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Abstract

The efficacy of aseries of 2-aryl/alkyl selenazolidine-4(R)-carboxylic acids (SCAS) in reducing NNK
[4-(methylInitrosamino)-1-(3-pyridyl)-1-butanone]-induced lung adenomas in female AJ mice, a
model for tobacco-related lung tumorigenesis, has been investigated. With selenazolidines in the diet
for one month prior to carcinogen administration and during the subsequent four months of tumor
development, 2-butylSCA, 2-cyclohexylSCA, 2-phenylSCA and 2-0xoSCA were chemopreventive,
significantly reducing mean lung tumor numbers from the 10.9 of unsupplemented controls to 4.7,
5.3,2.8and 4.7 respectively. When selenazolidine supplementation began three days after carcinogen
administration (i.e., post-initiation), 2-butylSCA, 2-cyclohexyISCA, and 2-oxoSCA were
chemopreventive. In both regimens, selenocystine was also chemopreventive. In the post-initiation
protocol, but with intervention at a precancerous stage (thirteen days), whole genome expression
analysis of lung RNA identified six gene transcripts that weakly correlated with the efficacy of tumor
reduction by the four selenocompounds at four months. None of these genes were among those
identified as influenced by chemopreventive selenium compounds in human lung cancer cell lines.
When supplementation was for one month-prior until 3 days-after carcinogen administration, 2-
butylISCA, and 2-phenylSCA were chemopreventive but selenocystine was ineffective. Both 2-
butylSCA and 2-phenylISCA retained their chemopreventive activity (44% and 40% tumor number
reduction respectively), when the supplementation was shortened and restricted to a pre-initiation
period (days -9 to -2). With supplementation spanning 2 days-prior until 3 days-after NNK, reductions
in tumor numbers by 2-phenylSCA (26%) and 2-butylSCA (17%) did not achieve statistical
significance. Thus, several 2-aryl/alkyl selenazolidines possess chemopreventive activity against
NNK-induced lung tumors, and variously demonstrate pre-initiation and post-initiation efficacy.
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INTRODUCTION

Cancer is a continuing major health problem. The American Cancer Society’s estimate of new
cancer cases in the U.S. in the current year exceeds 1.4 million, and on a tissue of origin basis,
lung ranks ahead of colon but behind prostate and breast. For estimated deaths however
(160,000), lung cancer exceeds prostate, breast, and colon combined. Nearly 90% of all lung
cancers have been causally linked to cigarette smoking [1]. While cigarette smoke contains
over 60 carcinogens [2,3], the tobacco-specific N-nitrosamines are believed to play a major
role in the initiation and progression of the disease [4-6]. In particular, 4-
(methylnitrosamino)-1-(3-pyridyl)-1-butanone (NNK) is known to be a potent carcinogen in
rodents and is strongly linked to the etiology of cancer in humans [5-11]. A mouse model of
chemically induced lung cancer using NNK has been available and studied for over 30 years
[12]. NNK treatment of female A/J mice results in the development of lung tumors that are
similar in morphology, histogenesis, and molecular characteristics to human adenocarcinoma,
the most common type of human lung cancer [13].

Selenium in many chemical forms has been investigated as a chemopreventive against, for the
most part, chemically-induced tumors. The chemopreventive efficacy of different selenium
compounds varied widely both within and between various chemically-induced tumor models.
For example, while inorganic selenite was effective in most studies against 7, 12-dimethylbenz
[a]anthracene (DMBA)-induced mammary tumors in rodents [14-18] although weak or an
absence of chemopreventive activity has been reported in some rat studies, [19], it was
ineffective in the murine NNK lung tumor model [20,21]. While selenocystine was not
effective against DMBA-induced mammary tumors in mice [22], it was effective against NNK-
induced lung tumors [20]. Another selenium-containing amino acid, selenomethionine, was
either only weakly effective [20] or ineffective [23] in this model. The methylated cysteine
congener of selenomethionine, Se-methylselenocysteine was also ineffective [20]. 2(R,S)-
Methylselenazolidine-4(R)-carboxylic acid (methylSCA), a selenocysteine prodrug patterned
after the sulfur-containing analog, thiazolidine, 2(R,S)-methylthiazolidine-4(R)-carboxylic
acid [24], and designed to liberate selenocysteine after non-enzymatic ring opening and
hydrolysis was also not an effective agent, while the 2-oxo congener, 2-oxoselenazolidine-4
(R)-carboxylic acid (2-0xoSCA) had chemopreventive activity comparable to selenocystine
[20]. 2-Ox0SCA was designed to release selenocysteine via an enzymatic mechanism (by 5-
oxoprolinase) rather than spontaneously.

In the present investigation, selenazolidines with other alkyl (butyl and cyclohexyl) and aryl
(phenyl and 2'-hydroxyphenyl) substituents at the 2-position have been evaluated for
chemopreventive activity (Figure 1). It is anticipated that these compounds will non-
enzymatically release selenocysteine in much the same manner as 2-methylSCA, but at
different rates, and by virtue of their differing lipid solubilities, likely possess differing
distribution characteristics. In this comparative study, a single dietary level was used (15 ppm
selenium) and chemopreventive efficacies were compared to selenocystine and 2-0xoSCA. In
addition to tumor reduction, the effects of the selenocompounds in the diet on gene transcription
changes in lung tissue shortly after NNK administration were evaluated. The rationale for this
in vivo platform was that selenocompound reduction of NNK tumor numbers could result from
a reduction or reversal of the NNK-induced gene transcription changes that sends lungs cell
down a tumorigenic path. Previous comprehensive transcript analyses have only evaluated
selenocompound-evoked gene transcription changes in professional lung cancer cell lines
(25,20). With the RNA extracted from lung tissue ten days after NNK administration, we used
Pavlidis Template Matching (PTM) or Significance Analysis for Microarrays (SAM)
methodologies to identify the genes with the greatest significant differences between mice
receiving NNK and selenocompounds compared to mice only receiving NNK, and the
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transcript changes that best corresponded to the efficacy of tumor reduction as determined at
the four month end-point.

MATERIALS AND METHODS

Chemicals and reagents

AIN-76A diet was obtained from Dyets, Inc., Bethlehem, PA . 4-(methylnitrosamino)-1-(3-
pyridyl)-1-butanone (NNK) was obtained from Toronto Research, Toronto, Canada and L-
selenocystine, from Acros Organics (Morris Plains, NJ). 2-0xoSCA was synthesized as
described by Xie et al.,[27] and the four other 2-substituted selenazolidines were synthesized
inasimilar manner to 2-methylSCA except the appropriate carbonyl compound was substituted
for acetaldehyde in the synthesis [28].

Animals and treatments

Female A/J mice, 5 weeks of age, weighing 15-16g were obtained from The Jackson
Laboratory, (Bar Harbor, ME) and housed on hardwood bedding at 22 + 2 °C with 50 + 10%
humidity on a 12-hour light/dark cycle. They were randomized into groups of 14 - 15 mice
each. Mice were stabilized on unsupplemented AIN-76A diet, ad libitum, for 1 week prior to
supplementation with selenium compounds. The AIN-76A diet in the A/J mouse strain
provides for more numerous and reproducible lung tumors in response to NNK than other
rodent diets (29,30). The diet, which contains a basal level of 0.35 ppm selenium, was
supplemented with the selenium compounds under investigation at 15 ppm (selenium).
Previous studies have shown little or no toxicity of selenocystine and 2-0xoSCA at the 15 ppm
level [20]. Since long-term selenazolidine stability when mixed into the diet has not been
assessed, freshly prepared diet mixtures were provided to the animals every day. The various
supplementation regimens employed, keyed to the results tables and figures, are shown in
Figure 2. When required, mice received the NNK (10 umol) by ip injection in 0.2 ml saline
[21,29].

Lung tumor evaluation

Four months after NNK administration, animals were sacrificed and lungs were collected.
Intact lungs were carefully removed and manually filled with Carnoy’s fixative through the
trachea. After one week, visible surface adenomas were counted [31]. Both the percent of
animals with lung tumors (i.e., incidence), as well as the mean number of tumors per mouse +
SEM (i.e., multiplicity) were evaluated by two independent observers and recorded. Statistical
analysis of the results was performed by analysis of variance (ANOVA) followed by Fisher’s
protected least significant difference multiple range test. Differences were considered
significant when p < 0.05.

Microarray expression analysis

Thirteen days after receiving NNK, lungs were surgically removed, homogenized immediately
in Trizol (Invitrogen), and frozen. RNA was later extracted from the homogenates following
the Trizol protocol, resuspended in 100 ul DEPC H,0, quantified spectroscopically (Agp),
and 50 pl of the RNA sample was further purified using the Qiagen RNeasy Cleanup protocol.
The purified RNA was again quantified spectroscopically (A,gg) and the quality determined
using an Experion Automated Electrophoresis Station (BioRad) with standard sensitivity RNA
chips. Agilent labeling kits were utilized to amplify and generate Cy-dye labeled cRNA for
hybridization to Agilent 44K Whole Mouse Genome Oligonucleotide Microarrays. Transcript
levels were assessed after competitive hybridization of four biological replicates (Cy5 channel)
compared with a mixture of 4 mice that were untreated (Cy3 channel) and quantified by Agilent
Feature Extraction software (v.8.1.1.1). This software preprocesses the data by subtracting
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local background, flags irregular spots and performs global linear regression (lowess)
normalization, giving a log transformed ratio. This data is imported into TIGR MEV software
for further analysis. A supervised strategy is used to identify the genes with the greatest
significant differences between mice receiving NNK and selenocompounds compared to mice
only receiving NNK using Pavlidis Template Matching (PTM) [32] or Significance Analysis
for Microarrays (SAM) [33] methodologies.

Pre- and post-initiation selenium supplementation

Four out of five selenazolidines investigated showed chemopreventive activity as characterized
by a reduction in tumor number (Table 1). Prior studies have shown chemopreventive activity
for both 2-0x0SCA and selenocystine using a -7 to +112 day supplementation (relative to NNK)
and this was confirmed here with a -28 to +112 day regimen. 2-ButylSCA and 2-
cyclohexylSCA reduced mean lung tumor numbers to a similar extent (57% and 51%
respectively) as 2-0xoSCA (57%), while 2-phenylSCA caused an even greater reduction
(74%). The reduction in tumor number by 2-phenylSCA was similar to that elicited by
selenocystine (71%). The major effect of the selenium-containing compounds was a reduction
in the number of tumors per animal rather than a decrease in the number of animals bearing
tumors. 2-(2-Hydroxyphenyl)SCA not only failed to reduce the numbers of tumors, it increased
the number by 60% although with large variation, the change did not achieve statistical
significance.

Post initiation selenium supplementation

When the selenocompound supplementation began 3 days after carcinogen administration (i.e.,
post-initiation), 2-0xoSCA, 2-butylSCA, 2-cyclohexylSCA as well as selenocystine were
chemopreventive (Table 2). The total lung tissue RNA of the post-initiation supplementation
regimen, but with intervention at day 13 (i.e., before tumor development) was subjected to
gene expression analysis. Using PTM to identify genes that best corresponded to the efficacy
of tumor reduction, that is, the degree to which the four effective agents reduced tumor numbers
at four months (40, 44, 59 and 63% for 2-0x0SCA, 2-cyclohexyISCA, 2-butylSCA and
selenocystine respectively) only six genes of the 41,534 elements on the Agilent whole mouse
genome array matched that efficacy profile at an R? value greater than 0.6 (Table 3) and these
genes demonstrate rather modest changes in expression, generally considerably less than a 2-
fold change (Figure 3A). None of these genes had been identified as influenced by two other
chemopreventive selenium compounds in human lung cancer cells in culture [25,26].
Examination of these six genes whose profiles best matched the tumor reduction efficacy, using
ONCOMINE [34] identified stathmin 1 (Stmn1) and procollagen c-endopeptidase enhancer
(Pcolce) as genes that have demonstrated increased expression in human lung cancers. Elevated
Stmn1 protein has also been identified in poorly differentiated lung tumors [35]. When
broadened to include other tumors, only Stmn1 (also known as oncoprotein 18) has been
significantly associated with multiple human cancers. In most cancers, Stmnl expression
increases with cancer progression and our data demonstrate a decrease in Stmn1l expression in
the lungs of mice with selenazolidines in their diets. The other genes identified, display more
complex patterns of expression among tumor types, increasing expression in some and
decreasing expression in others. The expression of these genes appears to be modulated by the
selenazolidines since no differences was found in gene expression between supplemented
animals that also received NNK and those that did not. Therefore, the gene expression response
appears to be independent of carcinogen treatment.

When the gene expression changes of the present in vivo study were compared to the genes
and related homologues identified in the previous cell culture studies (i.e., examination of 106
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specific elements), the gene that best matched the efficacy profile was cyclin D2 (Ccnd2) with
an R2 value of ~0.49. However, this gene displayed minimal expression variance among the
samples (variance of ~0.013) and was in the lower 2/3 of expression variance among these 106
elements, and does not reliably distinguish selenium-supplemented from non-supplemented
animals. To determine the correlation of any of the genes from the previous reports with the
tumor reduction observed in this study, a two-class SAM was performed on these genes
comparing animals injected with NNK alone to those injected with NNK and then placed on
selenium enriched diets. A median false discover rate cutoff of ~10.8% found 6 genes that best
discriminated the animals that received selenium supplementation compared to those that did
not (Figure 3B), but most of these genes display only modest changes in expression and are
poor predictors of selenium supplementation.

Pre-initiation selenium supplementation

In a third regimen, in which the supplementation period was dramatically shortened from the
full duration regimen, (i.e., supplementation from day -28 to +3), selenocystine, 2-0xoSCA
and 2-cycloSCA failed to significantly reduce tumor numbers (Table 2). However, 2-butylSCA
and 2-phenylSCA were chemopreventive, reducing tumor numbers 29% and 61% respectively.
In both of the selenium supplementation periods which were less than the full duration, again
the major chemopreventive effect, where present, was a reduction in the number of tumors per
animal, rather than a decrease in the number of animals bearing tumors.

Selenium supplementation effects on body weight increases

In the full duration, post- and pre-initiation supplementation regimens, reductions in body
weight gains were observed for many of the selenium compounds (Table 4). 2-PhenylSCA
caused the largest slowing of body weight gain, resulting in a 24-31% lower body weight (24%
versus no NNK/no selenium supplementation, 31% versus +NNK/no selenium
supplementation) with full duration (-28 to +112 day) supplementation. 2-(2'-hydroxyphenyl)
SCA was the only selenium compound not showing slowed weight gain in the full duration
regimen. For all compounds, the slowed weight gain was of lesser magnitude if the
supplementation period covered only 109 days (+3 to +112) versus 140 (-28 to +112). For
many compounds, supplementation for the period -28 to +3 days resulted in a reduced weight
gain, even though there was no selenium supplementation during the subsequent 109 days.

Ultra-short selenium supplementation

Both the compounds identified as chemopreventive with -28 to +3 day supplementation, 2-
butylSCA and 2-phenyISCA, were also effective when the supplementation period was reduced
to a seven-day period terminating two days before NNK was administered, i.e., solely pre-
initiation, (Table 5). When the ingestion period was adjusted to cover the time period
immediately around NNK administration (-2 to +3 days), neither compound was effective in
significantly reducing tumor number (Table 5).

DISCUSSION

Selenium in many chemical forms has been investigated as a chemopreventive against many
chemically-induced tumors. Indications that selenium may provide a chemopreventive effect
began to emerge 30-40 years ago [36]. A link between selenium and cancer also developed

from ecological and mortality and disease data in the Linxian province of China, where a severe
lack of micronutrients and a 100-fold excess of esophageal cancers and cancers of the gastric
cardia compared to Caucasian Americans coexist, [37-39]. In the United States, selenium levels
in forage crops inversely correlate with mortality from several types of cancer [40,41]. In a

study in patients with histories of skin cancers, supplementation with selenized yeast showed
benefits in overall cancer mortality and in prostate, colon, and lung cancer incidence [42]. Both
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animal [43] and human data [40] indicated that selenium doses needed for cancer
chemoprevention were much higher than nutritional levels needed to maintain optimal
antioxidant activity, (i.e., the levels of selenium necessary for discharging the effects of the
element in supporting full and appropriate enzymatic activity of essential selenoenzymes

[44]).

This study establishes that a range of 2-aryl/alkyl selenazolidine-4(R)-carboxylic acids at
supranutritional dosing levels have chemopreventive activity against NNK-induced lung
tumors in mice, that this property can manifest itself with much less than continuous
administration in the diet, and that gene transcript changes seen with selenium compounds in
lung tumor cell lines in continuous culture do not figure prominently with short-term
selenocompound administration in intact lung tissue in vivo. With chemoprevention efficacy
observable both with removal of selenazolidines from the diet 2 days prior to carcinogen (NNK)
administration (Table 5), and with addition to the diet 3 days after carcinogen administration
(Table 2), the selenazolidine chemopreventive properties appear related to both pre- and post-
initiation events. For those supplementation regimens where selenazolidines are present when
the carcinogen is administered, a direct effect on NNK metabolism could also be present,
although from the absence of statistical significance to the reduction seen in a -2 to +3 day
regimen for 2-butylSCA and 2-phenylSCA (Table 5), this contribution would likely to be only
minor. The presence of chemoprevention activity in the -9 to -2 day pre-initiation regimen
(Table 5) could also be an effect on NNK metabolism but if so it would be an indirect effect
arising from an alteration in the transcription/translation of enzymes involved in NNK
metabolism with a tipping of the balance of activation/inactivation enzyme activities towards
inactivation. Alternatively, the pre-initiation efficacy could occur through a mechanism
completely unrelated to NNK metabolism. The presence of chemoprevention efficacy when
the selenazolidine administration is begun 3 days after the carcinogen (Table 2) indicates that
for some selenazolidines, a mechanism that is unrelated to effects on NNK activation/
inactivation enzyme activities is present in the post-initiation period. A similar NNK
metabolism-unrelated mechanism has been observed for another chemopreventive
organoselenium compound [23]. When 1,4-phenylenebis(methylene)selenocyanate (p-XSC)
was added in the diet after NNK administration (15 ppm for the period +1 to +16 weeks) a
51% reduction in tumor numbers was observed. However, dietary p-XSC ingestion prior and
during NNK administration (weeks -2 to +1 and -1 to +16) gave an even greater reduction in
tumor numbers (78 and 76% respectively) [21,23], an observation which when linked with the
ability of 7 days of prior p-XSC feeding to reduce the O%-methylguanine and 7-methylguanine
residues present in lung tissue after NNK [43] suggests that p-XSC also elicits effects related
to NNK metabolism. Whether it is due to a direct effect, an indirect effect, or a combination
of both, on the enzymes responsible for the activation/inactivation of NNK has not been fully
dissected. For the selenazolidines, the small, but statistically not significant tumor reduction
seen with the -2 to +3 day supplementation regimen may represent a contribution of a direct
effect on carcinogen metabolism, if 2 days is regarded as insufficient to establish any necessary
enzyme activity changes. If a direct effect is present, the observation that the tumor reduction
is much less than with the -28 to +3 regimen suggest that it only contributes partly to the
chemopreventive activity, and enzyme activity changes established in a sustained pre-initiation
period also play a role.

Thus, as with p-XSC, there may be mutliple mechanisms responsible for the chemoprevention
activity of selenazolidines. Itis also evident that all the selenazolidines do not possess the same
combination of properties since in contrast to 2-butylSCA and 2-phenyISCA, 2-0xoSCA and
2-cyclohexylSCA were not effective in the -28 to +3 day regimen, and in contrast to 2-0xoSCA,
2-cyclohexylSCA and 2-butylSCA, 2-phenylSCA was not effective in the +3 to +112 day.
Thus 2-butylSCA may be the only selenazolidine possessing both pre-initiation and post-
initiation mechanisms of action. 2-PhenylSCA chemopreventive action appears to reside in the
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pre-inititation period while 2-0xoSCA and 2-cyclohexylSCA action appears to reside in the
post-initiation period. Whether the differences among the selenazolidines are inherent to the
parent compounds, or a consequence of the rate at which they are converted to selenocysteine
in vivo remains for elucidation. Selenocystine chemoprevention activity appears to reside with
a post-initiation mechanism of action (Table 2). From other studies, it is evident, albeit at lower
doses, that selenomethionine, a selenoamino acid that is present in selenized yeast, possesses
neither mechanism of action [45,20]. It should be noted that the contributions of pre-initiation
and post-initiation effects cannot be discerned from regimens that provide continuous
supplementation through both pre-carcinogen and post-carcinogen periods (as in Table 1), a
frequent experimental design for chemopreventive compound evaluation.

All the chemoprevention efficacy observed above was with the selenium supplementation at
a single and high level (15 ppm). It will remain for future investigations to determine to what
extent this level can be titrated down while still retaining efficacy. The 15 ppm level did result
in some retardation of body weight increases but this was not a necessary accompaniment for
chemoprevention. This is apparent with both 2-0xoSCA and 2-phenylSCA where body weight
gains were diminished similarly in the -28 to +3 and +3 to +112 day regimens with each
compound, yet chemoprevention was not seen with the -28 to +3 regimen with 2-oxoSCA, or
the +3 to +112 regimen with 2-phenyISCA.

The regimen used for the gene array analysis (+3 to harvest at +13) was designed to provide
insight into the post-initiation mechanism of SCA and selenocystine chemoprevention. It was
based on the hypothesis that the selenocompound reduction of NNK tumor numbers resulted
from a counteracting of any NNK-induced gene transcription changes that result ultimately in
the progression of initiated cells into tumors, and the extent to which this counteraction occurs
would be proportional to the degree to which tumor numbers are ultimately reduced. This
approach yields information not possible with in vitro studies that examine selenium compound
gene transcription effects in professional lung cancer cell lines. It does, however suffer from
anumber of limitations not the least of which are the mixed population of cell types from which
the RNA is extracted, not all of which may have been subject to NNK modification, and even
within a single cell type, the percentage of cells affected may be very low. From the gene array
results it was also evident that there was considerable inter-animal variation. Despite these
limitations, six genes have been identified, five of which correlated with tumor reduction in a
positive manner, that were not evident in studies with lung tumor cell lines. The corollary of
this is that of the gene transcripts that had been subject to selenium compound modulation in
tumor cells, only one of over a hundred matched the efficacy profile. In further array analysis
(not shown), these gene changes were not confined to animals co-treated with NNK; they were
also present in animals receiving the selenocompound in the absence of any NNK
administration. In a reverse consideration from the foregoing, an examination of the gene
transcripts that had been subject to selenium compound modulation in tumor cells, revealed
that only one of over a hundred matched the efficacy profile.

Although this study has not identified the mechanism, it firmly establishes that 2-substituted
selenazolidine-4(R)-carboxylic acids possess chemopreventive activity against NNK-induced
lung tumors in a murine model. Dependent on the nature of the 2-substituent, the
chemopreventive activity can arise from changes elicited in the post-initiation period, similar
to selenocystine, or in the pre-initiation period. One selenazolidine, 2-butylSCA, demonstrated
activity through both pre- and post-initiation events. Extension of these studies to other
chemically induced tumors and in other organs will be needed to establish the utility of these
compounds as generalized chemopreventive agents.
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Figure 1.
Structure of selenium compounds evaluated for chemopreventive activity.
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Figure 2. Selenium supplementation regimens

NNK administration is designated as day 0. Periods of dietary supplementation with
selenocompounds are shown shaded. The regimens are keyed to the tables and figures in which
the outcomes of supplementation can be found.
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Figure 3. Heat maps depicting the gene expression profiles of mice injected with NNK and provided
with selenium-supplemented diets

Treatment groups are indicated across the top; 2-butylSCA (BSCA), 2-0xoSCA (OSCA), 2-
cyclohexylSCA (CHSCA), and selenocystine (Se-cystine). The accepted gene symbols are
listed on the right and the genes are clustered such that genes with more similar profiles as
measure by Euclidean distance in gene space are closer to each other. The scale for gene
expression is in logs and is shown at the bottom (the maximum and minimum display a 2-fold
change). Panel A depicts the gene profiles that best matched the efficacy of tumor reduction
of the selenocompounds. Panel B depicts those genes that best discriminate the
selenocompounds treatments from the NNK treatment from among the selenocompound-
responsive genes identified by others in lung tumor cell lines; methylseleninic acid responsive
in H520 cells [25], 1,4-phenylenebis-(methylene)selenocyanate responsive in H460 cells
[26].
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NNK-induced lung tumors with selenium compounds included in the diet over both pre- and post-initiation

periods

Lung Tumors

Incidence (%)
Dietary supplementation:

None 100
Selenocystine 100
2-oxoselenazolidine-4-(R)-carboxylic acid 93
2-butylselenazolidine-4-(R)-carboxylic acid 100
2-cyclohexylselenazolidine-(4R)-carboxylic acid 100
2-phenylselenazolidine-4-(R)-carboxylic acid 93
2-(2'-hydroxyphenyl)selenazolidine-4-(R)-carboxylic acid 100

Number (mean + sem)

10.9+0.9
3.2+0.72
4.7+092
4.7+0.82
53+1.02
2.8+052
17.4+2.0

a_ ... . . .
= significantly different from no selenium supplementation

Selenium compounds were included in the diet at 15 ppm for the days —28 to +112 relative to NNK administration (10 umol/animal, ip) on day 0. Lungs

were removed at day +112 and after fixation, lung tumors counted.
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NNK-induced lung tumors with selenium compounds included in the diet before and after day +3 relative to

NNK administration

days -28 to +3

Supplementation period

days +3 to +112
(post-initiation)

Dietary supplementation:
Experiment 1:

None

Selenocystine 119+16
2-oxoselenazolidine-4-(R)-carboxylic acid 99+1.1
2-butylselenazolidine-4-R)-carboxylic acid 77+112 (93%)
2-phenylselenazolidine-4-(R)-carboxylic acid 4.2 +0.82 (93%)
Experiment 2:

None

2-cyclohexylselenazolidine-4-(R)-carboxylic acid 17.4 + 2.6 (93%)
2-(2'-hydroxyphenyl)selenazolidine-4-(R)- 146 +2.0

carboxylic acid

Tumor number (mean +sem)

10.9+09

153+15

4.0 +0.8% (86%)

6.5+ 1.22 (93%)

45 +0.9% (93%)
13.0+2.2

8.6+1.72
102+15

a_ ... . . .
= significantly different from no selenium supplementation.

Selenium compounds were included in the diet at 15 ppm for the days -28 to +3 and days +3 to +112 relative to NNK administration (10 umol/animal,
ip) on day 0. Lungs were removed at day +112 and after fixation, lung tumors counted. Tumor incidence is indicated in parentheses if less than 100%
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Gene transcripts that correspond (R2 > 0.6) to the four-selenocompound NNK-tumor reduction profile
Gene R value p Value
Mus musculus stathmin 1 (Stmnl), mMRNA [NM_019641] 0.831 5.59E-06
Mus musculus solute carrier family 7 (cationic amino acid transporter, y+ system), member 0.819 1.02E-05
10 (Slc7a10), mRNA [NM_017394]
Mus musculus luteinizing hormone beta (Lhb), mMRNA [NM_008497] 0.796 2.75E-05
Mus musculus nucleoporin 133 (Nup133), mMRNA [NM_172288] -0.796 2.73E-05
Mus musculus procollagen C-proteinase enhancer protein (Pcolce), mMRNA [NM_008788] 0.792 3.12E-05
Mus musculus transmembrane protein 46 (Tmem46), mMRNA [NM_145463] 0.785 4.23E-05
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Body weights in mice receiving NNK and selenium compounds in the diet
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Supplementation Period
-28 to +112 days -28 to +3 days

+3 to +112 days

Body weight (g) (mean +sem) at +112 days
Dietary selenium component:

Selenocystine 18.77 +0.772P 20,03+ 0.618P
2-0%0SCA 20.33 + 09230 22.02 + 0.662
2-butylSCA 19.22 +0.7280 21.33 % 0.462
2-phenyISCA 17.31 + 1.2020 17.66 + 0.9520
None 24.95 + 0.66° 24.16+0.61
2-cyclohexylSCA 21.74 + 0562 22.87+0.69
2-(2-hydroxyphenyl)SCA 22.83 +0.47 21.47 +0.562

20.92 +0.342
22.06 +0.792
22.05 +0.842
17.51+1.202
24.16 +0.61

21.28 +0.842
23.95 +0.46

a_ ... . . .
= significantly different from no selenium supplementation (none).

b- significantly different from no selenium supplementation and without NNK administration (BW = 22.67 + 1.50).

Selenium compounds were included in the diet at 15 ppm for the periods indicated and NNK was administered (10 umol/animal, ip) on day 0. Animals

were weighed on day +112 where NNK treatment = day 0.
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Table 5
NNK-induced lung tumors with 2-butyl- and 2-phenylselenazolidine-4-(R)-carboxylic acids included in the diet
for abbreviated time periods prior to and during NNK administration

Supplementation period
days -9 to -2 days -2 to +3
(pre-initiation)

Dietary supplementation: Tumor number (mean *sem)

None 104+1.2

2-butylselenazolidine-4-(R)-carboxylic acid 58+1.0% 86+11
2-phenylselenazolidine-4-(R)-carboxylic acid 6.2+1.12 (93%) 77+11

a_ .o . . .
= significantly different from no selenium supplementation.

Selenium compounds were included in the diet at 15 ppm for the days -9 to -2 and -2 to +3 relative to NNK administration (10 umol/animal, ip) on day
0. Lungs were removed at day +112 and after fixation, lung tumors counted. Tumor incidence is indicated in parentheses if less than 100%.
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