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Analysis of DNA-chip and antigen-chip data: studies of cance
stem cells and autoimmune diseases
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Abstract

Biology has undergone a revolution during the past decade. Deciphering the human genome has opened new horizo
which the advent of DNA microarrays has been perhaps the most significant. These miniature measuring devices repor
at which tens of thousands of genes are expressed in a collection of cells of interest (such as tissue from a tumor).
here briefly this technology and present an example of how analysis of data obtained from such high throughput exp
provides insights of possible clinical and therapeutic relevance for Acute Lymphoblastic Leukemia. Next, I describe h
expression data is used to deduce a new design principle, “Just In Case”, used by stem cells. Finally I briefly review a differe
novel technology, of antigen chips, which provide a fingerprint of a subject’s immune system and may become a p
clinical tool. The work reviewed here was done in collaboration with numerous colleagues and students.
 2005 Elsevier B.V. All rights reserved.
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1. Introduction

I present here a brief and oversimplified descript
of very complex processes. For a more detailed rev
see[1]; readers interested in learning the subject
referred to two excellent textbooks[2,3].

DNA is a one-dimensional molecule, made of tw
complementary strands, coiled around each othe
a double helix and held together by hydrogen bo
that connect a linear sequence of complementary p
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doi:10.1016/j.cpc.2005.03.041
of bases. There are four kinds of bases, denoted
C, G, A, T; the bound pairs are G–C (three hydrog
bonds) and A–T (two). DNA resides in the nucleus
(eucaryotic) cells.

A geneis a segment of DNA, which contains th
formula for the chemical composition of one partic
lar protein. Thegenomecontains the collection of a
the genes that code for all the proteins that an organ
needs and produces. Agene is expressedin a cell when
the protein it codes for is actually synthesized. The
man genome has between 20 000 and 30 000 ge
Even though each cell contains the entire genome,
ferent genes are expressed in different cell types.
.
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Transcription and translation. Synthesis of protein
takes place at theribosomes, huge complexes that re
side in the cytoplasm; the information encoded on
DNA is transferred from the nucleus to the ribosom
by a molecule called messenger RNA (mRNA). Wh
a gene is expressed, precise copies of the informa
written on one of the DNA strands are made, in
form of linear mRNA molecules, that leave the n
cleus and diffuse through the cytoplasm. The proc
of copying DNA onto mRNA is calledtranscription.
Subsequently a ribosome reads the message from
mRNA and translates it into a sequence of amin
acids, added one at a time, comprising the corresp
ing protein. When many copies of a certain protein
needed, the cell produces many copies of corresp
ing mRNA molecules, which are “read” by sever
ribosomes.

A particular cell may need a large number of so
proteins and a small number of others. That is, ev
gene may be expressed at a different level. This le
us to thebasic paradigm of gene expression ana
sis: The “biological state”of a cell is reflected by its
expression profile: the expression levels of the enti
genome. These, in turn, are reflected by the conc
trations of the corresponding mRNA molecules.
“biological state” I mean whether the cell is norm
or malignant? is it starving? To which tissue type
belongs? Is it undergoing cell division? etc.

A DNA chip(microarray) is a device that measure
the concentrations of thousands of different mRN
molecules[4,5] The state-of-the-art Affymetrix[6]
microarray, U133SP2, measures the expression le
of 54 675 probe sets (that represent genes and o
transcribed bits of DNA). The underlying physic
process ishybridization:billions of bits of DNA are
printed on the chip and serve asprobes, while mRNA
molecules extracted from the cells that are studied p
the role oftargets; they are brought into contact wit
the chip and if they find a matching probe, they bi
to it. Fluorescent markers are attached to the bo
mRNA, illuminated by a laser, and the light intens
from a pixel measures the number of targets that h
stuck, which is proportional to the concentration
these mRNA in the studied tissue. A typical expe
ment provides the expression profiles ofNs ≈ 10–100
tissue samples, overNg ≈ 10 000 genes, summarize
in anNg × Ns expression table: Egs is the expression
level of geneg in samples.
r

2. Acute Lymphoblastic Leukemia (ALL)

Leukemiais a malignancy of the hematopoietic sy
tem; Hematopoietic Stem Cells (HSC) differentia
gradually as they divide and proliferate, becoming
ther mature Lymphoid cells (e.g., B and T cells)
Myeloid (e.g., platelets, red blood) cells. During d
ferentiation genetic alterations—such as point mu
tions or translocations—may occur, which destroy
(normally very tight) control over cell division. If th
genetic disaster occurred in a precursor of the Ly
phoid cells, the disease is called ALL; the resulti
malignant cells (blasts) (a) proliferate at a very h
rate, and (b) differentiation stops, the blasts never
ture into functional normal cells. These blasts ov
crowd the organism, depriving normal cells of th
life-space and the patient loses his immune system

Our work [7] focused on the effects of a parti
ular translocation, denotedt (4,11), of a gene called
MLL, located on chromosome 11, with a partner ge
from chromosome 4. When atranslocationoccurs,
DNA from one chromosome is joined to DNA from
another, possibly creating a chimeric protein, wh
has the tail of one “normal” protein fused to the he
of another. MLL translocations are implicated in 80
of infant ALL cases and in the majority of therap
related secondary leukemia. The chimeric MLL p
tein is anoncogene: it induces cancer by activatin
some target genes and suppressing others. The
tein content of the cell changes in a way that cau
cancer. Ouraim was to identify these target genes
the t (4,11) MLL translocation. 14 ALL patients with
t (4,11) were identified, and 13 without. The expre
sion levels of 12 000 genes in blast samples, ta
from these 27 patients, were measured; 3064 of th
passed certain quality-control filters. The Wilcox
rank-sum test identified genes differentially expres
between the two groups of samples. The problem
multiple comparisons was controlled by the False D
covery Rate (FDR) method[8]; at an FDR of 10%
we found 237 such genes (e.g., the expected num
of false positives was≈ 24). It became clear, how
ever, that most probably, not all 237 genes are g
uine MLL targets! the reason is that in addition to t
presence/absence of the MLL translocation, the bl
taken from the two groups of ALL patients differ b
a second factor: early versus late differentiation sta
In the MLLs arrest of differentiation is believed to o
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cur at an early stage, whereas in the ALLs without
MLL translocation, late differentiation is more likel
Hence for some of the genes, the difference of
pression levels between the two groups could refl
only the difference in the stage at which different
tion came to a halt, andnot the transcriptional activity
of the MLL oncogene. By identifying a subgroup
4 ALLs without the translocation that are known
be early differentiators, we succeeded to sort out[7]
which are the differentiation-sensitive genes and n
rowed the list of candidate MLL targets down to
genes, 18 of which were overexpressed in the ML
The differential expression of these 43 genes was c
firmed by checking their expression data of two ot
groups[9,10]. Future experiments will establish whic
of these 43 genes play a central role in genera
ALL; these will be candidate targets for drug the
apy. Surprisingly, we also discovered that contrary
“common wisdom”, (a minority of) the translocate
MLL blasts can be late differentiators.

3. Just In Case: a design principle used by stem
cells

Most cells of a multicellular organism are matu
fully differentiated, and have a fixed function (a B c
cannot become a neuron). Their division rate is sl
the number of divisions is limited. The lifetime is fi
nite; most mature cells die; but if these are essen
for life, there must be a constant resupply.Stem cells
are the source of this incessant “flow” of cells; th
are immortal, can undergo an unlimited number
divisions and their number is kept constant by a me
anism of self-renewal. When stem cells divide, half
the daughter cells remain stem cells and the other
progress and differentiate into various kinds of mat
tissue.

Fully differentiated cells of distinct lineage hav
different functions and hence need different prote
A dividing stem cell does not “know” the fate desi
nated to each of it’s progenies.What is the preferred
strategy of gene expression that such a cell will follo?
One can think of two extremes; the parsimoniousJust
In Time strategy[11] and it’s opposite, the wastefu
Just In Case[12]. Under the former, stem cells do n
express genes that are used by mature tissue; as
ferentiation progresses towards a particular fate, ge
-

will start to be expressed just at the right time, wh
they become needed. The opposite strategy calls
expression of a large number of genes, to have th
around and ready, just in case a cue arrives for c
mitment to a cell type that in fact needs them. Ge
are “shut down” as differentiation progresses an
becomes clear that they are not needed for the
tual target tissue. This strategy is more wasteful,
it gives the differentiating cell a faster response ti
to such cues.

To resolve the strategy, we measured gene exp
sion profiles of three types of human cells: embryo
stem cells (with the widest range of potential mat
targets); hematopoietic stem cells (whose range of
products is limited to a smaller number of such targe
and of fully differentiated mature cells (blood). On t
basis of cluster analysis[13] of the expression profile
of thousands of genes over these three types of cell
concluded[12] that embryonic stem cellsmix the two
strategies, with a significantly larger group of gene
behaving according toJust In Case. We repeated the
analysis using embryonic stem cells with keratinocy
stem cells and mature keratinocytes (skin) and reac
a similar conclusion; hence the Just In Case stra
seems to be universal, used along distinct differen
tion paths.

4. Antigen chips

The immune system recognizes, marks and
stroys invaders. Invading organisms (e.g., bacte
have membrane proteins that are recognized by
system as non-self. Molecules that trigger an imm
response and are eventually recognized as for
are calledantigens. They are recognized by protein
calledantibodies, which bind to the antigen and trig
ger a chain of complex events that cause the ev
tual destruction of the invader. The immune syst
“learns” the shape and chemical composition of
antigen to which it has never before been exposed
generating new antibodies that bind to the antigen.
system “remembers”; next time the same antigen
pears, it is greeted by a well prepared set of antibod
Hence the antibodies that each of us carries aroun
his serum reflects our “biological history”[14]. Since
the number of possible antibodies is enormous (pr
ably many millions), it is impossible to measure t



ARTICLE IN PRESS
S0010-4655(05)00138-4/FLA AID:2871 Vol.•••(•••) [DTD5] P.4 (1-5)
COMPHY:m3 v 1.36 Prn:4/04/2005; 10:12 cpc2871 by:JOL p. 4

4 E. Domany / Computer Physics Communications••• (••••) •••–•••

al.
by

ots,
ted

the
) or
ken
ts;

od-
%
to
ypes
ree
ng
iv-
the
und
the

uo-
the

hat

ed.
ne
sta-
f

ng
y

se
a-
s. If
ce
the

dia-
he

f the

r-
n its
ep-
asis
ant
in

that

l”
the

in-
d

the

to-
ich
nd

main
also
few

the
nal
trate
n-
gn
eld

ir,
nd
ere,
ani,
ol,
ar-
ed
ci-
the
the
me

al-
w

nd
concentration of all possible antibodies of an anim
Can one obtain a fingerprint of the immune system
measuring a much smaller set of numbers?

To answer this question, we developedAntigen
chips[15]: one prints on a glass plate about 300 sp
each containing one particular antigen. We selec
antigens that are either known to play a role in
autoimmune disease we set out to study (diabetes
were of interest on some other ground. Serum ta
from a subject is brought into contact with the spo
it contains an enormous number of different antib
ies, at different concentrations. Binding is not 100
specific; antibodies bind, with varying reactivities,
every antigen. Some spots probably have several t
of antibody bound to them and some are relatively f
of bound antibodies. After hybridization and washi
only antibodies with high concentration and react
ity with the antigen on a spot stay bound. Next,
chip is exposed to molecules that recognize the bo
antibodies—these are then fluorescently labeled,
chip is scanned by a laser, and the intensity of fl
rescent light emanating from each spot measures
number of antibodies bound to the antigen on t
spot. The resulting 300 numbers constitute thereac-
tivity profile of the subject whose serum was test
Previously[16] we tested 90 antigens; not a single o
could separate diabetics from healthy subjects in a
tistically significant way, but the reactivity profiles o
groupsof antigens (identified by advanced clusteri
techniques[13,17]) did assign diabetics and health
subjects to different clusters.

Predicting outcome of treatment. In recent work
[18] we studied 20 genetically identical Non-Obe
Diabetic (NOD) mice. Mice of this strand spont
neously contract diabetes at the age of 11 week
injected with Cyclophosphamide (CY), half the mi
develop CY-induced accelerated diabetes (CAD) at
age of 6 weeks, while the other 10 do not become
betic at all; they are immunized by the treatment. T
question we posed was—can one, on the basis o
reactivity pattern of blood takenprior to injection of
CY, distinguish between the two groups—CAD ve
sus immunized? No antigen separated the mice o
own. We picked the 10% (27 antigens) that best s
arate the mice and clustered all 20 mice. on the b
of these 27 antigens. Two clear, statistically signific
clusters were found; one rich in CAD and the other
immunized mice. This experiment demonstrates
individual differences between “genetically identica
mice suffice to give rise to different responses of
immune system to treatment; these differences are
scribedprior to the introduction of the treatment, an
can be picked up from the reactivity patterns of
antigens placed on our chip.

5. Summary

Experimental methods used in biology move
wards miniaturization of the measuring devices, wh
allows massive parallelization of data acquisition a
generates large volumes of measured data. The
advantage of these high-throughput techniques is
their weakness; the need to sort out the relatively
aspects of the measurements that are relevant to
biological questions of interest pose a computatio
challenge. The examples reviewed above demons
how this type of analysis yields clinically relevant i
formation (on leukemia), basic insights into desi
principles (of stem cells) and potentially opens a fi
of predictive immune fingerprinting.
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