

[image: image1]
Persistent Contaminants and Herpesvirus OtHV1 Are Positively Associated With Cancer in Wild California Sea Lions (Zalophus californianus)
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The prevalence of cancer in wild California sea lions (Zalophus californianus) is one of the highest amongst mammals, with 18–23% of adult animals examined post-mortem over the past 40 years having urogenital carcinoma. To date, organochlorines, genotype and infection with Otarine herpesvirus-1 (OtHV-1) have been identified in separate studies using distinct animals as associated with this carcinoma. Multi-year studies using large sample sizes to investigate the relative importance of multiple factors on marine mammal health are rare due to logistical and ethical challenges. The objective of this study was to use a case control approach with samples from 394 animals collected over 20 years in a multifactorial analysis to explore the relative importance of distinct factors identified to date as associated with sea lion cancer in the likelihood of sea lion carcinoma. Stepwise regression indicated that the best model to explain carcinoma occurrence included herpesvirus status, contaminant exposure, and blubber depth, but not genotype at a single microsatellite locus, PV11. The odds of carcinoma was 43.57 times higher in sea lions infected with OtHV-1 (95% CI 14.61, 129.96, p < 0.001), and 1.48 times higher for every unit increase in the loge[contaminant concentrations], ng g–1 (an approximate tripling of concentration), in their blubber (95% CI 1.11, 1.97, p < 0.007), after controlling for the effect of blubber depth. These findings demonstrate the importance of contaminant exposure combined with OtHV1 infection, in the potential for cancer occurrence in wild sea lions.
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INTRODUCTION

California sea lions (Zalophus californianus) are long lived marine mammals that are resident along the west coast of North America, with most of the population of approximately 250,000 individuals breeding on islands off the central California coast (Laake et al., 2018). This population has among the highest prevalence of cancer in mammals, with 18–23% of adult animals examined post-mortem over the past 40 years having neoplasia (Gulland et al., 1996; Deming et al., 2018). The most common type of cancer is urogenital carcinoma (UGC) that is fatal due to widespread metastasis (Gulland et al., 1996). As cancer is rare in wild mammals, with the notable exception of transmissible tumors in Tasmanian devils Sarcophilus harrisii (Pearse and Swift, 2006), it is important to understand sea lion cancer pathogenesis and the potential implications for the health of humans who share the coastal environment and some seafood types with sea lions (Browning et al., 2015). Sea lion cancer is not clonal, unlike that of Tasmanian devils, thus exposure to exogenous factors such as environmental contaminants and infections as well as genetic susceptibility must be considered as causal factors (Leathlobhair et al., 2017).

The central California coast and its food web are exposed to high levels of potentially carcinogenic persistent organochlorines following dumping of industrial waste DDTs (dichlorodiphenyltrichloroethanes) in the 1960s and urbanization and industrialization of the coast increasing run-off of newer chemical contaminants (Young et al., 1976; McCarthy et al., 2008). Organochlorines have been associated with cancers in humans and are carcinogenic in laboratory animal models (Wolff et al., 1993; Longnecker et al., 1997; Lauby-Secretan et al., 2013). Exposure to pollutants has been associated with cancer in another marine mammal, the beluga (Delphinapterus leucas) of the St Lawrence River (De Guise et al., 1995; Martineau et al., 2002). Earlier studies on California sea lion cancer found samples of blubber from sea lions with UGC had significantly higher levels of polychlorinated biphenyls (PCBs) and DDTs than blubber from sea lions without carcinoma (Ylitalo et al., 2005b; Randhawa et al., 2015). Other factors, however, also have been associated with sea lion UGC. A virus, Otarine herpesvirus-1 (OtHV-1), detected in sea lion tumors is phylogenetically similar to the human oncogenic gammaherpesviruses Kaposi sarcoma virus and Epstein Barr virus, suggesting it could be important in oncogenesis (King et al., 2002; Lipscomb et al., 2005). Although observed in sea lion tumors, it also has been detected in secretions and tissues from healthy sea lions, raising questions about its role in cancer development (Buckles et al., 2006, 2007).

Genetic predisposition to cancer also is possible in some sea lions, as carcinoma is more common in relatively inbred California sea lions (Acevedo-Whitehouse et al., 2003). This effect is apparently due to a single microsatellite genetic marker (PV11) (Browning et al., 2014). PV11 maps to intron 9 of the heparanase 2 gene (HPSE2) locus, a large gene which in humans is associated with multiple carcinomas. Expression of heparanase 2 (HPA2) was only found in the genital tract of sea lions with UGC with a homozygous PV11 allele 1 genotype (Browning et al., 2014). Furthermore, a specific MHC class II locus, Zaca-DRB-A, was associated with an increased occurrence of cancer in a small sample of stranded sea lions (Bowen et al., 2005).

Carcinogenesis is a multistep process requiring multiple mutagenic events, often with a long latency period between the initial DNA damage and the onset of neoplasia (Nik-Zainal and Hall, 2019). Here we hypothesize that genetic predisposition in California sea lions interacts with herpesvirus infection and environmental factors including contaminant exposure as the multi-step process resulting in neoplasia. Research to date on the pathogenesis of California sea lion UGC has evaluated the association of single factors with this carcinoma. Each report has used small sample sizes and investigated the association of a single factor with sea lion carcinoma. The aim of this study is to determine the relative importance of the factors identified to date (persistent organic contaminant exposure, herpesvirus infection, and PV11 microsatellite genotype), as well as the confounding variables of sea lion age and body condition, in increasing the likelihood of occurrence of sea lion UGC. The objective is to use a case control study using samples from hundreds of wild sea lions collected over 20 years, an approach which is rare in marine mammals due to the logistical and ethical challenges in sampling significant numbers of animals and obtaining samples from non-diseased animals. This study builds on earlier data from stranded California sea lions. Samples from some cases have been used in previous studies examining the individual factors of interest in the pathogenesis of the disease (contaminants, herpesviruses, and PV11 genotype) and results have been published elsewhere (Ylitalo et al., 2005b; Buckles et al., 2006; Randhawa et al., 2015). Here we include additional samples not previously reported on to the dataset and combine all the results into an integrated analysis to determine the contribution of the various factors associated with sea lion cancer.



MATERIALS AND METHODS


Animals

Adult female California sea lions that died from various causes (trauma, domoic acid toxicosis, cancer) at The Marine Mammal Center (TMMC) (Sausalito, CA, United States) following stranding along the California coast from San Luis Obispo to Humboldt Counties between 1st January 1998 and 30th December 2017 contributed cases or controls to this study (n = 394). California sea lions are a coastal species: after the breeding season when animals are concentrated on the Channel Islands, individuals migrate north along the coast as far as southern Canada to forage, with adult males migrating further north than females that return to the islands between foraging trips to nurse pups (DeLong et al., 2017). Sea lions that are observed stranded and appear sick or injured at various sites along the coast during the foraging season are taken to TMMC for treatment, and all come from the Channel Islands population (Carretta et al., 2018). Only female animals were included as few male sea lions without cancer are found stranded along the central California coast (Greig et al., 2005). Controls were mostly sea lions stranded with domoic acid toxicosis or trauma. All animal care procedures and sampling were authorized by the National Marine Fisheries Service (MMPA permit no 18786) and approved by The Marine Mammal Center’s Internal Animal Care and Use Committee. Within 24 h of death, each animal was examined at post-mortem, and straight length and blubber depth over the sternum measured. Representative samples of each organ including any grossly apparent masses, and the entire urogenital tract, were fixed in 10% neutral buffered formalin, then embedded in paraffin, processed routinely, sectioned at 5 μm and stained with hematoxylin and eosin for light microscopy. To determine the presence of UGC multiple tissues for histologic evaluation were sampled from the reproductive tract including uterus, ovaries, cervix, and vagina, and all histology was reviewed by one pathologist (KMC). A 5 mm3 skin sample from each animal was fixed in 70% ethanol for genetic testing, and 1 cm3 samples of cervix and/or vagina were frozen at −70°C for viral testing. Samples of liver, kidney, and skeletal muscle were archived from each animal at −20°C and used for genetic testing in cases for which skin samples were missing.

An approximately 100 g sample of blubber was collected from over the sternum, wrapped in Teflon and stored at -20°C until analysis for contaminants.

Each sea lion was assigned as a case or control based on histology: “controls,” no UGC observed on histology (n = 215); “cases,” UGC in reproductive tract and metastatic carcinoma in at least one lymph node or other organ (n = 179). In all cases, histologic features of UGC were as previously described (Gulland et al., 1996). Thus, controls came from the same population that gave rise to the cases and if they had cancer they would have been assigned as a case. The controls therefore represent those animals in the population that may have become cancer cases. All animals were selected independently of exposure.



Blubber Lipid and Chemical Contaminants

Persistent organic contaminant concentrations in the blubber of sea lions represent past chemical exposure as these compounds are highly lipophilic and accumulate in the blubber tissue throughout the animals’ lifetime (Randhawa et al., 2015). However, the greatest exposure occurs in utero and during lactation when the legacy of contaminants is passed from mother to pup (Greig et al., 2007). Thus, there is a positive correlation between contaminants in the blubber of the pup and the milk of the mother; pups from females with high concentrations in their blubber and milk will start life with a higher exposure before they are even weaned and feeding independently.

Blubber samples were analyzed for PCBs, DDTs, and other organochlorine (OC) pesticides using either a gas chromatography/mass spectrometry (GC/MS) method coupled with gravimetric lipid determinations or a high-performance liquid chromatography/photodiode array (HPLC/PDA) method coupled with a thin layer chromatography/flame ionization detection (TLC/FID) method for percent lipid measures (Ylitalo et al., 2005a; Sloan et al., 2014). In general, the OC results obtained using these two methods have been shown to be comparable for a number of matrices, including marine mammal blubber (Ylitalo et al., 2005a). The blubber lipid content values determined gravimetrically or via TLC/FID also have been shown to be comparable, although the TLC/FID values tend to be approximately 10–15% lower (Ylitalo et al., 2005c).

The majority of the blubber samples (267 of 296) were analyzed for OCs and polybrominated diphenyl ether (PBDE) flame retardants using the GC/MS method (Sloan et al., 2014). Briefly, blubber samples were weighed (0.5–1.0 g), mixed with drying agents (sodium sulfate and magnesium sulfate), and extracted using dichloromethane in an accelerated solvent extraction procedure, followed by removal of approximately 1 mL of sample extract for gravimetric percent lipid determinations. Next, the sample extracts went through a two-step clean-up regime to remove polar compounds via a single stacked silica gel/alumina column and to separate the compounds of interest from bulk lipids and other biogenic compounds by high-performance size exclusion liquid chromatography. The cleaned-up extracts were then analyzed on a low-resolution quadrupole GC/MS system equipped with a 60-meter DB-5 GC capillary column. In this method, sum PCBs is the summed concentrations of congener PCBs 17, 18, 28, 31, 33, 44, 49, 52, 66, 70, 74, 82, 87, 95, 99, 101/90, 105, 110, 118, 128, 138/163/164, 149, 151, 153/132, 156, 158, 170, 171, 177, 180, 183, 187/159/182, 191, 194, 195, 199, 205, 206, 208, 209. Sum DDTs is the sum levels of o,p’-DDD, p,p’-DDD, o,p’-DDE, p,p’-DDE, o,p’-DDT and p,p’-DDT. Sum chlordanes is the summed concentrations of oxychlordane, gamma-chlordane, nona-III-chlordane, alpha-chlordane, trans-non-achlor, and cis-non-achlor. Sum hexachlorocyclohexanes (HCHs) includes the sum levels of alpha-, beta-, and gamma-HCH isomers and sum PBDEs is the sum concentrations of congeners 28, 47, 49, 66, 85, 99, 100, 153, 154, 183.

A further 29 blubber samples were analyzed using HPLC/PDA (Ylitalo et al., 2005b), and were weighed (0.2–0.3 g), mixed with hexane/pentane (1:1 v/v) and sodium sulfate (5 g), and then homogenized using a Tekmar Tissuemizers. The analytes of interest were separated from lipids and other interfering compounds on a gravity flow cleanup column that contained neutral, basic and acidic silica gels by eluting with hexane/dichloromethane (1:1 v/v). Prior to the cleanup step, approximately 1 mL of sample extract was removed for lipid quantitation by thin layer chromatography with flame ionization detection (TLC/FID) (Ylitalo et al., 2005a). Eight dioxin-like congeners (PCBs 77, 105, 118, 126, 156, 157, 169, 189) were resolved from other selected PCBs (PCBs 99/101/149/196, 110, 128/123, 138, 153/87, 170/194, 180, 190, 200) and six additional OCs [o,p’-DDD, p,p’-DDD, p,p’-DDE, o,p’-DDT, p,p’-DDT, hexachlorobenzene (HCB)] by HPLC on two Cosmosil PYE analytical columns, connected in series and cooled to 16°C. The OCs were measured by an ultraviolet (UV) photodiode array detector and were identified by comparing their UV spectra (200–310 nm) and retention times to those of reference standards. The analyte purity was confirmed by comparing spectra within a peak to the apex spectrum. In the HPLC/PDA method, concentrations of summed PCBs were calculated by summing the concentrations of the PCBs listed above (based on individual response factor) and summing the concentrations of other PCBs (calculated by summing areas of peaks identified as PCBs and using an average PCB response factor). Using an average PCB response factor was justified for the “other PCBs” measured in the samples due to similarities in the PCB congener response factors (ranging from 0.65 to 0.75) measured on the HPLC/PDA system. Based on the retention time and UV spectral data, the “other PCBs” were identified as PCB congeners 28, 52, 47, 66, 70, 182, 200, and 209. Summed DDT concentrations were calculated by adding the concentrations of the five DDT isomers.

Because a small number of blubber samples were analyzed for percent lipid by TLC/FID, we converted the TLC/FID values to approximate the gravimetric percent lipid measures using the following equation previously reported for California sea lion blubber samples (Randhawa et al., 2015):
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For both OC analytical methods, a solvent method blank and a National Institute of Standards and Technology whale blubber Standard Reference Material (SRM, 1945) were analyzed with each sample batch and the results for the blubber SRM and other quality control samples met established laboratory criteria (Sloan et al., 2019).



Herpesvirus

Frozen cervical or vaginal samples from 162 control and 121 cancer cases were tested at the University of Florida College of Veterinary Medicine Zoological Medicine and Wildlife Disease Laboratory for the presence of herpesvirus using an OtHV1-specific qPCR (polymerase chain reaction) targeting the unique areas of the DNA polymerase gene (Dpol; forward primer: OtHV1qPCRF 5′-TCCCACGCTGTTTCGAATG-3′, reverse primer: OtHV1qPCRR 5′-AGCTCCGAGTCGTGTACACAGTAT-3′, probe: OtHV-1 Probe 5′-{FAM}-TCGCGCTCGCATCGGCA-{BNQ]-3′) with Black Hole Quencher probe and FAM reporter dye (Deming, 2018). Total DNA was extracted using a Qiagen kit according to manufacturer’s instructions (DNeasy Blood and Tissue, Qiagen Inc., Valencia, California, United States). DNA concentration of extracted samples were quantified using a NanoDrop 8000 spectrophotometer (Therma Fisher Scientific, Wilmington, Delaware, United States). qPCR reactions were run on 96-well polypropylene plates (Olympus Plastics, Genesee Scientific, San Diego, CA, United States). All plates had three no template (molecular-grade water) negative controls and standard curves (10–107 in triplicate). Each 20 μL reaction was composed of 4 μL DNA extract, 10 μL qPCR Master mix (TaqMan Fast Universal PCR Master Mix 2X, Applied Biosystems), 3 μL of molecular grade water, and 1 μL of each primer at a dilution of 18 μM. Samples were run in triplicate with an internal positive control of 18S ribosomal universal eukaryote DNA primer/probe (VIC Probe, Applied Biosystems) on a 7500 Fast Real-Time PCR System (Applied Biosystems) using the standard Fast protocol with thermocycling conditions as described in Deming (2018) (94°C for 20 s once, followed by 45 cycles at 94°C for 3 s and 60°C for 30 s). Data were analyzed using 7500 Fast Real-Time PCR System software. Samples with viral concentrations that were below the lower detection limit (1,000 viral copies per ng of DNA) were assigned an OtHV1 negative status and samples above the lower detection limit were assigned an OtHV1 positive status.

Vaginal samples from a further 15 control and three cancer animals were tested for OtHV-1 at the University of St. Andrews following PCR protocols described in Browning (2014) using OtHV-1 specific PCR primers that target a unique fragment of the OtHV-1 Dpol gene (forward primer: PolFor 5′-TTA CAC TTC TAC GTG ATG-3′, reverse primer: PolRev 5′-TCT TCG TCC AGT ATC ATT G G-3′) (Buckles et al., 2006; Browning, 2014). To confirm OtHV-1 positive PCR results, all samples that produced a positive band of expected size (approximately 740 bp) were gel extracted, sequenced (MRCPPU, College of Life Sciences, University of Dundee, Scotland)1 and aligned to the Dpol gene from OtHV-1 (GenBank: AF236050). All negative samples were re-run to confirm negative result.



Genotyping

Genotyping was carried out as described in Browning et al. (2014) (n = 317, Table 1). Briefly, genomic DNA (gDNA) was extracted following either a proteinase K-chelex DNA isolation method followed by phenol chloroform purification or using the PUREGENE DNA isolation method according to the manufacturer’s instructions. The microsatellite marker PV11 was amplified by PCR using Qiagen Multiplex Master Mix (Qiagen Inc.) and fluorescently tagged primers (Applied Biosystems). This enabled fragment analysis via automated capillary electrophoresis (ABI3700, Applied Biosystems or Beckman Coulter CEQ 8000) and subsequent allele identification. To check for errors in the amplification, a minimum of 10% of the samples were run in triplicate and two negative controls were included in each plate. Additional samples to those reported in Browning et al. (2014) were analyzed by Xelect Ltd., St Andrews, United Kingdom, using a Sanger sequencer to determine the fragment length following PCR including 10 repeats to ensure comparability. Five alleles were identified from fragment lengths (Browning, 2014), and homo- or heterozygosity assigned to each individual.


TABLE 1. Odds ratios for PV11 microsatellite genotype and herpesvirus status in sea lion cancer cases and controls.
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Whilst every attempt was made to obtain results for all factors for all individuals, there were inevitably some missing results and data due to the loss of samples during storage and transport and due to analytical error. However, these losses occurred randomly and were not decisions made by the investigators.



Statistical Analyses

We aimed to determine the herpesvirus status (positive or negative), genotype at PV11 (heterozygote or homozygote), and contaminant concentrations (sum PCB, DDTs, CHLDs, PBDEs, and HCHs on lipid weight basis) for each animal, but not all factors were available for each individuals in the dataset so sample sizes vary accordingly. Contaminant concentrations (on a lipid weight basis) were log-normally distributed and were therefore loge transformed after summation. The distribution of contaminants for the cases and controls are shown in Figure 1. The analysis was carried out using a staged approach with the relationship between the exposures (contaminants, genotype, and herpesvirus) and the probability of cancer first being considered singly, and with potential confounding factors, and then together using a multivariable approach. Fisher’s exact tests were carried out on the single exposure variable contingency tables to assess for independence between the variables and whether to reject the null hypothesis of the odds ratio being 1.0. Associations between the exposures and carcinoma were examined using logistic regression (generalized linear models with a binomial family and logit link function) to estimate odds ratios and their 95% confidence intervals using the package epitools in R (Aragon, 2018; R Core Team, 2020). Multivariable logistic regression analyses were then used to investigate the combined effects of the factors and odds ratios were calculated from the logistic regression coefficients for each factor classifying sea lions as controls and cases. The backward step function in R was used to determine the best fitting model which minimized Akaike’s Information Criterion (AIC), adjusting for covariates (Burnham and Anderson, 2004). The effect of blubber depth, as a potential confounding factor was investigated, together with any effect of year and season. A number of models were fitted to the data to determine the most parsimonious set of biologically plausible linear and non-linear predictors. Models were assessed for goodness of fit and those for which there was sufficient data which were therefore useful for making further inferences were included (see Supplementary Information).
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FIGURE 1. Blubber contaminant concentrations (loge transformed, ng g–1 on a lipid weight basis) in California sea lion cancer cases (red) and controls (blue) by contaminant classes.




RESULTS

A total of 179 adult female California sea lions with UGC and 215 adult female controls were included in the study. The potential role of each of the factors was investigated sequentially.


Homozygote or Heterozygote at PV11

Carcinoma was not significantly associated with homozygosity (i.e., any combination of identical alleles compared to any combination of heterozygosity) at the PV11 microsatellite locus (n = 317, odds ratio = 1.32 (95% CI 0.80, 2.15), Fisher’s exact test p = 0.28, Table 1).



Homozygosity at PV11

The probability of being a cancer case also was not significantly different among the four homozygous allele combinations (i.e., Group 1 alleles 1,1; Group 2 alleles 2,2; Group 3 alleles 3,3; Group 4 alleles 4,4—logistic regression intercept only model, null deviance = 157.16, homozygote groups model null deviance = 152.73, overall χ2 p = 0.218, Nagelkerke pseudo-R2 = 0.051, see Supplementary Information for further details).



All PV11 Allele Combinations

The animals were then categorized according to their allele combination (i.e., 1,1; 1,2; 1,3; 1,4; 2,2; 2,3 etc.), with the aim of determining if the probability of cancer was related to a particular allele occurring in any combination, homozygote or heterozygote. None of the combinations were significantly associated with cancer (intercept only model, null deviance = 429.86; allele group model null deviance = 413.21; overall χ2 p = 0.163, Nagelkerke R2 = 0.069, see Supplementary Information for further details).



Herpesvirus Status

There was a significant association between herpesvirus status and carcinoma. The odds of being virus positive were significantly greater in the cases than the controls (n = 301, odds ratio = 31.0, Fisher’s exact p < 0.0001, Table 1).



Blubber Contaminant Concentrations

Finally, the association between blubber contaminant concentrations and carcinoma was investigated. There was no relationship between contaminants and sea lion length (a proxy for age), and no difference in sea lion length between cases and controls (p = 0.812). The relationship between contaminant exposure and carcinoma was first investigated by combining the blubber concentrations of the five class (DDTs, PCBs, CHLDs, PBDEs, and HCHs) into one contaminant variable because there was a highly significant positive linear relationship among all five contaminant classes (Figure 2), as a combined variable as the sum of all contaminants measured. There was a significant negative relationship between blubber contaminant concentrations and blubber depth (p < 0.0001, adjusted R2 = 0.270, see Supplementary Information, and Figure S1). However, their variance inflation factors indicated a low degree of multicollinearity (blubber contaminant concentrations VIF = 1.27; blubber depth VIF = 1.23).


[image: image]

FIGURE 2. Relationship between blubber concentrations in different contaminant classes (loge transformed, lipid weight, ng g–1). DDTs, Dichlorodiphenyltrichloroethanes; PCBs, polychlorinated biphenyls; CHLDs, chlordanes; BDEs, polybrominated diphenyl ethers; HCHs, hexachlorocyclohexanes.


The odds ratio indicated that, after controlling for differences in blubber depth (cm) (four animals that were missing data on blubber depths were excluded from this analysis), the odds of cancer increased with increasing blubber contaminant concentrations. For the sum of all the contaminants measured, the odds ratio was 1.28 (n = 263, odds ratio 95% CI 1.02, 1.6, p = 0.03) indicating that holding blubber depth constant, the odds of cancer are 28% higher for each unit increase in loge[blubber contaminant concentrations, ng g–1] Table 2). As the contaminants have been loge transformed this equates to approximately a tripling (× 2.72) of concentration for each unit increase. Comparing the results and fit of a model which included loge[blubber contaminant concentrations] to one with both loge[blubber contaminant concentrations] and blubber depth indicated that the latter was more appropriate (analysis of deviance for the generalized linear model with a logit link function and binomial family with blubber contaminant concentrations as an independent variable without blubber depth vs. model with blubber depth; χ2 Pr = 0.0133, crude odds ratio = 1.48, adjusted odds ratio = 1.28, see Supplementary Information). There was thus a 13.5% change in the odds ratio between the two models, indicating blubber depth is a confounding variable. However, as animals will lose blubber mass during the disease process, resulting in an increase in their blubber contaminant concentrations (Hall et al., 2008), a further analysis was carried out including only those animals with a blubber depth > 1 cm (n = 139). For this subset, using the same model structure (Case or Control ∼ blubber depth + loge [blubber contaminant concentrations]), controlling for the effect of blubber depth the odds ratio was higher [odds ratio = 1.97 (95% CI 1.35, 2.89) p < 0.001, Nagelkerke R2 = 0.221]. This suggests that the observed relationship with contaminant exposure is not only because animals have lost blubber due to disease.


TABLE 2. Logistic regression model investigating probability of cancer in relation to blubber contaminant concentrations (loge[sum contaminant concentrations, ng g–1 lipid weight]) after controlling for blubber depth (glm[CaseControl ∼ BlubberDepth] + Loge[ContaminantConcentration], n = 263).

[image: Table 2]


Multiple Exposures

Stepwise multivariable logistic regression to investigate the relationship between carcinoma and the three exposures, genotype, herpesvirus, and blubber contaminants whilst accounting for the potential effect of confounding variables. There was no evidence for year or season being confounding variables (further details are given in Supplementary Information). The most parsimonious model included herpesvirus status, contaminant exposure, and blubber depth (Table 3, see also Supplementary Information). Genotype at microsatellite PV11 and body length were also not retained in the model. Models with interaction terms for the non-correlated variables (body length, blubber contaminants, year, season, and genotype) were tested but were not good fits to the data and were not retained in the final model.


TABLE 3. Logistic regression model investigating probability of cancer in relation to herpesvirus status and blubber contaminant concentrations (loge[sum contaminant concentrations, ng g–1 lipid weight]) after controlling for blubber depth (glm[CaseControl ∼ HerpesStatus] + BlubberDepth + Loge[ContaminantConcentration], n = 252).
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The adjusted odds ratio from the logistic regression model for herpesvirus was 43.57 (95% CI 14.61, 129.96, p < 0.001) and that for the contaminant concentration was 1.48 (1.11, 1.97, p < 0.007) again accounting for any effect of blubber depth. However, it should be noted that there were only seven sea lions with cancer that were negative for herpesvirus, and contaminant data were only available for four of these individuals (Figure 3). Nonetheless, the individual factor analysis indicates an effect of contaminants which is retained when herpesvirus status is accounted for. Probabilities estimated by the model (from the model logits) for animals with and without herpesvirus, for three different blubber depths, with increasing blubber contaminant concentrations, are shown in Figure 4. Animals with the highest blubber concentrations and without herpesvirus have a less than 20% probability of being a cancer case whereas for an animal with herpesvirus this increases from about a 30% probability in the least exposed to over 80% in the most exposed.
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FIGURE 3. Distribution of blubber contaminant concentrations in herpesvirus negative (left panel) and herpesvirus positive (right panel) sea lions with (cases) (red) and without (controls) (blue) cancer. Note only four animals with cancer that also had contaminant data were negative for herpesvirus.
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FIGURE 4. Probability of cancer in California sea lions with increasing blubber contaminant concentrations for animals with thin blubber (0.5 cm), the mean blubber thickness for the study group (1.1 cm) and with thick blubber (2.0 cm). Red = animals with herpesvirus; Black = animals without herpesvirus.




DISCUSSION

This California sea lion case control study provides evidence that herpesvirus infection (OtHV1) is critical to the likelihood of carcinoma occurrence, but in addition, the higher the animals’ blubber contaminant concentrations, the higher the odds of cancer. Such synergism between pollutants and virus in causing cancer has been suggested previously in humans but not wildlife: the high prevalence of esophageal carcinoma in people in the Huaihe River Basin in China is associated with human papillomavirus and exposure to 3-methylcholanthrene (Ghaffar et al., 2018). As carcinogenesis is a multistep process requiring multiple mutagenic events and may necessitate replication and fixing of the DNA damage caused by promoters, this study supports the hypothesis that carcinoma in California sea lions is a multifactorial disease. The gammaherpesvirus of sea lions is likely sexually transmitted, as is more common in sexually mature animals and is localized to the reproductive tract (Buckles et al., 2006, 2007). Exposure to contaminants, in contrast, occurs early in life, with California sea lions accruing PCBs and DDTs both in utero, across the placenta, and in milk (Greig et al., 2007). Thus, as there is often a long latency period between the initial DNA damage and the onset of neoplasia (Robertson and Hansen, 2020), this study suggests early exposure to persistent organic pollutants, followed by infection with OtHV1, are important in the pathogenesis of UGC in wild sea lions. Despite earlier work showing statistically significant associations between a single microsatellite genetic marker, PV11, and California sea lion carcinoma, this study with larger sample sizes and inclusion of other factors, did not find association between PV11 genotype and cancer, suggesting confounding factors may have been important in earlier studies.

Chemicals may induce neoplasia directly through DNA damage, or indirectly by acting as a promotor, or through immune suppression allowing infection with oncogenic viruses (Robertson and Hansen, 2020). PCBs are recognized as complete carcinogens (Lauby-Secretan et al., 2013), although this study suggests coinfection with herpesvirus is needed for urogenital cancer to occur in sea lions. Some contaminants have been linked to immune suppression in marine mammals (Ross et al., 1995; Levin et al., 2005; Williams et al., 2020), although others can increase lymphocyte proliferation and cytotoxicity (Peñín et al., 2018), suggesting that they can modulate anti-viral and tumor-surveillance activities of Natural Killer and cytotoxic T-cells. Such an effect would not necessarily lead to generalized states of immune suppression, which is improbable given that the sea lion population has been increasing over recent decades (Laake et al., 2018). Generalized immunosuppression is thus unlikely to be the mechanism through which persistent organic pollutants increase the likelihood of cancer in this species. Rather, it is possible that modulation of the immune system by organic contaminants can lead to variations in effectiveness of immune responses to OtHV-1 and cellular transformation. Another possibility is that persistent organic pollutants may increase the likelihood of cancer via their hormone mimicking properties, as sea lion reproductive tracts which are prone to cancer have estrogen and progesterone receptors and alteration of receptor expression is noted in UGC (Colegrove et al., 2009). The endocrine-disrupting properties of organochlorine pesticides are well recognized, as are the endocrine associations with cancer. For example, in humans, girls born to mothers receiving diethylstilbestrol are at higher risk of developing reproductive tract cancer (Colborn et al., 1993; Verloop et al., 2010). Also, human reproductive tract cancer is associated with higher blood levels of pesticides, and in utero exposure to DDTs increases the risk of breast cancer later in life (Mathur et al., 2008; Cohn et al., 2015). Experimental studies in laboratory animals have also shown interactions between organochlorines and hormone receptors in the genital tract. Mink exposed to organochlorines exhibit upregulation of hormone receptors (Patnode and Curtis, 1994). Neonatal mice exposed to estrogenic PCB metabolites developed cervicovaginal carcinomas (Martinez et al., 2005).

The blubber levels of persistent organic pollutants in these California sea lions are amongst the highest recorded in any marine mammal, presumably because of the persistence of compounds dumped along the California coast in the 1970s prior to the ban on their use and production in the United States, and the coastal foraging range of sea lions. Such high persistent organic pollutant levels were associated with carcinoma in two earlier studies (Ylitalo et al., 2005b; Randhawa et al., 2015). However, in neither of these studies was the effect of weight loss in animals with cancer considered. As persistent organic pollutants are lipid soluble and stored in adipose tissue of the blubber, when pinnipeds lose weight due to disease such as cancer, the blubber lipid content decreases and persistent organic pollutants are mobilized (Peterson et al., 2014). Serial sampling of sea lions that stranded suffering from domoic acid intoxication that lost weight then regained it after therapy demonstrated increases, followed by decreases, in blubber sum PCB and DDT concentrations, with different congeners having differing dynamics (Hall et al., 2008). To allow for these dynamics, in this study the effect of blubber thickness was controlled for, demonstrating persistent organic pollutant levels remain a significant factor in cancer development, even when considering the effects of weight loss. Age of female sea lions also likely affects blubber persistent organic pollutant burden, although in this study, there was no relationship between sea lion length, a proxy for age, and contaminants, and length was not retained in the model. In bottlenose dolphins (Tursiops truncatus), it has been shown that transfer of PCBs to offspring via the placenta and milk will decrease organochlorine burden with age in reproductively active female dolphins (Schwacke et al., 2002). Length at age for California sea lions has been established (Laake et al., 2016), and in this study most (80%) of these animals were over 5 years old and fully grown (> 153 cm long). Data on reproductive history for these wild animals are unavailable, but given the high fecundity of this species, and the high number of fully grown animals, it is unlikely that animals in the control group have different life histories from those in the case group. However, this remains a source of uncertainty in the results.

The clear association of OtHV-1 with carcinoma in this study supports a significant role for OtHV-1 in the pathogenesis of sea lion cancer. Although this virus has been previously demonstrated in California sea lion cancers, its presence in secretions from apparently healthy animals raised the question of its role in cancer development, and the possibility of it simply replicating in rapidly divided neoplastic tissue rather than playing a role in tumor development. Herpesviruses are associated with other mammalian tumors, including in primates and humans with the effects of infection typically depending upon multiple factors (Hunt et al., 1972; Touitou et al., 2001; Estep and Wong, 2013). For example, Epstein Barr virus (EBV) in humans is usually sub-clinical, or causes a self-limiting lymphoproliferative disease; however, when combined with co-factors, such as malaria or HIV infection, EBV infection can result in the development of lymphomas or nasal pharyngeal carcinoma (Touitou et al., 2001). Results of this larger study provides a clear example of a herpesvirus in a wild animal being strongly associated with cancer as indicated by the very high odds ratio, but a cofactor, persistent organic pollutants exposure, also may increase the likelihood of cancer occurrence. Further work on the mechanisms behind the association of OtHV1 infection with sea lion carcinoma is indicated by this study.



CONCLUSION

In conclusion, this case control study, designed around rigorous opportunistic sampling over two decades, demonstrates the value of long-term epidemiological studies that control for multiple factors and use large sample sizes. There is increasing concern over the exposure of wild marine mammals to multiple factors that could have cumulative impacts on health, yet studies to investigate these impacts are logistically and ethically challenging in ocean environments (National Academies of Sciences Engineering, and Medicine, 2016). This study demonstrates that two factors, herpesvirus infection and contaminant exposure, are positively associated with urogenital cancer, and future studies should focus on mechanistic experiments to explore tumorogenic pathways. This study has implications for human health, as virally associated cancer occurs in humans, and likelihood of cancer development could similarly be increased by exposure to environmental contaminants. Efforts to prevent ecosystem contamination with persistent organic pollutants must be improved to protect both wildlife and human health.
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