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MOTION FOR LEAVE TO FURTHER SUPPLEMENT
CONTENTIONS OF SAVE THE VALLEY, INC. WITHIN SIXTY (60) DAYS

Pursuant to 10 C.F.R. § 323, Petitioner Save the Valley, Inc. (“STV”) respectfully moves for
leave to further supplement within sixty (60) days, pursuant to 10 C.F.R. § 2.309(), its contentions
and/or bases for hearing, as initially filed in this matter on November 23, 2005 (“Initial
Contentions”) and subsequently modified on May 31 2006 (“Final Contentions”), to address the
signficant implications of three new sources of information which only recently became available to
STV.

In support of its Motion, STV would respectfully show the Board:

1. On May 19, 2006, Scientific Applications International Corporation (“SAIC”) forwarded
to the NRC Staff on behalf of the Army its Final Report, Environmental Radiation Monitoring
Report for License SUB-1435, Jefferson Proving Ground, Summary of Results for October 17-20,
2005 Sampling Event (“October 2005 Monitoring Report”). Even though this report was expressly
submitted “[i]n accordance wifh the U.S. Army’s direction and in support of its request for
termination of the Jefferson Proving Ground (JPG) License SUB-1435 under restricted release
conditions,” the document was not served on or otherwise provided to STV by SAIC or the Army.
As aresult, it was not until STV made a routine search of ADAMS on June 5, 2006, for new

postings relating to the JPG site that STV discovered a copy of the report (Accession No.
“TEWLATE = SECV-08 SEcy =03



ML061430302) and was able to distribute the document to its experts for expedited review.!

2. On June 13, 2006, SAIC forwarded to the NRC Staff on behalf of the Army its the
Fracture Trace Analysis (SAIC, June, 2006). Even though this report was expressly submitted as an
addendum to the Field Sampling Plan (“FSP”) at issue in this proceeding, the document was not
served on or otherwise provided to STV by SAIC or the Army. It was not posted to ADAMS until
June 16, 2006. As a result, it was not until STV made a routine search of ADAMS on June 18,
2006, for new postings relating to the JPG site that STV discovered a copy of the report (Accession
No. ML061670091) and was able to distribute the document to its experts for expedited review.2

3. On June 4, 2006, STV received notice for the first time of a research paper recently
published by V. H. Coryell and D. M. Stearns, “Molecular analysis of hprt mutations generated in
Chinese Hamster Ovary EM9 cells by uranyl acetate, by hydrogen peroxide and spontaneously”
(Molec. Carcinogen. 2006. 45:60-72) (copy attached). As a result, it was not until June 5, 2006,
that STV was able to distribute the document to its experts for expedited review.

4. Each of these sources, when evaluated in context with other existing information

'In this regard, it should be noted that the October 2005 Monitoring Report expressly
states that the sampling whose results are being reported was conducted in accordance with the
protocols specified in the Army’s 2003 Environmental Radiation Monitoring Program, as
modified in April, 2004. However, within a week of SAIC’s submission of the Report, the Army
submitted an errata letter to the NRC Staff stating that this statement was in error, and that the
correct protocols were identified in a two page attachment — but the attachment was missing.

See ML061640195, submitted May 26, 2006, but not posted to ADAMS until June 13, 2006.
Upon inquiry to the NRC Staff, STV was advised that the missing two-page attachment would
not be available on ADAMS until the week of July 3, 2006.

2t should be noted that there are reviewer notes for the Fracture Trace Analysis which
have not been posted to ADAMS along with the Analysis. These reviewer notes are especially
significant to STV’s further review of the Analysis and assessment of its implications. However,
STV has, to date, been unable to determine from inquiry to the NRC Staff when, or even if| these
notes will be posted to ADAMS.



available from JPG and/or earlier scientific literature, materially impacts the understanding of the
JPG facility with respect to the issues related to depleted uranium (DU) on the site, the migration of
uranium from the sit;a, the ability of the field sampling plan, as it is being implemented, to
accomplish its objectives with respect to the migrating uranium, and the biological risks associated
with the migrating uranium. See attached Verified Statement of Charles H. Norris, { 5.

5. In short, the October 2005 Monitoring Report results (if reliable) appear to show that
depleted uranium has migrated to the JPG site boundaries in at least two media and that a previously
unidentified source or sources of enriched uranium is present at the JPG site. The fracture trace
analysis report, central to the FSP approach to characterization of the JPG site, shows that the
analysis was not performed as proposed in the FSP, and cannot perform the critical purpose it was
intended to serve. The recent Coryell and Stearns research demonstrates a previously unidentified
and unevaluated risk to human health and the environment from the DU at JPG. Together, these
three new sources of information, when evaluated in context with other existing information
available from JPG and/or earlier scientific literature, materially impact the understanding of the
JPG facility with respect to the risks to human health and the environment related to depleted (and
other) uranium on the JPG site, the migration of uranium from the site, and the biological risks
associated with the migrating uranium. They also impact the ability of the FSP, as it is designed and
being implemented, to accomplish its objectives with respect to the migrating uranium and the '
biological risks associated with the migrating uranium. See Norris Verified Statement, § 21

6. Given the short period of time since STV received these three new sources of
information, it has simply not been feasible for STV and its experts to assess all of their

implications for the characterization of the JPG site and then formulate those implications in



contentions and bases meeting the format and content requirements of the NRC rules by June 30,
2006. But, there is no doubt that these implications are quite significant. In the first place, the
reported presence of DU at the JPG site boundaries raises significant issues regarding the need for
environmental radiation monitoring and field sampling outside the JPG site boundaries. In the
second place, assuming the reliability of the SAIC results, the evidence of enriched uranium within
the JPG site boundaries poses significant new issues regarding either the isotopic composition of the
munitions or the existence of another, heretofore unreported source of enriched uranium at the JPG
site. (Alternatively, the ERMP sampling and analytical results are unreliable for their intended
purpose, which is at least equally significant. In the third place, the fracture trace analysis shows
that the FSP, as implemented, will be utterly and completely unable to perform its intended purpose
at the JPG site. By themselves, each of these implications is significant; together, they are
potentially profound. Additionally, they will require STV to retain and consult with at least one
expert with very specialized expertise in the analysis and evaluation of isotopic uranium
contamination, in addition to the three experts currently employed. See Norris Verified Statement, §
22.

7. Based on the extensive experience of STV expert Charles H. Norris in such matters, it
will require at least sixty (60) days beyond June 30, 2006, for STV’s supplemented teém of experts
to assess properly the implications of the three new sources of information discussed above and’
formulate those implications into contentions and bases satisfying the format and content
requirements of the applicable NRC rule. See Norris Verified Statement, § 23.

8. STV understands and accepts that the additional contentions and/or bases which it is

requesting leave to file within sixty (60) days will be subject to objection by the Army and the NRC



Staff and rejection by the Board for failure to meet the substantive requirements of 10 C.F.R. §
2.309(f). By this motion, STV simply seeks to establish with certainty the time available to it to
formulate and file the additional contentions and/or bases and thereby avoid a later controversy as to
whether its filing is timely.

9. Counsel for STV certifies that he has reviewed this motion with counsel for the Army and
the NRC Staff prior to filing. The Army’s view is that the matters for which STV seeks leave to
later file supplemental contentions and bases would not be relevant or material to the current
proceeding. The Staff cannot agree, at this time, to the STV motion and thus plans to file a timely
response in opposition to it.

WHEREFORE Petitioner STV respectfully requests leave to further supplement within sixty
(60) days, pursuant to 10 C.F.R. § 2.309(f), its contentions and/or bases for hearing, as initially filed
in this matter on November 23, 2005 (“Initial Contentions”) and subsequently modified on May 31
2006 (“Final Contentions”), to address the signficant implications of the three new sources of
information discussed above which only recently became available to STV, as well as all other relief
just and proper under the circumstances.

Respectfully submitted,

Mullett, Polk & Associates, LLC

309 West Washington Street, Suite 233
Indianapolis, IN 46204

Phone: (317) 636-5165

Fax: (317) 636-5435

E-mail: mmullett@mullettlaw.com

Attorney for Save the Valley, Inc.
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VERIFIED STATEMENT OF CHARLES H. NORRIS

I, Charles H. Norris, state as follows:

1. Tam a natural person over the age of eighteen years. Ireside at 1928 E. 14" Avenue,
Denver CO 80206.

2. Thold a Bachelor of Science degree with High Honors and Distinction in Geology,
which I received from the University of Illinois in 1969. I hold a Master of Science degree in
Geology, which I received from the University of Washington in 1970, where I was a National -
Science Foundation Fellow. I completed the required course work and passed the preliminary
examination for a Ph.D. degree in geology at the University of Illinois in 1992, but I have not
submitted or defended a thesis.

3. I have worked professionally as a geologist and hydrogeologist since 1972. I am a

Principal (geology and hydrogeology) and President of Geo-Hydro, Inc., located in Denver,



Colorado. Iam a licensed professional geologist in six states, including Indiana. I hold Indiana
Professional Geologist License number 2100, which expires October 31, 2008. My areas of
specialization include geology, hydrogeology, geochemistry, and the numerical techniques used
in those areas. A copy of my resume has prev.iously been submitted to the NRC as part of earlier
filings.

4, Tam retained by Save the Valley, Inc. (a) to review the application for changes to the
NRC permit renewal for the Jefferson Rroving Ground (JPG); (b) to review other technical
materials related to the geology and hydrogeology in the area of, and adjacent to, JPG; (c) to
assist with technical issues relating to any appeal by Save the Valley of changes to the permit;
(d) to prepare explanatory materials to aid Save the Valley and its counsel in understanding
technical issues relating to the significance of historic and contemporary monitoring at JPG; (e)
to recommend modifications to the changes in the permit to ensure monitoring under the permit
can be protective of public health and safety and of the environment; (f) to develop and prepare
trial exhibits for admitted contentions and bases at any appeal hearing; (g) to prepare expert
testimony for presentation or submission at any appeal hearing; and (h) if required, to attend and

testify on behalf of Save the Valley at any appeal hearing.

5. As part of tasks (d) and (e) above, I have reviewed three sources of information and/or
data which have become available to me only in the last three (3) weeks. Specifically, the
information/data are (1) the Results of the October 2005 Environmental Radiation Monitoring
Program (ERMP) Sampling Event, recently released to the ADAMS data base (ML061430302),
(2) the Fracture Trace Analysis (SAIC, June, 2006), also recently released to the ADAMS data
base (ML061670091), and (3) a research paper recently published by V. H. Coryell and D. M.

Strearns, “Molecular analysis of hprt mutations generated in Chinese Hamster Ovary EM9 cells



by uranyl acetate, by hydrogen peroxide and spontaneously” (Molec. Carcinogen. 2006.
45:60-72). Each of these sources, when evaluated in context with other existing information
available from JPG and/or earlier scientiﬁc-literature, materially impacts the understanding of
the JPG facility with respect to the issues related to depleted uranium (DU) on the site, the
migration of uranium from the site, the ability of the field sampling plan, as it is being
implemented, to accomplish its objectives with respect to the migrating uranium, and the
biological risks associated with the migrating uranium.

6. The October 2005 environmental radiation monitoring report shows results, which are
confirmed by re-evaluation of the available environmental radiation monitoring reports from
2003 onward, that indicate either (a) the monitoring data that are being reported are inherently
unreliable or (b) the nature of uranium contamination in and around the designated DU impact
area at JPG is far more complex than previously realized and involves as yet unrecognized
source(s) of uranium.

7. The report evaluates the data for evidence of DU from two parameters, the
U238:U234 activity ratio and the weight percent of U235. The first parameter indicates DU is
present if the ratio is (significantly) above a value of between 0.9 and 1.0, the ratio that is
expected for natural uranium. The second parameter indicates DU is present (by regulatory
definition) if the concentration of U235, expressed as weight percent, is less than 0.711, the -
value that is indicative of natural uranium. The report does not discuss the frequent occurrences
in the data of U238:U234 activity ratios substantially below the 0.9 — 1.0 natural range and U235
concentrations substantially above 0.711 weight percent, characteristic of natural uranium. For
example, monitoring well MW11 has an activity ratio of < 0.407 and a U235 concentration of <

14.3 weight percent. An examination of the previous year’s data, December 2004, confirms the



general magnitude of these values; the activity ratio then was 0.447 and the U235 concentration
was 10.2 weight percent. These values are indicative of enriched uranium, not natural uranium
or depleted uranium.

8. If JPG and the DU impact area contain only natural uranium and depleted uranium,
the observed lower values of the activity ratios and the observed upper values of the U235
concentrations necessarily represent inaccurate and/or imprecise measurements of the uranium
isotopes. If, due to precision or accuracy limits of the analytical data, the lowest values of the
activity ratios and the highest U235 concentrations represent natural uranium, then the criteria
for identifying DU, relative to these values, need to be re-scaled to the range that is reported,
rather than the range that is normally expected. Such re-scaling would lead to the identification
of DU where it is not presently acknowledged. However, since these anomalous values exist at
multiple places, exist in multiple media, and persist over multiple sampling events, it is very
unlikely that the problem of these unexpected values is just a reporting or laboratory error of
some type.

9. Altematbively, if the isotopic data are valid as reported, they indicate the existence of
enriched uranium in addition to natural uranium and DU on the JPG. None of the documents-
reviewed to date have described the existence of, or a potential source of, enriched uranium at
JPG or in the DU impact area. A corollary of enriched uranium being present is that an isotope -
signature indicative of natural uranium could, as well, represent a mix of enriched uranium and
DU, further complicating the interpretation of the monitoring data. Thus, if the data are
accurate, and there is a source of enriched uranium at JPG, the Army’s ERM program and the
NRC Staff’s EA must be modified to include its evaluation.

10. The October 2005 isotope data, accepted as reported, confirm earlier monitoring data



showing that DU exists in the impact area and does migrate. October 2005 data indicate that DU
has migrated beyond the impact area and is found at the site boundary of the JPG. Monitoring
point SD-/SW-2 is where Big Creek crosses the western boundary of the JPG. In October of
2005, the surface water draining from the JPG site had a U238:U234 ratio that was greater than
1.205 (sample) and less than 2.926 (duplicate), a ratio indicative of DU. Surface water at this
point the previous fall showed a ratio that was characteristic of natural uranium. The Big Creek
stream sediments at the western JPG site boundary show U238:U234 ratios indicative of DU in
the October 2005 sample, as well as the spring and fall 2004 samples (1.255, 1.658, and 1.261,
respectively). Only the duplicate sarﬁple for October 2005 was in the range of natural uranium
(0.935).

11. The results of the fracture trace analysis that was implemented as part of the Field
Sampling Plan were reported in June, 2006 (NRC ADAMS document number ML061670091),
and based upon those results, the locations for lines for the electrical imaging (EI) survey were
defined. The fracture trace analysis is the first step of a sequence of tasks that is to identify the
optimal locations for nests of monitoring wells. The conceptual approach is that major fractures
in geologic materials may correspond to enhanced conduits for groundwater flow. Some major
fractures may manifest themselves as visible, linear features, or lineaments, on remote imaging
media, such as air photos or satellite data. Mapping lineaments on appropriate media identifies -
possible fracture traces. Field verification (sometimes called “truthing”), which is part of the
fracture trace analysis program per the Field Sampling Plan, helps distinguish between
lineaments that may be related to major fractures and those that are not. To appreciate the
inherent limitations of this methodology, one must understand that not all fractures express

themselves with a visible lineament. Not all lineaments are fracture traces. Not all fracture



traces correspond to groundwater conduits. Not all groundwater conduits have an expression as
a visible lineament. As designed for the Field Sampling Program, the follow-on EI survey is
intended to refine the location of the verified fracture traces at depth and identify those likeliest
to be groundwater conduits. The EI survey is not designated for use at JPG as a technique to be
used independently of the fracture trace analysis.

12. Choosing optimal locations for monitoring wells using the steps laid out in the Field
Sampling Plan is sequentially contingent upon successful completion of the following
independent elements: a site with geologic characteristics capable of generating visible
expressions of fracture traces, an imaging medium capable of capturing the visible expressions
(lineaments) of fracture traces, accurate and precise identification of all lineaments on the
imaging ﬁedium, accurate and precise transfer of lineaments from the imaging medium to
accurate site maps, field verification of lineaments that are representative of fracture traces, and
positioning of EI lines to refine fracture trace locations (including depth) and distinguish those
with characteristics of groundwater flow. The report for the Fracture Trace Analysis indicates
that there were substantial problems with each of these elements and none may have been
successfully completed. The result is that choosing optimal locations for the nests of monitoring
wells cannot be made by building upon the results of the fracture trace analysis as it has been
performed.

13. Certification 4, the Contractor Statement of Independent Technical Review, states
that significant concerns are documented in the project files. The report does not describe the
significant concerns of the independent reviewer, it does not describe the resolution of the
concerns, and it does not indicate what it means that, *. . . all concerns resulting from

independent technical review of the project have been considered.” The project file should be



made available for review of these concemns.

14. The site characteristics and/or the imaging medium resulted in lineament expression
that was poorer than other karst areas within the experience of the analyst. As stated on page 3-
1, the mapped lineaments were ranked from “faint” to only “moderately distinct” and were
“generally less distinct” than the other karst areas familiar to this analyst. Since the air photos
were made in November, vegetative cover was unlikely the cause of the indistinct lineaments.

15. The Field Sampling Plan called for a site visit to verify the results of the photo
analysis. This is a critical element for this type of study. It allows the identification of fracture
traces to be distinguished from other possible causes of lineaments. It also allows the location of
lineaments to be more precisely refined with respect to features that were not visible to the photo
analyst. For example, a geologist in the field could refine the position of a mapped lineament in
a karst area, like JPG, by noting the locations of cave mouths, spring discharges, and/or sink
holes. There is no indication in the fracture trace analysis report that the needed field
verification was ever performed. There are no discussions of the results of such a visit or
description of refinements that were generated by such a ﬁeid visit. All of the 110 photo-
identified lineaments are reportedly shown on Figure 1, page 3-2 of the report, further reflecting
no refinement by a field geologist.

16. The SAIC report acknowledges the choice of imaging medium created problems -
transferring the marked lineaments from the photos to contemporary maps. By choosing to use
vintage air photos (1937) for the lineament study, in order to examine the site pre-JPG, there was
a “paucity of useful features” to overcome photo distortion and registration problems and allow
accurate and precise positioning of the individual lineaments on contemporary maps. The

authors state that accuracy of placement on the contemporary map is estimated as



“approximately +/- 100 feet.” The impact of this acknowledgment is that even the best
lineaments, ones that are “moderately distinct” on the air photo, are 200-foot wide bands when
one is trying to locate them on contemporary maps. This imprecision is not conveyed in the
lineament mapping that is represented on Figure 2 of the report, where lines representing the
estimated location of the lineaments are thin and suggest precise locations.

17. The fracture trace analysis does not mention another inherent limitation of its
methodology as implemented. By analyzing the photos only for linear features, one is analyzing
only for vertical fractures. Fractures occur with orientations from vertical to horizontal.
Fractures that are not vertical will not have linear fracture traces across land that has variable
topography, such as is present at JPG. They will have curving traces. This has an important
implication in the attempt to identify groundwater conduits. Major karst features often develop
along flat or gently dipping intersection of major fractures. Such intersections do not result from
the intersection of vertical fractures; the intersections of vertical fractures are always vertical.
Thus, by limiting the trace analysis to linear traces, one is precluding an analysis of the most
probable geologic control for major groundwater conduits.

18. The results of the fracture trace analysis clearly show the analysis is inaccurate and
incomplete. As described in the cited reference in the first paragraph of Section 3 of the report,
page 3-1, the analyst is identifying a “. . . natural linear feature consisting of topographic g
(including straight stream segments), vegetal, and soil tonal alignments” that extend less than
one mile. Using the cited protocol, at a minimur‘n the analyst should have identified and properly
located all straight stream segments shorter than a mile in the mapped areas. They would have
existed on the 1937 air photo and would still exist on a contemporary map, allowing accurate

and precise registration and adjustment for distortion. This is demonstrably not the case,



however. Several examples are readily available from a quick examination of Figure 2 on page
3-3, the detailed area of the DU impact area. Section 4 marks the northern end of the impact
area. There is a straight-line stream segment entering Section 4 almost north-south,
approximately through the center of the northeast quarter of the section. This stream segment
should have been analyzed as a lineament according to SAIC’s cited reference, and it wasn’t.
The next two segments of this stream are approximated by mapped lineaments, but the locations
and orientations should have been improved. By tying readily matching linear features, like
streams, to a contemporary map, other non-matching features from the photos would be better
positioned and oriented. Another example is found at the very southeast corner of Section 16,
near the south end of the DU impact area. Here is a another straight-line stream segment with no
mapped lineament. There is a lineament shown in the same area that is oriented obliquely to the
stream. If this lineament is the representation of the stream from the air photo, there remain
registration and rotational errors that must be corrected before anything can be done with the
map.

19. Only when a complete and accurate lineament map has been made, the features are
tied to contemporary maps using unambiguous features such as stream segments and bends, and
the lineaments are field verified, can a proper EI survey be defined. Since the Field Sampling
Plan does not allow EI to be used to identify conduits that are not previously identified witha -
trace analysis, EI surveys in areas without identified lineaments do not contribute to the project
and are wasted time and effort. The budgeted length of the EI program should be devoted to
refining the position of traces that are possible conduits, not running down roads through areas

where there are no such traces. Further, by restricting the EI traverses to north-south and east-

west roads, it is impossible to orthogonally cross the traces that have been mapped in and around



the impact area. By restricting the EI traverses to the roads, the survey lines will necessarily
approach and cross the potential fracture traces obliquely. The resolution of an EI traverse in
refining the location of a conduit it crosses is best when the traverse is oriented normal to the
feature. As the approach becomes more oblique, the signal is smeared and resolution is lost. To
be effective, the EI program should consist of short traverses that are oriented normal to the
anticipated groundwater conduits, with the total footage of the program used to cross the
anticipated conduit multiply at regular intervals. As laid out, with the traverses simply following
roads that are oblique to the features to be mapped and with much of the survey over country
without mapped lineaments, the program will not contribute meaningfully to the successful
identification of drilling locations that are needed to allow proper site characterization.

20. The recently published research by Coryell and Stearns (2006, as cited above)
demonstrates a previously unidentified risk from uranium that would include DU. That research
builds upon the earlier work by Stearns, et al. (Stearns DM, Yazzie M., Bradley AS, Coryell VH,
Shelley JT, Ashby A, Asplund CS, Lantz RC. Urany] acetate induces hprt mutations and
uranium DNA-adducts in Chinese Hamster Ovary EM9 cells. Mutagenesis 2005 20:417-423),
and Yazzie, et al. (Yazzie M, Gamble SL, Civitello ER, Stearns DM. Uranyl acetate causes DNA
single strand breaks in vitro in the presence of ascorbate (Vitamin C). Chem Res Toxicol. 2003
16:524-530). It shows uranium to be a chemical mutagen. Previously, uranium was recognized -
as a radiological mutagen and a toxic metal, particularly for kidney damage. However, neither
the exposure limits for uranium nor the risks from uranium assessed to potential receptors
recognized the additional mutagenic risks associated chemically with uranium.

21. In short, the October 2005 ERMP results, if analytically reliable, show that depleted

uranium has migrated to the JPG site boundary in at least two media and that a previously



unidentified source or sources of enriched uranium is present at the JPG site. The recent Coryell
and Stearns research demonstrates a previously unidentified and unevaluated risk to human
health and the environment at JPG. The fracture trace analysis report, central to the FSP
approach for characterization of the JPG site, was not performed as proposed in the FSP, and
thus cannot achieve the purpose it was intended to serve in the Army’s site characterization
approach. Together, these three new sources of information, when evaluated in context with
other existing information available from JPG and/or earlier scientific literature, materially
impact the understanding of the JPG facility. They impact the understanding of the risks to
human health and the environment with respect to depleted (and other) uranium on the JPG site,
the migration of uranium from the site, and the biological risks associated with the migrating
uranium. They also impact the ability of the field sampling plan, as it is designed and is being
implemented, to accomplish its objectives with respect to the migrating uranium and the
biological risks associated with the migrating uranium.

22. Given the short period of time since STV received these new sources of
information, it has simply not been feasible to assess all of their implications for the
characterization of the JPG site and then formulate those implications in contentions and bases
meeting the format and content requirements of the NRC rules by June 30, 2006. But, there is no
doubt that these implications are quite significant. In the first place, the evidence of DU at the -
JPG site boundaries raises significant issues regarding the need for environmental radiation
monitoring and field sampling outside the JPG site boundaries. In the second place, the evidence
of enriched uranium within the JPG site boundaries poses significant new issues regarding either
the isotopic composition of the munitions or the existence of another, heretofore unreported

source of enriched uranium at the JPG site. (Alternatively, the ERMP sampling and analytical



protocols and results are unreliable for their intended purpose, which is at least equally
significant.) In the third place, the fracture trace analysis shows that the FSP, as implemented,
will be utterly and completely unable to perform its intended purpose at the JPG site. Finally,
new research indicates an entirely unevaluated biological risk associated with uranium that is
supplemental to recognized biological risks. By themselves, each of these implications is
significant; together, they are potentially profound. Additionally, they will require STV to retain
and consult with at least one expert with very specialized expertise in the analysis and evaluation
of isotopic uranium contamination in addition to the three experts currently employed.

23. Based on my past experience in such matters, it is my professional opinion that it
would require at least sixty (60) days beyond June 30, 2006, for STV’s supplemented team of
experts to assess properly the implications of the three new sources of information discussed
above and formulate those implications into contentions and bases satisfying the format and

content requirements of the applicable NRC rule.

VERIFICATION

I, Charles H. Norris, hereby affirm under the penalty for perjury that the foregoing

statements are true and accurate to the best of my knowledge, information, and belief.

bt # e

Dated: June 29, 2006

Charles H. Norris, P. G.
Indiana Professional Geologist
License Number 2100

Expires 31-Oct-08



MOLECULAR CARCINOGENESIS 45:60-72 (2006)

Molecular Analysis of hprt Mutations
Generated in Chinese Hamster Ovary EM9
Cells by Uranyl Acetate, by Hydrogen
Peroxide, and Spontaneously

Virginia H. Coryell and Diane M. Stearns*
Department of Chemistry and Biochemistry, Northern Arizona University, Flagstaff, Arizona

Naturally occurring uranium and depleted uranium (DU) are believed to be health hazards by virtue of both their
chemical and radiological properties. The mechanism(s) behind uranium’s chemotoxic effects has yet to be elucidated.
Previous work has shown that DU, as uranyl acetate (UA), was mutagenic at the hypoxanthine (guanine)
phosphoribosyltransferase (hprt) locus in XRCC 1-deficient CHO EM3 cells, The purpose of the current study was to
characterize the mutations induced by UA at the hprt locus of CHO EM9 cells and compare the mutation spectrum of
UA with those of hydrogen peroxide and spontaneous mutations in the same line. The hypothesis being tested was
that if DU as UA is chemically genotoxic then the mutation spectrum induced by the heavy metal should be distinct
from that produced spontaneously or by H,0,. A total of 59 UA-induced, 38 spontaneous, and 45 H,0,-induced
mutations were identified. Base substitutions comprised 29%, 42%, and 16% of UA, spontaneous, and H,0,
mutants, respectively. The frequency of G —T or C — A substitutions was not significantly different in spontaneous or
H20,-induced mutants than in UA-induced mutants, suggesting a possible role for 8-oxodG damage in UA
mutagenesis. However, the observation that UA produced significantly more major genomic rearrangements
(multiexon insertions and deletions) than occurred spontaneously suggests the possibility that DNA strand breaks or
crosslinks could also be UA-induced mutagenic lesions. The unique mutation spectrum elicited by exposure to UA
suggests that UA generates mutations in ways that are different from spontaneous and free radical as well as
radiological mechanisms. © 2005 Wiley-Liss, Inc.

Key words: uranium; hprt; Chinese hamster ovary; hydrogen peroxide; DNA mutational analysis

acknowledged the harm performed by these expo-
sures through the 1990 Radiation Exposure Com-

INTRODUCTION
Uranium is 2 heavy metal that is both radiologi-

cally and chemically toxic. Its three major isotopes,
U-238, U-235, and U-234, are radioactive, decaying
by alpha, beta, and gamma emission with half lives
on the geological time scale of 10°-10° yr. Depleted
uranium (DU) is uranium from which ~50-70% of
the fissionable U-235 isotope has been extracted, and
is thus ~40% less radioactive than natural uranium
[1]. The most stable soluble form of uranium under
physiological conditions is the uranyl cation, Uo,%,
inwhich uranium exists in the 6+ oxidation state. As
a heavy metal, uranium can coordinate to biological
molecules to exert a chemical toxicity.

Humans are exposed to uranium occupationally,
and in the environment largely as a result of its
occupational uses. Over half of the US uranium
reserves are believed to exist on Native American
lands [2], most significantly in and around the
Navajo Indian Reservation in the Colorado Plateau
region of Arizona, New Mexico, Colorado, and Utah.
The intense mining effort of 1947-1971 resulted in
uranium exposures in miners, mill workers, and ore
transporters, and the US government has recently

© 2005 WILEY-LISS, INC.

pensation Act [3]. Environmental exposure to
uranium continues to exist in these areas today as a
result of abandoned mines and contaminated soil
and water.

The depleted form of uranjum is currently used by
the military for anti-tank weapons, tank armor, and
ammunition rounds because of the metal’s high
density and pyrophoric properties. The form of
uranium used in weaponry is metallic; however,
uranium(VI)/uranium(IV) oxides such as U3O,,

Abbreviations: DU, depleted uranium; UA, uranyl acetate; hprt,
hypoxanthine {(guanine} phosphoribosyltransferase; CHO, Chinese
hamster ovary; aMEM, minimal essential medium eagle alpha
modification; 6-TG, 6-thioguanine; 6-TG', 6-TG-resistant; RT-PCR,
reverse-transcription polymerase chain reaction; ef-2, elongation
factor 2 gene; UTR, untranslated region; ROS, reactive oxygen
species; 8-oxodG, 8-ox0-2-deoxyguanosine.
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U304, and UO,, are formed upon burning [4], and
solublization of metallicuranium [4-6] is believed to
produce uranyl cation in vivo. Estimates suggest that
over 300 tons of DU were released into the environ-
ment during Gulf War I {7]. Estimates for Gulf War II
are not yet available. Military personnel have been
exposed to DU through inhalation of aerosolized
particles or from shrapnel embedded in the skin.
Monitoring of Gulf War veterans is in progress in
the United States [6,8-15), Canada [16,17], and
the United Kingdom [18]. Civilians’ environmental
exposure to DU may be less important than military
exposures because residual uranium concentrations
in the soil of the Persian Gulf region have not been
found to exceed world-wide averages [19]. Occupa-
tional and environmental exposures to uranium
have been linked to a variety of adverse health
effects, with mining exposures better characterized
than military exposures.

The health risks from occupational and environ-
mental exposures to uranium mining have been
found to include cancer, and possibly chromosomal
aberrations and birth defects. Most of the epidemio-
logical data on uranium mining has come from
studies of the Navajo miners and of people exposed
to mine tailings. The miners had well-established
high incidences of lung cancer because of the
absence of occupational safety requirements during
the decades of heaviest mining activity [20-25].
However, data are not limited to the miners.In 1972,
a study of cancer mortality found increases in
prostate, pancreas, stomach, and colon cancer in
men living on uranium mine tailings in Colorado
relative to nearby populations not exposed to
tailings; however, no increases in lung cancers or
leukemia were found, suggesting radiation exposure
was not the cause [26]. More recently, significant
increases in gastric cancer were reported for counties
in New Mexico with high deposits of uranium and
uranium tailings [27]. A weak link between birth
defects, stillbirths, and adverse outcomes of preg-
nancy was suggested for Navajo women living near
uranium mine tailings [28]. A study of people
exposed to tailings in Texas found a weak increase
in chromosomal aberrations in lymphocytes of the
exposed group relative to an unexposed group, and a
significant increase in aberrations after lymphocyte
challenge with gamma rays, indicating impaired
DNA repair [29]. These studies imply that environ-
mental exposure to uranium could target DNA or
DNA repair pathways.

The possible risks from exposure to DU through
military uses are more controversial than mining
exposures. Allegations have been raised that there
have been increased rates of lung, breast, bladder,
skin, and stomach cancers and leukemia in Iraq after
Gulf War 1 [30,31], and that other kidney and
respiratory ailments are possible {32]; however, the
World Health Organization has concluded that

thorough epidemiological studies have not yet been
carried out [33]. There is no evidence yet supporting
an increase in cancer rates in military personnel
exposed to DU in the Balkans or the Persian Gulf
[18,34-37] with the caveat that sufficient time may
not yet have passed for final conclusions tobe drawn,

Part of the difficulty of evaluating the health
effects of uranium, natural or depleted, is that the
different contributions of the metal’s chemistry and
radioactivity are not well understood. It is generally
accepted that the greatest risk to uranium miners was
the inhalation of radioactive radon-222, which is a
gaseous decay product of U-238 that accumulated in
the mine shafts. Radon is a well-established human
lung carcinogen [38]; however, the risk from ura-
nium exposure may not be limited to radon because
the chemical genotoxicity of uranium has not been
thoroughly evaluated.

We are interested in defining the extent to which
uranium may be chemically genotoxic. Depleted
uranium as uranyl acetate (UA) was previously found
to produce DNA strand breaks in vitro in the presence
of ascorbate [39), which suggests achemical mechan-
ism because the presence of ascorbate would not
affect the half lives of uranium isotopes. Further-
more, UA was found to produce DNA strand breaks
and uranium-DNA adducts and to be more muta-
genic at the hprt locus of repair-deficient Chinese
hamster ovary (CHO) EM9 cells than the parental
CHO AAS8 line, resulting in an average-induced
mutation frequency (MF) of 31 per 10°¢ surviving
cells, or an average eightfold increase in fiprt mutants
relative to untreated cells for a dose of 200 uM UA
over 24 h [40). A separate study reported that alpha
irradiation was no more mutagenic in the CHO EM9
line than the CHO AAS line {41]; therefore, these
opposing data suggest that uranium may have
other mechanisms for damaging DNA than just
radioactivity.

The purpose of the current study was to further
explore the chemical genotoxicity of uranium by
characterizing the mutations induced by UA at the
hprt locus of CHO EM9 cells, and to compare the
mutation spectrum of UA with that of H;O, and
spontaneous mutations in the same line, and with
published reports of the mutation spectra of radon
and alpha irradiation [42,43]. The hypothesis being
tested was that if DU as UA is chemically genotoxicit
would have a unique mutation spectrum distinct
from those observed for spontaneous, free-radical, or
alpha particle-induced mutations.

MATERIALS AND METHODS

Cell Culture and Mutant Isolation

CHO EM?9 cells were obtained from the American
Type Culture Collection (Manassas, VA). Cells were
cultured in Minimal Essential Medium Eagle Alpha
Moadification («MEM; Sigma Chemical Company,
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St. Louis, MO) supplemented with 10% fetal bovine
serum (Hyclone, Logan, UT), antibiotic (100 U/mL
penicillin and 100 pg/mL streptomycin, Sigma),
250 ng/mL amphotericin B (Sigma), and 1 mM
glutamine (Invitrogen-Gibco Life Sciences, Carlsbad,
CA) at 37°C in humidified 5% CO,/air.

Background mutations were eliminated by treat-
ing 3 x 10° cells in a 150-cm? flask with supplemen-
ted «MEM and 200 yM hypoxanthine, 0.4 pM
aminopterin, and 17.5 pM thymidine (HAT; Sigma)
for 2 d. The cells were harvested, divided into 20-
25 aliquots of 9 x 10° cells in 100-mm dishes, and
recovered for 3 d in supplemented «MEM with
200 pM hypoxanthineand 17.5 pM thymidine added.

Each dish was harvested, 8 x 10° cells transferred
to a new dish, allowed to adhere overnight, and
treated with 200 pM UA (Spectrum Chemical Mfg.
Corp., Gardena, CA) or 100 pM H,0, (Sigma). After
24 h, 1 x 10 cells from each dish were subcloned to
100-mm dishes. The cells were grown for 9 more
days, subculturing 1 x 105 cells every other day to
maintain them in logarithmic growth and allow for
mRNA and protein turnover. Spontaneous mutants
were generated by growing 24 aliquots of 4 x 10°
HAT-treated and HT-recovered cells, as above, in 60-
mm dishes for 4 wk, switchingto 1 x 10% cells in 100-
mm dishes for 2 wk, and subculturing as necessary to
avoid confluence.

Mutants resistant to 6-thioguanine (6-TG; Sigma)
from each of the spontaneous, UA-treated, and
H;0;-treated dishes were selected by subculturing
2.5 x 10° cells in100-mm dishes containing supple-
mented «MEM and 11 pg/mL 6-TG (6-TG-xMEM).
After 10 d, up to four 6-TG-resistant (6-TG") clones
per dish were transferred to individual wells of
96-well plates with 6-TG-aMEM. Each clone was
expanded from 1 colony to 4~12 x 10° cells in 6-TG-
oMEM. The cells were harvested; 500-cell and
2000 000-cell aliquots were delivered to each of five
0.2-mL PCR tubes (Fisher Scientific, Fair Lawn, NJ)
and two 1.7-mL nuclease-free microcentrifuge tubes

(VWRInternational, West Chester, PA), respectively.
All tubes were centrifuged for 5 min at 180g, the
supernatant drawn off, and the tubes frozen at —80°C
until use,

RT-PCR-PCR and cDNA Sequencing

The hprt mRNA of CHO EM9 clones was copied
into cDNA and amplified in a single-tube reverse-
transcription (RT)-polymerase chain reaction (PCR)
reaction. A second PCR was performed with the RT-
PCR reaction as DNA template. An “‘outer” pair of
primers and nested “inner” primer pair (Table 1)
were designed with PrimerSelect™ (DNASTAR,
Madison, WI) and CHO mRNA sequences (GenBank
Accessions JO0060 {44] and X17656 [45]) to yield a
758 base-pair product. The primers for cDNA sequen-
cing (Table 1) were designed with the same tools. All
DNA oligomers were ordered from Integrated DNA
Technologies, Inc., Coralville, IA.

The initial RT-PCR methods were a combination of
the recommended protocol for RobusT RT-PCR
(Finnzymes Oy-M] Research) and the published
procedure of Yang and coworkers [46). The RobusT
RT-PCR procedure (Finnzymes Oy-M] Research,
Waltham, MA) was used, but a frozen 500-cell aliquot
was used to supply the mRNA template and Nonidet
P40 was added to the RT-PCR reaction mixture. The
reaction consisted of a 20-pL aliquot of 1 x RobusT
RT-PCR buffer (Finnzymes Oy-M] Research), 1.5 mM
MgCl,, 200 uM each dNTP, 1 U/uL Prime RNase
Inhibitor™ (Eppendorf, Hamburg, Germany), 0.1U/
pL avian myeloblastosis virus reverse transcriptase
(AMV-RT; Fisher), 0.1% Nonidet P40 (Rosche, Man-
nheim, Germany), 200 nM primer AoS, 200 nM
primer Ao3, 0.04 U/uL DyNAzyme™ EXT DNA
polymerase cocktail (Finnzymes Oy-M] Research),
which was added to a 0.2-mL PCR tube with an
aliquot of 500-cells. A negative control of a tube with
no cells was included along with a positive control of
a 500-cell aliquot of wild-type EM9. Reverse tran-
scription (RT) was carried out for 1 h at 50°C and was

Table 1. Primers Used to Copy and Amplify CHO EM9 hprt and ef-2 mRNA, and Sequence CHO EM9 hprt cDNA

Primer name Primer sequence (5' — 3')° Primer function(s)

Ao5 cctcacegctttetegtg S’ hprt-specific RT-PCR

Ao3 cagatggctgcagaactagaatg 3’ hprt-specific RT-PCR

AiS cetectcacacegcetette ' nested hprt-specific PCR and 5' cDNA sequencing
Ai3 actgggaacatgaatgggactc 3' nested hprt-specific PCR and 3' cDNA sequencing
AsSa GGGAGGCCATCACATTGT Upstream 5’ ¢cDNA sequencing

AsSh GTTGAGGACATAATTGACACTGG Downstream 5’ cDNA sequencing

As3a GATCATTACAGTAGCTCTTCAGTCT Upstream 3’ cDNA sequencing

As3b TCTGGCCTATATCCAACACTIC Downstream 3’ cDNA sequencing

A205 ATGGTGAACTTCACGGTAGAC 5’ ef-2-specific RT-PCR

A203 CAATGATGTGCTCCCCAGAC 3’ ef-2-specific RT-PCR

A2i5 GTGTGCAAGGCGGGTATCA 5’ nested ef-2-specific PCR

A2i3 CCGCCTCATCATCAGGTGG 3’ nested ef-2-specific PCR

*Lower case letters designate 5/ UTR, intron, or 3’ UTR sequence and upper case letters designate exon sequence.
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followed by 2 min at 94°C to denature the AMV-RT.
The reactions were then subjected to 38 cycles of a
denaturation step of 30 s at 94°C, an annealing step
of 30 s at a 60.5°C, and a 2 min extension at 72°C. A
final extension of 10 min at 72°C concluded the RT-
PCRreaction. The heated lid was at 104°C during the
‘procedure.

The second, nested, PCR contained 50 mM Tris-
HCI (pH 9.0), 1.5 mM MgCl,, 15 mM (NH,),SO0q,
0.1% Triton X-100, 6.7% sucrose, 100 pM xylene
cyanol, 300 uM each dNTP, 400 nM primer AlS, 400 nM
primer Ai3, 10% RT-PCR reaction as template, and
0.02 U/pL. DyNAzyme™ EXT. Two negative controls
were performed: one contained 10% of the RT-PCR
reaction performed with no cells as the template and
the second used 10% water as the template. The wild-
type EM9 reaction provided the positive control. All
nested-PCR reactions were denatured at 94°C for
2 min, then cycled 38 times with a denaturation of
305 at 94°C, 30 s at 62°C for primer annealing, and
an extension for 1 min at 72°C. A final extension of
10 min at 72°C concluded the PCR. During the PCR,
the lid temperature was at 104°C. The fragments
produced, or amplicons, were visualized on 1.5%
agarose (Invitrogen) gels with 2% of each reaction.

Reactions that produced more than one band were
reamplified at a higher temperature. Another aliquot
of the original RT-PCR reaction was used as template
for a second nested PCR (RT-PCR-PCR). The nested
PCR conditions were the same as the first time,
except the annealing temperature was raised to
between 63.5 and 65.1°C. A 2%_aliquot of each
reaction was visualized on a 1.5% agarose gel.

All RT-PCR-PCR reactions yielding a single band
were sequenced, including wild-type EM9. Single-
amplicon reactions were purified with DNA Clean &
Concentrator™-5  columns (Zymo Research,
Orange, CA) and quantified. The purified DNAs were
sequenced at the University of Arizona DNA Sequen-
cing Service with an Applied Biosystems 3730XL
DNA Analyzer and between two and six of the cDNA
sequencing primers (Table 1), depending on the size
of the fragment. The various sequences generated for
each mutant were aligned with SeqMan™1I (DNAS-
TAR) and miscalls were corrected. Each mutant’s
consensus sequence was then compared to the wild-
type EM9 consensus sequence with MegAlign™
(DNASTAR). Changes in the mutants’ hprt cDNA
sequences were tabulated.

Any RT-PCR-PCR reactions, not producing an
amplicon, were repeated at more permissive tem-
peratures. The complete RT-PCR-PCR procedure was
repeated with a new 500-cell aliquot, with the only
differences being that the RT was performed at 48°C
and both of the PCR annealing temperatures were
dropped to 59°C. Reactions still not producing an
amplicon were multiplexed with the hprt primers
and primers specific to CHO elongation factor 2 (ef-2)
mRNA.

Multiplex RT-PCR-PCR

Multiplex RT-PCR-PCR was performed with pri-
mers specific for CHO hprt and ef-2 mRNA. The ef-2
primers (Table 1) were designed from CHO ef-2
sequence data (GenBank Accession J03200 [47]) to
yield a 1,027 base-pair amplicon. Multiplex RT-PCRs
were performed under the same conditions as the
more permissive hprt RT-PCRs, except primers spe-
cific for ef-2 mRNA, A20S, and A203 (Table 1), were
each at 200 nM In the reaction as well as the hprt-
specific primers AoS and Ao3. The second, nested,
multiplex PCRs had the same conditions as the
morte permissive nested PCRs with the exception of
the primers. The hprt-specific primers AiS and A3 were
each at 300 nM and the ef-2-specific primers A215 and
A2i3 (Table 1) were each at 425 nM. The reaction
products were visualized on 1.5% agarose gels.

Genomic PCR

The hprt exons and flanking sequences were
amplified with genomic DNA as template. Some
genomic hprt primers (Table 2) were designed de
novo from GenBank Accessions X53073, X53076,
X53077, X53078, X53079, and X53080 [45] to better
match primer annealing temperatures and place the
primers so they included no exon sequence, with
DNASTAR’s PrimerSelect™, while others were
obtained from theliterature [45,48). The ef-2 primers
(Table 2) were designed with GenBank Accession
J03200 [47)) and PrimerSelect™.

Wild-type CHO EM9 and mutant genomic DNA
was Isolated from 2 x 10%cell aliquots with ZR
Genomic DNA Kit™ columns (Zymo Res.) and
quantified. All exon PCR reactions contained 50 mM
Tris-HCI (pH 9.0), 15 mM (NH,),SO,, 0.1% Triton X-
100, 6.7% sucrose, 100 pM xylene cyanol, 1.0 mM
each dNTP, 5.0% DMSO, 0.05 U/uL DyNAzyme™
EXT DNA Polymerase (MJ Research, Waltham, MA),
and § ng/pL genomic DNA as template. Exon 4 was
amplified along with the ef-2 fragment at 5.5 mM
MgCl,, 1.5 uM of each exon 4 primer, and 0.07 pM
each ef-2 primer (Table 2). The amplification was
performed with the lid temperature at 104°C and
consisted of an initial denaturation for 2 min at 94°C
followed by 38 cycles of denaturation for 20s at 94°C,
primer annealing for 30 s at §9°C, and a 50 s
extension at 72°C, and concluded with a final
extension of 10 min at 72°C. A single multiplex
reaction for the ef-2 fragment and exons 1, 2, and 6,
and the amplicon containing exons 7 and 8, was
performed with 6.0 mM MgCl,, primers for the exons
at appropriate concentrations, and 0.176 uM ef-2
primers (Table 2). The PCR program was identical to
the exon 4 program. Exons 5, 9, and the ef-2 internal
standard were multiplexed with 6.5 mM MgCl,,
exons’ 5 and 9 primers at 3 uM, and 0.4 pM each,
respectively, and 0.095 pM of each ef-2 primer
(Table 2). The amplification program was the same



as that for the exon 4 multiplex, excepting the
primer-annealing temperature was 57°C. Exon 3 was
amplified alone with 5.5 mM MgCl; and 2 mM each
exon 3 primer. The exon 3 program differed from
exon 4's in that the primer annealing temperature
was lowered to 45°C and the extension time
shortened to 20 s. Amplification products for all
reactions were visualized on 2.5% Synergel™ (Diver-
sified Biotech, Boston, MA), 1% agarose gels. Ampli-
fication results were tabulated.

Genomic PCR and Sequencing of Individual Exons

Mutant genomic DNA was amplified by PCR,
purified, quantified, and sequenced. The PCRreaction
and amplification program conditions for exon 3 were
the same as above. The other exons’ conditions were
the same as for the multiplex reactions in which they
were amplified with the following modifications: the
annealing temperature for exon S was lowered to
55.1°C and each of the primers for exon 1 was at 0,15
M, 0.6 uM forexon 2,2 uM forexon 4, 1.2 uM forexon
6, 0.6 uM for exon 9, and 0.5 pM for the amplicon
containing exons 7 and 8. An aliquot of each reaction
was visualized on a 2,5% Synergel™, 1% agarose gel,
while the remainder was purified with Zymo Research
DNA Clean & Concentrator ™-5 columns, and quan-
tified. The DNA templates were sequenced in both
directions with the appropriate primers (Table 2) by
the University of Arizona DNA Sequencing Service.
The sequences were aligned with SeqManTMll (DNAS-
TAR), miscalls corrected, and compared to the
corresponding CHO sequence [45] with MegAlign
(DNASTAR). Mutations were tabulated.
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Table 2. Primers for Genomic PCR of hprt and ef-2 loci, and Sequencing at the hprt Locus of CHO EM9
Final concentration, ~ Wild-type amplicon size,
Primer name Primer sequence (5’ — 3')? Primer use pM base pairs
AX1.5 cctcaccgcetttctegtg S hprt exon 1 0.12 361
AX1.3 gccteacaageagtcaace 3’ hprt exon 1 0.12
. AX2.5° agcttatgctctgatttgaaatcagetg 5’ hprt exon 2 0.588 232
AX2.3¢ gaactcagaacctctggaagage 3’ hprt exon 2 0.588
AX3.5¢ ggaactcgtctaticcgtgatttta 5' hprt exon 3 2.0 273
AX3.3° tacatacaaaactaggattgccatatt 3’ hprt exon 3 2.0
AX4.5¢ tgtgtgtattcaagaatatgcatg S’ hprt exon 4 1.5 177
AX4.3 gcacagttactaattgattcttgg 3’ hprt exon 4 1.5
AXS.S ctgataattggaaatatatctcacttc 5' hprt exon 5 3.0 150
AX5.3 cctggcttacctatagtatacac 3" hprt exon 5 3.0
AX6.5 cttaccacttaccattaaatacctctttte 5’ hprt exon 6 1.176 182
AX6.3 gcaattgettattgcteccaatg 3" hprt exon 6 1.176
AX7.5 gttctattgtetttcccatatgtcacatg 5’ hprt exons 7/8 0.44 446 for a single amplicon
with exons 7 and 8
AX8.3 ctggtcaaatgacgaggtgctag 3’ hprtexons 7/8 0.44
AX9.5¢ cctigtttggtaggaaccagacaattc 5" hprt exon 9 04 403
AX9.3 caatctcagcatttttaatagtggt 3" hprt exon 9 0.4
A2g5 gctacatagtgggactcttgte 5’ ef-2 genomic  0.07, 0.176, 0.095 861
A2g3 CAggtaggagctaaacttaccg 3’ ef-2 genomic  0.07, 0.176, 0.0385
:[ngsfer case letters designate 5’ UTR, introns, or 3’ UTR sequence and upper case letters designate exon sequence.
[48).

Statistics _

The significance of differences among the muta-
tion spectra was determined by calculating both the
R x C contingency table, x2-test [49], and the corre-
sponding Rx C contingency table log-likelihood
ratio test (G), which is suggested for data having at
least one category with a small observed frequency
[50]. Because our data did have small observed
frequencies, the log-likelihood ratio test was used
to determine the significance of the differences.
When differences were significant, the tables were
subdivided [49] to investigate the nature of the
differences. The UA mutation spectrum was com-
pared to those of « particles and radon by grouping
the UA mutation categories into ones corresponding
to those of Schwartz et al. [42] and Jostes et al. [43],

- respectively, and calculating G for the two compar-

isons. Differences were deemed significant at
P<0.0s.

RESULTS

The purpose of this work was to generate and
compare hprt mutations in base-excision-repair
(BER) deficient CHO EM9 cells exposed to UA,
H,0,, or generated spontaneously. Independent
populations of CHO EM9 cells were passaged for
6 wk to accumulate spontaneous (S) mutations, and
two groups of independent EM9 populations were
exposed to either 200 uM UA or 100 uM hydrogen
peroxide (H) for 24 h. There was an average of 43, 31,
and 16 6-TG* colonies per 10° viable cells in the UA,
H,0,, and untreated cells for four experiments with
cells treated with 200 uM UA and 100 pM H,O, for



hprt MUTATIONS INDUCED 8Y URANYL ACETATE 65

24 h. The average-induced mutation frequency
(the treated-untreated difference,) was 28 for UA
and 15 for H,0,. The mutant increase above back-
ground (the ratio of treated to untreated) was 2.8 and
2.0 for UA and H,0,, respectively.

Up to four 6-TG" clones were selected from
each independent population in all three treatment
groups. Clones of varying sizes were chosen based on
the assumption that different phenotypes would
represent different genotypes, thus providing a
broader sampling of mutations. Clones from each
independent population (100-mm dish) were given
the same numeric designation, and each clone from
a given population was labeled a, b, ¢, or d. For
example, UA-treated mutants UA18 a, b, ¢, and d
came from the same independent population while
UA19 a, b, ¢, and d came from a different indepen-
dent population. For molecular analysis at the hprt
locus, 72, 56, and 47 clones from the UA, S, and H
groups, respectively, were expanded. We character-
ized the mutations in 50, 36, and 25 clones from the
UA, S, and H groups; the remaining clones were
discarded as sibling clones from the same indepen-
dent population or because of sequencing problems.
We were unable to fully characterize one clone's
mutation. The clones characterized yielded 59, 38,
and 45 mutations for the UA, S, and H groups,
respectively.

Characterization of the cDNA From 6-TG" Clones

Wild-type and mutant EM9 hprt mRNA was
reverse-transcribed (RT) and amplified by PCR in a
single reaction mixture, and this was followed by a
second PCR to generate sufficient quantities of cDNA
for sequencing. These tandem reactions were per-
formed on all expanded clones.

Of the total expanded mutants, thecDNAsof 71, 54,
and 43 clones from the UA, S, and H groups,
respectively, were sequenced. The remaining clones
produced multiple amplicons and therefore were
not sequenced. Of the mutants that were sequenced,
the clones assumed to be sibling clones by virtue of
havingthesame cDNAsequenceasanotherclonefrom
the same independent population were discarded.

The c¢DNA base substitutions, insertions, and
deletions sequences identified from independent
clones are found in Table 3. Nucleotide positions
for the hiprt cDNA are designated such that the A of
the initial AUG codon is nucleotide 1 and the second
A of the terminal TAA is base 657. The first and
second nucleotides 5’ to the initial AUG are desig-
nated —1 and -2, respectively; that numbering
continues 3'-to-5'. Exon (coding) sequences are in
upper case; 5’ and 3’ untranslated regions (UTR) and
introns, all non-coding sequences, are in lower case.
We sequenced both CHO AA8 and EM9 wild-type
¢DNAs and found them to be identical to the
published coding sequence (GenBank Accession
X59692 [51)).

The UA-generated mutants had 6 transitions,
7 transversions, and 8 insertions in their cDNAs
(Table 3). Duplications of exon S and in exons 6-8 as
a unit, were common. Two of the clones had G
substituted for A at position 401 and four had a T
substituted for Ga3g (Table 3). One third of the UA-
induced cDNA mutations were in exon 3, the largest
exon and thus the largest single coding-region
mutational target. Exon 3 also codes for the protein’s
active site, which would make it more likely that
small mutations would result in the ablation of the
protein’s function.

The spontaneously generated mutants had 2
transitions, 11 transversions, 6 deletions, and 1
insertion in their cDNA sequences (Table 3). Of the
11 total transversions, 8 were G-to-T substitutions,
and 7 of these were at Gz3s. There were also 4
different deletions, as well as an insertion of bases —8
through 282, at base 283 (Table 3). Of these
mutations, 65% were in exon 3 which is again
consistent with the expectation that an intact exon
3 is important to protein function.

Hydrogen peroxide exposure generated five inde-
pendent 6-TG" mutants whose changes were dete-
cted in their cDNA sequences (Table 3). Three of the
five H,0,-induced ¢cDNA mutants had deletions in
exon 3, again reflecting the central role of exon 3 in
HPRT function. :

Multiplex RT-PCR-PCR

Multiplex RT-PCR-PCR reactions were carried out
on mutants whose RT-PCR-PCR reactions produced
no amplicon to verify that negative results were not
because of reaction failures. The 10 UA, § §, and 10
H,0, clones from independent populations not
producing a cDNA amplicon, even with lowered
annealing temperatures, were copied and amplified
in multiplex reactions with primers specific to ef-2
and hprt mRNAs (Table 2). The inclusion of ef-2-
specific primers served as an internal positive control
because the absence of an hprt band coupled with the
presence of an ef-2 band could be attributed to an
hprt-specific failure and not to the failure of the PCR
reaction. The wild-type EM9 multiplex reaction
resulted in ef-2 and hprt amplicons at 1,027 and 758
base pairs, respectively (Figure 1), demonstrating that
the reaction produced the anticipated result when
bothef-2and hprt mRNAs were intact. All of the clones
so tested produced an ef-2 amplicon but no hprt
amplicon, demonstrating our negative results were
not because of PCR reaction failures. We inferred that
these mutants had mutated or missing hprt 5’ and/or
3’ UTR, which suggested the presence of genomic
deletions or splice-sequence mutations involving at
least the sequences flanking exons 1 and/or 9.

Genomic PCR

The genomic DNA was isolated from mutants
whose ¢cDNA sequences skipped one or more exons
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Table 3. UA-induced (UA), Spontaneous (S), and H,0,-Induced (H) Mutations Observed in CHO EM9 hprt cDNA

Mutant(s) Mutation Exon Predicted protein consequence
Base substitutions
Transitions
SSa Gaoo— A 3 Glyzo (GGG) — Glu (GAG)
UA21d, UA22a As01— G S Glu,34 (GAG) — Gly (GGG) Exon 5 donor site
UA22b A427 -G 6 Metm; (ATG) —Ala (GTG)
UA10b A433— G 6 Thri4s (ACT) — Ala (GCT)
S4a Csog—T 7 Argqz0 (CGA)— stop (TGA)
UA23d C551 -7 8 Proigs (CCA) —Leu (CTA)
UA16¢ Tse5— C 8 Phe;gg (TTC) — Leu (CTC)
H2a Ge17—~A 9 Cysz06 (TGT) — Tyr (TAT)
Transversions
UA16d, S11d Az —T 2 Aspas (GAC) — Val (GTQ)
sod Gygo—C 3 Alags (GCC)— Pro (CCQ)
UA13a, S1c Caza—A 3 Phesa (TTC)—Leu (TTA)
UA23a, UA24c, Gas—T 3 Aspgo (GAT)— Tyr (TAT)
UA25a, UA26, S1a,
S3b, Sé¢, S9b, S10b,
S11a, S12a
UA19¢ Agog—C 6 "8137 (ATT) — Leu (CTT)
H18d Asza—C 6 Thrya2 (ACA) — Pro (CCA)
S8a Geos—T 8 LEU202 mG) — Phe (TTn)
Deletions .
S14b, S16a Ag3Tgs 2 Tyrzg ves Al’g45Thf46 - Cyszg aes Asp45510p
H14b Gis; 3 Args,AspValngets‘, Ed G|n5|MetSer53$top
H11a, H13¢ 164-170 3 Lysss...LeugsCyses — Arg...CysgsStop
S2¢, S3a 263-268 3 Sergg, Aspgg deleted
S11b A424 6 Thf142...LeU|s4vai155‘—0 Glnm...Trp,“
Stop
SSb Ta35Ca3s 6 leuysg... — AIBMS e Gly'|sgst0p
Insertions
UA10c GA after Aqor 5 Aspassllelle — Argy3sThrStop
UA6Bb C after Cygs 5 LysiseMetVallys — GIn,seAsnGlyStop
UASDH Exons 2-3 duplicated
UA11a, UA123, Exon 5 duplicated
UA21c,
UA20a, UA24b Exons 6-8 duplicated
S15b Bases —8 to 282 duplicated

in cONA sequence

and from those that produced no hprt cDNA to
determine if these changes resulted from genomic
mutations. All nine exons could be amplified in a
total of four PCR reactions. The relevant exons,
except exon 3, were multiplexed with ef-2-specific
genomic primers (Table 2) as an internal positive
control, and visualized on 2.5% Synergel, 1% agarose
gels. Gels of the wild-type products verified that
the fragments were of the expected sizes (Figure 2).
The amplification of both exons 3 and 4 produced
artifacts (Figure 2B and D), but these did not appear
to inhibit target amplification. Exon 3 was the only
exon not able to be multiplexed with ef-2 as an
internal standard (Figure 2D); therefore, any nega-
tive results for exon 3 were repeated at least once
more. However, inall cases forexon 3 amplifications,
other samples amplified with the same exon 3
reaction mixture did produce bands, suggesting the

failures were not due to reaction failure but due toa
lack of appropriate template flanking exon 3.
Thirteen UA, eight S, and six H mutants had
genomic deletions that corresponded exactly to the
skipped ¢cDNA exons, suggesting that whole-exon
genomic deletions were responsible for the skipping
of those same exons in the cDNA sequences, rather
than genomic splice-sequence mutations (Table 4).
Single-exon deletions included exons 2, 4, S, 7, and
8, while multiple-exon deletions encompassing
exons 2-3, 2-4, and 4-5 were identified (Table 4).
Inmutants UA8b, UA21a, and S6a, exons 2-4 were
skipped in their ¢cDNA sequences, but exon 4
amplified from their genomic DNAs (Table 4).
Pleiotropic effects of intronic splice sequence muta-
tions in Introns 2 or 3 resulting in the loss of more
than one exon have been documented for human
hprt mutations [52], so it is possible that the loss of
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Figure 1. Multiplexed ¢cDNA amplicons generated with primers
specific for elongation-factor 2 (ef-2) and hprt mRNAs of wild-type
CHO EM3 cells (wt), as compared to a 100-base-pair ladder (M).

intron 2 and 3 splicing sequences, rather than the
genomic loss of exon 2 and/or 3, was responsible for
the additional exons skipped in the cDNA sequences
from these mutants.

Three mutants had fewer exons skipped in their
cDNA sequences than genomic failures (H9d, H17a,
and H10b, Table 4). Exon 1 or 9 was the additional
genomic exon not amplified in these cases. Primer
AX1.3 (Table 2) starts some 247 bases downstream of
the 3’ end of exon 1 while primer AX9.5 (Table 2)
begins 90 bases §' of the start of exon 9, so it is

A Base Base
wt M Pairs Pairs
o 1:500 1,500
"4 1,000
800 1,000
700 800
600 700
$00 600
400 500
300 400
200 - 300
200
100

possible that those primer sites were deleted, but the
splicing sequences remained intact for the proper
splicing of exons 1 and 9, respectively.

The mutants from which no cDNA could be
amplified had a variety of genomic PCR failure
patterns. Losses including exon 1 (UA14a, UA16b,
$6d, S9a, S11c, S13b, H13d, H17b, Table 4) may have
resulted in the loss of the promoter site for transcrip-
tion, resulting in no pre-mRNA production. Losses
encompassing exon 9 (UA9a, H5b, Table 4) may have
included the loss of the polyadenylation signal(s),
resulting in improper pre-mRNA processing and no
mature mRNA production. Genomic PCR produced
no hprt amplicons at all in five UA, one S, and two
H,0, mutants (UA4b, UA7a, UA13c, UA17a, UA21Db,
$15a, H9b, H19b, Table 4), suggesting whole-gene
deletions were responsible for their cDNA amplifica-
tion failures.

Mutants whose skipped cDNA exons were success-
fully amplified from their genomic DNAs were
inferred to be splice-sequence mutations rather than
whole-exon deletions.

Genomic Amplicon Sequences

The relevant exons of suspected splice-sequence
mutants were re-amplified and sequenced for further
characterization. Each exon and flanking intronic
sequence was amplified alone with the appropriate
genomic PCR primers (Table 2). The amplicons were
purified and sequenced in both directions with
the amplification primers. One UA and one S clone
produced poor sequence and were discarded. No
changes were seen in the sequences of exons 2, 3, or4
for clone H7b (Table 5), indicating that we had not
successfully characterized the genomic mutation
responsible for skipping those exons in the cDNA; it
was therefore removed from our analysis. Although
sequencing of the H13a exon 4 amplicon produced

c Base
M Pairs
2 1,500

1,000

100

Figure 2. Amplification of CHO EM9 genomic DNA. Multiplex reactions of (A) ef-2 genomic fragment and hprt
exons 7 and 8 together, exon 1, 2, and 6, (B) ef-2 genomic fragment and hprt exon 4, (C) ef-2 genomic fragment
and hprtexons 5 and 9. PCR reaction (D) of exon 3. All wild-type EM9 (wt) fragment sizes were compared to a 100-

base-pair ladder (M).
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Table 4. UA-Induced (UA), Spontaneous, and H,0,-Induced (H) hprt Mutants With Genomic Exon Deletions

Mutant(s)

Exon(s) that did not amplify

¢DNA phenotype

S6d, S9a, S13b

UA3b, UA11b, UA17b, S13¢, S17¢
UA8D, S6a

- UA12b, UA20b, S16¢, S17a, H9¢
UA10a, UA11d, S7a, H12¢

UA183, Sid

H5b

UA16b

Had, H17a

UA14a, S11¢, H13d, H17b

UA4b, UA7a, UA13c, UA17a, UA21b, S15a, H9b, H19b
UASa, UA12¢, S2a, H1b, H16a, H19a
UA21a

UA11¢, UA1S5c, H15a

H10b

UA19a

UAQa

1 No ¢DNA amplified
2 Exon 2 skipped
3 Exons 2-4 skipped
4 Exon 4 skipped
S Exon S skipped

Exons 7-8 skipped

No 7/8 amplicon
9 No ¢DNA amplified

1-3 No ¢DNA amplified
1-4 Exons 2-4 skipped
1-4 No ¢DNA amplified
1-9 No ¢DNA amplified
2-3 Exons 2-3 skipped
2-3 Exons 2-4 skipped
2-4 Exons 2-4 skipped
2-9 Exons 2-8 skipped
4-5 Exons 4-5 skipped
6-9 No c¢DNA amplified

unusable sequences, it was evident from the agarose
gel that approximately 22 bases were deleted from the
amplicon (Figure 3). Because there are 24 and 39 bases
from the 66-base exon 4 to primers AX4.5 and AX4.3,
respectively, it was inferred that the 22-base deletion
in H13a encompassed one of the splice sites, resulting
in the absence of exon 4 from the cDNA sequence.
Clones UA1lb, UA8b, UA19Db, and S14a had the
same transversion: t was substituted for the g 30
nucleotides 5’ of exon 2 (Table 5). In UA19b and
S14a, this resulted in skipping exon 2 in the cDNA.
For mutants UA1b and UAS8Db, however, exons 2 to 4

were skipped in the cDNA sequence; this may be
because of the pleiotropic effects possible with
perturbations in exon 2 [52].

Three clones (UA22d, S10d, S19, Table 5) had two
intronic mutations each. In each case, a change was
identified at or near an affected exon splice site, with
the second mutation occurring a greater distance
from the exon. For seven clones (UA2a, UA24a,
H3a, H4a, Hé6a, H7c, and H16b, Table 5), no cDNA
amplicon was produced, and each mutant had the
same five mutations. Three of the mutations were §'
of exon 9, one was 3’ of exon 9, and the last was 3’ of

Table 5. UA-Induced (UA), Spontaneous (S), and H,0,-induced (H) hprt Intronic Deletion Mutants

Mutant Genomic DNA mutation?® c¢DNA phenotype
Base substitutions
Transitions
s10d Intron 4: Giexons)-1 — ; loss of exon 5 splice site  Exon S skipped
S19 Intron 7: Giexons)—1 — a; loss of exon 8 splice site  Exon 8 skipped
Transversions
UA1SD Intron 1: Qiexon 21-30— t Exon 2 skipped

UA1b, UAS8D, S14a

UA2a, UA24a, H3a, H4a, H6a, H7¢, H16b
Deletions

H13a

S10d

UA2a, UA244, H3a, H4a, H6a, H7¢, H16b

UA22d
Insertions

UA2a, UA24a, H3a, H4a, H6a, H7¢, H16b

UA22d, S19

UA2a, UA24a, H3a, H4a, Hb6a, H7¢, H16b

UA23, UA24a, H3a, H4a, H6a, H7¢c, H16b
Not characterized

H7b

Intron 1: Gjexon 21-30—t
Intron 8: ajexon 9j-76 — t

222 bp from exon 4 amplicon
Intron 5: Clexon 51442

Intron 8: Clexon 9)-18

Intron 8: Giexon gj+5tadsa

Intron 1: g after gjexon 1j+29
Intron 7: g after Giexon 7)4+19
Intron 8: ¢ after Cexon gj-a2
3’ UTR: t after tiexon 9)+180

None found

Exons 2-4 skipped
No cDNA amplified

Exon 4 skipped
Exon S skipped
No cDNA amplified
Exon 8 skipped

No cDNA amplified
Exon 8 skipped

No ¢DNA amplified
No ¢cDNA amplified

Exons 2-4 skipped

*Lower case aners designate intron sequences. The intron in which the mutation occurs is noted, and the location of the mutated
nucleotide is given relative to the nearest exon, with negative numbers being 5' of the exon and positive numbers being 3’ of the exon.
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Figure 3. Multiplex PCR of CHO EM9 exon 4 genomic DNA with
ef-2 as the internal standard. The H13a exon 4 fragment size was
estimated to be about 155 base-pairs in size when compared to both
the 177-base wild-type amplicon (UA9a) and a 100-base-pair ladder
(M). Mutant UA9a has exons 6-9 deleted from its genomic DNA but
exon 4 is intact.

exon 1 (Table §); the cumulative effect of these
mutations may have resulted in the cDNA pheno-
type observed.

DISCUSSION

The various mutations identified (Tables 3-5) were
combined into categories of presumed genomic

perturbations for spontaneous, UA-treated, and
H,0,-treated CHO EM9 cells (Table 6). The resultant
spectra were significantly different (P <0.001). Of
greatest relevance were differences between the UA-
induced spectrum and each of the other spectra. The
UA-induced mutation spectrum was significantly
different from both the spontaneous (P<0.05)
and the H;0,-induced (P < 0.01) spectra, while the
spontaneous and H,O,-induced spectra were also
significantly different (P < 0.001).

A comparison of categories revealed significant
differences between UA and both S and H for several
types of mutations. UA produced significantly fewer
1-22 base deletions than generated either sponta-
neously (P<0.05) or by H;O, (P<0.05). UA also
induced significantly more 1-2 base insertions than
generated spontaneously (P < 0.05) but significantly
fewer than elicited by H;O, (P<0.0S5). Also,
the frequency of UA-induced mutations possibly
because of major genomic rearrangements (inser-
tions and deletions of more than one exon) was
significantly greater than in spontaneous mutations
(P <0.05). However, the percentage of UA-induced
base substitutions possibly because of oxidative
damage was not significantly different than in spon-
taneously generated or H,O,-induced mutants.

The levels of mutations possibly induced by
reactive oxygen species (ROS) in UA-, H;0;-, and
spontaneously-generated mutants were compared to
each other and to published data to assess involve-
ment of ROS in UA-induced mutagenesis. Huo et al.
inferred that point mutations at the CHO khprt locus
in bystander cells that are near cells exposed to low
level alpha particle irradiation are caused by ROS
[53]); however, those mutants are screened by
amplifying genomic DNA and visualizing the ampli-
cons on agarose gels, and what is labeled “point

Table 6. Comparison of UA-Induced, Spontaneous, and H,0,-induced hprt Mutations Generated in CHO EM9

UA-induced
Mutations (59 mutations)
Base substitutions 18 (30.5%)
Transitions 6(10.2%)
Transversions 12 (20.3%)
G—TorC—A 8(13.6%)
Deletions 26 (44.1%)
Small (1-22 bp) 3(5.1%)°
One exon® 9 (15.3%)
Multiexon 9(15.3%)
Whole-gene 5 (8.5%)
Insertions 15 (25.4%)
Small (1-2 bp) 9 (15.3%)°
One exon 3(5.1%)
Multiexon 3(5.1%)

Spontaneous H,0,-induced
(38 mutations) (45 mutations)
16 (42.1%) 7 (15.6%)
4 (10.5%) 1(2.2%)
12 (31.6%) 6(13.3%)
10 (26.3%) 3(6.7%)°
20 (52.6%) 23 (51.1%)
7(18.4%) 9 (20.0%)
10 (26.3%) 3(6.7%)
2 (5.3%) 9 (20.0%)
1(2.6%) 2(4.4%)
2(5.3%) 15(33.3%)
1(2.6%) 15 (33.3%)°
0 0
1(2.6%) 0

¥Significantly different from spontaneous (P < 0.05).

bsignificantly different from spontaneous and H,0;-induced (P < 0.05).
“Exons 7 and 8 are considered a unit because of their proximity and that they are amplified from the genomic DNA as a single fragment.

dSignificantly different from spontaneous (P < 0.001).
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mutations” will have included small deletions
and insertions as well as point mutations. In
the current work, comparing the frequencies of
“point mutations” as defined by Huo and co-
workers with those in our three treatments, resulted
in statistically insignificant differences of 51%, 63%,
- and 67% for UA-induced, spontaneously generated,
and H;O,-induced mutations, respectively
(Table 6). This suggested that ROS-induced muta-
tions as defined by Huo et al. [53] could have
contributed to mutagenesis in all three exposure
conditions, However, this inclusion of small dele-
tions and insertions as well as base substitutions
could include more than ROS-mediated damage.
This inference was further strengthened by analysis
of base substitutions that could indicate the presence
of 8-oxo-2-deoxyguanosine (8-oxodG) in sponta-
neously-generated and in UA- and H,0,-exposed
cells.

The DNAlesion 8-0xodG is generally considered to
be the most relevant marker for ROS. The base
substitutions attributed to oxidative damage via the
formation of 8-oxodG are substitutions of G~ T and
C—A (a G—T mutation on the complementary
strand) [54]. There are other possible mechanisms to
generate such substitutions, but these base substitu-
tions are generally considered to indicate the
proportion of mutations that may be attributable to
oxidative damage.

ROS, and specifically generation 8-oxodG, have
been presumed to play a role in spontaneously
generated mutations. Xu and co-workers found that
about 20% of the hprt mutations they characterized
in CHO K1 cells passaged for 2-3 wk are G—T and
C — Atransversions [48], as compared to 26% for our
cells passaged for 6 wk prior to selection with 6-TG.
This suggested that the accumulation of such
mutations could be proportional to the length of
time the cultures were grown prior to mutant
selection, and was consistent with the interpretation
that these mutations were at least partially caused by
metabolically generated oxygen radicals,

Involvement of 8-0xodG in H;0,-induced muta-
genesis Is less clear in the current study as well as in
previous literature, Current results showed that there
were significantly fewer G—T and C—A base
substitutions in H,0,-induced than in spontaneous
mutations (P <0.05). The H,0,-induced mutations
might have been expected to exhibit the largest
proportion of oxidative damage; however, the
current results are consistent with other studies that
call into question the importance of 8-0xodG in
dioxygen or H20;-Induced mutagenesis relative to
ROS-induced clastogeniclty [55-58).

Also, In the present work, the frequency of UA-
induced G—T and C— A mutations was less than
that of spontaneous mutations but greater than
H,0;-generated mutations, although not signifi-
cantly different from either group. This trend,

combined with the possibility that 8-0xodG genera-
tion may not be the most significant pathway for
formation of HO.-induced mutations suggested
that 8-oxodG damage may be present in UA-exposed
CHO cells, but Is not necessarily the major pathway
for UA-induced mutagenesis under these conditions.
This interpretation is also consistent with our
previous study that found no significant levels of 8-
oxodG In UA-exposed CHO cells with the comet
assay with posttreatment exposure to formamido-
pyrimidine glycosylase protein (FPG) [40].

The observation that UA produced significantly
more major genomlic rearrangements (multiexon
insertions and deletions combined) than occurred
spontaneously (P < 0.05) suggests that, aside from
8-0x0dG, DNA strand breaks or crosslinks could also
be UA-Induced mutagenic lesions. Bleomycin, a
radiomimetic that induces DNA double strand
breaks, was found to produce large deletions in
CHO K1-BH¢ cells [59]. The mutational spectrum of
the DNA-DNA Interstrand crosslinker MMC at the tk
locus of mouse-lymphoma L5178Y cells included
mostly large multigenicdeletions, consistent with its
identification as a clastogen {60].

Experiments have begun to characterize UA-
induced DNA lesions in CHO cells, and results are
consistent with the currently reported mutation
spectrum. DNA strand breaks and general uranium-
DNA adducts have been observed in CHO EM9 and
CHO AAS8 cells; however, these adducts have not yet
been differentiated in terms of urantum-containing
DNA-protein crosslinks or uranium-containing
DNA-DNA crosslinks [40]. DNA crosslinks across
the phosphate backbone have been inferred to be
present in oligonucleotides exposed to uranyl fon
in vitro [61]; however, their presence has not yet
been investigated in cells or animals. Further experi-
ments are in progress to more fully characterize the
DNA lesions induced by UA.

Data from the current study were also compared to
literature data for mutations generated by alpha-
particle and radon exposure to evaluate the possible
contribution of radiation damage to UA-induced
mutations. Schwartz et al. exposed CHO-K1 cells to
alpha radiation with Bismuth-212, a radon daughter
[42]. When our data were grouped into equivalent
categories and compared to their data, the two

" profiles were different (P < 0.00001). The frequency

of alpha-generated whole-gene deletions was signifi-
cantly greater than that of UA-induced whole-gene
deletions (P < 0.000001), but single exon and multi-
exon deletions were not significantly different.
However, this does not confirm the involvement of
alpha irradiation because radiomimetic chemicals
such as pesticides and bleomycin can induce chro-
mosomal aberrations in the absence of radiation
[62,63]. Therefore, although there may be an alpha-
radiation component to the mutations observed
In UA clones, this mutation pattern could also
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be because of chemical rather than radiological
mechanisms. Additionally, UA generated signifi-
cantly more mutations in the “no exon deleted”
category than alpharadiation (P < 0.001), suggesting
alpha radiation may not be a major factor in UA-
induced mutagenesis.

. The observed UA-induced mutations were also
distinct from those caused by radon exposure. Jostes
et al. exposed CHO C18 cells to lower (0.25-0.3 Gy)
and higher (0.75-0.77 Gy) levels of radon, and found
that the mutation profile for lower radon exposures
was not significantly different from the higherradon
exposure [43]. They found that whole-gene deletions
(defined as deletions of either exons 1-9 or 2-9) were
significantly more frequent in radon-induced than
in spontaneous mutations [43]. In the current study,
no significant differences between whole-gene dele-
tions in spontaneous and UA-induced mutants were
found. It is possible that the lower induction rate of
2.8 in the current study compared to at least 9 in the
radon study [43] resulted in our inability to detect a
difference between our UA-induced and sponta-
neous mutations. However, the UA spectrum was
significantly different from both the radon and
spontaneous spectrum of Jostes and coworkers
(P <0.00001 and P < 0.01, respectively) [43], suggest-
ing there may well be differences between radon-and
UA-induced mutations in spite of our relatively high
background.

In summary, differences between the UA-gener-
ated mutation spectrum and spectra generated
spontaneously, by H,0,, and by alpha and beta
particles suggested that UA has distinct effects on
cells that result in a mutagenic response. UA induced
significantly more major genomic rearrangements
than were generated spontaneously. Furthermore,
significant differences between mutations generated
by UA and generated spontaneously or by H,0,
exposure suggested that UA may have a reactivity
with DNA that is not limited to free radical genera-
tion. These data were also not consistent with a
simple radiological mechanism, because the UA
spectrum was significantly different from reported
alpha- and radon-generated spectra, and the EM9
line was not found to be more sensitive to hprt
mutations induced by X-rays or alpha particles than
the parental AA8 line [41] but UA was more
mutagenic in EM9 cells than AAS8 cells [40]. The
summation of these data suggests that uranium,
although radioactive, may also act as a heavy metal
to generate DNA damage.
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