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Abstract
Cervical and vaginal cancers remain serious health problems. Worldwide, more than 530,000
women annually are diagnosed with these diseases, with most new incident cases occurring in
nations with limited health resources and underdeveloped screening programs. For women whose
disease is too bulky or widespread for surgery, radiochemotherapy should be looked upon as the
standard of care. Randomized clinical trials have indicated that radiochemotherapy strategies that
disrupt the repair of damaged DNA are key to the management of advanced stage cervical and
vaginal cancers. Here, from a viewpoint of cancer cell molecular biology, treatments for advanced
stage cervical and vaginal cancers are discussed.
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Cervical and vaginal cancers remain grave health problems worldwide. While structured
screening programs based on the Papinicolaou exfoliative cytology smear have lowered the
incidence for invasive disease and thus mortality attributed to cervical and vaginal cancer,1,2

these diseases are still the leading causes of life years lost to cancer in nations poor in health
resources.3 The international stage classifications for cancers of the uterine cervix and
vagina were revised recently by the International Federation of Gynecology and Obstetrics
(FIGO).4,5 Often, cervical and vaginal cancers are lumped together for the purposes of
testing therapeutic hypotheses in clinical trials.6 The treatment strategies described in this
article are germane to both diseases, with subtleties in radiation therapy and brachytherapy
acknowledged in other work.6

Cervical or vaginal cancer disease of bulk greater than 4 cm raises the hazard for disease
spread to other pelvic tissues and organs, rendering surgery with the intent to cure
challenging. Radiochemotherapy in these scenarios has been met with considerably more
success.7–17 Clinical trials have publicized therapeutic gains that occur when radiation
sterilizes pelvic disease and is aided in this effort by co-administered chemotherapies with
both local and systemic cytotoxic and anticancer biologic effects. Contemporary regimens of
radiochemotherapy are discussed for the treatment of women with cervical and vaginal
cancers, especially as radiochemotherapy aims to manipulate the ribonucleotide reductase
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(RNR)-mediated deoxynucleotide triphosphate (dNTP) supply needed for DNA damage
repair. Reviewed human translational clinical trials support this notion.

Disrupted Deoxynucleotide Production and Salvage in Cervical and Vaginal
Cancers

A primary cause of cervical and vaginal cancers is human papillomavirus (HPV), a virus
often acquired by sexual activity.18–21 Many HPVs are associated with anogenital neoplasia,
with types 16, 18, 31, 35, 39, 45, 51, 52, 56, and 58 leading to most invasive cancers.18 To
hone one’s thinking about radiochemotherapeutic strategies for cervical and vaginal cancers,
it is practical to discuss HPV pathophysiology and the means by which the virus initially
hijacks cervical and vaginal cell machinery for dNTP production (see Figure 1). HPV
contains closed-circular, double-stranded DNA.22 Eight open genome reading frames
program early translation of six proteins (E1, E2, and E4–E7) and late translation of two
proteins (L1 and L2) for multiplication of viral copy number in cells.22 For viral genome
replication, HPV interrupts host-cell mechanisms of cell-cycle termination. In doing so,
HPV-E6 binds to the ‘superintendent’ p53 protein, prompts its elimination, and thus lifts
molecular barriers halting cell-cycle transit through a G1/S cell-cycle restriction
checkpoint.23–25 At the same time, HPV-E7 removes restrictions linked to the
retinoblastoma protein through a proteosome-dependent degradation pathway.26 This HPV-
E7-effect promotes E2F activation,27 which turns on S-phase replication proteins
responsible for normal host-cell gene duplication including subunits of RNR. The far-
reaching effects of HPV proteins that supersede cell-cycle checkpoints increase the tendency
to oncogenic phenotypes.22 Current HPV biology, therefore, entices investigators to exploit
pharmacologic means of limiting 2′-deoxyribonucleoside diphosphate (dNDP) production
by RNR (maybe its M1-M2 form specifically) through either transcriptional or protein–
protein regulation.

Staying with this motif, the HPV-E6 effect of lowering p53 provides collateral manipulation
of RNR. The RNR α2β2 heterotetramer (or its higher order α6β6 or α6β2 forms) rate limits
the extraction of a 2′-hydroxyl moiety for hydrogen in a ribonucleoside diphosphate,
bringing about a dNDP.28,29 Once phosphorylated, the dNDP becomes a building block for
DNA as a 2′-deoxyribonucleoside triphosphate (dNTP). The large subunit α (M1) contains
three functional sites: a catalytic site for ribonucleoside substrates, a specificity site, and an
activity site that by allosteric regulation, controls specific dNTP output by RNR. The small
subunit β (M2 or p53R2 [M2b]) quarters a free radical that shuttles to and from the M1
catalytic site with each enzymatic cycle. The M2 and M2b subunits have been shown to be
overexpressed in HPV-related cervical cancers.17

Learning about the manners by which RNR and its enzymatic activity can be manipulated
has taught the oncologist why anticancer strategies may be or may not be successful in
cervical and vaginal cancer disease management (see Figure 1). Proton-coupled electron
transfer from the M2 or M2b diferric tyrosyl radical (•Y122) through a 35 Å amino acid
electron and proton tunnel to the catalytic site on M1 (cysteine C439) forms the root
mechanism by which RNR accomplishes its task of catalyzed ribonucleotide reduction. As
worked out in Escherichia coli, an amino acid chain of •Y122/W48/Y356 in R2 and then
Y731/Y730/C439 in R1 facilitates radical transport.30 It is substrate turnover in the catalytic
site of M1 initiated by a thiyl radical (C439) that abstracts a hydrogen from the ribose ring
of ribonucleotide diphosphates to generate dNDPs.30 A complementary salvage of
deoxynucleosides (dNs) to dNMPs and ultimately dNDPs has also been shown (see Figure
131,32). Both the creation of and the recapture of deoxynucleosides are very narrowly
regulated because unbalanced dNTP reserves result in deleterious genotoxic stress.33 As
such, equal manufacturing of dNDPs for DNA replication or DNA repair arises by way of a
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feedback ladder of allosteric effectors at an M1 specificity site.34 In the feedback ladder,
thymidylate synthase provides the sole intracellular source of de novo deoxythymidine
monophosphates, and thus the 5-fluorouracil (5FU) blockade of thymidylate synthase
modulates allosteric regulation of RNR. Also, cells may regulate RNR M1, M2, and M2b
protein levels – by very slow degradation for M1,28 by quick degradation in late mitosis
through a KEN-box for M2,35,36 or by p53-dependent transcription or p53 protein–protein
binding.37 It is speculated that sources of dNDPs after DNA-damaging insults include
ribonucleotide reduction first by a M1-M2 mediated process and subsequently by a M1-M2
mechanism.38–40

Large amounts of dNDPs are needed in cells duplicating their genome, and regulated means
of turning on RNR for this task are known. Less is known about how cells meet urgent
demands for the repair of damaged DNA after DNA-damaging therapies. Indeed, cells may
necessitate fewer dNTPs to fix short stretches of DNA damaged by a cisplatin adduct.
However, after ionizing radiation, thousands of altered bases (e.g., 8-oxoguanine) in
intracellular RNA, genomic DNA, and mitochondrial DNA, plus about 1,000 single-strand
breaks, and plus nearly 40 double-strand DNA breaks are inflicted upon cells. Demand for
dNTPs (and thus dNDPs) to mend this damage puts cells in a vital, high-stakes gamble using
quick and short-run scalable pathways of dNTP supply. Nature balances such demand–
supply economics by utilizing not only a de novo RNR enzyme reduction of ribonucleotides,
but also a complementary deoxynucleoside salvage system. For the oncologist, the ability to
disrupt the natural demand–supply balance sheet through an increase in dNTP demand (i.e.,
radiation, cisplatin) while also restricting supply through pharmacologic inhibitors of de
novo RNR activity (i.e., gemcitabine, hydroxyurea [HU], and triapine) has been tested in
clinical trials. Means of halting deoxynucleoside salvage, and thus ultimately dNTP
recovery, remain largely undiscovered and untested.

Radiation Therapy for Cervical and Vaginal Cancer
For cervical and vaginal cancers, radiation remains a cornerstone of therapy. Careful design
of a four-field arrangement of anterior, posterior and opposed lateral ports delivers 4,500
cGy in 25 divided daily high-energy (6–18 megavolt) fractions of 180 cGy. Such a regimen
is commonly administered for five weeks, typically on a Monday through Friday daily
therapy schedule. When done in this way, shielding spares the bowel anteriorly, but comes
at a cost of more radiation dose delivered to the iliac wings (and bone marrow), skin, and
subcutaneous tissue than would be accomplished with anteroposterior and posteroanterior
(AP/PA) opposed high-energy radiation fields. If cancer is felt to involve the lower one-third
of the vagina, ports may be opened inferiorly to allow groin-node irradiation. Commonly, a
two-field AP/PA parametrial boost adds dose (540–900 cGy) to the lateral pelvis while
limiting midline dose to the rectum and bladder to supplement the dose given by
brachytherapy. Snapshots of typical radiation fields are given in Figure 2A and B. As an
alternative, radiation oncologists have begun to explore the benefits attributed to intensity-
modulated radiation therapy (IMRT). Clinical trials are integrating IMRT as a way of
radiation delivery because of its favorable gastrointestinal41 and hematologic42 toxicity
characteristics. If the efficacy of IMRT is judged ultimately not to be inferior to
conventional four-field therapy,43 IMRT perhaps will become more useful. As of yet, IMRT
remains an active research area; without further study, IMRT should not be routinely used
for women with intact cervical and vaginal cancers.

When there is a desire to treat retroperitoneal para-aortic lymph nodes, an extended-field
modification of the four-field arrangement can be done (Figure 2D–2F). One technique uses
a lower half-beam four-field arrangement and an upper half-beam AP/PA arrangement. A
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more modern technique matches the half-beam four-field to an IMRT para-aortic field. This
is done in an effort to reduce late consequential gastrointestinal sequelae.44

Brachytherapy implants, where radiation sources are close to the cervical or vaginal cancer
targets, can be accomplished by many techniques to add additional dose to the primary
cancer (3,500–4,000 cGy). Radiation source selection, often cesium 137 or iridium 192,
determines the radiation dose rate, often coined low-dose-rate (cGy per hour) or high-dose-
rate (cGy per minute). Intracavitary and interstitial applicators and implantation techniques
are quite similar and beyond the scope of this article. The reader is referred to other sources
for more detailed discussion.6 The prescription for brachytherapy is Point A, an anatomical
spot 2 cm superior and 2 cm lateral to the cervical os in the plane of a uterine tandem. A
low-dose-rate brachytherapy example is shown in Figure 2C.

Cervical and vaginal cancers are typically treated with a radiation dose of 8,000 cGy or
more. Nowadays, this is accomplished between external beam radiation and brachytherapy,
usually happening within an eight-week span, because up to a −1 %/day hazard for lowered
disease control has been observed.45

Radiochemotherapy for Cervical and Vaginal Cancer
One unifying concept of chemotherapy, as it applies to cervical and vaginal cancer
management, is how administered chemotherapy damages DNA or slows its repair. One of
the first anticancer strategies for cervical cancer targeted the RNR tyrosyl radical with HU
by the Gynecologic Oncology Group (GOG-004).7 In its one-electron reductive state,46 oral
HU irretrievably disrupts the M2/M2b diferric tyrosyl radical (•Y122), rendering the
electron and proton tunnel to the M1 active site inactive. As it happens, women were
assigned by random assortment to either HU (80 mg/kg, oral twice weekly) or placebo
during pelvic radiation. Three-year endpoints of pelvic disease control and of progression-
free survival (i.e., cancer relapse or death) were better after radiation–HU than radiation–
placebo (see Table 1, p<0.05). As one of the first randomized clinical trials of its kind in
gynecologic cancer, HU-mediated block of RNR during radiation became the measure of
other radiochemotherapeutic agents in cervical and vaginal cancers. Capitalizing on this
experience, GOG investigators tested whether a radiation–cisplatin–5FU combination stood
up against a radiation–HU strategy (GOG-085).8 Here, it was thought that 5FU impeded
thymidylate synthase, eventually dismantling the dNTP feedback ladder that determined the
selectivity site of RNR. Also in this trial, a new chemical agent was introduced for study in
cervical and vaginal cancers. In contrast to the almost instaneous damage induced by
ionizing radiation, cisplatin renders cytotoxic DNA damage protracted over a 6–24 hour
course to keep cells actively engaged in DNA-adduct repair for constant dNTP payouts from
RNR.47 Thus, in this randomized clinical trial, women took radiation and HU (80 mg/kg,
oral twice weekly) or had radiation, bolus infusion of cisplatin (50 mg/m2 four hours before
radiation, days one and 29), and protracted infusion of 5FU (1,000 mg/m2/day, days 2–5 and
30–33). Up to that time, the more common and consequential component of treatment
failure was ineffective sterilization by radiation alone. Adding more DNA damage in the
form of cisplatin adducts and impairing RNR ability to respond to the demands for dNTPs
through 5FU’s skewing of the dNTP feedback ladder, the radiation–cisplatin–5FU treatment
resulted in improved disease control (see Table 1) and progression-free survival (p=0.033).
In a similar way, investigators from the Radiation Therapy Oncology Group (RTOG-9001)
found similar results.9,10 In this trial, conducted contemporaneously with GOG-085, women
were allocated randomly either to a treatment arm of extended-field radiation alone or to
four-field pelvic radiation, bolus cisplatin (75 mg/m2 within 16 hours of radiation, days one,
22, and 42), and 5FU (1,000 mg/m2/day, days 2–5, 23–26, and 43–46). Compelling data for
pelvic disease control, extrapelvic disease control (see Table 1), and three-year progression-
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free survival (p=0.0003) were documented for the radiation–cisplatin–5FU regimen versus
radiation alone regimen.

Soon afterward, investigators were motivated to explore coordinating optimal DNA damage
wrought by radiation and by cisplatin with peak pharmacologic RNR blockade. First, the
GOG conducted a randomized trial (GOG-0043) of three cisplatin dose schedules in 496
women for persistent pelvic or extrapelvic cervical cancer disease response. The majority
(93 %) of women had received pelvic irradiation at a time prior to receiving cisplatin
infusions. Regimen 1 was cisplatin 50 mg/m2 every 21 days, regimen 2 was cisplatin 100
mg/m2 every 21 days, and regimen 3 was cisplatin 20 mg/m2 daily for five consecutive
days. Regimens were repeated for a total ceiling dose of 400 mg/m2 providing there was no
evidence of tumor progression. In the 444 evaluable patients for responses attributable to
cisplatin’s DNA-damaging effect, the sums of complete and partial response rates were 21
% for regimen 1, 31 % for regimen 2, and 25 % for regimen 3 (p=0.015). With a greater
appreciation that cisplatin was cytotoxic on its own, had an ability to synchronize cells in
radiosensitive phases of the cell cycle, and contributed damage that would tax dNTP supply,
investigators sought out clinical trials of single-drug and multiple-drug combinations with
radiation for the treatment of cervical cancer.

One clinical trial (GOG-120) in women with cervical cancer allotted, by random selection,
one of three cisplatin-based radiochemotherapy treatments.11 Regimen 1 was daily pelvic
radiation plus weekly cisplatin (40 mg/m2) followed by brachytherapy. Regimen 2 was day
one and day 29 bolus cisplatin (50 mg/m2) plus 96 hour infusion of 5FU (4,000 mg
maximum) plus oral HU (twice weekly, 2,000 mg/m2) during radiation and followed by
brachytherapy. Regimen 3 was twice-weekly oral HU (3,000 mg/m2) during radiation and
followed by brachytherapy. Three-year pelvic disease control and extrapelvic disease control
was found to be superior with regimens 1 and 2 (see Table 1). Mixing two RNR inhibitors,
HU and 5FU, contributed no added clinical benefit over the weekly cisplatin regimen (see
Table 1). Long-term follow-up confirmed a progression-free survival advantage for regimen
1 (p<0.01) and regimen 2 (p<0.01), as compared to regimen 3.12 For ease of clinical
administration, the weekly cisplatin regimen was adapted quickly to radiochemotherapy
practice.48 To confirm the results in an independent trial, investigators then randomized
women with cervical cancer to weekly single-agent cisplatin (40 mg/m2) versus single-agent
5FU (protracted venous infusion 225 mg/m2/day, days 1–5 of a five weekly cycles).15 The
superiority of cisplatin was verified (see Table 1).

The ability of radiochemotherapy to effect sterilization of primary cervical cancer has been
interrogated in actual surgical specimens.14 It was hypothesized that through an analysis of
extrafascial hysterectomy histopathologic samples from two randomized clinical trials
(GOG-071, GOG-123) would provide in vivo proof-of-principle evidence of a radiation and
a radiochemotherapy effect.13,49 Among 464 hysterectomy samples, a significantly higher
proportion of a good response (80 %, greater than 90 % sterilization) was observed after
radiochemotherapy as compared to radiation alone (71 %, p<0.037). Efforts to improve
primary disease have re-investigated the role of pharmacologic inhibitors of RNR.

To be pharmacologically useful, nucleoside analogs, such as cytarabine, fludarabine, and
gemcitabine, require activation by deoxycytidine kinase in the salvage pathway of
deoxynucleosides.50 Of these, gemcitabine annihilates the M1 catalytic site of RNR by a
covalent bond when it appears as a cytidine diphosphate analog, thereby destroying both M1
subunits of a RNR α2 dimer.51 Phase 2 data of radiation, cisplatin (40 mg/m2), and
gemcitabine (125 mg/m2) provided a 78 % complete response rate.52 In a phase 3 cervical
cancer patient trial, regimen 1 consisted of once weekly cisplatin (40 mg/m2) plus
gemcitabine (125 mg/m2) during pelvic radiation followed by two adjuvant 21-day cycles of
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cisplatin (50 mg/m2, day one) plus gemcitabine (1,000 mg/m2 on days one and eight).
Regimen 2 involved once weekly cisplatin (40 mg/m2) and the same radiation.16 The hazard
for relapse or death was reduced by 32 % when gemcitabine was included in the treatment
(see Table 1, p=0.023). However, conflicting interpretations of this data emerged53

Gemcitabine radiochemotherapy may have been successful because it cured more women
upfront from its radiosensitizing effect. Or else, gemcitabine radiochemotherapy may have
been successful because it delayed scoring of disease relapses from an adjuvant lead-time
bias effect. Either interpretation stands from the data reported. Also, in a GOG effort
(GOG-9912), this regimen was deemed too toxic.54 Further study is warranted.

Attacking RNR at its M2/M2b diferric tyrosyl radical (•Y122) with the more potent RNR
inhibitor 3-aminopyridine-2-carboxaldehyde thiosemicarbazone (3-AP) has also been
investigated. The putative mechanism here is a molecular interaction of an Fe2+–3-AP
chelate and of oxygen generating local reactive oxygen species capable of annihilating the
nearby tyrosyl free radical.55 As such, timed after DNA damage (e.g., damage promulgated
by ionizing radiation), 3-AP’s cell death-provoking effect may be due to its inability to
supply on-the-spot dNTPs needed for DNA damage repair.39,40 A phase 1 clinical trial has
been conducted in 10 women with cervical cancer involved intravenous 3-AP (25 mg/m2,
three times weekly) plus once-weekly cisplatin (40 mg/m2) during daily radiation.17 Median
survivor follow-up is now 38 months and progression-free survival is 88 % at three years
(see Table 1). A phase 2 study of 3-AP-cisplatin radiochemotherapy in 25 additional women
with cervical and vaginal cancers has completed enrollment, with premature response data
indicating comparable clinical advantage.

Conclusion
In an age of biologic anticancer therapies, women with cervical and vaginal cancers have
profited from improved appreciation of cellular DNA-damage responses to
radiochemotherapy. Alternative means of RNR inactivation have provided gains in
radiochemotherapeutic response as well. Clinical research stakeholders, both patient and
physician, need to advocate for oral or transdermal radiosensitizing therapies that can be
combined safely with radiation so that women may receive effective treatment equally in
resource-rich and impoverished nations. Novel agent scheduling, patient pre-existent
morbidity, and treatment-related toxicity are recognized mitigating factors in the clinical
development of helpful anticancer treatment regimens.56 Leaps forward in the
radiochemotherapeutic management of cervical and vaginal cancers will likely include
cytotoxic agents that induce DNA damage paired with biologic agents that slow or halt its
repair.

References
1. Papanicolaou, G. Atlas of Exfoliative Cytology. Boston: Massachusetts Commonwealth Fund:

University Press; 1954.

2. Guzick D. Efficacy of screening for cervical cancer: a review. Am J Public Health. 1978; 68:125–
34. [PubMed: 626255]

3. Ferlay, J.; Shin, H.; Bray, F., et al. GLOBOCAN 2008 Cervical Cancer Incidence and Mortality
Worldwide. Vol. 2011. International Agency for Research on Cancer; 2010. Available at:
http://globocan.iarc.fr/factsheets/cancers/cervix.asp

4. FIGO Committee On Gynecologic Oncology, Revised FIGO staging for carcinoma of the vulva,
cervix, and endometrium. Int J Gynecol Obstet. 2009; 105:103–4.

5. FIGO Committee on Gynecologic Oncology, Current FIGO staging for cancer of the vagina,
fallopian tube, ovary, and gestational trophoblastic neoplasia. Int J Gynecol Obstet. 2009; 105:3–4.

Kunos Page 6

Oncol Hematol Rev. Author manuscript; available in PMC 2012 August 29.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

http://globocan.iarc.fr/factsheets/cancers/cervix.asp


6. Russell, A.; Cervix. Clinical Radiation Oncology: Indications, Techniques, and Results. Wang, C.,
editor. New York: Wiley-Liss; 2000. p. 519-64.

7. Hreshchyshyn MM, Aron BS, Boronow RC, et al. Hydroxyurea or placebo combined with radiation
to treat stages IIIB and IV cervical cancer confined to the pelvis. Int J Radiat Oncol Biol Phys.
1979; 5:317–22. [PubMed: 110744]

8. Whitney CW, Sause W, Bundy BN, et al. Randomized comparison of fluorouracil plus cisplatin
versus hydroxyurea as an adjunct to radiation therapy in stage IIB–IVA carcinoma of the cervix
with negative para-aortic lymph nodes: a Gynecologic Oncology Group and Southwest Oncology
Group study. J Clin Oncol. 1999; 17:1339–48. [PubMed: 10334517]

9. Morris M, Eifel P, Lu J, et al. Pelvic radiation with concurrent chemotherapy compared with pelvic
and para-aortic radiation for high-risk cervical cancer. N Engl J Med. 1999; 340:1137–43.
[PubMed: 10202164]

10. Eifel P, Winter K, Morris M, et al. Pelvic irradiation with concurrent chemotherapy versus pelvic
and para-aortic irradiation for high-risk cervical cancer: an update of radiation therapy oncology
group trial (RTOG) 90-01. J Clin Oncol. 2004; 22:872–80. [PubMed: 14990643]

11. Rose PG, Bundy BN, Watkins EB, et al. Concurrent cisplatin-based radiotherapy and
chemotherapy for locally advanced cervical cancer. N Engl J Med. 1999; 340:1144–53. [PubMed:
10202165]

12. Rose P, Ali S, Watkins E, et al. Long-term follow-up of a randomized trial comparing concurrent
single agent cisplatin, cisplatin-based combination chemotherapy, or hydroxyurea during pelvic
irradiation for locally advanced cervical cancer: A Gynecologic Oncology Group Study. J Clin
Oncol. 2007; 25:2804–10. [PubMed: 17502627]

13. Keys HM, Bundy BN, Stehman FB, et al. Cisplatin, radiation, and adjuvant hysterectomy
compared with radiation and adjuvant hysterectomy for bulky stage IB cervical carcinoma. N Engl
J Med. 1999; 340:1154–61. [PubMed: 10202166]

14. Kunos C, Ali S, Abdul-Karim F, et al. Posttherapy residual disease associates with long-term
survival after chemoradiation for bulky stage 1B cervical carcinoma: a Gynecologic Oncology
Group study. Am J Obstet Gynecol. 2010; 203:351.e351–358. [PubMed: 20541170]

15. Lanciano R, Calkins A, Bundy BN, et al. Randomized comparison of weekly cisplatin or
protracted venous infusion of fluorouracil in combination with pelvic radiation in advanced cervix
cancer: a gynecologic oncology group study. J Clin Oncol. 2005; 23:8289–95. [PubMed:
16230678]

16. Duenas-Gonzalez A, Zarba J, Patel F, et al. A phase III, open-label, randomized study comparing
concurrent gemcitabine plus cisplatin and radiation followed by adjuvant gemcitabine and
cisplatin versus concurrent cisplatin and radiation in patients with stage IIB to IVA carcinoma of
the cervix. J Clin Oncol. 2011; 29:1678–85. [PubMed: 21444871]

17. Kunos C, Waggoner S, Von Gruenigen V, et al. Phase I trial of intravenous 3-aminopyridine-2-
carboxaldehyde thiosemicarbazone (3-AP, NSC #663249) in combination with pelvic radiation
therapy and weekly cisplatin chemotherapy for locally advanced cervical cancer. Clin Cancer Res.
2010; 16:1298–306. [PubMed: 20145183]

18. Munoz N, Bosch FX, de Sanjose S, et al. Epidemiologic classification of human papillomavirus
types associated with cervical cancer. N Engl J Med. 2003; 348:518–27. [PubMed: 12571259]

19. Clifford GM, Gallus S, Herrero R, et al. Worldwide distribution of human papillomavirus types in
cytologically normal women in the International Agency for Research on Cancer HPV prevalence
surveys: a pooled analysis. Lancet. 2005; 366:991–8. [PubMed: 16168781]

20. Barzon L, Militello V, Pagni S, et al. Distribution of human papillomavirus types in the anogenital
tract of females and males. J Med Virol. 2010; 82:1424–30. [PubMed: 20572068]

21. Lu B, Viscidi R, Lee J, et al. Human papillomavirus (HPV) 6, 11, 16, and 18 seroprevalence is
associated with sexual practice and age: results from the multinational HPV Infection in Men
Study (HIM Study). Cancer Epidemiol Biomarkers Prev. 2011; 20:990–1002. [PubMed:
21378268]

22. Hebner C, Laimins L. Human papillomaviruses: basic mechanisms and pathogenesis and
oncogenicity. Rev Med Virol. 2006; 16:83–97. [PubMed: 16287204]

Kunos Page 7

Oncol Hematol Rev. Author manuscript; available in PMC 2012 August 29.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



23. Werness B, Levine A, Howley P. Association of human papillomavirus type 16 and 18 E6 proteins
with p53. Science. 1990; 248:76–9. [PubMed: 2157286]

24. Scheffner M, Werness B, Huibregtse J, et al. The E6 oncoprotein encoded by human
papillomavirus types 16 and 18 promotes the degradation of p53. Cell. 1990; 63:1129–36.
[PubMed: 2175676]

25. Huibregtse J, Scheffner M, Howley P. A cellular protein mediates association of p53 with the E6
oncoprotein of human papillomavirus types 16 or 18. EMBO J. 1991; 10:4129–35. [PubMed:
1661671]

26. Gonzalez S, Stremlau M, He X, et al. Degradation of the retinoblastoma tumor suppressor by the
human papillomavirus type 16 E7 oncoprotein is important for functional inactivation and is
separable from proteosomal degradation of E7. J Virol. 2001; 75:7583–91. [PubMed: 11462030]

27. Huang P, Patrick D, Edwards G, et al. Protein domains governing interactions between E2F, the
retinoblastoma gene product, and human papillomavirus type 16 E7 protein. Mol Cell Biol. 1993;
13:953–60. [PubMed: 7678696]

28. Kolberg M, Strand KR, Graff P, et al. Structure, function, and mechanism of ribonucleotide
reductases. Biochim Biophys Acta. 2004; 1699:1–34. [PubMed: 15158709]

29. Hakansson P, Hofer A, Thelander L. Regulation of mammalian ribonucleotide reduction and dNTP
pools after DNA damage and in resting cells. J Biol Chem. 2006; 281:7834–41. [PubMed:
16436374]

30. Reece S, Hodgkiss J, Stubbe J, et al. Proton-coupled electron transfer: the mechanistic
underpinning for radical transport and catalysis in biology. Phil Trans R Soc B. 2006; 361:1351–
64. [PubMed: 16873123]

31. Kunos C, Ferris G, Pyatka N, et al. Deoxynucleoside salvage facilitates DNA repair during
ribonucleotide reductase blockade in human cervical cancers. Radiat Res. 2011; 176:425–33.
[PubMed: 21756082]

32. Boothman D, Davis T, Sahijdak W. Enhanced expression of thymidine kinase in human cells
following ionizing radiation. Int J Radiat Oncol Biol Phys. 1994; 30:391–8. [PubMed: 7928466]

33. Weinberg G, Ullman D, Martin D Jr. Mutator phenotypes in mammalian cell mutants with distinct
biochemical defects and abnormal deoxyribonucleoside triphosphate pools. Proc Natl Acad Sci
USA. 1981; 78:2447–51. [PubMed: 7017732]

34. Radivoyevitch T. Automated mass action model space generation and analysis methods for two-
reactant combinatorially complex equilibriums: an analysis of ATP-induced ribonucleotide
reductase R1 hexamerization data. Biol Direct. 2009; 4:50.51–50.19. [PubMed: 20003203]

35. Eriksson S, Graslund A, Skog S, et al. Cell cycle-dependent regulation of mammalian
ribonucleotide reductase. The S phase-correlated increase in subunit M2 is regulated by de novo
protein synthesis. J Biol Chem. 1984; 259:11695–700. [PubMed: 6090444]

36. Chabes A, Thelander L. Controlled protein degradation regulates ribonucleotide reductase activity
in proliferating mammalian cells during the normal cell cycle and in response to DNA damage and
replication blocks. J Biol Chem. 2000; 275:17747–53. [PubMed: 10747958]

37. Xue L, Zhou B, Liu X, et al. Wild-type p53 regulates human ribonucleotide reductase by protein–
protein interaction with p53R2 as well as hRRM2 subunits. Cancer Res. 2003; 63:980–6.
[PubMed: 12615712]

38. Zhou B, Liu X, Mo X, et al. The human ribonucleotide reductase subunit hRRM2 complements
p53R2 in response to UV-induced DNA repair in cells with mutant p53. Cancer Res. 2003;
63:6583–94. [PubMed: 14583450]

39. Kunos C, Chiu S, Pink J, et al. Modulating radiation resistance by inhibiting ribonucleotide
reductase in cancers with virally or mutationally silenced p53 protein. Radiation Res. 2009;
172:666–76. [PubMed: 19929413]

40. Kunos C, Radivoyevitch T, Pink J, et al. Ribonucleotide reductase inhibition enhances
chemoradiosensitivity of human cervical cancers. Radiation Res. 2010; 174:574–81. [PubMed:
20954859]

41. Portelance L, Winter K, Jhingran A, et al. Post-operative pelvic intensity modulated radiation
therapy (IMRT) with chemotherapy for patients with cervical carcinoma/RTOG 0418 phase II
study. Int J Radiat Oncol Biol Phys. 2009; 75(Suppl 5):S640–1.

Kunos Page 8

Oncol Hematol Rev. Author manuscript; available in PMC 2012 August 29.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



42. Klopp A, Moughan J, Portelance L, et al. Hematologic toxicity on RTOG 0418: a phase II study of
post-operative IMRT for gynecologic cancer. Int J Radiat Oncol Biol Phys. 2010; 78(Suppl
1):S121.

43. Portelance L. Radiation Therapy Oncology Group, A phase II multi-institutional study of
postoperative pelvic intensity-modulated radiation therapy (IMRT) with weekly cisplatin in
patients with cervical carcinoma: Two year efficacy results of the RTOG 0418. Int J Radiat Oncol
Biol Phys. 2011; 81:Abstract 5.

44. Mundt A, Mell L, Roeske J. Preliminary analysis of chronic gastrointestinal toxicity in gynecology
patients treated with intensity-modulated whole pelvic radiation therapy. Int J Radiat Oncol Biol
Phys. 2003; 56:1354–60. [PubMed: 12873680]

45. Petereit D, Sakaria J, Chappell R, et al. The adverse effect of treatment prolongation in cervical
carcinoma. Int J Radiation Oncology Biol Phys. 1995; 32:1301–7.

46. Nyholm S, Thelander L, Graslund A. Reduction and loss of the iron center in the reaction of the
small subunit of mouse ribonucleotide reductase with hydroxyurea. Biochemistry. 1993;
32:11569–74. [PubMed: 8218224]

47. Olive P, Banath J. Kinetics of H2AX phosphorylation after exposure to cisplatin. Cytometry Part
B. 2009; 76B:79–90.

48. Kunos C, Gibbons H, Simpkins F, et al. Chemotherapy administration during pelvic radiation for
cervical cancer patients aged ≥ 55 years in the SEER-Medicare population. J Oncol. 2008; 2008:1–
7.

49. Keys HM, Bundy BN, Stehman FB, et al. Radiation therapy with and without extrafascial
hysterectomy for bulky stage IB cervical carcinoma: a randomized trial of the Gynecologic
Oncology Group. Gynecol Oncol. 2003; 89:343–53. [PubMed: 12798694]

50. Perez-Perez M-J, Hernandez A-I, Priego E-M, et al. Mitochondrial thymidine kinase inhibitors.
Curr Top Med Chem. 2005; 5:1205–19. [PubMed: 16305527]

51. Wang J, Lohman GJ, Stubbe J. Enhanced subunit interactions with gemcitabine-5′-diphosphate
inhibit ribonucleotide reductases. Proc Natl Acad Sci USA. 2007; 104:14324–9. [PubMed:
17726094]

52. Duenas-Gonzalez A, Cetina-Perez L, Lopez-Graniel C, et al. Pathologic response and toxicity
assessment of chemoradiotherapy with cisplatin versus cisplatin plus gemcitabine in cervical
cancer: a randomized phase II study. Int J Radiat Oncol Biol Phys. 2005; 61:817–23. [PubMed:
15708261]

53. Thomas G. Are we making progress in curing advanced cervical cancer? J Clin Oncol. 2011;
29:1654–6. [PubMed: 21444860]

54. Rose P, DeGeest K, McMeekin S, et al. A phase I study of gemcitabine followed by cisplatin
concurrent with whole pelvic radiation therapy in locally advanced cervical cancer: a Gynecologic
Oncology Group study. Gynecol Oncol. 2007; 107:274–9. [PubMed: 17688925]

55. Popovic-Bijelic A, Kowol C, Lind M, et al. Ribonucleotide reductase inhibition by metal
complexes of triapine (3-aminopyridine-2-carboxaldehyde thiosemicarbazone): a combined
experimental and theoretical study. J Inorg Biochem. 2011; 105:1422–31. [PubMed: 21955844]

56. Monk B, Sill M, McMeekin D, et al. Phase III trial of four cisplatin-containing doublet
combinations in stage IVB, recurrent, or persistent cervical carcinoma: a Gynecologic Oncology
Group study. J Clin Oncol. 2009; 27:4649–55. [PubMed: 19720909]

Kunos Page 9

Oncol Hematol Rev. Author manuscript; available in PMC 2012 August 29.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 1. Diagram of Human Papillomavirus Biology and the Generation of
Deoxyribonucleotide Diphosphate
In step 1, human papillomavirus (HPV)-E6 protein promotes p53 degradation. In doing so,
p53 may not be able to bind M2b as it normally does in a protein–protein interaction, freeing
M2b (a small subunit β) to associate with M1 (the large subunit α) and form catalytically
active ribonucleotide reductase (RNR) (perhaps most often in its α6β2 higher order form). In
step 2, HPV-E7 protein aids in retinoblastoma (Rb) protein degradation, activating
transcription factors that may elevate RNR subunits. Together, ribonucleotide diphosphate
(rNDP) substrates are reduced to 2′-deoxyribonucleoside diphosphate (dNDP) in step 3.
Once phosphorylated to a deoxynucleoside triphosphate (dNTP), DNA may be repaired.
Enzymes in a complementary salvage pathway can also lead to dNDP production in a fourth
pathway. cdN = cytosolic deoxynucleotidase; dCK = deoxycytidine kinase; dGK =
deoxyguanine kinase; dN = deoxynucleoside; DNC = deoxynucleotide carrier; dNMP =
deoxynucleoside monophosphate; ENT = equilibrative nucleoside transporter; mdN =
mitochondrial deoxynucleotidase; mtDNA = mitochondrial DNA; NDP = nucleoside
diphosphate; PNP = purine nucleoside phosphorylase; TK = thymidine kinase; TP =
thymidine phosphorylase.
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Figure 2. Example External Beam Radiation Fields and Low-dose-rate Brachytherapy
Anteroposterior (A) and right lateral (B) fields (two of four opposed fields) are shown with
multi-leaf collimation shielding of organs at-risk for normal tissue toxicity. Anterior
fluoroscopic projection of a low-dose-rate tandem-ovoid applicator is depicted for an
intracavitary brachytherapy of an advanced stage cervical cancer (C). Dummy sources are
positioned in the tandem-ovoid device. A graduated marker is positioned in the rectum. A
Foley catheter balloon is shown filled with radiopaque fluid (7 ml). Anteroposterior (D) and
right lateral (E) half-beam projections are provided as part of an extended four-field
arrangement for the treatment of cervical cancer with disease-proven para-aortic lymph node
involvement. A matched, half-beam anteroposterior extended treatment field is shown (F).
An opposed posteroanterior would also be used.
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