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Abstract

Cervical cancers are the fourth most common and most deadly cancer in women worldwide. 

Despite being a tremendous public health burden, few novel approaches to improve care for these 

malignancies have been introduced. We discuss the potential for PCNA inhibition to address this 

need as well as the advantages and disadvantages for compounds that can therapeutically inhibit 

PCNA with a specific focus on cervical cancer.

Introduction

Most cervical cancer (CaCx) is caused by persistent high-risk human papillomavirus (HPV) 

infections. The HPV family is a large collection of over 400 viruses subdivided into 5 

genera (alpha, beta, gamma, mu, and nu) based on similarities in their L1 capsid protein1. 

Not all these viruses are equally carcinogenic. Only the so-called high risk alpha HPVs 

(HR αHPVs) cause CaCx2–4. These HR α-HPVs are prevalent throughout the world with 

an estimated 11.5 million new infections occurring annually in the United States alone. In 

high income countries, regular screening and early intervention reduces the number of HR 

α-HPV infections that progress to CaCx. For example, the 11.5 million new HR α-HPV 

infections in the US result in approximately 13,000 CaCx diagnoses and about 4,000 deaths. 

The situation is more dire in low- and middle-income countries where 90% of CaCx cases 

and deaths occur. The death and disease caused by HR α-HPV worldwide is a significant 

public health problem. CaCx is the fourth most common cancer in women worldwide and 

kills someone about every 90 seconds5.
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Overview of Current Chemotherapy and Radiotherapy Interventions for 

Cervical Cancer.

Care for CaCx, like most cancers, depends on how advanced the tumor is. Surgery alone is 

typically effective for early stage CaCx6. As tumors progress to regional or distant disease, 

surgery becomes less likely to be curative. At this point, radiotherapy and/or chemotherapy 

(most often a platinum-based drug) becomes the standard approach7. Both approaches work 

by causing largely indiscriminate DNA damage, achieving some degree of specificity since 

DNA damage is more lethal in replicating cells and tumor cells are more likely to be 

replicating than other cells.

Among platinum-based therapies, cisplatin and oxaliplatin are the most used. Both work 

similarly, by inducing replication stress in the form of bulky crosslinks in DNA that 

collapse replication forks into double strand breaks in DNA (DSBs)8. This represents a 

significant increase in the deleterious potential of the lesion as even a single unrepaired 

DSB can induce apoptosis. The chance that cisplatin induces a DSB is also more likely 

in CaCx cells in part because the HR-α HPV oncogenes (HR-α HPV E6 and E7) that 

drive cervical transformation make it harder for a cell to prevent replication stress-induced 

DSBs. HR-α HPV E7 directly causes replication stress, reducing the ability of the cell to 

tolerate more replication stress9,10. At the same time, HR-α HPV E6 inhibits the cellular 

pathway (translesion synthesis or TLS) that prevents replication stress from causing a 

DSB by preventing accumulation of polymerase eta (POLη), a critical factor for TLS11. 

Yet, cisplatin resistance is a persistent problem in CaCx care12. Analysis of the cancer 

genome atlas suggests that TLS is an important determinant of the platinum-based agent 

efficacy13. Twenty percent of cervical cancers have elevated expression of POLη or other 

TLS family polymerases (POLι, POLκ, REV1, or REV3L) and these changes are associated 

with significantly worse patient outcomes especially when those people are treated with 

cisplatin11.

Paclitaxel represents another class of chemotherapy used to treat CaCx. This drug is a 

naturally occurring plant alkaloid isolated from the bark of Pacific yew trees, representing 

one of the most well-known and most effective natural products. The mechanism of action 

for paclitaxel is well established, preferentially killing cells actively dividing cells by 

blocking the completion of mitosis14. Like platinum-based drugs, paclitaxel achieves a 

degree of specificity through the increased frequency that transformed cells undergo mitosis. 

However, instead of causing stalled replication forks, paclitaxel blocks cell cycle progression 

by preventing dissociation of microtubules.

Mechanistically, radiotherapy is a genotoxic agent like cisplatin or oxaliplatin. However, 

unlike therapeutic compounds, radiotherapy is administered by exposure to a radioactive 

source. Another difference between radiotherapy and platinum-based therapy is that 

radiation causes DSBs by directly, breaking the DNA backbone, or indirectly by splitting 

off free-radical species15. It is most commonly administered by a method known as external 

beam radiotherapy, where a high dose of radiation is delivered externally via high energy 

x-rays16. Brachytherapy, where a radiation source is placed inside or near the tumor, is an 
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alternative delivery method for radiotherapy. Although less common, brachytherapy can be 

used with CaCx due to the accessible location of the primary tumor.

Fractionation of doses is a guiding principle of radiotherapy17. This means that if 20 gy 

of radiation is prescribed, that it will not be given in a single pulse. Instead, the radiation 

will be broken up into smaller units (e.g., 2 gy) and given as part of a series of doses. 

The so-called ‘5Rs’ of radiotherapy (repair, repopulation, redistribution, reoxygenation, and 

radiosensitivity) provide the rationale for this approach17. After any exposure to radiation, 

a fraction of the damage will be sublethal. This is true for normal and tumor cells, but the 

damage in a tumor cell is less likely to get “repaired”. Thus, the pause between treatments 

allows normal tissue to recover. The persistent but sublethal damage in cancer cells is then 

made lethal damage when compounded by the next wave of radiation. Pauses between 

rounds of radiation also help mitigate the rapid “repopulation” by tumor cells that is seen 

after a longer higher dose of radiation. “Redistribution” exploits the fact that radiation is 

more lethal to proliferating cells and that tumor cells are more likely to continue progression 

through the cell cycle (compared to normal cells). Thus, a pause between radiation doses 

makes it more likely that cancer cells will be “redistributed” into these more responsive 

portions of the cell cycle. Oxygen is a radiosensitizer. In response to an initial pulse of 

radiation, an increased flow of oxygen can occur in a previously hypoxic tumor. This 

resulting “reoxygenation” of the tumor makes the subsequent round of radiation more 

effective. The last “R” or “radio-resistance” is also related to the radiosensitizing properties 

of oxygen. Fully functioning mitochondria allow normal cells to increase their antioxidant 

supply by up regulating glycolysis. Decreased ability to derive energy from glycolysis is 

common in tumor cells, so they lack the ability to induce radio-resistance after an initial 

exposure.

Radiotherapy and chemotherapy are often used together as combinatorial therapies to 

treat CaCx. Among the possible combinations, the pairing of a platinum-based drug and 

radiation is probably the most common18. However, platinum-based drugs are also used in 

combination with paclitaxols19.

Outstanding Needs in the Treatment of Cervical Cancer.

While the approaches described in the preceding section have been studied and optimized 

extensively, there are limitations and room for further approval. One of the most widely 

known areas for improvement is the often-severe side effects associated with both 

radiotherapy and chemotherapy. Common severe adverse side effects associated with 

cisplatin, paclitaxel, oxaliplatin, and radiation are listed in Table 120. The consequences 

of these sequalae extend beyond extreme discomfort. These side effects can be so 

systemically damaging to the person receiving the care that cisplatin, oxailiplatin, radiation 

and paclitaxols cannot be given at the best dose to treat the tumor21–23. Furthermore, innate 

and acquired resistance to frontline therapies are also a barrier to their success. Resistance is 

a particularly common problem in advanced and recurrent CaCx24,25. Indeed, the five year 

survival rate for metastatic or otherwise advanced CaCx is below five percent when these 

malignancies are treated with front line therapeutics (e.g., radiation or cisplatin)26. Thus, 

there are two critical needs for CaCx care: novel agents that remain effective in CaCx that 
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are resistant to mainline interventions and sensitizing agents that improve the therapeutic 

window of these interventions.

There are several strategies being employed as novel therapeutics, including immune 

checkpoint (PD-1 and PD-L1) inhibitors27. These drugs work by reinvigorating the immune 

response against the tumor. At least 17 clinical trials have investigated this class of drugs 

in cervical cancer, focusing on pembrolizumab, nivolumab, sintilimab, cemiplimab, and 

atezolizumab with or without other drugs. These trials are ongoing and have had varying 

degrees of success. Because passive diffusion of oxygen and nutrients is inefficient beyond 

a short distance, tumor growth is dependent on generating new blood vessels. As a result, 

another approach is to inhibit the growth factors needed for angiogenesis. Specifically, 

inhibitors of vascular endothelial growth factors (VEGF) are an emerging therapeutic option 

for these difficult to treat CaCx. Most notably, bevacizumab has received FDA approval 

and can extend overall survival by at least 12 months24,28. While these approaches are 

promising and can be expected to improve with more refinement, the benefits are not likely 

to be universally enjoyed. Novel medications can be cost prohibitive, especially in low 

and middle income countries29. Given that the majority of CaCx occurs in these countries, 

this is particularly important to consider. There is also considerable interest in identifying 

sensitizing agents capable of reducing side effects by making lower doses of genotoxic 

agents effective. Such an approach could also be used to re-sensitize resistant tumors to 

standard interventions.

Targeting HPV Oncogene Induced Signaling Changes in CaCx.

Therapies targeted precisely to changes at the molecular level that uniquely occur in tumors, 

so called precision medicine, is an effective strategy for cancer care. However, diversity 

among tumor types often makes precision medicine both time and resource restrictive. This 

may not be the case for CaCx as most of these malignancies are caused by HPV infections. 

HPV+ CaCx have a notably high requirement for continued viral oncogene expression, 

as evidenced HeLa cells failing to acquire HPV oncogene independence after decades of 

passaging30. This commonality offers a potential therapeutic target in CaCx. For example, 

preventing the initial HPV infection would prevent HPV+ CaCx development. This is the 

rationale for several highly effective prophylactic vaccines that prevent HPV infection and 

have been available for over 15 years. As expected, there is mounting evidence that these 

vaccines are preventing CaCx development31. Perhaps more noteworthy, HPV vaccines 

appear to offer considerable and durable protection after a single dose32. However, the full 

benefit of these lifesaving vaccines has not been realized due to under-utilization, especially 

in low and middle income countries33,34. The reasons for this disappointing reality vary but 

include the difficulties of motivating people to take a preventative cure, religious concerns, 

and vaccine hesitance. Because the barriers to HPV vaccination hinder the prevention of 

CaCx, it is necessary to continue improving CaCx therapeutics.

Since HPV+ CaCx required continued HPV E6 and E7 expression, their manipulation of 

host cell signaling could result in synthetic lethalities35. To briefly review, HPV E6 degrades 

p53 by complexing with E6AP36,37 and activates telomerase38. HPV E7 degrades RB and 

RB family members39,40. Because the HPV oncogenes inactivate these tumor suppressors, 
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HPV+ CaCx infrequently have mutations that inactivate p53 or RB13. This speaks to 

the power of HPV oncogenes to disrupt major tumor suppress pathways. p53 and RB 

inactivation are incredibly common across cancer types, but these changes are not readily 

targeted therapeutically. HPV oncogenes more broadly alter host cell signaling. As noted 

more briefly above, manipulation of cellular DNA repair responses is one of the principle 

ways that HPV oncogenes alter the host cell environment41–44. These changes are numerous 

(e.g., increased expression and activation of ATM, ATR, CHK1, and CHK2) and result 

in the impairment of major DNA repair pathways (e.g., homologous recombination). The 

homologous recombination pathway is impaired by mislocalization of repair factors away 

from sites of damage45. The ability of HPV oncogenes to relocalize DNA repair proteins 

has been independently twice. The Laimins’ lab demonstrated that the repair factors are 

recruited to sites of damage in the viral genome, while the Galloway lab demonstrated 

that HPV oncogenes hinder repair of DNA crosslink lesions by mislocalizing components 

of the Fanconi Anemia pathway46,47. Consistent with these findings, the Higginson 

group demonstrated that HPV oncogenes promote repair by microhomology-mediated end 

joining48, the repair mechanisms that I suppressed when the homologous recombination 

pathway is functional49. The inability to repair DSBs using the homologous recombination 

pathway makes cells sensitive to a category of drugs known as PARP inhibitors (e.g., 

Olaparib). This has been leveraged to better treat breast cancers that cannot complete the 

pathway due to mutations in the BRCA1 or BRCA250. Consistent with the ideas that HPV-

induced changes in DNA repair can be targeted therapeutically and that HPV oncogenes 

impair the homologous recombination pathway, recurrent CaCx has been successful treated 

using Olaparib51.

The induction of replication stress by HPV E7 is another example of where the changes 

needed to facilitate the viral life cycle are important for the treatment of cancers caused 

by HPV9. Cisplatin kills cancer cells by crosslinking DNA, which causes lethal DSBs 

when these lesions result in replication fork collapse. Cells are more sensitive to cisplatin 

induced DSBs when either they have a reduced ability to activate the TLS pathway or are 

experiencing replication stress from other sources such as nucleotide deprivation. Figure 

1 illustrates the latter point specifically for HeLa cells, an HPV+ CaCx cell line. In this 

data, the toxicity of cisplatin was measured with and without the addition of exogenous 

nucleosides, known to reduce endogenous replication stress. Hela cells were significantly 

less sensitive to a range of cisplatin doses when they were grown with supplemental 

nucleosides. These data suggest that the depletion of nucleoside reserves by HPV E7 

induced replication stress contributes to the cisplatin sensitivity in HPV+ CaCx.

We have demonstrated that the manipulation of host signaling by HPV E6 also contributes 

to the sensitivity of CaCx cells to cisplatin. Specifically, by destabilizing p53, HPV E6 

prevents the induction of POLη in response to cisplatin-induced replication stress. This 

increases the likelihood for cisplatin induced DSBs and can be overcome by exogenous 

expression of POLη11,52. This could explain the observation that increased expression of 

TLS-specific polymerases results in worse patient outcomes11. People with increases TLS-

specific polymerase expression had nearly a decade shorter median survival than people 

who did not. This suggests that HPV E6-mediated inhibition of TLS activation is notable 

contributor to the efficacy of cisplatin in treating CaCx. The efficacy of cisplatin was 
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obviously determined long before these observations connecting the sensitivity of CaCx to 

the increased need for TLS (caused by HPV E7) and the decreased ability to complete TLS 

(caused by HPV E6). However, these observations offer retrospective support of the idea that 

it is possible to gain therapeutic benefit by exploiting HPV oncogene induced changes in cell 

signaling.

Proliferating Cell Nuclear Antigen, an Essential Repair and Replication 

Factor

Proliferating cell nuclear antigen or PCNA is the processivity factor of DNA polymerases 

and is involved in DNA repair, replication, the replication stress response53. It achieves these 

functions by forming a trimer that acts as a ring-shaped sliding clamp that encircles DNA 

with a 30 angstrom diameter54. PCNA also binds to DNA polymerases. The proximity of 

PCNA with DNA and the ability to bind polymerases, allows it to bring the two together 

most often at replication forks. By doing this, PCNA confers notably high processivity to 

DNA replication. Structurally, PCNA is made up of two independent domains connected by 

a short connector loop. The two domains are folded similarly and of approximately the same 

size, with the first containing 117 amino acids and the second 124 amino acids. The loop 

connecting these domains is much shorter and contains only 17 amino acids.

The ability to help catalyze DNA replication and the requirement of replication in DNA 

repair has earned PCNA the moniker of “master coordinator of DNA replication and 

repair”55. While PCNA consistently interacts with DNA, whether it is orchestrating DNA 

repair or replication, its interacting partners vary depending on the cellular process that it 

is facilitating. When PCNA is involved in standard replication of genomic DNA during the 

S-phase of the cell cycle, it interacts with polymerase delta and epsilon. In response to 

replication stress, PCNA interacts with TLS-specific polymerases (POLη, POLι, POLκ, or 

REV1)56. During homologous recombination, PCNA interacts primarily with polymerase 

delta and kappa, but also with other polymerases57. Interactions among PCNA and 

polymerases beta, delta, and epsilon facilitate the base excision repair pathway. Interactions 

with polymerase delta are also important for nucleotide excision repair. Finally, PCNA also 

interacts with cellular factors other than polymerases to facilitate alternative DNA repair 

pathways, including Fanconi Anemia repair (FANCM and FAN1), intrastrand crosslink 

repair (ZRANB3), nucleotide excision repair (XPA, SPV, and SPG), and mismatch repair 

(MutL alpha).

This great diversity of interactions makes PCNA an essential gene, defined by the embryonic 

lethality of knocking out PCNA in mice. The ability to play such an essential role in 

embryogenesis is dependent on the interactions facilitated by the PCNA interacting protein 

(PIP) binding motif or PIP box in target proteins with the short connector loop that 

separates two larger domains of PCNA58–60. Post-translational modifications in PCNA 

influence its interactions with cellular proteins. The most well studied among these post-

translational modifications is the monoubiquitination of PCNA Lysine 164 that occurs in 

response to replication stress and is carried out by the RAD18/Rad6 complex61,62. This 

monoubiquitination shifts PCNA binding affinity from favoring replicative polymerases to 
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favoring TLS-specific polymerases. This in turn facilitates the full activation of the TLS 

pathway. Once the lesion is bypassed, the deubiquination of PCNA facilitates the switch 

back to the higher fidelity replicative polymerases.

Another relevant post-translational modification of PCNA is a methyl-ester modification that 

occurs in amino acids 126 to 133 of the interdomain connector loop. This modification 

is found primarily in transformed tissues and was first identified in a study of breast 

cancers63. After ruling out the modification was the result of mutations or alternative 

splicing, this methyl-ester modified PCNA was dubbed cancer associated PCNA or 

caPCNA64,65. Since its discovery and initial characterization, caPCNA has lived up to its 

name being found in prostate cancer, hepatic carcinoma, high-grade prostatic intraepithelial 

neoplasia, and neuroblastoma, but always absent or in very low abundance in untransformed 

control tissue66–68. The specificity of caPCNA for transformed cells has several potential 

therapeutic benefits, such as a therapeutic target or biomarker. These benefits may extend to 

CaCx as the abundance of PCNA is increased in HPV+ cervical cancers and in primary cells 

expressing HPV E711,69,69,70. The increased abundance of PCNA in CaCx is not surprising 

given its role in DNA replication and repair. Further, our submitted work demonstrates that 

caPCNA is also found in CaCx (Wendel et al, pending). This suggests that it is worth 

considering the therapeutic value of inhibiting caPCNA for CaCx care.

Development of caPCNA Inhibition Strategies

The realization of the potential of caPCNA inhibition faced several barriers. In addition 

to the typical drug design, pharmacokinetic, and pharmacodynamic hurdles, the lack of 

intrinsic enzymatic activity represented a further challenge to targeting caPCNA. Because 

PCNA lacks a catalytic site, efforts to inhibit caPCNA have focused on blocking interactions 

with interacting proteins instead. Initially, these efforts included the generation of a peptide 

(R9-caPeptide) that inhibits the interaction of PCNA with its binding partners; presumably 

by acting as a “decoy” to the PIP box and AlkB homologue 2 PCNA-interacting motif 

(or APIM) proteins. R9- caPeptide was cytotoxic to breast cancer cell lines as well as 

neuroblastoma, pancreatic cancer and lymphoma cell lines71,72. The peptide was also 

able to transit past the plasma membrane and enter cells. While these characteristics are 

highly desirable, the use of peptides as therapeutic agents generally faces headwinds, most 

commonly because of poor stability73.

While there are a variety of delivery methods to improve peptide stability, the efforts to 

develop a clinically viable caPCNA inhibitor turned to small molecule inhibitors. This 

motivated further work to identify a first-in-class small molecule that could block PCNA 

interactions with other proteins and hinder PCNA function with notable specificity for 

caPCNA. Through the combination of computer modeling confirmed by cell viability 

assays, AOH39 was identified. This served as the backbone for further drug development 

and screening which ultimately identified AOH1160 as a powerful inhibitor of caPCNA. 

Like R9-caPeptide, AOH1160 was also cell membrane permeable and displayed broad 

toxicity for transformed cells while being minimally toxic to untransformed cells74. A 

subsequent round of screening AOH1160 analogs, identified AOH1996 as a caPCNA 

inhibitor with further improved therapeutic properties75. AOH1996 remains specifically 
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lethal to malignant cells but has superior pharmacokinetic features including increased 

half-life and peak concentration in both mice and dogs. A notable feature of AOH1996 is 

its low toxicity both in vitro and in vivo75. This is likely due to its specificity fro caPCNA 

and in contrast to most other agents that target PCNA. See Table 2 for a list of compounds 

targeting PCNA or a post-translational modification of PCNA74,76–81. Our unpublished work 

determines the efficacy of AOH1996 in preventing the growth of in vitro and in vivo models 

of CaCx, providing evidence that the benefits of the drug likely extend to CaCx as well as 

mechanistic details on how AOH1996 kills CaCx cells.
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Relevant Outstanding Questions

This review discussed caPCNA and caPCNA inhibition in the context of CaCx. With our 

closing remarks, we would like to propose four open questions that we believe will drive 

research to define the therapeutic potential of AOH1996 and other caPCNA inhibitors in 

CaCx. They are listed below:

1. How broadly effective will caPCNA inhibition be? Can it impair the growth 

of premalignant cervical lesions, other HPV driven cancers, or warts?

2. Will caPCNA inhibition be more effective in combination with other drugs? 

Will the most effective combinations differ between cancer types?

3. What are the possible mechanisms of resistance to caPCNA inhibition?

4. Which caPCNA-protein interactions are affected by AOH1996
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Figure 1: 
Nucleoside supplementation reduces cisplatin toxic in CaCx cells. HeLa cells were exposed 

to a gradient of cisplatin concentrations either with or without nucleoside supplementation 

to lower replication stress in these cells. Relative viability was determined by MTT assay. 

* and ** indicate statistically significant differences in viability at indicated points (p <0.05 

and < 0.01, respectively).
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