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People living a subsistence lifestyle in the Arctic are highly exposed to persistent organic pollutants,
including polychlorinated biphenyls (PCBs). Formerly Used Defense (FUD) sites are point sources of PCB
pollution; the Arctic contains thousands of FUD sites, many co-located with indigenous villages. We
investigated PCB profiles and biological effects in freshwater fish (Alaska blackfish [Dallia pectoralis] and
ninespine stickleback [Pungitius pungitius]) living upstream and downstream of the Northeast Cape FUD
site on St. Lawrence Island in the Bering Sea. Despite extensive site remediation, fish remained
contaminated with PCBs. Vitellogenin concentrations in males indicated exposure to estrogenic con-
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Be}: ing Sea taminants, and some fish were hypothyroid. Downstream fish showed altered DNA methylation in go-
Formerly used defense site nads and altered gene expression related to DNA replication, response to DNA damage, and cell signaling.
FUD site This study demonstrates that, even after site remediation, contaminants from Cold War FUD sites in

Global distillation remote regions of the Arctic remain a potential health threat to local residents — in this case, Yupik
Polychlorinated biphenyls people who had no influence over site selection and use by the United States military.
Yupik © 2017 Elsevier Ltd. All rights reserved.

1. Introduction sunlight, which makes them available for long-term incorporation

into biological systems (Bard, 1999; Wania and Mackay, 1993). POPs

Arctic Indigenous Peoples are among the world's most highly
exposed populations to certain persistent organic pollutants (POPs)
(Ayotte et al., 1996, 1997; Blais, 2005; Dewailly et al., 1989, 1999;
Walker et al., 2003). The Arctic acts as a “cold trap” and is a
hemispheric sink for certain POPs that are transported from lower
latitudes through atmospheric global distillation (Blais, 2005;
Wania and Mackay, 1993, 1996). Once POPs enter the Arctic, their
deterioration slows due to low temperatures and low intensity
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bioaccumulate and biomagnify in the lipid-rich arctic food webs,
some to toxic levels (Bard, 1999; Wania and Mackay, 1993). Arctic
Indigenous Peoples often subsist on high trophic level, long-lived
animals, and thus may ingest levels of POPs that lead to adverse
health outcomes, such as thyroid disorders, developmental disor-
ders, and certain cancers (Ayotte et al., 1995; Wania and Mackay,
1993). These findings prompted the inclusion of concern about
exposure to POPs by Arctic Indigenous Peoples in the Stockholm
Convention on Persistent Organic Pollutants, which bans or re-
stricts some of the world's most toxic POPs, including poly-
chlorinated biphenyls (PCBs) (UNEP, 2001).

PCBs disrupt several endocrine pathways, including the thyroid
and sex steroid axes, and, depending upon the particular congener,
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display estrogenic or anti-estrogenic effects (Brown et al., 2014b;
Cooke et al., 2001; Letcher et al., 2010; Schell et al., 2008, 2014).
PCB exposure in humans induces numerous adverse effects,
including low birth weight, slow growth, reduced immunocom-
petence, cancer, reproductive impairment, neurological impair-
ment, and reduced intelligence (Ayotte et al., 2003; Boucher et al.,
2009; Carpenter, 2006; Dallaire et al., 2006, 2014; Lauby-Secretan
et al,, 2013; Schantz et al., 2003; Weisglas-Kuperus, 1998; WHO,
2016).

Global distillation is not the only source of POPs in the Arctic.
Many locally contaminated sites also contribute POPs to the arctic
environment with implications for the health of people and wildlife
(Brown et al., 2014a). For example, Alaska has approximately 600
formerly used defense (FUD) sites dating from World War Il and the
Cold War, many of which are located adjacent to Alaska Native
villages in remote parts of the state (Scrudato et al.,, 2012; von
Hippel et al., 2016). When the U.S. military abandoned these sites
at the end of the Cold War, a legacy of contaminants, including
PCBs, remained. Given that the village residents did not elect to use
chemicals at the FUD sites or benefit from them, and yet likely
suffer the consequences of exposure, these sites present cases of
environmental injustice (Rechtschaffen et al., 2009).

A multitude of factors determines the environmental fate of
PCBs (Gioia et al., 2013; Lammel and Stemmler, 2012; Macdonald
et al., 2005; Scheringer, 2009; Wania and Mackay, 1993). Global
distillation results in a shift to a greater mass fraction of lightly-to
intermediately-chlorinated PCBs with higher latitude because
heavier PCBs are less volatile and condense out of the atmosphere
closer to their emission source (Iwata et al., 1993; Scheringer, 2009;
Wania, 2003; Wania and Mackay, 1993, 1996). This latitudinal
fractionation enriches arctic environments with less chlorinated
PCBs (Iwata et al., 1994; Wania and Mackay, 1993). For example,
atmospheric deposition results in tri-chlorinated congeners pre-
dominating in surface sediments of the Bering Sea (contributing
47—-92% of total PCBs), followed by penta-chlorinated and hexa-
chlorinated congeners (Hong et al., 2012). Conversely, PCBs derived
from point sources such as FUD sites are more likely to be heavier
congeners (Muir et al., 2000). Differentiating contamination due to
atmospheric deposition vs. local sources is important for site
characterization and remediation. For example, PCB contamination
due strictly to global distillation could not be ameliorated via
removal of materials from a FUD site. On the other hand, detection
of PCB contamination from a FUD site could justify the initiation or
extension of site clean-up.

The most expensive clean-up of an Alaskan FUD site to date
occurred at Northeast Cape on St. Lawrence Island (SLI; Fig. S1). SLI
is the largest island in the Bering Sea and has a population of ca.
1600 Siberian Yupik Alaska Natives who live a mostly subsistence
lifestyle in two extant villages: Gambell and Savoonga. Northeast
Cape is the site of a former Yupik village that the residents of
Gambell and Savoonga would like to reestablish; it is actively used
for subsistence activities (USATSDR, 2015). The U.S. Air Force ac-
quired the lands at Northeast Cape in 1952 under Public Land Order
790 and established an Aircraft Control and Warning Station
(AC&WS) in 1957 (ADEC, 2013b; USBLM, 2015). The Northeast Cape
facility operated until 1972 as a surveillance station, first as an
AC&WS, then as a White Alice (Alaska Integrated Communications
and Electronics) site to detect and provide early warning of enemy
aircraft and missile attacks during the Cold War (ADEC, 2013b). At
least 30 contaminated locations occur in a 19 km? area (ADEC,
2013b). Contamination of soils, surface waters, groundwater, and
biota at Northeast Cape derives from fuel spills and releases of PCBs,
pesticides, solvents, and metals (ADEC, 2013b; Byrne et al., 2015;
Scrudato et al., 2012). Between 1985 and 2014, $120 million was
spent on remediation of the FUD site at Northeast Cape, including

the removal of structures, storage tanks and drums, and various
contaminated wastes, soil and sediments (ADEC, 2013a, b; USACE,
2012). In 2014, the U.S. Army Corps of Engineers determined that
sufficient cleanup occurred to cease active remediation activities.

SLI residents have concentrations of PCBs in their blood serum
that are about six times higher, on average, than found in people
who live in other U.S. states (Carpenter et al., 2005). Additionally,
residents of Savoonga who also use Northeast Cape for subsistence
activities have higher levels of PCBs in their blood serum than SLI
residents who are not associated with Northeast Cape (Carpenter
et al., 2005). Together, these findings suggest that atmospheric
deposition of PCBs in the Arctic coupled with biomagnification into
subsistence foods results in elevated PCBs in SLI residents
(Welfinger-Smith et al., 2011), while some residents experience
added exposure from military contamination at Northeast Cape
(Carpenter et al., 2005).

From the slopes of the Kinipaghulghat Mountains above
Northeast Cape, the Sugitughneq River flows north through the
coastal tundra and the FUD site into the Bering Sea (Fig. S1).
Freshwater habitats accumulate contaminants from their water-
shed (Luoma and Rainbow, 2008; Sumpter and Jobling, 1995) and
fish have excellent utility as sentinels of the aquatic environment
(Tierney et al., 2014). Therefore, at the request of SLI residents, we
examined congener-specific profiles of PCBs and biological re-
sponses in fish collected from the Suqgitughneq River to determine:
1) if remaining contamination is due primarily to the FUD site or to
atmospheric deposition, 2) if biologically relevant levels of PCBs
remain in fish at the conclusion of site remediation, and 3) if health
findings in fish have implications for the health of the Yupik people
on SLI. We examined two native fish species that commonly inhabit
contaminated and clean freshwater sites on SLI: Alaska blackfish
(Dallia pectoralis) and ninespine stickleback (Pungitius pungitius;
hereafter ‘stickleback’). We previously demonstrated that concen-
trations of numerous POPs in stickleback tissues closely mirror
concentrations in the blood serum of SLI residents, indicating that
stickleback are an effective sentinel species on the island (Byrne
et al,, 2015, 2017).

2. Materials & methods
2.1. Fish collection and processing

Ninespine stickleback and Alaska blackfish were collected in
June 2012 and June—July 2013 from the Sugqitughneq River at
Northeast Cape (Fig. S1), the Tapisaggak River at Northeast Cape (a
nearby reference site located in a separate drainage; stickleback
only), and Troutman Lake in the village of Gambell (stickleback
only). Fish were sampled from the different sites on the same days
and were processed with the same protocols. Fish were collected
using unbaited 0.32 cm and 0.64 cm wire-mesh minnow traps and
therefore represent the sizes that cannot escape through the mesh.
Fish were euthanized with an overdose of MS-222 fish anesthetic.

For gene expression studies, in the field we dissected off the
head of the fish, cutting directly posterior of the pectoral fins, and
isolated the trunk by removing the caudal portion of the fish pos-
terior to the anus, preserving head and trunk immediately in
RNAlater, which had access to internal tissues in the trunk from
both cut ends. The caudal peduncle and caudal fin were preserved
in 95% undenatured ethanol in the field. Other fish were held on ice
in the field and then stored at —80 °C until analysis of concentration
of PCBs, thyroxine (T4), and vitellogenin (VTG). Fin clips from many
fish were preserved in 95% undenatured ethanol for DNA extrac-
tion. All research protocols were approved by the University of
Alaska Anchorage Institutional Animal Care and Use Committee
(IACUC #159870-20 and 439949-1) and the University of Oregon
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Institutional Animal Care and Use Committee (IACUC #13-12R4).
2.2. Quantification of PCBs

For stickleback we analyzed PCB concentrations in adults only
due to their small size, while for blackfish we analyzed PCB con-
centrations for subadults and adults (masses for each fish are pre-
sented in the Supplemental Data File). PCB quantification was
conducted on whole-body homogenates by Axys Analytical Ser-
vices Ltd. (Sidney, British Columbia, Canada) using EPA Method
1668A/C (Axys Method MLA-010 Rev 11). Laboratory personnel
were unaware of the meaning of site designations and had never
visited SLI; therefore, their analytical results could not reasonably
be biased by location information. We present uncorrected con-
centrations because method blanks indicated no meaningful lab-
oratory contamination and mean percent lipid in both Alaska
blackfish and stickleback collected upstream and downstream of
the FUD site did not significantly differ by location (blackfish:
F127 = 0.06, p = 0.807; stickleback: Fy 45 = 0.30, p = 0.585). All PCB
analytical results are available in the Supplemental Data File.

2.3. Ninespine stickleback vitellogenin assay

To extract VTG, we used the head and tail extraction protocol,
which avoids the sites of VTG origin (liver) and sink (gonads), as
described in the OECD Guideline for the Testing of Chemicals
(OECD, 2011). Extracts were stored at —80 °C until the day of the
assay. VTG levels were determined using a ninespine stickleback
VTG enzyme-linked immunosorbant assay (ELISA) that we devel-
oped and optimized (von Hippel et al., 2016). Laboratory personnel
were familiar with the SLI research sites and were therefore not
blind to treatment for the VTG assay, as well as for the following
assays.

2.4. Ninespine stickleback thyroid hormone assay

Whole stickleback were homogenized and T4 was extracted as
described in Petersen et al. (2015) and Gardell et al. (2015, 2017). A
commercially available ELISA kit (Total T4, MP Biomedicals, Santa
Ana, CA) was validated for use with ninespine stickleback using
tests of parallelism and accuracy. Samples were resuspended in
enzyme immunoassay buffer (0.1M PBS, 0.15 NaCl, 0.1% BSA, pH 7.4)
and assayed in duplicate. Absorbance was measured on a plate
reader at 450 nm (SpectraMax 340PC, Molecular Devices, Sunny-
vale, CA). The intra- and inter-assay variability were 5% and 26%,
respectively.

2.5. Ninespine stickleback DNA Methylation assay

DNA was extracted from fish tissue (gonad, kidney, liver, spleen
and thyroid) using the DNeasy Blood and Tissue Kit (Qiagen,
Maryland, USA). Methylation was quantified with the 5-mC DNA
ELISA Kit (Zymo Research, California, USA) using 100 ng of extracted
DNA. The intra- and inter-assay variability were 5.6% and 4.0%,
respectively.

2.6. Ninespine stickleback RNAseq

Stickleback were partially dissected in the field with cuts just
behind the pectoral fins and just behind the anus; the trunk portion
was fixed in RNAlater, while the caudal portion posterior to the
anus was fixed in 95% undenatured ethanol for DNA analyses.
Samples were returned to the laboratory and stored at —20C. To
control for differences between sexes, individuals were sexed by
PCR genotyping from fin tissue following Shapiro et al. (http://

www.ncbi.nlm.nih.gov/nuccore/229076868). A 2 mm Cross-
section perpendicular to the anterior/posterior axis was removed
from the trunk immediately posterior of the pectoral fins and ho-
mogenized in 200ul Trizol. Total RNA was extracted following
Amores et al. (2009). Total RNA was enriched for mRNA using
Dynabeads® Oligo(dt)? (ThermoFisher).

We constructed cDNA sequencing libraries using the NEXTflex™
qRNA-seq kit (BIOO Scientific). Library concentrations were quan-
tified using a Qubit® fluorometer (Life Technologies) and by
quantitative real-time PCR using the Kapa Library Quantification Kit
(Kapa Biosystems). Indexed libraries were normalized to a con-
centration of 2.3 nM and multiplexed for either single-end 101 bp
or paired-end 150 bp sequencing on an Illumina HiSeq 2500.

All reads were trimmed to the lowest common denominator of
101nt. For paired-end reads, only R1 was considered in this anal-
ysis. Cutadapt version 1.11 (Martin, 2011) was used with parameters
-e 0.1 -O 3’ to trim 3’ adapters from all reads. Reads were then
processed by Trimmomatic version 0.33 with parameters 'SLI-
DINGWINDOW:5:20' (Bolger et al., 2014). Reads shorter than 34nt
were then removed. The remaining reads were aligned to the
sequenced threespine stickleback (Gasterosteus aculeatus) genome
(Gasterosteus_aculeatus.BROADS1.dna.toplevel.fa) retrieved from
Ensembl using GSNAP version 2014-12-28 (Wu and Nacu, 2010)
with parameters ‘~barcode-length = 9 -k 15 -m 0.2’. Only uniquely
aligned reads were considered. Alignment files were then sorted by
position using samtools version 0.1.18 (Huang et al., 2009).

Two reads were considered PCR duplicates if both reads: 1)
aligned to the reference with the same alignment start, taking 5’
(with respect to the read) soft-clipping into consideration, 2)
aligned to the same strand, and 3) had the same molecular index for
sample origin (first 8nt of the read). If two or more reads met all of
these criteria, a random read from the set was retained, and all
other (presumed PCR) duplicates were removed. If the first 8nt of
any read did not exactly match one of the 96 molecular indices, that
read was removed during this process.

Read counts per gene were attained using HTSeq-count (Anders
et al., 2015) with parameters ‘-stranded = no -m intersection-strict’
and using the Ensembl GTF file Gasterosteus_aculeatus.-
BROADS1.79.gtf. All non-protein coding genes were removed, and
gene counts were input to DESeq2 version 1.6.3 following the
standard workflow described in the DESeq2 manual (Love et al,,
2014). Genes with adjusted p-value <0.1 were considered signifi-
cantly differentially expressed. Genes that were significantly
differentially expressed were annotated to zebrafish (Danio rario)
ENSEMBL assembly GRCz10 and human GRCh37.p13, and grouped
into functionally related gene ontology clusters using DAVID
(Huang et al., 2009). PCR genotyping revealed only two males in
each of the two treatment groups, whereas RNAseq data were
available for four females from each group. Because of the small
sample size for males, and in order to control for differences be-
tween sexes in high and low contaminated sites, differential
expression was analyzed for females only.

2.7. Statistics

Statistical analyses were conducted in R version 3.4.1 and IBM
SPSS Statistics version 24. Analysis of variance (ANOVA) was used to
compare PCB concentrations and percent lipid between groups.
However, due to small sample sizes per group for some compari-
sons, PCB concentrations were also analyzed with the non-
parametric Mann-Whitney U test and the non-parametric Krus-
kal-Wallis test. For multiple comparisons, significance values were
Bonferroni corrected. The Kruskal-Wallis test was also used to
compare estrogenic and dioxin-like PCBs between groups due to
small samples sizes. The chi-square test was used to compare the
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frequency of induction (induced vs. not induced) for VTG between
males collected in the Suqgitughneq River vs. males collected at two
other sites on the island (the Tapisaggak River and Troutman Lake).
Similarly, a t-test was used to compare the concentration of VTG in
induced males from the Suqitughneq River vs. induced males from
the Tapisaggak River and Troutman Lake combined. Because of
non-homogeneity of variance of VTG values, this analysis was
repeated with the non-parametric Mann-Whitney U test. ANOVA
was used to compare stickleback T4 concentrations between sites in
the Suqitughneq River, the Tapisaggak River and Troutman Lake.
Due to small sample size, the Mann-Whitney U test was used to
compare DNA methylation in wupstream vs. downstream
stickleback.

3. Results & discussion

Despite fish mobility that makes site-based differences in
contaminant load harder to detect, those fish collected at the
intersection of the Suqgitughneq River and streamlets that drain the
FUD site had elevated PCB concentrations (Fig. 1). Stickleback and
Alaska blackfish are low trophic level fish, yet their total PCB levels
in the Suqitughneq River were above U.S. Environmental Protection
Agency (EPA) guidelines for human consumption (cancer risk for
human consumption of fish: for stickleback within the 1—3 meals/
month consumption safety range; for blackfish within the 0—2
meals/month consumption safety range (EPA, 1999)). PCB conge-
ners with three or fewer chlorine atoms showed no pattern of
higher or lower concentrations in fish caught upstream vs. down-
stream of the FUD site, as expected for lighter congeners deposited
from the atmosphere (Wania and Mackay, 1996). In contrast, all
heavier congener groups appeared at significantly higher concen-
trations in downstream fish (Fig. 2), as predicted for PCBs deposited
locally. Additionally, most of the PCB contamination of Sugitughneq
River fish is of the heavier congeners (Fig. S2), indicating a
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preponderance of PCBs that originated from the FUD site. Similarly,
a comparison of PCB concentrations in stickleback collected from
the Suqitughneq River with stickleback collected from the nearby
Tapisaggak River reveals that Suqitughneq River stickleback have
higher concentrations of the heaviest PCB congeners (Fig. S3).

Previous work on plants and sediment cores also concluded that
most of the PCB contamination in the Suqgitughneq River watershed
originated at the FUD site (Miller et al., 2013; Scrudato et al., 2012).
Evidence that PCBs in sediment cores originated at the FUD site
includes concentration profiles with depth, spatial gradients,
comparisons of the FUD site (>550 pg/kg total PCBs) to background
concentrations elsewhere on SLI and the region (a few pg/kg),
compositional variation (highly chlorinated at the FUD site), and
associated military contaminants (Scrudato et al., 2012).

Are the levels of PCBs in the Suqitughneq River affecting the
health of resident fish? We examined this question by using VTG as
a biomarker of exposure to xenobiotic estrogens, by measuring
thyroid hormone levels to detect disruption of the thyroid axis, by
gene expression analysis to infer mechanisms of action, and by
measuring total methylation of DNA in key tissues.

Environmental estrogens are associated with increased risk of
developmental disorders and certain cancers in humans and
wildlife (Norris and Carr, 2006). VTG is the egg-yolk precursor
protein normally synthesized and secreted by female liver cells
following induction by ovarian estrogens (Sumpter and Jobling,
1995). Because endogenous circulating estrogen levels in males
are insufficient to activate expression of the VTG gene, VTG is a
commonly used biomarker for xenobiotic estrogen exposure in
oviparous vertebrates (Sumpter and Jobling, 1995). We developed a
ninespine stickleback VTG assay for this study (von Hippel et al.,
2016). Mean VTG concentrations of male stickleback caught in the
Suqitughneq River indicate exposure to estrogenic contaminants
(Fig. 3), consistent with exposure to PCBs or certain other pollutants
(Nomiyama et al., 2010; Sumpter and Jobling, 1995; Tierney et al.,
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Fig. 1. Total PCB concentrations (per wet weight) of ninespine stickleback and Alaska blackfish at study sites along the Suqitughneq River at Northeast Cape, St. Lawrence Island (see
Fig. S1 for a remote image of the sites). Sites 13 and 14 are located upstream of the FUD site, while all other sites are downstream of it. Site 12 is at the confluence of the Suqitughneq
River and the streamlet draining the former barrel-storage area and main operations center. Blackfish were not caught at Sites 2—5 and stickleback were not caught at Sites 10, 12,
and 14 during the sampling period represented by these data (2012—2013). Site was a significant predictor of total [PCB] for blackfish (ANOVA Fg 30 = 2.468, p = 0.0347) but not for
stickleback. Because data were not normally distributed, and individual sites had small sample sizes, we also analyzed the data with the non-parametric Kruskal-Wallis test. Again,
site was a significant predictor of total [PCB] for blackfish (KW = 26.62, p = 0.0008). Blackfish collected at site 12 had significantly higher total [PCB] than blackfish collected at sites
13 and 14 (Dunn's multiple comparisons test, p = 0.0023 and 0.0112, respectively). Additionally, blackfish collected at site 9 had significantly higher total [PCB] than blackfish

collected at site 13 (p = 0.0383).
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Fig. 2. Difference in [PCB] for each PCB class (based on the number of chlorines in the
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fish collected downstream vs. upstream of the FUD site at Northeast Cape, St. Lawrence
Island for both ninespine stickleback (Panel A; n = 5 upstream fish and 42 downstream
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concentration of lighter PCBs (those containing three or fewer chlorines) were not
significantly higher or lower in upstream vs. downstream sites, a finding consistent
with atmospheric deposition of these congeners. For blackfish, concentrations of all
PCB classes with four or more chlorine atoms, as well as total PCBs, were significantly
higher in fish collected downstream of the FUD site, suggesting that these congeners
originated at the site (Mann-Whitney U tests, U = 0—4, p = 0.001-0.004; p values
Bonferroni corrected; all statistics presented in Suppl. Table 1). For stickleback, con-
centration differences were significant only for PCBs containing 5, 9 or 10 chlorines
(Mann-Whitney U tests, U = 7—27.5, p = 0.013—0.046; p values Bonferroni corrected;
all statistics presented in Suppl. Table 1). Heavy PCB congeners, especially those con-
taining 8 or more chlorines, are not readily transported in the atmosphere (Wania and
Mackay, 1996) and therefore their presence indicates a local source.
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Fig. 3. Mean vitellogenin (VTG) concentrations of male ninespine stickleback collected
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(Tapi; TP) located east of the Sugitughneq River in a separate drainage, and from
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Lawrence Island. Sugitughneq sites 2—11 are located downstream of the FUD site,
while Suqitughneq site 13 is located upstream. Genotypic sex was confirmed using
sex-specific primers in a PCR assay. Many males in the Suqitughneq River are abnor-
mally induced for VTG production, indicating exposure to estrogenic contaminants.
The frequency of VTG induction in Sugitughneq River males (induced vs. not induced)
is significantly higher than in males from the Tapisaggak River or Troutman Lake (chi-
square test, ¥% = 7.01, df = 2, p < 0.05). Comparing only males with non-zero values of
VTG (only induced males), concentrations are significantly higher in Suqitughneq River
males than in combined males from the Tapisaggak River and Troutman Lake (Welch-
corrected t = 3.368, df = 38.53, p = 0.0017). Given a lack of homogeneity of variance,
we also compared VTG concentrations in induced Suqitughneq River males with
induced males from the other two sites using the non-parametric Mann-Whitney U
test, and results were similar (U = 109, p = 0.0246). Variation in male VTG concen-
tration is high in the Sugitughneq River, likely because fish move around between
more and less contaminated reaches. To the best of our knowledge, these are the first
VTG data ever collected for ninespine stickleback in the wild.

2014). The frequency of non-zero values of VTG in male stickleback
from the Suqitughneq River was significantly higher than for two
other sites on the island, and the concentration of VTG in induced
Suqitughneq River males was significantly higher than that of
induced males from the two other sites (Fig. 3). Consistent with
these results, we found higher concentrations of estrogenic PCB
congeners (Cooke et al., 2001) in fish caught downstream of the
FUD site than in upstream fish (Fig. S4). The same pattern also holds
true for dioxin-like PCBs (Fig. S5) (Van den Berg et al., 2006), which
are associated with elevated risk of cancer (WHO, 2016).

Because PCBs are known to cause hypothyroid conditions
(Schell et al., 2008), we optimized a thyroid hormone (thyroxine;
T4) assay for the ninespine stickleback (von Hippel et al., 2016).
Stickleback in some parts of the Suqitughneq River had significantly
lower levels of T4 than stickleback in other parts of the Suqgitughneq
River or in two other sampled locations on SLI (Fig. 4), consistent
with disrupted endocrine function.

To query disrupted gene pathways, we evaluated differential
gene expression by RNA-seq (data archived at NCBI: SRP065970).
We limited our analysis to females because insufficient males were
available from contaminated and control sites for statistical anal-
ysis. We combined stickleback from sites 5 and 7 into a single
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Fig. 4. Thyroid hormone (thyroxine; T4) concentrations in whole-body homogenates
of ninespine stickleback collected in the Suqitughneq River sites 2, 4, 5, 6, 7,11 and 13,
in the Tapisaggak River (Tapi, TP) located east of the Sugitughneq River in a separate
drainage, and in Troutman Lake (TL) in the village of Gambell on the western side of St.
Lawrence Island. T4 concentration significantly differed by site (ANOVA, Fg 375 = 18.29,
p < 0.001), with stickleback collected at Suqitughneq River sites 2, 4 and 7 having
significantly lower T4 concentrations than stickleback collected at other Suqitughneq
River sites or in the Tapisaggak River or Troutman Lake (Tukey's post hoc test, indi-
cated by letters over SE bars showing which groups significantly differ from each
other).

“highly contaminated” treatment group, and stickleback from sites
9 and 13 into a “slightly contaminated” treatment group based on
the large differences in PCB concentrations at these sites (Fig. 1).
RNA-seq reads were aligned to the sequenced genome of the
closely related threespine stickleback. One female from site 7 was
excluded after sequencing because it had low correlation with
biological replicates, likely due to degradation in the field. Differ-
ential gene expression analysis by DESeq2 identified 2514 genes
with significant differential expression. Of these differentially
expressed genes, 1709 were annotated to zebrafish ENSEMBL as-
sembly GRCz10, and 1900 were annotated to human ENSEMBL
assembly GRCh37.p13.

The use of DAVID (Huang et al., 2009) provided gene ontology
(GO) clustering and informed functional relationships. Clustering of
differentially expressed genes annotated to human resulted in
Annotation Cluster 1 (enrichment score = 15.17) containing 145
genes that function in cell cycle and cell division, including DNA
replication and checkpoint regulation. These genes were down-
regulated in fish from the highly contaminated sites. This result
suggests that fish in contaminated sites likely had reduced abilities
to undergo normal cell division. Annotation Cluster 2 (enrichment
score = 11.74) contained 55 genes that function in DNA replication
and G1/S transition in mitotic cell division, and these genes were
also downregulated in fish from the highly contaminated sites,
consistent with the downregulation of cell repair. Annotation
Cluster 3 (enrichment score = 6.94) included 76 genes that function
in DNA damage response and DNA repair, and nearly all of these
genes exhibited lower expression in individuals from the highly
contaminated sites, indicating that contaminated animals would be
more sensitive to DNA damaging agents. Together, down regulation
of cell division, cell signaling, and DNA repair pathways suggest

that stickleback from contaminated sites at Northeast Cape have
decreased capacity to respond to cellular damage through repli-
cation, checkpoint regulation, and DNA repair.

In addition to the unbiased way of examining the data offered by
DAVID analysis, we used a hypothesis driven approach. The aryl
hydrocarbon receptor pathway provides a major response to
xenobiotic stress in many fishes by regulating xenobiotic metabo-
lizing enzymes such as cyplal (reviewed in Whyte et al., 2000). Our
results showed that cypla was upregulated three-fold
(padj = 0.006) in stickleback from highly contaminated sites, a
result consistent with expression differences in other species of fish
exposed to PCBs (Brinkmann et al., 2016; Reid et al., 2016). We also
found a 2.5-fold increase in expression of liver glycogen phos-
phorylase (pygl; padj = 0.08) in highly contaminated sites,
mimicking the upregulation observed in roaches (Rutilus rutilus;
(Brinkmann et al.,, 2016)), a result consistent with increased
metabolic stress from sublethal PCB exposure in rainbow trout
(Oncorhynchus mykiss; (Bellehumeur et al., 2016)).

The pregnane X receptor (PXR, NR1I2) and the constitutive
androstane receptor (CAR, NR1I3) can bind many types of xenobi-
otic ligands (Bainy et al., 2013; Ekins et al., 2008; Kretschmer and
Baldwin, 2005). Most teleost fish have a single copy of nr1i2, but
the threespine stickleback genome (http://uswest.ensembl.org/
Gasterosteus_aculeatus/Info/Index) has apparently lost this gene
(http://www.ensembl.org/Homo_sapiens/Gene/Compara_Tree?g—
ENSG00000144852;r=3:119780484-119818485;collapse=747082
0,7470892,7470877,7470803,7471050,7470933,7470666,7470912,
7470890,7469626,7469380,7471049,7470807), and no teleosts have
any annotated ortholog of NR1I3. Nevertheless, our expression data
showed that targets of the constitutive androstane receptor (CAR,
NR113), including mycb (the stickleback ortholog of human MYC)
and foxm1 (Blanco-Bose et al., 2008) were both downregulated in
ninespine stickleback from highly contaminated sites to about a
third of the level observed in animals from less contaminated sites
(padj = 0.011 and 0.017, respectively). The fish gene abcb4, which
encodes the teleost ortholog of the CAR target ABCB1, was upre-
gulated over three fold (padj = 0.08) in stickleback from the highly
contaminated sites. These data show that, while teleost genomes
have variably disrupted components of the nrli gene family
(sequenced teleosts genomes, including threespine stickleback,
have two copies of nr1i1, the vitamin D receptor), the expression of
some downstream targets of the androstane receptor pathway was
nevertheless disrupted in ninespine stickleback from more
contaminated sites.

Because PCBs can impact DNA methylation (Itoh et al., 2014;
Kim et al., 2010; Rusiecki et al., 2008; Sales et al., 2013), we per-
formed a total methylation assay on liver, kidney, gonad, thyroid
and spleen from Suqitughneq River stickleback collected upstream
vs. downstream of the FUD site. Gonads from fish collected
downstream of the PCB point source showed significantly more
DNA methylation than gonads from upstream fish (Fig. 5; differ-
ences were not significant for other tested tissues). This result is
predicted by the hypothesis that contaminants disrupt the balance
of methylation and demethylation that normally occurs as gametes
mature (Dean, 2014).

4. Conclusions

Despite extensive remediation at Northeast Cape, short-lived,
lower trophic level fish in the Suqgitughneq River remain contami-
nated with high levels of PCBs. Furthermore, most of the contam-
ination originated from the FUD site. PCBs may have been liberated
from sediments during site remediation, causing contamination of
resident animals (Scrudato et al.,, 2012), a phenomenon seen in
some other PCB remediation projects (Voie et al, 2002).
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Fig. 5. Percent total methylation of gonad, kidney, liver, spleen and thyroid of nine-
spine stickleback collected upstream (n = 12) vs. downstream (n = 12) of the FUD site
in the Sugitughneq River at Northeast Cape, St. Lawrence Island (sample size excep-
tions: downstream gonad n = 9, upstream spleen n = 11, downstream spleen n = 9,
downstream thyroid n = 11). Only gonads differed significantly between upstream and
downstream fish (Mann Whitney U test, U = 23, p = 0.0278). Males and females
showed the same pattern for gonads, but were analyzed together because of low
sample size.

Alternatively, or in addition, PCBs may have migrated down
gradient during the decades prior to site remediation, implying that
additional sources of PCBs remain sequestered in the soils and
sediments of Northeast Cape, including in the Sugitughneq River.
Regardless, our results suggest that remediation of the site is
incomplete.

Levels of PCBs found in fish resident at Northeast Cape are
biologically relevant. Male stickleback in the Suqitughneq River
showed high levels of vitellogenin induction, indicating exposure to
estrogenic contaminants such as PCBs. Total methylation of DNA
from gonads significantly differed between upstream and down-
stream stickleback. Stickleback collected from certain sites along
the Suqitughneq River also showed hypothyroid conditions, based
on significantly lower levels of thyroid hormone. Furthermore,
stickleback collected at more contaminated reaches of the Sugqi-
tughneq River expressed numerous genes differentially compared
to fish collected at less contaminated reaches, including genes
relevant to DNA replication, response to DNA damage, and cell
signaling. Decreased expression of DNA repair genes could increase
the accumulation of mutations and intensify the potential for
carcinogenesis. Reduced cell signaling might exacerbate the risk of
carcinogenesis by decreasing normal pathways of cell cycle arrest
and apoptosis for genetically damaged cells. The vertebrate endo-
crine system and genome are highly conserved (Sumpter and
Jobling, 1995); for example, 82% of human disease-related genes
have unambiguous orthologs in zebrafish (Howe et al., 2013).
Therefore, our findings of endocrine disruption and altered gene
expression in Suqgitughneq River fish indicate potential health risks
for SLI residents associated with Northeast Cape. Our data also
imply that biological effects on resident species should be incor-
porated into decisions on site remediation and closure, rather than

relying solely on criteria such as contaminant levels in water and
sediments.

This study demonstrates that, even after site remediation, con-
taminants from Cold War legacy FUD sites in remote regions of the
Arctic remain a potential health threat to local residents — in this
case, indigenous people who had no influence over site selection
and use by the United States military. Given that thousands of such
Cold War remnants exist throughout the Arctic in Alaska, Canada,
Greenland, Scandinavia and Russia (von Hippel et al., 2016), and
often in close proximity to indigenous villages, such health
disruption may be widespread and contribute to the health dis-
parities experienced by Arctic Indigenous Peoples.
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