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Oncogenic RAS-induced reactive 
oxygen species (ROS) trigger bar-

riers to cell transformation and cancer 
progression through tumor-suppressive 
responses such as cellular senescence or 
cell death. We have recently shown that 
oncogenic RAS-induced DNA damage 
and attendant premature senescence 
can be prevented by overexpressing 
human MutT Homolog 1 (MTH1), 
the major mammalian detoxifier of the 
oxidized DNA precursor, 8-oxo-dGTP. 
Paradoxically, RAS-induced ROS are 
also able to participate in tumor progres-
sion via transformative processes such 
as mitogenic signaling, the epithelial-
mesenchymal transition (EMT), anoikis 
inhibition and PI3K/Akt-mediated sur-
vival signaling. Here we provide a prelim-
inary insight into the influence of MTH1 
levels on the EMT phenotype and Akt 
activation in RAS-transformed HMLE 
breast epithelial cells. Within this con-
text, we will discuss the implications of 
MTH1 upregulation in oncogenic RAS-
sustaining cells as a beneficial adaptive 
change that inhibits ROS-mediated 
cell senescence and participates in the 
maintenance of ROS-associated tumor-
promoting mechanisms. Accordingly, 
targeting MTH1 in RAS-transformed 
tumor cells will not only induce prolifer-
ative defects but also potentially enhance 
therapeutic cytotoxicity by shifting cel-
lular response away from pro-survival 
mechanisms.

The RAS oncogene, found in approxi-
mately 25% of all cancers, confers multiple 
tumor-promoting characteristics includ-
ing unrestrained proliferation, survival 
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signaling, resistance to anchorage loss-
dependent cell death (anoikis), increased 
migration and invasiveness, and angiogen-
esis.1,2 Several of these features are known 
to be mediated by reactive oxygen species 
(ROS). In particular, hyperactivated RAS 
signaling elevates cellular ROS levels,3 
through Rac-GTP signaling-mediated 
NADPH oxidase (Nox) activity as well as 
by inducing mitochondrial dysfunction.4,5 
Oncogenic RAS-induced mitogenic sig-
naling is inhibited by the antioxidant, 
N-acetylcysteine,3 and its ability to con-
fer tumorigenicity, anoikis resistance 
and angiogeniccapability is function-
ally dependent on NADPH oxidase 1 
(Nox1)-generated superoxide radicals.6,7 
The PI3K/Akt pathway, a downstream 
RAS effector of survival signaling,8 is 
stimulated by ROS through oxidative 
inactivation of Akt-inhibitory phospha-
tases such as PTEN.9 Oncogenic RAS 
also induces the cell invasion-promoting 
epithelial-mesenchymal transition (EMT) 
through RacGTPase activity.10 Rac1 acti-
vates Nox1-dependent ROS generation11 
which has been reported to enhance 
production of matrix metalloprotease-9 
(MMP-9),12 an effector of EMT-induced 
invasion and migration. Thus, although 
ROS generation by oncogenic RAS causes 
oxidative DNA damage4,13 resulting in cell 
senescence13-15 or cell death,16,17 it is also 
essential to its transformative and tumor-
promoting functions.

Hence, RAS-transformed cells must 
deal with the damaging effects of ROS 
without eliminating ROS production 
entirely. One way for RAS-transformed 
cells to accomplish this outcome is to 
compensate for elevated RAS oncoprotein 
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Oxidative DNA damage can trigger 
either cell senescence or cell death, depend-
ing on the degree of damage and on which 
downstream damage response pathways 
are activated.27 Therefore, understanding 
the genetic or epigenetic context under 
which the different antitumor responses 
are activated is critical for effectively uti-
lizing MTH1 as a potential therapeutic 
target. Whereas MTH1 loss led to elevated 
senescence markers in the p53-competent 
MCF7-Ras cells, an unexpected finding 
from our study was the antiproliferative 
effect of MTH1 suppression on HMLE-
RAS cells,13 which no longer have active 
senescence induction pathways due to the 
presence of SV40 Large T Antigen. In 
these cells, we found that MTH1 suppres-
sion reduced cell numbers via a G

1
/S arrest 

but did not appear to induce cell death. 
This result indicates that, despite its role 
in modulating the DNA damage response 
(DDR) and p53-based cell senescence,28 
MTH1 loss can exert tumor-suppressive 
effects even in RAS-transformed cells that 
have lost p53 function. This class of tumor 
cells is often intractable to chemothera-
peutic regimens and therefore in dire need 
of novel druggable targets.

In investigating the basis of the 
observed proliferative defect in MTH1-
suppressed HMLE-RAS cells, we noticed 
an increased number of epithelial islets in 
the shMTH1-transduced cells (~20–30% 
by visual examination of the confluent 
bulk population) relative to the shGFP-
transduced control cells (Fig. 1A). These 
epithelial islets are similar in appear-
ance to the parental HMLE cells (Fig. 
1A) whereas the HMLE-RAS shGFP 
cells clearly exhibit the predominantly 
mesenchymal phenotype conferred by 
oncogenic RAS expression29,30 (Fig. 1A). 
As E-cadherin downregulation is a criti-
cal effector of the EMT phenotype in 
HMLE-RAS cells,29 we analyzed total 
E-cadherin protein levels and found that 
the total levels are 1.49 (±0.11)-fold higher 
in shMTH1-suppressed HMLE-RAS 
cells relative to the shGFP HMLE-RAS 
cells (normalized to the loading control 
actin; Fig. 1B). These findings suggest 
that MTH1 suppression partially inhibits 
the EMT phenotype, putatively by pref-
erentially reducing proliferation of the 
mesenchymal subpopulation30 that has 

ONCOMINE tumor data sets indicates a 
definite correlation between high MTH1 
levels and the presence of oncogenic 
RAS mutations in human cancers, spe-
cifically pancreatic and lung cancers.22,23 
In accordance with this fact, we found 
that oncogenic RAS overexpression itself 
upregulated MTH1 levels in both normal 
and tumorigenic cells.13 Furthermore, 
MTH1 suppression in isogenic pairs 
of breast epithelial cells lines (MCF7/
MCF7-RAS and HMLE/HMLE-RAS) 
selectively led to elevated total cellular 
8-oxoguanine (8-oxoG) and reduced 
proliferation in the RAS-transformed 
counterparts.13

The MTH1 gene promoter contains 
multiple consensus sequences corre-
sponding to the Ets family of transcrip-
tion factors,24 known to regulate gene 
expression in response to RAS signal-
ing.25 The MTH1 promoter also contains 
binding sites for NFkappaB and AP-1, 
both of which regulate gene transcription 
in response to oxidative stress.24 In addi-
tion, AP-1 and Ets sequences form com-
posite RAS-responsive elements (RRE) 
that can amplify RAS signaling-mediated 
transcriptional events.25 Collectively, 
these observations are consistent with 
MTH1 being transcriptionally upregu-
lated by oncogenic RAS signaling and/or 
RAS activation-induced oxidative stress. 
Therefore, MTH1 falls into the puta-
tive class of proteins that protect RAS-
transformed cells from ROS-induced 
tumor suppressor effects. However, due 
to its defined and well-characterized role 
in preventing incorporation of oxidized 
precursors into the genomic DNA,24 
MTH1 has an advantage over redox-
regulatory thiol proteins as a therapeutic 
target, because the latter often exhibit 
pleiotropic or dose-dependent effects on 
cellular functions. Furthermore, as nor-
mal untransformed cells do not suffer the 
chronically high levels of oxidative stress 
and DNA damage that afflict oncogeni-
cally transformed tumor cells,13,26 they 
are unlikely to exhibit the same degree of 
reliance on MTH1 function for prolifera-
tion and survival. Accordingly therapeu-
tic inhibitors of MTH1 are predicted to 
show high selectivity for tumor cells and 
to possess fewer undesirable off-target 
effects.

signaling by increasing expression of 
redox-protective proteins. Such an adapta-
tion would serve to uncouple the tumor-
promoting effects of ROS from their 
tumor-suppressive consequences. A pro-
teomics analysis study indicates that pro-
teins involved in cellular redox balance are 
among the relatively small number signifi-
cantly upregulated upon RAS-mediated 
transformation.18 Furthermore, disabling 
the glutathione system has been found to 
selectively induce ROS-mediated death in 
RAS-transformed ovarian cells,19 provid-
ing concrete evidence that redox-regula-
tory proteins play a functionally protective 
role in these cells. Even more strikingly, it 
has been demonstrated that enhancing 
expression of glutathione S-transferase 
(GST) in RAS-transformed murine cells 
abrogates the pro-apoptotic p38alpha-
mediated response to RAS-induced ROS 
without affecting the pro-survival/pro-
proliferation PI3K/Akt pathway.20 More 
recently, oncogenic KRAS was reported 
to increase expression of Nrf2, a critical 
redox-regulatory transcription factor that 
controls antioxidant response element 
(ARE)-mediated gene expression, with 
Nrf2 ablation reducing oncogenic KRAS-
mediated proliferation and tumorigenesis 
in vivo.21 Thus, in effect, the redox-pro-
tective proteins discussed above comprise 
a “non-oncogene addiction” in RAS-
transformed cells, in that their inhibition 
could significantly sensitize such cells to 
tumor-suppressive responses despite their 
not having a direct role in cell transforma-
tion. As such, identifying additional mem-
bers in this class of proteins is likely to lead 
to clinically valuable therapeutic targets 
and/or prognostic markers for activated 
RAS-sustaining cancers.

We recently found that overexpress-
ing the human 8-oxo-dGTPase MutT 
Homolog1 (MTH1) in normal human 
skin fibroblasts suppresses total cellu-
lar 8-oxoguanine (8-oxoG) levels, the 
DNA damage response (DDR), and cell 
senescence induced by oncogenic RAS 
expression, without affecting oncogenic 
RAS-induced ROS levels.13 Our study 
provides the first indication that detoxi-
fication of oxidative damage to DNA 
precursors is an important downstream 
mediator of oncogenic ROS-induced 
cellular responses. Examination of 
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in cancer cells, is also reduced following 
MTH1 suppression (0.71 ± 0.02-fold-
change in shMTH1 HMLE-RAS vs. 
shGFP HMLE-RAS cells; Fig. 1B). The 
differences in E-cadherin and p-Akt pro-
tein levels between the shMTH1 HMLE 
and shGFP HMLE cell were minor  

HMLE-RAS cells does not, in of itself, 
induce cell death,13 we wanted to deter-
mine if it adversely impacted maintenance 
of other survival mechanisms besides 
the EMT. We found that Akt activation 
(measured as the fraction of phospho-
Akt/total Akt), a key survival mechanism 

been reported to exist in the HMLE-RAS 
culture.

Previous research has found that 
E-cadherin downregulation is necessary 
for EMT-associated anoikis resistance and 
increased metastatic capability in HMLE-
RAS cells.29 While MTH1 suppression in 

Figure 1. MTH1 suppression reduces oncogenic RAS-induced EMT and survival signaling. (A) Representative images of HMLE-RAS tumorigenic breast 
epithelial cells and the parental HMLE cells. Cells cultured as previously described in reference 13. The arrow indicates epithelial morphology in 
shMTH1-transduced cells. Note that the HMLE-RAS shGFP cells are largely mesenchymal and the HMLE cells are epithelial in appearance. In compari-
son, the shMTH1 have a mixed morphology comprising both mesenchymal scattered cells and epithelial islets. (B) Western blotting indicates that 
E-cadherin is upregulated and phospho-Akt/total-Akt ratio is downregulated by MTH1 suppression in RAS-transformed HMLE cells. Approximately  
35 μg of protein lysates from the indicated HMLE and HMLE-RAS samples were run on a 4–12% Bis-Tris gradient gel (Nupage, Invitrogen). The resulting 
immunoblot was probed with the indicated antibodies at the following concentrations: MTH1, RAS and actin (as described previously in ref. 13),  
E-cadherin (1:4,000, BD Transduction Laboratories), p-Akt and total-Akt (1:2,000, Cell Signaling). Western blot bands were quantified using ImageJ 
1.42q software (National Institutes of Health) for densitometry, and the areas of all bands were normalized to the actin signal. All three bands on the 
immunoblot detected by the E-cadherin antibody are specific to E-cadherin, as confirmed by shRNA knockdown.29 Data shown is representative of 
three separate data sets. Quantitation of fold-changes in protein expression from shMTH1 cells relative to shGFP cells are shown to the right. The cor-
responding fold-change in oncogenic RAS protein levels in shMTH1 vs. shGFP HMLE-RAS cells is 1.12 ± 0.1. (C) Schematics depicting the known  
(solid lines) and putative (dashed lines) roles for MTH1 in modulating the tumor-promoting vs. the tumor-suppressive effects of oncogenic RAS-
induced ROS.
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also potentially explain why we observed 
reduced cell proliferation upon MTH1 
suppression even in the absence of func-
tional senescence pathways.13 Comparing 
the extent of non-EMT breast cancer stem 
cell markers, such as the fraction of high 
CD44/low CD24 subpopulation,40 in 
control vs. MTH1-suppressed HMLE-
RAS cells would shed further light on this 
possibility.

A third possibility entails that the 
elevated cellular 8-oxoG levels and/or 
DNA damage stemming from MTH1 
suppression in HMLE-Ras cells13 reduces 
the EMT phenotype. While this issue 
has not been comprehensively addressed 
in RAS-transformed cells, at least one 
study indicates that the MMP 3-induced 
EMT in mouse mammary epithelial 
cells is mediated by ROS and associ-
ated with significantly increased cellular 
8-oxoguanine levels.41 This finding sug-
gests that elevated 8-oxoguanine levels 
per se need not inhibit the EMT pheno-
type. Similarly, existing research on the 
effect of genomic instability and DNA 
damage signaling proteins on the EMT 
indicates that these potentiate acquisi-
tion of mesenchymal traits rather than 
inhibit them.41,42 Thus, it seems unlikely 
that oxidative DNA damage produced 
by MTH1 suppression is directly affect-
ing the EMT phenotype. It is also pos-
sible that shMTH1-induced 8-oxoGTP 
participates in and interferes with small 
GTPase signaling. Functional inhibition 
by exogenously added 8-oxoGTP on Rac1 
activation has been previously reported in 
reference 43; however, this result has not 
yet been verified under cell-physiologic 
concentrations of 8-oxoGTP and needs to 
be further validated.

The potential relevance of these vari-
ous mechanisms, the implications of 
shMTH1-induced E-cadherin upregula-
tion on anoikis and motility, and the exis-
tence of similar interplay between MTH1 
levels, Akt signaling and the EMT in 
other RAS-transformed epithelial tumor 
cells are being further investigated in 
our laboratory (Giribaldi M and Rai P, 
manuscript in preparation). Nevertheless, 
regardless of the specific underlying mech-
anisms, the preliminary results presented 
here potentially point to an emerging 
novel role for MTH1 in maintenance of 

However, in the absence of segregating the 
mesenchymal from the epithelial popula-
tions and comparing RAS and MTH1 
levels within each subset, this finding does 
not preclude the possibility that there may 
be variability in RAS expression depend-
ing on MTH1 expression at the individual 
cell level.

Furthermore, as ROS production is 
downstream of oncogenic RAS signaling, 
a related possibility that we have not yet 
explicitly tested involves inhomogeneity 
in cellular ROS levels through variable 
Nox1 activity and/or antioxidant levels 
within the HMLE-RAS culture. A sub-
population with unusually high oxidant 
levels may be able to more effectively pro-
voke Akt activation9 or be associated with 
enhanced levels of Akt signaling.32 Such a 
subpopulation is equally likely to induce 
the EMT via Rac1/Nox1 signaling10 or 
suppress E-cadherin levels via hypermeth-
ylation.37 We postulate that this subpopu-
lation would have greater need for the 
redox-protective function of MTH1 and 
thus be most prone to shMTH1-induced 
proliferative defects. Such a scenario could 
potentially explain why MTH1 suppres-
sion retards but does not fully inhibit cell 
proliferation in HMLE-RAS cells,13 and 
why it enriches for cells with an epithelial 
phenotype and lower levels of Akt activa-
tion (Fig. 1A and B).

A second possibility arises from the 
reported effect of the EMT phenotype 
on enriching tumor-initiating or cancer 
“stem” cells in breast epithelial cells.30 
Resistance to DNA damaging agents 
via enhanced DNA repair mechanisms 
appears to be one of the hallmarks of 
such tumor-initiating cells.38,39 Thus, it 
is tempting to speculate that the tumor-
initiating subpopulation of HMLE-RAS 
cells, enriched by the oncogenic RAS-
induced EMT, preferentially upregulates 
MTH1 expression to minimize oxidative 
DNA damage produced by oncogenic 
RAS-induced ROS. MTH1 suppres-
sion would then be predicted to selec-
tively abolish or reduce this mesenchymal 
progenitor-like subpopulation,30 leading 
to an increased number of epithelial-
appearing differentiated cells (Fig. 1A). 
Loss of such progenitor-like cells and 
concomitant decreased transit amplifica-
tion in the HMLE-RAS culture could 

(Fig. 1B). Therefore, in addition to 
inhibiting cell proliferation, MTH1 loss 
appears to negatively affect survival and 
pro-malignancy pathways in HMLE-RAS 
cells. Because Akt signaling is also linked 
to RAS-mediated cell cycle progression,31 
the observed decrease in phospho-Akt 
levels may be a contributing factor to the 
shMTH1-induced G

1
/S arrest in these 

cells. However enhanced Akt signaling 
has been reported to mediate both onco-
gene-induced senescence and cell death 
via elevation of ROS levels.32 Therefore, 
alternatively, the reduced phospho-Akt 
levels observed upon MTH1 suppression 
could occur as the result of some feed-
back mechanism responding to shMTH1-
induced elevation of oxidative DNA 
damage in cell subpopulations with a high 
degree of Akt signaling.

It is not clear from our present results 
whether the shMTH1-induced changes in 
E-cadherin and phospho-Akt occur inde-
pendently of each other or whether one is 
upstream of the other. PI3K/Akt signaling 
has been implicated in EMT induction;33 
its activation represses E-cadherin tran-
scription in epithelial cells and modulates 
subcellular localization of the residual 
protein.34 Akt inhibition in oral squa-
mous carcinoma cells has been shown to 
revert the EMT phenotype and its atten-
dant invasive traits and restore E-cadherin 
expression.35 However, a recent study 
reported that E-cadherin inhibits ovarian 
cancer cell growth through PTEN expres-
sion-mediated repression of Akt signal-
ing,36 putting E-cadherin upstream of Akt 
signaling. Thus, the relative contributions 
of E-cadherin and Akt to shMTH1-medi-
ated HMLE-RAS proliferative defect and 
EMT inhibition are likely to be complex.

The molecular mechanism(s) by which 
MTH1 suppression is able to partially 
inhibit the EMT phenotype also remain to 
be determined. The simplest explanation 
would be that MTH1 suppression selects 
for a subset of cells with low oncogenic RAS 
levels and concomitantly reduced cytoskel-
etal remodeling. This does not appear to 
be the case in the bulk population, as both 
the shGFP and shMTH1 HMLE-RAS 
cells exhibit equivalent RAS oncoprotein 
expression (the fold-change in shMTH1 
vs. shGFP HMLE-RAS cells is 1.12 ± 0.1; 
representative data shown in Fig. 1B). 
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specific contributor to the regulation of 
EMT and Akt signaling. Our published13 
and preliminary results herein suggest 
that other oxidative DNA damage repair 
proteins may selectively affect the prolif-
eration and survival of RAS-transformed 
cells. A promising candidate in this 
regard is the apurinic/apyrimidinic endo-
nuclease, APE1/Ref 1. APE1 participates 
in oxidative DNA damage repair via the 
base excision repair (BER) pathway, and 
also functions as a transcriptional coacti-
vator to modulate cellular redox states 
and gene expression.47 Furthermore, it has 
been reported to increase H-RAS expres-
sion and potentiate H-RAS-mediated 
PI3K/Akt signaling.48 Additionally, other 
nucleotide-sanitizing enzymes such as 
NUDT16, a deoxyinosinediphosphastase 
whose deficiency also engenders DNA 
single strand breaks and proliferative 
arrest49 may also potently influence ROS-
mediated cell fates in RAS-transformed 
cells. Thus, further exploring the effect 
of DNA oxidation-responsive enzymes 
on oncogenic RAS-induced cellular out-
comes has the potential to open new and 
informative avenues of research.
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