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COMMENTS OF THE STYRENE INFORMATION RESEARCH CENTER 

I. Introduction and Summary 
On February 27, 2015, the California Environmental Protection Agency’s Office of 
Environmental Health Hazard Assessment (OEHHA) published a notice of intent to list styrene 
as known to the State to cause cancer under the Safe Drinking Water and Toxic Enforcement Act 
of 1986.1 This action was taken under the authoritative bodies listing mechanism.2   

OEHHA based its notice on a June 2011 listing by the National Toxicology Program (NTP) of 
styrene as “Reasonably Anticipated to be a Human Carcinogen” in the Report on Carcinogens, 
Twelfth Edition (RoC). In the final substance profile, NTP explained the basis for listing as 
follows: 

Styrene is reasonably anticipated to be a human carcinogen based on limited evidence of 
carcinogenicity from studies in humans, sufficient evidence of carcinogenicity from 
studies in experimental animals, and supporting data on mechanisms of carcinogenesis. 

Proposition 65 requires that there be sufficient evidence in humans, or sufficient evidence in 
animals supported by additional evidence demonstrating the relevance of the animal data to 
human carcinogenicity. Authoritative bodies listing proposals require OEHHA to consider new 
scientific data and data not considered by NTP. A listing may not proceed if it is established that 
the sufficiency of evidence criteria were not met. 

• After briefly comparing the NTP classification and Proposition 65 listing criteria, in 
section III, we present the data and their regulatory significance in its traditional sequence 
of human, animal, and other data. This discussion supports three interrelated conclusions. 
First, new human studies published after the RoC listing demonstrate that the human 
evidence is inadequate, and not limited. Second, because NTP did not or was unable to 
consider scientifically valid data, the animal evidence is not sufficient, precluding a 
listing. Third, additional mode of action data demonstrate that the animal data are not 
relevant to humans, and styrene does not present a human cancer risk at anticipated 
exposure levels. 

• The NTP listing concluded that the evidence in humans was limited. Therefore, the 
requirement of sufficient evidence in humans is not met by the listing of styrene in the 
RoC. In its Public Health Goal document for styrene, OEHHA also concluded that the 
human data are limited. Based upon recent updates to the major epidemiology studies of 

                                                
1 Commonly known as Proposition 65, the Safe Drinking Water and Toxic Enforcement Act of 1986 is codified in 
Health and Safety Code § 25249.5 et seq. 

2 See Health and Safety Code § 25249.8(b) and Title 27, Cal. Code of Regs. § 25902 (“Formally Required to Be 
Labeled or Identified”). 
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reinforced plastics workers exposed to styrene which refute earlier proposed increases in 
cancer of the hematopoietic and lymphatic systems, the requirement of sufficient 
evidence in humans is not satisfied. Therefore, the data from human studies do not 
support a listing of styrene under Proposition 65. 

§ The styrene data in animals were described as sufficient in the RoC, based on increased 
lung tumors in mice by two routes of exposure – inhalation and oral. This conclusion is 
based on increased lung tumors in male and female mice exposed by inhalation (Cruzan 
2001) and increased lung tumors in male mice from gavage administration of styrene 
(NCI 1979). In the NCI (1979) gavage study, the incidence of lung tumors in the treated 
mice were within the historical control range of mice tested at the same laboratory at 
about the same time; the original report concluded there was no more than suggestive 
evidence of increased tumors. In 2002, the International Agency for Research on Cancer 
(IARC) concluded the animal data were limited, not sufficient. Uncharacteristic of its 
established practice, NTP ignored the conclusions of the authors of the NCI 1979 study, 
ignored IARC’s contrary evaluation, ignored previously published studies and departed 
from accepted science by using historical controls from another laboratory in its analysis 
of the oral gavage study in mice. NTP’s inclusion of external historical controls led to the 
conclusion that sufficient evidence existed in mice following oral administration. 
Because NTP’s misuse of external historical controls was inappropriate, NTP’s sufficient 
evidence conclusion cannot be considered by OEHHA. Thus, the animal evidence is 
limited, and not sufficient. No authoritative bodies listing may be made.  

§ Mode of Action (MOA) research, including three later studies not considered by NTP, 
indicates that the mouse lung tumors are caused by mouse-specific metabolism by the 
enzyme CYP2F2, which does not occur in rats or humans. Thus, the animal data are 
irrelevant to human cancer risk. 

Based on new human and mode of action studies, coupled with NTP’s failure to consider 
scientific data and well-established scientific principles in reinterpreting NCI (1979), there is no 
basis for OEHHA to list styrene under the authoritative bodies listing mechanism because it is 
clearly established that the sufficiency of evidence criteria were not met. 

II. Comparison of Proposition 65 and NTP Listing Criteria 
OEHHA’s authoritative body notice of intent to list is governed by § 25306 (Chemicals Formally 
Identified by Authoritative Bodies) in Title 27, Division 4, Chapter 1 of the California Code of 
Regulations. Key regulatory criteria for listing appear in the definition of causing cancer, and 
what additional data or factors must be considered by OEHHA in determining whether to list. 
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The definition for substances that may be listed under the authoritative bodies mechanism is 
found in § 25306(e) (Cancer Defined), which states: 

(e) For purposes of this section, “as causing cancer” means that either of the following 
criteria has been satisfied: 

(1) sufficient evidence of carcinogenicity exists from studies in humans. For 
purposes of this paragraph, “sufficient evidence” means studies in humans 
indicate that there is a causal relationship between the chemical and cancer. 

(2) sufficient evidence of carcinogenicity exists from studies in experimental 
animals. For purposes of this paragraph, “sufficient evidence” means studies in 
experimental animals indicate that there is an increased incidence of malignant 
tumors or combined malignant and benign tumors in multiple species or strains, in 
multiple experiments (e.g., with different routes of administration or using 
different dose levels), or, to an unusual degree, in a single experiment with regard 
to high incidence, site or type of tumor, or age at onset. 

In addition to the threshold criteria in the definitional section, § 25306(f) describes the additional 
reasons that OEHHA should not list. Subsection (f) provides: 

(f) The lead agency shall find that a chemical does not satisfy the definition of “as 
causing cancer” if scientifically valid data which were not considered by the authoritative 
body clearly establish that the chemical does not satisfy the criteria of subsection (e), 
paragraph (1) or subsection (e), paragraph (2). 

Both of the definitional provisions expressly incorporate the sufficient evidence requirement, 
which includes the question of whether the listing of styrene in the Report of Carcinogens is 
consistent with accepted scientific principles. The reasons-not-to-list provision covers two sets of 
data with respect to the NTP’s 2011 listing, including both: (1) any information developed after 
the June 2011 listing, and (2) any data not considered by NTP during the listing process.  

Additionally, when promulgating § 23506 in February 1990, the California Health and Welfare 
Agency explained that, in evaluating whether an authoritative body had formally identified 
chemicals as causing cancer or reproductive toxicity, the agency would determine whether the 
authoritative body had relied on satisfactory human or animal studies. The agency explained that:  

Where there is in fact an insufficient number of positive or studies, but the authoritative 
body has concluded anyway that the chemical causes cancer, the Agency will be 
prevented by the regulation from bringing the chemical to the list. The Agency will not 
completely defer to the authoritative body, and will at least determine that the body relied 
upon the requisite human or animal studies. 
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Thus, even if an authoritative body, such as NTP, has decided to identify a chemical as causing 
cancer or reproductive toxicity, its conclusion must be investigated for the sufficiency – 
including an adequate number of human or animal studies – before OEHHA decides that a 
substance may be listed. 

III. The NTP Report on Carcinogen Listing Does Not Support Listing under 
Proposition 65 

A.  Human Data 
NTP’s RoC found the human data on the carcinogenicity of styrene to be limited. This does not 
support listing under Proposition 65.3 Further, the RoC’s evaluation was based on studies that 
have since been updated. These data were not available to NTP and so, reasonably, they were not 
considered. These new data demonstrate, however, the inadequacy of the human data that NTP 
considered on the carcinogenicity of styrene. This includes studies of human data based on a 
cohort of US reinforced plastics and composite (RPC) workers by Wong et al., (1994); a cohort 
of Washington state RPC workers by Ruder et al., (2004); and a combination of 8 cohorts of 
RPC workers in the EU by Kogevinas et al., 1994). Wong and Ruder found no styrene-related 
increases in cancer. Kogevinas reported no styrene-related increases in cancer based on 
cumulative exposure or duration of exposure, but an increase in total lymphomas based on 
average exposure. Part of the Kogevinas cohort was taken from a cohort of Danish workers that 
may have been exposed to styrene in RPC operations (Kolstad et al, 1994). Workers were 
divided based on companies where less than 50% of the workers were thought to be involved in 
RPC operations and companies where more than 50% were thought to be involved. Kolstad 
reported increased leukemia in the overall cohort among workers hired before 1960 and among 
those employed for less than 1 year. Workers from companies where more than 50% were 
thought to have been involved in RPC operations were included in the Kogevinas study. 

After the NTP concluded its review, the Wong, Kogevinas, Ruder, and Kolstad studies have been 
updated. Each update shows a lack of styrene carcinogenicity, vitiating prior assessments to the 
contrary. 

§ Collins et al., (2013) updated the Wong cohort of US RPC workers. More than 85% of 
the cohort has been followed for more than 30 years. There were no increased incidences 
of leukemias or lymphomas based on cumulative exposure, average exposure, duration of 
exposure or peak exposures. Increased lung cancer followed an inverted dose-response 
pattern; i.e., lowest incidence among highest exposed workers, and was attributed to 
smoking. 

                                                
3 Styrene Information Research Center v. Office of Environmental Health Hazard Assessment, 210 Cal. App. 4th 
1082, 1101 (2012). 
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§ Coggon et al., (2014) have updated their cohort of the Kogevinas study. They found no 
styrene-related increase in cancer. 

§ Ruder et al., (2014) presented an update of Washington state RPC cohort in June 2014 at 
the conference “Challenges for Occupational Epidemiology in the 21st Century.” No 
styrene-related cancers were reported.  

§ Kolstad et al., (2014) presented update of Danish RPC workers in June 2014 at the 
conference “Challenges for Occupational Epidemiology in the 21st Century.” No styrene-
related cancers were reported. 

Collectively, these new studies demonstrate the proposition that styrene is not carcinogenic in 
humans. The prior limited evidence characterization of the human data by NTP in the RoC is, 
then, undermined by this human data that were not available to the NTP and thus could not have 
been – and was not – considered by NTP. Given the number of human studies, the number of 
workers followed and the length of follow up, a conclusion that styrene is not a human 
carcinogen is well-founded. 

B.  Animal Data 
Based on two studies, NTP found that the data from animal studies in different strains of mice 
were sufficient to support its decision that styrene is reasonably anticipated to be a carcinogen. 
Adverse findings in both studies are essential to support a finding of sufficient evidence. In 
concluding that the animal data constituted sufficient evidence of carcinogenicity, however, NTP 
did not consider scientifically valid data. Because one of the two studies does not demonstrate an 
increased incidence of tumors in animals, the single remaining study that NTP cited cannot serve 
as the basis for listing; a single study does not constitute sufficient evidence under § 23506.  

One of these studies was conducted by the National Cancer Institute (NCI) in B6C3F1 mice and 
reported in 1979. Styrene was administered by gavage, that is, orally by a tube inserted into the 
stomach. NCI concluded that the data provided only “suggestive” evidence of carcinogenicity 
and under the conditions of the study “no convincing evidence” of carcinogenicity of styrene was 
obtained. NTP, despite NCI’s conclusion that the evidence was not convincing, only suggestive, 
arrived at a contrary and scientifically inconsistent decision by using control data that were not 
part of the NCI study. 

Animal studies involve treated animals, that is, animals exposed to the chemical being tested. 
Typically, chemicals will be administered to the treated animals in two or three different 
amounts, low and high levels with a possible medium level. The laboratory conducting the study 
will also involve control animals, that is, animals living in identical circumstances with the same 
housing, food, water, and environmental conditions, except they will not be exposed to the 
chemical. The effect of the exposure in the treated animals is then compared against control 
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animals. This comparison is used to determine whether the treated animals show a statistically 
significant increase in tumors (or other possible effects being studied) at the various levels of 
exposure than the control animals develop.  

To minimize the potential effect of unusual results in the control animals in a single study that 
would distort the study results, historical controls are used. Historical controls are the same 
species and strain of animal, used in other studies conducted by the same laboratory under 
comparable conditions. It is imperative that the historical controls be from the same laboratory to 
assure that all the controls were subject to the same circumstances. Otherwise, differences in the 
animals’ circumstances could affect the outcomes for the controls.  

Using controls from the same laboratory to constitute the historical controls is a generally 
accepted scientific principle. Ignoring this principle, NTP used the outcome for controls from 
another laboratory to calculate the number of tumors developed in the controls to compare 
against the number of tumors in the treated mice. 

NTP selected data from 12 studies conducted at a different laboratory and only two from the 
laboratory where NCI conducted its gavage study. Data for controls from other studies at the 
laboratory conducting the NCI study were available, but not selected by NTP.   

The controls at the laboratory where the NCI study was conducted developed three times more 
tumors than the controls at the other laboratory. The use of the control data from the other 
laboratory exaggerated the difference between the “controls” and the treated animals. NTP used 
this exaggerated difference to rationalize its conclusion that the data were sufficient.   

NTP did not consider sound and objective scientific practice in using animals from a laboratory 
different than that used in NCI (1979a). NTP justified this action as being required to obtain a 
sufficient number of controls for studies that used corn oil as the vehicle for administration of the 
test substance. In so doing, NTP did not follow its traditional practice of not engaging in 
additional analyses of historical controls when it chose NCI as the sole study among the 
hundreds referenced in the Background Document for which it chose this unusual approach.  

Specifically, NTP did not consider existing data regarding (i) the effect of a corn oil vehicle for 
administration of the test substance, and the (ii) appropriateness of mixing controls from 
different labs. As to the corn oil issue, NTP’s own analysis of the NTP historical control database 
(Haseman et al., 1985) concluded that use of corn oil vehicle in the NCI study specifically did 
not impact lung tumor incidence in the B6C3F1 mice used in NCI-NTP carcinogenesis 
bioassays. Importantly, NTP did not reference Haseman et al., (1985), showing that NTP did not 
consider scientifically valid evidence before coming to its conclusion that there is sufficient 
evidence of carcinogenicity of styrene in experimental animals. 
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In stark contrast to its treatment of NCI 1979, NTP departed from its published position that, 
because of significant inter-laboratory variability in the incidence of background mouse lung 
tumors, historical control tumor analyses for this endpoint should be restricted to tumor 
incidences observed within the same testing laboratory (Haseman et al., 1984). In Keenan et al., 
(2009) the authors, which included representatives of NTP, NIEHS, FDA, and USEPA, 
recommended consensus principles to guide the use of historical control data from chronic 
rodent bioassays. Their first consensus principle is that the “current control group is the most 
relevant comparator for determining treatment-related effects in a study.”  

In a 2002 review of styrene, the International Agency for Research on Cancer (IARC) considered 
both Cruzan, et al. (2001) and NCI (1979), in addition to other animal studies. IARC (2002). 
NTP did not consider that IARC reached a different conclusion, and that IARC found the animal 
evidence to be limited.  IARC’s summary of NCI (1979) explicitly referred to historical controls, 
meaning that IARC was aware of the issue, as the last sentence of the relevant paragraph from 
the IARC Monograph states (emphasis added: 

Groups of 50 male and 50 female B6C3F1 mice, six weeks of age, received daily 
administrations of 150 or 300 mg/kg bw styrene (purity, 99.7%) in corn oil by gavage on 
five days per week, for 78 weeks, and the animals were killed after a further 13 weeks. 
Control groups of 20 male and 20 female mice received corn oil alone. The incidence of 
bronchiolo-alveolar carcinomas in males was 0/20, 3/44 and 5/43, while the incidence of 
adenomas and carcinomas combined was 0/20, 6/44 and 9/43 (p = 0.024) for doses of 0, 
150 and 300 mg/kg, respectively. There were no bronchiolo-alveolar carcinomas in 
female mice. The incidence of bronchiolo-alveolar adenomas in females was 0/20, 1/43 
and 3/43, respectively (National Cancer Institute, 1979a). [The Working Group noted the 
small number of control animals and that the incidence of both adenomas and 
carcinomas combined was within the historical control ranges.] 

IARC (2002) demonstrates that NTP’s approach was outcome determinative and that, had NTP 
considered the relevant data and applied the relevant science policies, NCI (1979) would not 
have provided the animal evidence necessary to add styrene to the Report on Carcinogens. More 
importantly, OEHHA “will not completely defer to the authoritative body, and will at least 
determine that the body relied upon the requisite human or animal studies.” “Where there is in 
fact an insufficient number of positive studies, but the authoritative body has concluded anyway 
that the chemical causes cancer, the Agency will be prevented by the regulation from bringing 
the chemical to the list.” 

That is the present situation because NTP did not consider scientifically valid data with regard to 
the use of historical controls and the difference in the data between the external laboratory 
controls it used when manipulating the comparison with historical controls. The failure to 
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consider these data is critical since NTP’s novel analysis was necessary to support its conclusion 
that the animal tumorigenicity data justified the proposed “reasonably anticipated as a human 
carcinogen” RoC listing. NTP’s analysis does not provide the needed support for listing styrene 
under Proposition 65. Because there is only one animal study upon which OEHHA can rely, no 
listing of styrene is permitted. 4  

C.  Mode of Action 
The second animal study upon which NTP relied was conducted by Cruzan et al., in CD-1 mice 
and reported in 2001. These mice were exposed by inhalation and developed lung tumors. 
However, the tumors resulted from a mechanism of action that does not occur in humans or even 
in other animal species, including rats.  

§ NTP hypothesized that mouse lung tumors developed as a consequence of styrene 
metabolizing to styrene oxide. Studies, available to but not considered by NTP, 
demonstrate that styrene oxide does not cause lung tumors in mice or rats.   

§ The mechanism of action causing lung tumors is unique to mice. Styrene is metabolized 
in mouse lungs by an enzyme, CYP2F2, causing cytotoxicity, that is, cell damage. The 
resulting regeneration of cells to repair the damage causes increased cell replication 
(hyperplasia) and eventually lung tumors. 

§ Laboratories have bred mice with the CYP2F2 enzyme “knocked out.” These knockout 
mice do not experience cytotoxicity when they are exposed to styrene.   

§ Rats do not have the CYP2F2 enzyme. The rat counterpart is CYP2F4. Styrene does not 
cause cytotoxicity or lung tumors in rats. Humans do not have the CYP2F2 enzyme. The 
human counterpart is CYP2F1, and it is present at a much lower level even than the 
CYP2F4 enzyme in rats.   

§ Laboratories have developed mice with the human CYP2F1 enzyme rather than the 
CYP2F2 mouse enzyme. These “humanized” mice do not experience cytotoxicity when 
exposed to styrene. 

These conclusions are bolstered by four studies not considered by NTP that were published after 
the Report on Carcinogens. They are: 

                                                
4 In developing a new analysis or interpretation of the original study using additional data, NTP also departed from 
its policy stating that it only relies on peer-reviewed studies in preparing the Background Document. The new 
analysis should have first been published in a peer review journal. That process would have provided the necessary 
scientific scrutiny and comparison with consensus practices. NTP has never done this. In any event, NTP’s failure to 
consider Haseman (1984 and 1985) and Keenan (2009) preclude the listing of styrene by OEHHA. 
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1. Carlson, G.P. 2012. Modification of the metabolism and toxicity of styrene and styrene 
oxide in hepatic cytochrome P450 reductase deficient mice and CYP2F2 deficient mice. 
Toxicology 294(2-3):104-108. 

2. Cruzan, G; Bus, J; Hotchkiss, J; Harkema, J; Banton, M; Sarang, S. (2012). CYP2F2-
generated metabolites, not styrene oxide, are a key event mediating the mode of action of 
styrene-induced mouse lung tumors. Regul Toxicol Pharmacol 62: 214-220. 
http://dx.doi.org/10.1016/j.yrtph.2011.10.007 

3. Cruzan, G; Bus, J; Hotchkiss, J; Sura, R; Moore, C; Yost, G; Banton, M; Sarang, S. (2013). 
Studies of styrene, styrene oxide and 4-hydroxystyrene toxicity in CYP2F2 knockout and 
CYP2F1 humanized mice support lack of human relevance for mouse lung tumors. Regul 
Toxicol Pharmacol 66: 24-29. http://dx.doi.org/10.1016/j.yrtph.2013.02.008 

4. Shen, S; Li, L; Ding, X; Zheng, J. (2014). Metabolism of styrene to styrene oxide and 
vinylphenols in cytochrome P450 2F2- and P450 2E1-knockout mouse liver and lung 
microsomes. Chem Res Toxicol 27: 27-33. http://dx.doi.org/10.1021/tx400305w 

Further elaboration of these points follows, but because NTP did not consider these data, an 
authoritative bodies listing may not proceed. 

1. Mode of Action of Mouse Lung Tumors Requires CYP2F2 Metabolism 

Do the mouse lung tumors provide evidence of human cancer? This can be examined by 
determining the Mode of Action (MOA) by which styrene induces lung tumors in mice. Facets 
examined include toxic effects, cells affected, metabolic considerations, and gene mutations. 
Cruzan et al., (2015) examined mouse lung genomic responses in styrene treated wild-type 
CYP2F2 knockout and CYP2F1 humanized mice. The evidence supports the conclusion that the 
mouse-specific lung toxicity and tumorigenicity are not relevant to humans. The metabolism of 
styrene by mouse lung CYP2F2 to cytotoxic metabolite(s) has been postulated as an essential 
step for mouse lung toxicity and mouse lung specific tumorigenicity (Cruzan et al., RTP, 2012, 
2013). The purpose of this study was to use whole-lung genomic analysis to further investigate 
potential MOAs of styrene in C57BL/6 wild-type, CYP2F2 knockout (-/-; KO) and CYP2F21 
humanized (2F2-KO + 2F1,2A13,2B6-transgenic, TG) male mice. Mice were exposed to 0, 40, 
or 120 ppm styrene for 6 hours a day, 5 days a week, for either 1 or 4 weeks. Five biological 
replicates for each treatment group were analyzed for relative gene expression using Affymetrix 
whole genome HT_MG430_PM Titan arrays. 287 genes were significantly differentially 
expressed in wild-type mice at both styrene concentrations. Gene ontology enrichment showed a 
strong dominance of cell cycle regulatory pathways consistent with cell proliferation. No genes 
were significantly differentially expressed in knockout mice. Only a single gene was 
significantly differentially expressed at 120 ppm in transgenic mice after 1 week and a different 
single gene at 40 ppm after 4 weeks. This study supports the conclusion that the MOA of styrene 
mouse lung toxicity requires CYP2F2 metabolism (but not by human CYP2F1) as a key gateway 
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event, and also evidences that alternative MOAs mediated by either parent styrene or non-
CYP2F2 generated styrene metabolites (e.g., styrene oxide) are unlikely. 

2. Toxic Effects Are Limited to Lung Bronchiolar Epithelium in Mice Only 

Toxic effects in the mouse lung from styrene have been demonstrated following inhalation, oral, 
or intraperitoneal (IP) administration. In studies with up to 2 weeks of exposure, increased cells 
and protein is found in broncho-alveolar lavage fluid (BALF), cell replication is increased (as 
measured by bromodeoxyuridine (BrdU) incorporation) in lung bronchiolar epithelium but not in 
alveolar cells, the intensity of staining of the endoplasmic reticulum in bronchiolar cells is 
diminished, and hyperplasia is observed in terminal bronchioles. Longer exposures indicate 
continued increased cell replication causing hyperplasia, which eventually extends into alveolar 
ducts.  

No toxic effects are seen in alveolar cells at any time point from styrene exposure, even up to 2 
years. 

Using whole lung homogenates from C57BL/6 mice exposed to 40 or 120 ppm styrene by 
inhalation for 1 or 4 weeks (6 hrs/day for 5 days/week), full genomic evaluation indicated that 
styrene dramatically increases the expression of genes controlling cell cycle and replication. 

In rat lungs, no cells are affected even at inhalation concentrations that are 8-fold higher – up to 
1,000 ppm styrene 6 hrs/day 5 days/week – for 2 years. (Cruzan et al., 1998) In mice, Club 
(formerly called Clara) cells are affected. Increased BrdU labeling occurs only in bronchiolar 
tissue. Hyperplasia is found only in terminal bronchiolar tissues. Using enriched cell fractions 
from mouse lungs, Carlson reported that metabolism of styrene occurred only in Club (Clara) 
cells (Hynes et al., 1999). 

Some have suggested that styrene is metabolized in Club cells and the metabolites cause events 
in nearby alveolar cells that lead to tumors. There is no evidence of toxicity or mutagenicity in 
alveolar cells in mouse lung. In fact using RNA from whole lung of C57BL/6 mice exposed to 
styrene at 40 or 160 ppm 5 days/week for 1 or 4 weeks, there was no indication of mutagenic 
events in the lung. 

3. While Styrene Has Some Genotoxic Potential In Vitro, There Is No Convincing 
Evidence That Styrene Is Genotoxic In Vivo. 

The overall picture presented by the available in vitro assay results available is that at least in 
some test systems (including tests from in vitro chromosome aberration studies in mammalian 
cells), styrene has some genotoxic potential in vitro. However, based on standard in vivo 
regulatory tests, arguably the more relevant testing environment, there is no convincing evidence 
that styrene is mutagenic/clastogenic. 
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In vitro mutagenicity assays (Ames) of styrene are negative (IARC, 1994). Micronucleus and 
chromosomal aberration assays in rats and mice are negative (IARC, 1994, 2002). Since styrene 
causes increased tumors only in mouse lung, assessment of genotoxicity in mouse lung is most 
relevant. Limited assays of genotoxic potential have been conducted in the lungs of mice 
exposed to styrene. There were no increases in chromosomal aberrations in the lungs of B6C3F1 
mice exposed to 125, 250 or 500 ppm styrene for 2 weeks (Kligerman et al. 1993). Using A/J 
mice, a strain very susceptible to lung tumor formation, in an initiation/promotion assay, styrene 
administered for 7 weeks by IP injection did not initiate lung tumor formation (Brunnemann et 
al., 1992). 

Other data are often cited to support a genotoxic MOA for styrene. In vitro mutagenicity assays 
of styrene-7,8-oxide (SO) are generally positive when epoxide hydrolase is inhibited (IARC, 
1994). In vivo assays of micronucleus formation and chromosomal aberrations following 
exposure to SO were of mixed results, about half positive and half negative. However as 
described later, lung toxicity and tumor formation in mice from styrene exposure does not appear 
to be related to SO. 

Studies in workers exposed to styrene and in vitro studies using human cells provide conflicting 
results. Most in vitro studies of micronucleus formation and chromosomal aberrations using 
human lymphocytes are positive (IARC, 1994, 2002). (This is in contrast to the in vivo studies in 
rats and mice, which are uniformly negative.) About 30 studies of workers in industries where 
workers are exposed to styrene have exhibited micronucleus and/or chromosomal aberrations. 
There does not seem to be any correlation between styrene exposure and micronucleus 
formation. However, about half of the chromosomal aberration studies are positive. 

The one assay that seems to be consistently positive across in vitro, animal, and human studies is 
sister chromatid exchange (SCE). However, the Organisation for Economic Cooperation and 
Development (OECD 2014) recently removed SCE from the list of acceptable assays for 
genotoxicity because there is no functional connection between SCE and tumor formation. 

4. DNA Adducts from Styrene Are Not Sufficient to Cause Tumors 
Exposure to styrene by mice, rats and humans results in N-7-SO DNA adducts, as well as other 
adducts. Some authors have taken the findings of DNA adducts in mouse lung as an indication of 
a mutagenic MOA for styrene-induced mouse lung tumors and SO as the tumorigenic metabolite. 
Exposure of mice to 40 ppm styrene vapors for 2 years results in increased lung tumors; short-
term exposures to this level of styrene in mice results in DNA adducts in lung. The lung DNA 
adducts are not an indication of a mutagenic MOA in lung since there are a greater number of 
adducts/gram tissue in liver, but no increase in liver tumors. I.e., DNA adducts from styrene are 
not sufficient to cause tumors. Furthermore, rats exposed to 500 ppm styrene vapor develop more 



SIRC Comments 
March 26, 2015 

Page 12 

 

 

DNA adducts in lung than do mice exposed to 40 ppm styrene, yet rats do not develop lung 
tumors. I.e., DNA adducts from styrene are not sufficient to cause tumors.  

The role of DNA adducts, in general, for causing mutations that lead to tumors as a linear, non-
threshold MOA is questioned by recent research on aflatoxin. Johnson et al., (2014) recently 
published a set of experiments on the MOA of aflatoxin-induced liver cancer and 
chemoprevention. Aflatoxin B1 (AFB1) forms N-7-guanine adducts, produces GST-P-positive 
foci and eventually hepatocellular carcinoma. A specific gene signature is produced by AFB1 
exposure. Administration of 200 µg/kg AFB1 via daily gavage for 4 weeks to F344 rats resulted 
in 100 pmol N-7AF-Guanine adducts/mg creatinine. Lifetime exposure to this dose resulted in a 
96% incidence of hepatocellular carcinoma. Simultaneous exposure to 1-[2-cyano-3-,12-
dioxooleana-1,9(11)-dien-28-oyl]imidazole (CDDO-Im) reduced the DNA adducts by 66% (i.e., 
DNA adducts in the AFB1/CDDO-Im treated rats was 34 pmol N-7AF-Guanine adducts/mg 
creatinine). The genomic signature was also altered. The incidence of hepatocellular carcinoma 
was 0.  

This study demonstrates that even for a genotoxic carcinogen such as aflatoxin, there is a 
threshold of DNA damage before cancer occurs. 

A commentary by Drs. Olden and Vulimiri (2014) noted: 

They showed that AFB1 is a classic genotoxic substance in that it binds covalently to 
DNA and induces mutations. In fact, DNA adduct formation exhibits a characteristic 
linear dose–response curve over a wide range. But, further analysis demonstrated a 
threshold mode of action, with respect to internal dose of active metabolite and 
hepatocarcinogenesis. That is, there was substantial adduct formation and DNA damage 
without having any affect on development of hepatocellular carcinoma. 

Although a genotoxicity MOA is the NTP’s default assumption and limited genotoxicity data are 
found for styrene, there is no evidence that styrene induces mouse lung tumors through a 
genotoxic MOA, and these are the only tumors found in animals. 

5. Metabolic Activation is Essential to Mouse Lung Toxicity 

Metabolism by CYP2F2 is absolutely essential for toxic effects in mouse lung from styrene 
exposure. Although CYP2E1 readily metabolizes styrene to styrene-7,8-oxide (SO), elimination 
of CYP2E1 (CYP2E1-null mice) had no impact on styrene-induced lung toxicity. Styrene lung 
toxicity is reduced in CYP2E1-null mice. 

Preliminary studies demonstrated that inhibition of CYP2F2 by 5-phenyl-1-pentyne reduced the 
lung toxicity of styrene (Green et al., 2001). More recent studies using CYP2F2-null mice 
demonstrated a complete loss of lung toxicity from styrene in the absence of CYP2F2 
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metabolism (Cruzan et al, 2012 and Carlson 2012). These studies also indicate that SO is not the 
toxic agent from styrene, because there was no toxicity from SO in the absence of further 
metabolism by CYP2F2 (Cruzan et al., 2012). 

Genomics analysis demonstrated altered expression of genes related to control of cell cycle in the 
lungs of mice exposed to styrene. There was no altered expression in the lungs of CYP2F2-null 
mice (Cruzan et al., 2015).5 

The fourth study that NTP did not have an opportunity to consider is Shen et al., (2014), which 
demonstrated that toxic naphthalene metabolites are generated in the lung by CYP2F2 and not 
CYP2A5, while in the nose it is CYP2A5, not CYP2F2, that generates toxic naphthalene 
metabolites. 

MOA Conclusions 
Metabolism of styrene or styrene oxide in the mouse lung by CYP2F2 is required for toxicity. In 
the absence of CYP2F2, there is no increase in cells, lactate dehydrogenase (LDH), or protein in 
broncho-alveolar lavage fluid (BALF), no increase in bromodeoxyuridine (BrdU) incorporation, 
and no differential expression of cell cycle genes in lung. Based on the lung tumor initiation 
assay, lung chromosomal aberration assay and lung genomic analysis, there is no indication of a 
genotoxic MOA. Using mice with the human CYP2F1 gene in place of the normal mouse 
CYP2F2 indicates that humans are incapable of producing sufficient metabolites to cause the 
lung effects seen in mice. 

Mode of Action (MOA) research evidences that the mouse lung tumors are caused by mouse-
specific metabolism by CYP2F2, which does not occur in humans. Thus, the animal data in 
Cruzan et al., (2001) are irrelevant to human cancer risk. Thus, the animal data are less than 
sufficient and does not support the listing of styrene under Proposition 65. 

D.  Inadequate Numbers of Human or Animal Studies Preclude Listing 
Even if Cruzan et al., (2001) did support listing, it would be the only animal study in support of 
listing because the NCI (1979) study does not support listing as it did not show sufficient 
evidence of tumorigenicity in the study mice. As the California Health and Welfare Agency 
explained in promulgating § 23506, in determining whether to list a chemical, “[t]he Agency will 
look to determine whether the authoritative body relied upon animal or human data in an amount 
sufficient to satisfy the criteria.” A single study does not satisfy this criterion. As such, there are 
insufficient animal data to support the listing of styrene under Proposition 65. 
                                                
5 Bolstering this conclusion is a SIRC-sponsored 4-week styrene inhalation lung toxicity study in KO, WT, and TG 
mice that supported the conclusion that CYP2F2 metabolism was a key event in the production of lung toxicity in 
mice following short-term exposure of inhaled styrene vapor. The final report from this study is provided as an 
attachment to these comments. 
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IV. Conclusion 
As detailed in these comments: 

§ Based on data that NTP did not consider, the human data do not support an association 
between exposure to styrene and human cancer, which precludes a listing.  

§ Based on data and scientific practices that NTP did not consider, the animal data are 
limited, not sufficient, which precludes a listing.   

§ Recent mode of action studies that NTP did not consider demonstrate that the mouse lung 
tumors identified in Cruzan et al., (2001) are not relevant to human cancer risk, which 
precludes a listing.  

We recognize that OEHHA was obligated to consider an authoritative bodies listing for styrene 
based on a settlement agreement involving a number of chemicals. Based on the scientific record 
confronting OEHHA today, there is no basis for listing styrene under the authoritative bodies 
mechanism. Standing alone, the new human and mode of action studies that NTP did not 
consider preclude OEHHA from proceeding with an authoritative bodies listing. The impropriety 
of listing is further established by the absence of sufficient evidence of carcinogenicity in animal 
studies.  

For these reasons, the NTP listing did not satisfy the sufficiency of evidence criteria to support 
an authoritative bodies listing and OEHHA should withdraw its Notice of Intent to List styrene.  

Respectfully submitted,

 
John O. Snyder 
Executive Director 
Styrene Information & Research Center 
910 17th Street NW – Suite 500B 
Washington, DC 20006 
Jack_Snyder@styrene.org / (202) 787-5996 

 
Of Counsel: 

Gene Livingston, Esq. 
Greenberg Traurig 
1201 K Street, Suite 1100 
Sacramento, CA 95814-3938 
Phone: (916) 442-1111 
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Summary:   

A total of 90 male C57BL/6 mice were exposed to two inhalation doses of styrene (40ppm and 

120ppm) for 1 week and 4 weeks.  For each treatment a total of 5 biological replicates were used, from 3 

strains of mice; wild type (WT), CYP2F2(-/-) knock-out (KO) and  CYP2F2(-/-),2F1,SA13,2B6 

transgenic (TG), with strain specific controls included (0ppm). 

 

 

Figure 1. Genomics analysis design 

Animals were harvested and RNA extracted according to the study's protocol (Hamner protocol 

DEDSTY131-1) and samples were run on a single 96-peg Affymetrix HT_MG-430_PM
1
 GeneTitan array 

system.  A PCA analysis of the normalized array data indicated a distinct separation of the data by the two 

time points.  Subsequently, each time point was analyzed independently by conventional 2way ANOVA 

with orthogonal linear contrasts for pair-wise comparisons (fig.1).  Differential expression was 

determined by the simultaneous application of a statistical threshold (a False Discovery Rate < 0.05) and 

a fold change threshold using linear fold change greater than +1.5 OR less than -1.5.  Fold change was 

computed as the ratio of the geometric mean log2 expression for each strain and dose specific treatment, 

over the geometric mean log2 expression for each strain specific vehicle control.  Linear fold change is 

used throughout this report however, and is computed as the simple anti-log of the log2 ratio for ratio's  

greater than 1.0 and as (-1/(anti-log of the log2 ratio)) for ratio's less than 1.0. 

There was almost no significantly differentially expressed genes in either the knock-out nor the 

transgenic mice at any time point for any dose.  A single significant gene was detected for transgenic 

mice at 120ppm exposure and 1 week (Npas2), and a single gene at 40ppm at 4 weeks (Dcaf4). 

 Significant differential gene expression was observed in wild type mice at 1 week with 378 

differentially expressed genes in the 40ppm exposure groups (relative to the wild type specific vehicle 

controls), and 516 differentially expressed genes in the 120ppm treatment group.  Of these, 287 genes 

were significantly differentially expressed at both doses.   However, by 4 weeks, there were fewer 

differentially expressed genes detected: 19 at 40ppm and 69 at 120ppm with 17 of these significant at 

                                                      
1
 The HT_MG-430_PM array contains 45,141 total probes.  Of these, 38,011 include non-promiscuous annotated 

probes representing 20,678 unique genes by Entrez Gene ID.  A promiscuous probe is a probe that has the potential 

to bind to multiple target sequences and thus does not unambiguously indicate the presence of a single transcript. 



both doses.  A total of ten genes were significantly differentially expressed at all doses and both time 

points.  

Gene ontology enrichment of the 1 week wild type DE genes showed a strong dominance of cell 

cycle regulatory pathways.  The greatest significant enrichment was observed with the 287 genes that 

were differentially expressed at both 40ppm and 120ppm at 1 week.  At 4 weeks, significant enrichment 

was only observed for a single pathway due to the limited numbers of DE genes detected, and this 

pathway was also significantly enriched at 1 week. 

Genomic Analysis 

Affymetrix CEL files were normalized in Partek Genome Suite 6.6 (Partek Inc.) using a standard 

Robust Multi-array Average (RMA
2
) algorithm (RMA background correction, quantile normalization and 

Median Polish probe summary).  A standard principle components analysis was applied to all 90 samples 

(fig. 2).  This indicated a clear distinction in the data clouds between the two time points.  Subsequently, 

each time point (45 samples) was analyzed independently by 2-way ANOVA using Dose and Strain as 

ANOVA factors, and with an interaction factor of these two (Dose*Strain).  

Principle components plots of the two separate time points indicated a distinction in wild type 

samples at 1 week relative to the other two strains (fig. 3).  A 2 standard deviation ellipse drawn about the 

WT samples indicate a data group orthogonal to the other two strains.  This relationship disappeared by 4 

weeks, and the wild type data coalesced with the knock-out and the transgenic samples into a single 

undifferentiated data cloud (fig. 4).  

 

 

Figure 2. PCA plot of normalized array intensity across all probes, for all doses, strains and times showing primary data 

clustering by time.  Time-based ellipses are 2 standard deviations.  Symbol colors represent dose. 

                                                      
2 Irizarry, R. A., et al. (2003). "Exploration, normalization, and summaries of high density oligonucleotide array probe level 

data." Biostatistics 4(2): 249-264. 

 



Complete ANOVA results (table 1) show the extent of the response as indicated by the PCA 

plots.  By far the majority of significantly differentially expressed genes were detected amongst the wild 

type samples at 1 week.  Both doses showed hundreds of significant probes as determined by the 

simultaneous application of a statistical threshold (FDR <0.05) and a fold change threshold where a gene 

was considered significant if the linear fold change was either greater than positive 1.5 fold or less than 

negative 1.5 fold.  The FDR correction used was a standard Benjamini & Hochberg (1995)
 3
 step-up False 

Discovery Rate corrected p-value. 

 

Figure 3. PCA plot of normalized array intensity for the 45 1 week samples only, across all probes, for all doses and 

strains.  The wild type data cloud (green) appears nearly orthogonal to the other two strains (KO = red and TG = blue) 

 

Figure 4. PCA plot of normalized array intensity for the 45 4 week samples only, across all probes, for all doses and 

strains.  The wild type data cloud (green) now has coalesced with the other two strains to form a single undifferentiated 

data cloud. 

                                                      
3
 Benjamini, Y. and Y. Hochberg (1995). "Controlling the False Discovery Rate: A practical and powerful approach to multiple 

testing." Journal of the Royal Statistical Society, Series B (Methodological) 57(1): 289-300. 



 

Table 1:  Significantly differentially expressed probes from independent ANOVA analyses at each time point 

1 week samples (N=45) 
# of 

probes         

Significant by Dose 

(FDR<0.05) 
141 

        

Significant by Strain 

(FDR<0.05) 
3841 

        

Significant by interaction 

(Dose*Strain) (FDR<0.05) 
248 

        

Linear Contrast results 

(Dose*Strain) 
KO vs WT TG vs WT TG vs KO 

KO 

40ppm 

KO 

120ppm 

TG 

40ppm 

TG 

120ppm 

WT 

40ppm 

WT 

120ppm 

Significant by FDR <0.05 2856 4283 95 0 0 0 1 926 1719 

Significant by Fold Change 

>±1.5* 
395 428 79 122 108 91 229 890 1336 

Significant by FDR <0.05 &      

FC >±1.5* 
331 379 41 0 0 0 1 512 727 

4 week samples (N=45) 
# of 

probes         

Significant by Dose 

(FDR<0.05) 
156 

        

Significant by Strain 

(FDR<0.05) 
1395 

        

Significant by interaction 

(Dose*Strain) (FDR<0.05) 
11 

        

Linear Contrast results 

(Dose*Strain) 
KO vs WT TG vs WT TG vs KO 

KO 

40ppm 

KO 

120ppm 

TG 

40ppm 

TG 

120ppm 

WT 

40ppm 

WT 

120ppm 

Significant by FDR <0.05 628 1282 234 0 0 1 0 30 151 

Significant by Fold Change 

>±1.5* 
121 135 74 108 96 246 134 165 233 

Significant by FDR <0.05 &      

FC >±1.5* 
86 92 41 0 0 1 0 23 88 

*A probe was considered significant if the linear fold change was greater than +1.5 OR less than -1.5 



When the 1 week wild type probe level data shown in table 1 was broken out by unique annotated 

genes, the results indicated 378 genes significantly differentially expressed at 40ppm and 516 genes at 

120ppm (fig. 5).  These values represent the number of unique genes once un-annotated, promiscuous and 

redundant probes were excluded from the lists. 

 

 

Figure 5. Differentially expressed genes for 1 week wild type samples. 

 

In contrast, there were only 19 significant genes at 4 week 40ppm and only 69 at 4 week 120ppm 

and only 10 of these were shared with the 1 week samples (fig. 6 and 7).  The complete list of significant 

genes for wild type samples at both doses and both time points is provided in the supplemental excel 

spreadsheet WT_significant_genes.xlsx. 

 

 

Figure 6. Differentially expressed genes for 4 week wild type samples. 

 



 

Figure 7. Differentially expressed genes for Wild Type strain across all doses and time points. 

 

Gene ontology enrichment for the wild type significant genes was performed against the 

MetaCore curated ontology database (Thomson and Reuters Inc., (http://thomsonreuters.com/metacore) as 

well as the public consortium Gene Ontology's (http://www.geneontology.org) Biological Processes sub-

division.  An ontology was considered to be enriched if statistically significant (FDR <0.05) and it had at 

least 5 of the styrene data query genes found within the ontology.  Enrichment for the wild type 

significant genes from 1 week indicated that most of the significant enrichment obtained occurred with 

the 287 genes that were common to both the 40ppm and the 120ppm doses at week 1 (table 2). 

MetaCore enriched pathway maps were almost entirely cell cycle or related processes.  Of these, 

only the Neurophysiological process_Circadian rhythm pathway map was also statistically significant at 

4 weeks for both 40ppm and 120ppm, but with only 3 query genes (4 week, 40ppm) or 4 query genes (4 

week, 120ppm) found in the ontology. None of the other pathways enriched with the 267 common genes 

at 1 week were also significantly enriched at 4 weeks.  This is not unexpected given the very few genes 

differentially expressed at 4 weeks and available for enrichment analysis.  The 1 week GO Biological 

Process category enrichment indicated cell and mitotic cycle process as those primarily enriched, as well 

as several DNA repair and associated processes (Table 3). Pathways for cholesterol synthesis were 

enriched at 40 ppm at 1 week using either Metacore or GO ontologies. 

Included as a short appendix are selected MetaCore pathway map images for enriched pathway 

maps from table 2.

http://thomsonreuters.com/metacore/
http://www.geneontology.org/
http://portal.genego.com/cgi/imagemap.cgi?id=3086


Table 2.  MetaCore pathway enrichment for 1 week WT differentially expressed genes (see fig.4).  Red indicates a significantly enriched pathway, 

with FDR <0.05 and with a minimum of 5 elements from the WT query data found in the ontology 

MetaCore version 6.16 build 63671 
 

40ppm unique genes Common genes 120ppm unique genes 

MetaCore Pathway Maps 

Total 

entries in 

ontology 

FDR 

elements 

from query 

data 

FDR 

elements 

from query 

data 

FDR 

elements 

from query 

data 

Cell cycle_The metaphase checkpoint  36 1.00000 
 

1.745E-14 13 0.33082 2 

Cell cycle_Role of APC in cell cycle 

regulation 

32 1.00000 
 

4.546E-12 11 0.08467 3 

Cell cycle_Chromosome condensation in 

prometaphase 

21 1.00000 
 

6.619E-11 9 0.00492 4 

Cell cycle_Spindle assembly and 

chromosome separation 

33 1.00000 
 

1.909E-07 8 0.08467 3 

DNA damage_ATM / ATR regulation of G2 / 

M checkpoint 

26 1.00000 
 

7.009E-07 7 0.28337 2 

Cell cycle_Transition and termination of 

DNA replication 

28 1.00000 
 

1.031E-06 7 0.46482 1 

Cell cycle_Start of DNA replication in early S 

phase 

32 1.00000 
 

0.00006 6 0.08467 3 

Cell cycle_Role of Nek in cell cycle 

regulation 

32 1.00000 
 

0.00101 5 1.00000 
 

Neurophysiological process_Circadian 

rhythm 

47 1.00000 
 

0.00447 5 1.00000 
 

dCTP/dUTP metabolism 75 1.00000 
 

0.00465 6 0.05177 5 

Cell cycle_Role of SCF complex in cell cycle 

regulation 

29 1.00000 
 

0.00620 4 0.00162 5 

dATP/dITP metabolism 95 1.00000 
 

0.01441 6 0.18446 4 

ATP/ITP metabolism 124 1.00000 
 

0.04974 6 0.68592 1 

SCAP/SREBP Transcriptional Control of 

Cholesterol and FA Biosynthesis 

46 0.00001 6 0.48881 2 1.00000 
 

Cholesterol Biosynthesis 88 0.00002 7 0.59005 2 1.00000 
 

http://portal.genego.com/cgi/imagemap.cgi?id=711
http://portal.genego.com/cgi/imagemap.cgi?id=472
http://portal.genego.com/cgi/imagemap.cgi?id=472
http://portal.genego.com/cgi/imagemap.cgi?id=709
http://portal.genego.com/cgi/imagemap.cgi?id=709
http://portal.genego.com/cgi/imagemap.cgi?id=712
http://portal.genego.com/cgi/imagemap.cgi?id=712
http://portal.genego.com/cgi/imagemap.cgi?id=441
http://portal.genego.com/cgi/imagemap.cgi?id=441
http://portal.genego.com/cgi/imagemap.cgi?id=707
http://portal.genego.com/cgi/imagemap.cgi?id=707
http://portal.genego.com/cgi/imagemap.cgi?id=705
http://portal.genego.com/cgi/imagemap.cgi?id=705
http://portal.genego.com/cgi/imagemap.cgi?id=731
http://portal.genego.com/cgi/imagemap.cgi?id=731
http://portal.genego.com/cgi/imagemap.cgi?id=3086
http://portal.genego.com/cgi/imagemap.cgi?id=3086
http://portal.genego.com/cgi/imagemap.cgi?id=874
http://portal.genego.com/cgi/imagemap.cgi?id=706
http://portal.genego.com/cgi/imagemap.cgi?id=706
http://portal.genego.com/cgi/imagemap.cgi?id=865
http://portal.genego.com/cgi/imagemap.cgi?id=873
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Table 3.  GO Biological Processes for 1 week WT differentially expressed genes (see fig.4).  Red indicates a significantly enriched pathway, with 

FDR <0.05 and with a minimum of 5 elements from the WT query data found in the ontology 

 

The Gene Ontology 
 

40ppm unique genes Common genes 120ppm unique genes 

GO Biological Processes 
Total entries 

in ontology 
FDR 

elements from 

query data 
FDR 

elements from 

query data 
FDR 

elements from 

query data 

cell cycle 1493 1.00000 
 

1.227E-43 76 8.571E-10 33 

mitotic cell cycle 852 1.00000 
 

2.595E-40 61 8.935E-09 25 

cell division 515 1.00000 
 

3.975E-37 55 3.730E-07 21 

mitosis 353 1.00000 
 

2.256E-35 49 3.629E-07 19 

DNA replication 255 1.00000 
 

5.258E-17 27 0.00098 11 

chromosome segregation 176 1.00000 
 

2.372E-14 18 0.14994 3 

DNA strand elongation involved in 

DNA replication 
39 1.00000 

 
3.965E-12 12 0.04907 3 

G1/S transition of mitotic cell cycle 236 0.62554 1 7.604E-12 23 0.00626 10 

meiosis 211 1.00000 
 

3.612E-11 17 1.00000 
 

regulation of transcription involved in 

G1/S phase of mitotic cell cycle 
29 1.00000 

 
2.469E-09 9 1.00000 

 

regulation of cell cycle 1025 1.00000 
 

8.400E-08 16 0.05691 6 

response to DNA damage stimulus 770 1.00000 
 

1.559E-07 26 0.02140 13 

DNA replication initiation 28 1.00000 
 

2.171E-07 8 0.00800 4 

DNA repair 482 1.00000 
 

3.368E-07 24 0.00713 14 

regulation of attachment of spindle 

microtubules to kinetochore 
10 1.00000 

 
7.391E-07 5 1.00000 

 



Table 3, continued 

The Gene Ontology 
 

40ppm unique genes Common genes 120ppm unique genes 

GO Biological Processes 
Total entries 

in ontology 
FDR 

elements from 

query data 
FDR 

elements from 

query data 
FDR 

elements from 

query data 

positive regulation of cytokinesis 24 1.00000 
 

1.594E-06 7 1.00000 
 

G2/M transition of mitotic cell cycle 169 1.00000 
 

2.865E-06 14 0.02180 7 

cytokinesis 124 1.00000 
 

4.500E-06 11 0.08945 4 

regulation of cyclin-dependent protein 

serine/threonine kinase activity 
115 1.00000 

 
4.500E-06 10 1.00000 

 

organ regeneration 131 0.44026 1 9.829E-06 12 0.06516 5 

double-strand break repair 126 1.00000 
 

0.00005 9 1.00000 
 

nucleosome assembly 130 1.00000 
 

0.00006 11 1.00000 
 

double-strand break repair via 

homologous recombination 
60 1.00000 

 
0.00007 8 1.00000 

 

phosphatidylinositol-mediated 

signaling 
178 1.00000 

 
0.00010 12 1.00000 

 

rhythmic process 354 1.00000 
 

0.00010 7 0.16613 2 

DNA recombination 233 1.00000 
 

0.00018 10 1.00000 
 

positive regulation of mitotic cell cycle 49 1.00000 
 

0.00028 6 1.00000 
 

mitotic sister chromatid segregation 61 1.00000 
 

0.00030 5 0.01941 3 

spindle organization 106 1.00000 
 

0.00030 5 0.01941 3 



Table 3, continued 

The Gene Ontology 
 

40ppm unique genes Common genes 120ppm unique genes 

GO Biological Processes 
Total entries in 

ontology 
FDR 

elements from 

query data 
FDR 

elements from 

query data 
FDR 

elements from 

query data 

response to drug 745 0.18650 5 0.00031 24 0.16129 11 

lipid metabolic process 1387 3.366E-06 15 0.00398 20 1.00000 
 

telomere maintenance via semi-

conservative replication 
27 1.00000 

 
0.00780 4 0.00095 5 

telomere maintenance 79 1.00000 
 

0.07713 4 0.00095 7 

response to estradiol stimulus 210 0.10005 3 0.08652 7 0.00095 11 

sterol biosynthetic process 51 8.674E-07 6 0.17474 2 1.00000 
 

cholesterol biosynthetic process 44 2.016E-07 7 0.22496 2 1.00000 
 

steroid metabolic process 340 3.366E-06 9 0.27956 4 1.00000 
 

positive regulation of Ras GTPase 

activity 
211 1.00000 

 
1.00000 

 
0.00003 7 

steroid biosynthetic process 149 0.00010 6 1.00000 
 

1.00000 
 

cholesterol metabolic process 152 1.463E-07 10 1.00000 
 

1.00000 
 

 



Appendix: Select MetaCore Pathway from table 2 with 1 week WT data genes 

present in the ontology indicated (red bar symbols beside ontology elements) 

 

MetaCore's Cell cycle_The metaphase checkpoint pathway map (red poles beside elements represent a 

query element found in the ontology).  This was the top ranked enriched pathway for the 1 week data 

enrichment with 13 query elements found in the ontology 

 
 

 

  

http://portal.genego.com/cgi/imagemap.cgi?id=711


MetaCore's Cell cycle_Role of APC in cell cycle regulation pathway map (red poles beside elements 

represent a query element found in the ontology).  The second ranked enriched pathway at 1 week with 11 

query elements found in the ontology. 

 

 
 

  

http://portal.genego.com/cgi/imagemap.cgi?id=472


MetaCore's SCAP/SREBP Transcriptional Control of Cholesterol and FA Biosynthesis pathway map 

(red poles beside elements represent a query element found in the ontology 

 

 

  



MetaCore's Cholesterol Biosynthesis pathway map (red poles beside elements represent a query element 

found in the ontology 

 

 

  



 

MetaCore's Neurophysiological process_Circadian rhythm pathway map (red poles beside elements 

represent a query element found in the ontology).  This pathway was statistically significantly enriched at 

both 1 week and 4 week, although less than 5 query elements were found in the ontology at 4 weeks due 

to the limited number of significant genes for enrichment 

 

 

 

http://portal.genego.com/cgi/imagemap.cgi?id=3086
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	Summary:   
	A total of 90 male C57BL/6 mice were exposed to two inhalation doses of styrene (40ppm and 120ppm) for 1 week and 4 weeks.  For each treatment a total of 5 biological replicates were used, from 3 strains of mice; wild type (WT), CYP2F2(-/-) knock-out (KO) and  CYP2F2(-/-),2F1,SA13,2B6 transgenic (TG), with strain specific controls included (0ppm). 
	 
	 
	Figure 1. Genomics analysis design 
	Animals were harvested and RNA extracted according to the study's protocol (Hamner protocol DEDSTY131-1) and samples were run on a single 96-peg Affymetrix HT_MG-430_PM1 GeneTitan array system.  A PCA analysis of the normalized array data indicated a distinct separation of the data by the two time points.  Subsequently, each time point was analyzed independently by conventional 2way ANOVA with orthogonal linear contrasts for pair-wise comparisons (fig.1).  Differential expression was determined by the simul
	1 The HT_MG-430_PM array contains 45,141 total probes.  Of these, 38,011 include non-promiscuous annotated probes representing 20,678 unique genes by Entrez Gene ID.  A promiscuous probe is a probe that has the potential to bind to multiple target sequences and thus does not unambiguously indicate the presence of a single transcript. 
	1 The HT_MG-430_PM array contains 45,141 total probes.  Of these, 38,011 include non-promiscuous annotated probes representing 20,678 unique genes by Entrez Gene ID.  A promiscuous probe is a probe that has the potential to bind to multiple target sequences and thus does not unambiguously indicate the presence of a single transcript. 

	There was almost no significantly differentially expressed genes in either the knock-out nor the transgenic mice at any time point for any dose.  A single significant gene was detected for transgenic mice at 120ppm exposure and 1 week (Npas2), and a single gene at 40ppm at 4 weeks (Dcaf4). 
	 Significant differential gene expression was observed in wild type mice at 1 week with 378 differentially expressed genes in the 40ppm exposure groups (relative to the wild type specific vehicle controls), and 516 differentially expressed genes in the 120ppm treatment group.  Of these, 287 genes were significantly differentially expressed at both doses.   However, by 4 weeks, there were fewer differentially expressed genes detected: 19 at 40ppm and 69 at 120ppm with 17 of these significant at 
	both doses.  A total of ten genes were significantly differentially expressed at all doses and both time points.  
	Gene ontology enrichment of the 1 week wild type DE genes showed a strong dominance of cell cycle regulatory pathways.  The greatest significant enrichment was observed with the 287 genes that were differentially expressed at both 40ppm and 120ppm at 1 week.  At 4 weeks, significant enrichment was only observed for a single pathway due to the limited numbers of DE genes detected, and this pathway was also significantly enriched at 1 week. 
	Genomic Analysis 
	Affymetrix CEL files were normalized in Partek Genome Suite 6.6 (Partek Inc.) using a standard Robust Multi-array Average (RMA2) algorithm (RMA background correction, quantile normalization and Median Polish probe summary).  A standard principle components analysis was applied to all 90 samples (fig. 2).  This indicated a clear distinction in the data clouds between the two time points.  Subsequently, each time point (45 samples) was analyzed independently by 2-way ANOVA using Dose and Strain as ANOVA facto
	Footnote
	Figure
	2 Irizarry, R. A., et al. (2003). "Exploration, normalization, and summaries of high density oligonucleotide array probe level data." Biostatistics 4(2): 249-264. 
	 

	Principle components plots of the two separate time points indicated a distinction in wild type samples at 1 week relative to the other two strains (fig. 3).  A 2 standard deviation ellipse drawn about the WT samples indicate a data group orthogonal to the other two strains.  This relationship disappeared by 4 weeks, and the wild type data coalesced with the knock-out and the transgenic samples into a single undifferentiated data cloud (fig. 4).  
	 
	 
	Figure 2. PCA plot of normalized array intensity across all probes, for all doses, strains and times showing primary data clustering by time.  Time-based ellipses are 2 standard deviations.  Symbol colors represent dose. 
	Complete ANOVA results (table 1) show the extent of the response as indicated by the PCA plots.  By far the majority of significantly differentially expressed genes were detected amongst the wild type samples at 1 week.  Both doses showed hundreds of significant probes as determined by the simultaneous application of a statistical threshold (FDR <0.05) and a fold change threshold where a gene was considered significant if the linear fold change was either greater than positive 1.5 fold or less than negative
	Footnote
	Figure
	Figure
	3 Benjamini, Y. and Y. Hochberg (1995). "Controlling the False Discovery Rate: A practical and powerful approach to multiple testing." Journal of the Royal Statistical Society, Series B (Methodological) 57(1): 289-300. 

	 
	Figure 3. PCA plot of normalized array intensity for the 45 1 week samples only, across all probes, for all doses and strains.  The wild type data cloud (green) appears nearly orthogonal to the other two strains (KO = red and TG = blue) 
	 
	Figure 4. PCA plot of normalized array intensity for the 45 4 week samples only, across all probes, for all doses and strains.  The wild type data cloud (green) now has coalesced with the other two strains to form a single undifferentiated data cloud. 
	 
	Table 1:  Significantly differentially expressed probes from independent ANOVA analyses at each time point 
	Table
	TR
	TD
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	1 week samples (N=45) 

	# of probes 
	# of probes 

	 
	 

	 
	 

	 
	 

	 
	 

	 
	 

	 
	 

	 
	 

	 
	 

	Span

	Significant by Dose (FDR<0.05) 
	Significant by Dose (FDR<0.05) 
	Significant by Dose (FDR<0.05) 

	141 
	141 

	 
	 

	 
	 

	 
	 

	 
	 

	 
	 

	 
	 

	 
	 

	 
	 

	Span

	Significant by Strain (FDR<0.05) 
	Significant by Strain (FDR<0.05) 
	Significant by Strain (FDR<0.05) 

	3841 
	3841 

	 
	 

	 
	 

	 
	 

	 
	 

	 
	 

	 
	 

	 
	 

	 
	 

	Span

	Significant by interaction (Dose*Strain) (FDR<0.05) 
	Significant by interaction (Dose*Strain) (FDR<0.05) 
	Significant by interaction (Dose*Strain) (FDR<0.05) 

	248 
	248 

	 
	 

	 
	 

	 
	 

	 
	 

	 
	 

	 
	 

	 
	 

	 
	 

	Span

	TR
	TD
	Span
	Linear Contrast results (Dose*Strain) 

	TD
	Span
	KO vs WT 

	TD
	Span
	TG vs WT 

	TD
	Span
	TG vs KO 

	TD
	Span
	KO 40ppm 

	TD
	Span
	KO 120ppm 

	TD
	Span
	TG 40ppm 

	TD
	Span
	TG 120ppm 

	TD
	Span
	WT 40ppm 

	TD
	Span
	WT 120ppm 

	Span

	Significant by FDR <0.05 
	Significant by FDR <0.05 
	Significant by FDR <0.05 

	2856 
	2856 

	4283 
	4283 

	95 
	95 

	0 
	0 

	0 
	0 

	0 
	0 

	1 
	1 

	926 
	926 

	1719 
	1719 

	Span

	Significant by Fold Change >±1.5* 
	Significant by Fold Change >±1.5* 
	Significant by Fold Change >±1.5* 

	395 
	395 

	428 
	428 

	79 
	79 

	122 
	122 

	108 
	108 

	91 
	91 

	229 
	229 

	890 
	890 

	1336 
	1336 

	Span

	Significant by FDR <0.05 &      FC >±1.5* 
	Significant by FDR <0.05 &      FC >±1.5* 
	Significant by FDR <0.05 &      FC >±1.5* 

	331 
	331 

	379 
	379 

	41 
	41 

	0 
	0 

	0 
	0 

	0 
	0 

	1 
	1 

	512 
	512 

	727 
	727 

	Span

	TR
	TD
	Span
	4 week samples (N=45) 

	# of probes 
	# of probes 

	 
	 

	 
	 

	 
	 

	 
	 

	 
	 

	 
	 

	 
	 

	 
	 

	Span

	Significant by Dose (FDR<0.05) 
	Significant by Dose (FDR<0.05) 
	Significant by Dose (FDR<0.05) 

	156 
	156 

	 
	 

	 
	 

	 
	 

	 
	 

	 
	 

	 
	 

	 
	 

	 
	 

	Span

	Significant by Strain (FDR<0.05) 
	Significant by Strain (FDR<0.05) 
	Significant by Strain (FDR<0.05) 

	1395 
	1395 

	 
	 

	 
	 

	 
	 

	 
	 

	 
	 

	 
	 

	 
	 

	 
	 

	Span

	Significant by interaction (Dose*Strain) (FDR<0.05) 
	Significant by interaction (Dose*Strain) (FDR<0.05) 
	Significant by interaction (Dose*Strain) (FDR<0.05) 

	11 
	11 

	 
	 

	 
	 

	 
	 

	 
	 

	 
	 

	 
	 

	 
	 

	 
	 

	Span

	TR
	TD
	Span
	Linear Contrast results (Dose*Strain) 

	TD
	Span
	KO vs WT 

	TD
	Span
	TG vs WT 

	TD
	Span
	TG vs KO 

	TD
	Span
	KO 40ppm 

	TD
	Span
	KO 120ppm 

	TD
	Span
	TG 40ppm 

	TD
	Span
	TG 120ppm 

	TD
	Span
	WT 40ppm 

	TD
	Span
	WT 120ppm 

	Span

	Significant by FDR <0.05 
	Significant by FDR <0.05 
	Significant by FDR <0.05 

	628 
	628 

	1282 
	1282 

	234 
	234 

	0 
	0 

	0 
	0 

	1 
	1 

	0 
	0 

	30 
	30 

	151 
	151 

	Span

	Significant by Fold Change >±1.5* 
	Significant by Fold Change >±1.5* 
	Significant by Fold Change >±1.5* 

	121 
	121 

	135 
	135 

	74 
	74 

	108 
	108 

	96 
	96 

	246 
	246 

	134 
	134 

	165 
	165 

	233 
	233 

	Span

	Significant by FDR <0.05 &      FC >±1.5* 
	Significant by FDR <0.05 &      FC >±1.5* 
	Significant by FDR <0.05 &      FC >±1.5* 

	86 
	86 

	92 
	92 

	41 
	41 

	0 
	0 

	0 
	0 

	1 
	1 

	0 
	0 

	23 
	23 

	88 
	88 

	Span


	*A probe was considered significant if the linear fold change was greater than +1.5 OR less than -1.5 
	When the 1 week wild type probe level data shown in table 1 was broken out by unique annotated genes, the results indicated 378 genes significantly differentially expressed at 40ppm and 516 genes at 120ppm (fig. 5).  These values represent the number of unique genes once un-annotated, promiscuous and redundant probes were excluded from the lists. 
	 
	 
	Figure 5. Differentially expressed genes for 1 week wild type samples. 
	 
	In contrast, there were only 19 significant genes at 4 week 40ppm and only 69 at 4 week 120ppm and only 10 of these were shared with the 1 week samples (fig. 6 and 7).  The complete list of significant genes for wild type samples at both doses and both time points is provided in the supplemental excel spreadsheet WT_significant_genes.xlsx. 
	 
	 
	Figure 6. Differentially expressed genes for 4 week wild type samples. 
	 
	 
	Figure 7. Differentially expressed genes for Wild Type strain across all doses and time points. 
	 
	Gene ontology enrichment for the wild type significant genes was performed against the MetaCore curated ontology database (Thomson and Reuters Inc., (
	Gene ontology enrichment for the wild type significant genes was performed against the MetaCore curated ontology database (Thomson and Reuters Inc., (
	http://thomsonreuters.com/metacore
	http://thomsonreuters.com/metacore

	) as well as the public consortium Gene Ontology's (
	http://www.geneontology.org
	http://www.geneontology.org

	) Biological Processes sub-division.  An ontology was considered to be enriched if statistically significant (FDR <0.05) and it had at least 5 of the styrene data query genes found within the ontology.  Enrichment for the wild type significant genes from 1 week indicated that most of the significant enrichment obtained occurred with the 287 genes that were common to both the 40ppm and the 120ppm doses at week 1 (table 2). 

	MetaCore enriched pathway maps were almost entirely cell cycle or related processes.  Of these, only the 
	MetaCore enriched pathway maps were almost entirely cell cycle or related processes.  Of these, only the 
	Neurophysiological process_Circadian rhythm
	Neurophysiological process_Circadian rhythm

	 pathway map was also statistically significant at 4 weeks for both 40ppm and 120ppm, but with only 3 query genes (4 week, 40ppm) or 4 query genes (4 week, 120ppm) found in the ontology. None of the other pathways enriched with the 267 common genes at 1 week were also significantly enriched at 4 weeks.  This is not unexpected given the very few genes differentially expressed at 4 weeks and available for enrichment analysis.  The 1 week GO Biological Process category enrichment indicated cell and mitotic cyc

	Included as a short appendix are selected MetaCore pathway map images for enriched pathway maps from table 2.
	Table 2.  MetaCore pathway enrichment for 1 week WT differentially expressed genes (see fig.4).  Red indicates a significantly enriched pathway, with FDR <0.05 and with a minimum of 5 elements from the WT query data found in the ontology 
	MetaCore version 6.16 build 63671 
	MetaCore version 6.16 build 63671 
	MetaCore version 6.16 build 63671 
	MetaCore version 6.16 build 63671 

	 
	 

	40ppm unique genes 
	40ppm unique genes 

	Common genes 
	Common genes 

	120ppm unique genes 
	120ppm unique genes 

	Span

	MetaCore Pathway Maps 
	MetaCore Pathway Maps 
	MetaCore Pathway Maps 

	Total entries in ontology 
	Total entries in ontology 

	FDR 
	FDR 

	elements from query data 
	elements from query data 

	TD
	Span
	FDR 

	TD
	Span
	elements from query data 

	FDR 
	FDR 

	elements from query data 
	elements from query data 

	Span

	Cell cycle_The metaphase checkpoint
	Cell cycle_The metaphase checkpoint
	Cell cycle_The metaphase checkpoint
	Cell cycle_The metaphase checkpoint
	Cell cycle_The metaphase checkpoint

	 


	36 
	36 

	1.00000 
	1.00000 

	 
	 

	TD
	Span
	1.745E-14 

	TD
	Span
	13 

	0.33082 
	0.33082 

	2 
	2 

	Span

	Cell cycle_Role of APC in cell cycle regulation
	Cell cycle_Role of APC in cell cycle regulation
	Cell cycle_Role of APC in cell cycle regulation
	Cell cycle_Role of APC in cell cycle regulation
	Cell cycle_Role of APC in cell cycle regulation

	 


	32 
	32 

	1.00000 
	1.00000 

	 
	 

	TD
	Span
	4.546E-12 

	TD
	Span
	11 

	0.08467 
	0.08467 

	3 
	3 

	Span

	Cell cycle_Chromosome condensation in prometaphase
	Cell cycle_Chromosome condensation in prometaphase
	Cell cycle_Chromosome condensation in prometaphase
	Cell cycle_Chromosome condensation in prometaphase
	Cell cycle_Chromosome condensation in prometaphase

	 


	21 
	21 

	1.00000 
	1.00000 

	 
	 

	TD
	Span
	6.619E-11 

	TD
	Span
	9 

	0.00492 
	0.00492 

	4 
	4 

	Span

	Cell cycle_Spindle assembly and chromosome separation
	Cell cycle_Spindle assembly and chromosome separation
	Cell cycle_Spindle assembly and chromosome separation
	Cell cycle_Spindle assembly and chromosome separation
	Cell cycle_Spindle assembly and chromosome separation

	 


	33 
	33 

	1.00000 
	1.00000 

	 
	 

	TD
	Span
	1.909E-07 

	TD
	Span
	8 

	0.08467 
	0.08467 

	3 
	3 

	Span

	DNA damage_ATM / ATR regulation of G2 / M checkpoint
	DNA damage_ATM / ATR regulation of G2 / M checkpoint
	DNA damage_ATM / ATR regulation of G2 / M checkpoint
	DNA damage_ATM / ATR regulation of G2 / M checkpoint
	DNA damage_ATM / ATR regulation of G2 / M checkpoint

	 


	26 
	26 

	1.00000 
	1.00000 

	 
	 

	TD
	Span
	7.009E-07 

	TD
	Span
	7 

	0.28337 
	0.28337 

	2 
	2 

	Span

	Cell cycle_Transition and termination of DNA replication
	Cell cycle_Transition and termination of DNA replication
	Cell cycle_Transition and termination of DNA replication
	Cell cycle_Transition and termination of DNA replication
	Cell cycle_Transition and termination of DNA replication

	 


	28 
	28 

	1.00000 
	1.00000 

	 
	 

	TD
	Span
	1.031E-06 

	TD
	Span
	7 

	0.46482 
	0.46482 

	1 
	1 

	Span

	Cell cycle_Start of DNA replication in early S phase
	Cell cycle_Start of DNA replication in early S phase
	Cell cycle_Start of DNA replication in early S phase
	Cell cycle_Start of DNA replication in early S phase
	Cell cycle_Start of DNA replication in early S phase

	 


	32 
	32 

	1.00000 
	1.00000 

	 
	 

	TD
	Span
	0.00006 

	TD
	Span
	6 

	0.08467 
	0.08467 

	3 
	3 

	Span

	Cell cycle_Role of Nek in cell cycle regulation
	Cell cycle_Role of Nek in cell cycle regulation
	Cell cycle_Role of Nek in cell cycle regulation
	Cell cycle_Role of Nek in cell cycle regulation
	Cell cycle_Role of Nek in cell cycle regulation

	 


	32 
	32 

	1.00000 
	1.00000 

	 
	 

	TD
	Span
	0.00101 

	TD
	Span
	5 

	1.00000 
	1.00000 

	 
	 

	Span

	Neurophysiological process_Circadian rhythm
	Neurophysiological process_Circadian rhythm
	Neurophysiological process_Circadian rhythm
	Neurophysiological process_Circadian rhythm
	Neurophysiological process_Circadian rhythm

	 


	47 
	47 

	1.00000 
	1.00000 

	 
	 

	TD
	Span
	0.00447 

	TD
	Span
	5 

	1.00000 
	1.00000 

	 
	 

	Span

	dCTP/dUTP metabolism
	dCTP/dUTP metabolism
	dCTP/dUTP metabolism
	dCTP/dUTP metabolism
	dCTP/dUTP metabolism

	 


	75 
	75 

	1.00000 
	1.00000 

	 
	 

	TD
	Span
	0.00465 

	TD
	Span
	6 

	0.05177 
	0.05177 

	5 
	5 

	Span

	Cell cycle_Role of SCF complex in cell cycle regulation
	Cell cycle_Role of SCF complex in cell cycle regulation
	Cell cycle_Role of SCF complex in cell cycle regulation
	Cell cycle_Role of SCF complex in cell cycle regulation
	Cell cycle_Role of SCF complex in cell cycle regulation

	 


	29 
	29 

	1.00000 
	1.00000 

	 
	 

	TD
	Span
	0.00620 

	TD
	Span
	4 

	0.00162 
	0.00162 

	5 
	5 

	Span

	dATP/dITP metabolism
	dATP/dITP metabolism
	dATP/dITP metabolism
	dATP/dITP metabolism
	dATP/dITP metabolism

	 


	95 
	95 

	1.00000 
	1.00000 

	 
	 

	TD
	Span
	0.01441 

	TD
	Span
	6 

	0.18446 
	0.18446 

	4 
	4 

	Span

	ATP/ITP metabolism
	ATP/ITP metabolism
	ATP/ITP metabolism
	ATP/ITP metabolism
	ATP/ITP metabolism

	 


	124 
	124 

	1.00000 
	1.00000 

	 
	 

	TD
	Span
	0.04974 

	TD
	Span
	6 

	0.68592 
	0.68592 

	1 
	1 

	Span

	SCAP/SREBP Transcriptional Control of Cholesterol and FA Biosynthesis
	SCAP/SREBP Transcriptional Control of Cholesterol and FA Biosynthesis
	SCAP/SREBP Transcriptional Control of Cholesterol and FA Biosynthesis
	SCAP/SREBP Transcriptional Control of Cholesterol and FA Biosynthesis
	SCAP/SREBP Transcriptional Control of Cholesterol and FA Biosynthesis

	 


	46 
	46 

	0.00001 
	0.00001 

	6 
	6 

	TD
	Span
	0.48881 

	TD
	Span
	2 

	1.00000 
	1.00000 

	 
	 

	Span

	Cholesterol Biosynthesis
	Cholesterol Biosynthesis
	Cholesterol Biosynthesis
	Cholesterol Biosynthesis
	Cholesterol Biosynthesis

	 


	88 
	88 

	0.00002 
	0.00002 

	7 
	7 

	TD
	Span
	0.59005 

	TD
	Span
	2 

	1.00000 
	1.00000 

	 
	 

	Span


	Table 3.  GO Biological Processes for 1 week WT differentially expressed genes (see fig.4).  Red indicates a significantly enriched pathway, with FDR <0.05 and with a minimum of 5 elements from the WT query data found in the ontology 
	 
	The Gene Ontology 
	The Gene Ontology 
	The Gene Ontology 
	The Gene Ontology 

	 
	 

	40ppm unique genes 
	40ppm unique genes 

	Common genes 
	Common genes 

	120ppm unique genes 
	120ppm unique genes 

	Span

	GO Biological Processes 
	GO Biological Processes 
	GO Biological Processes 

	Total entries in ontology 
	Total entries in ontology 

	FDR 
	FDR 

	elements from query data 
	elements from query data 

	TD
	Span
	FDR 

	TD
	Span
	elements from query data 

	FDR 
	FDR 

	elements from query data 
	elements from query data 

	Span

	cell cycle 
	cell cycle 
	cell cycle 

	1493 
	1493 

	1.00000 
	1.00000 

	 
	 

	TD
	Span
	1.227E-43 

	TD
	Span
	76 

	8.571E-10 
	8.571E-10 

	33 
	33 

	Span

	mitotic cell cycle 
	mitotic cell cycle 
	mitotic cell cycle 

	852 
	852 

	1.00000 
	1.00000 

	 
	 

	TD
	Span
	2.595E-40 

	TD
	Span
	61 

	8.935E-09 
	8.935E-09 

	25 
	25 

	Span

	cell division 
	cell division 
	cell division 

	515 
	515 

	1.00000 
	1.00000 

	 
	 

	TD
	Span
	3.975E-37 

	TD
	Span
	55 

	3.730E-07 
	3.730E-07 

	21 
	21 

	Span

	mitosis 
	mitosis 
	mitosis 

	353 
	353 

	1.00000 
	1.00000 

	 
	 

	TD
	Span
	2.256E-35 

	TD
	Span
	49 

	3.629E-07 
	3.629E-07 

	19 
	19 

	Span

	DNA replication 
	DNA replication 
	DNA replication 

	255 
	255 

	1.00000 
	1.00000 

	 
	 

	TD
	Span
	5.258E-17 

	TD
	Span
	27 

	0.00098 
	0.00098 

	11 
	11 

	Span

	chromosome segregation 
	chromosome segregation 
	chromosome segregation 

	176 
	176 

	1.00000 
	1.00000 

	 
	 

	TD
	Span
	2.372E-14 

	TD
	Span
	18 

	0.14994 
	0.14994 

	3 
	3 

	Span

	DNA strand elongation involved in DNA replication 
	DNA strand elongation involved in DNA replication 
	DNA strand elongation involved in DNA replication 

	39 
	39 

	1.00000 
	1.00000 

	 
	 

	TD
	Span
	3.965E-12 

	TD
	Span
	12 

	0.04907 
	0.04907 

	3 
	3 

	Span

	G1/S transition of mitotic cell cycle 
	G1/S transition of mitotic cell cycle 
	G1/S transition of mitotic cell cycle 

	236 
	236 

	0.62554 
	0.62554 

	1 
	1 

	TD
	Span
	7.604E-12 

	TD
	Span
	23 

	0.00626 
	0.00626 

	10 
	10 

	Span

	meiosis 
	meiosis 
	meiosis 

	211 
	211 

	1.00000 
	1.00000 

	 
	 

	TD
	Span
	3.612E-11 

	TD
	Span
	17 

	1.00000 
	1.00000 

	 
	 

	Span

	regulation of transcription involved in G1/S phase of mitotic cell cycle 
	regulation of transcription involved in G1/S phase of mitotic cell cycle 
	regulation of transcription involved in G1/S phase of mitotic cell cycle 

	29 
	29 

	1.00000 
	1.00000 

	 
	 

	TD
	Span
	2.469E-09 

	TD
	Span
	9 

	1.00000 
	1.00000 

	 
	 

	Span

	regulation of cell cycle 
	regulation of cell cycle 
	regulation of cell cycle 

	1025 
	1025 

	1.00000 
	1.00000 

	 
	 

	TD
	Span
	8.400E-08 

	TD
	Span
	16 

	0.05691 
	0.05691 

	6 
	6 

	Span

	response to DNA damage stimulus 
	response to DNA damage stimulus 
	response to DNA damage stimulus 

	770 
	770 

	1.00000 
	1.00000 

	 
	 

	TD
	Span
	1.559E-07 

	TD
	Span
	26 

	0.02140 
	0.02140 

	13 
	13 

	Span

	DNA replication initiation 
	DNA replication initiation 
	DNA replication initiation 

	28 
	28 

	1.00000 
	1.00000 

	 
	 

	TD
	Span
	2.171E-07 

	TD
	Span
	8 

	0.00800 
	0.00800 

	4 
	4 

	Span

	DNA repair 
	DNA repair 
	DNA repair 

	482 
	482 

	1.00000 
	1.00000 

	 
	 

	TD
	Span
	3.368E-07 

	TD
	Span
	24 

	0.00713 
	0.00713 

	14 
	14 

	Span

	regulation of attachment of spindle microtubules to kinetochore 
	regulation of attachment of spindle microtubules to kinetochore 
	regulation of attachment of spindle microtubules to kinetochore 

	10 
	10 

	1.00000 
	1.00000 

	 
	 

	TD
	Span
	7.391E-07 

	TD
	Span
	5 

	1.00000 
	1.00000 

	 
	 

	Span


	Table 3, continued 
	The Gene Ontology 
	The Gene Ontology 
	The Gene Ontology 
	The Gene Ontology 

	 
	 

	40ppm unique genes 
	40ppm unique genes 

	Common genes 
	Common genes 

	120ppm unique genes 
	120ppm unique genes 

	Span

	GO Biological Processes 
	GO Biological Processes 
	GO Biological Processes 

	Total entries in ontology 
	Total entries in ontology 

	FDR 
	FDR 

	elements from query data 
	elements from query data 

	TD
	Span
	FDR 

	TD
	Span
	elements from query data 

	FDR 
	FDR 

	elements from query data 
	elements from query data 

	Span

	positive regulation of cytokinesis 
	positive regulation of cytokinesis 
	positive regulation of cytokinesis 

	24 
	24 

	1.00000 
	1.00000 

	 
	 

	TD
	Span
	1.594E-06 

	TD
	Span
	7 

	1.00000 
	1.00000 

	 
	 

	Span

	G2/M transition of mitotic cell cycle 
	G2/M transition of mitotic cell cycle 
	G2/M transition of mitotic cell cycle 

	169 
	169 

	1.00000 
	1.00000 

	 
	 

	TD
	Span
	2.865E-06 

	TD
	Span
	14 

	0.02180 
	0.02180 

	7 
	7 

	Span

	cytokinesis 
	cytokinesis 
	cytokinesis 

	124 
	124 

	1.00000 
	1.00000 

	 
	 

	TD
	Span
	4.500E-06 

	TD
	Span
	11 

	0.08945 
	0.08945 

	4 
	4 

	Span

	regulation of cyclin-dependent protein serine/threonine kinase activity 
	regulation of cyclin-dependent protein serine/threonine kinase activity 
	regulation of cyclin-dependent protein serine/threonine kinase activity 

	115 
	115 

	1.00000 
	1.00000 

	 
	 

	TD
	Span
	4.500E-06 

	TD
	Span
	10 

	1.00000 
	1.00000 

	 
	 

	Span

	organ regeneration 
	organ regeneration 
	organ regeneration 

	131 
	131 

	0.44026 
	0.44026 

	1 
	1 

	TD
	Span
	9.829E-06 

	TD
	Span
	12 

	0.06516 
	0.06516 

	5 
	5 

	Span

	double-strand break repair 
	double-strand break repair 
	double-strand break repair 

	126 
	126 

	1.00000 
	1.00000 

	 
	 

	TD
	Span
	0.00005 

	TD
	Span
	9 

	1.00000 
	1.00000 

	 
	 

	Span

	nucleosome assembly 
	nucleosome assembly 
	nucleosome assembly 

	130 
	130 

	1.00000 
	1.00000 

	 
	 

	TD
	Span
	0.00006 

	TD
	Span
	11 

	1.00000 
	1.00000 

	 
	 

	Span

	double-strand break repair via homologous recombination 
	double-strand break repair via homologous recombination 
	double-strand break repair via homologous recombination 

	60 
	60 

	1.00000 
	1.00000 

	 
	 

	TD
	Span
	0.00007 

	TD
	Span
	8 

	1.00000 
	1.00000 

	 
	 

	Span

	phosphatidylinositol-mediated signaling 
	phosphatidylinositol-mediated signaling 
	phosphatidylinositol-mediated signaling 

	178 
	178 

	1.00000 
	1.00000 

	 
	 

	TD
	Span
	0.00010 

	TD
	Span
	12 

	1.00000 
	1.00000 

	 
	 

	Span

	rhythmic process 
	rhythmic process 
	rhythmic process 

	354 
	354 

	1.00000 
	1.00000 

	 
	 

	TD
	Span
	0.00010 

	TD
	Span
	7 

	0.16613 
	0.16613 

	2 
	2 

	Span

	DNA recombination 
	DNA recombination 
	DNA recombination 

	233 
	233 

	1.00000 
	1.00000 

	 
	 

	TD
	Span
	0.00018 

	TD
	Span
	10 

	1.00000 
	1.00000 

	 
	 

	Span

	positive regulation of mitotic cell cycle 
	positive regulation of mitotic cell cycle 
	positive regulation of mitotic cell cycle 

	49 
	49 

	1.00000 
	1.00000 

	 
	 

	TD
	Span
	0.00028 

	TD
	Span
	6 

	1.00000 
	1.00000 

	 
	 

	Span

	mitotic sister chromatid segregation 
	mitotic sister chromatid segregation 
	mitotic sister chromatid segregation 

	61 
	61 

	1.00000 
	1.00000 

	 
	 

	TD
	Span
	0.00030 

	TD
	Span
	5 

	0.01941 
	0.01941 

	3 
	3 

	Span

	spindle organization 
	spindle organization 
	spindle organization 

	106 
	106 

	1.00000 
	1.00000 

	 
	 

	TD
	Span
	0.00030 

	TD
	Span
	5 

	0.01941 
	0.01941 

	3 
	3 

	Span


	Table 3, continued 
	The Gene Ontology 
	The Gene Ontology 
	The Gene Ontology 
	The Gene Ontology 

	 
	 

	40ppm unique genes 
	40ppm unique genes 

	Common genes 
	Common genes 

	120ppm unique genes 
	120ppm unique genes 

	Span

	GO Biological Processes 
	GO Biological Processes 
	GO Biological Processes 

	Total entries in ontology 
	Total entries in ontology 

	FDR 
	FDR 

	elements from query data 
	elements from query data 

	TD
	Span
	FDR 

	TD
	Span
	elements from query data 

	FDR 
	FDR 

	elements from query data 
	elements from query data 

	Span

	response to drug 
	response to drug 
	response to drug 

	745 
	745 

	0.18650 
	0.18650 

	5 
	5 

	TD
	Span
	0.00031 

	TD
	Span
	24 

	0.16129 
	0.16129 

	11 
	11 

	Span

	lipid metabolic process 
	lipid metabolic process 
	lipid metabolic process 

	1387 
	1387 

	3.366E-06 
	3.366E-06 

	15 
	15 

	TD
	Span
	0.00398 

	TD
	Span
	20 

	1.00000 
	1.00000 

	 
	 

	Span

	telomere maintenance via semi-conservative replication 
	telomere maintenance via semi-conservative replication 
	telomere maintenance via semi-conservative replication 

	27 
	27 

	1.00000 
	1.00000 

	 
	 

	TD
	Span
	0.00780 

	TD
	Span
	4 

	0.00095 
	0.00095 

	5 
	5 

	Span

	telomere maintenance 
	telomere maintenance 
	telomere maintenance 

	79 
	79 

	1.00000 
	1.00000 

	 
	 

	TD
	Span
	0.07713 

	TD
	Span
	4 

	0.00095 
	0.00095 

	7 
	7 

	Span

	response to estradiol stimulus 
	response to estradiol stimulus 
	response to estradiol stimulus 

	210 
	210 

	0.10005 
	0.10005 

	3 
	3 

	TD
	Span
	0.08652 

	TD
	Span
	7 

	0.00095 
	0.00095 

	11 
	11 

	Span

	sterol biosynthetic process 
	sterol biosynthetic process 
	sterol biosynthetic process 

	51 
	51 

	8.674E-07 
	8.674E-07 

	6 
	6 

	TD
	Span
	0.17474 

	TD
	Span
	2 

	1.00000 
	1.00000 

	 
	 

	Span

	cholesterol biosynthetic process 
	cholesterol biosynthetic process 
	cholesterol biosynthetic process 

	44 
	44 

	2.016E-07 
	2.016E-07 

	7 
	7 

	TD
	Span
	0.22496 

	TD
	Span
	2 

	1.00000 
	1.00000 

	 
	 

	Span

	steroid metabolic process 
	steroid metabolic process 
	steroid metabolic process 

	340 
	340 

	3.366E-06 
	3.366E-06 

	9 
	9 

	TD
	Span
	0.27956 

	TD
	Span
	4 

	1.00000 
	1.00000 

	 
	 

	Span

	positive regulation of Ras GTPase activity 
	positive regulation of Ras GTPase activity 
	positive regulation of Ras GTPase activity 

	211 
	211 

	1.00000 
	1.00000 

	 
	 

	TD
	Span
	1.00000 

	TD
	Span
	 

	0.00003 
	0.00003 

	7 
	7 

	Span

	steroid biosynthetic process 
	steroid biosynthetic process 
	steroid biosynthetic process 

	149 
	149 

	0.00010 
	0.00010 

	6 
	6 

	TD
	Span
	1.00000 

	TD
	Span
	 

	1.00000 
	1.00000 

	 
	 

	Span

	cholesterol metabolic process 
	cholesterol metabolic process 
	cholesterol metabolic process 

	152 
	152 

	1.463E-07 
	1.463E-07 

	10 
	10 

	TD
	Span
	1.00000 

	TD
	Span
	 

	1.00000 
	1.00000 

	 
	 

	Span


	 
	Appendix: Select MetaCore Pathway from table 2 with 1 week WT data genes present in the ontology indicated (red bar symbols beside ontology elements) 
	 
	MetaCore's 
	MetaCore's 
	Cell cycle_The metaphase checkpoint
	Cell cycle_The metaphase checkpoint

	 pathway map (red poles beside elements represent a query element found in the ontology).  This was the top ranked enriched pathway for the 1 week data enrichment with 13 query elements found in the ontology 

	 
	 
	 
	  
	MetaCore's 
	MetaCore's 
	Cell cycle_Role of APC in cell cycle regulation
	Cell cycle_Role of APC in cell cycle regulation

	 pathway map (red poles beside elements represent a query element found in the ontology).  The second ranked enriched pathway at 1 week with 11 query elements found in the ontology. 

	 
	 
	 
	  
	MetaCore's SCAP/SREBP Transcriptional Control of Cholesterol and FA Biosynthesis pathway map (red poles beside elements represent a query element found in the ontology 
	 
	 
	  
	MetaCore's Cholesterol Biosynthesis pathway map (red poles beside elements represent a query element found in the ontology 
	 
	 
	  
	 
	MetaCore's 
	MetaCore's 
	Neurophysiological process_Circadian rhythm
	Neurophysiological process_Circadian rhythm

	 pathway map (red poles beside elements represent a query element found in the ontology).  This pathway was statistically significantly enriched at both 1 week and 4 week, although less than 5 query elements were found in the ontology at 4 weeks due to the limited number of significant genes for enrichment 

	 
	 
	 





