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SUMMARY: Activation of T cells involves a complex cascade of signal transduction pathways linking T-cell receptor
engagement at the cell membrane to the transcription of multiple genes within the nucleus. The T-cell leukemia—derived cell line
Jurkat has generally been used as a model system for the activation of T cells. However, genome-wide comprehensive studies
investigating the activation status, and thus the appropriateness, of this cell line for this purpose have not been performed. We
sought to compare the transcriptional profiles of phenotypically purified human CD2* T cells with those of Jurkat T cells during
T-cell activation, using cDNA microarrays containing 6912 genes. About 300 genes were up-regulated by more than 2-fold during
activation of both peripheral blood (PB) T cells and Jurkat T cells. The number of down-regulated genes was significantly lower
than that of up-regulated genes. Only 79 genes in PB T cells and 37 genes in Jurkat T cells were down-regulated by more than
2-fold during activation. Comparison of gene expression during activation of Jurkat and PB T cells revealed a common set of
genes that were up-regulated, such as Rho GTPase-activating protein 1, SKP2, CDC25A, T-cell specific transcription factor 7,
cytoskeletal proteins, and signaling molecules. Genes that were commonly down-regulated in both PB T cells and Jurkat T cells
included CDK inhibitors (p16, p19, p27), proapoptotic caspases, and the transcription factors c-fos and jun-B. After activation,
71 genes in PB T cells and only 3 genes in Jurkat T cells were up-regulated 4-fold or more. Of these up-regulated genes and
expressed sequence tags, 44 were constitutively expressed at high levels in nonactivated Jurkat cells. Quantitative real-time
RT-PCR analysis confirmed our microarray data. Our findings indicate that although there is significant overlap in the
activation-associated transcriptional profiles in PB T cells compared with Jurkat T cells, there is a subset of genes showing
differential expression patterns during the activation of the two cell types. (Lab Invest 20083, 83:765-776).

any studies of T-cell activation have been per-

formed using either the human leukemic Jurkat
cell line (Black et al, 1997; Ghaffari-Tabrizi et al, 1999)
or primary T cells (Cooper and Pellis, 1998; Ellisen et
al, 2001). T-cell activation is associated with regulation
of multiple intracellular signaling events, mediated by
either protein tyrosine kinases and serine/threonine
kinases (Rudd, 1999; Tsuchida et al, 1999). Several
key processes have been well documented during
T-cell activation, including the activation of phospho-
lipase C-v, which is required for TCR-dependent
activation of IL-2 (Lindholm et al, 1999). Up-regulation
of protein kinase C, a downstream target of phospho-
lipase C-vy (Cooper and Pellis, 1998; Ghaffari-Tabrizi et
al, 1999), results in the stimulation of AP-1 transcrip-
tional activity, which activates the transcription of
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c-Jun-N-terminal kinase/stress-activated protein ki-
nase (Ghaffari-Tabrizi et al, 1999). Other signaling
molecules such as mitogen-activated/extracellular
signal-regulated kinase and calcium ions are also
involved in T-cell activation (Tsuchida et al, 1999).

Both the leukemic Jurkat T-cell line (Black et al,
1997; Ghaffari-Tabrizi et al, 1999; Tanaka et al, 1997;
Whisler et al, 1994) and primary PB T cells (Cooper
and Pellis, 1998; Ellisen et al, 2001; Whisler et al, 1993)
are commonly used as a model for human T-cell
activation. Genomic expression programs in primary
PB T-cell activation have been reported (Diehn et al,
2002; Ellisen et al, 2001; Feske et al, 2001); however,
no genomic-scale comparison has been performed to
analyze the activation-induced gene expression pro-
files of these two T cell types.

The use of cDNA microarray technology is an effec-
tive approach for analysis of gene expression profiles
in T-cell activation (Ellisen et al, 2001; Teague et al,
1999). The technology is based on two-color fluores-
cence hybridization in which two cDNA populations
(from test and reference samples) are labeled sepa-
rately with red or green fluorochrome and are subse-
quently hybridized to a microarray containing thou-
sands of predeposited cDNAs (Schena et al, 1995).
The ratio of fluorescence intensity (red/green) reflects
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the relative expression level between the tested cDNA
populations (such as the test sample and the control
sample). The technology has been used in the analysis
of gene expression patterns, signaling pathways, and
identification of new functional genes on a genomic
scale (Chtanova et al, 2001; Ellisen et al, 2001; Teague
et al, 1999).

In this study we sought to compare the gene ex-
pression profiles of phenotypically purified human
CD2" T cells with those of Jurkat T cells during
PHA-induced activation. The results show that general
patterns of gene expression profiles were similar dur-
ing activation of Jurkat T cells and peripheral blood
(PB) T cells. However, a subset of genes showed
differential expression with varying degrees of gene
regulation between the Jurkat and PB T cells. This is
the first comparative analysis of transcription profiles
on a genomic scale between primary T cells and
leukemic Jurkat T cells during T-cell activation
(Gonzales and Bowden, 2002; Rowan et al, 1995).

Results and Discussion

Overall Gene Expression Patterns Between Jurkat and PB
T Cells During Activation

The baseline similarity of gene expression between
Jurkat and PB T cells was evaluated by hybridizing
cDNA from resting CD2" PB T cells with cDNA from
nonactivated Jurkat T cells. The correlation coefficient
between gene expression profiles of the two T cell
types was 0.674 (Fig. 1), indicating that the two T cell
types were significantly different. By contrast, cohy-
bridization of PB T-cell mRNA with themselves re-
vealed a correlation coefficient of 0.99 (data not
shown).

To compare the transcriptional profiles of PB T cells
and Jurkat T cells during activation, Cy-5-cDNAs from
either activated Jurkat or PB T cells were hybridized
with Cy-3-cDNAs from their nonactivated counter-
parts. Genes that were expressed greater than 2-fold
(2-fold higher than control) after activation were con-

sidered overexpressed, whereas genes that were ex-
pressed less than 0.5 fold (2-fold lower than control)
were considered underexpressed. After 24 hours of
activation, approximately 300 genes (4.3% of 6912
genes tested) were overexpressed in each T cell type
(Table 1). The number of underexpressed genes was
much lower than that of the overexpressed genes in
both T cell types, with only 79 genes (1.1% of 6912
genes tested) in PB T cells and 37 genes (0.5% of
6912 genes tested) in Jurkat T cells. The ratio of
up-regulated genes, expressed sequence tags (ESTs),
and unknown genes are also shown in Table 1; the
accession numbers of these ESTs and unknown
genes are listed in Tables 2 and 3. A significant portion
of the up-regulated genes represents ESTs and un-
known genes, highlighting the limited knowledge we
have regarding the genes involved in T-cell activation.
In PB T cells, the majority of the 6912 tested genes
were expressed at similar levels (between the upper
and lower blue lines in Fig. 1) during activation. This
result is consistent with other reports that resting T
cells are not in a quiescent stage; instead, there are
many cellular transcriptional activities that are needed
to maintain viability and mobility of unstimulated T
cells (Boise et al, 1995; Teague et al, 1999; Vella et al,
1998). Jurkat T cells are derived from a T-precursor
lymphoblastic lymphoma (Black et al, 1997). As a
result, many of the genes were expected to be con-
stitutively expressed before activation treatment; how-
ever, Jurkat T cells responded to activation treatment
similar to resting T cells, as reflected by the similar
numbers of up-regulated genes in both T cell types
(Table 1).

Functional Groups of Similarly Expressed Genes in Both
Jurkat and PB T Cells During Activation

Analysis of the 300 genes that were overexpressed in
each cell type revealed that many were unknown
genes and ESTs. This suggests the existence of many
novel, as yet uncharacterized, genes that are involved

Resting PB T-cells (Cy5)

10 100
Jurkat T-cells (Cy3)

Figure 1.

1000

Overall expression profile of 6912 genes between resting peripheral blood (PB) T cells and Jurkat T cells. Red and green data points indicate overexpressed and
underexpressed genes, respectively. Genes above the upper blue lines represent those that were overexpressed by greater than 2-fold, whereas genes below the lower

blue line represent those that were underexpressed by more than 2-fold.
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Table 1. Numbers of Differentially Expressed Genes During Activation of Jurkat and PB T Cells?

Experiments (Cy5 vs Cy3)

=4-fold
up-regulat

ed

=2-fold
up-regulated

=2-fold
down-regulated

(total/known genes:EST:unknown genes)

Activated PB T cells vs Resting PB T cells
Activated Jurkat vs Jurkat T cells

71/10:4:57

3/0:0:3

300/76:30:194
301/62:97:142

79/28:34:17
37/19:8:10

2Fold changes shown represent the ratio of gene expression in activated vs nonactivated cells.

Table 2. GenBank Accession Numbers of Overexpressed ESTs and Unknown Genes (=2-fold) During PB

T-Cell Activation?

150221
249856
135527
233365
134753
135094
123065
123817
154789
295866
197637
194704
193617
246449
711857
141627
198694
121275
110582
110987
303048
206816
23616
23533
23114
22355
23398
21634
23121
23454
20394
19745
19739
19776
21269
13083
22388
21228
19734
21232
20070

23496
23492
9101

7863

23436
23477
23453
23691
11984
21464
21462
23635
20280
18764
15458
23618
11054
20373
20384
20382
8290

19958
19957
18832
19969
7053

23592
23590
9252

23598
23580
23536
23535
22419
23563
19873
12704
22162
20892
20891
21003

23157
20784
23162
23159
23245
23216
23256
23250
23207
21943
12602
20826
21978
23132
15871
10260
21845
17148
16911
23049
23031
23096
23059
7536
16099
20766
23122
23105
20716
12530
21893
23280
20981
23349
23358
10512
20952
20900
168
20916
66686

17979
23964
15787
20563
22782
13404
20538
20512
9683

12406
20618
21755
22859
22815
23967
18197
17017
14557
15578
23714
21540
22688
23713
15521
16657
23707
23703
7275

20492
22701
1588

7268

21589
20419
18925
21597
23010
21790
20620
20640
23007

23384
23380
23375
23364
23363
23366
23365
22265
6660

21150
10586
22246
23388
23385
20236
7049

7039

21388
22495
21332
20228
19836
21173
23188
23181
23396
23393
23362
18493
18457
17373
23520
2355

23524
23523
17573
20150
19787
2317

20178
22342

19676
13016
13011
20025
21901
18363
23175
20032
12742
300237
23911
23405
12554
11690
23377
23419

2This list was generated using GeneSpring software and the database available when this manuscript was prepared. Some of the genes listed are now identified

known genes.

in T-cell activation. Activation of T cells leads to
expression of multiple genes that are involved in
cellular events such as proliferation, cytoskeletal con-
struction, apoptosis, and secretion of cytokines (El-
lisen et al, 2001; Teague et al, 1999). To determine the
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functional groups of genes that were commonly up- or
down-regulated in T-cell activation, we examined the
identities of 93 overexpressed and 15 underexpressed
genes in both Jurkat and PB T cells. Of the genes that
were up- and down-regulated by 1.5 fold or more, the
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Table 3. GenBank Accession Numbers of Overexpressed ESTs and Unknown Genes (=2-fold) During Jurkat T-Cell

Activation?
346134 293683 127185 23177 8745 23380
233365 129567 120631 8556 20716 10586
127408 129922 246143 21751 17148 22265
294916 292171 196109 22843 16099 23477
211202 144802 295492 21755 21887 23471
346299 132323 295594 9683 18239 21228
247901 128627 128118 510760 23096 9101
245426 130801 20308 241874 23049 23465
128735 138837 22594 17017 15871 19696
246073 194656 21462 17803 10260 20025
134753 234380 19945 7248 23188 7863
154789 194401 21434 7298 23181 13963
156023 194704 6957 17842 17265 66864
193617 193533 23675 21505 972 23362
155128 197637 19908 23713 23175 136801
340840 195358 21408 23700 23137 138168
67037 295866 18880 15578 23132 198961
207379 142397 8292 23714 23162 127542
21634 137760 16657 18132 23155 20280
23121 137797 17740 23911 23023 23592
144951 160730 8290 22806 21279 17373
292452 244299 19958 15787 20116 18457
203772 139189 19957 18109 20178 5546
196125 248535 18832 18009 20156 23399
209583 297102 21495 10043 21266 135094
199327 247710 11984 17979 19734 247082
196350 121521 21388 20584 19721 123817
122161 38465 19836 23256 21253 127710
23454 293417 19894 23246 19737 7053
292207 110904 8173 22115 23562 23606
198694 243770 9275 20892 23542 3210
135527 110582 9255 15069 15521 23297
276286 66390 9252 23222 23580 21173
711857 245485 19824 8789 23536 20014
128775 294133 9259 15068 11813
292679 206816 23641 23224 2317
196148 110987 15458 12742 23535
201207 122913 23660 20906 23523
66377 123196 23647 10512 21232
135212 122126 23618 20952 20007
135450 123065 18764 9984 21150

2This list was generated using GeneSpring software and the database available when this manuscript was prepared. Some of the genes listed are now identified

known genes.

genes with known functions were grouped together
(Tables 4 and 5). Among the known up-regulated
genes (Table 4), several genes involved in cellular
proliferation, cell adhesion, and cell cycle progres-
sion were identified, including CDC kinases, inte-
grin, and Rho-activating protein-encoding genes
(Klekotka et al, 2001; Lew and Reed, 1993; Welsh
and Assoian, 2000). Genes encoding for protein
synthesis machinery (eukaryotic translational termi-
nation factor 1, ribosomal proteins L7a, L31, L21),
cytoskeletal elements (myosin, actin, tubulin, calpo-
nin), and cell surface antigens (CD68, CD36, CD47)
were also commonly up-regulated in both cell types
during activation. Interestingly, a group of KIAA
genes encoding proteins with potential signaling
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function, involved in cell migration (Chen et al, 2002)
and metastasis (Lee et al, 2002), were also up-
regulated upon activation.

The down-regulated genes in both activated Jurkat
and PB T cells consisted mostly of genes encoding
CDK inhibitors, proapoptotic caspases, and transcrip-
tion factors C-Fos and Jun-B (Table 5). Down-
regulation of CDK inhibitors is critical for inhibition of
cell cycle progression. The stimulation of cell prolifer-
ation via PHA activation has been shown to induce the
down-regulation of p27<* and p21"a" CDK inhibitors,
resulting in the release of cells into G2/S phase of the
cell cycle (Polyak et al, 1994; Sawada et al, 1996). The
fact that some cytokines such as IL-4 (Boise et al,
1995; Vella et al, 1998) can only induce activated T
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Table 4. Functional Groups of Genes That Were Up-Regulated in Both Jurkat and PB T Cells During Activation?

Fold change in expression

Activated PB T

Activated Jurkat vs

Common cells vs resting nontreated Jurkat T
Genban name Description PB T cells cells
Proliferation/cell cycles
AA443506 ARHGAP1  Rho GTPase-activating protein 1 2.1 2.3
AA487634 ARHGDIB  Rho GDP dissociation inhibitor (GDI) beta 1.5 1.5
R22239 SKP2 S-phase kinase-associated protein 2 (p45) 1.5 1.8
H15504 ANXA7 Annexin A7 1.5 1.9
R48796 ITGAL Integrin, alpha L [antigen CD11A (p180)] 1.5 1.8
W44701 IL3RA Interleukin 3 receptor, alpha 1.5 1.6
R09063 CDC25A Cell division cycle 25A 3.6 1.6
H75547 CLK1 CDC-like kinase 1 15 1.9
AA459292 CKS1 CDC28 protein kinase 1 1.5 15
Antiapoptosis
H21071 NAIP Neuronal apoptosis inhibitory protein 1.9 2.7
Transcription
factors
AA480071 TCF7 Transcription factor 7 (T-cell specific, 15 2.0
HMG-box)
AA284693 TFAP4 Transcription factor AP-4 1.5 1.7
Protein synthesis
AA496838 RPL5 Ribosomal protein L5 1.9 .6
R01139 RPL10A Ribosomal protein L10a 2.0 1.5
AA464034 RPL21 Ribosomal protein L21 3.2 7
H73727 RPS14 Ribosomal protein S14 3.6 8
Cytoskeleton
AA284568 CNN2 Calponin 2 1.7 2.1
AA488346 MYL6 Myosin, light polypeptide 6 2.1 1.7
W32281 KRT8 Keratin 8 15 1.9
160048 ACTG2 Actin, gamma 2 1.7 1.6
AA180912 TUBA1 Tubulin, alpha 1 (testis specific) 1.5 1.8
Proto-oncogenes
AA436591 MERTK c-mer proto-oncogene tyrosine kinase 1.5 15
H90415 BRCA1 Breast cancer 1, early onset 1.5 2.0
Surface antigens
H69048 CD36 CD36 antigen (collagen type I receptor) 15 1.6
AA455448 CD47 CDA47 antigen (Rh-related antigen) 2.1 2.1
AA421296 CD68 CD68 antigen 2.3 2.6
AA486653 CD81 CD81 antigen 1.9 1.6
Potential signaling
molecules
H05563 KIAA0182  KIAAQ182 protein 1.6 2.3
AA456352 KIAA0224  KIAA0224 gene product 1.6 1.6
N22435 KIAA0229  KIAA0229 protein 1.7 1.6
T90374 KIAA0798  KIAAQ798 gene product 1.7 2.5
R91264 KIAA0205  KIAA0205 gene product 1.7 2.0
N79669 KIAA0231  KIAA0231 protein 1.7 2.0
AA486524 KIAA0264  KIAA0264 protein 2.1 2.4
T74606 KIAA0O057  KIAA0057 gene product 1.8 2.3

2Fold changes shown represent the ratio of gene expression in activated vs nonactivated cells.

cells (but not resting T cells) to proliferate also sup-
ports these data.

Caspases are a group of proteases that are gener-
ally associated with apoptosis. Activation of several
caspases including caspase-1, -3, -8, and -9 has been
reported to induce T-cell apoptosis (MacFarlane et al,
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2000; Morley et al, 2000; Ruiz et al, 2001; Takahashi et
al, 2001; Varghese et al, 2001). Our data showed that
several caspases (caspase-1, -3, -4, -7, -8, -9) were
down-regulated in both Jurkat and PB T cells after 24
hours of activation (Table 5). This occurred during the
period of T-cell proliferation in which cell numbers
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