteins in
response to carboplatin treatment. Because RAD6 is at the cen-
ter of multiple pathways that contribute to acquired chemore-
sistance in ovarian cancer (and potentially many other
neoplasms) it is an attractive option as a future therapeutic tar-
get. Several RAD6 inhibitors have been tested in recent years;
however, they have not been very effective in humans (includ-
ing TZ9) and new, more efficient compounds need to be devel-
oped. Toward this goal we have begun developing multiple
RAD6 inhibitors based upon TZ9 as well as other unrelated
compounds.6

RAD6 partners with RAD18 to activate either faithful DNA
repair, such as through homologous recombination,7 or DDT
like translesion synthesis,8 which are suspected of contributing
to the mutagenesis associated with development and/or propa-
gation and metastasis of cancer. RAD6/RAD18 activity could
be the key determinant of which pathway is chosen and this
could have a profound impact on cancer-related mutagenesis.
Furthermore, RAD18 has recently been demonstrated to have
vastly different actions in normal and cancer cells;9 therefore, it
is imperative that the roles of RAD6 be thoroughly explored in
normal versus cancer cells. These differences could be exploited
for developing new chemotherapeutic agents targeting RAD6/
RAD18-dependent ubiquitin signaling pathways that specifi-
cally target cancer cells.
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Figure 1. Main RAD6 functions in cancer cells. RAD6 is an E2 ubiquitin-conjugating enzyme that partners with multiple ubiquitin ligases to regulate DNA repair and gene
transcription. RAD6 is overexpressed in many cancers and is further induced by chemotherapy-induced DNA damage. Increased RAD6 promotes cancer cell survival by
working with RAD18 to activate DNA repair by the Fanconi anemia and homologous recombination pathways and DNA damage tolerance by translesion synthesis. Fur-
thermore, RAD6 in conjunction with RNF20/40 promote transcription of stemness factors, such as SOX2 and ALDH1A1, by monoubiquitination of histone H2B in the vicin-
ity of these genes. Histone H2B monoubiquitination leads to further epigenetic modifications and open chromatin structures enhancing gene transcription. RAD6 also
stabilizes and promotes nuclear localization of the pro-stemness transcription factor b-catenin, by an unknown mechanism. Increased expression of stemness factors
assists survival of the cancer cell in response to treatment with chemotherapeutic agents.
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