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Human cancers overexpress genes that are specific
to a variety of normal human tissues
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We have analyzed gene expression data from three different kinds
of samples: normal human tissues, human cancer cell lines, and
leukemic cells from lymphoid and myeloid leukemia pediatric
patients. We have searched for genes that are overexpressed in
human cancer and also show specific patterns of tissue-dependent
expression in normal tissues. Using the expression data of the
normal tissues, we identified 4,346 genes with a high variability of
expression and clustered these genes according to their relative
expression level. Of 91 stable clusters obtained, 24 clusters in-
cluded genes preferentially expressed either only in hematopoietic
tissues or in hematopoietic and one to two other tissues; 28 clusters
included genes preferentially expressed in various nonhematopoi-
etic tissues such as neuronal, testis, liver, kidney, muscle, lung,
pancreas, and placenta. Analysis of the expression levels of these
two groups of genes in the human cancer cell lines and leukemias
identified genes that were highly expressed in cancer cells but not
in their normal counterparts and, thus, were overexpressed in the
cancers. The different cancer cell lines and leukemias varied in the
number and identity of these overexpressed genes. The results
indicate that many genes that are overexpressed in human cancer
cells are specific to a variety of normal tissues, including normal
tissues other than those from which the cancer originated. It is
suggested that this general property of cancer cells plays a major
role in determining the behavior of the cancers, including their
metastatic potential.

cancer cell lines | DNA microarray | gene expression patterns |
hematopoietic and nonhematopoietic clusters | leukemic patients

G enetic and epigenetic changes contribute to the development
of cancer and lead to abnormalities in the regulation of cell
viability, multiplication, and differentiation (reviewed in refs. 1-3).
Such changes in DNA and chromatin structure can lead to aberrant
gene expression, and analysis of global gene expression detected
changes in gene regulation in different types of cancer (4-9). But
are the up-regulated genes in cancer cells limited only to those genes
that are normally preferentially expressed in the same tissues from
which the cancer originated? We have previously shown that cells
of a mouse myeloid leukemia cell line highly express various genes
that are normally preferentially expressed in different nonhema-
topoietic tissues, including neuronal, liver, testis, and muscle (10).
We now have determined whether this phenomenon is common to
different types of human cancers by using DNA microarray expres-
sion data from normal human tissues (11), different human cancer
cell lines (11), and different subtypes of human leukemia from
patients (6, 12). Cluster analysis of gene expression in normal
human tissues revealed that many genes that are overexpressed in
different human cancer cells are normally preferentially expressed
in tissues other than those from which the cancer originated. The
results also indicate that the number and identity of these highly
expressed genes were different in different types of cancers.

Materials and Methods
Data Sets. Three DNA microarray data sets were used: In the first
data set, nRNA expression levels of genes in normal human tissues

and in various human cancer cell lines (11) were measured with two
DNA microarrays, the Affymetrix HG-U133A array and the
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GNF1H, a custom-designed array (11). The data set downloaded
from Su et al. (11) contained 33,689 probe sets (PS). We removed
all PS that were mapped to more than one gene symbol, leaving
33,440 PS that were used for further analysis. The downloaded data
set included 72 normal human tissue samples in duplicates and 7
human cancer cell lines also in duplicates (11). The cancer cell lines
(11) included the T cell lymphoma MOLTH4, the B cell lymphoma
721, the Burkitt’s ymphomas Raji and Daudi, the myeloid leukemia
HL-60, the chronic myeloid leukemia derived cell line K562, and
the colorectal carcinoma SW480. The two other data sets used
included mRNA expression data from leukemic blast cells of 132
pediatric patients with different acute lymphoid leukemia (ALL)
subtypes (12), five pediatric patients with T-ALL with a rearranged
MLL gene (6), and 130 pediatric patients with different acute
myeloid leukemia (AML) subtypes (6). The ALL subtypes included
T-ALL without or with rearrangement of the MLL gene and six
different B-ALL subtypes, including those with a rearranged MLL
gene, chromosomal translocations involving BCR/ABL, E2A/
PBX1, or TEL/AMLI, a hyperdiploid number of chromosomes
(HD50), and others (12). There were six different AML subtypes,
including those with a rearranged MLL gene, chromosomal trans-
locations involving PML/RARa, AML1/ETO, or CBFB/
MYHI11, M7 megakaryocytic leukemia, and others (6). Gene
expression in these data sets was measured with the Affymetrix
HG-U133A array. For all data sets, the expression value for each
gene was determined by using the MICROARRAY SUITE version 5.0
software (13).

Clustering of Highly Variable Genes in Normal Human Tissues. Ex-
pression values of PS in the duplicates of each normal tissue sample
were averaged, expression values <20 were adjusted to 20 to
eliminate noise from the data, and all values were then log;o-
transformed. The 33,440 PS were filtered to select those genes that
show a highly variable expression level in the 72 human tissue
samples. We used two criteria to filter the PS, and those PS that
satisfied either criterion were included in the analysis: (i) High
(=0.4) standard deviation of the log-transformed expression
(LTE), measured over the different human tissues, or (ii) LTE
range of at least 2 and LTE value of =3 standard deviations below
or above the mean in at least one tissue. The 4,346 highly variable
PS that passed either of these two criteria were clustered according
to their expression in the different human tissues by using the
coupled two-way clustering (CTWC) algorithm (14). Stable clusters
were identified by CTWC after applying the mean field approxi-
mation version (15) of the super paramagnetic clustering algorithm
(16). CTWCwas applied by using the default parameters, except for
aminimal cluster size of 10. Before the first clustering step, the LTE
of each gene was centered and normalized over the samples used.

Conflict of interest statement: No conflicts declared.

Abbreviations: ALL, acute lymphoid leukemia; AML, acute myeloid leukemia; CTWC,
coupled two-way clustering; H clusters, hematopoietic clusters; NH clusters, nonhemato-
poietic clusters; LTE, log transformed expression; PS, probe sets.

*J.L. and D.N. contributed equally to this work.

5To whom correspondence may be addressed: E-mail: eytan.domany@weizmann.ac.il or
leo.sachs@weizmann.ac.il.

© 2005 by The National Academy of Sciences of the USA

www.pnas.org/cgi/doi/10.1073/pnas.0509360102



SINPAS

MNormal tissues

(G8) coim

o
05 20100

(G13) M0
04 c;g;_es

03RS (Gzm

40001
H

P220r:
i
Fp

»

I HoMNTUTDNEIS
;a‘l‘ﬂgiﬂ-‘
ar
il e
T
&

0.2

I
e
M
b
oo

2300
Bl
[

O
I

B ¢
un

(GB2) &l

0. HBAZ

11 1EEE T ENEETE .

]
=
SRR
Lot
o8

(G60) [HE

rZNZAz

SinEnage

g e
F

SZMZHrm=nz
EATEEE
EE»zEg

w
[

2
bk
¥
T
w

Fr e e Bl Taletele R E T T e L Tt e L L T
Bfstetsteteltatets gég AREBh Eggm S BB o o b 0
£d8838830093855 %mm&uu-: e e
T (R D T ghian Bt ou e ~Eopag RESoe
e R T L it e e Vi G
P T S T T 1 o A e s S b

5-5' Z’g‘i%zﬁ AdEEEEd o ThaTEE Saddain " BRE
Iﬂg H ES}"P‘N m§5"55=|—"5‘0‘ [} é E al" H B R HT
58 LHREERED o 2UEE HEE 2§ R E\% n o REE
BT BRHE @ Bl B3 rr% 21 ErE e

RL"'II:L'L""]N’UCH 0 * blﬂCE]
LY I T B A
R TG B T Ok D e
L mNNWD:’B [t D:E
HOREROEO R0 =
SEpmEe Do = ad
st - ; ﬁ;r‘-": "3 ;' 9
g5 eaia
D 0y = = oan .
22 f §° 348w 8
H L [ -
BER it & 1
g e = -

Cancer cell lines

210487 _at
215784_at
gnfINO3G83_x_at
ZOBTAB_at

ZOB165_=_at
anfho1o1 3_at

p o8

{72 EE Y

AN0SBDA=S
k40N

03
0087
o
:s.
bl
[

N T T O

WO BE4UDIORIONONTY,
L1 FUNaR-- 23040 OO D

329 35 b4 38 b
B
faED  @h <5
»
o

BAMD ummnmwnmgmmm D=@a O B

&o
B R
-

= Db =0 O

RN MRy PN haD Rl
ey

D00 i

A0 A SLWD

iy S=SE@~JnJ-mg O
TN

o h, b~ B b

hotide PaRIRIRL
-

Fig. 1. Examples of different H clusters. Genes that show highly variable expression level in 72 normal tissue samples were clustered by CTWC as described in
Materials and Methods. Some clusters showing preferential expression in normal hematopoietic tissues and the relative gene expression levels in seven human
cancer cell lines are shown in Left and Middle, respectively, according to the color code shown on the left. Highly expressed genes in the cancer cell lines (>85%)
are shown in Right, marked as red boxes. Because of the large size of some clusters, not all the gene names and their PS are marked on the left and right sides

of the colored expression matrices, respectively.

Identification of Highly Expressed Genes. We used all of the available
PS to calculate separately the 85th percentile of the unnormalized
expression values for each of the normal tissue samples and cancer
cell lines. In the case of leukemic cells from patients, we first
averaged the expression values over all patients with the same
leukemia subtype and took the 85th percentile of these average
values. All of the PS that were expressed at values higher than this
threshold were defined as highly expressed. We have shown pre-
viously that changing the threshold used to define highly expressed
genes to the 80th or 90th percentiles did not affect the conclusions
drawn from the analysis (10).

Results

Clustering of Highly Variable Genes in Normal Human Tissues. After
filtration, the 4,346 PS that showed highly variable expression in the
72 different normal tissue samples were clustered by CTWC. This
clustering operation yielded 91 stable gene clusters that show
preferential expression in different tissues (see Fig. 4, which is
published as supporting information on the PNAS web site). The
term “preferential expression” refers to high relative expression
levels of the majority of a cluster’s genes in a particular subset of the
samples, which was determined by inspection of color-coded ex-
pression matrices, such as Figs. 1 Left and 2 Left. The genes included
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in 14 of these clusters showed preferential expression only in
hematopoietic tissues. Further subclassification within the hema-
topoietic tissues indicated that some of these clusters contained
genes preferentially expressed in T cells (see Fig. 1.4 Left), B cells
(Fig. 1B), myelomonocytic cells (Fig. 1C), or erythroid and bone
marrow endothelial cells (Fig. 1D), whereas other clusters con-
tained genes expressed at similar levels in most hematopoietic cell
types (Fig. 1E). In addition, 10 other clusters contained genes that
were preferentially expressed in hematopoietic tissues plus one to
two other tissues. For further analysis, we shall refer to these 24
clusters (10 hematopoietic tissues only and 14 hematopoietic plus
one to two other tissues) as hematopoietic clusters (H clusters) (see
the list of H clusters in Table 3, which is published as supporting
information on the PNAS web site).

In addition to the H clusters, there were 28 clusters that con-
tained genes preferentially expressed in various NH tissues. Some
of these nonhematopoietic clusters (NH clusters) contained genes
preferentially expressed in only one type of tissue, such as neuronal,
testis, placenta (Fig. 2 A-C Left, respectively), kidney, adrenal,
pancreas, or thyroid. Other NH clusters contained genes showing
preferential expression in two to three tissues such as neuronal and
testis, or in at least four different nonhematopoietic tissues (Fig. 2D
Left and Table 3).

PNAS | December 20,2005 | vol. 102 | no.51 | 18557
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Testing for Distortion due to Normalization. The clustering opera-
tion that identified the H and NH clusters was based on LTE
values that were centered and normalized for each PS. This step
may distort the relative expression levels of the genes in a
particular sample. To show that there was no such distortion, we
checked the overlap of the H and NH cluster genes with those
that are identified as highly expressed genes, applying our
standard 85th percentile threshold on the raw LTE values. The
results indicate that 92.5% of the H cluster genes, i.e., 1,046 of
1,130, were highly expressed in some hematopoietic tissues
(Table 1). In contrast, only 3.5% of the H cluster genes, 40 genes,
were highly expressed in all normal tissues. There was also a low

Cancer cell lines

Fig. 2. Examples of different NH clusters. Some clus-
tersshowing preferential expression in various normal
nonhematopoietic tissues and the relative gene ex-
pression levels in seven human cancer cell lines are
shown in Left and Middle, respectively, according to
the color code shown on the left. Highly expressed
genes in the cancer cell lines (>85%) are shown in
Right, marked asred boxes. AsinFig. 1, notall the gene
names are marked on the left side of the colored
expression matrices. The order of the normal tissue
samples and cancer cell lines is as in Fig. 1.

frequency of H cluster genes that were highly expressed in
various nonhematopoietic tissues, and, for example, there were
126 such highly expressed genes in appendix (Table 1). An
illustration of this phenomenon in two H clusters is shown in Fig.
3 A and B. Similar to the H clusters, 95.3% of the NH cluster
genes, 1,533 of 1,609, were highly expressed in the corresponding
nonhematopoietic tissues, but only 1.8% of the NH cluster genes,
29 genes, were highly expressed in all normal tissues, and only
273 of the NH cluster genes were highly expressed in hemato-
poietic tissues (Table 1). An illustration of this phenomenon in
two NH clusters is shown in Fig. 3 C and D. These results indicate
that the genes included in the various H or NH clusters according

Table 1. Number of highly expressed PS in normal tissues and different human cancer cell lines

Normal tissues

Cancer cell lines

Clusters n H NH Appendix Molt4 721 Raji Daudi HL-60 K562 SwW480
Hematopoietic 1,130 1,046 — 126 226 (0) 378 (7) 260 (4) 281 (3) 247 (2) 165 (3) 154 (107)
Nonhematopoietic 1,609 273 1,533 295 54 (20) 70 (34) 70 (24) 53(11) 46 (17) 110 (50) 162 (110)

n, total number of PSin all H or NH clusters. Values in parentheses are the number of PS that were highly expressed in cancer cell lines but not in their normal

counterparts.

18558 | www.pnas.org/cgi/doi/10.1073/pnas.0509360102
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Fig.3. Highly expressed genesinsome H and NH clusters in normal tissues. (A and B) H clusters. (Cand D) NH clusters. Genes that are highly expressed in normal
hematopoietic tissue samples or in any of the other normal tissues are marked as pale blue or red boxes, respectively. As in Fig. 1, not all the gene names are
marked on the left side of D. The order of the normal tissue samples is as in Fig. 1.

to their relative expression profile in different tissues were also
highly expressed, mainly in the corresponding normal tissues.

Search for Genes That Are Highly Expressed in Leukemic Cell Lines and
in Some Normal Tissues, but Not in Normal Hematopoietic Tissues. To
compare gene expression in the normal tissues and cancer cell lines,
we standardized the expression values of each gene over all of the
normal tissues and the seven cancer cell lines included in the data
set (11) (Figs. 1 and 2 Left and Middle, respectively). In these figures,
the internal ordering of the genes within each H and NH cluster was
based on hierarchical clustering applied over the cancer cell lines.
Thus, within each H or NH cluster, genes with similar expression
profile over the cancer cell lines are adjacently placed (for ease of
inspection). On Figs. 1 Right and 2 Right, we mark the genes that
were highly expressed in the cancer cell lines.

The results with H cluster genes indicate that different leukemia/
lymphoma cell lines varied in the number of highly expressed genes
(Table 1). As expected from their hematopoietic origin, almost all
of the genes that were highly expressed in the different cell lines

Lotem et al.

were also highly expressed in their normal hematopoietic counter-
parts (Table 1). Those few H cluster genes that were highly
expressed in the leukemia/lymphoma cell lines but not in any of the
normal hematopoietic counterparts are listed in Table 4, which is
published as supporting information on the PNAS web site. The
results also show that only the T cell leukemia Molt4 highly
expressed some genes that are preferentially expressed in normal
thymus (Fig. 14). Furthermore, only B cell lymphomas 721, Raji
and Daudji, and the myeloid leukemia HL-60 highly expressed some
genes that are preferentially expressed in normal B cells (Figs. 1B).
In addition, the K562 cell line that can be induced to differentiate
along the erythroid lineage (17) showed the highest number of
highly expressed genes that are preferentially expressed in normal
erythroid precursor cells (Fig. 1D). These results indicate that the
human leukemia cell lines maintain certain features that charac-
terize their normal cell lineage.

The behavior described above is the standard and expected one,
high expression of genes in cancer cell lines is accompanied by high
expression in the normal tissue of origin. We turned to search for

PNAS | December 20,2005 | vol. 102 | no.51 | 18559
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Table 2. Number of highly expressed PS in different subtypes of human ALL and AML

T-ALL B-ALL AML
BCR/ E2A/  TEL/ PML/ AML1/ CBFB/

Clusters n  +MLL —-MLL +MLL ABL PBX1 AML1 HD50 Others +MLL RARe ETO MYH11 M7 Others

Hematopoietic 1,038 286 (0) 286 (1) 265(0) 302(0) 249 (1) 300 (0) 278 (0) 294 (0) 318(1) 244(0) 277 (0) 329 (0) 281 (0) 306 (0)

Nonhematopoietic 1,450 51(10) 33(3) 50(9 51(5) 53(9)

49 (13)

45 (6) 44 (4) 44 (4) 53(6) 41 (1) 35(2) 55 (5) 30(1)

n, total number of PS in all H or NH clusters. Values in parentheses are the number of PS that are highly expressed in cells from different leukemia subtypes

but not in normal hematopoietic cells.

a more interesting, nonstandard expression pattern, that of genes
that are highly expressed in some cancer cell lines, low in the normal
tissue from which these cancers originated, but high in some other
normal tissue. Here, we demonstrate that this nonstandard scenario
is indeed observed, concentrating first on leukemia/lymphoma cell
lines. First, we noted that the NH cluster genes exhibit variability in
their expression over the different leukemia/lymphoma cell lines.
For each of these different cell lines, we identified the highly
expressed genes that belong to the NH clusters. The leukemia/
lymphoma cell lines highly expressed some NH cluster genes that
are preferentially expressed in normal neuronal, testis, placenta
(Fig. 2), liver, kidney, thyroid, lung, and some other tissues. The
different leukemia/lymphoma cell lines varied in the number of the
highly expressed NH cluster genes (Table 1). For each cell line, we
calculated the fraction of its highly expressed nonhematopoietic
genes that were not highly expressed in any of the normal hema-
topoietic tissue samples. This fraction represents genes that are
overexpressed in the cell lines, and it varied from 20% to 48% in
different cell lines (Table 1; see the list of genes in Table 5, which
is published as supporting information on the PNAS web site). The
results indicate that different human leukemia/lymphoma cell lines
over-express genes that are normally preferentially expressed in
tissues other than the hematopoietic tissue from which the leuke-
mias originated.

Identification of Genes That Are Overexpressed in Leukemic Cells from
Human Patients with Different Subtypes of Lymphoid or Myeloid
Leukemia. Cancer cells from patients with various types of cancer,
including leukemia, overexpress various genes compared to their
normal tissue of origin (4-9). In view of our previous results (10)
and the results described above with leukemia/lymphoma cell lines,
we have now determined the extent to which leukemic cells from
patients with different leukemia subtypes also highly express genes
that are normally preferentially expressed in nonhematopoietic
tissues. The gene expression data used in normal human tissues (11)
and leukemic cells from 267 pediatric patients with ALL (12) or
AML (6) were from different data sets, which prohibited direct
comparison of gene expression values in these different studies.
Therefore, we first calculated the average expression values of every
gene in the data sets from all patients with the same leukemia
subtype and identified the highly expressed genes. We then deter-
mined which of the H or NH cluster genes were highly expressed
in the different leukemia subtypes. Of the 1,130 PS included in the
normal H clusters, 1,038 PS were present also in the human ALL
and AML data sets. Of these 1,038 H cluster PS, the number of
those that were highly expressed in leukemic cells from the different
leukemia subtypes varied (over the subtypes) between 244 and 329,
and almost all of these PS were also highly expressed in normal
hematopoietic tissues (Table 2). In addition, of the 137 genes
included in H clusters G19, G28, G32, and G72 preferentially
expressed in normal myelomonocytic cells (Table 3), the T-ALLs
highly expressed only 3 to 5 genes, the B-ALLs 4 to 12 genes, the
M7 megakaryocytic leukemia 12 genes, whereas the other AMLs
highly expressed 17 to 42 genes. Of the 37 H cluster genes
preferentially expressed in normal B cells, the T-ALLs and the
different AMLs highly expressed only 1 to 3 genes, whereas the

18560 | www.pnas.org/cgi/doi/10.1073/pnas.0509360102

B-ALLs highly expressed 15 to 17 genes. Thus, like the leukemia/
lymphoma cell lines, different human leukemias also showed a high
degree of cell lineage fidelity.

Turning again to search for genes with nonstandard expression
patterns, we analyzed the NH cluster genes and found that the
different ALL and AML subtypes highly expressed 30 to 55 genes,
which were preferentially expressed in various normal nonhema-
topoietic tissues (Table 2). Of all of the NH cluster genes that were
highly expressed in the different leukemias, 42 genes were not
highly expressed in any normal hematopoietic tissue and, thus, are
overexpressed in the leukemias (Table 2; see the list of these genes
in Table 6, which is published as supporting information on the
PNAS web site). Of these 42 overexpressed NH cluster genes, 30
genes were overexpressed only in a single leukemia subtype, and
only 4 genes in at least four leukemia subtypes (Table 6). These
results indicate that like the leukemia/lymphoma cell lines, leuke-
mic cells from patients also overexpress various genes that are
normally preferentially expressed in various nonhematopoietic
tissues, including neuronal, testis, liver, and placenta, and most of
these genes were overexpressed in just a single leukemia subtype.
However, the number of NH cluster genes that were overexpressed
in the ALLs was higher than in the AMLs, 35 versus 14 genes,
respectively, including 13 versus 4 genes preferentially expressed in
neuronal and testis tissues (Table 6).

Identification of Genes That Are Overexpressed in SW480 Adenocar-
cinoma Cell Line. The ability of leukemic cells to overexpress genes
that are normally preferentially expressed in various nonhemato-
poietic tissues raised the question whether other types of cancer
cells also possess this property. The results indicate that SW480
adenocarcinoma cells highly expressed various H cluster genes
(Table 1 and Fig. 1 C-E), although they had a lower number of such
genes compared to the leukemia/lymphoma cell lines (Table 1).
Furthermore, 69% of the highly expressed H cluster genes in
SW480 cells were not highly expressed in the appendix (Table 1),
which we used as their normal counterpart and, thus, are overex-
pressed in SW480. The H cluster genes that are overexpressed in
SW480 (Table 4) include the apoptosis inhibitors SERPINAI and
BIRCS5 and some genes involved in human cancer-associated trans-
locations such as LMO2, RUNX1, and TCF3 that could play a role
in their cancer phenotype. Analysis of genes that are included in
various NH clusters showed that SW480 highly expressed more such
genes than the leukemic cell lines (Table 1). However, unlike the
leukemia/lymphoma cell lines, SW480 did not highly express any of
the genes that are preferentially expressed in normal testis (Fig. 2B
and Table 5). Of the 162 NH cluster genes that were highly
expressed in SW480, 68% were not highly expressed in normal
appendix (Table 1). In addition, only 21 of these overexpressed NH
cluster genes were common to SW480 and at least one of the
leukemia or lymphoma cell lines (Table 5). The results indicate that
human adencocarcinoma cells, like leukemia/lymphoma cells,
overexpress many genes that are normally preferentially expressed
in tissues other than their tissue of origin. As with the H cluster
genes, the list of the overexpressed NH cluster genes in SW480
includes many genes that are known to be overexpressed in various
types of human cancer and could contribute to cancer development

Lotem et al.
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and progression, including HOXA9, HOXB6, SOX9, CCNDI,
EGFR, SERPINE1, KRTS, KRTI8, KRT19, TIAMI1, FHL2, and
LI1CAM (Table 5).

Discussion

Normal hematopoietic stem cells express genes that are preferen-
tially expressed in various normal nonhematopoietic tissues (18).
We have previously shown that cells of a mouse myeloid leukemia
cell line also highly express genes that are normally preferentially
expressed in nonhematopoietic tissues such as neuronal, testis, liver,
and muscle (10). It is well established that human cancer cells from
patients overexpress various genes compared to their normal tissue
of origin (4-9). We have determined now to what extent do
different types of human cancer cells overexpress genes that are
normally preferentially expressed in hematopoietic and nonhema-
topoietic tissues. We clustered genes that showed a highly variable
expression level in 72 different normal human tissue samples and
selected 2 major cluster categories: H clusters with genes prefer-
entially expressed only in hematopoietic tissues or in hematopoietic
tissues plus one to two other tissues, and NH clusters with genes
preferentially expressed in a single or multiple nonhematopoietic
tissues. More than 92% of the genes included in all H or NH clusters
were highly expressed in the corresponding normal tissues.

We determined which of the H or NH cluster genes were highly
expressed in each of the human cancer cell lines tested and in
different human ALL and AML subtypes. The results with H
cluster genes indicated that different leukemia/lymphoma cell lines
and leukemic cells from ALL and AML patients showed good
lineage fidelity. Both the myeloid leukemia HL-60 and the B
lymphoma cell lines showed the same number of highly expressed
H cluster genes that are preferentially expressed in normal B cells.
It is possible that this phenomenon may reflect a common normal
hematopoietic precursor cell for both B cells and myeloid cells (19).
As expected from the large fraction of H cluster genes that are
highly expressed in normal hematopoietic tissues, almost all of the
H cluster genes that were highly expressed in the leukemia/
lymphoma cell lines and leukemia patients were highly expressed
also in normal hematopoietic cells. The colon adenocarcinoma
SW480 also highly expressed 154 H cluster genes, but 69% of these
genes were not highly expressed in normal appendix, which we used
as a normal counterpart of SW480 and, thus, are overexpressed in
SW480 compared to normal appendix. Two of these H cluster genes
that are overexpressed in SW480 cells, SERPINA1 /ol ANTITRYP-
SIN and BIRC5/SURVIVIN are antiapoptotic genes (20, 21).
Furthermore, SURVIVIN is overexpressed in many human cancers
(21), including colorectal cancer in which it is regulated by the
TCF/B-catenin pathway (22) and contributes to the radiation
resistance in SW480 cells (23). Some of the other H cluster genes
that are overexpressed in SW480, such as LMO2, RUNX1/AMLI,
and TCF3/E2A, are involved in human cancer-associated translo-
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cations (24-26). Other H cluster genes that are overexpressed in
SW480 are also overexpressed in a variety of human cancers and
could contribute to development and progression of cancer due to
their functions in regulating cell viability, proliferation, DNA repair,
adhesion, and invasiveness (Table 7, which is published as support-
ing information on the PNAS web site).

The results with NH cluster genes indicate that the leukemic cell
lines, the ALL and AML leukemia subtypes, and SW480 highly
expressed various genes that are preferentially expressed in tissues
other than those from which the cancers originated, including
neuronal, liver, kidney, thyroid, lung, or placenta. However, unlike
the leukemia/lymphoma cells, SW480 did not highly express any of
the genes that are preferentially expressed in normal testis. It will
be interesting to determine whether other colorectal cancer cell
lines share this property. The results also have indicated that a large
proportion of the NH cluster genes that are highly expressed in the
different cancer cells were overexpressed in the cancer cells com-
pared to their tissue of origin. Most of these genes were overex-
pressed only in a single cancer cell line or leukemia subtype,
indicating that the different cancer cells show differences both in
the number and the identity of their overexpressed genes. Many of
these genes are up-regulated in various types of human cancer and
could contribute to cancer development and progression (Table 5;
see also Table 8, which are published as supporting information on
the PNAS web site).

It is suggested that the ability to overexpress genes that are
normally preferentially expressed in tissues other than the cancer’s
origin is a general property of cancer cells that plays a major role
in determining the behavior of the cancers, including their meta-
static potential. The results from the pediatric ALL and AML
patients indicate that the ALLs overexpressed more NH cluster
genes than the AMLs, including genes preferentially expressed in
neuronal tissues and testis. It will be interesting to find out whether
this phenomenon is associated with the higher frequency of leu-
kemia involvement in the central nervous system in ALL versus
AML pediatric patients (27, 28).

The fact that we used the average expression values of genes from
all patients with a given leukemia subtype, presumably resulted in
detection of only a fraction of overexpressed genes, those that are
commonly overexpressed in many of the patients. It is expected that
additional overexpressed genes can be identified, which show
patient-to-patient differences, even with the same leukemia
subtype.
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