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Premature ovarian failure (POF) syndrome, an early decline of
ovarian function in women, is frequently associated with X chro-
mosome abnormalities ranging from various Xq deletions to com-
plete loss of one of the X chromosomes. However, the genetic locus
responsible for the POF remains unknown, and no candidate gene
has been identified. Using the Cre/LoxP system, we have disrupted
the mouse X chromosome androgen receptor (Ar) gene. Female
AR/~ mice appeared normal but developed the POF phenotype
with aberrant ovarian gene expression. Eight-week-old female
AR/~ mice are fertile, but they have lower follicle numbers and
impaired mammary development, and they produce only half of
the normal number of pups per litter. Forty-week-old AR~/ mice
are infertile because of complete loss of follicles. Genome-wide
microarray analysis of mRNA from AR™/~ ovaries revealed that a
number of major regulators of folliculogenesis were under tran-
scriptional control by AR. Our findings suggest that AR function is
required for normal female reproduction, particularly folliculagen-
esis, and that AR is a potential therapeutic target in POF syndrome.

male hormone | nuclear receptor | female physiology | folliculogenesis |
kit ligand

Premamre ovarian failure (POF) is defined as an early decline
of ovarian function after seemingly normal folliculogenesis
(1). Genetic causes of POF have been frequently associated with
X chromosome abnormalities (1, 2). Complete loss of one of the
X chromosomes, as in Turner syndrome, and various Xgq dele-
tions are commonly identified as a cause of POF. However,
responsible X-linked genes and their downstream targets have
not been identified so far.

The androgen receptor (4r) geme, which is the only sex
hormone receptor gene on the X chromosome, is well known to
be essential not only for the male reproductive system, but also
for male physiology. In contrast, androgens are considered as
male hormones; therefore, little is known about androgens’
actions in female physiology, although AR expression in growing
follicles has been described (3). However, because excessive
androgen production in polycystic ovary syndrome causes infer-
tility with abnormal menstrual cycles (4, 5), it is possible that
AR-mediated androgen signaling also plays an important phys-
iological role in the female reproductive system. Recently, using
Cre/LoxP system, we generated an AR-null mutant mouse line
(6) and demonstrated that inactivation of AR resulted in arrest
of testicular development and spermatogenesis, impaired brain
masculinization, high-turnover osteopenia, and late onset of
obesity in males (7-9). At the same time, no overt physical or
growth abnormalities were observed in female AR/~ mice.
Therefore, to further examine potential role of AR in female
physiology, we characterized female reproductive system in
AR females. Herein we show that female AR~ mice develop
the POF phenotype. At 3 weeks of age, AR/~ females had

224-229 | PNAS | January 3,2006 | vol. 103 | no.1

apparently normal ovaries with numbers of follicles similar to
those in the wild-type females. However, thereafter the number
of healthy follicles in the AR™/~ ovary gradually declined, with
a marked increase of atretic follicles, and by 40 weeks AR/~
mice became infertile, with no follicle detectable in the ovary.
Reflecting this age-dependent progression in ovarian abnormal-
ity, several genes known to be involved in the cocyte—granulosa
cell regulatory loop were identificd by microarray analysis as AR
downstream target genes. These findings clearly demonstrate
that AR-mediated androgen signaling is indispensable for the
maintenance of folliculogenesis and implicate impaired andro-
gen signaling as a potential cause of the POF syndrome.

Materials and Methods

Generation of AR Knockout Mice. AR genomic clones were isolated
from a TT2 embryonic stem cell genomic library by using human
AR A/B domain cDNA as a probe (6). The targeting vector
consisted of a 7.6-kb 5' region containing exon 1, a 1.3-kb 3'
homologous region, a single l0xP site, and a neo cassette with two
loxP sites (10). Targeted clones (FB-18 and FC-61) were aggre-
gated with single eight-cell embryos from CD-1 mice (11, 12).
Floxed AR mice (C57BL/6) were then crossed with CMV-Cre
transgenic mice (6). The two lines exhibited the same phenotypic
abnormalities. The chromosomal sex of each pup was deter-
mined by genomic PCR amplification of the Y chromosome Sry
gene (13). .

Western Blot Analysis. To detect AR protein expression, ovarian
cell lysates were separated by SDS/PAGE and transferred onto
nitrocellulose membranes (14). Membranes were probed with
polyclonal AR antibodies (N-20; Santa Cruz Biotechnology),
and blots were visualized by using peroxidase-conjugated second
antibody and an ECL detection kit (Amersham Pharmacia
Biosciences).

Morphologic Classification of Growing Follicles. Sections were taken
at intervals of 30 pm, and 6-um paraffin-embedded sections
were mounted on slides. Routine hematoxylin and eosin staining
was performed for histologic examination by light microscopy.
Follicle numbers in 12 sections per ovary were evaluated as
primary follicles (oocyte surrounded by a single layer of cuboidal
granulosa cells), preantral follicles (oocyte surrounded by two or
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counterstained with eosin.

more layers of granulosa cells with no antrumy), or antral follicles
(antrum within the granulosa cell layers enclosing the oocyte).
Follicles were determined to be atretic if they displayed two or
more of the following criteria within a single cross section: more
than two pyknotic nuclei, granulosa cells within the antral cavity,
granulosa cells pulling away from the basement membrane, or
uneven granulosa cell layers (15).

Immunohistochemistry. Sections were subjected to a microwave
antigen retrieval technique by boiling in 10 mM citrate buffer
(pH 6.0) in a microwave oven for 30 min (16). The cooled
sections were incubated in 1% H,0, for 30 min to quench
endogenous peroxidase and then incubated with 1% Triton
X-100 in PBS for 10 min. To block nonspecific antibody binding,
sections were incubated in normal goat serum for 1 h at 4°C.
Sections were then incubated with anti-AR (1:100) or anti-
cleaved caspase-3 (1:100) in 3% BSA overnight at 4°C. Negative
controls were incubated in 3% BSA without primary antibody.
The ABC method was used to visualize signals according to the
manufacturer’s instructions. Sections were incubated in biotin-
ylated goat anti-rabbit IgG (1:200 dilution) for 2 h at room
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temperature, washed with PBS, and incubated in avidin—biotin—
horseradish peroxidase for 1 h. After thorough washing in PBS,
sections were developed with 3,3’-diaminobendizine tetra-
hydrochloride substrate, slightly counterstained with eosin, de-
hydrated through an ethanol series and xylene, and mounted.

Estrus Cycles and Fertility Test. To determine the stage of the estrus
cycle (proestrus, estrus, and diestrus), vaginal smears were taken
every morning and stained with Giemsa solution. For evaluation
of female fertility for 15 weeks, an 8- or 24-week-old wild-type
or AR~ female was mated with a wild-type fertile male,
replaced every 2 weeks with the other fertile male. Cages were
monitored daily and for an additional 23 days, and the presence
of seminal plugs and number of litters were recorded.

RNA Extraction and Quantitative Competitive RT-PCR. Total ovarian
RNA was extracted by using TRIzol (Invitrogen) (16). Oligo-
dT-primed cDNA was synthesized from 1 ug of ovarian RNA by
using SuperScript reverse transcriptase (Gibco BRL, Gaithers-
burg, MD) in a 20-ul reaction volume, 1 wl of which was then
diluted serially (2- to 128-fold) and used to PCR-amplify an
internal control gene, cycA, to allow concentration estimation.
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Student’s ¢ test.

Primers were designed from cDNA sequences of Kitl (M57647,
nucleotides 1099-1751), Gdf9 (NM008110; nucleotides 720-
1532), Bmpl5 (NMO009757; nucleotides 146-973), Ers2
(NMO010157; nucleotides 1139-1921), Pgr (NM008829; nucleo-
tides 1587-2425), Cypllal (NM019779; nucleotides 761-1697),
Cypl7al (M64863; nucleotides 522-932), Cyp19 (D00659; nucle-
otides 699-1049), Fshr (AF095642; nucleotides 625-1427), Lhr
(M81310; nucleotides 592-1331), Prgs2 (AF338730; nucleotides
3-605), and Cend2 (NM009829; nucleotides 150-1065) and
chosen from different exons to avoid amplification from genomic
DNA.

GeneChip Analysis. Ovaries were isolated and stabilized in RNA-
later RNA Stabilization Reagent (Ambion, Austin, TX) before
RNA purification (17). Total RNA was purified by using an
RNeasy mini kit (Qiagen, Valencia, CA) according to the
manufacturer’s instructions. First-strand cDNA was synthesized
from 5 pg of RNA by using 200 units of SuperScript II reverse
transcriptase (Invitrogen, Carlsbad, CA), 100 pmol T7-(dT)y,
primer [5'-GGCCAGTGAATTGTAATACGACTCAC-
TATAGGGAGGCGG-(dT)2-3'], 1X first-strand buffer, and
0.5 mM dNTPs at 42°C for 1 h. Second-strand synthesis was
performed by incubating first-strand cDNA with 10 units of
Escherichia coli ligase (Invitrogen), 40 units of DNA polymerase
I (Invitrogen), 2 units of RNase H (Invitrogen), 1X reaction
buffer, and 0.2 mM dNTPs at 16°C for 2 h, followed by 10 units
of T4 DNA polymerase (Invitrogen) and incubation for another
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5 min at 16°C. Double-stranded cDNA was purified by using
GeneChip Sample Cleanup Module (Affymetrix, Santa Clara,
CA) according to the manufacturer’s instructions and labeled by
in vitro transcription by using a BioArray HighYield RNA
transcript labeling kit (Enzo Diagnostics, Farmingdale, NY).
Briefly, dsDNA was mixed with 1X HY reaction buffer, 1X
biotin-labeled ribonucleotides (NTPs with Bio-UTP and Bio-
CTP), 1X DTT, 1xX RNase inhibitor mix, and 1X T7 RNA
polymerase and incubated at 37°C for 4 h. Labeled cRNA was
then purified by using GeneChip Sample Cleanup Module and
fragmented in 1X fragmentation buffer at 94°C for 35 min. For
hybridization to the GeneChip Mouse Expression Array 430A or
430B or Mouse Genome 430 2.0 Array (Affymetrix), 15 pg of
fragmented cRNA probe was incubated with 50 pM control
oligonucleotide B2, 1X eukaryotic hybridization control, 0.1
mg/ml herring sperm DNA, 0.5 mg/ml acetylated BSA, and 1
hybridization buffer in a 45°C rotisserie oven for 16 h. ‘Washing
and staining were performed by using a GeneChip Fluidic
Station (Affymetrix) according to the manufacturer’s protocol.
Phycoerythrin-stained arrays were scanned as digital image files
and analyzed with GENECHIP OPERATING SOFTWARE (Af-
fymetrix) (17).

Luciferase Assay. The Kit/ promoter region (—2866 to —1 bp) was
inserted into the pGL3-basic vector (Promega) for assay using

the Luciferase Assay System (Promega) (14, 16). Cells at 40—
50% confluence were transfected with a reference pRL-CMV
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plasmid (Promega) using Lipofectamine reagent (GIBCO/BRL,
Grand Island, NY) to normalize transfection. Results shown are
representative of five independent experiments.

Results and Discussion

Subfertility of AR~/ Female Mice at 8 Weeks of Age. The 4r gene
located on the X chromosome was disrupted in mice by using
the Cre/Lox P system (6) (Fig. 1 a—). Female AR™/~ mice
showed normal growth compared with the wild-type litter-
mates (Fig. 1d), with no detectable bone loss (Fig. 1le) or
obesity common for male AR~ mice (8, 9). Young (8-week-
old) AR/~ females appeared indistinguishable from the wild-
type littermates, displayed normal sexual behavior (7), and
produced the first offspring of normal body size at the
expected age. Macroscopic appearance of their reproductive
organs, including uteri, oviducts, and ovaries, also appeared
normal (Fig. 1f). Histological analysis showed no significant
abnormality in the uterus or pituitary (Fig. le), whereas
mammary ductal branching and elongation were substantially
reduced, as revealed by whole-mount analysis (Fig. 1%). Serum
levels of 178-estradiol, progesterone, testosterone, luteinizing
hormone, and follicle-stimulating hormone were also within
normal range in 8-week-old mutant females at the proestrus
stage (Fig. 1g), suggesting that the two-cell two-gonadotrophin
system in female reproductive and endocrine organs (18) was
intact in AR/~ mice at 8 weeks of age. The most obvious early
sign of abnormal reproductive function in the AR/~ females
was that their average numbers of pups per litter were only
about half of those of the wild-type littermates, (4R*/*, 8.3 +
0.4 pups per litter; AR™7, 4.5 = 0.5 pups per litter) (Fig. 17).

AR~'~ Female Mice Developed POF Phenotypes. Histological analysis
of 8-week-old AR™/~ ovaries clearly showed that numbers of
atretic follicles were significantly increased, with decreased
numbers of corpora lutea (Fig. 2 b and f). This finding suggests
that the reduced pup numbers were due to impaired folliculo-
genesis in AR-deficient ovaries. Indeed, AR protein expression
was readily detectable in the wild-type 8-week-old ovaries (Fig.
1j), with AR expressed at the highest levels in growing follicle
granulosa cells at all developmental stages and at relatively low
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levels in corpora lutea. Thus, AR appears to play a regulatory
role in granulosa cells during their maturation to the luteal
phase. '

To investigate this possibility, we examined the ovarian phe-
notype of female AR™~ mice at different ages. At 3 weeks,
ovaries contain various stages of follicles, including primary,
secondary, and antral follicles in wild-type animals (Fig. 2a) (19).
In AR/~ ovaries at 3 weeks of age, the folliculogenesis appeared
to be unaltered, with normal numbers and localization of
primary and secondary follicles (Fig. 2 a and e). However,
degenerated folliculogenesis became evident with further aging.
Although follicles and corpora lutea at all developmental stages
were still present, corpora lutea numbers were clearly reduced in
8-week-old AR™/~ mutants (Fig. 2 b and f), similar to that
observed in another mouse line (20). Expected apoptosis was
seen in atretic follicles by activated caspase-3 immunohistochem-
istry assays (Fig. 2i). But, by 32 weeks of age, defects in
folliculogenesis in AR™/~ ovaries became profound, with fewer
follicles observed and increased atretic follicles (Fig. 2 ¢ and g),
and >40% (5 of 12 mice) of the AR/~ females were already
infertile. By 40 weeks, all AR/~ females became infertile, with
no follicles remaining (Fig. 2 4 and h); at the same age, AR*/*
females were fertile and had normal follicle numbers. Consistent
with progressive deficiency in folliculogenesis, the pup number
per litter steadily decreased in aging AR/~ females (Fig. 27).
These data indicate that AR plays an important physiological
role at the preluteal phase of folliculogenesis.

Alteration in Gene Expressions of Several Major Regulators Involved
in the Oocyte-Granulosa Cell Regulatory Loop. To explore the
molecular basis underlying the impaired folliculogenesis in
AR/~ ovaries, we analyzed expression of several major known

regulators and markers of folliculogenesis (21-23). Surprisingly, -

1o significant alterations in mRNA levels of LH receptor (LAr),
FSH receptor (Fshr), p450 side chain cleavage enzyme
(Cypllal), 17-a-hydroxylase (Cypl7al), aromatase (Cypl9), es-
trogen receptor-8 (Esr2), cyclin D2 (Ccnd2), or insulin-like
growth factor 1 (Igfl) of 8-week-old AR/~ ovaries at the
proestrus stage, and further cyclooxygenase 2 (Ptgs2) or proges-
terone receptor (Pgr) at the estrus stage, were detected by
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Fig. 4.

Genome-wide microarray analysis and semiquantitative RT-PCR revealed that expression of the oocyte-granulosa cell regulator loop was down-

regulated in AR~/ ovaries. (a) Microarray analysis of AR™/~ compared with AR*/* ovaries at 3 and 8 weeks of age. Data obtained from microarray analysis as
described in Materials and Methods were used to generate a cluster analysis. Each vertical line represents a single gene. The ratios of gene expression levels in
AR~ ovaries compared with wild type are presented. (b and c) Semiquantitative RT-PCR analysis of AR-regulated genes identified from the microarray study.
Results shown are representative (using one ovary per genotype in each experiment) of five independent experiments. Data are shown as mean = SEM and were
analyzed by using Student’s £ test. (d) Comparison of Kit/ gene expression by Northern blot analysis among placebo-, DHT-, and flutamide (FL)-treated AR+
mouse ovaries. (e) Induction of KITLG gene expression by DHT treatment in KGN cells. (f and g) Androgen responsiveness in the mouse and human kit ligand
promoters by a luciferase assay performed by using KGN cells. Data are shown as mean = SEM and were analyzed by using Student’s ¢ test.

semiquantitative RT-PCR analysis (Fig. 3). Genome-wide mi-
croarray analysis (17) of RNA from 8-week-old 4R~/~ ovaries at

the proestrus stage has been undertaken to identify AR- -

regulated genes. In comparison with AR*/* ovaries, expressions
of 772 genes were down-regulated, whereas 351 genes were
up-regulated in AR™/~ ovaries (Fig. 4a; see also Tables 1 and 2,
which are published as supporting information on the PNAS web
site). Several genes known to be involved in the oocyte—
granulosa cell regulatory loop (24) were identified as candidate
AR target genes, including KIT ligand (Kit!) (25), morphoge-
netic protein 15 (Bmpl5) (26), growth differentiation factor-9
(Gdf9) (27), and hepatocyte growth factor (Hgf) (28). Impaired
folliculogenesis had been reported in mice deficient in each of
these three regulators (26, 27, 29). To validate the microarray
data, we performed semiquantitative RT-PCR analysis of
8-week-old AR™/~ ovary RNA and confirmed that expression of
these factors was down-regulated (Fig. 4b). To identify a regu-
lator downstream of the AR signaling at an earlier stage of
folliculogenesis, 3-week-old AR~ ovaries that, as pointed out
earlier, display no apparent phenotypic abnormality were exam-
ined. Fewer genes had altered expression levels (519 genes
up-regulated; 326 genes down-regulated) (Fig. 4a; see also
Tables 3 and 4, which are published as supporting information
on the PNAS web site), and, of the four regulators tested by
RT-PCR, only Kitl was found to be down-regulated at this age
(Fig. 4c). Because Kitl is a granulosa cell-derived factor and
stimulates oocyte growth and maturation (29-31), down-
regulation of the Kit/ expression in 3-week-old or even younger
AR™'~ ovaries may trigger impairment in folliculogenesis at a
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later age. To test for possible Kifl gene regulation by AR,
3-week-old wild-type females were treated with Sa-dihydrotes-
tosterone (DHT). At 4 h after hormone injection, a clear
induction of Kirl expression was observed in the ovaries, whereas
a known antiandrogen flutamide attenuated the induction by
DHT (Fig. 4d). The induction of endogenous human kit ligand
(KITLG) gene by DHT was also observed in human granulosa-
like tumor cells (KGN) in culture (Fig. 4e). Furthermore,
androgen-induced transactivation of mouse and human kit ligand
promoters (32) was observed by a luciferase reporter assay (33)
in KGN (Fig. 4 fand g), 293T, and HeLa (data not shown) cells.
However, no response to DHT was detected in the similar assay
using promoters of the Bmpl5, Gdf9, and Hgf genes (data not
shown). Thus, we have shown that, in a regulatory cascade
controlling folliculogenesis, Kif/ represents a direct downstream
target of androgen signaling.

As an upstream regulator, AR may also be indirectly involved
in control of expression of other genes critical for folliculogen-
esis, because an age-dependent down-regulation of Bmpl3,
Gdf9, and Hgf gene expression was also observed in AR™/~
ovaries. Bmpl5 and Gdf9 are oocyte-derived factors that pro-
mote the development of surrounding granulosa cells in growing
follicles (34, 35), whereas Hgf is secreted by theca cells and acts
as a granulosa cell growth factor (36). Down-regulation of these
factors, presumably due to decreased Kitl expression, may lead
to impaired bidirectional communication between oocyte and
granulosa cells (24) and, eventually, to early termination of
folliculogenesis, as in POF syndrome.

Thus, we have identified AR as a novel regulator of follicu-
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logenesis that apparently acts in the regulatory cascade upstream
of the major factors controlling ovarian function, confirming the
previous findings of the AR expression in granulose cells of
growing follicles (3). Although not immediately relevant to the
ovarian physiology, abnormal development of the mammary
glands observed in our AR-deficient mice adds further strong
evidence of an essential role of the AR not only in male, but also
in female, reproductive function.

With increasing age of the first childbirth by women in the
modern society, POF syndrome has become an important social
and medical problem. Our findings suggest that POF syndrome
may be caused by an impairment in androgen signaling and that
X chromosomal mutations affecting the AR gene function may
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Abstract

Background: Transcriptome data from quantitative PCR (Q-PCR) and DNA microarrays are
typically obtained from a fixed amount of RNA collected per sample. Therefore, variations in tissue
cellularity and RNA yield across samples in an experimental series compromise accurate
determination of the absolute level of each mRNA species per cell in any sample. Since mRNAs are
copied from genomic DNA, the simplest way to express mRNA level would be as copy number
per template DNA, or more practically, as copy number per cell.

Results: Here we report a method (designated the "Percellome” method) for normalizing the
expression of mRNA values in biological samples. It provides a "per cell" readout in mRNA copy
number and is applicable to both quantitative PCR (Q-PCR) and DNA microarray studies. The
genomic DNA content of each sample homogenate was measured from a small aliquot to derive
the number of cells in the sample. A cocktail of five external spike RNAs admixed in a dose-graded
manner (dose-graded spike cocktail; GSC) was prepared and added to each homogenate in
proportion to its DNA content. In this way, the spike mMRNAs represented absolute copy numbers
per cell in the sample. The signals from the five spike mRNAs were used as a dose-response
standard curve for each sample, enabling us to convert all the signals measured to copy numbers
per cell in an expression profile-independent manner. A series of samples was measured by Q-PCR
and Affymetrix GeneChip microarrays using this Percellome method, and the results showed up to
90 % concordance.

Conclusion: Percellome data can be compared directly among samples and among different
studies, and between different platforms, without further normalization. Therefore, "percellome”
normalization can serve as a standard method for exchanging and comparing data across different
platforms and among different laboratories.

Background samples generated in the same laboratory using a single
Normalization of gene expression data between different  platform, and/or generated in different geographical
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100:0 75:25 50:50 25:75 0

Dose-response linearity check by LBM. Dose-response linearity of the Affymetrix GeneChip by the LBM (liver-brain mix)
sample set. Five samples, i.e. mixtures of mouse liver and brain at ratios of 100:0, 75:25, 50:50, 25:75 and 0:100, were spiked
with GSC and measured by Affymetrix GeneChips Mouse430-2. Signals were normalized by the Percellome method as
described in the text. Line graphs are in (a) copy numbers and (b) ratio to 50:50 sample for the top 1,000 probe sets with coef-
ficient of correlation (R2) closest to | among those having | copy or more per cell in the 50:50 sample (19,979 probe sets out
of 45,101). The number of probe sets with R2 > 0.950 was 8,655, and R2> 0.900 was 11,719.

regions using multiple platforms, is central to the estab-
lishment of a reliable reference database for toxicogenom-
ics and pharmacogenomics. Transforming expression data
into a "per cell" database is an effective way of normaliz-
ing expression data across samples and platforms. How-
ever, transcriptome data from the quantitative PCR (Q-
PCR) and DNA microarray analyses currently deposited in
the database are related to a fixed amount of RNA col-
lected per sample. Variations in RNA yield across samples
in an experimental series compromise accurate determi-
nation of the absolute level of each mRNA species per cell
in any sample. Normalization against housekeeping
genes for PCRs, and global normalization of ratiometric
data for microarrays, is typically performed to account for
this informational loss. Additional methods, such as the
use of external mRNA spikes, reportedly improve the
quality of data from microarray systems. For example,
Holstege et al. [1] described a spike method against total
RNA, based on their finding that the yields of total RNA
from wild type and mutant cells were very similar. Hill et
al. [2] reported a spike method against total RNA for nor-
malizing hybridization data such that the sensitivities of
individual arrays could be compared. Lee et al. [3] demon-
strated that "housekeeping genes" cannot be used as a ref-

- erence control, and van de Peppel et al. [4] described a

normalization method of mRNA against total RNA using
an external spike mixture. To achieve satisfactory perform-
ance they used multiple graded doses of external spikes,
covering a wide range of expression, in order to align the
ratiometric data by Lowess normalization [5]. Hekstra et
al. [6] presented a method for calculating the final cRNA
concentration in a hybridization solution. Sterrenburg et
al. [7] and Dudley et al. [8] reported the use of common
reference control samples for two-color microarray analy-
ses of the human and yeast genomes, respectively. These
are pools of antisense oligo sequences against all sense
oligos present on the microarray. Instead of antisense oli-
gos, Talaat et al. [9] used genomic DNA as a common ref-
erence control in studies of E. coli. Statistical approaches
have been proposed for ratiometric data to improve inter-
microarray variations, especially of non-linear relations
[10]. However, because control samples may differ among
studies, ratiometric data cannot easily be compared across
multiple studies unless a common reference, such as a
mixture of all antisense counterparts of spotted sense
sequences is used [7-9]. Nevertheless, as long as the nor-
malization is calibrated to total RNA, variations in total
RNA profile cannot be effectively cancelled out. Although
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Cross-hybridization of GSC. Cross-hybridization of the GSC spike mRNAs to Affymetrix GeneChip. (a) A scatter plot of a
blank sample with the GSC (horizontal axis) and a blank with the five spike RNAs at a high dosage (vertical axis) measured by
MG-U74v2A GeneChips (raw values generated by Affymetrix MAS 5.0 software). The five spikes are indicated by black dots
with arrows. Signals of the murine probe sets were below 20 on the horizontal axis, indicating negligible cross-hybridization of
GSC spike mRNAs to the murine probe sets. (b) A scatter plot of a liver sample with GSC (horizontal axis) and without GSC
(vertical axis) measured by MG-U74v2A GeneChips. The five spikes are again indicated by black dots with arrows. The dotted
line is the 1/25 fold (4%) line. Cross-hybridization of mouse liver mRNAs to the GSC signals was considered negligible (less

than 4%).

some of these reports share the idea that "absolute expres-
sion" and "transcripts per cell" should entail robust nor-
malization, further practical development to enable
universal application has been awaited.

Here, we report a method for normalizing expression data
across samples and methods to the cell number of each
sample, using the DNA content as indicator. This normal-
ization method is independent of the gene expression
profile of the sample, and may contribute to transcrip-
tome studies as a common standard for data comparison
and interchange.

Results

Dose-response linearity of the measurement system as a
basis for the Percellome method

The fidelity of transcript detection is the key to this "per
cell" based normalization method, which generates tran-
scriptome data in "mRNA copy numbers per cell”. The Q-
PCR system was tested by serially diluting samples to con-
firm the linear relationship between Ct values and the log

of sample mRNA concentration (data not shown). High
density oligonucleotide microarrays from Affymetrix [11]
were used in our experiments. We tested the linearity of
the Affymetrix GeneChips using a set of five samples made
of mixtures of liver and brain in ratios of 100:0, 75:25,
50:50, 25:75, and 0:100 (designated "LBM" for liver-brain
mix). The results showed a linear relationship (R2> 0.90)
between fluorescence intensity and input for a sufficient
proportion of probe sets, i.e. about 37% of the probe sets
in the older MG-U74v2 and 70% in the newest Mouse
Genome 430 2.0 GeneChip were above the detection level
(approximately one copy per cell) in the 50:50 sample
(Figure 1) [see Additional files 1 and 2].

Dose-response linearity alone is not sufficient to generate
true mRNA copy numbers. An important additional
requirement is that the ratio of signal intensity to mRNA
copy number should be equal among all GeneChip probe
sets of mRNAs and PCR primers. The Q-PCR primer sets
were designed to perform at similar amplification rates to
minimize differences between amplicons. The melting
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Table I: The spike factors for various organs/tissues

http:/iwww.biomedcentral.com/1471-2164/7/64

Species Organ/Tissue (adult, unless otherwise noted) Spike Factor total RNA/genomic DNA sD
Mouse Liver 0.2 211 46
Mouse Lung 0.02 22 4
Mouse Heart 0.05 - -
Mouse Thymus 0.0l 8 2
Mouse Colon Epitherium 0.05 105 30
Mouse Kidney 0.1 - -
Mouse Brain 0.1 - -
Mouse Suprachiasmatic nucleus (SCN}) 0.1 - -
Mouse Hypothalamus 0.1 63 4
Mouse Pituitary 0.1 52 8
Mouse Ovary 0.02 35 4
Mouse Uterus 0.02 42 12
Mouse Vagina 0.02 8l 38
Mouse Testis 0.15 56 7
Mouse Epididymis 0.07 53 16
Mouse Bone marrow 0.02 14 3
Mouse Spleen 0.02 - -
Mouse Whole Embryo 0.15 97 36
Mouse Fetal Telencephalon E10.5-16.5 0.1 48 2
Mouse Neurosphere (E11.5-14.5) 0.03 42 10
Mouse E9.5 embryo heart 0.15 58 I5
Mouse cell lines 0.2 - -
Rat Liver 0.2 - -
Rat Kidney 0.2 - -
Rat Uterus 0.04 56 .5
Rat Ovary 0.04 56 9
Human Cancer Cell Lines 0.2 1é 26
Xenopus liver 0.03 - -
Xenopus embryo 0.15 - -

temperature was set between 60° and 65°C with a prod-
uct size of approximately 100 base pairs using an algo-
rithm (nearest- neighbor method, TAKARA BIO Inc,
Japan), and the amplification co-efficiency (E) was set
within the range 0.9 £ 0.1 (E = 2~ {-(1/slope) }-1 on a plot
of log2 (template) against Ct value). For the GeneChip
system, the signal/copy performance of each probe set
depended on the strategy of designing the probes to keep
the hybridization constant/melting temperature within a
narrow range, ensuring that the dose-response peiform-
ances of the probe sets were similar (cf. httpy//
i ign/i ). Fail-
ing this, any differences should at least be kept constant
within the same make/version of the GeneChip. Taking
into consideration the biases that lead to imperfections in
estimating absolute copy numbers in each gene/probe set,
we developed normalization methods to set up a com-
mon scale for Q-PCR and Affymetrix GeneChip systems.

The grade-dosed spike cocktail (GSC) and the "spike
factor" for the Percellome method

A set of external spike mRNAs was used to transfer the
measurement of cell number in the sample (as reflected
by its DNA content) to transcriptome analysis. For the

spikes, we utilized five Bacillus subtilis mRNAs that were
left open for users in the Affymetrix GeneChip series. The
extent to which the Bacillus RNAs cross-hybridized with
other probe sets was checked for the Affymetrix GeneChip
system. The GSC was applied to Murine Genome U74Av2
Array (MG-U74v2) GeneChips with or without a liver
sample. As shown in Figure 2, coss-hybridization
between Bacillus RNAs and the murine gene probe sets
was negligible [see Additional files 3 and 4]. Mouse
Genome 430 2.0 Array (Mouse430-2), Mouse Expression
Arrays 430A (MOE430A) and B (MOE430B), Rat Expres-
sion Array 230A (RAE230A), Xenopus laevis Genome Array
and Human Genome U95Av2 (HG-U95Av2) and U133A
(HG-U133A) Arrays sharing the same probe sets for these
spike mRNAs showed no sign of cross-hybridization with
the Bacillus probes (data not shown).

We prepared a cocktail containing in vitro transcribed
Bacillus mRNAs in threefold concentration steps, i.e.
777.6 pM (for AFEX-ThrX-3_at), 259.4 pM (for AFFX-
LysX-3_at), 86.4 pM (for AFEX-PheX-3_at)}, 28.8 pM (for
AFFX-DapX-3_at) and 9.6 pM (for AFFX-TrpnX-3_at). By
referring to the amount of DNA in a diploid cell and
employing a "spike factor" determined by the ratio of
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Figure 3

Positioning of GSC spike mRNAs in Affymetrix
GeneChip dose-response range. A frequency histogram
of the probe sets of Affymetrix GeneChip Mouse430-2 is
shown. The histogram for all probe sets (gray) shows near-
normal distribution. Blue columns are the "present” calls (P),
red columns "absent" calls (A) and green "marginal” calls. The
five yellow lines indicate the positions of the GSC spike
mRNAs that are chosen to cover the "present” call range by
a proper "spike factor".

total RNA to genomic DNA in a tissue type (Table 1), the
spike mRNAs were calculated to correspond to 468.1,
156.0, 52.0, 17.3 and 5.8 copies per cell (diploid), respec-
tively, for the mouse liver samples (spike factor = 0.2). The
ratio of mRNAs in the cocktail is empirically chosen
depending on the linear range of the measurement system
and the available number of spikes. Here, we set the ratio
to three to cover the "present" call probe sets of the
Affymetrix GeneChip system (Figure 3).

We tested this grade-dosed spike cocktail (GSC) by Q-PCR
and confirmed that the Ct values of the spike mRNAs were
linearly related to the log concentrations (cf. Figure 4a),
i.e. could be expressed as

Ct=alogC+p {1}

The GSC was also tested by the GeneChip system and it
was confirmed that the log of the spike mRNA signal
intensities was linearly related to the log of their concen-
trations (cf. Figure 4b),

http://www.biomedcentral.com/1471-2164/7/64

logS=ylogC+8 {2}

The linear relationship between the Ctvalues (Ct) and the
log of RNA concentration (log C) was reasonable given
the definition of Ct values (derived from the number of
PCR cydles, i.e. doubling processes). The linear relation-
ship between the log of GeneChip signal intensity (log S)
and the log of RNA concentration (log C) was rationalized
by the near-normal distribution of log S over all tran-
scripts (cf. Figure 3).

Calculation of copy numbers of all geneslprobe sets per
cell

As described above, using a combination of DNA content
and the spike factor of the sample, the GSC spike mRNAs
become direct indicators of the copy numbers (C') per
cell. When the samples were measured by Q-PCR or Gene-
Chip analysis, the five GSC spike signals in each sample
should obey function {1} for Q-PCR and function {2} for
GeneChip with a good linearity. If the observed linearity
was poor, a series of quality controls was performed and
the measurement repeated. The coefficients of the func-
tions were determined for each sample by the least
squares method. Under the assumption that all genes/
probe sets share the same signal/copy relationship, signal
data for all genes/probe sets were fitted to the functions
{1'} or {2'}, which are the individualized functions of
{1} and {2} for each sample measurement (i).

{1}
{2}

(i = sample measurement no.)

Ct = ailog(C') + Bi

Log (S) =i log(C") + i

The Q-PCR Ctvalues (Ct) and microarray signal values (S)
of all mRNA species in the sample (i) are converted to

copy numbers per cell (C') by the inverses of functions
{1'} and {2'}, i.e. {3} and {4} below:

C'= BA((Cepi)jod) {3}

for Q-PCR (Figure 4a).;

C'=B*((logS-yi)/81) {4}

for GeneChips (Figure 4b),

where B is the logarithmic base used in {1} and {2} (see
Materials and Methods for details).

Real world performance of the Percellome method

The correspondence between Q-PCR and GeneChip was
tested using a sample set from 2,3,7,8-tetrachlorodiben-
zodioxin (TCDD)-treated mice. Sixty male C57BL/6 mice
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(a) Q-PCR GSC standard curve
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Figure 4

The dose-response linearity of the GSC spikes in Q-
PCR and the Affymetrix GeneChip array system. Lin-
ear relationships are shown between (a) the Q-PCR Ct val-
ues and log of copy number (log (C"), and (b) the GeneChip
log signal intensity (log(S)) and log of copy number (log (C'))
of the GSC mRNAs. The regression functions were obtained
by the least squares method. The inverse functions (*) were
further used to generate the copy numbers of all other
genes/probe sets for Percellome normalization.

were divided into 20 groups of 3 mice each. TCDD was
administered once orally at doses of 0, 1, 3, 10 and 30 pg/
kg, and the livers were sampled 2, 4, 8 and 24 h after
administration. Nineteen primer pairs were prepared for
Q-PCR and the Ct values of the liver transcriptome were
measured. The same 60 liver samples were measured
using the Affymetrix Mouse430-2 GeneChip [see Addi-
tional files 5 through 8 and 9 through 12]. Q-PCR and
GeneChip data were normalized against cell number by
functions {3} and {4}, respectively. The averages and
standard deviations (sd) of each group (n = 3) were calcu-
lated and plotted as three layers of isoborograms on to 5
x 4 matrix three-dimensional graphs (Figure 5). Together
with another sample set (data not shown), a total of
thirty-six primer pairs were compared, and there was a

http://www.biomedcentral.com/1471-2164/7/64

correlation of up to 90% between the Q-PCR and Gene-
Chip surfaces. It is notable that not only the average sur-
faces but also the +1sd and -1sd surfaces corresponded
closely in shape and size. We infer that the differences
resulted mainly from biological variations among the
three animals in each experimental group rather than
from measurement error (cf. Figure 7).

An important feature of Percellome normalization is its
independence from the overall expression profile of the
sample. When gene expression profiles differ among sam-
ples, Percellome normalization produces a robust tran-
scriptome that is different from total-RNA dependent
global normalization. As an example, Figure 6 shows the
results of an experiment on the uterotrophic response of
ovariectomized mice to estrogen treatment [12] [see Addi-
tional files 13 and 14]. The uteri of the vehicle control are
atrophic because the ovaries, the source of intrinsic estro-
gens, are absent. The uteri of the treated groups are hyper-
trophic owing to estrogenic stimulus from the test
compound administered. Global normalization (90 per-
centile) between the vehicle control group and the high-
dose (1,000 mg/kg) group indicated that 4,600 of 12,000
probe sets showed 2-fold or greater increase, 470 were
reduced by 0.5 or less, and 7,400 remained between these
extremes. In contrast, analysis of Percellome-normalized
data revealed that almost all the 12,000 probe sets showed
a 2-fold or greater increase, including actin, GAPDH and
other housekeeping genes. The hypertrophic tissues, con-
sisting of cells with abundant cytoplasm, provide convinc-
ing evidence for the increases in various cellular
components including housekeeping gene products.

Another important feature of Percellome normalization is
the commonality of the expression scale across platforms.
Batch conversion can be performed between results
obtained from different platforms when the data are gen-
erated by the Percellome method. A practical strategy for
such normalization is to prepare a set of samples from a
target organ of interest with differences in gene expres-
sion, and measure them once by each platform. Data con-
version functions with good linear dose-response
relationships can be obtained individually for those
genes/probe sets that are measured by both platforms

(Figure 7).

Discussion

We have developed a novel method for normalizing
mRNA expression values to sample cell numbers by add-
ing external spike mRNAs to the sample in proportion to
the genomic DNA concentration. For non-diploid or ane-
uploid samples, an average DNA content per cell should
be determined beforehand for accurate adjustment. When
there is significant DNA synthesis, a similar adjustment
should be considered.
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Correspondence between Q-PCR and GeneChip data. Sixty male C57BL/6 mice were divided into 20 groups of 3 mice
each. 2,3,7,8-tetrachlorodibenzodioxin (TCDD) was administered once orally at doses of 0, |, 3, 10 and 30pg/kg, and the liver
was sampled 2, 4, 8 and 24 h after administration. The liver transcriptome was measured by the Affymetrix Mouse430-2 Gene-
Chip. For Q-PCR, nineteen primary pairs were prepared and the Ct values of the same 60 liver samples were measured (19
genes and 5 spikes in duplicate, using a 96-well plate for 2 samples, total 30 plates). The Percellome data were plotted on to 3-
dimensional graphs for average, +1sd, and — Isd surfaces as shown in (a). The scale of expression (vertical axis) is the copy
number per cell. The 0 h data (*) are copied from the 2 h/dose 0 point for better visualization of the changes after 2 h. The sur-
faces are demonstrated as a grid plot (b) where the grid points indicate one treatment group (n = 3), and a smoothened spline
surface plot (c) for easier 3D recognition ((b), (c): Gys2 (glycogen synthase 2, 142481 5_ at) showing a typical circadian pattern.
(d) the smoothened plots of 6 representative genes/ probe sets generated by Q-PCR (red) and GeneChip (blue). AhR (arylhy-
drocarbon receptor, 1450695_at) showed imperfect correspondence. Cyplal (cytochrome P450, family |, subfamily a,
polypeptide |, 1422217_a_at) and Cypla2 (145075_at) showed good correlations between Q-PCR and GeneChip except for
the saturation in GeneChips above c. 400 copies per cell. Cyplbl (1416612_at) and Cyp7al (1422100_at) showed good corre-
spondence. Hspala (heat shock protein | A, 1452888_at) showed fair correspondence despite low copy numbers, near the
nominal detection limit of the Affymetrix GeneChip system.

The smallest sample to which we have successfully
applied the direct DNA quantification method with suffi-
cient reproducibility is the 6.75 dpc (days post coitus)
mouse embryo which consists of approximately 5,000
cells. This sample size is also approximately the lower
limit for double amplification protocol to obtain suffi-
cient amount of RNA for Affymetrix GeneChip measure-

ment (cf. http://www.affymetrix.com/Auth/support/
g .y ] . . Lzin)

High-resolution technology such as laser-capture micro-

dissection (LCM) has become popular and the average
sample size analyzed is getting smaller. An alternative
method for LCM samples is to count the cell number in
the course of microdissection. Although we have not yet
applied Percellome method to LCM samples, we have
applied the alternative method to cell culture samples to
gain Percellome data. Stereological and statistical calcula-
tions should become available to correct the number of
partially sectioned cells in the LCM samples. Another
issue for small samples is the yield of RNA. Approximately
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Figure 6

Uterotrophic response of ovariectomized female
mice by an estrogenic test compound.(a) Shows the
uterine weight, which increases in a dose-dependent manner;
V, vehicle control; Low, low dose; ML, medium-low dose;
MH, medium-high dose; High, high dose group. (b) Shows the
line display of uterine gene expression (Affymetrix MG-
U74v2 A GeneChips) normalized by global normalization (90
percentile), and (c) by the Percellome normalization. Aver-
ages of three samples per group were visualized (by K. A.).
The five white lines are the GSC mRNAs. The green and blue
lines are actin (AFFX-b-ActinMur/M|12481_3_at) and
GAPDH (glyceraldehyde-3-phosphate dehydrogenase, AFFX-
GapdhMur/M32599_3_at), respectively. By global normaliza-
tion, 7,400 probe sets remained unchanged and 4,600 probe
sets increased more than two-fold in the H group compared
to the V group, whereas almost all probe sets measured had
increased. It is noted that housekeeping genes such as actin
and GAPDH are significantly induced on a per cell basis.

30 ng of total RNA is retrieved from a single 6.75 dpc
mouse embryo. This amount is sufficient for a double
amplification protocol (DA) to prepare enough RNA for
an Affymetrix GeneChip measurement. An inherent prob-
lem with the DA data is that the gene expression profile
differs from that of the default single amplification proto-
col (SA). Consequently the DA percellome data differ
from that of SA as if they were produced by a different
platform. To bridge the difference, we applied the proce-
dure that was used for data conversion between Q-PCR

http://www.biomedcentral.com/1471-2164/7/64

and GeneChip (cf. Figure 7). A set of spiked-in standard
samples including the LBM sample set (of sufficient con-
centration) were measured by the SA protocol and diluted
versions to the limit measured by the DA protocol. These
data provided us with information about whether DA was
successful as a whole (by comparing 5' signal to 3' signals
of selected probe sets) and which probe sets were properly
amplified by DA (by checking the linearity of the diluted
LBM data). For those probe sets that proved to be linearly
amplified, conversion functions between DA and SA were
generated. These details, along with embryo expression
data will be published elsewhere.

Figures 5 and 7 indicate a close correspondence between
the data generated by Q-PCR and GeneChip analyses.
Since each of the 60 samples was normalized individually
against each GSC signal, the high similarity between the
two platforms indicates the robustness and stability of
this spike system (cf. Figure 7, Cyp7al data). Although
more spikes could potentially increase the accuracy of
normalization, our experience is that five spikes are prac-
tically sufficient for covering the detection range of Gene-
Chip microarrays and Q-PCR, as long as they are used in
combination with the "spike factor". The overall benefits
of using a minimum number of external spikes include
lower probability of cross-hybridization, a reduced
number of wells and spots occupied by the spikes in the
Q-PCR plates and small scale microarrays, and less effort
in preparation, QC and supply.

The Percellome data can be truly absolute when all mRNA
measurements including GSC spikes are strictly propor-
tional to the original copy numbers in the sample
homogenate. As noted earlier, this condition is not guar-
anteed by any platform despite linearity of response.
Therefore, the Percellome-normalized values have some
biases for each primer pair/probe set, depending on the
steepness of the dose-response curves. An advantage of
Percellome normalization is that, as long as such biases
are consistently reproduced within a platform, the data
can be compared directly among samples/studies on a
common scale. Consequently, when a true value is
obtained by any other measure, all the data obtained in
the past can be simultaneously batch-converted to the true
values.

This batch-conversion strategy can be extended to data
conversion between different versions and different plat-
forms, as long as the data are generated in copy numbers
"per cell". We have shown an example between Affymetrix
GeneChip and Q-PCR for limited numbers of probe sets
(cf. Figure 7). Custom microarrays that accept our GSC for
Percellome normalization are in preparation by Agilent
Technologies (single color) and GE Healthcare (CodeLink
Bioarray).
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