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4 April 1989 RECEI VED REGF.NED

Mr. Gary Konwinski S APR 27 19gg iFR vy :
‘Nuclear. Regulatory Commission - . it C
‘Uranium Recovery -Field Office . ol DEPARTMENT (1] QEFF‘F“':_:E: rn-To0L
P. 0, Box 25325 P CHVISONMENTAL. Gorrpgp 7o <E'T™

Denver, CO 80225 -+ -

Dear Mr, konwinsk;a

1 em writing to you to 6xpress my concern regarding the probability
of ground watsye contemination in tha course of on-going and antici-
patad in situ uranium mining operaticns in Dawes County, Nebraska, '

. Thase oparations are- directad by ferrat Exploration-Cumpany of
" Nabraska with joint ventura support from Urangrz USA, Inc. 165

-8 Union al\ldo’ lLakBWQOd’ ca.

I am parsonally acquainted with the circumstancss which are dascribad
harsin through my former affiliation with Uranerz. By way of estab-
lishing my cradentinls, I have baen an exploration geologist for .
nearly twenty years. I have been invlioved in uranium exploration for
the pest fourtaen years. -During my employmant by Uranerz I had the
.opportunity to axamine the axploration data of the Crow B8utte area in
tha course of my normal dutias, and, in fact, my opinion concarning

the intarpratation of the Crow Butta data was spacifically sought by
Uranarz managsment within the last ysars I wish to emphasize that A
this latter is certainly not resultent from anti-mining or anti-yranium.
santimant, I am both in- favor of a strong ‘mining industry and a’ ‘
healthy nuclear power industry. Rathar, I balipve that cortain aspects -

geined regardlass of the affact upon local ground watsr quality,” In -~

my opinion, such actions ultimately work to the detriment of thosa of A
us .in mining who maks goad faith afforts to maintain anvironmental . i
quality, : . ' :

As you are aware, geologic interpratation is raraly based ugon direct
observation of all the nacassary data, but rathar relias heavily upon in-
diract evidence and inductive ressoning, - Cartainly, it can be difficult
to arrive at final answars undesr such conditions., The amount of in. = .
formation that is noy available in tha general Crow Butte area is great
enough to minimize the tncertainty of geclogic interpratation to the paint
" that certain probabilitigs (not_ possiblities) may ba statad. :
AL - It s my undarstanding that gaologists of the Neébraska State sgencies
involved in permitting balicvad that strugtural control of the Crow
+  Butte mineralization was likaely, but wore ultimately dissuaded frem
A, that beligr by Ferret personnal, In fact, it is my undarstending that
. mining wes only allowad to Procesd because structural control was
" finally ruled out. I have no way of knowing exactly what {nformation was
used to arriva at that eveluation, but I can stats that es a matter of
my profeasional opinion I find it to be highly probable thot most, %f



-2

not all, uranium mihsrnlizétion in the Crow Butta ares is directly
and primatily’cantrollep by nearwvartical faults cutting through
the area, s L

The avidam':o for such faulting niay ba found only b); detailad evaluation
of drilling results, anq‘may‘bplaunmgtizodfas follows; :

1. Uranium mineralization occurs in wall-dafinad, NW-SE linear
- zonas (an altarnate-iﬁtarpretation relating linear trands to
a radox boundary.!s-uﬁl;kaly‘sinca.oxidizsd facies aras not
. pressnt end since tho ora zones exhibit such a high degraa
of ”atraightnaas”gthat’a.litbolqgic or chemical boundary
cduld riot ba the cause), )

2, .Structure profilas drawn at right angles to mineral trsnds .
- show abrup: vertical offset of marker beds in a fashion thet
can only be explainad by repetitive faulting after dsposition
of. the marker baeds, This feulting corresponds in location to
the zonss of strongest mineralization, )

3. Mineral trends are coincident with ahd. parallel o surficial
gecmorphic -featuras which ape most likely dus to fault control
of erosional patterns, .- c . :

. . .

4,. MOre‘supj;ctiva'1dtarpréta16ns uaihg isopachesous and paiao-
. morphologic interpretaions arae consistant with faulting
during (7). end after 8asal Chadron deposition, -

me, Stephén'P. Cdllinga of Ferrat and Mr, Karl Kegel, President of . .
Uranerz USA, Inc., ware mada aware of ths liklihaod of structural control

'by maans of technical memorands written in July 1988 by another

gaologist in ths Uransrz organization, This person would hava.raéason to
fear retribution if he made his own views known to ragulatory agencies.
Since I am- sasparatad from Uranerz howsver, I am fres to act. Mp.

Kegsl and mr, Collings along with My, H, Akin, who 18 the Uranerz Vice
President in charge of mining oparations, and who has immaediate
supervisory responsibilfty on bshalf of Uranerz. have apparently agresd.
to surpress 9eneral.knouledge of ths structural intarpretation 80 that

mining-qnd axploration may proceed unimpeded, ) .

It is.trug that herdly an ares exists that is not somshow affactad by
faulting, Fop sxample, tha Uranerz Nofth Butts proparty in Campbell Coune
ty, Wyoming is alsoc a potential dn sity propsrty. There, cartasin drily
hols data have been surpressaaed in the preparation of a similarity :
document (e, f, Ruth) because thay indicate, but do not prove, that faulte )
may simply occur. .In contrast, tha Crow Butts area faults not only exiat,
but thay control minsralization, The, significancs is obvious, Near-vert-
ical, 8econdary porosity that is .provided by auch faults make for naturel.

mining. Undar thess circumstancos, the contamination of supra jacent, and
to some extent, subjecent, aquifsrs bacomes possible, if not likely.




- managament, has refusad to tndertake Spacifically dasigned drillifg to

investigate the significence of the structural control of mineral-

Unfeatunatoly, 1 can not Provids you with :he. .actual expioration datas,

: b’aing.propriétary. -1f you wish to discuss. this lattar op my conclusipns‘-_

you may reach me et the number. balow, "I fesl that I am athically
bound to raport‘my'prof‘qssional‘assa'ssnmnt;n this matter to you, I .
hope that it is Sufficient to encourage 'you to sesk tha kind of ‘detailed-
information you will -nsed to make your own assassment, - - -

( . o /Slu'arély ours, .

John batman
(_602 ) 824-~3447

" XC3 . Nebraska Departmant of Environmental éontiol;'
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July 28, 2008

David Cory Frankel
Counsel for Sioux Nation

Mr, Frankel:

I have reviewed documents associated with the Renewal of the Source Material

License (No. SUA-1534) for Crow Butte, Nebraska and have found the applicant has not
provided sufficient data to demonstrate proper development of (1) baseline water quality
in the aquifer exemption zone and (2) excursion limits at monitoring wells.

Baseline Water Quality in the Aquifer Exemption Zone

Figure 2.9-2 illustrates the proposed aquifer exemption zone around the ore bodies, and
there is no statistical justification for the location of the baseline wells to validate that the
results in Table 2.9-4 represent the water quality in the exempt zone. Note that the
baseline wells in Figure 2.9-2 are clustered and not spread out over the entire exempt
zone, and this violates statistical protocol. Within the aquifer exemption zone (i.e., the
zone within the monitoring well ring), a systematic grid must be laid out to determine the
location of the baseline water-quality wells. The density of nodes within the grid will be
determined by the size of the area and the data quality objectives. Data quality objectives
(EPA 2000a & 2000b) state the statistical confidence one wishes to have in the estimate
of the mean (normal or log normal distribution) or median (no defined distribution) for
the water-quality parameters. If a high level of confidence is required for an estimate of
the mean or median, more baseline wells will be required.

For example, if we wish to establish a 95 percent confidence interval on the mean for a
normal or log normal set of data, with an estimated standard deviation of 20 and using a
half width of 10 for the confidence interval, an exempt aquifer area measuring 1200 by
1200 feet would require a minimum of 9 baseline wells (PNNL, 2007). The location of
the wells on the grid nodes is illustrated on Figure 1. The half width of the confidence
level is a key consideration in determining the number of wells; as the half width
decreases, the number of wells increases. The selected level of confidence and estimated
standard deviation also affect the number of wells. A lower level of confidence and
lower estimate of the standard deviation would result in fewer baseline wells.
Alternatively, we may elect to locate wells on the grid using a random number generator.
In general, less wells are required if they are located randomly, and this is shown on

3767 Fallentree Lane 513 226-5329
Blue Ash, OH 45236 e-mail: rabitz@cinci.rr.com
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Figure 1 as two random locations per quadrant. Free modeling software, developed by
the Pacific Northwest National Laboratory for the Department of Energy (PNNL 2007),
allows a large number of scenarios to be evaluated to determine the optimum data quality
objectives and sampling approach for the stakeholders.

The well logs provided indicate the Chadron is approximately 50 to 80 feet thick through
most of the mining area (Figures 2.6-4 through 2,6-11). The sampling interval for the
baseline wells is 20 feet (Table 2.9-3), which does not represent the entire thickness of
the aquifer. Figure 2 shows that a water sample obtained from Well 1, screened only in
the ore zone, returns a biased sample that does not represent the water quality of the
column of water at the given location. Well 2 (Figure 2) indicates the correct method for
sampling the water, which requires that the entire thickness of the aquifer be screened to
obtain a representative sample.

1200 ‘
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Figure 1. Chart of aquifer exempt zone (i.e., zone surrounded by monitoring wells) and
locations for baseline wells established with valid statistical methods.
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Figure 2. Cross section of an aquifer (20 to 90 feet) showing improper (Well 1) and
proper (Well 2) sampling intervals to obtain a representative sample.

The number of sampling events used to establish the aquifer water quality in Table 2.9-4
and the analytical results for each sampling event are not provided to evaluate the results
in the table. A minimum of 4 sampling rounds should be collected, and EPA
recommends 8 rounds with sampling occurring no more frequently than once monthly.

After collecting a round of data, a proper statistical analysis must be performed to obtain
a valid estimate of the mean or median for the water-quality parameter. The first
statistical test that must be performed is to evaluate whether the data follow a normal or
log normal distribution, and this can be done with the Shapiro-Wilk test or a probability
plot (EPA 1992). If the data fail to follow a normal or log normal distribution, non-
parametric methods must be used to estimate the median and confidence intervals. The
importance of establishing the data distribution is summarized in Table 1.

Assume nine samples were taken from the nine locations on Figure 1 and analyzed for
radium-226. A valid statistical sampling of the exempt aquifer zone collects more

3767 Fallentree Lane 513 226-5329
Blue Ash, OH 45236 e-mail: rabitz@cinci.ir.com
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samples from outside the ore zone than within the ore zone, as the greater area within the
monitoring well ring is outside the ore zone. Reported results, mean and median values,
and probability scores from the Shapiro-Wilk test are given in Table 1. Note the
significant difference between the mean (exceeds EPA drinking water standard) and
median (below EPA drinking water standard) values, and this is a fairly good indication
that the data do not follow a normal or log normal distribution.

A probability plot of the data (Figure 3) and the results of the Shapiro-Wilk test confirm
this. The normal-quantile values must fall on a straight line or the Shapiro-Wilk
probability values must exceed 0.05 (at the 95 percent confidence level) for a normal or
log normal distribution to be declared, which is clearly not the case. Therefore, the
median, and not the mean, must be used to represent the central tendency of the data.
Note that inappropriate use of the mean results in a high bias on the estimate of the
baseline value for radium-226, which improperly elevates restoration clean-up levels and
lowers the costs associated with the number of pore volumes needed to exchange to meet
the clean-up levels.

Table 1. Radium-226 values and statistical results.

Radium-226 (pCi/L) Mean (pCi/L) Median (pCi/L) Shapiro-Wilk test
0.8 Probability result
0.9 12 2.3
1.1 Normal
1.7 P <0.01
2.3
2.8 Log normal
3.1 P =0.02
5.2
87

The arguments presented above for Section 2.9-3 of the License Renewal Application
also hold for the baseline and restoration values presented for the mining units (Tables
2,7-6 through 2.7-15 and Tables 6.1-2 through 6.1-11). That is, all data and methods
used to construct baseline and restoration values must be included in the application to
allow an independent evaluation of the summary tables and valid statistical protocols
must be used to locate the wells and evaluate the analytical results. Baseline and
restoration values presented in the application are improperly biased to high results, and
this allows restoration to be achieved with less cost and time at the expense of greater
contamination in the aquifer.

3767 Fallentree Lane 513 226-5329
Blue Ash, OH 45236 e-mail: rabitz@cinci.rr.com
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Normal Quantile

100

Ra-226 (pCilL)

Figure 3. Probability plot indicating that all data do not lie near or on a straight line,
which rules out a normal or log normal distribution.

Excursion Limits at Monitoring Wells

Section 5.8.8.2 briefly touches on baseline water quality for the monitoring wells, and
upper control limits for indicating an excursion. Baseline water quality is determined on
three samples collected 14 days apart, and this is inconsistent with the best practice and
guidance discussed above. Chloride, conductivity and alkalinity are noted as the
parameters used to monitor lixiviant migration. As uranium is mobilized and transported
by the high oxygen and alkalinity in the lixiviant, there is no valid scientific reason to
exclude it from the list of excursion monitoring parameters. Upper control limits are set
at 20 percent above the maximum baseline value for parameters that exceed 50 mg/L, and
for parameters below 50 mg/L 5 standard deviations or 15 mg/L is added to the average
value for the indicator. There is no discussion of a valid statistical approach to justify the
method for calculating upper control limits.

Ground-water quality data from the monitoring wells must be evaluated to determine if a
normal or log normal distribution is present (see discussion above). If the data fail to

3767 Fallentree Lane 513 226-5329
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follow a normal or log normal distribution, the mean and standard deviation cannot be
used and non-parametric methods must be employed to develop the upper control limit
for the excursion parameters.

Uranium is a key indicator of lixiviant excursion because its concentration in baseline
wells is generally two or three orders of magnitude lower than the lixiviant and it is
highly mobile as a carbonate complex in the lixiviant. Comparing Table 2.7-15 with
Table 3.1-3 shows that the lixiviant/baseline concentration ratio is 27 for chloride, 11 for
conductivity, 13 for alkalinity and 1300 for uranium (the higher the lixiviant/baseline
ratio, the greater the probability that an excursion will be detected at a monitoring well).
As the uranium ratio is approximately 100 times greater than the other parameters, it will
perform about 100 times better in the detection of an excursion. Therefore, there is no
rationale basis to exclude the best excursion indicator from the list of excursion
parameters.

EPA (1992) discusses the proper statistical calculation of tolerance limits (a.k.a. upper
control limits) using parametric (normal or log normal) and non-parametric techniques.
In general, 3 or 4 samples are not sufficient to establish a normal or log normal
distribution, and EPA recommends that a non-parametric tolerance limit be set at the
maximum observed value (not the maximum value plus 20 percent). As more data are
collected at the monitoring well, the distribution of the data is rechecked and if a normal
or lognormal distribution is indicated, a tolerance limit can be calculated using the
equations provided by EPA (1992). There is no basis or justification for calculating an
upper control limit by adding 15 mg/L to the average value. Additionally, using 5
standard deviations added to the average applies only if the data follow a normal or log
normal distribution and a Shewhart control chart is constructed.

EPA (1992) addresses the use of 4.5 standard deviations added to the mean via the
construction of a Shewhart-cumulative sum control chart. The use of this approach is
recommended provided that the data follow a normal or log normal distribution.
Assuming a sufficient number of samples have been collected at a monitoring well to
demonstrate that the measured values follow a normal distribution, two statistical
parameters are calculated to evaluate contaminate migration at the well. First, the
standardized mean is calculated from the mean and standard deviation (EPA 1992) and
compared to the Shewhart control limit (SCL; set at 4.5 standard deviations above the
mean) to evaluate a rapid increase in concentration at the monitor well. Second, the
cumulative sum (CUSUM; set at 5 standard deviations above the mean) of the
standardized means is calculated for each sampling period (EPA 1992) to determine if it
has crossed the ‘decision internal value’ (h). If h is exceeded, it can indicate a rapid or

3767 Fallentree Lane 513 226-5329
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slow rise in concentration at the monitoring well. A gradual increase is indicated when
the CUSUM exceeds h and the standardized mean does not exceed the SCL.

Figure 4 illustrates the importance of using the SCL and CUSUM for monitoring lixiviant
excursion. The SCL (Z) and CUSUM (C) are plotted for an excursion parameter, a
gradual increase in contamination exceeds the CUSUM limit in February of 2002, while
the SCL limit is not exceeded until January of 2003. The SCL limit is similar to the
CBR’s use of 5 standard deviations above the mean for any one sampling event, although
EPA recommends 4.5 standard deviations for any one sampling event. Using only the
SCL limit allows contamination to migrate beyond the monitoring well for nearly a year
before an excursion is declared. Therefore, if the CUSUM is not used with the SCL limit
a gradual increase in contamination will not be detected and migration of diluted lixiviant
will pass the montoring well without corrective action.
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Figure 4. Proper use of a control chart to determine lixiviant excursions.
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Although there was insufficient time to develop a detailed analysis of all the concerns and
omissions in the application, I note 46 additional issues that warrant a more detailed
evaluation.

1)

2)

3)

4)

5)

Section 1.8.1 notes that the only radioactive airborne effluent is radon-222 gas.
This is not correct in the strict sense, as the radioactive daughters of radon-222
(Po-218, Pb-214, Bi-214, Po-214, Pb-210, Bi-210, Po-210) form in the radon-22
gas cloud emitted from the facility. The radioactive daughters fallout as the
plume drifts downwind, and particulate monitoring downwind should be
performed to determine the fallout dose.

Section 1.11 notes that a yearly review is done to ensure that proper funds have
been set aside for restoration. A key factor in calculating the amount of financial
surety is the number of pore volumes of groundwater that must be processed to
restore the aquifer to per-mining levels. As pre-mining levels are often biased
improperly to high values, the number of pore volumes needed to restore the
aquifer is underestimated and insufficient surety is posted.

There are no data to support the water quality results in Table 2.2-9. All data
must be provided to allow an independent reviewer to derive values presented in
the table. Use of the mean implies that the proper statistical test was performed to
demonstrate that the data follow a normal or log normal distribution. There is no
discussion of the use of statistical distribution tests.

Table 2.5-13 summarizes particulate data for the Black Hills and Rapid City, and
is used to conclude that there is no problem with particulate matter less than 10
micorns (PM,o). This is unacceptable. Site specific data must be collected to
demonstrate that the CBR site does not emit PM,¢ that exceeds 150 ug/m3 (24-
hour average) or 50 150 ug/m3 (annual average).

Section 2.6.1.5 notes that the Chadron Sandstone formed as part of a vigorous
braided stream system in the early Oligocene. Braided stream systems form a
complex assemblage of sediments that consist of channel sands and gravels
isolated by sand, silt and clay bank deposits. The primary flow for groundwater is
through the channe! sands and gravels, and the width of these channels are
generally much narrower than the 400-foot spacing of wells in the monitoring
ring. Therefore, it is possible that a paleochannel could exist between two
monitoring wells and allow pregnant lixiviant to flow past the montoring wells
without being detected. There is no discussion on this type of aquifer
heterogeneity in Section 2.7.2.3.

3767 Fallentree Lane 513 226-5329
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6) Figures 2.6-4 through 2.6-11 show the thickness of the Chadron to be 40 to 80-
feet thick through most of the mine area. Therefore, it is inappropriate to use a
screened interval of 20 feet to sample the groundwater from the ore zone (Table
2.9-3). The entire thickness of the aquifer must be sampled to obtain a
representative sample.

7) Tables 2.7-6 through 2.7-16 are not supported by the analytical results used to
derive the reported values. See comment 4.

8) Section 2.9 notes that a preoperational monitoring was conducted for
nonradiological parameters. This is unacceptable. Uranium and radium must also
be considered because exploration holes placed in the ore zone disturb the ore and
create a path for oxygen. The disturbance of the ore will expose new uranium
mineral surfaces to the groundwater, which will release additional uranium,
radium and their progeny. Addition of oxygen to the disturbed region will
increase the dissolution of uranium ore minerals.

9) No justification is provided for the location of water-quality wells within the
monitoring ring on Figure 2.9-2. Valid statistical methods must be used to locate
the systematic or random samples on a grid than covers the entire area enclosed by
the monitoring wells.

10) There are no data to support the water quality results in Table 2.9-4. See
comment 4. Additionally, if preoperational monitoring was only for
nonradiological parameters (see comment 9), when where the samples collected
for uranium and radium results that appear in the table?

11) Section 2.9.4 is on surface water quality, but there are no data in the report stream
water quality. Surface and buried pipelines that fail catastrophically or slowly
leak pregnant lixiviant could contaminate surface water. Pipelines transferring
pregnant lixiviant from the well fields to the processing facility are monitored for
sudden drop in pressure, which indicates a massive failure and spill. However,
small leaks in the buried pipelines, along joints and valves, would not be indicated
on the monitor. Therefore, large volumes of pregnant lixiviant could be released
to the environment from small leaks over the period of years. Surface waters
should be monitored and sampled on a quarterly basis.

12) The end of Section 2.9.4 notes that suspended sediment samples have not been
collected since 1982 and there is no plan to collect further samples. This is
unacceptable, for reasons noted in comment 11.
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13) Soil results in Tables 2.9-10 and 2.9-11 have no results for molybdenum.
Molybdenum is known to be concentrated by certain plants and cause problems
when livestock ingest the plants containing Mo.

14) On page 3-21 the assumption is made that the aquifer is homogenous and
isotropic. This is a poor assumption for fluvial deposits, as there is considerable
lateral variability in the grain size (gravel, sand, silt, clay) and preferred flow
paths will follow paleochannels.

15) Page 3-32 notes that a risk assessment was performed for the chemical storage
facility. There are no assumptions or exposure scenarios discussed to determine if
the conclusions are valid.

16) Section 3.3 discusses instrumentation used to monitor the flow out of and into the
well fields. There is no detail provided on the pressure drop needed to denote a
leak in the piping system transporting pregnant lixiviant. Is a leak of one liter a
minute detectable? If so, what pressure drop is associated with such a leak and
what is the sensitivity of the system to detect such a drop? If this cannot be
detected, there is a potential for a significant amount of contamination to be
released over the lifetime of the well field. A one liter per minute leak would
result in 1440 liters per day released to the environment.

17) The pond inspection program discussed on page 4-5 does not address air
monitoring around the ponds. Radon, mist, and particulate may be mobilized by
the wind from the pond and dried margins. Why is air monitoring omitted? What
data support such a decision?

18) Page 4-6 notes that if a pond liner leaks, the pond contents will be transferred to
another pond. This creates a potential exposure scenario where the contaminated
sediments dry out and become airborne by the wind. Air monitoring for
particulate and radon is needed around the ponds.

19) Page 4-7 notes that flow-monitoring alarms are activated for a significant piping
failure. This implies that a slow leak will not be detected. As noted in comment
16, a slow leak can result in significant contamination of the environment.

20) Page 4-8 (Piping) notes that large leaks would be detected quickly. Again, a
small leak could go undetected for years because the piping is buried. This is
unacceptable.
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21) Page 4-9 notes that the most common surface release is from piping. How is the
spill cleaned up? What is done with the contaminated soil?

22) Section 4.2.2.4 (Hazardous Waste) does not mention the arsenic and selenium
released from the ore zone. What is the quantity generated and where does it end
up in the waste streams?

23) Page 5-15 mentions pond sprays from the enhanced evaporation system. This
system has the potential to release mist to the surroundings. See comment 17.

24) Section 5.8 discusses radiation safety controls and monitoring. There is no
discussion of air monitoring for radon and daughters downwind of the exhaust
vents. What data support such an omission, given hundreds of curies of radon are
emitted from this facility.

25) Page 5-28 notes subsurface releases are from ponds and excursions. There can
also be subsurface releases from slow leaking pipelines when the leak is too slow
to set off the alarm,

26) Section 5.8.7.2 discusses radon monitoring, and notes that 7 locations are
monitored. There is no map to show the location of these monitors relative to
facilities and downwind direction.

27) Page 5-78 discusses results for air particulate, and notes uranium results are
shown on Figs 5.8-18 through 5.8-24. Why are there no displayed results for Ra-
226 and Pb-210?

28) Page 5-87 notes that uranium was elevated in the sediment from English Creek.
Sediments downstream from the mine areas should be monitored in the future to
determine if concentrations increase in the future.

29) The discussion on monitoring well baseline water quality (p. 5-107) indicates the
wells are only used to establish excursion limits, which reveals the inadequate
approach to establishing baseline in the exempt zone of the aquifer. Monitor
wells will reflect the baseline water quality in most of the exempt zone, and
should be used to establish baseline in the exempt zone.

30) The discussion on upper control limits and excursion monitoring ( p. 5-107) does
not cite statistically valid methods for establishing the upper control limits. The
use of the noted improper method can result in a large volume of contaminated
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groundwater to pass by the monitor wells, as the proposed method only accounts
for a rapid increase in contamination, and not a slow increase that is more
representative of a migrating plume.

31) The absence of uranium as an indicator of excursion is not justified (p. 5-107).
Uranium is highly mobile in the lixiviant and is an excellent indicator of
excursions.

32) Section 6.1.3.1 notes that one baseline well per 4 acres is used to establish water
quality prior to mining. Are the wells randomly located within each 4 acre zone.
If not, why not?

33) Section 6.1.3.2 states that if the baseline concentration exceeds the NDEQ MCL,
then the baseline average plus two standard deviations is used to set the
restoration goal. What is the justification for this approach? Using the mean and
standard deviation is inappropriate unless it can be demonstrated that the data
follow a normal or log normal distribution.

34) Analytical data to support the results in Tables 6.1-2 through 6.1-11 are not
available to verify that proper statistical methods were used to derive the
restoration results.

35) Section 6.1.4 states that Mine Unit 1 was successfully restored to primary or
secondary standards. Bicarbonate, sulfate, manganese, selenium, vanadium,
uranium and radium were not restored to their primary standard, and there is no
summary of secondary standards in Table 6.1-2. What secondary standards apply
and why?

36) Section 6.2.3.4 notes that on site burial is possible. If the disposal ponds are to be
used as burial sites, will the liners in the system be redesigned to account for
permanent disposal? What limits will be placed on the materials that can go into
the disposal cell? Will a risk analysis be performed to justify the construction of a
disposal cell?

37) Section 6.4.1 gives clean-up criteria for radium and uranium in soil. Why are
there no clean-up levels listed for radon decay products (e.g., lead-210), arsenic,
molybdenum and selenium?

38) Section 7.6 and 7.12.1.1 discuss air quality impacts. There is no discussion of
potential air impacts from contaminated particulate during decommission
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activities. The disturbance of contaminated soil during site remediation could
suspend contaminants and transport them considerable distances. What type of air
monitoring will be performed to ensure that contamination is not spread by air
borne dust?

39) Section 7.12.5 discusses air exposure and notes radon and its decay products are
the only concern. This is incorrect. Particulate from contaminated soil and mist
from the evaporation ponds are also air exposure concerns. Why is there no
discussion of these sources?

40) The MILDOS-Area code was used to model the radon dose to receptors. Why are
there no input and output files provided to evaluate the model? Tables 7.12-3
through 7.12-7 provide some of the model information. Absent is the wind rose
for the area, average wind speeds at 10 and 60 meters, rainfall events and
duration, and topographic effects that influence the model results. Also, there is
no summary table to compare model results with actual measurements from radon
monitors.

41) There is insufficient data provided for the accident scenarios discussed in Section
7.14.5 to properly evaluate the meaning of the stated results.

42) The discussion of economic impacts under Section 8.1 .2 notes that failure to
renew the license will be detrimental to the economy in the area. However, there
is no discussion of the long-term effects of mining. In reality, mining will end and
the economy will suffer at some point, and there is little chance for recreation or
other industry in an area contaminated by ISL operations. Therefore, the
discussion in this section is merely innuendo to intimidate the reader.

43) Section 8.3.1.2 discusses the effectiveness of groundwater restoration as a reason
to continue mining. Based on comment 35, one can hardly say the restoration was
an overall success. Only by using undefined secondary standards can CBR claim
to have restored the groundwater.

44) Section 9.3 notes the groundwater impact is temporary, as restoration returns the
groundwater to pre-mining levels. This is simply not true. Restoration to pre-
mining levels was not achieved in Mine Unit 1 (comment 35). Secondary
standards are not pre-mining levels.
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45) Section 9.3 also notes radiological impacts will be small because all radioactive
wastes will be transported off site. This is a false statement, as comment 36 notes
that on site disposal is a possible option. )

46) Section 9.4 states there is considerable value offered by CBR to the U.S. energy
needs. This implies all the mined uranium is bought and used by the U.S. What
assurance is given by CBR that all their mined uranium that is sold on the spot
market ends up in the U.S.? Can any ISL operation tell the buyer of their product
that the product has to stay in the U.S.?

References

Crow Butte Resources, Inc., 2007, Application for 2007 License Renewal, USNRC
Source Materials License SUA-1534, Crow Butte License Area, Crawford,
Nebraska.

U.S. Environmental Protection Agency (EPA), 1992. Statistical Analysis of Ground-
Water Monitoring Data at RCRA Facilities, Addendum to Interim Final
Guidance, Washington, DC.

U.S. Environmental Protection Agency (EPA), 2000a. Guidance for the Data Quality
Objective Process — QA/G-4, EPA/600/R-96/055, Washington, DC.

U.S. Environmental Protection Agency (EPA), 2000b. Guidance for the Data Quality
Assessment — Practical Methods for Data Analysis - QA/G-9, EPA/600/R-
96/084, Washington, DC.

Statistical Analysis of Ground-Water Monitoring Data at RCRA Facilities, Addendum to
Interim Final Guidance, Washington, DC.

Pacific Northwest National Laboratory (PNNL), 2007. Visual Sample Plan, Version 5.0
User’s Guide, PNNL-16939, Richland, WA.

Sincerely,

513 226-5329
e-mail: rabitz@cinci.rr.com

3767 Fallentree Lane
Blue Ash, OH 45236



Geochemical Consulting Services, LLC

Solubility, Speciation, and Reaction-Path Modeling
Groundwater and Soil Geochemistry
Environmental Assessment

Risk Assessment

Richard J. Abitz, PhD
Principal Geochemist/Owner

513 226-5329
3767 Fazllegtl;e‘};‘z‘;% e-mail: rabitz@cincirr.com
Blue Ash,



Page 2

There is an Allen-Bradley PLC-5 based control system in place. However, we have no
information about the level of system detail this provides. The system should have a Supervisory
Control and Data Acquisition (SCADA) system that provides all water level, well pump and pipe
flow telemetry data to one location, linked to a real-time well and pipe flow-modeling system.
This would provide the well field operator with the best information to determine what may have
caused the excursion. It could also alert the operator to a problem before it becomes an
excursion.

Offsite Baseline Water Quality Sampling

The only way to quantify any contamination is to have a baseline for comparison. Historic water
quality information from sources such as the USGS should be explored. Existing offsite wells in
the vicinity of CBR and wells along the White River alluvium should be sampled for pertinent
water quality parameters to establish this baseline. In areas with no existing wells, monitor wells
should be installed. In addition, surface water quality sampling sites should be established along
the White River and its tributaries.

Characterization of Contamination Pathways/Offsite Aquifer Parameters

As part of any site characterization, aquifer parameters such as transmissivity and saturated
thickness should be established. Potentiometric surfaces should be mapped. This will likely
require test holes, monitor wells, and pumping tests. Surface and borehole geophysical
techniques and hydrophysics should be considered to characterize the system in sufficient detail.

Surface geophysical techniques can help define the geometry on the depositional environments
of the White River alluvium and underlying units. Borehole geophysics can provide information
about boundaries and preferential pathways. Hydrophysical examinations of the subsurface can
characterize things like fracture flow to quantify secondary hydraulic conductivity. Many new
techniques have emerged in recent years. For example, scanning colloidal boroscope flow
meters can track naturally-occurring colloidal-sized particles in groundwater, provide very
accurate measurements of speed and direction of natural flows through boreholes, aiding in
identification of preferential pathways.

Depending on other investigation results, a numerical groundwater flow and contaminant
transport model such as MODFLOW/MT3DMS may be needed to quantify the extent of the
contamination. This type of modeling effort would require extensive field data for calibration
and verification.

White River Contamination

In reference to statements from Dr. Hannan LaGarry, we agree with his assessment that an
examination of the extent of contamination of the White River alluvium is warranted. Many of
his suggestions can be augmented by the geophysical and hydrophysical techniques previously
mentioned. We agree that the subsurface should be fully characterized in as much detail as
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possible, using a Geographic Information System (GIS). Subsurface mapping in three
dimensions will substantially contribute to an overall understanding of this system.

As mentioned previously, a re-examination of select boreholes could employ newer techniques
to understand the overall geologic setting as well as contaminant fate and transport. Areas of
concern for data gaps could be refined through the use of these newer techniques.

We understand the concerns of down-gradient water users, such as the Towns of Crawford,
Chadron and Pine Ridge. The extent of contamination is unknown at this stage. Any plan for
sampling and characterization should be flexible until the full extent of the problem is better
understood. Any monitor wells installed should be constructed so as to be considered
permanent, so that extended monitoring may be conducted indefinitely.

Respectfully,

e W ez

Paul G. lvancie, PG W. Austin Creswell, PE
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David Cory Frankel

ARM Aligning for Responsible Mining
P.O. Box 3014

Pine Ridge, South Dakota 57770

Re: Summary of Recommendations and Opinions on CBR
Dear Mr. Frankel:

We have conducted a limited review of the 2007 License Renewal Application for Crow Butte
Resources (CBR). Overall, we found it to be a professionally written document, with a large
amount of useful information.

It is our understanding that there has been some offsite contamination as a result of mining
operations at the CBR site, and that there is a likelihood of further contamination of the alluvium
along the White River from these mining operations. It certainly should be the goal of all
concerned parties that any further migration of contaminants off site be stopped as soon as
possible. This requires an understanding of the mining operations, the local geology, and how
the contaminants got released. It should also be the goal to understand the nature and extent of
the contaminated area, so that informed decisions can be made about any mitigation.

To that end, we make the following recommendations:

Retter Monitoring and Response to Excursions

Monitor wells at the CBR site appear to be only screened in the ore-bearing part of the Chadron
formation. There should be additional monitor wells that are completed in all of the water
bearing formations above the Pierre Shale. In order to prevent cross contamination of aquifers,
and to establish which aquifer is indicating an excursion, any one monitor well should be sealed
and screened in only one aquifer. For any one location, this would require a set of wells
independently monitoring the Chadron, Brule, and alluvium.

We understand that there are over 5000 wells at the CBR site. We also have been informed that
anytime a lixiviant excursion is detected in the monitoring system, a person has to physically go
to the well field and make some adjustment, based on that person’s judgment of the situation.
The complex nature of this well system suggests that this method is likely to be error prone.

6020 Greenwood Plaza Boulevard, Cncenwo?d V!Ilagg. CO R0
303-740-9393 ¢ Fax: 303-721-9019 ¢ www.jrengineering.com



ATTACHED are studies referenced in the Oglala Sioux Tribe’s Petition for
Intervention.



Testimony before the Committee on Oversight and Government Reform
Congress of the United States
House of Representatives
Qctober 23, 2007
By Doug Brugge, PhD, MS

Good morning/afternoon Chairman Waxman and members of the committee. My name is Doug
Brugge, | have a PhD in cellular and developmental biology from Harvard University and an MS
in industrial hygiene from the Harvard School of Public Health. I am currently associate
professor in the department of public health and family medicine at Tufts University School of
Medicine. I also direct the Tufts Community Research Center. 1 have over 20 academic
publications about uranium and the Navajo people, including a 2006 book that I co-authored,
entitled The Navajo People and Uranium Mining. [ have studied the Navajo people in part

because they are facing a crisis in uranium contamination.

Appearing before this congressional hearing today reminds me of the long history of such
hearings, beginning in the 1960s and continuing through the 1970s, 80s and 90s, that sought and
eventually achieved a semblance of compensation for Navajo and other uranium miners. | am
deeply saddened by the fact that so little has been accomplished over those decades to eliminate
the health hazards faced by the enormous quantities of uranium waste on the Navajo reservation.
There has been too little research on the health impacts of uranium mining in Navajo
communities. The one study underway, for example, will mostly address kidney disease and
not birth defects or cancer. Today as we begin the public process of addressing community
exposures, | can only hope that the path is far shorter than the one traveled by the uranium

miners and their families.

I will now spend a few moments describing the hazards faced by the Navajos today. Clearly,
uranium ore is a toxic brew of numerous nasty hazardous materials. Uranium, itself highly toxic,
gives rise to a series of other radioactive decay elements that are found in raw, natural ore. Most
significant among these are radium and thorium, both of which are highly radioactive. When

radium decays it produces radon gas, a potent toxicant. Because it is a gas that becomes



Island release, a dam holding back a tailings lagoon maintained by United Nuclear Corporation
failed, sending 94 million gallons of radioactive and acidic wastewater and 1,100 tons of toxic
and radioactive mill waste into the Puerco River. This release, which was substantially larger
than the release at TMI, flowed into a low-income, largely Native American community. This

incident has been virtually ignored in the press and scientific literature.

For the people in Church Rock and other Navajo communities contaminated for decades with
uranium ore tailings there are no "good" options, too much harm has already been done. But
there are ways that we can gradually make things better so that maybe the children and the
grandchildren of the Navajo uranium miners are not still grappling with this toxic legacy. A
good start would be to provide sufficient resources to secure or remove contamination at these
hazardous waste sites and to do so in a manner that prevents additional exposure to nearby
residents. And Congress must fund the Navajo Nation and federal health agencies to provide
resources for health studies among the tens of thousands of Navajo community members who
still live next to abandoned mines and-or who were exposed to uranium from the contaminated

dusts brought home by their working relatives.

I leave you to ponder a simple observation about this egregious situation: As terrible as the
health effects that we know arise from toxins in uranium tailings, there are almost certainly
additional ways that the health of Navajo people living near uranium mill and mine waste has
been affected. If we are to understand the full extent of this injustice, we will also need

additional health studies.



airborne, when radon decays it transforms into a series of highly radioactive "radon daughters"

that can ledge in the lungs.

The primary heavy metal toxicants in uranium ore include uranium itself and arsenic, as well as
vanadium and manganese. During the first phase of processing uranium, most of the uranium is
removed, leaving behind mill tailings which retain most of the other toxic contaminants from the
ore. The milling of uranium is an industrial process that involves crushing and grinding of the
rock and the addition of acids and organic solvents to facilitate concentration and removal of the
uranium. Hence, uranium mill tailings and mill tailings effluent are not only highly radioactive,

but they are acutely hazardous.

The health effects of uranium and its associated radioactive decay products and heavy metals that

rise to the level of proven or near-proven causal links include:

1) Radon, which causes lung cancer and in fact, it is the primary source of lung cancer
among Navajo uranium miners;

2) Uranium, which as a heavy metal causes damage to the kidneys and birth defects ;

3) Radium, which causes bone cancer, cancer of the nasal sinuses and mastoid air cells
and leukemia; and

4) Arsenic, which causes lung and skin cancer, as well as neurotoxicity,

hyperpigmentation and hyperkeratosis of the skin.

There are may also be many other negative health effects from exposure to uranium and its
byproducts. In short, there is a clear causal link between uranium exposure and human health.
The Navajos continually exposed to uranium and its byproducts even today face grave threats to

their health.

I would like to conclude with some observations about the Navajo community of Church Rock,
both historical and present day. Church Rock is located outside of Gallup, New Mexico, in the
Navajo Nation. The Church Rock tailings spill remains the largest industrial release of

radioactive wastes in the history of the United States. In 1979, only months after the Three Mile



to a successful project.
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Cancer Disparities Research Partnership in Lakota Country:
Clinical Trials, Patient Services, and Community Education for
the Oglala, Rosebud, and Cheyenne River Sioux Tribes

| Deborah Rogers, MS, and Daniel G. Petereit, MD

Native Americans served by the Aberdeen, Billings, and Be-
midji areas of the Indian Health Service (IHS) have a cancer mor-
tality rate approximately 40% higher than that of the overall US
population. The National Cancer Institute has funded Rapid City
Regional Hospital to provide clinical trials, behavioral research,
a genetic protocol, patient navigator services (assisting patients
with health care coordination and financial issues and helping
them to understand their options), and community education for
members of 3 western South Dakota tribes.

Challenges faced by the project included obtaining multiple
approvals from 3 tribes, 4 IHS facilities, and 5 institutional review
boards; travel distances; lack of screening; red tape of referrals;
and refusal by some payers to cover clinical trials. Building trust
through ongoing communication and community presence is key

IN THE UNITED STATES,
various subpopulations experi-
ence different rates of cancer de-
tection, treatment, participation
in clinical trials, and outcomes.'™
In particular, the population of
Native Americans served by the
10-state Billings, Aberdeen, and
Bemidji service areas of the
Indian Health Service (IHS) suf-
fers from a cancer mortality rate
approximately 40% higher than
that of the overall US population.”
Researchers from the THS ana-
lyzed cancer mortality data from
the death certificate database of
the National Center for Health
Statistics, which were adjusted
for racial miscategorization and
the age structure of the popula-
tion, and then summarized the
results for 1994 through 1998.
Although their rates of breast

December 2005, Vol 95, No. 12 | American Journal of Public Health

cancer mortalily were approxi-
mately 15% lower than for
Whites, Native Americans in this
10-state Northern Plains region
had significantly higher average
annual age-adjusted mortality
rates for colorectal cancer (58%
higher), lung cancer (62%), cervi-
cal cancer (79%), and prostate
cancer (49%).”

Rapid City Regional Hospital,
in the Black Hills of western
South Dakota, provides second-
ary and tertiary cancer care for
an estimated 60000 Native
Americans living within a 200-
mile radius of Rapid City (Figure
1). Most of these tribal members
live in the 1HS Aberdeen Area
(North Dakota, South Dakota,
lowa, and Nebraska). In 1996
through 1998, the life ex-
pectancy at birth (both genders)
for Native Americans in the Ab-
erdeen Area was 65.4 years,
compared with 70.6 years for all
THS areas (1996-1998) and
76.5 years for the general US
population (1997).°

‘The local population served by
Rapid City Regional Hospital is
growing very rapidly, with nearly
50% of the population aged
younger than 18 years, according
to data from the 2000 US Cen-
sus. In 1996 through 1998, the
leading causes of death in the
Aberdeen Arca were discases of
the heart (219 of deaths), malig-
nant neoplasms (15%), uninten-

tional injuries (14%), diabetes
mellitus (8%), and chronic liver
disease and cirrhosis (6%0)."

A retrospective chart review
was performed for 93 Native
American radiation therapy pa-
tients treated at the hospital's
Cancer Care Institute between
January 1998 and October
2002." The median one-way dis-
tance patients traveled was 109
miles (ranging from 5 to 215
miles). Thirty-seven percent of
Native American patients trav-
eled at least 150 miles each way.
Of 61 Native American patients
treated with curative intent, 28%
had treatment delays (i.e., missed
days) of 6 or more days and
15% had delays of 11 or more
days. Thirty of the patients (half)
experienced grade 2 radiation
treatment toxicities, and 10 had
grade 3 radiation treatment
toxicities.

Statistics from Rapid City
Regional Hospital's Tumor Reg-
istry (1990-2000) indicate that
Native Americans are more
likely than other patients to
present with advanced (stage I11
or IV) disease, which leads to
lower survival rates (Table 1).7
For colorectal, breast, prostate,
cervical, and lung cancer, ap-
proximately 50% of Native
Americans arrived at the hospi-
tal with advanced cancer, as op-
posed to 36% of non—-Native
Americans.
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Uranyl acetate induces hprt mutations and uranium-DNA adducts in

Chinese hamster ovary EM9 cells

Diane M.Stearns*, Monica Yazzie, Andrew S.Bradley,
Virginia H.Coryell, Jake T.Shelley, Adam Ashby,
Craig S.Asplund and R.Clark Lantz'

Depanment of Chemistry and Biochemistry, Northern Arizona University,

PO Box 5698, Flagstaff, AZ 86011-5698 and 'Depanment of
Cell Biology and Anatomy. Universily of Arizona, Tucson, AZ. USA

Questions about possible adverse health effects from expo-
sures to uranium have arisen as a result of uranium mining,
residual mine tailings and use of depleted uranium in the
military. The purpose of the current study was to measure
the toxicity of depleted uranium as uranyl acetate (UA) in
mammalian cells. The activity of UA in the parental CHO
AAS line was compared with that in the XRCC1-deficient
CHO EM9 line. Cytotoxicity was measured by clonogenic
survival. A dose of 200 M UA over 24 h produced 3.1-fold
greater cell death in the CHO EM9 than the CHO AAS8 line,
and a dose of 300 pM was L1.7-fold more cytotoxic.
Mutagenicity at the hypoxanthine (guanine) phosphoribo-
syltransferase (hprt) locus was measured by selection with
6-thioguanine. A dose of 200 pM UA produced ~S5-fold
higher averaged induced mutant frequency in the CHO
EM9 line relative to the CHO AAS8 line. The generation of
DNA strand breaks was measured by the alkaline comet
assay at 40 min and 24 h exposures. DNA strand breaks
were detected in both lines; however a dose response may
have been masked by U-DNA adducts or crosslinks.
Uranium-DNA adducts were measured by inductively
coupled plasma optical emission spectroscopy (ICP-OES)
at 24 and 48 h exposures. A maximum adduct level of
8 U atoms/10°> DNA-P for the 300 uM dose was found in
the EM9 line after 48 h. This is the first report of the
formation of uranium-DNA adducts and mutations in
mammalian cells after direct exposure to a depleted
uranium compound. Data suggest that uranium could be
chemically genotoxic and mutagenic through the formation
of strand breaks and covalent U-DNA adducts. Thus the
health risks for uranium exposure could go beyond those
for radiation exposure.

Introduction

Questions about possible adverse health effects from environ-
mental and occupational exposures to uranium have arisen as a
result of uranium mining, residual mine tailings. and the use of
depleted uranium in the military. Depleted uranium is uranium
that has higher levels of ***U and lower levels of >**U and **'U
relative to natural uranium. Over half of the US uranium
reserves are believed to exist in the Four Corners area of
the Southwestern United States (1). It is estimated that over
300 tons of depleted uranium were used during Gulf War [ (2),
but estimates for Gulf War Il have not yet been reported.

The impact of these high levels of environmental uranium on
exposed populations is of growing concern.

The adverse health effects from occupational and experi-
mental uranium exposures that have been established most
significantly include lung cancer, from exposure to **’radon
that is produced through the radioactive decay of ***U (3.4),
and chemically induced kidney toxicity (5); however, bladder
damage (6), birth defects (7) and chromosomal aberrations (8)
have also been reported. Thorough epidemiological data for
health effects from either environmental exposures to uranium
tailings or military exposures to depleted uranium are currently
lacking due to insufficient study of both Native American
populations other than miners, and the short time span since
initial military exposures to DU weapons and munitions. How-
ever. evaluation of DU-exposed velerans is in progress (9).

Previous work has shown that depleted uranium as uranyl
acetate (UA) produced DNA strand breaks in the presence of
vitamin C, which suggested a chemical rather than radiological
mechanism (10). The purpose of the current study was to
measure the potential for depleted uranium as UA 1o be toxic
in mammalian cells. Depleted uranium was used because,
besides being the commercially available form of uranium, it
provides less likelihood for chemical effects to be masked by
radioactivity. A soluble form of U{VI) was tested here because
of an interest in environmental exposure through drinking
water; however, it is not assumed that insoluble uranium pro-
vides no risk environmentally. Based on previous work in vitro
(10) it was expected that DNA strand breaks may be formed in
culiured cells, and it was presumed that if strand breaks were
occurring then those lesions could be relatively easily repaired.
For this reason experiments were carried out in both the
parental CHO AAS line and the CHO EMO line, which has
reduced levels of the XRCCI1-DNA ligase 111 complex (11),
and is therefore sensitive to DNA strand breaks (12). It was
hypothesized that if UA caused direct DNA damage in CHO
cells then it should be more cytotoxic and mutagenic in the
repair-deficient EM9 line than the parental AAR line. Results
supported these hypotheses; however, the DNA damage
produced in CHO cells was not limited 1o sirand breaks, but
included U-DNA adducts.

Materials and methods

Reagents and chemicals

Dg[:‘lclgd uranium as uranyl acctate dihydrale [6159-44-0) (UA). with o
UPHUP™ activity ratio of 012 (10). was obtained from Spectrum Chemical
Mfg Comp. (Gardena, CA). 2-Amino-6-mercaplopurine  (6-thioguanine)
1154-12-7] (Sigma Chemical Co., St Louis, MO) was used as reccived.

General cell enlinre conditions

Chinese hamster ovary AA8 and EMY cells were oblained from the American
Type Culture Collection (Manassas, VA). Cells at passage 3 were thawed from
cryopreservation. cultured in aMEM (Sigima Chemical Co.) supplemented
with 10% letal bovine serum (Hyclone, Logan, UT), antibiotic/antimycotic
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(1060 Ufm! penicillin, 100 pg/ml streptomycin and 0.25 pg/m! amphotericin B)
(Sigma) and | mM glutamine (Gibco-BRL, Rockvitle, MD). Cells were
maintained at 37°C in a 5% COy/air humidified incubator calibrated with a
Fryrite analyzer (Bacharach Co.. Pittsburgh, PA).

Cytotoxicity measurements

Cytoloxicity, as decreased cell survival, was determined by measuring colony-
forming ability in the CHO AA8 and CHO EM9 lines. Cytotoxicity measure-
ments were carried out after incubation with UA for 24 h. Cells were seeded
at8 X 10% cells per 100 mm plate, allowed to adhere for over ~20 h, and treated
with sterile-filtered aqueous solutions of UA (0-300 uM) for 24 h. Upon
completion of exposure. cells were trypsinized, quantified on a Z1 Coulter
Panticle Counter (Beckman Coulter, Inc., Miami, FL) and reseeded at 200 cells
(AAB) or 300 cells (EM9) per 60 mm dish in quadruplicate. Afier 7 days all
dishes were stained with crystal violet and the colonics were counted. Cell
survival was calculated as percent colonies in treated dishes relative o
untreated controls. Plating efficiency wis 86% for the AAS line and 56% for
the EM9 line.

Mutagenicity measurements

The HPRT assay was carried out following published procedures (13) with
minor modifications. Cells were exposed to UA at 100-300 uM for 24 h as
described above. Cells were harvesied and analyzed for cell survival with a
7 day colony formation assay as described above. From the same cell popula-
tions harvested for cell survival measurements after 24 h treatment times.
approximately 1 X 10° cells were resecded in 100 mm dishes and that amount
was passaged every 3 days until day 9 posi-treatment. This expression time was
found in previous studies (14) to be optimum (data not shown), and is consistent
with recommendations for this assay (13). After this total 10-day expression
time cells were seeded again for colony-forming ability as described above, and
2.5 X 10" cells were sceded in quadruplicate in 100 mm dishes and incubated in
medium containing 11 pg/ml of 6-thioguanine (6-TG) for 7-8 days for mutant
sclection. Data are expressed as mutants per 10° surviving cells, calculated from
the observed 6-TG-resistant colonies and the 10-day clonogenic values. Aver-
age induced mutant frequency and average mutant increase above background
were calculated from the differences and ratios of individual experiments.
Experiments were repeated 4-7 times.

Single cell gel electrophoresis (comet assay)

The ability of UA 10 produce DNA strand breaks in CHO AA8 and CHO EM9
cells was measured by the alkaline comet assay following recommended
procedures (15.16). Briefly, CHO AA8 or CHO EMY cells were seeded at
8 % 10 cells/ml and exposed 10 UA after cell attachment. Cells were treated
with sterile aqucous solutions of 50-300 uM UA for 40 min or for 24 hat 37°C.
As a positive control for strand breaks and oxidative damage, cells were treated
with 40 or 80 uM H,0; for 40 min at 37°C. Unircated cclls served as a negative
control. Cells were harvested by scraping in dim light, pelleted and placed on
ice. Microgels were prepared in duplicate on MGE slides (Eric Scientific Inc.,
Portsmouth, NH) in four layers as recommended (16). All slides were subjected
to lysis solution (2.5 M NaCl, 100 mM EDTA tetrasodivm salt, 10 mM Tris,
pH 10, 1% sodium lauroyl sarcosine, 1% Triton X-100) for 2 h at 4°C.

One set of duplicale slides for cach dose was incubated with Escherichia
coli fonmamidopyrimidine-DNA glycosylase (FPG) using the FLARE Assay
kit (Trevigen, Inc., Gaithersburg, MD) after the 2 h lysis step. in order lo detect
the presence of oxidative damage. Slides were rinsed in | X FLARE buffer for
15 min, and the FPG enzyme, at 50 U in 200 pl, was added to the slides for
30 min at 37°C. These slides were then combined with other duplicate slides
for the remainder of the assay.

All stides were then subjected to unwinding in aikaline buffer (300 mM
NaOH. 1 mM EDTA, 0.2% DMSO, 0.1% &-hydroxyquinoline, pH >13) for
20 min, followed by electrophoresis (or 15 min on a horizontal electrophoresis
unit (MGE. Technipon, Inc.) at 250 mA and 4°C with butfer recirculation
of 100 mil/min.

After electrophoresis, slides were neutralized in 1 M ammonium acetate in
cthanol for 15 min at ambient temperature, followed by incubation in 1 mg/ml
spermine in 66% cthanol for 15 min at ambicnt temperaturc. Slides were air-
dried in the dark before staining. Slides were prestained for | min with a 60 ul
volume of 5% sucrose and 1 mM monosodium phosphate. Slides were stained
30 min prior to analysis with 200 ! of a 1:10 000 dilution of SYBR® Green
(Molecular Probes, Eugene, OR) followed by 50 pl of Vectashield (Vector
laboratories, Inc., Burlingame, CA).

Slides were analyzed for DNA damage on an Olympus BXS51 epifluores-
cence microscope equipped with an LA Comet Assay Analysis System (Loats
Associates, Inc.. Westminster, MD) at 40X magnification. ‘Tail moment
(1ail length X percentage of DNA in tail) was measured in 50 cells for each
treatment, positive and negative controls, and independent experiments were
repeated in triplicate or quadruplicate. The average of 50 cells was calculated
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for cach reatment, and reponted data represent the mean = SEM of the
individual averages of the 3 independent experiments.

Measurement of uraniunt/ DNA-P binding by ICP-OES

CHO AA8 or CHO EMY cells were seeded in duplicate 100 mm dishes at
S % 10° or 7 X 10% cells per plate, respectively, and were cither allowed to
grow for 48 h and treated with UA at final concentrations of 0-300 uM for 24 h
or were allowed 1o grow for 24 h and treated with 0-300 pM UA for 48 h. At
5 min before harvesting one set of duplicate dishes was treated with 0-300 pM
UA 1o serve as a *zero time point control” to measure background or membrane-
bound uranium that could be carried along in harvested cells to antificially
interact with DNA during DNA extraction. Values of U-DNA for zero time
points were not statistically different from untreated cells (data not shown).
Cells werc washed three times with PBS, harvested with trypsin, and cell
suspensions from duplicate treatments were combined, pelleted and stored at
-4°C until DNA was extracted. Cells were subsequently thawed and lysed
in 10 mM Tris, 5 mM EDTA, 5% SDS, 0.2 M NaCl. RNA was removed by
incubating samples in lysis buffer containing 2 U of pancreatic RNase A
(Sigma) at 37°C for 30 min. DNA was extracted with 23:24:1 phenol:CHCl,:
isoamyl alcohol, scparated by centsifugation in Light Phase Lock Gel™
tubes, twice precipitaled with isopropyl alcohol, washed with 75% and 100%
ethanol, air-dried, and digested in 200 pl of 209% HNOj3 and 50 pl of 30% H0,
by heating for 1 h at 80*C. Samples were then diluted to a final volume of 3 m}
containing 0.1 p.p.n. yuerium as an internal standard. The digested samples
were then assayed for uranium and phosphorous on a PerkinElmer Optima
4300DV irductively coupled plasma optical cmission spectrometer (ICP-OES)
with a meinhard nebulizer and a cyclonic spray chamber. The plasma operated
at 1300 W with a sample introduction rate of 1.50 ml/mn. The plasma,
auxiliary, and nebulizer flow rates were 15, 0.2, and 0.80 I/min, respectively.
‘The emission wavelengths used for uranium and phosphorous were 385.958
and 213.617 nm, respectively. The metal-nucleotide binding ratios were cal-
culated as the moles of uranium per mole of phosphorous in the sample,
The limits of detection were 1.805 p.p.b. (7.58 x 10™° M) for uranium. and
9.322p.p.b. (3.01 X 1077 M) for phosphorous. The limits of quantitation were
6.402 ppb (2.69 X 107" M) for uranium, and 20.7] ppb (6.69 X 1077 M)
for phosphorous.

Statistics

Statistical significance was evaluated by ANOVA using the Tukey post hoc
test. Differences were considered significant at P < 0.05. Statistical outlicrs
were verified by Grubbs” test (extreme studentized deviate method), £ < 0.05.

Results

It was initially bypothesized that if UA caused DNA strand
breaks in vitro (10) then UA should be more toxic in the strand
break-sensitive CHO EM9 line than in the parental CHO AA8
line. This hypothesis was tested by measuring the cytotoxicity
and mutagenicity of UA in CHO AA8 and EM9 cells.

The cytotoxicity of UA was measured by a colony formation
assay. Cell survival of UA decreased with increasing doses in
both CHO AAS8 and CHO EMY cells after 24 h exposures
(Figure 1). UA was more cytotoxic in the EM9 line than in
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Fig. 1. Cytotoxicity of UA in CHO-AAS (open circles) and CHO-EM9
(closed circles) cells after 24 h exposures. Cells were treated and assayed for
7-8 day colony formation as described in the text. Data represent mean =
SEM for n = 8-11 independent experiments. ‘The asterisk indicates statistical
significance between equivalent doses in the AA8 and EMY lines at P < 0.05.
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Table I. Cell survival and mutation induction in CHO AA8 and CHO EM9 cells treated with UA for 24 h

Treatment (24 h) Survival* (10 Days) Average mutants per AIME® Average mulant increase
10° survivors above background®
AAS8 EM9 AAS8 EM9 AAB EM9 AAS EM9
Untreated 100 =0 160 =0 5.1 53 (U] ) (L.0) (1.0)
100 pM UA 99 = 3.2 85 > 48 9.8 16.2 4.5 1.0 5.7 4.8
200 pM UA 98 = 1.1 90 =19 1.8 36.6 6.6 31.3¢ 4.0 7.8
300 pM UA 102 = 3.0 85 =26 10.7 27.2 59 220 23 4.7

*Colony formation measurcd after 24 h treatments plus 9 day growth time for expression of mutant phenotype. Colony formation after 24 h exposures is shown

in Figure 1.

reatment MIi-conirol MF per 10° viable cells averaged from differences in individual experiments.

“Treatment MF/control MF averaged from ratios in individual experiments,
ISignificamly different from equivalent dose in AAS cells, £ < 0.05.
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Fig. 2. 6-Thioguanine-resistant cells oblained after 24 h exposure of
CHO-AAS (open diamonds) and CHO-EM9 (closed diamonds) cells to UA.
Methods are described in the text. Each data point refers to an individual
experiment.

the AAR line, with the 200 pM dose producing 12 and 37%
cell death in the AA8 and EM9 lines, respectively, and the
300 uM dose producing 26 and 45% cell death in the AA8
and EM9 lines, respectively. The observation that UA was
more cytotoxic in the repair-deficient EM9 line than the
parental AA8 line supported the initial hypothesis and was
interpreted 1o suggest that UA caused DNA damage in CHO
cells.

The mutagenicity of UA was measured at the iiprt locus by a
selection of cells resistant to 6-thioguanine (6-TG). After 24 h
treatment and a 9 day recovery time to allow for expression of
the mutant phenotype, survival of UA-treated cells recovered
to =98% in the AAS8 line and =85% in the EMO line (Table I).
UA was weakly mutagenic in the two CHO lines (Figure 2).
The untreated AAS cells averaged 5.1 spontancous mutations
(range 0-11), and the EM9 line averaged 5.3 spontancous
mutations (range 2-8) (Table I). The highest induced mutant
frequency was observed in the EM9 line for the 200 pM
and 300 pM doses, at 31.3 and 22, respectively, which were
~35-fold and ~4-fold higher than the frequency observed for
equivalent doses in the AAS line. These data were consistent
with the interpretation that if UA caused direct DNA damage
in CHO cells, then at least some, but perhaps not all, of the
resulting DNA lesions were mutagenic.

It was hypothesized that if UA was mutagenic in repair-
deficient cells then DNA damage should be occurring either
by direct uranium-DNA interactions or by generation of reac-
tive oxygen species. This hypothesis was tested by measuring
DNA damage s strand breaks, oxidative damage and uranium~
DNA adducts in CHO EM9 and AAS cells exposed to UA,

The presence of DNA strand breaks was measured by the
alkaline comet assay in cells exposed to 50-300 M UA for
40 min and 24 h. Exposure to 40 and 80 .M H,0O, for 40 min
at 37°C served as the positive control. Hydrogen peroxide
showed an increase in tail moment with increasing dose
in both cell lines (Figure 3A and B). In the AA8 line post-
reatment with FPG significantly increased the tail moment for
both H,0; doses (P = 0.01), suggesting that oxidative damage
was present, as expected (Figure 3A). However, FPG did not
produce a significant increase in H2Os-induced tail moment
in the EM9 line (Figure 3B). The mean tail moments for
CHO EMO cells exposed 10 40 or 80 uM H,0, were slightly
lower than those in the AA8 line. The mean tail moments for
CHO EMS9 cells exposed to HyO, with FPG post-treatment
were significantly lower than equivalent exposures in the
AAS line for both 40 and 80 uM doses (P < 0.02). These
results are consistent with a study that found less H,O»-induced
DNA strand breaks in the EM9 line relative to the AAS
line (17).

Exposure to UA at 40 min resulted in significant increases
in tail moments relative to untreated controls for all doses
(50-300 wM) in both cell lines (P < 0.05); however, no dose
response was apparent in either cell line (Figure 3A and B).
There was no significant difference in tail moments between
lines for equivalent UA doses, nor did FPG have a significant
effect on increasing tail moment for any dose of UA in
either line.

Exposure 1o UA at 24 h in the AA8 and EM9 lines produced
similar increases in tail moment relative to untreated controls
and a similar lack of clear dose response in both lines
(Figure 3C and D). Treatment with UA plus post-treatment
exposure to FPG yielded no significant increase in tail
moments relative to treatments with UA alone in either cell
line. These results for both 40 min and 24 h exposures could
mean that UA did not produce any formamidopyrimidines, and
could thus be interpreted to suggest that oxidative damage did
not occur in UA-treated cells under these conditions. Data
could also be interpreted to suggest that DNA strand breaks
did occur in UA-exposed cells; however, the dose response in
the comet assay could have been masked by the presence of
another lesion, for example DNA crosslinks (vide infra).
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Fig. 3. Analysis of DNA damage induced by UA and H1O; by the comet assay. (A) CHO AAS8 cells exposed 1o H;0; or UA for 40 min at 37°C.

(B) CHO EM?9 cells exposed 10 H20; or UA for 40 min at 37°C. (C) CHO AAS cells exposed to UA for 24 h. (D} CHO EM9 cells exposed to UA for 24 h,
Cells were analyzed for strand breaks, or were post-treated with FPG and analyzed for oxidative damage. Data represent mean tail moment * SEM

for n = 3-4 independent experiments. Within cach experiment 50 cells were scored for each dose.

Uranium is a metal that forms bonds with biological mole-
cules; thus general uranium-DNA adducts could represent
another potential class of DNA lesions. The ability of UA to
produce uranium-DNA adducts was therefore measured by
ICP-OES in both cell lines. Cells were exposed to 0-300 pM
UA for 24 and 48 h, DNA was extracted and precipitated from
washed, harvested cells. After digestion in HNO;/H,0,, con-
centrations of uranium and phosphorous were measured by
ICP-OES and ratios of uranium to DNA-P were calculated.
Experiments were carried out with and without RNaseA (o
compare uranium binding to DNA versus total nucleic acid.
Data showed that uranium-DNA adducts existed on the order
of a few U atoms per thousand nucleotides, and increased with
increasing dose and increasing exposure time for 24 and 48 h
treatments in both cell lines (Figure 4).

The effect of RNase A on adduct levels was only significant
in the AAS8 line at the highest dosc tested. In the AAS line,
at the 24 h exposure there were 2.4-fold more (P < 0.0001)
U-DNA adducts in samples exposed to RNase A relative to
samples for which RNA was not degraded (Figure 4). At the
48 h exposure there were 2.5-fold more (P < 0.001) U-DNA
adducts in RNase-treated samples. In the EM9 line there was
no difference between uranium adducts in DNA versus total
nucleic acid.
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In general, there was no significant difference in U-DNA
adducts between the AA8 and EM9 lines at either exposure
times. In samples not exposed to RNase A, the EM9 line
showed 1.7-fold higher U-nucleic acid adducts than the AAS
line after 48 h; however, this difference was not seen after
the 24 h exposure, nor was it evident in samples exposed to
RNase A.

Discussion

Measurements of UA-induced DNA toxicity were carried out
in both the repair-proficient CHO AAS8 line and the repair-
deficient CHO EMO line. The compromised DNA repair in the
EM@ line is due to expression of 4-fold lower DNA ligase 1llx
and ~10-fold lower X-ray repair cross-complementing gene [
protein (XRCC1) relative to the parental line (11). Ligase llla
catalyzes the rejoining of the DNA phosphodiester backbone
and is thus involved in base excision repair and repair of
DNA strand breaks (18). The XRCCI protein has no catalytic
activity but forms complexes with ligase Ilw, as well as with
poly(ADP-ribose) polymerase 1 (PARP-1), PARP-2 and sev-
eral other DNA repair proteins (19). The observation that UA
was more cytotoxic in the CHO EM9 line than the CHO AAS8
line, coupled with the assumption that the only difference
between the two lines was their ability to repair DNA damage,
was inferred to suggest that UA caused direct DNA damage
that was differentially repaired in these two lines.

The lack of a significant difference between the two cell
lines in terms of DNA strand break production was unexpected;
however, strand breaks were estimated by mean 1ail moment in
the comet assay, and the presence of other forms of damage
may have interfered in the migration of DNA in that assay. For
example, if U-DNA adducts existed in the form of crosslinks,
or if crosslinks that did not contain uranium were present, those
lesions could decrease tail migration, as has been observed for
platinum and other crosslinking agents (20).

Comparisons can also be made between the two lines in
terms of cytotoxicity. The 2- to 3-fold increased cytotoxicity
of UA in the EM9 versus AAS lines places UA in the same
category as chemicals known to cause DNA strand breaks and
DNA crosslinks, for example H,0, (17). chromate and mer-
curic chloride (21), UVA light (22) and near visible and blue
light (23). The observation that monofunctional alkylating
agents ethyl methanesulfonate and methyl methanesulfonate
were >10-fold more cytotoxic in the EM9Y versus AASR lines
(24) is consistent with the interpretation that UA may not form
monofunctional adducts or apurinic/apyrimidinic (AP) sites as
predominant lesions.

The current observation of UA-induced Aprt mutations is
consistent with previous reports of soluble uranyl causing
cellular and genetic damages in mammalian cells. Uranyl
nitrate caused cell death, micronuclei formation, chromosomal
aberrations and sister chromatid exchange in CHO cells (25). It
caused an increase in dicentric chromosomes (26), oxidative
damage in the presence of H,O; (27) and micronuclei forma-
tion (28) in human osteoblast cells. Uranyl chloride increased
sister chromatid exchange and transformed human osteoblast
cells (29) and induced apoptosis in mouse J774 macrophages
(30). The current work has shown that UA will induce muta-
tions in the DNA repair-deficient CHO EM9 line. This is the
first report of mutations produced by direct exposure to UA, bul
it is also consistent with previous work showing mutations in
the Ames Salmonella reversion assay with exposure to urine

Uranyl acetate genotoxicity in CHO EM9 cells

from rats with imbedded DU pellets (31) and a slight increase
in Aprt mutations in lymphocytes of Gulf war veterans with
imbedded DU shrapnel (9).

UA appears to be a weak mutagen compared to other chemi-
cals that have been tested in CHO cells by this assay. producing
an average induced mutant frequency (AIMF) of 31/10°
surviving cells in the EM9 line (Table I). Other agents induce
much higher AIMF in repair-proficicnt cells. Methamphetam-
ine showed an AIMF of 13/10% in the CHO K1 line (32). The
diemrz supplement chromium picolinate produced an AIMF of
58/10° surviving cells in the AA8 line (14). ®°Co vy rays pro-
duced 116/10° surviving cells in the AA8 line (33). Stronger
responses were observed with the alkylating agents ethyl
methanesulfonate (20 mM, 1 h) and N-ethyl-N-nitrosourea
(1.5 mM. 1 h), both exposures producing ~1000 mutants/10°
surviving cells (34). The alkylating agenmt N-n-butyl-N-
nitrosourea (2 mM, | h) was less mutagenic, producing
~410 mutants/10° survivors (35). However. the low mutant
frequency of UA at the Jiprt locus measured in the current study
may underrepresent UA mutagenicity since this assay would
not detect mutants harboring muktilocus mutations. Large mul-
tilocus mutations may inactivate essential genes neighboring
hpre, causing lethality in those mutant cells since there is no
homologous X chromosome to supply the essential genc.
This interpretation is consistent with the observation that mul-
tiexon deletions were a dominant mutation in UA-exposed
CHO EM9 cells (36).

The purpose of the current study was to begin 1o acquire
mechanistic information. Therefore, the exposure levels in
these experiments are higher than those found in drinking
water. There is also evidence that cell lines may differ in
their sensitivity to uranyl ion. The Clso of urany! nitrate and
UA in kidney cells was found to be 500-650 puM for 24 h
exposures in rat, human and porcine kidney proximal tubule
cell lines (37,38). However, results from a short-term MTT
assay cannot be directly compared to the colony formation
assay in the current study. The human osteoblast (HOS) line
appears to be more sensitive to uranyl ion than the CHO line,
with a 24 h exposure to 100 M urany! chloride producing a
0.1 survival fraction by clonogenic assay (29) versus 87%
survival for this dose of UA in the current study. However,
this interpretation must be tempered by the possibility that the
38U/ isotopic ratios could vary with the different forms of
depleted uranium used in these studies, with more ***U causing
more radiological toxicity. Also different relative concentra-
tions of components in the cell culture medium for these
different lines. for example carbonate or phosphate, could
influence uranyl speciation, affecting uptake or bioactivity.

Uranium has generally been considered to be DNA damag-
ing through its radioactivity, specifically through release of
alpha and beta particles during its radicactive decay; however,
chemical mechanisms may also exist. Combinations of depleted
uranium as UA and ascorbate were found to produce DNA
strand breaks in plasmid DNA that were greater than those for
either UA or ascorbate alone, and were observed in the absence
of ascorbate-induced reduction of uranyl ion (10), which sug-
gested a direct chemical mechanism for uranium, ascorbate and
DNA interactions because the half-lives for decay of uranium
isotopes would not be changed by the addition of ascorbate.

Heavy metals in general have been considered to cause
DNA damage through indirect mechanisms of free radical
generation and oxidative stress. For example nickel, copper,
iron and chromium are believed to cither undergo electron
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transfer reactions with biological reducing agents or have their
redox potentials altered by chelation with biomolecules, pro-
ducing a metal complex that reacts with O, or H,0; to generate
HO- or other reactive oxygen species (39-42). However, data
from the current study and our previous work (10) suggest that,
at least in the absence of added hydrogen peroxide, direct
uranium(VI)}-DNA interactions are more important than free
radical mechanisms. If free radical generation were a major
pathway under the current conditions, then it would have been
expected that oxidative damage would have been detected by
the comet assay (Figure 3).

Ancther mechanism by which metals damage DNA is by a
direct covalent interaction. This pathway is known to be impor-
tant for chromium (43), and it may occur for uranium as well.
Uranium has been known to interact with DNA in vitro
(44—46); however, to our knowledge this is the first report of
U-DNA adducts recovered from cultured cells. The current
experiments found that uranium covalenily bonded to DNA;
however, at this time data cannot distinguish between simple
uranium-DNA adducts and uranium-containing DNA-protein
crosslinks or uranium-containing DNA-DNA crosslinks. The
observation of modest differences in adduct levels between
these two cell lines is consistent with the interpretation that
the CHO EMD line is depleted in XRCCl-ligase complex, and
is therefore less sensitive to crosslinks than strand breaks.
Current work is in progress to measure U~-DNA adducts in
crosslink-sensitive lines.

The current experiments did show evidence of DNA strand
breaks in CHO cells exposed to UA (Figure 3). This is con-
sistent with other studies reporting chromosomal aberrations in
CHO cells exposed to uranyl nitrate (25) and in mouse germ
cells exposed 10 enriched uranyl fluoride (47). However,
because strand breaks were not the only DNA lesion observed,
it is not yet clear whether the strand breaks detected in the
comet assay were caused by direct action of uranium on DNA,
for example DNA hydrolysis catalyzed by uranium coordinat-
ing 1o the DNA phosphate backbone (10). or were indirect
intermediates of DNA excision repair. Nevertheless, the lack
of oxidative damage in the comet assay coupled with the
presence of U-DNA adducts suggests that uranium is acting
through a chemical rather than a radiological mechanism.

In conclusion, depleted uranium as UA was found to be geno-
toxic and mutagenic in CHO cells. The presence of U-DNA
adducts lends further support to the hypothesis that uranium is
chemically genotoxic. This possibility of direct U-DNA inter-
action should be considered when extrapolating potential risks
for people exposed to uranium in the absence of measurable
radioactivity, for example in soil and drinking water, and in
DU-containing shrapnel.
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Drinking Water with Uranium below the U.S. EPA Water Standard Causes
Estrogen Receptor-Dependent Responses in Female Mice

Stefanie Raymond-Whish,! Loretta P. Mayer,’ Tamara O’'Neal,’ Alisyn Martinez,’ Marilee A. Sellers,’
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and Cheryl A. Dyer!
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Medicine, University of Arizona, Tucson, Arizona, USA

BACKGROUND: The deleterious impact of uranium on human health has been linked to its radioactive
and heavy metal-chemical properties. Decades of research has defined the causal relationship between
uranium mining/milling and onset of kidney and respiratory diseases 25 years later.

OBJECTIVE: We investigated the hypothesis that uranium, similar to other heavy metals such as cad-
mium, acts like estrogen.

METHODS: In several experiments, we exposed intact, ovariectomized, or pregnant mice to depleted
uranium in drinking water [ranging from 0.5 pg/L (0.001 pM) to 28 mg/L (120 pM).

RESULTS: Mice that drank uranium-containing water exhibited estrogenic responses including selec-
tive reduction of primary follicles, increased uterine weight, greater uterine luminal epithelial cell
height, accelerated vaginal opening, and persistent presence of cornified vaginal cells. Coincident
treatment with the antiestrogen ICI 182,780 blocked these responses to uranium or the synthetic
estrogen dicthylstilbestrol. In addition, mouse dams that drank uranium-containing water delivered
grossly normal pups, but they had significandy fewer primordial follicles than pups whose dams
drank control tap water.

CoNcLUsIONS: Because of the decades of uranium mining/milling in the Colorado plateau in the
Four Comers region of the American Southwest, the uranium concentration and the route of expo-
sure used in these studies are environmentally relevant. Our data support the conclusion that ura-
nium is an endocrine-disrupting chemical and populations exposed to environmental uranium
should be followed for increased risk of fertility problems and reproductive cancers.

KEY wORDSs: depleted uranium, endocrine disruption, estrogen, estrogen receptor, female reproduc-
tion, hcavy metal, Navajo reservation. Environ Health Perspect 115:1711-1716 (2007).

d0i:10.1289/¢hp.9910 available via hesp://dx.doi.org/ [Online 14 September 2007)

Uranium, the heaviest naturally occurring
elemen, is valued for its radioactive proper-
ties. Development of nuclear weapons in the
1940s fueled the U.S. government’s desire to
become independent of foreign sources of U
(Ball 1993; Moure-Eraso 1999; Panikkar and
Brugge 2007). The U “boom” in the south-
western United States lasted from the early
1950s until cthe market collapsed in 1971,
when the U.S. government ceased being the
sole purchaser of U ore (Brugge and Goble
2002).

The majority of U mining/milling
occurred in the Four Corners region of che
United States where the Navajo Reservation is
located. The Navajo Abandoned Mine Lands
(AML) agency reclaims abandoned uranium
mines (AUMs) under the authority and with
funding from the Surface Mining Control and
Reclamation Act of 1977 (Office of Surface
Mining 1977). The Navajo AML agency has
estimated thac there are approximartely
1,300 AUMs throughout che 27,000 square
miles of the Navajo Nation (U.S. EPA 2004).
About 50% of AUMs have been reclaimed
(U.S. Environmental Protection Agency (EPA)
2004]. Unremediated AUMs enabled U to
disperse into air, soil, water, and the food
chain (Brugge and Goble 2002). A present-day
example of unregulated U mining/milling is

the Atlas Corporation Moab Uranium Mill
Tailing (Moab, UT). Nearly 10,000 gallons of
U-contaminated water seeps into the Colorado
River daily (Oak Ridge National Laboratory
1998), and the adjacent surface water concen-
tration of uranium is > 5 mg/L (Department
of Energy 2005).

The largest American Indian reservation
in the United States is the Navajo Nation,
which is divided into 110 political units called
Chaprers. Within 33 Chaprers, the U.S. EPA
surveyed 226 water sources. Of these, 90
water sources were contaminated with U
above the U.S. EPA safe drinking water level
of 30 pg/L (0.126 pM). The U levels found in
contaminated water sources ranged from 33.3
to 1,131 pg/L, with the highest concentration
being 38 times the safe drinking water level
(U.S. EPA 2004). The surveyed water sources
were stock tanks, wells, and springs. Chapter
officials identified the water sources as provid-
ing drinking water for residents without run-
ning water (U.S. EPA 2004). According to the
2000 U.S. census (2006), > 175,000 people
live on the Navajo Reservation. At least half of
these residents haul water from the nearest
water source for household use (i.e., drinking
water, cooking, and clothes laundering), mak-
ing it a cerrainty that many Navajo Nation
residents are exposed to unsafe levels of U.

Environmental Health Perspectives » vowme 115 | Numeer 12 | December 2007

The toxicity of U is due to its radioactive
and chemical properties (Brugge et al. 2005;
Taylor and Taylor 1997). U inhalation and/or
ingestion leads to malignant and non-
malignant respiratory diseases, stomach and
kidney cancer, kidney failure, and leukemia
(Brugge et al. 2005; Roscoe et al. 1995). U’s
effect on the reproductive system was exam-
ined in early studies with rats fed high doses of
2% uranyl nitrate (UN). U exposure caused
significanc weight loss in dams, fewer livters,
and fewer pups per litter (Maynard and Hodge
1949). When female rats were returned to
chow diet without UN, they regained the lost
body weight, but a reduction in the number of
licters and pups per litter persisted, suggesting
that the ovaries had been permanently dam-
aged (Maynard and Hodge 1949). Female
mice treated with uranyl acetate by gavage
through gestation, parturition, and nursing
had an increased number of dead young per
livter (Paternain et al. 1989). It is likely that
the high doses of U in these studies led to
reproductive toxicity (Domingo 2001; Hindin
et al. 2005).

Heavy metals exhibit estrogenic proper-
ties (Dyer 2007). Several heavy metals stimu-
late proliferation of MCF-7 human breast
cancer cells (Brama et al. 2007; Choe et al.
2003; Martin et al. 2003; Martinez-Campa
et al. 2006). Cadmium interacts with estro-
gen receptor-u (ER-at) (Brama et al. 2007;
Martin et al. 2003) and binds to the ligand-
binding domain of ER-t in cultured cells
(Stoica et al. 2000). Cd stimulates estrogenic
responses in vivo (Alonso-Gonzalez et al.
2007; Johnson et al. 2003). Ovariectomized
rats injected with Cd had increased uterine
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weight, accelerated mammary gland growth/
development, and accelerated vaginal opening
(VO) (Johnson et al. 2003). Cd-induced
estrogen-like responses were prevented by the
antiestrogen [CI 182,780. Cd inhibits tran-
scriptional activity of estradiol-activated rain-
bow trout ER in recombinant yeast (Guével
et al. 2000). Cd treatment stimulates breast
cancer cell proliferation by activating
ER-u-dependent Akt (protein kinase B),
Erk1/2 (extracellular signal-regulated kinase),
and platelet-derived growth factor receptor-u
(Brama et al. 2007). Although these studies
demonstrate the estrogen activity of Cd, it
should be noted that Silva et al. (2006)
reported that Cd lacks estrogenic activity in
the yeast estrogen screen assay, MCF-7 cell
proliferation, or the E-SCREEN assay, and
also failed to induce Sre, Erkl, and Erk2 phos-
phorylation. In the present study we tested
whether depleted U added to drinking water
caused responses in the female mouse repro-
ductive tract like those caused by the potent
synthetic estrogen diethylstilbestrol (DES).

Materials and Methods

Animals. We performed U exposure in intact
female mice using 28-day-old immature
B6C3F,; mice (Harlan, Indianapolis, IN). For
in utero U exposure experiments, we used 48-
day-old male and female B6C3F, mice
(Harlan). We used ovariectomized 28-day-old
C57Bl/6] mice (The Jackson Laboratory, Bar
Harbor, ME) for the prepubertal U and DES
exposure experiments. Mice were housed with
a 12:12 hr light/dark cycle and received water
and food ad libitum. Control tap warter tested
for U using kinetic phosphorescence analysis,
as described by Hedaya et al. (1997), was

below the limit of detecrion (< 2 pg/L or
< 8 pM). All protocols were approved by the
University of Arizona or Northern Arizona
University Institutional Animal Care and Use
Committees. All mice were treated humanely
with regard for alleviation of suffering in
accordance with the NIH Guide for the Care
and Use of Laboratory Animals (Institute of
Laboratory Animal Research, 1996).

Treatments. Animals were treated with UN
hexahydrate (depleted U) (Sigma Chemical
Co., St. Louis, MO) in drinking water,

Study 1: Impact of U exposure on ovar-
ian follicle populations. Experiment 1.1: U
exposure in immarture mice. Mice were exposed
to UN in their drinking water at milligram
per liter doses based on a study using rats
(Gilman et al. 1998). Immarure 28-day-old
B6C3F, mice drank water containing UN at
0.5, 2.5, 12.5, and 60.0 mg/L (1, 5, 25, and
120 pM, respectively; n = 9-10 mice per
group). After 30 days, we analyzed ovaries for
changes in follicle populations.

Experiment 1.2: Gestational and in utero U
exposure in dams and female pups. For in utero
exposure, mice were given water containing
UN at 0.5, 2.5, 12.5, or 60 pg/L (0.001,
0.005, 0.025, or 0.120 pM U, respectively) for
30 days prior to breeding. U dose was reduced
a thousandfold to micrograms per liter to cor-
respond to environmentally relevant concen-
trations. Mice were paired for breeding, and
males were removed when females had vaginal
plugs. Females continued to drink U-conrain-
ing warer at the above doses through gestation.
On the day of birth, dams (n = 5 mice per
treatment group) and female pups (n =
7-9 pups per treatment group) were eutha-
nized and the ovaries collected for histology.

Table 1. Effects of UN exposure on specific ovarian follicle populations (follicle counts per ovary; mean + SE)
in B63CF, mice exposed to UN in drinking water for 30 days.

Control e UN (mg/L) —
Follicle type (U< 0.002 mg/L) 05 25 125 60.0
Primordial 6555+ 7.05 5380+8.26 37868 +7.01 576041329  61.60+12.76
Small primary 26224250 19.40 + 3.03 1856 +2.94 00351 21764281
Large primary 1266 + 069 650+1.17° 744 +1.27° 1200+ 151 91140865
Secondary or growing 2644 £ 108 24204209 2122185 3330+192° 2678:081
Healthy antral 31224256 31.00+349 2822+3M 2000+239 23112278
Atretic antral 17224137 15504237 1144170 16004326 12534137

n=6 per group.

*Significantly different from contral {p < 0.05, Tukey-Kramer post hoc test).

Table 2. Effects of UN exposure on body weight and tissue weight in B63CF; mice exposed to UN in drink-

ing water for 30 days.

Treatment Body weight  Ovary Uterus Liver Adrenal Kidney Spleen
Control {< 2 pg/L U) 100.0 1000 100.0 1000 100.0 1000 100.0
U (mg/L)
05 101.2 715 971 942 95.5 96.0 104.0
25 100.4 725 81.8 944 88.4 91.7* 899
125 104.1 739 1159 992 1208 1008 1036
600 1046 62.4 127.8 1106 108.5 942° 109.8

Tissue weights are expressed as a percent of control values normalized to total body weight

*Significantly different from control {p < 0.05).
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Study 2: Impact of U exposure on the
female reproductive tract in the absence of
endogenous estrogen. Experiment 2.1: U
exposure in ovariectomized mice. For this study
we used C57Bl/6) mice because of strain sen-
sitivity to estrogen in the uterotrophic assay
(Ashby et al. 2003). We also anticipated the use
of genetically manipulated mice (e.g., ER-«t
knockout mice) on this genetic background
(Lubahn et al. 1993). C57Bl/6] mice were
ovariectomized at 28 days of age to remove
the endogenous source of estrogen before
VO. Seven days postsurgery, ovariectomized
and intact mice were given tap water or water
containing 0.19 pM DES or 0.06, 0.12, 1.20,
or 12.00 pM U for 30 days (n = 5-6 mice per
treatment group).

Experiment 2.2: Other estrogen-like effects
of UN and dependence on ER activation. Mice
ovariectomized at 28 days of age were exposed
to drinking water containing U or DES at the
aforementioned concentrations for 10 days
beginning at 50 days of age. Some mice (1 =
6-7 mice per group) concurrently received
daily intraperitoneal (i.p.) injections of either
sesame oil vehicle or 500 pgrkg ICI 182,780
(Tocris Coolson Lid., Avonmouth, UK).
Mice were examined daily at the same time
for VO and cytology.

Tissue collection and histology. After expo-
sure to DES or U, mice were euthanized and
organs were collected for necropsy. Uteri were
removed by dissecting inferior to the Fallopian
tubes and superior to the vagina. Wet weights
of ovary, uterus, kidney, liver, and spleen were
normalized to total body weight. Uterine tis-
sues were fixed in Bouin's solution, embedded
in paraffin, and serially sectioned every 9 pm;
every 10th section was mounted on slides.
Tissue sections were deparaffinized in
Citrasolve (Sigma Chemical Co.) and dehy-
drated in a series of ethanol baths. We used a
Zeiss 435 VP scanning electron microscope
and LEO32 V02.01 sofoware (Carl Zeiss SMT
[nc., Peabody, MA) to measure the height of
uterine luminal epithelial cells. Forty measure-
ments were randomly collected from each
individual uterus.

Ovaries were trimmed of adhering tssue
and fat and then fixed in Bouin's solution.
They were transferred to 70% ethanol, embed-
ded in paraffin, serially sectioned (5 pm),
mounted, and stained with hematoxylin and
eosin. Nuclei of oogonia and primordial,
small primary, large primary, secondary or
growing, and healthy antral and atretic folli-
cles were identified and counted in adult
ovary every 20th section, and in pup ovary
every 12th section (Mayer et al, 2004).

Statistical analyses. Qogonia and follicle
numbers were determined in ovaries from indi-
vidual mice and averaged. The means in con-
trol versus exposed mice were analyzed for
significant differences by one-way analysis of
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variance (ANOVA) with significance set at
p < 0.05. We used Tukey-Kramer post hoc
tests where appropriate. For mice exposed for
10 and 30 days, organ weights were deter-
mined for each individual within each experi-
ment and averaged for each exposure group. In
the 30-day-exposure group, uterine luminal
epithelial cell height measurements were col-
lected from individual mice and averaged for
each exposure group. Additionally, in the
10-day—exposure group, VO was determined
for each individual and averaged for the expo-
sure group. The means for control versus
exposed mice for organ weights, uterine epithe-
lial cell height, and VO were analyzed for sig-
nificant differences by one-way ANOVA with
significance set at p < 0.05. We used Dunnet’s
post hoc test where appropriate. The means of
uterine weights in controls or in mice exposed
o ICI 182,780, U, or DES were analyzed by
two-way ANOVA with significance set at
p < 0.05. Persistent presence of cornified vagi-
nal cells was determined for each individual
mouse in the 10-day—exposure group. Presence
and absence of cornified cells was analyzed by
chi-square test with significance set at p < 0.05.
Statistical significance of persistent presence of
cornified cells was analyzed by Fisher's exact
test with significance set at p < 0.05.

Results

Study 1: Impact of U exposure on ovarian
Jollicle populations. Experiment 1.1: U expo-
sure in immature mice. Experiment 1.1:
showed that U targets early stage ovarian folli-
cles. As shown in Table 1, there were signifi-
cantly fewer large primary follicles at 0.5 and
2.5 mg/L UN and significantly more sec-
ondary or growing follicles at 12.5 mg/L UN.
However, we found no significant increase in
the number of atretic follicles or decrease in
healthy follicles. Because UN exposure caused
a selective change in ovarian follicle popula-
tions and because there were more growing
follicles at 12.5 mg/L UN, the changes could
not be caused by heavy metal toxicity.

This experiment also showed that U does
not lead to overt organ toxicity. We found no
gross anomalies in any major organs, and
body weight did not significandy change with
UN exposure at any concentration. As shown
in Table 2, kidney weight was significantly
reduced at doses of 2.5 and 60.0 mg/L UN,
but this was not surprising given the nephro-
toxicity of U (Brugge et al. 2005; Taylor and
Taylor 1997). These data support the conclu-
sion that there was no systemic UN-mediated
toxicity.

We found an interesting, but not statisti-
cally significant, trend of increased uterine
weight at 12.5 and 60.0 mg/L UN (Table 2).
We did not determine estrous cycle stage in
mice at sacrifice, thus uterine weights could
not be grouped relative to stage.

Experiment 1.2: Gestational and in wrero
U exposure in dams and female pups.
Experiment 1.2 showed that i urero uranium
exposure reduces pup ovary primordial folli-
cles. As shown in Figure 1A, mice exposed 1o
UN for 30 days before mating and through
gestation had a significant reduction of small
primary follicles at UN concentrations of
0.005, 0.025, and 0.120 pM compared with
control mice. All other follicle populations,
including primordial, secondary/growing,
healthy, and atretic, were unchanged (data
not shown). Neonatal mouse ovaries have
only oogonia and primordial follicles. We
found no difference in the number of pup
ovary oogonia among control and UN expo-
sure groups (data not shown). Primordial fol-
licle numbers were reduced in ovaries of pups
whose dams consumed warter with 0.001- or
0.120-pM UN, compared with primordial
follicles in pup ovaries from dams drinking
control tap water (Figure 1B).

Study 2: Impact of U exposure on the
female reproductive tract in the absence of
endogenons estragen. Experiment 2.1: U expo-
sure in ovariectomized mice. Experiment 2.1
showed that UN exposure induces estrogen-
like changes in uterine morphology and histol-
ogy. Mice exposed to UN or DES had

significantly increased uterine weight at

No. of small primary follicles
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| |
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U exposure (M)

0.120 pM U and 0.19 pM DES, 3.6 and 3.8
times greater, respectively, compared with mice
drinking control tap water (Figure 2A). We
normalized uterine weights to body weights,
which were unchanged across treatment
groups. Uterine weights were not increased in
ovary-intact, age-matched mice that drank
U-containing water (data not shown).
Experiment 2.2: Other estrogen-like
effects of UN and their mediation through
ER activation. Experiment 2.2 showed that
UN-mediated estrogen-like actions are blocked
by concomitant exposure to an ER antagonist.
To determine if the U-mediated uterotrophic
response was dependent on ER activation,
ovariectomized mice drinking UN-containing
water were injected daily with the antiestrogen
ICI 182,780. In a pilot experiment, we deter-
mined that 10 days of exposure to UN in
drinking water caused a significant increase in
uterine weight compared with mice drinking
tap water (data not shown). Ten days of con-
comitant [CI 182,780 treatment blocked both
UN- and DES-mediated increases in uterine
weights (Figure 2B): 0.06 pM U alone, 1,070
+ 386 mg/kg total bw; 0.06 pM U plus ICI
182,780, 220 + 28.1 mg/kg total bw; 0.19 uM
DES alone, 1,530 + 282 mg/kg total bw; 0.19
pM DES plus ICI 182,780, 252 £ 24.7 mg/kg

total bw. Uterine weights of control mice were
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Figure 1. Effects of UN at 0.5, 2.5, 12.5, or 60 pg/L (0.001, 0.005, 0.025, or 0.120 yM U, respectively) on dam folli-
cle populations and in utero exposed pup ovary primordial follicles. BEC3F, dams were exposed to control tap
water or U in drinking water for 30 days before mating and through gestation. Ovaries from dams (A) and pups
(B) were removed on the day of birth, Values shown are mean = SE (n=7-11).

*Significantly different compared with controls {p < 0.05, ANOVA).
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Figure 2. Effect of UN or DES alone and in combination with ICI 182,780 on uterine weight in ovariectomized
C57B1/6J mice. (A) Uteri were removed after 30 days of exposure, and wet weights were recorded and nor-
malized to body weight; values shown are mean + SE (n = 5-6). (B) Uteri were remaoved after 10 days of expo-
sure, and wet weights were recorded and normalized to body weight; values shown are mean = SE (n=6-7).
Different letters (a, b, ¢) indicate significant differences among exposure groups {p < 0.005).

*Significantly different compared with other exposure groups (p < 0.001).
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not significantly different from controls treated
with ICI 182,780 (Figure 2B).

One aspect of the uterotrophic response
to estrogen is proliferation of the epithelial
cell lining of the uterus (Kang et al. 1975;
O'Brien et al. 2006). Urerine epithelial cell
height was significantly greater in mice drink-
ing water containing U or DES for 30 days
(Figure 3A); 0.120 pM U, 31.01 + 1.89 pmy
1.20 pM U: 23.79 £ 0.93 pm; 0.19 pM DES,
40.2 £ 1.85 pm; controls, 15.24 + 0.77 pm,
Figures 3B (control), 3C (0.19 pM DES),
and 3D (0.12 pM U) show scanning electron
micrographs illustrating changes in uterine
luminal epithelial cell height. Arrows in in
Figure 3C and 3D indicate pseudostratified
columnar morphology typical of proliferating
epithelial cells due to DES or UN exposure,
respectively.

Effects of U on VO and vaginal cell cornifica-
tion. Estrogen and endocrine-disrupting chemi-
cals (EDCs) accelerate VO in mice (Markey
et al. 2001). Ovariectomized mice exposed to
0.12 pM UN or 0.19 pM DES exhibited sig-
nificantdy accelerated VO (both at 52.5 days),
compared with control mice (54 days)
(Figure 4A). UN- or DES-mediated accelera-
tion of puberty onset, as indicated by day of
VO, was prevented by concomitant treatment
with the andiestrogen [CI 182,780 (Figure 4A).

Another indication of estrogenic influence
on the female reproductive tract is the persis-
tent presence of cornified cells in vaginal
smears (Gordon et al. 1986). As shown in
Figure 4B, mice exposed to 0.06 pM UN
(4 mice) or 0.12 pM UN (5 mice), or 0.19 pM
DES (6 mice) had persistent presence of corni-
fied vaginal cells compared with control mice
(0 mice). Coincident treatment with [CI
182,780 prevented the presence of cornified
vaginal cells (0.06 pM UN, 0 mice; 0.12 pM
UN, 0 mice; 0.19 pM DES, 1 mouse).

Discussion

The major contribution of the present study is
the discovery that U, similar to other heavy
merals, has estrogenic activity (Alonso-Gonzalez
et al. 2007; Brama et al. 2007; Choe et al.
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2003; Dyer 2007; Johnson et al. 2003; Martin
et al. 2003; Martinez-Campa et al. 2006). To
our knowledge, this has not been demon-
strated before. Immature animals exposed to
U in drinking water had increased uterine
weight and uterine luminal epithelial cell
growth, selective reduction of ovarian primary
follicles but more growing follicles, accelerated
VO, and persistent presence of cornified vagi-
nal cells. U-mediated responses were blocked
by coadministration of the antiestrogen 1CI
181,720, indicating that an activated ER was
necessary. In addition, transplacental exposure
to U caused fewer primordial follicles in devel-
oping pup ovaries. These observations support
the conclusion that U acts like estrogen in the
female mouse reproductive tract.

U caused estrogenic responses at or below
the U.S. EPA safe drinking water level of
30 pg/L (0.126 pM) (U.S. EPA 2006). The
U.S. EPA safe drinking warter level equals the
concentration of elemental U and is 47.4% of
UN dissolved in water. Therefore, the highest
UN concentration of 60 mg/L equals 28 mg/L
of elemental U. At first, we used milligram per
liter amounts of UN in the drinking water
because we expected U to cause ovarian chemi-
cal toxicity as previously reported (Maynard
and Hodge 1949). Unexpectedly, at milligram
per liter concentrations, U targeted only large
primary follicles, causing a reduction in their
number but an increase in growing follicles. At
the same time, there was a trend of increasing
uterine weight with increasing U dose. These
results led us to determine whether U could
mimic estrogen’s effects on the female repro-
ductive system. Subsequently, we analyzed
uterotrophic responses in ovariectomized mice
using environmentally relevant U concentra-
tions. We observed significant effects of U on
the female reproductive system at or below the
U.S. EPA safe levels.

The U levels used in these experiments are
well within the range of U concentrations mea-
sured in numerous water sources on the
Navajo Reservation, where concentrations

> 1 mg/L have been reported (Brugge and
Goble 2002; U.S. EPA 2004). The Navajo

Reservation is a vast expanse of primarily rural
and open range land. At least half of the house-
holds on the Navajo Reservation rely on water
hauled from the nearest source for household
use (U.S. Census 20006). Given the frequency
of water supplies with unsafe U content, there
is no doubt that many of the 175,000 residents
living on the Navajo Reservation are exposed
to hazardous levels of U in their water (Brugge
et al. 2007; Pasternak 20006).

Adult mice exposed to U while immature
had fewer primary follicle populations but
more secondary follicles. 17B-Estradiol (E;)
inhibits mouse oocyte nest breakdown and fol-
licle assembly (Chen et al. 2007). U, mimick-
ing E; action, may have reduced follicle
assembly leading to fewer primary follicles.
Dam ovaries had fewer small primary follicles
at a 1,000-fold lower U concentration than did
the adult nonpregnant mice, which had no sig-
nificant decrease in primary follicles. The preg-
nant dam ovaries may have been more sensitive
to U because of an up-regulation of ERs that
occurs during pregnancy (Spong et al. 2000).
Estrogen prevents early follicle assembly (Chen
et al. 2007) but stimulates secondary or grow-
ing follicles (Drummond 2006). U exposure
may have reduced primary follicle populations
and stimulated growing follicles via its
estrogen-like activity.

Developing embryos are exquisitely sensi-
tive to chemical influences. U concentrations
of 0.001 or 0.120 pM in the dams’ drinking
water led to a significant reduction in the
number of primordial follicles in pup ovaries.
Gestational DES exposure is linked to fewer
primordial follicles in pups, resulting in fewer
ovulated ova (McLachlan et al. 1982). The
long-term consequence of fewer primordial
follicles would lead to accelerated ovarian fail-
ure, resulting in an earlier menopause onset
(Chen et al. 2007). The change in pup ovary
primordial follicles with uranium dose was an
inverted U-shaped curve. Inverted U-shaped
curves are seen in responses resulting from
in utero exposure to Ey (Welshons et al. 2003).

The rodent uterotrophic assay is used to
identify putative EDCs. Exposure to chemicals

3

. pm

Figure 3. Uterine luminal epithelial cell growth in ovariectomized C57BI/6J mice stimulated by UN or DES in drinking water for 30 qavs. (A) Cell height' in uteri c_ol-
lected and prepared for scanning electron microscopy; values shown are mean + SE (n = 5 uteri at 40 measurements from each tissue). Representative scanning
electron microscopy images at the same magnification of uterine epithelial cell layers from tap water control (B), 0.19 pM DES (0), or 0.12 pM U (D). Arrows highlight
epithelial cell height in DES-exposed (C) and U-exposed (D) ovariectomized mice.

*Significantly different compared with contral (p < 0.0001).
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with estrogenic activity are analyzed in
immarture rodents or ovariectomized mature
rodents (Markey et al. 2001; Owens and
Ashby 2002; Padilla-Banks et al. 2001). In
our first experiment, the mice were immature
at the outset but became sexually mature dur-
ing the 30-day exposure to U. These mice
exhibited a trend of increased uterine weight.
If these mice had been examined for estrous
stage at sacrifice, the uterine weights could
have been grouped by stage, possibly enabling
the trend 1o reach stacistical significance. We
used ovariectomized mice to avoid the con-
founding effect of estrous cycling to test
whether UN caused urerotrophic responses.

The uterotrophic assay measures the conse-
quences of three coordinated responses to estro-
gen or a chemical that acts like estrogen:
epithelial cell growth, hyperemia, and fluid
accumulation or imbibition (O'Brien et al.
2006). DES stimulation of uterine epithelial
cell growth, in addition to employing classical
ER-u, may also use tethered or nonclassical
pathways to induce mitogenic uterine responses
(O'Brien et al. 20006). This suggests that U does
not need to directly activate the classical ER for
uterine epithelial cell growth.

The U dose response was not monotonic
in either the uterotrophic assay or in increased
uterine epithelial cell height. Many EDCs elicit
low-dose responses resulting in U-shaped or
inverted U-shaped dose-response curves
(Myers and Hessler 2007; Welshons et al.
2003). Nonmonotonic response occurs when a
xenoestrogenic compound exerts direct effects
by mimicking estradiol or indirect effects by
interfering with ERs or estradiol production
and metabolism. Further, xenoestrogenic
responses may activate or inhibirt different
genes at various doses, which may result in dif-
ferent outcomes for target end points examined
at the same time points (Coser et al. 2003).

Mice exposed to U for 30 days had a more
pronounced urerotrophic response than mice
exposed for 10 days. This raises questions
about how U may be getting into cells/tissues

(A]  Contol N I 8]
ici 182,780 | I
0.13 uM DES e
0.19 WM DES + ICI - E
aospMu I _H s
posumu-iet [ 1 M =
o.2uMu |

0A2pM U +ICH L}

and by which mechanism U interacts with the
ER. U enters brain endothelial cells (Dobson
et al. 2006), and via specialized transpore it
enters polarized epithelial LLC-PK, cells
(Muller e al, 2006). Vidaud et al. (2007)
examined the possibility of apotransferrin
transporting U into the cell. U binds to trans-
ferrin, but conformational changes do not
enable transferrin receptor recognition of the
U-transferrin complex, ruling out this pathway
for U to enter the cell. Other ways that U may
enter the cell have not been investigated: diva-
lent metal transporter-1 (DMT-1) or calcium
channels. DMT-1 functions to transport iron
and other metal ions across the plasma mem-
brane, and is ubiquitous in plants, insects,
microorganisms, and vertebrates (Mims and
Prchal 2005). U displaces calcium in the bone
matrix (Neuman et al. 1949); therefore, it is
plausible that U may use calcium channels to
enter the cell. The manner and rate by which
U gets into the cell may be impeded by U
speciation or tissue concentration, which could
result in delayed responses, as we observed with
uterine weight changes after 10-day exposure
compared with 30-day exposure.

Similar to DES, U accelerated VO and
stimulated persistent vaginal cornified cells,
which represents a constant estrus state elicited
by estrogen. U-stimulated uterine and vaginal
responses were blocked by ICI 182,780, indi-
cating that ER activation was necessary but not
sufficient for U to act. We have yet to define
the molecular mechanisms of action by which
U evokes estrogenic responses. It is possible
that U may elicit estrogen-like responses as Cd
is reported to, by binding the ligand binding
domain of the ER (Stoica et al. 2000). As men-
tioned above, U estrogenic stimulation may be
the result of U binding some other factor
whose responses are “tethered” to the ER path-
way, resulting in cross-talk that induces estro-
genic responses. In summary, the stimulatory
effects of U on cells of the the ovary, uterus,
and vagina suggest that U acts like estrogen in
the female reproductive system and is an EDC.
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Figure 4. Effect of UN in drinking water on VO and presence of cornified vaginal cells. Ovariectomized
C5781/6J mice (50 days of age) were exposed to control tap water, 0.13 yM DES, or 0.06 or 0.12 pM U for
10 days, or one of these doses plus vehicle or 500 pg/kg ICI 182,780 in vehicle. (4) Mice were examined daily
for VO from 50 days of age to the day of vaginal opening; values shown are mean day of VO + SE (n = 6-7).
(B) Vaginal cell carnification determined from vaginal smears collected daily; the presence and absence of
vaginal cornified cells were analyzed by chi-square test (p < 0.05).

*Statistically significant compared with control (p < 0.05 by Fisher's exact test). **Significantly different fram contral (p < 0.001).
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There are few reports relating environ-
mental U exposure to reproductive health
outcomes in the Four Corners region.
However, in one study, a statistically signifi-
cant relationship was found berween birth
defects and the mother's proximity to U rail-
ings (Shields er al. 1992). In another study,
the incidence of reproductive or gonadal can-
cer in New Mexico Native American children
and teenagers is 8-fold greater than thar in age-
matched non-Nartive American individuals
(Duncan etal. 1986). Environmental estrogens
such as DES or bisphenol A may contribute to
occurrence of reproductive anomalies and can-
cer later in life (Maffini et al. 2006; Newbold
et al. 2006). Given our results chat U is
an EDC, health problems may result from
inappropriate concentration or timing of
exposure to this estrogen mimic.
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Table 7 supplement. Incidence rates and 95% confidence intervals of the 15 top cancers for American Indian/Alaska Native males
by IHS region, CHSDA counties in selected areas in the United States, 1999-2004

Rl

U.S. (CHSDA counties) Northern Plains Alaska

Cancer site * Rank Rate® 95%CI Count Rank Rate® 95%Cl Count Rank Rate® 95%CI Count

All sites” 406.9 398.2 -415.8 9,770 611.4 574.8-649.5 1,374 543.3 504.7-583.8 916
Prostate 1 1040 99.4-108.6 2,264 1 164.6 145.0-1858 325 3 821 67.2-99.2 130
Lung and bronchus 2 68.0 64.4-71.8 1,504 2 1155 994-133.1 229 1 1165 99.0-1359 187
Colon and rectum 3 515 484-547 1,193 3 798 67.1-939 185 2 985 826-1164 163
Kidney and renal pelvis 4 227 20.8-24.7 612 4 29.7 23.2-373 85 5 286 20.7 - 38.3 52
Urinary bladder 5 161 143-18.0 350 5 276 195-375 51 6 230 151-331 34
Non-Hodgkin lymphoma 6 149 133-166 387 8 202 138-28.1 45 11 132 8.6-19.3 30
Stomach 7 142 126-160 323 9 167 11.3-236 38 4 346 24.8-46.6 52
Oral cavity and pharynx 8 130 116-145 351 6 215 151-294 47 8 209 148-286 42
Liver and IBD 9 130 115-145 337 7 210 148-288 48 9 172 104-263 26
Leukemia 10 106 9.3-120 333 11 137 9.6-19.1 45 12 8.4 48-13.7 21
Pancreas 11 9.7 8.4-11.2 226 13 9.9 6.0 - 15.2 27 7 214 14.2-30.5 34
Esophagus 12 7.8 6.6-9.1 178 10 141 8.8-21.0 27 10 132 7.8-20.8 20
Myeloma 13 6.5 54-76 152 14 7.1 3.9-117 18 d d d d
Melanoma of the skin 14 5.9 49-69 156 d d d d d d d d
Larynx 15 5.3 43-6.4 129 12 103 5.7-16.6 22 d d d d
Brain and ONS 16 5.0 42-59 170 15 56 3.1-93 20 d d d d
Testis 17 4.0 35-47 188 17 5.1 3.3-8.0 25 13 6.1 3.7-10.0 19
Gallbladder 18 2.5 1.8-33 50 d d d d d d d d

Southern Plains Pacific Coast East

Cancer site ® Rank Rate®  95%Cl Count Rank Rate®  95%CI Count Rank Rate®  95%Cl  Count

All sites” 568.2 547.6 - 589.4 3,258 333.0 316.5-350.1 1,942 286.3 255.8-319.0 398
Prostate 1 156.9 1459-1685 838 1 831 748-91.9 446 1 829 66.7-1015 107
Lung and bronchus 2 108.7 99.7-118.2 605 2 565 495-64.1 288 2 454  33.7-595 60
Colon and rectum 3 689 616-76.7 370 3 440 379-50.7 231 3 355 251-484 46
Kidney and renal pelvis 4 252 214-295 166 4 148 11.7-185 99 5 151 8.9-238 22
Urinary bladder 5 248 20.5-29.7 130 5 133 10.1-17.0 73 4 204 12.5-30.9 26
Non-Hodgkin lymphoma 6 235 195-281 136 8 126 9.7-16.1 82 d d d d
Stomach 12 10.2 7.7-13.1 61 9 118 8.7-15.6 59 d d d d
Oral cavity and pharynx 7 185 151-224 117 7 126 9.8-15.8 88 6 9.8 55-16.1 17
Liver and IBD 11 111 8.6-14.2 69 6 127 9.9-16.0 88 d d d d
Leukemia 8 172 139-209 117 10 93 6.8-12.3 64 d d d d
Pancreas 9 123 9.4-157 68 12 6.6 44-94 38 d d d d
Esophagus 14 85 6.1-11.4 48 1 75 5.2-10.3 43 d d d d
Myeloma 15 8.3 6.0-11.0 48 14 4.6 29-6.9 27 d d d d
Melanoma of the skin 10 116 9.0-148 73 13 5.6 37-81 36 d d d d
Larynx 13 9.1 6.8-12.0 55 17 3.2 1.9-51 22 d d d d
Brain and ONS 16 8.1 6.1-10.6 61 16 37 2.4-55 33 d d d d
Testis 17 35 2.4-50 34 15 38 2.8-52 45 d d d d
Gallbladder d d d d d d d d d d d d



Table 7 supplement. Incidence rates and 95% confidence intervals of the 15 top cancers for American Indian/Alaska Native males
by IHS region, CHSDA counties in selected areas in the United States, 1999-2004

Southwest

Cancer site Rank Rate®  95%CI Count

All sites” 261.5 249.0-274.5 1,882
Prostate 1 670 604-740 418
Lung and bronchus 4 221 184-264 135
Colon and rectum 2 267 228-309 198
Kidney and renal pelvis 3 251 214-291 188
Urinary bladder 11 55 3.7-77 36
Non-Hodgkin lymphoma 7 104 82-131 84
Stomach 5 160 129-195 106
Oral cavity and pharynx 12 4.8 33-6.7 40
Liver and IBD 6 126 10.1-156 95
Leukemia 10 6.7 5.0-8.7 76
Pancreas 8 7.6 5.6-10.0 52
Esophagus 13 4.4 29-64 30
Myeloma 9 7.4 54-9.9 48
Melanoma of the skin 17 3.6 23-54 26
Larynx d d d d
Brain and ONS 16 3.8 26-55 39
Testis 14 4.2 3.2-56 61
Gallbladder 15 4.1 2.6-6.1 26

SEER = Surveillance, Epidemiology, and End Results; NPCR = National Program of Cancer Registries; NAACCR = North American Association of Central Cancer Registries;
IHS = Indian Health Service; CHSDA = IHS Contract Health Services Delivery Area; Cl = confidence interval; IBD = intrahepatic bile duct; ONS = other nervous system.
Source: SEER and NPCR areas reported by NAACCR as meeting high-quality data standards from 1999 through 2004.

& Cancers are sorted in descending order according to sex-specific rates for AI/AN. More than 15 cancers may appear to include the top 15 cancers in every IHS region.

® All sites excludes myelodysplastic syndromes and borderline tumors.

¢ Rates are per 100,000 persons and were age-adjusted to the 2000 U.S. standard population (19 age groups - Census p25-1130).

9 Statistic could not be calculated when fewer than 16 cases were reported.

Years of data and registries used (30 states)

1999-2004: Alabama, Alaska, California, Colorado, Connecticut, Florida, Idaho, Indiana, lowa, Louisiana, Maine, Massachusetts, Montana, Nebraska, Nevada,

New Mexico, New York, North Dakota, Oklahoma, Oregon, Pennsylvania, Rhode Island, South Carolina, Texas, Utah, Washington, Wyoming;

1999-2003: Arizona, Wisconsin; 2000-2004: Michigan.

Percent regional coverage of AI/AN CHSDA data to all AI/AN in region: Alaska - 100%, East - 12.2%, N. Plains - 38.1%, Pacific Coast - 55.1%,

S. Plains - 65.0%, Southwest - 86.1%



Table 8 supplement. Incidence rates and 95% confidence intervals of the 15 top cancers for American Indian/Alaska Native females

by IHS region, CHSDA counties in selected areas in the United States, 1999-2004

t Ny U.S. (CHSDA counties) Northern Plains Alaska

Cancer site Rank Rate’ 95%ClI Count Rank Rate’ 95%Cl Count Rank Rate’ 95%Cl Count

Al sites” 334.8 328.3-3415 10,563 468.1 442.4-494.7 1,400 511.0 479.8-543.6 1,084
Breast 1 84.7 81.5-88.0 2,807 1 1122 100.5-124.8 368 1 1395 124.3-156.0 325
Lung and bronchus 2 48.0 454 -50.7 1,377 2 97.4 85.5-110.4 263 3 78.9 66.4-92.9 148
Colon and rectum 3 41.6 39.2-441 1,224 3 60.4 51.1-70.9 163 2 106.2 91.8-122.1 207
Corpus and uterus, NOS 4 18.2 16.7 - 19.8 605 4 21.3 16.1-27.4 64 5 14.0 9.5-19.9 32
Kidney and renal pelvis 5 13.9 12.6-15.3 441 5 18.8 14.0-24.6 57 8 12.0 7.7-17.6 26
Non-Hodgkin lymphoma 6 12.8 11.5-14.2 378 6 16.2 11.6-21.9 45 10 9.9 6.1-15.1 22
Ovary 7 11.7 105-13.0 383 7 12.6 8.8-174 40 12 7.6 43-12.3 17
Pancreas 8 9.4 8.3-10.7 263 11 9.9 6.3-14.6 26 9 11.9 75-17.8 24
Cervix uteri 9 9.4 8.4-104 353 9 11.3 8.1-154 44 11 9.2 5.7-14.0 23
Thyroid 10 8.4 75-9.4 338 10 10.2 72-14.1 42 6 12.6 8.8-17.7 36
Leukemia 11 7.8 6.8-8.9 275 8 115 75-16.7 31 14 5.7 3.1-95 16
Stomach 12 7.6 6.5-8.7 216 14 7.4 45-11.3 22 4 17.7 12.2-24.7 36
Liver and IBD 13 5.9 5.0-6.9 164 13 1.7 45-121 19 d d d d
Myeloma 14 5.8 49-6.7 172 15 5.6 3.2-9.0 17 13 7.5 42-12.3 16
Oral cavity and pharynx 15 4.9 42-58 160 12 9.6 6.3-13.7 31 7 12.3 7.8-183 25
Urinary bladder 16 44 3.6-5.2 124 d d d d d d d d
Melanoma of the skin 17 3.9 3.2-4.7 133 d d d d d d d d
Gallbladder 18 3.8 3.1-4.6 104 d d d d d d d d

Southern Plains Pacific Coast East

Cancer site ® Rank Rate’ 95%ClI Count Rank Rate’ 95%ClI Count Rank Rate’ 95%ClI Count

All sites” 439.2 4243-4545 3,343 292.7 279.6-306.1 2,141 258.3 234.4-283.9 457
Breast 1 1152 107.7-123.1 894 1 745 68.2-81.1 579 1 69.1 57.4-82.4 131
Lung and bronchus 2 68.8 62.9 - 75.1 503 2 47.0 41.6-52.8 305 2 45.2 35.1-57.2 71
Colon and rectum 3 54.4 49.1-60.0 399 3 34.8 30.2-39.8 232 3 34.6 26.1-44.9 58
Corpus and uterus, NOS 4 225 19.2-26.1 172 4 168 13.9-20.0 133 4 13.1 8.2-1938 23
Kidney and renal pelvis 6 17.9 15.0-21.2 134 7 104 8.1-13.1 78 5 115 7.1-175 22
Non-Hodgkin lymphoma 5 184 153-21.8 133 5 124 9.7-155 83 d d d d
Ovary 7 14.4 11.8-17.3 111 8 9.9 76-125 76 d d d d
Pancreas 9 9.9 7.7-124 71 6 10.8 8.3-138 67 d d d d
Cervix uteri 8 14.1 11.7-16.9 118 10 6.9 52-89 65 6 8.2 48-13.1 18
Thyroid 11 9.3 7.3-116 81 11 6.3 48-8.2 61 7 7.9 45-12.8 17
Leukemia 10 9.7 76-12.1 82 9 75 5.6-9.8 60 d d d d
Stomach 13 7.4 55-9.7 53 13 4.4 28-6.4 27 d d d d
Liver and IBD 17 5.3 3.7-73 37 12 5.9 41-82 38 d d d d
Myeloma 15 6.8 51-9.0 50 15 4.1 2.6-6.0 27 d d d d
Oral cavity and pharynx 16 59 43-79 45 17 3.9 26-57 32 d d d d
Urinary bladder 14 7.3 54-95 52 14 4.3 28-6.2 28 d d d d
Melanoma of the skin 12 7.7 59-9.9 61 16 4.0 2.7-57 33 d d d d
Gallbladder 20 2.6 16-4.1 19 d d d d 8 0.0 .0-18 0



Table 8 supplement. Incidence rates and 95% confidence intervals of the 15 top cancers for American Indian/Alaska Native females
by IHS region, CHSDA counties in selected areas in the United States, 1999-2004

Southwest
Cancer site Rank Rate’ 95%ClI Count
Al sites” 219.3 209.7-229.1 2,138

Breast 1 504 46.0 - 55.0 510
Lung and bronchus 6 103 8.2-12.7 87
Colon and rectum 2 176 14.9 - 20.6 165
Corpus and uterus, NOS 3 168 14.4-195 181
Kidney and renal pelvis 5 126 10.4-15.1 124
Non-Hodgkin lymphoma 7 9.0 7.1-11.2 82
Ovary 4 131 10.9-15.6 130
Pancreas 11 7.9 6.0-10.1 65
Cervix uteri 10 7.9 6.3-9.9 85
Thyroid 9 8.4 6.8-10.3 101
Leukemia 14 6.1 47-78 74
Stomach 8 8.8 6.8-11.1 72
Liver and IBD 15 6.0 44-79 50
Myeloma 13 6.1 46-80 55
Oral cavity and pharynx 18 21 13-32 21
Urinary bladder d d d d
Melanoma of the skin 20 1.8 11-28 21
Gallbladder 12 6.6 49-87 52

SEER = Surveillance, Epidemiology, and End Results; NPCR = National Program of Cancer Registries; NAACCR = North American Association of Central Cancer Registries;
IHS = Indian Health Service; CHSDA = IHS Contract Health Services Delivery Area; Cl = confidence interval; IBD = intrahepatic bile duct; NOS= not otherwise specified.
Source: SEER and NPCR areas reported by NAACCR as meeting high-quality data standards from 1999 through 2004.

a Cancers are sorted in descending order according to sex-specific rates for AI/AN. More than 15 cancers may appear to include the top 15 cancers in every geographic region.

® All sites excludes myelodysplastic syndromes and borderline tumors; ovary excludes borderline tumors.

¢ Rates are per 100,000 persons and were age-adjusted to the 2000 U.S. standard population (19 age groups - Census p25-1130).

¢ Statistic could not be calculated when fewer than 16 cases were reported.

Years of data and registries used (30 states)

1999-2004: Alabama, Alaska, California, Colorado, Connecticut, Florida, Idaho, Indiana, lowa, Louisiana, Maine, Massachusetts, Montana, Nebraska, Nevada, New Mexico, New
York, North Dakota, Oklahoma, Oregon, Pennsylvania, Rhode Island, South Carolina, Texas, Utah, Washington, Wyoming; 1999-2003: Arizona, Wisconsin; 2000-2004: Michigan.
Percent regional coverage of AI/AN CHSDA data to all AI/AN in region: Alaska - 100%, East - 12.2%, N. Plains - 38.1%, Pacific Coast - 55.1%, S. Plains - 65.0%, Southwest - 86.1%.
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