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Figure 3. Genome-wide power of association studies for common causal alleles with weak 1o moderate genctic ellects. Genome-wide power was caleulinted in
CEU by averaging single point power for each putative causal allele over all common (MAF = 0.05) SNPs 0 the Rel ™™ " M poference sel. with mereising
markerand sample sizes for small 1o moderate GRRs (1.3 1.7) in multiplicatin e discase models, Power was computed using adaptive thresholds for masty ') that
provides & genome-wide P-vatue of 005 (dark columns) or using a fised threshold (71« 10 Bight columns) for cach marker set. The power with an adap-
tive threshold for a genome-wide P-value of 001 was also indicated by a lower bar within cach column
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Figure 4. Comparison of power i different HapMap panels and in commercially available genotyping platforms. Genome-wide power was caleulated for difier-
ent HapMap pancis i avariety of marker sets. including indicated numbers of randomly seleeted SNP markers for GRR 1.5 (A GRR 1.7 (B and GRR 19
1C Stnistical thresholds were adjusted 1o prosade genome-wide P-vilues ol (L03, Genome-wide power wis also caleulated for commercially available geno-
tvping platforms m different HapMap pancls (D) and varying samiple numbers and effeet sizes for CEU(E). The examined platforms are GeneChipre 100K
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low MAF values by any means. but also to inerease the sample
size (Fig. 6B and C).

Discussion

Phrough the current analysis. we empirically determined the
size of test statistics for causal as well as null markers under
varying degrees of genome coverage and realistic study para-
meters. and thereby demonstrated how genome-wide power is
affected by the interplay between genome-coverage and other

determinants. Here it is appropriate o compare the perform-
ance [power (1 = ) or sensitivity] of the different SNP sets
with their specificity (or 1+ ) being constant by applyving
adaptive thresholds. where ¢ denotes genome-wide type |
crror probability. In addition, the power caleulated in this
way is directly related to false positive report probability
(FPRP). which is simply oxpressed as 11 = B)e.
which is approximately extended to 11 vm(1 = B) ] assum-
ing a total of mr independent causative loci having the same
effect size. Note that « is a constant for all SNP sets,



2502 Himan Molecular Geneties, 2007, Vol 16, No. 20

p— Sample size (/arm) 500 750 1000 1500
0.05 0.20
0.10 CEU. GRR1.5.
gy | prevalence 0.05.
= R1 R2 multiplicative
o
g GRR 13 1.5 17
1]
E R4 R3 CEU. 1000/arm,
prevalence 0.05,
-Y multiplicative
B Available platforms G500K G250K G100K H300 H550
) ) " ! i distribution
G: GeneChip rare dense
H: HumanHap CE—
Random markers 10K 30K 50K 125K 250K 500K  1000K
e A — - " b '

Figure 8 Impact of allele frequencies and genome coverage on genome-wide power Reference SN randomly scleeted from the Phase 11 CELU set
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Le. 0.05 or 0.01. So [rom our simulations, readers will casily
evaluate the power and FPRP expected form given SNP set,
sample size and predicted elfect size. As long as practical
power (for example, I = 8 =) is obtained. FPRP is expected
to less than 0.5, which will be satistactory for initial discovery
studices.

We estimated genome-wide thresholds based on the simu-
lations using small numbers of HapMap chromosomes. In
real studies. the threshold should be determined using their
own applicable data sets. where diploid. rather than phased,
chromosomes could be used when enough samples are ana-
Ivzed. A larger number of chromosomes should contain
more numbers of rare segregating SNPs, but these rare SNPs
would not increase x~ thresholds substantially (22).

In terms of the effective number of independent SNPs (Ne)
in various marker sets, the diversity ol the human genome is
likely to be on the order of T000K in CEU and the corres-

ponding nominal P-value giving a genome-wide « error of

0.05 is 5 x 10 ¥ For moderate GRRs (2 1.5). this threshold

could be overcome with = 1500 samples per arm for very
common SNPs (MAT .- 0.20), but for less common SNPs or
those with a small genctic effeet (GRR=1.1--1.2), extremely
large numbers of samples will be required (Supplementary
Material. Figure S8). which urges moves toward  sharing
typing data across multiple groups as exemplified in recent
reports that identified predisposing factors with very modest
genetic effects for type 2 diabetes (35 -37). The diversity of
our genome may not allow for detecting very rare causative
alleles (+=0.01) with even smaller  genetic effects (ie.
GRR = [.1) using this approach (Fig. 6D).

Under these limitations, several issues should be considered
o cfliciently exploit study resources and to increase the
chance of finding a true association. First, for the increased
genome coverage to be effectively translated into power, it
needs to be accompanied by o corresponding increase in
sample size. When sample numbers are small relative to the
cfleet size. the cost of multiple testing largely offsets the
expected increase in the test statistices for causal alleles with
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Figure 6. Effcets of allele frequencey on simulated power. Distribution of
power on MAF in association studies are shown for varving marker sets
under a constant sample size (1000 Zrm) (A). and for varying sample sizes
under a fised marker set: GeneChipds 230K (B) or a hypathetical complete
marker set (). CEU was used for simulations with fixed GRR (1.5) and
discase prevalence (0.05). The sample size that is required for deteeting a cau-
sative allele with 80% power was ealeatated for GRRsof 1.2, 13, 1.5 and 1.7,
assuming complete genome coverage in a multiplicative model (D). The sig-
niticance threshold for genome-wide P-values of (.05 is set assuming com-
plete penome coverage (N 1023K, solid lines) or independent 50K
markers (single point P-value =1 x 10 . Ne= 50K, broken tines).

no measurable gain in power. and can even exceed the gain in
causal distributions (Fig. 4). Increasing genome coverage with
insufficicnt sample sizes would only consume resources with
no substantial benefit in power. [n addition, power tends to
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saturate in higher genome coverage and the effect-of increas-
ing the number of marker SNPs s less prominent compared to
that of increasing sample sizes. In most simulated situations,
more power is cxpecled by doubling the sample size than by
doubling the number of maker SNPs. For example, our simu-
lations predict that doubling the sample size using GeneChipay
Nsp 250K is almost certainly more efficient than analyzing
half of (he samples with both Nsp 250K 1 Sty 250K (Sup-
plementary Material, Figure §9).

The tagging strategy or statistical imputation is cffective for
increasing genome coverage with limited numbers of marker
SNPs (21.38.39). although it docs not save the cost of
multiple-hypothesis testing. The clficiency of generating, a
tag SNP set with higher genome coverage, however, s
increasingly  compromised. The additional gain in power
becomes smaller with increasing genome coverage, while
more and more cflort will be required to find additional inde-
pendent tag SNPs, because many SNPs are already captured
by existing tag SNPs. In addition, we simulated power using
“All Phase 11" sct. In the sensce that all references are captured
through dircet association, this marker set provides the ulti-
mate coverage of the genome. Considering  that modest
increase of power using “All Phase 117 set compared with
random 1000K set (Fig. 3), multimarker tagging presumably
may not push up the power profoundly. Transferability of o
tag SNP set from one population o another is also a
problem. Tag SNPs for CEU arc translfcrable to a certain
degree to JPTHCEU, but they are less effective for YRI.

In any simulated scenarios, detecting SNPs with lower MAF
values (0.05-0.10) is very difficult using whole genome
approaches. which is especially true for SNPs with less than
0.05 MAF values. In this situation, genome coverage (o
capture these rare SNPs becomes definitely important, but
the required increase in the sample size is greater for rare
SNPs than for common ones. Effort to devising SNP sets for
these rare alleles, or exhaustive multimarker tests (21.38). is
not likely to be rewarding unless their genctic effects are sub-
stantially large.

MATERIALS AND METHODS
HapMap data sets

The phased genotyping data of the HapMap Phase H (release
21) were obtained from the International HapMap Project
web site (http//www.hapmap.org/downloads/phasing/2006-07_
Phasc 11/) (10). 1t includes the data from 60 CEU parents (120
chromosomes), 60 YR 1T parents (120 chromosomes) and the com-
bined sct of 45 IPT and 45 CHB unrclated individuals (180
chromosomes), and is provided in three discrete sets (“ali”. “con-
sensus”. and “phased’). of which we used the former two sets for
analysis. The *all” set contains the comprehensive data ofall SNPs
genotyped in cach population including non-scgregating sites,
and the ‘consensus’ set consists of the intersection of *all” sets
from the three population pancls. The “all® scts contain
3755469, 368 5205 and 3776 850 SNPs for CEU. YRI and
IPT+CHB. respectively, and the “consensus’ st includes
3535396 SNPx,
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Marker sets and the reférences for power calculation

We generated a series of marker scts consisting of 10K, 30K,
SOK, 125K, 250K, 500K and 1000K SNPs, by randomly
selecting SNPs from the Phiase 11 all* scts for cach HapMap
pancl. The number of scgregating SNPs in cach set is
denoted as Ns and shown in Table 1for CEU panel. Because
the Phase 11 *all” set contaings most of the SNPs on commer-
cially available platforms, including Affymetrix@ GeneChip®
S00K (Nsp+Sty), 250K (Nsp), 100K (Hind+Xba), Hluminai
HumanHap3008®, and  Humanlap550@  (Supplementary
Matcrial. Table S1). the intersectional SNPs of these platforms
with the Phase I} “all” set were incorporated into the analysis
as representative SNPs of cach commercial set. Annotation
files for SNPs on GeneChip® scrics are available from the
Affymetrix® web site (hitp//www.affymeirix.com/products/

application/whole_genome.affx). The SNP information of

HumanHap® scrics was kindly provided by HHumina® inc.
o : ’ SPhase H SKb-
A subsct of the Phase 11 SNPs, referred to as “Ref e 1 SKb-

was constructed and used as azreference in the caleulation of

genome-wide powers by randomly selecting SNPs from the
‘conscnsus’ sct so that cach SNP is, on average, 5 Kb apart
from the adjacent SNPs. Combined SNPs from the 10
ENCODE regions, denoted as Rel™ " were used as an
alternative reference set. Only ‘common SNPs (MAF > .05)
were included in the power calculations as putative causal
alleles.

Simulation of casc-control panels under the null hypothesis
and fitting simulated distributions

Null distributions in genctic association studics are considered
for only vagucly defined ensembles having limited population
sizes, c.g. all adult Japancse cligible for a study. To obtain
asymptotic distributions. we gencrated 10000 aull case-
control pancis by randomly resampling phased autosomal
chromosomes  from the ‘all> set of CEU, YRl and
JPT+CHB. Simulations were performed  with  different
sample numbers, i.c. 500, 750. 1000, 1500, 2000 and 4000
per single arm. For cach case-control pancl. the maximum
x~ value (max(x 7): d.f.=1) in the standard alicle test was cal-
culated for different marker sets to obtain empirical null distri-
butions of max(x°).

The simulated distributions. d(x?), were fitted to the nuil
distribution for hypothetical-Ne independent SNPs. @ (X°).
by the least squares method as follows:

Nc = arg min [‘(‘pN(,\r’) - (i)(,\?))zd,\;'
N

The Gnu Scicentific Library was used to handle these functions.

Simulation of case-control studices and calculation of power
We consider multiplicative discase models showing a preva-
lence ¢, and assume a single causative allele whose MAF
and GRR arc P (=0.05) and 1, respectively. Given the penc-

ively, expected genotype frequencics in the case and control

pancls are given as.

Piad|case) = P
-
2001 = p)fo,
PlAu)case) = LL/"
p
I - Z (.Hl
Plaalcase) = U= fuw
-

2 | - -‘
PlAad|controly = -

| —¢
5 _ .
P(Aalcontroly = MM
| —¢
I - : I - ./u
Pladlcontrol) = (—/)I’—(-L
—

whore
e=pfaa+2p0 = e + (0 = pYh,

_/;M = ‘Y:,/..m- _/..!u = 7,/,}”

According to these allele frequencics, we gencrated 2000
casc-control pancls under the alternative hypothesis by resam-
pling a predetermined number of phased chromosomes, and
caleulated max(x?) of the marker SNPs for cach pancl,
where the calculations were  performed only for those
marker SNPs that arc within 500 Kb from the putative
causal SNP. The proportion of simulated casc-control pancls
whose max(x° ) exceeded the upper 95 or 99% point of the cor-
responding null distribution for that marker set was defined as
the power. The genome-wide power was computed by aver-
aging cach power for all SNPs within the reference sct. As
the number of marker SNPs increases, up to as high as
1000K, there is a considerable chance of detecting direct
associations, i.c. the causative SNP is included in the marker
sct. Assuming 7500K common SNPs within the human
genome (17). the Phase N data sct includes one-fourth
(2167K common SNPs in CEU) of all the common SNPs.
Based on this estimation. we excluded three-fourths of the
dircet associations from the caleulation of genome-wide
power 10 avoid overestimating its chance. The adjustment of
dircct association. however, has little influcnce on the
results. This correction was not applied to the power calcu-

: INCODE :
. lation on the Ref*™ O o because it represents the nearly

complete data sct for those regions.

Computational resources

All simulations were run on the GXP clustering computer
system in the Department of Information and Communication
Engineering. Graduate School of Information Science. Univer-
sity of Tokyo.

SUPPLEMENTARY MATERIAL

Supplementary Matcrial is available at HMG Online.
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Expression Profiling of Immature Thymocytes Revealed a.
Novel Homeobox Gene That Regulates Double-Negative
Thymocyte Development’

Masahito Kawazu,*" Go Yamamoto,* Mayumi Yoshimi,* Kazuki Yamamoto,* Takashi Asai,*
Motoshi Ichikawa,* Sachiko Seo,* Masahiro Nakagawa,* Shigeru Chiba,” Mineo Kurokawa,*
and Seishi QOgawa***7

Intrathymic development of CD4/CD8 double-negative (DN) thymocytes can be tracked by well-defined chronological subsets of
thymocytes, and is an ideal target of gene expression profiling analysis to clarify the genetic basis of mature T cell production, by
which differentiation of immature thymocytes is investigated in terms of gene expression profiles. In this study, we show that
development of murine DN thymocytes is predominantly regulated by largely repressive rather than inductive activities of tran-
scriptions, where lineage-promiscuous gene expression in immature thymocytes is down-regulated during their differentiation,
Functional mapping of gencs showing common temporal expression profiles implicates previously uncharacterized gene regulations that
may be relevant to early thymocytes development. A small minority of genes is transiently expressed in the CD44"*CD25" subset of
DN thymacytes, from which we identified 2 novel homeohox gene, Diexl, whose expression is up-regulated by Runxt. Dux! promotes the
transition from CD44"**CD25" to CD44"CD25" in DN thymocytes, while constitutive expression of Duxl inhibits expression of TCR
B-chains and leads to impaired B selection and greatly reduced production of CD4/CD8 double-positive thymocytes, indicating its

critical roles in DN thymocyte development. The Journal of Immunology, 2007, 179: 5335-5345,

ntrathymic development of thymocytes from their bone mar-

row progénimrs is a criticul process for the generation of

mature T cells. through which the immature thymocyte pro-
genitors, as identified by the absence of mature T cell markers
(CD4/CD8 double-negative (DN)* T cells). differentiate into the
CD4/CD8 double-positive (DP) cells. and finally produce CD4
or CD8 single-positive T cells. Although accounting for <5% of total
thymocytes in mice. the DN thymocytes undergo a dynamic de-
velopmental process that is essential for the subsequent expansion
into the DP population (1). Among these DN thymocytes.
the earliest chronological subset (DN} is recognized as a
CD44M"C_Kit* CD25™ population (2. 3). In the first wave of cy-
tokine-dependent pre-T cell expansion. the DN cells begin to pro-
liferate with concomitant up-regulation of CD25. giving rise to the

*Departinent of Hematology and Oncology. *Cell Therapy ind Transplantation Med-
iine, and fRegeneration Medicine for Hematopoiesis: ®21s1 Century Core of Excel-
tence (COE) program, Graduate School of Medicine. University of Tokye. University
of Tokyo Hospital. Tokyo, Japan: and ICore Research for Evolutional Science and
Technolagy, Jupan Science and Technology Agency

Received for publication June 5. 2007. Accepted for publication July 23, 2007.

The costs of publication of this article were defrayed in part by the payment of page
charges. This article must therefore be herehy marked advertisement in accordince
with 18 ULS.C. Scetion 1734 solely to indicate this fact.

" This work was supported by Research on Measures for Intractahle Discases. Health

and Lubor, Sciences Rescarch Grumts, Ministry of Health. Labor and Welfare, Re- |

scarch on Health Sciences focusing on Drug Innovation, the Japan Health Sciences
Foundution. und Core Research for Evolutional Science and Technology. Japan Sci-
cnee and Technology Agency.

* Address corsespondence and reprint requests to Pr. Scishi Ogawa. Department of
Regeneration Mudicine for Hematopoiesix, Graduate School of Medicine, University
of Tokyo. Bunkyo-ku. Tokyo. Japan. E-mail address: sogawa-thy @umin.ac jp

* Abbreviations used in this paper: DN. double negative: DP, doubie positive: FL.
fetal iver: rh, recombinant human: sShRNA. small hairpin RNA: iTCRB. intraceliular
TCRB: gPCR, gquantitative PCR; NGFRL. nerve growth factor receptor: OPY-DLI,
OP9-dehia-like-1.

Copyright © 2007 by The American Association of nmunologists, Ine, 022-176707/52.00

www jimmunol.org

DN2 population showing the CD44""C-Kit ' CD25" phenotype
(4). The DN2 thymocyles then start to rearrange their TCR genes
and down-regulate the' CD44  cxpression to  gencrate  the
CD44™™CD25™" DNA2 subset (5). In the DN3 stage, thymocyles are
subjected Lo a process called B selection and only those DN3 cells
that have productively rearranged their TCRB gene can survive and
transit into CD44'"“CD25~ DN4 thymocytes. followed by rapid
expansion into the DP population (6-8).

During these early developmental processes. immature thymo-
cyte progenitors lose their multilineage plasticity and exclusively
commit to T cell differentiation. Under appropriate conditions. the
DNI population can generate multilineage hemopoietic compo-
nents in vitro (9. 10). although there still remains some controversy
with regard to their potential to B lineage differentiation (11). The
potential of the multilineage commitment is more restricled in the
DN2 stage. where cells cun still give rise to NK cells and thymic
dendritic cells. but no more B cells (10, 12-14). and after the
DN2/DN3 transition and the succeeding 3 selection, thymocytes
mostly lose their potential to multilineage plasticity and totally
commit to T cell lineage (10).

Because these processes are thought to tuke place under tightly
controlled gene expression. it is of particular importance to clarify
the nature of this gene regulation and the key regulators involved
in that regulation. To date. a number of molecules have been iden-
tified that regulate these developmental processes (15). Notchl-
deficient thymocytes. for example. are not able to produce T cells
but differentiate into B cells (16). while pTa, TCRB. Lck. SLP76.
and Lat are shown to be indispensable for 8 selection and their
knockout mice show a severe maturational block at the DN3/DN4
transition (17). Similarly. the DN2/DN3 transition is completely
blocked in Ruix/-deficinet mice (18.19) and also in double knock-
out mice of pTa and conmon cytokine receptor y-chain genes
(20). In contrast. it is well unticipated that these developmental
processes in DN thymocytes should involve regulation of much
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FIGURE 1. Micraarray analysis and clustering of genes differentially expressed during carly thymoeyte development. A, DN2. DN3. and DNA thymao-
cytes from four CSTBL/A mice were FACS sorted and subjected 1o microarray analysis of gene expression profiles. B Hicrarchical clustering of 12
microarray data obtamed from four independent experiments. Only branch portion is presented. €, One thousand five hundred differentially expressed genes

were grauped into six clusters showing diserete temporal expression profiles by K-means clustering miethods tepper paels). which are

alsor presented in

heat map (ower panel). The expression values Tor a gene across all samples were standardized 10 have o mean 0 and SD 1. Standardized expression levels
of genes are indicated in graphs tupper panels) and in heat map dower panely. Vertical seale of the graphs is from = 1.5 10 4 1.5, Each columm of heat
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larger numbers of genes than those related o these known molecules.
To understand the molecular mechanisims of DN thymocyie develop-
ment. it may be also of use to clarify how these developmental pro-
cesses are regulated intenms of their entire gene expression. o which
cell differentiation is ultimately ascribed.

In the current study. we approached this issue by investigating
gene expression profiles in discrete subsets of DN thymocytes un-
der development in which DN2. DN3. and DN4 thymaocytes were
sorted and subjected (o expression profiling analysis with high-
density oligonucleatide microarrays. Clustering of differentially
expressed genes among these DN thymocyte subsets demanstrated
that during DN development. regulation of gene expression is pre-
dominantly repressive rather than inductive. in which multiple lin-
cage-aftiliated genes expressed in immature thymocytes are down-
regulated during the course of DN thymocyte  development.
Functional mapping of clustered genes also revealed a possible
imvolvement of previously uncharacterized functional gene regu-
futions in thymocyte development. Finally. we identified a novel
homeobox gene (Duxl). transiently expressed in DN3 thymocytes.
We showed that Duvl is induced by Runx! and regulates DN thy-
mocyte development by promoting the DN2/DN3 transition. while
deregulated expression of Dual resulted in impaired 8 selection
and severely compromised production of DP thymaocytes. indicat-
ing its critical roles in DN thymocyte production,

Materials and Methods

Cell sorting and RNA extraction

Al Abs used for cell sorting were purchased rome BD Pharmingen, Thy-

mocytes were harvested from 3- 1o 6-wh-old female C37BL/A6 mice. Four

independent cell sortings were performed and tour mice were sacrificed for

cach experiment. Betore cell sorting, CD4" cells and €DK cells were

depleted using the MACS LD system (Miltenyi Biotee), The remaining
fraction was stained with anti-CD44 and anti-CD25 Abs conjugated 10
FITC or PerCP-Cy3.5. respectively. and also with PE-conjugated Abs 1o
CD4, CDR,. CDANKILL L and TCRyS and sorted using a FACSAria cell
sorter (BD Biosciences). DN2D DN and DNS subsets were identificd as
FITC'PE PerCP Cy5.5°. FITC PE PerCP Cy55'. and FITC PE
PerCP Cy5.5  populations. respectively. For expression analysis of var-
tous hemopoictic lincages, mononuclear cells were separated from a single-
cell suspension ol bone marrow ol 5- o 6-wh-old female CSTBL/G mice by
centrifugation on a Histopague- 1083 (Sigma-Aldrich). c-kit© cells were
obtained by positive selection for the c-hit Ag with MACS magnetic beads.
The remaining traction was stained with FITC-conjugated Ah 1o Terl 19,
PerCP-conjugated Ab 10 B220. and PE-conjugated Abs to Macl, and
Terl 19" fraction. B220' fraction. and Macl fraction were sorted.
B220+ splenocytes and CD3+ splenocytes were collected by positive se-
lection of splenocytes for the B220 Ag or CD3 Ag with MACS magnetic
heads. RNA was extracted from soned cells using an RNeasy Mini kit
(Qiagen) according to the manufacturer’s instruction.

Microarray experiments

Biotin-labeled CRNA probes were prepared using a Two-Cyele cDNA Syn-
thesis: Kit (Aflvmetrix). Following fragmentation. biotin-labeled ¢RNA
was hybridized 1o the Mouse Genome 430 2.0 Array (Allymetrixo for 16 )
at 45°C as recommended by the manufacturer. Washing was performed
using an automated fluidies workstation. and the array: was immediately
scanned with GeneChip Scanner 3000 7G. Expression data were extracted
from image files produced on Aftymetrix GeneChip Operating software 1.0
(GCOS). The absolute detection call tpresent, absent. or marginal) for cach
probe set was determined on GCOS. Normalization and expression value
calculution were performed using a DNA-Chip Analyzer (www.dehip.org)
(21 The invariant set normalization method (223 was used to normalize
arrays at probe cell level to make them comparable and the model-based
method (22) was used tor compating ¢xpression values. These expression
levels were attached with SEs as measurement aceuracy. which were suhb-
sequently used to compute 90% contidence intervals of fold changes in two
group comparisons (22 The fower confidence bounds ol fold changes
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were conservative estimate of the real fold changes. Differentially ex-
pressed probe sets were identified as those sets whose meun signals showed
>1.5-fold difference between DN2 and DN3 and DN3 and DN4. The prob-
ability of fulse discoveries with this threshold was caleulated by random
permutations as described previously (23). Raw microarray data can be
found at hup://www.nchi.nim.nih.gov/geol. GEO accession no. GSE7784.

Clustering and pathway analysis

One thousand five hundred differentially expressed genes that were iden-
tified as described above were clustered using a K-means (24) server on
Gene Expression Pattern Analysis Suite (hitp://gepas.bioinfo.caio.es/) (25.
26). Molecular network of each cluster was analyzed by KeyMolnet soft-
ware. which wus developed by the Institute of Medicinal Molecutur De-
sign. Inc. (IMMD) (27). Known moleculur dita were curated by IMMD
and the obtained gene list of cach cluster was combined with this software
and shown as molecular networks. Significance of a determined pathway to
obtained networks was determined. To ascertain whether any moleculiar
pathways determined by IMMD annotate a relation between molecules in
the networks at a frequency greater than that would be expected by chance.
this software calculates a p value using the hypergeometric distribution as
described previously (28).

Cloning of Duxl ¢DNA and construction of retrovirus plasmid

¢DNAs of Duxl and FLAG-tapged Dux] having Noirl and Xhol sites on
their 5" and 3’ terminus. respectively. were PCR amplified from template
¢DNA prepared from total thymic RNA using TaKaRa LA Taq (Tukara
Bioy with the following sets of primers: 5-AAAAGCGGCCGCATCGA
TACCATGGAGCTGAGCTGCAGTACT-3" tfor Duxl sense). 5'-AAAA
GCGGCCGCATCGATACCATGGACTACAAGGACGACGATGACAA
GATGGAGCTGAGCTGCAGTACT-3" (for FLAG-tagged Dux! sense).
and S-AAAACTCGAGCTACGGAGTTTGGTGTGCTT-3' (for the com-
mon antisense for both). Each PCR product was digested with Nl and

Xhol and cloned into the Notl-Xhol site located at the 5° upstream ol -

IRES-GFP or IRES-NGFRt of the pGCDNsant {a gift from Dr. H. Nukauchi.
University of Tokyo, Tokyo, Japan) retrovirus vector. Nucleotide sequences of
these plasmids were confirmed by resequencing. Retrovirus was prepared by
transfecting the PLaF s gift from Dr. T. Kitamura. University of Tokya) celt
line with cach construct.

Quantitative PCR analvsis

Total celtulur RNA was converted into ¢cDNAs by reverse transcriptase
(Superseript HE: Invitrogen Life Technologies) with random primers.
¢DNAs were amplified in triplicate for 40 cycles at 95°C for 15 s and 60°C
for 60 s using an Applied Biosystems PRISM 7000 Sequence Detection
System according to the manufacturer’s instructions. Predesigned TagMun
primer and probe sets for 1110051B16Rik (MmOOS41823_mi: Applied
Biosystems} (sce Fig. 4). for PU.T (MmOO488 140_m 1), and for 18S rRNA
(no. 4308329: Applied Biosystems) were used for the assay. PCR ampli-
fication of GAPDH. 1110051B16Rik (see Fig. 5B) and Rag! was per-
formed using Platinum SYBR Greent gPCR SuperMix-UDG with ROX
tnvitrogen Life Technologics) and the following primer sequences:
GAPDH (forward. 5'-GAATCTACTGGAGTCTTCACC-3': reverse.
5"-GTCATGAGCCCTTCCACGATGC-3").  11100SIBI6Rik  (forward,
S-GGGAAAACTGGCTCAACAA-3: reverse. 5'-GTGTTCTGTCCTGG
GTCTGG-3"). Ragl (furward. 8'-CTGAAGCTCAGGGTAGACGG-3":
reverse. 5-CAACCAAGCTGCAGACATTC-3"). Significant PCR fluores-
cent signals were normalized for cach sample to a PCR fluorescent signal
obtained using GAPDH or I8S rRNA as control.

Coculture of fetal liver (FL) cells with OP9-delia-like-1
(OP9-DL1) stromal cells

OPY-DL1 is a bone marrow stromal cetl line that expresses a Noteh ligand.
Delta-like 1. and supports development of DP thymocyies from FL-derived
hemopoietic progenitors (29) and was provided by Dr. §. C. Ziiiga-Pfiticker
(University ol Toronto. Toronto, Canada). In our OPY-DLI assay. FL
cells were harvested from E14.5 embryos and cultured on OPY-DLI cells
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in combination with retroviral gene transfer as previously described (19).
Briefly. mononuclear cells were separated from FLL cells of CS7B1J6 mice.
In brict. 5~ 10" mononuclear cells were cultured on confluent OPO-DILI
cells in Mat-batom 24-well culture plates with 500 ml of MEM (Invitrogen
Lile Technologies) supplemented with 204 FCS, penicillin/streptomycin.
and § ng/ml recombinant human (chy IL-7 (Techne Laboratories). After §
or 6 days of culture, 5 > 10" cells were passed onto newly prepared OPY-
DL cells in the presence of 5 ng/ml thlL-7. and retrovirus infection was
performied using polybrene ttinal concentration. 8 mg/ml). followed by
another S or 6 days of culture. In briel. § 2 10" cells were again passed
onto newly prepared OP9-DLT cells and cultured Tor another 5 or 6 days.
but in rhll.-7-free culture medium.

PCR for TCRB rearrangement

PCR for TCRB rearrangements was performed as described elsewhere (30)
on DNA isolated from FL cells cultured on OPY-DLL1 using the following
primers: DR, GTAGGCACCTGTGGGGAAGAAACT: 182, TGAGAG
CTCTCTCCTACTATCGATT: and VB5. L. GTCCAACAGTTTGATGAC
TATCAC. Afier 40 cyeles of amplincation (10 s at 98°C, 2 min at 68 C).
PCR products were separated on o 4% agarose gel.

RNA interference

The vector backbone was RNAI-Ready pSIREN-RetroQ-ZsGreen (BD
Clontechr. The RNA interference target sequences were GGAGCAG
GATAAACCTAGA (sequence 1) GACTGATATTCTAATTGAA (se-
guence 21 and GTTCCAGACTGATATTCTA (sequence 31 The small
hairpin RNA (shRNA) were designed by a shRNA design algorithm, which
was developed by Dr. M. Miyagishi (31). Oligonucleatides used for con-
struction were GATCCGGGGTAGGATAAACTTAGAACGTGTGCTGT
CCGTTCTAGGTTTATCCTGCTCCTTTTTACGCGTG toligonucleotide
osenser. AATTCACGCGTAAAAAGGAGCAGGATAAACCTAGAAC
GGACAGCACACGTTCTAAGTTITATCCTACCCCG  (oligonucleotide
1oantisense ). GATCCGATTGATGTTCTAGTTGAAACGTGTGCTGTC
COGTTTCAATTAGAATATCAGTCTTTTTACGCGTG  (oligonucleotide
2osense ), AATTCACGCGTAAAAAGACTGATATTCTAATTGAAACG
GACAGCACACGTTTCAACTAGAACATCAATCG (oligonucleotide 2.
antisense ). GATCCGTTTCAGATTGATGTTCTAACGTGTGCTGTCCG
TTAGAATATCAGTCTGGAACTTTTTACGCGTG  toligonucleotide 3.
sense ) and AATTCACGCGTAAAAAGTTCCAGACTGATATTCTAAC
GOACAGCACACGTTAGAACATCAATCTGAAACG  (oligonucieotide
Joantisense). Retrovimus was prepared by transtecting the Pk cell line
with the knockdown vectors.

Results
Clustering of differentially expressed genes during
DN thyvmaocyte development

The DN2. DN3. and DN4 populations were FACS sorted from DN
thymocytes harvested from four CS7BL/6 mice and analyzed by an
Affymetrix Mouse Genome 430 2.0 Array for gene expression
(Fig. 1A). Four independent experiments were performed using 16
mice. After normalizing the array signals using an invariant gene
set (22). we extracted differentially expressed probe sets whose
signals showed =1.5-fold difference between DN2 and DN3 or
between DN3 and DN4. With this threshold. 1.901 probe sets (or
1.500 nonredundant genes) were extracted as “differentially ex-
pressed”™ from actotal of 27.330 probes (16,131 genes) expressed in
cither of the three DN subsets. with a false discovery rate of 0.007
as determined by random permutation tests (23). In hierarchical
clustering, the four independent array data sets for cach subset
were correctly clustered into the same clusters, validating the re-
producibility across the experiments (Fig. 18). In contrast. the K-
means clustering of the 1.500 differentiully expressed genes iden-
tified six clusters. CLI-CL6. showing discrete  temporal
expression profiles: genes expressed higher in DN2 and down-
regulated in DN3 (CL1). those expressed higher in DN2 and grad-
ually down-regulated in DN3 and DN4 (CL.2). those expressed in
DN2 und DN3 but down-regulated in DN4 (CL3). those only tran-
siently expressed in DN3 (CL4). those expressed both in DN3 and
DN4 (CLS). and those showing low expression in [IN2 and DN3

GENE EXPRESSION PROFILE OF IMMATURE THYMOCYTES

A B

% of lineage related genes
within each cluster

50 30 2
8 3
40 5 &
- 8 c
30 - 8 =
z 3
20 = S
-
=
5 I:I
0 ! '
Le ] ~ w ©
T 2 3 & 8§ d 3 (—’J 6’

C

% of Cluster 1 - 6 genes among lineage affiliated genes

CD14+ CD33+

cD56+

BDCA+(DC) CD19+

\\[ O

FIGURE 3. Temporal expression profiles of hemopoietic lineage-aflil-
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composition of ditlerent lincage-alliliated genes with regard 1o clusters.
Area of cach circular graph represents the number ol genes afliliated with
cach lincage.

and up-regulated in DN4 (CL6) (Fig. 1C). The lists of genes in
these clusters were presented in supplementary Table S1. a—f.*

Predominantly repressive gene regulation in DN thvmocyies

and their lineage-promiscuons gene expression

With regard to the temporal profiles of gene expression in DN
thymocytes, our first note is that [123 (74.9% ) of the 1500 differ-
entially expressed genes are initially expressed in DN2 but even-
tually down-regulated during the course of DN thymocyte devel-
opment (CL1-3), while only 79 (5.27% ) and 89 (5.93% ) genes are
up-regulated in DN3 and DN4 (CLS and CL6). respectively (Fig.
1C). The other setof genes (CL4) are transiently expressed in DN3
hut have low expression in DN2 and DN4. Thus. gene regulation
during DN thymocyte development is largely repressive rather
than inductive. Our next note was that these down-regulated genes

' The online version of thes arhele contas supplemental niatersal
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Table L. Significantly relevant patlways i cach cluster

Rank Nanie - P
CLI :
1 Lts (Spi subfamily). regulation IBdx 0"
2 IL-4 signaling CL3sx 0¥
3 IgG signaling . 1.39 % 10
4 Integrin signaling 694 %10 *
5 kit signaling 147 x 10 4
6 G protein (G12/13) signaling 1.55 x 10
7 Ets (TCF subfamily) regulation L xig
H Rho tamily signaling 830 x40 °
9 CDA4 signaling R0 % 10 ¢
L2
1 RUNX regulation 219 x 10 7
2 Endoplasmic reticulum regutation 9.72 % 10 #
3 Platclet-derived growth factor signaling 4.94 % 10 ¢
4 Prolactin signaling : 7.09 X 10 *
5 PI3K signaling 123 %10 *
6 y-Aminobutyric wcid signaling 1L23x 10 ¢
7 IL-2 signaling 178 % 10 4
] CCRIO signaling 4.66 % 10 °
Yy G protein (Gg/11) signaling 587 %10
1o Human growth factor signaling 9.55 %10 *
CL3 ' C e
1 NFAT regulation 9.67 % 10. %
2 AP-1 regulation L2x 10 °
3 Caspase signaling 359 %10t
4 PPARe« regulation 524 %10 *
Cl4
t TCRap signaling "235 x 10 "
2 Ets (Ets family) regulation F40 x 10 3
3 Integrin signaling .87 x 10}
4 NF-&B regulation 758 xX'10 ¢
5 Nateh signaling 823 x 10 ?

CLS and 6

I [ntegrin signaling 1.67 % 10 °
2 TCRap signaling 7.23x 10 °©
3 Ets (Ets family) regulation 7 x 10 °
4 RB/E2F regulation 264 x 10 1
5 TCF regulation 453 x 10 ¢

contain a variety of genes whose expression is refatively charac-
teristic to one or more hemopoietic lineages (lineage affiliated).
including NF-E2 and thrombin receptor (megakaryocytes), PU.J.
Ivsozyme. and myeloperoxidase (myeloid lineages). Lyn. Svk, Bik.
Bel3. BCAP. and Bach2 (B cells). and 2B4. Fus ligand. and gran-
Syme B (mature T cells) (Fig. 24). This suggested that “promis-
cuous™ expression of multiple lineage-aftiliuted genes in early thy-
mocyte progenitors and their repression during the course of their

Table [L. List of genes in CLA with presumed I)NA-’/’I.IMII:II.L‘ capacity
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commitment to mature T cells could he one of the characteristics
of immature thymocytes. To confirm this in more detail, we iden-
tificd those genes whose expression was thought to characterize a
varicty of mature hemopoicetic lincages and tracked their expres-
sion levels during the course of DN thymocyte development. Be-
cause no comprehensive gene expression database was available
for mice. we did this using « human tissue expression database at
the Genomics Institute of the Novartis Rescarch Foundation web
site (hip://symatlas.gnf.org/SymAtlas/) (32) by translating mouse
genes into their human counterparts. A gene is considered to be
afliliated with u lincage if its human counterpart shows > 10 times
higher cxpression in that lineage than their mediun expression
among 79 different tissues. Among the 1500 differentially cx-
pressed gencs. the human counterpants were uniquely identified for
744 (49.6%) genes (Fig. 1C). of which 133 (17.9%) satistied the
above criteria for being affiliated with ane or more hemopoictic
cell lincuges (Fig, 3A). and lists of genes afliliazted with respective
lincuges are presented in supplementary Table S2, a—g.! Among
the 133 lincage-afliliated genes. 1O (83%) are expressed in DN2
and down-regulated during the course of the DN thymoceyte de-
velopment (CLI-CL3). accounting for 20% of 548 down-regu-
lated genes assigned to CLI-3 (Fig. 3B). More genes are rapidly
down-regulated during the DN2/DN3 transition (CL1). whereas as
indicated from the relatively high CL3 component. down-regula-
tion of genes afliliated with NK cells seems to occur mare slowly
(Fig. 3C). Although most of these down-regulated genes are affil-
iated with lineages other thun T cells. muny T cell-afliliated genes
are also prematurely expressed in immature thymoceytes and un-
dergo down-regulation before they are definitely expressed later in
thymocyte maturation (Figs. 2A and 3C). Only 12 (9% lineage-
affiliated genes were newly up-reguluted until the DN4 stages and
mostly refated to T cells (Fig. 3. B and C). Note that our criteria for
lineage relatedness may be too conservative, since many of genes
presumed to be specitic to mature T cells. such as 2B4. Fas ligand.
and granzyme B. were not extracted as T cell-related genes.

Patlnvay analysis of gene clusters during DN thymocytes
developnen

The functional features of genes showing discrete expressional
time courses are of interest to understand the regulation of DN
development. To address this. we statistically explored possible
functional links among genes within each cluster by evaluating a
probability thut a given sct of genes on the known functional path-
way was grouped together by chance within that cluster. showing
a similar temporal expression profile using KeyMolnet software

Entrez Gene

[dentification Giene Titke GO Molecular Function Description
26972 Sporulation protein, meiosis-specific. SPO11 homolog DNA binding. DNA topoisomerase (ATP-hydrolyzing)
(Succharomyees cerevisiae) ™ activity. ATP binding. hydrolase activity
18131 Notch gene homolog 3 (Drosophila) DNA binding. transcription factor activity. receptor activity.
. . calcium ion binding. protein binding
72693 Zinc finger. CCHC domain containing 12 Nucleic acid binding, zinc ion binding. metal ion hinding
278672 RIKEN ¢DNA 11H0051B16 gene DNA binding. transcription factor activity. sequence-specilic
DNA binding
13655 Early growth response 3 Nucleic acid binding. DNA hinding. zine ion binding. metal
: ion binding
210104 ¢DNA sequence BC043301 Zinc jon binding. metal ion binding. nucleic acid binding
320790 Chromadomain helicase DNA binding protein 7 —
67344 Tetex | domain containing 1 —
15463 HIV-1 Rev-binding protein DNA binding. zinc ion binding. metal jon binding
272382 SpiB transeription factor (Spil/PU. | related) DNA binding. transcription factor activity. sequence-specific

DNA binding. transcription factor activity
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FIGURE 4. Structure of: Duxl and similarity to its candidate orthologs. A, Homology of Duxl ta its putative human orthologs (DUXA and DUX4)
in amino acid sequences in which boxes indicate the identical amino acids among the three genes. asterisks indicate the common amino acids between
Duxl and DUXA. and open circles indicate the common amino acids between-Dust and DUX4. B. Structure of predicted Duxl protein with its
similarity to DUXA and DUXA. C, Gene structures of Duxl in mouse and DUXA and DUXS in humans. D, Distribution of Duxl CXPression in various
tissues and cell fincages as determined by ¢PCR. The amoumt of transcript of Duxl was normalized to the amount of 185 rRNA in each tissue/
population and is shown relative to levels in the total splenocytes in the upper right panel. Data shown are the average = SD from triplicate samples.



The Journal of Immunology 5341

A ex vivo sorted fraction B8 ex vivo OP9-DL1 culture
- thymus TCR+) TCRM-) thymus . mock-mfecied | Duxkinfected
. 23168 ° 1237
% 3 8 RNEY IR 95303
O 2
(9213 “ o s . ':i
7] M 1 & i - e -
- .

3
rd
>
r 4

T N T - 128 B} ~ -
€ . N I o4 . sobwy., »
3 ' hd ) i
3 o ! - p k= @ z
— ; i, j' i o .
@ v o . MdE Y b B
o Pl H ; .

o -
L o B L T A S S A SHEL 2 13 a2 w et T )
L4

intracellular TCR

- ~
2 £ ntracelluiar TCR(t  intraceliutar TCRy: @
g S posdive fraction  negative fraction b
— aaaa 8
@
o
TR ey e G S— —— o se' 1 0wt KO O SR SN [ M 1 S L M- 1 L
. v
C Rag1/18s PU 17185 D 3 P °
[T o ST T 5 I 3 3§ §
3 3 £ = 28 .8 .3
T ! i <
£ 3 £ e £& Ei Eg
=R Gl - &3 oo ¥a g
g [ £l 3 €S €8 £9 £8 .
5 51 3 0 SO EO TO 4
@i @i 3 = 5 I g E
oy F -] = 8 <] 3 3
e 2. £ 2 € E Q. qQ =
P =t
§ : ; - - (] Germhine
R El i O-Jps21
Q] W et ey
et el = = N
DN2_DN3 DN2 DN DN2 DN3 ONZ DN3 Doz
maock Duxl mock Ouxt D:J:'.i 5
D-Jji2 6
mock nfected Dux! intectec
15.1-DJ
L ; C025:C04as ViS. 1Dz 1
5 A ON2) VIS 1-D412 2
8 C025-CUdlo VI's 1-0462.3
= [ cozss 19 1-0J2.
8 i V5 1-DJp2 4
IR I RN VIS 1-0052 5
>
CD117 (c-kit) V5 1-D41:2 6
E mock infecled Ouxi infected
§ | GFP negative
:__" ‘/ D GFP positive
4]
o

w2 "J' W w'oet e 0 12 e
TCR}

FIGURE 5. Effect of Duxd transduction on thymoeyte development in OPY-DL culture. A, DN3 cells from normal mice were FACS sorted according to the
expression of iTCRB chain (upper o panelsy and expression of Dl in iTCRBY and iTCRB  cells was examined by 4PCR analysis. Resuliant PCR products
were clectrophoresed on 4% agarose gel (ov'er wo panels). B, Duxl was transduced into FL cells and the development into thymocytes was examined by FACS
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cultured FL cells tmiddie). and Duxl-transduced cultured FL cells (right). €, Expression levels of Ragl and PU.J were examined by qPCR using RNA isolated
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amount of transcript of Ragl and PU.T was normalized to the amount of 18S tRNA in each population and is shown as refative vajues. Data shown are the
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Dinl was overexpressed in FL cells of AKRI cells using retrovirus vector, and the expression levels of TCRB in the GFP" fraction were examined by FACS.

(IMMD) (27). Because of the small numbers of genes within the tionally related genes or pathways were extracted from each clus-
clusters CLS and CL6. both clusters were analyzed after being ter. Tuble | shows a list of pathways extracted in high signiticance

combined together. In this pathway analysis. several sets of func- values (p < 0.01). For examples. genes involved in c-kit signaling
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FIGURE 6. Eflect of Dux! knockdown on expression
fevels of CD44. A, NIHIT3 cells stably expressing
FLAG-Duxi-IRES-NGFRU (upper lefty were infected
with retroviruses encoding shRNA directed against a
luciferase sequence (aluc: upper right) or shRNA
against a DuxL sequence #1 (fenver left) and sequence
#2 (ower right). Transduction of sShRNA was tracked
by GFP. NGFRit expression on GFP' cells was ana-
lyzed by flow cytometry. B, FL cells infected with Luc-
shRNA retroviruses (aluc) or Duxl-shRNA retrovi-
ruses (sequence #1) were cullured on OPY-DLI cells
and expression of CD4/CDS (upper panelsy and CD25/
CD44 (lower panels) was analyzed alter 17 days, Dot
plots are gated on GFP CD4 CDE  cells or GFP'
CD4 CDS  cells.

cell counts

(p = 0.00147) and CD44 signaling (p = 0.0086) were extracted
from the CL1 cluster, reflecting the fact that c-kir and CP44 arc
down-regulated in DN3 and also indicating that the pathways ex-
tracted from CLI are expected to be inactivated in DN3, Other
pathways that are known to undergo dynamic regulations during
DN thymocyte development were also extracted from different
clusters. including the Runx | pathway from CL2 (gradually down-
regulated). NFAT and AP-1 puthways from CL3 (down-regulated
in DN4), TCRaB. NF-xB. and Notch pathways from CL4 (tran-
siently activated in DN3). and Ets and TCRaf pathways from
CL5/CL6 (up-regutated in DN3 or DN4). The other pathways that
were extracted with high significance values but have not been
previously implicated in T cell development include those related
to platetet-derived growth fuctor. y-aminobutyric acid, and perox-
isome proliferator-activated receptor a. '

Expression and structure of 110051B16Rik or Duxl gene

In view of clarifying gene regulations that operate during thymo-
cyte development. of particular interest are genes included in CL4,
because they shaw a unique temporal expression profile of tran-
sient induction or up-regulation in DN3 and contain key genes for
the thymocyte development or B selection. including pre-TCRa,
SpiB, Egri. and Notch3 (33-37) (Fig. 2B). Especially, we were
interested in genes that were thought to be involved in transcrip-
tional regulations (Table 1I). Among these genes. we focused on a
gene. /110051B16Rik. which encades a putative transcription fac-
tor with unknown functions (Tuble H and Fig. 44). It has an open
reading frame of 1050 nt and the predicted protein shares structural
fcatures and scquence similaritics with the familics of double ho-
meobox proteins that are thought to have rapidly diverged during
evolution (Fig. 4B) (38). Although currently no definite human
ortholog is uniquely identified due to incomplete sequence homol-
ogy to human sequences. it shows the highest similarity with hu-
man DUXA or DUX4 in their amino acids sequence and gene
structure with DUXA (Fig. 4. B and C). and thus. was named as
Duxl (Dux in lymphoid lineage). In hemopoietic compartments.
expression of Duxl is largely restricted to DN3 thymocytes and
B220-positive B cells in bone marrow and spleen. implicating their
functional roles in both subsets of lymphocytes, although it is also
expressed in embryos from mid to late gestation. as well as in other
non-hemopoietic adult organs. including brain, prostate. and uterus

(Fig. 4D).
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Function of Duxl in thymocyte development

To get an insight into'the role of Duxl in thymocyte development.
we first examined its expression among the subpopulations of BN3
thymaocytes by FACS sorting DN3 cells into two poputations ac-
cording to their expression of intracellutur TCRB (iTCRB) chains
(Fig. SA. upper panel) (8. 39). In quantitative PCR (¢PCR) anai-
ysis. Duxl transcripts were detected in the iTCRB ~ fraction
(DN3a) but not in the iITCRB* fraction (DN3b), indicating that the
Duxl expression is largely restricted to the DN3a fraction (Fig. 5A.
loveer panel).

To explore the effect of constitutively expressed Duxl on DN
thymocyte differentiation. we transduced the Duxl ¢DNA into
mouse FL cells using a bicistronic retrovirus vector with a marker
GFP ¢DNA in the second cistron. and the Dux/-transduced FL cells
were then assayed on the OPY-Delta-1 (OP9-DLI) culture system
that can mimic intrathymic development of DP thymocytes from
the FL. hemopoietic progenitors (29). As previously described, the
mock-infected FL cells generated substantial numbers of GFP*
DP thymocytes after 15 days of culture on OP9-DLI (Fig. 5B.
upper central panel) (19). In contrast. the number of GFP* DP
cells was dramatically reduced in the culture from the Dux/-trans-
duced FL cells (Fig. SB. upper right pancl). Although the total cell
numbers were not significantly different between both cultures. the
GFP' cells from the Duxl-transduced culture generated an in-
creased proportion of the CD257CD44"™ cells, compured with
mock-infected cells (Fig. 58. middle panels) that produced a sim-
ilar proportion of CD25"CD44"" cells us GFP ™ cells (data not
shown). The increased proportion of CD25"CD44"* in Duxl-
transduced culture was accompanied with a reduced DN2 popula-
tion. The GFP*CD25*CD44"™ cells in the Dux/-transduced FL
cells had a Thyl™ CDIlc = Macl "NKI.17B220 ~ phenotype.
We extracted total RNAs from mock-infected DN2 and DN3 and
Dux!-introduced DN2 and DN3 cells cultured on OP9-DL1 and
analyzed their expression of Rug/. PU.I. and c-kit using real-time
PCR and flow cytometry, respectively. In Duxl-introduced DN2
and DNB3 cells. expression of Rag! was enhanced and expression
of PU.T was reduced. whereas no difference was observed in c-kit -
expression between mock-infected and Duxl-introduced cells (Fig.
5C). Therefore. Duxl is supposed to promote the DN2/DN3 tran-
sition in some respects, while not in others. )

Mock-infected and Duv/-transduced CD25CD44"™™ cells were
sorted and their genomic DNA was anulyzed by PCR for TCRB
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FIGURE 7. Effect of Duxl transduction on Runxl-

deficient FL cells cultured on OPY-DLI. A, Expression

of CDCDK (upper panelsy. CD2S/CDA4 Gniddie pan-
els). and iTCRB (lonver panels. solid line: GFP' | gray
shade: GFP ) was examined in OPY-DLI culture of Fl,
cells harvested from the conditions) knockout mice lor

the Runxl gene, in which two flaxed alleles of Runx/
are deleted by Cre recombinase induced from the Lok

promoter. FI. cells were transfected with mock virus
(lefty or with retrovirus expressing Runx! (middley or
Duxl (right). Representative FACS analyses are shown,
B, Averige DN3:DN2 ratio of mock-infected and Duxl-

CD44

introcluced cells in three independent cultures are shown

with 2:SD. The two groups were compitred using Stu-
dent’s 1 test. C Runxl was overexpressed in FL cells or

AKRY cefls using retrovirus vector, and the expression
levels of Duxl in the GFP' fraction were examined by
4PCR. The amount of transcript of Duxl was normalized
to the amount of GAPDH RNA in cach popufation and

cell counts
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rearrangement. Interestingly. although the fraction of iTCRB-pos-
itive cells in Duxl-transduced DN cells was substantially reduced
compared with that in control DN cells (Fig. SB. lower panels), the
cxtent of DIB and V-DIB rearrungement in Duxl-transduced
CD25"CD44"™ cells was comparable to those of control cells or
rather slightly accelerated compared with control cells (Fig. 50).
indicating that Dux| uctively represses expression of rearranged
TCRB genes. Indeed. expression of surface TCRB in the mouse
thymoma cell line AKRI. which exhibits the DP phenotype
(CD4*CDS* TCR™). was reduced after Duxl was introduced us-
ing retroviral vector (Fig. SE). Tuken together. these data suggest
that the increased CD25" CD44"™ population in the Dix/-trans-
duced cells show a DN3a-like phenotype and that constitutive ex-
presston of Duxl promotes the DN2/DN3 transition but compro-
mises the process of B selection. .

To further investigate the role of Dux] in DN2/DN3 transition,
we knocked down the expression of Dux/ in FL cells using RNA
interference. in which FL cells were transfected with a retrovirus
that produces shRNA directed against Dux/ and examined for their
development in the OP9-DL1 culture. Among three different shRNAs
(sequences 1-3). only sequence | shRNA showed significant
RNA interference as confirmed by the reduced cell surface expres-
sion of a truncated form of nerve growth factor receptor (NGFRt)
in NIH3T3. where the NGFRt was translated from a bicistronic
message of the Dux/-IRES-NGFR:t (Fig. 64). When transduced
with sequence 1 shRNA. FL cells showed a reduced DN2/DN3
transition in OPY-DLI culture as determined by the higher levels
of CD44 expression in GFP"CD25™ cells compared with GFP~
CD25™ cells within the same culture or with GFP*CD25™ cells in
the aLuc (mock)-infected culture (Fig. 6B).

It was of particular interest to explore a possible functional link
between Duxl and Runxi. because we showed that Runx1 is es-
sential for the DN2/DN3 transition (18). Thus. we tested whether
Duxl can rescue the phenotype of Runx| deficiency in developing
thymocytes by transducing Duxl into FL cells from Runx/-defi-
cient mice in OP9-DLI culture. Although mock-transduced
Runx/-deficinet FL cells showed the defective DN2/DN3 trunsi-
tion with impaired down-regulation of CD44 (19). Dux! transduc-
tion clearly increased the CD44""“CD25" population (Fig. 7. A
and B). aithough the latter population still did not express intra-

]
a:

intraceliutar TCRB v

. GFP(-) fraction

GFP(+) fraction

cetlular TCRB chains (Fig. TA. lower panels). Thus, Duxl can in-
duce down-regulation of CD44 in a Runx/-independent manner.
We further examined whether Dievd is induced by Runx! or not,
where Runxl was transduced into normal FL cells in OPY-DLI
culture or an AKR I celt line. and expression of Dux! was measured
by quantitative PCR 72 h after the transduction. In both experi-
ments. Runx/-transduced GFP ' cells showed a marked increase in
Duxl expression (Fig. 7C). These results indicated that Runx | pro-
motes the DN2/DN3 transition by. at least in part. regulating ex-
pression of Duxl. although it is not clear whether this regulation is
direct or indirect.

Discussion

Several groups have investigated the gene expression profiles of
developing thymocytes (40-43). Despite the differences in ana-
tytical methods. panels of genes to be examined. microwrtay used.
thymocyte subpopulation analyzed. or species. the reported ex-
pression pattern of some representative genes such as pTa. Nothe3.
Egr3. or 5piB were reproduced in our study (15. 40. 42). Further-
more. our study revealed a new aspect that was not described so far
and adds to knowledge of the development of thymocytes. Intra-
thymic development of thymaocytes is a dynamic process. during
which immature thymocytes progressively commit to mature T
cell differentiation accompanied by explosive expansions of their
population. As such. we initially expected that this process be
driven by induction of a large number of regulatory genes. Unex-
pectedly. however. our expression profiling clearly showed that
gene regulation during early thymocyte development is character-
ized by mostly repressive activities of transcription. where 90% of
the differentially expressed genes were eventually down-regulated.
This means that as thymocytes differentiate from their progenitors,
thcy beecome to use more limited sets of genes at Icast before dif-
ferentiating into DP cells.

Among these down-regulated genes. a notable subset is a group
of genes that show lineage-promiscuous expression. According to
our somewhat arbitrary criteria. these genes account for a substan-
tial proportion (20%) of down-regulated genes in DN2. In other
words. immature thymocytes in the DN2 subset simultancously
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express genes from different lineage-aflitiated programs. Such lin-
cuge-promiscuous states were previously implicated for multipo-
tent hemopoietic progenitors based on the observation for limited
numbers of lincage-aftiliated genes (44 ~46). We confirmed this
for DN thymocytes by analyzing expression of a farge number of
genes and also evaluated their temporal changes during the course
of their development. Of note is that mature T cell-related genes
expressed in DN2 are also transiently repressed during DN2 w0
DN4 progression. Because our criteria of >10 times higher ex-
pression than the median could be too strict. more DN2 genes
undergoing down-regulation thercafter could be explained under
this tramework.

The interpretation of this lineage-promiscuous gene expression
in very immature thymocytes is elusive. but it may be speculated
that these immature cells are conditioned or primed before their
differentiation into purticular lineages and that these “primed™
states are represented by expression of multiple lineage-affiliated
genes. In this scenario, the lincage-promiscuous expression of DN
thymocytes could be related to plasticity of these cells. DN2 thy-
maocytes are committed to T lineage to a certain extent but stilf cun
give rise to other lineages such as NK cells (10, 12—14). which
might reflect the observation that NK cell-aftiliated genes were
more slowly down-reguluted during DN thymocyte development
(Fig. 3C). Alternatively, lincage-promiscucus gene expression
could be explained by the heterogeneous fineage potential at the
level of celluiar complexity. Because CD44 “"LCD25"™ DNI cells
are composed of multiple subsets with distinet differentiation ca-
pacity thut could be identified with additional c-kit and CD24
staining (11). DNI cells express a large number of lineage-pro-
miscuous genes down-regulated at the DNI/DN2 transition (40).
This may be also the case with DN2 cells we have sorted without
c-kit and CD24 stuining in this study. Although, the observation
that differentiation capacity of DN cells with lysozyme expres-
sion was similar to that of DN1 cells without lysozyme expression
(47) strongly supports the former interpretation. it is necessary to
examine the gene expression profiles of each single DN cell, as
well as more precise sorting with c-kit and CD24 staining. to know
which interpretation is more accurate.

Computational mapping of differentially expressed genes show-
ing similur temporal profiles (CLI-CL6) to known functional
pathways seems to be effective to extract the relevant pathways in
DN thymocyte development. because it successfully extracted
well-characterized pathways in developing thymocytes. such as
those related to Runxl, TCRB, NF-kB. NFAT. and Notch genes. In
addition. it also implicated the presence of several previously un-
known pathways that might be regulated during thymocyte devel-
opment. Although further evaluations are required, finding of these
potentially relevant pathways will provide valuable clues to the
exploring molecular mechanisms of regulation of DN thymocyte
development.

During DN thymocyte development. only a minority of genes
was newly induced. among which those included in the CL4 clus-
ter were of our particular interest. because they were transiently
expressed within a window in DN3 and contained several well-
known pathways and genes that are critical for thymocyte devel-
opment. From a few candidate genes within this cluster that are
potentially involved in transcriptional regulations. we identified a
novel double homeobox gene. named Dux/. which is transiently
expressed in DN3a and could have critical roles in regulation of
DN thymocyte development. When constitutively expressed in FL.
cells in OP9-DLI cuiture. Duxl enhances the proportion of
CD44"“CD25" thymocytes that mimic the phenotype of DN3a
cells with severely reduced DP cells, while the knockdown of Duxl
in FL cells impaired the proper DN2/DN3 transition. Thus. Duxl is
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thought to play un importunt role in promoting the DN2/DN3 tran-
sition in the development of DN thymocytes,

In carly thymocyte development, Duxl has several functional
similaritics to SpiB, in that it is highly expressed in DN3a as well
as B cells, and that normal thymaocyte development is impaired
when constitutively expressed or knocked down in early thymo-
cyles (33). These observations may implicate a possible functional
link between SpiB and Duxl. which should be addressed in further
analysis. For example. SpiB also regulates B cell differentiation,
implicating that Duxl is also involved in development of B cells.

Of particular interest is the finding that Duxl is induced by
Runxt expression and can partially rescue the Runx/-deficient
phenotype with regard to the down-regulation of cell surface
CD44. indicating that Duxl is one of the effecter molecules in-
volved in the DN2/DN3 trunsition that is regulated by Runx |, The
detailed moleculur mechunism of the DN2Z/DN3 transition s
lurgely unknown because only limited numbers of mice strains,
namely, Runx{-deficient mice (18) and pTedconunon eviokine re-
ceptor y-chain double knock-out mice (20), exhibit the matura-
tional block between the DN2 and the DN3 stage. However. con-
sidering the fuct that during the transition from the DN2 to the
DN3 stage. the TCRB gene is rearranged and o8T cell, y8T cell.
and NK cell lineages begin to diverge (10, 48, 49). the DN2/DN3
transition. on which our findings could shed light. is supposed (o
be o cruciul developmental step.

On the other hand. the interpretation of the severely reduced
production of DP cells associated with constitutive expression of
Duxl in FL cells is complicated in a context of its physiological
roles. Since the Duxl-transduced FL cells seem to show a matu-
rational block at the transition between DN3a and DN3b. during
which Duxl undergoes down-regulation in vivo. it may be postu-
luted that Dux/ being normally down-regulated in this step is im-
portant for the B selection and subsequent DP thymocyte produc-
tion. We may sufely conclude that the precise regulation of Duxl
expression is essential for DP thymocytes to be normally generated
in OP9 culture. but its physiological functions in 8 selection und
DP thymocyte generation are still elusive. To address this. more
sophisticated experimental upproaches with precisely targeted ex-
pression of Duxl in vivo should be required.

In conclusion. through the gene expression profiling of chrono-
logically discrete subsets of DN thymocytes. we demonstrated the
predominantly repressive gene regulation during DN thymocyte
development along with its implication in lineage-promiscuous
gene expression in immature thymocytes. Among the gene cluster
showing transient expression in DN3. we identified Duxl. a novel
double homeobox gene. that is induced by Runx] and involved in
regulation of DN thymocyte development.
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Abstract

Formalin-fixed, paraffin-embedded (FFPE) material tends to
yield degraded DNA and is thus suboptimal for use in many
downstream applications. We describe an integrated analysis
of genotype, loss of heterozygosity (LOH), and copy number for
DNA derived from FFPE tissues using oligonucleotide micro-
arrays containing over 500K single nucleotide polymorphisms.
A prequalifying PCR lest predicted the performance of FFPE
DNA on the microarrays better than age of FFPE sample,
Although genotyping efficiency and reliability were reduced for
FFPE DNA when compared with fresh samples, closer
examination revealed methods to improve performance at
the expense of variable reduction in resolution. Important
steps were also identified that enable equivalent copy number
and LOH profiles from paired FFPE and fresh frozen tumor
samples. In conclusion, we have shown that the Mapping 500K
arrays can be used with FFPE-derived samples to produce
genotype, copy number, and LOH predictions, and we provide
guidelines and suggestions for application of these saumples to
this integrated system. |Cancer Res 2007:67(6):2544-51]

Introduction

'The challenges associated with DNA derived from formalin-fixed,
paraffin-embedded (FFPE) samples have prevented widespread
applicalion of FFPE DNA to many of the technologies availuble for
high-quality DNA, although some options with lower genomic
coverage are available (1-3). In this study. we show the feasibility
and limitations of a genome-wide assessment of genotype, loss of
heterozygosity (LOH), and copy number using FFPE DNA on the
Affymetrix Mapping 500K array set, which includes the Mapping
250K Nsp Array and the Mapping 250K Sty Array (Santa Clara, CA).
These arrays use a process termed whole-genome sampling
analysis (WGSA; ref. 4), in which genomic DNA is digested and
ligated to adaptors. A subset of digested fragments are then PCR
amplified in a complexity reduction step before hybridization to
the arrays. PCR proved to be the critical step when processing
FFPE samples.

Note: Supplementary data for this article are available at Cancer Research Online
(hup://cancerres.aacriournals.org/).
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We compared several extraction methods to determine which
protocol provides FIEPE DNA most suitable for array analysis and
found that a PCR-based assessment of DNA quality predicted the
downstream performance of FFPE DNA samples better than age
of FFPE sample. We identified a necessity for (a) in silico
compensation against fragment size bias and (b) a fragment size
filter during analysis of FFPE samples. We tested our new
guidelines for FFPE DNA qualification and analysis on archival
samples of various Lissue Lypes, storage times, and location sources.
Quality of FFPE DNA varied but the methods outlined by this study
enabled prediction of performance. These results show that FFPE
DNA can be suitable for a combined study of genotype, LOH, and
copy number on a whole-genome scale.

Materials and Methods

Sample selection and DNA extraction. Five primary endometrioid
ovarian cancers were selected without screening for the initial portion of
this study. For each sample set, normal lymphocytic DNA, fresh tumor
tissue, und FFPE tissue were analyzed. Samples were collected between 1993
and 1999 as part of a larger study of ovarian cancer in women living in and
around Southampton. United Kingdom {5). At the time of collection, DNA
was extracted from blood samples and fresh tumor biopsies were snap
frozen in liquid nitrogen. A postion of each frozen tumor biopsy was
sectioned Lo assess the proportion of tumor. For samples 526T and 594T.
microdisscction was done (6) to obtain DNA with a >80% tumor
component. DNA was extracted from the fresh frozen tissue using a salt
chloroform method (7).

In 2002, a portion of each frozen tumor biopsy was formalin fixed and
paraffin embedded as described previously (8). with all tumors fixed in 10%
neutral buffered formalin for <24 h at room temperature. AL the time of
DNA extraction. the FFPE tumors had been embedded in paraffin blocks for
3 years. Five sections (10 um) were deparaffinized twice in xylene (5 min)
and rehydrated in 100%. 90%. and 70% cthanol (1 min each). The sections
were stained with hematoxylin (4 min) and washed with water (1 min), acid
alcohol (10 s). water (1 min). Scolls tap water (1 min). and water (1 min).
The sections were then stained with eosin (3 min). rinsed with water (10 s),
and dehydrated in 70%. 90%. and 100% ethanol (30 s each). Tumor cells
were manually microdissected under a dissecling microscope as described
previously (6) to oblain high-purity (>80%) tumor DNA. The Lumor
component for sample 594 was high cnough that it was not stained or
microdissected. DNA was extracted from the five endometrioid FFPE
tissues using a modified Qiagen protocol {Valencia, CA: described below).
Following DNA exiraction from FFPE tissue, a salt precipitation DNA
cleanup was done as described in the Affymetrix GeneChip Mapping Assay
Manuals.

For Lhe study of independent sample sets. DNA was extracted from
FEPE tissue from 17 breast tumors and 8 colorectal tumors. FEPE blocks
were collected from 11 pathology labortories and ranged in age from | Lo
17 years. The formalin fixation and paraffin embedding protocols used for
these lissues are not known but are likely Lo be quite varied. For breast
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tumors, 10 pm sections were deparaffinized. stained with H&E, and
manually microdissected (described above). The colorectal tumors were not
stained or microdissected due to their high tumor component. DNA was
extracted from breast and colorectal tissues (described below), and as
before, a salt precipitation DNA cleanup was done,

The collection and use of tissucs for this study were approved by the
appropriale institutional cthics committees,

Trial of DNA extraction methods for FFPE tissue. Five DNA extraction
methods were trialed using whole 20 pm sections from three FFPE blocks.
The methods that were compared were the MagneSil- Genomic Fixed
Tissue System (Promega,” Madison, WI), ChargeSwitch ghNA Micro Tissue
kit (Invitrogen.” Carlsbad, CA). PureGene (Gentra Systems,” Minneapolis,
MN). DNeasy Tissue kit (Qingen”), und « phenol/chlorforn extraction.
With the exception of the DNeasy Tissue kit and phenol/chlosoform. the
extructions were done according to the manufactisrer’s instructions, The
extractions done with the DNeasy Tissuc kit and with phenol/chioroform
both were modified Lo include an initial incubation at 95°C for 15 min
followed by 5 min at room temperature as described previously (9), before
heing digested with proteinase K for 3 days at 56°C in a rotating oven with
periodic mixing and fresh enzyme added cach 24 h. A salt precipitation was
done on DNA from all five extraction methods.

DNA qualily assessment and preparation. The extracted DNA was
quantified using UV spectroscopy at 260 nm. Random amplified
polymorphic DNA-PCR (RAPD-PCR: ref. 10) was done to assess the quality
of DNA and maximum fragment. lengths as described previously using 50. 5,
or 0.5 ng DNA (11). Qiagen HolStarlug was used, with 04 units per
reactions (Qiagen”). Products were visualized with ethidium bromide on a
3% gel.

Prepuaration and application of DNA to the mapping arrays. Matched
fresh and FFPE samples were analyzed on the Affymetrix GeneChip Human
Mapping 10K v2 Xba Array and 50K Xba Array and prepared using the
Mapping 10K v2 Assay kit and the Mapping 100K Assay kit (Affvmetrix)"”
The only exceplion to the manufacturer’s protocol was that 10 cycles were
added to the PCR cycling conditions for ecach FFPE sample.

Matched fresh tumor, FFPE tumor, and normal samples were assayed
using the Mapping 250K Nsp Assay kit and the Mapping 250K Sty Assay
kit'" and hybridized to the 250K arrays. The 500K assay was done according
to the manufacturers protocol. beginning with 250 ng DNA. Ninety
micrograms of PCR product were fragmented and labeled, using additional
PCRs when necessary for FFPE breast and colorectal samples.

Data analysis. Genolype calls were produced using the dynamic model
algorithm (12) by the Affymetrix GeneChip Genotyping Analysis Software
version 4.0. A stringent P value cutoff threshold of 026 was used.
Concordance was delermined by calculating the number of single
nucleotide polymorphisms (SNP) that gave the same call in both fresh
frozen and FFPE DNA [rom the same tumor and dividing this number by
the total number of SNPs Lhat were called in both samples.

LOH predictions were produced using dChipSNP software (dChip2005_{4
version'"; ref. 13). LOH values were inferred using the Hidden Markov Model
and restricting to SNPs on fragment sizes <700 bp.

Copy number estimates for ovarian tumor samples using 500K data were
determined by pairing tumor and matching normal samples in
CNAG_v20."* Nonpaired, nonmatching references were used for copy
number prediction of 10K and 50K data. Log 2 ratios were imported inlo
Spotfire DecisionSite (Spotfire.'” Somerville. MA) and the Affymetrix
integrated Genome Browser for visualizalion and comparison. Copy
number estimates for breast and colon FFPE tumors were done using data
from 48 HapMap samples (available online™) as a reference.

“ http://www.promega.com

7 http:/fwww.invitrogen.com

* hitp://www.gentra.com

? htp:/fwww.gingen.com

 tp:/ fwww.alfymetrix.com
' http://www.dehiporg

' hitp:/ /www.genome.umin.jp/
" hitp/ fwsww.spottire.com

Estimated inter-SNP mean and median distances after exclusion of
fragment sizes >700 bp were delermined by first caleulating the distance
between all SNPs on cach chromosome. Distances were then sorted per
chromosome in descending order and the largest. distances (representing
centromeres) were removed for each chromosome. except for the
acrocentric chromosomes 13 to 15 and 21 to 22,

Pearson (lincar) corrclations were calculated in Partek Genomics Suite
(Partek." St. Louis, MO).

Microsatellite analysis. Nine microsatellite markers were used to assess
LOH -at three loci: chromosome 1q (DIS2816, DIS4L3. and DISI76),
chromosome 7p (D7569). D75670, and N752506), and chromosome 14q
(D14S1011, DI4S258, and DI14S1002). Regions were selected where array-
based LOH analysis showed discordant LOH vesults for fresh and FFPE-
derived DNA. The forward primer was labeled with a 5-fluorescent dye
(FAM or HEX). The samples were analyzed using a 3130 Genetic Analyzer
(Applicd Biosystems,'® Foster City, CA) with POP7 polymer. An assessment.
of LOH was done using GeneMapper version 3.7. LOH was scored by
calculation of the ratio of tumor DNA peaks (T1/T2) compared with that in
the normal DNA to give a relative ratio (T1/T2)/(N1/N2). A ratio of
0 indicates complete allele loss and a ratio of | indicates no LOH. A ratio of
<5 was scored as indicative of LOH.

Results

DNA extraction from FFPE lissue. Five DNA extraction
methods (phenol/chloroform, Qiugen DNeasy Tissue kit, Invitrogen
ChargeSwitch, Promega MagneSil, and Gentra PureGene) were
tested on consecutive sections from different FFPE ovarian tumor
biopsies. Phenol/chloroform and modified Qiagen protocols (see
Materials and Methods) provided the highest DNA yield as
determined by UV spectroscopy; these yields were 2.2 times more
than the average yield from any of the other three extraction
protocols (Fig. 14). RAPD-PCR, which uses primers of 10 bps to
produce a ladder of amplicons, was also done to assess both
amplification efficiency and maximum product size for each
extraction protocol (11). Compared with DNA extracted from fresh
lymphocytes, the FFPE-derived DNA from all extraction methods
yielded consistently smaller PCR fragments, with a maximum
reliable size of ~ 800 bp (Fig. 14). Phenol/chloroform and modified
Qiagen extractions produced more intense and consistent PCR
fragments across dilutions, suggesting that products were relatively
free of contaminant inhibitors (Fig. 14). DNA extracted with these
two methods was processed through the PCR step of the Mapping
50K Xba Assay to further asscss amplification efficiency. In this
test, the modified Qiagen extraction provided a slightly higher PCR
vield on average than the phenol/chloroform method (214 pg
compared with 19.2 pg) and was therefore chosen for DNA
extraction from FFPE tissues in this study.

Mapping 500K array performance. Five matched sets; each
containing () nontumor, non-FFPE lymphocytic DNA, (b) fresh
frozen ovarian tumor DNA, and {c) FFPE ovarian tumor DNA; were
assessed for performance on the Mapping 500K arrays. All five
FFPE samples had been stored for 3 years and provided average
RAPD-PCR maximum amplicon sizes from 526 to 800 bp. During
the PCR step of the Mapping assay, amplification products from all
five FFPE tumors were concentrated <700 bp, a fragment size range
that was reduced compared with non-FFPE samples (Fig. 1B).
Decreased yield from the Mapping PCRs (Table 1) accompanied the
decrease in amplicon size distributions. FFPE samples produced

" hitp:/ fwww.partek.com
o . -
b hitp://www.applicdbiosystems.com
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Flgure 1. Performance of different FFPE DNA extraction methods and the Affymetrix GeneChip Mapping 500K assay. A, visualization of RAPD-PCR products on a

3% agarose gel comparing the undiluted DNA extraction (1). a 1:10 dilution of

input DNA (10). and a 1:100 dilution of DNA (100) from one FFPE tissue (047)

using five different extraction methods. The maximum fragment size in the extracted FFPE DNA samples reached 1,100 bp aithough only with sample dilution.

The maximum reproducible fragment was 800 bp. DNA yield per extraction method is listed below. B, visualization of the PCR products during the Mapping 500K assay
reveals a downshift in the distribution of fragment size, which is specific to the FFPE samples. C, SNP call rates are reduced in FFPE samples, but SNPs on
smaller fragments are genotyped with equal efficiency from fresh and paraffin samples. The size dependence for higher call rates is specific to the FFPE samples.
D, concordance between fresh frozen and matching FFPE samples is incrementally increased with fragment size selectivity, with larger dips in accuracy for sizes
>700 bp. Exclusion of some regions (chromosomes 1q. 7p. 15, and 16q) shown to be genetically different between 95 fresh and FFPE samples causes an upshift in

concordance for this sampie (95 Alt versus 95).

63 Lo 83 ug PCR products for the Mapping 250K Nsp Array, whereas
all non-FFPE samples produced >90 pg.

The assay was continued using 90 jig PCR product as the manual
instructs or the total PCR yield when this was less than assay
requirements. Importantly, the protocol was otherwise never
modified. Normal and fresh tumor samples gave typical SNP call
rates, with an average of 94.5% and 93.5%, respectively. These call
rates are lowered due to application of a strict confidence score
threshold (P < 0.26; the default threshold is P < 0.33). In contrast,
FFPE samples achicved an overall average call rate of 79.84% and
75.17% for Nsp and Sty, respectively (Table 1). These decreased call
rates are consistent with the poor amplification of larger fragments
during PCR. Exclusion of SNPs on larger fragments significantly
increased the call rates. such that incrementally more stringent
fragment size restrictions incrementally increased call rates
(Fig. 1C). In fact, stringent fragment size restrictions produced
similar call rates between fresh frozen and FFPE samples,
indicating that the Mapping 500K is well suited for FFPE DNA

and identifying the limiting faclor as the size of amplicons
produced from the degraded DNA.

Concordance of genotype calls between paired FFPE and fresh
frozen ovarian tumor DNA samples was examined to determine the
reliability of genotypes from FFPE DNA. It is important to note that

- tumor heterogeneity lead to confirmed genuine differences in

genomic content between matched FFPE and fresh frozen DNA,
which would lower these concordance rates. Average overall
concordance between FFPE and fresh frozen samples from the
same tumor was 93.6%. Exclusion of the larger fragments increased
concordance such that all SNPs located on fragment sizes <700 bp
displayed an average of 97.4% concordance (Fig. 10). Exclusion of
several regions (chromosomes 1q. 7p, 15. and 16q) displaying
heterogeneity between fresh frozen and paraffin sample 95
increased the concordance by >2% (Fig. 1D). These high rates of
concordance, despite shown genetic differences between paired
samples, underscore the reliability and reproducibility of genotype
calls produced using FFPE-derived DNA samples with this

Cancer Res 2007; 67: (6). March 15, 2007

2546

www.aacrjournals.org



