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A B S T R A C T  

The human homeobox gene HB24 is constitutively expressed in bone 
marrow progenitor cells and is inducible in lymphocytes. Transfection of 
HB24 into the T-cell line Jurkat under the control of the j3-actin promoter 
resulted in enhanced cell growth and induction of several growth-related 
genes. In this study we have examined whether the presence of high levels 
of HB24 alters the tumorigenicity of Jurkat cells in nude mice. Subcuta- 
neous injection of 1-2 x 106 Jurkat cells or Jurkat cells transfected with 
a control expression vector into nude mice failed to produce tumors. 
However, injection of a similar number of HB24-transfected Jurkat cells 
resulted in local tumor formation within 4 weeks and grossly apparent 
metastatic lesions within 8 weeks. Histopathologicai analysis of tissues 
from the local and metastatic lesions demonstrated predominantly lym- 
phoid cells, consistent with the morphological appearance of the injected 
cell line. Freshly isolated tumor cells from the nude mice incorporated 
similar levels of [3H]thymidine as the HB24-transfected Jurkat cells and 
2-fold more than the parent Jurkat cells. Northern blot analysis of RNA 
prepared from the tumors revealed expression of human interleukin 2, 
interleukin 2 receptor s-chain, HB24, and CD4. Flow cytometric analysis 
of the tumor cells revealed human CD4 expression but not murine CD4, 
confirming the human origin of the tumor calls. Media conditioned by the 
tumor cells contained large amounts of interleukin 2. Since natural killer 
cell activity is the primary immunological response against tumors in nude 
mice, the effects of HB24 on the responsiveness to natural killer ceil- 
mediated cell lysis was examined. No differences in natural killer cell 
killing of the parent Jurkat cells and the HB24-transfected cells were 
observed. These data, in conjunction with recent data implicating other 
homeobox-containing genes in the pathogenesis of human leukemias, sug- 
gest that overexpression of HB24 in hematopoietic progenitors or T-cells 
may contribute to oncogenic transformation. 

cells but not in unstimulated cells (5). These results implicated the 

HB24 protein as an important transcription factor during T-cell acti- 

vation and growth. Conversely, treatment of  hematopoietic progenitor 

cells with antisense HB24 oligonucleotides not only reduced the levels 

of  HB24 but also resulted in decreased levels of  many of  the same 

activation genes found to be induced following transfection of Jurkat 

cells with HB24 (6). The antisense oligonucleotides also inhibited the 

proliferative response of the hematopoietic progenitors to IL-3 and 

granulocyte/macrophage-colony-st imulat ing factor. Transient trans- 

fection of  HB24 into a subpopulation of  hematopoietic progenitors 

resulted in an impairment of  differentiation to mature hematopoietic 

cell types, suggesting that down-regulation of  HB24 is necessary for 

normal differentiation of  hematopoietic progenitors (6). Furthermore,  
we found that both acute lymphocytic  and acute myelocytic leukemic 

cells expressed high levels of HB24, while chronic leukemic cells 
expressed normal levels (7). 

Mice with impaired immune  systems have been useful in the study 

of  human tumors. Numerous  studies have reported that many human 

tumors can be successfully xenografted in athymic, i.e., nude, mice 

(reviewed in Ref. 8). The histological and the biological properties of  
the tumor cells in the nude mice resemble those of  the primary tumor 

prior to xenografting. Also, these mice have been useful for studying 

the biology of  human tumor metastasis (9). The metastatic potential of  
the primary tumors is reflected in the behavior of  the tumor in nude 

mice. In this study we assessed the effects of  HB24 on the tumori- 

genicity of  Jurkat cells in nude mice. 

M A T E R I A L S  AND M E T H O D S  

I N T R O D U C T I O N  

While homeobox-containing genes were originally described in the 
context of embryonic development  of  Drosophila, there is now evi- 
dence for their involvement  in the regulation of  development  in mam- 

malian species and in tissue-specific gene transcription (reviewed in 

Refs. 1 and 2). We have recently isolated a human homeobox-con- 
taining gene, from a cDNA 3 library prepared from RNA from acti- 

vated B-lymphocytes,  which is referred to as HB24. HB24 mRNA was 

expressed in a limited number  of  adult tissues. Two of  the more 

prominent  sites of expression were in activated lymphocytes and 

hematopoietic progenitor cells (3, 4). A human T-cell line, Jurkat, 

which expressed low levels of HB24 m R N A  was transfected with an 
HB24 expression vector. High levels of  HB24 in the transfected cells 
resulted in an altered cell phenotype and an enhanced rate of  cell 

proliferation, compared to the parent cells or antisense HB24-trans- 

fected cells. The HB24-transfected Jurkat cells expressed a variety of  

activation genes which are normally present in mitogen-stimulated 
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Nude Mouse Injections. Stable transfectants of Jurkat cells (transfectants 
11 and 24) with an HB24 sense expression construct (5), parental Jurkat cells, 
or a stable transfectant of Jurkat cells with an HB24 antisense construct 
(negative control) (5) were injected s.c. into 5-week-old female nude (nu/nu) 
mice. Cells (5 x 105 to 5 x 107) in 0.2 ml of phosphate-buffered saline were 
tested for tumor formation. The cell lines were maintained in RPMI 1640 with 
10% fetal calf serum. G418 (400 ~g/ml) was added to the cultures of the stably 
transfected cell lines. 

Tissue Sections and Histopathological Analysis. Tumors and spleens 
from nude mice were fixed with 2% paraformaldehyde, sectioned, and stained 
with hematoxylin-eosin. Representative sections were photographed. 

Thymidine Uptake and Growth Curve. Cells were cultured in 96-well 
plates (5 x 103 cells/well), and the amount of [3H]thymidine incorporated 
during a 4-h pulse of the culture was measured via standard methods. Cells (1 
X 10 6) of each type were seeded in 10 ml of RPMI 1640 supplemented with 
10% fetal calf serum in 50-ml tissue culture flasks in triplicate. Cells from each 
flask were counted daily for 7 days. Mean cell numbers per flask were plotted 
versus time. The growth rates of stable transfectant 11 and 24 cells, compared 
to controls, were determined in four separate experiments. 

RNA Preparation and Northern Blot Analysis, Total RNA was isolated 
using guanidine thiocyanate and ultracentrifugation through a CsCI cushion 
(10). Ten pg of total RNA were size fractionated on formaldehyde denaturing 
gels, transferred to nitrocellulose, UV-cross-linked, and hybridized with HB24 
cDNA, v-myc, v-los, IL-2, IL-2Ra, 13-actin, or human CD4 probes (11). The 
probes were obtained from the following sources: a 2.0-kilobase EcoRI HB24 
cDNA insert was used (3); the IL-2, IL-2Ra, c-myc, v-myb, and v-los inserts 
were purchased from Oncor (Gaithersburg, MD); and the /3-actin insert was 
isolated from a human fibroblast cDNA library using an oligonucleotide whose 
sequence was derived from the published 13-actin sequence (12). 
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Immunoprecipitation. Cells (5 • 106) were incubated for 3 h in the 
presence of 100 pCi/ml [35S]methionine/[35S]cysteine translabel (ICN Bio- 
medical Inc., Costa Mesa, CA). Cells were lysed in immunoprecipitation buffer 
(150 mM NaC1, l0 mM NaPO4, 1% Nonidet P-40, 0.1% sodium sulfate, 1% 
aprotinin, 1% deoxycholic acid, 500 laM phenylmethylsulfonyl fluoride, 1 mM 
EDTA) for 15 min on ice. The lysate was centrifuged at 100,000 • g for 30 
min, and the pellet was discarded. Equal amounts of radioactive material were 
reacted with the anti-HB24 antiserum or a control serum for 4 h at 4~ The 
anti-HB24 antiserum has been described previously (6). It was obtained by 
immunizing rabbits with an amino-terminal HB24 peptide coupled to keyhole 
limpet hemocyanin. The immune complexes were collected using Protein 
A-Sepharose (Pharmacia, Upsala, Sweden) and were washed 3 times with the 
immunoprecipitation buffer and once with phosphate-buffered saline. The im- 
munoprecipitates were suspended in sodium dodecyl sulfate sample buffer and 
boiled for 5 min. Samples were then analyzed on a 10-20% sodium dodecyl 
sulfate-polyacrylamide gel, followed by autoradiography. 

Cytofluorometric Analysis. Tumor cells from nude mice, parental Jurkat 
cells, stable transfectant 11 and 24 cells, and control antisense stable trans- 
fectant 1 cells were analyzed by immunofluorescent staining and cytofluoro- 
metric analysis with the indicated monoclonal antibodies (Becton-Dickinson, 
Mountain View, CA). Human CD14 is not expressed on these cells and is an 
example of the background fluorescence. The anti-human CD4 antibody does 
not cross-hybridize with mouse CD4 antigen on the cells. 

Interleukin 2. Tumor cells from nude mice, parental Jurkat cells, HB24 
transfectant 11 and 24 cells, or antisense HB24 transfectant cells were incu- 
bated in 5 ml of RPMI/10% fetal calf serum for 48 h in 50-ml tissue culture 
flasks. The supematants were collected and frozen until assayed. The IL-2 level 
was determined by a commercial enzyme-linked immunosorbent assay kit, 
following the manufacturer's recommendations (DuPont, Wilmington, DE). 

R E S U L T S  

The histology of the Jurkat cell line is that of an acute lymphocytic 
leukemia. It is a CD4-positive and CDS-negative T-cell line which is 

known to produce large amounts of IL-2 following in vitro stimula- 
tion. The histological appearance of the tumors in the nude mice given 

injections of HB24 Jurkat was that of a nodule largely composed of 
proliferating lymphocytes (Fig. 2). The tumor was relatively well 
vascularized, without evidence of extensive necrosis or fibrosis. The 

spleens of the tumor-bearing animals were enlarged and contained 

abnormal giant cells of unknown etiology. The histological appear- 
ances of the primary tumors and the metastatic tumors were similar. 

Tumor Cells Were of  H u m a n  Origin and Mainta ined  a Pheno-  
type Similar  to That  of  the HB24 Jurkat  Cell Line.  To confirm the 
human origin of the tumors in the HB24 Jurkat-treated nude mice, the 

tumor cells were teased from the tissue and analyzed for the expres- 
sion of human or murine CD4 by flow cytometry. The cells were 

uniformly human CD4 positive and murine CD4 negative (Fig. 3). In 
addition, the cells expressed relatively high levels of human IL-2Ra, 

consistent with the constitutive IL-2Ra expression of the HB24 Jurkat 
cells (Fig. 3). The tumor cells also continued to express human HB24 

protein. Tumor cells from the nude mice were metabolically radiola- 
beled with [35S]methionine and immunoprecipitated with either a 

control antiserum (Fig. 4, lane 1 ) or an HB24-specific antiserum (Fig. 
4, lane 2). The appropriately sized protein was immunoprecipitated 
with the HB24-specific antiserum. 

We next determined whether the activation phenotype of the HB24 

Jurkat cells was altered by in vivo passage. Cytoplasmic RNA was 
isolated from the primary tumors and the HB24 Jurkat, antisense 

HB24 Jurkat, and parent Jurkat cells and was electrophoresed on a 
formaldehyde-agarose gel. The size-fractionated RNA was transferred 

to nitrocellulose and hybridized with c-myc, c-los, IL-2, IL-2Rt~, 

Growth  Curves  of  HB24-transfected Jurkat  Cells and Tumor- 
igenesis  in Nude  Mice.  We previously showed that HB24-transfected 

Jurkat cells incorporated more [3H]thymidine and had a greater per- 18 

centage of cells in the S and GE/M phases of the cell cycle than did 
either the parent Jurkat cells or antisense HB24-transfected Jurkat 

cells (5). The increases in numbers of cells in the cell cycle were 
reflected in the increased number of cells in culture when growth 

curves of the HB24-transfected cell lines were compared to the growth 

curves of the control cell lines. Over an 8-day period twice as many 
HB24-transfected cells as control cells accumulated in culture (Fig. 1). 

Involvement of HB24 in the enhanced rate of [3H]thymidine incor- 

poration by the transfected cells was previously shown by using 
antisense HB24 oligonucleotides (5). Treatment of the HB24-trans- 

fected Jurkat cells with antisense oligonucleotides reduced the amount 
of [3H]thymidine incorporation to that observed with the control cells. 

To determine whether high levels of HB24 in the transfected Jurkat 

cells also influenced the tumorigenicity of Jurkat cells, nude mice 
were given s.c. injections of varying amounts of HB24 Jurkat, anti- 

sense HB24 Jurkat, or parent Jurkat cells. Nude mice given injections 

of either the parental Jurkat cells (2 • 106) or the antisense HB24 

Jurkat cells were observed for 12 weeks following injection without 
observable tumors (Table 1). In contrast, injection into nude mice of 
2 • 10 6 HB24 Jurkat cells resulted in local tumor formation in 16 of 

16 mice within 4 weeks. The local tumors progressively enlarged and 
were often 2 cm in diameter by 8 weeks after injection. In addition, 
grossly apparent metastatic tumors were present by 8 weeks in all 
mice given injections of HB24 Jurkat cells. Metastatic tumors were 

noted in s.c. tissues, liver, spleen, and peritoneum. Injection of smaller 

numbers (105) of HB24-transfected Jurkat cells into nude mice also 
induced tumors, although with delayed appearance, while injection of 

24 
larger numbers of control cells (5 • 10 6) into nude mice again failed 11 

to induce tumor formation (data not shown). The tumors were easily 1 
passaged from one mouse to another. Jurkat 
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Fig. 1. Growth curve of stable transfectants of Jurkat T-cells and parental cells. The 
indicated cell lines were cultured in 50-ml culture flasks. Fresh medium was added every 
other day. The number of cells in each flask was determined daily. Results are mean cell 
number -+ 2 SD of 3 flasks for each cell line. 

Table 1 Tumorigenicity of transfected Jurkat cells in nude mice 

Transfected with Time of tumor 
HB24 gene Tumors/  development 

Cell l ine S e n s e  Antisense expression mice (weeks) 

+ - +++ 8/8 3--4 
+ - +++ 8/8 3-4 
- + _+ 0/5 
- - _+ 0/8 
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HB24, CD4, and 13-actin probes. The results of Northern blot analysis 
indicated that the tumor cells, similarly to the HB24-transfected 
Jurkat cells, expressed elevated mRNA levels for each of these genes, 
with respect to the control cells, with the exception of CD4 and 

Fig. 2. Histopathology of tumors Irom nude mice given injections of l tB24 Jurkat 
(hematoxylin-eosin staining), a, photomicrograph (• of a representative section from 
a tumor v,'hich arose at the site of injection: b. photomicrograph (• of at ~,ectioncd 
metastatic lesion obtained from the i.p. caxity. 

iS-actin (Fig. 5). Furthermore, both the HB24-transfected Jurkat cells 
and the tumor cells spontaneously secreted IL-2 (Table 2). Since 
autocrine growth factor production and auto-utilization may be im- 
portant in the growth of certain tumors, the autocrine IL-2 production 
and IL-2 receptor expression by the HB24 Jurkat cells may be impor- 
tant in the growth of these tumors in nude mice. Finally, the enhanced 
growth rate noted with the HB24 Jurkat cells was also noted with the 
freshly isolated tumor cells when their rate of incorporation of [3H]- 
thymidine was compared to that of the parent or the antisense HB24- 
transfected cells (Fig. 6). No difference between the primary and 
metastatic tumors in growth rate was observed (data not shown). 

High Level HB24 Expression Does Not Alter the Sensitivity of 
Jurkat  Cells to NK Cell-mediated Lysis. Since NK cell activity is 
a major immunological defense against altered cells, particularly in 
nude mice. where cytolytic T-cell activity is crippled, it was of interest 
to determine whether transfection of HB24 into Jurkat cells altered 
their sensitivity to NK cell-mediated lysis. Parent Jurkat cells, anti- 
sense HB24-transfected Jurkat cells, and HB24-transfected Jurkat 
cells were chromium labeled and used in a standard NK cell assay, 
using human peripheral blood mononuclear cells as effector cells. 
There was no significant difference between HB24 Jurkat, antisense 
HB24 Jurkat, and the parent cell line in susceptibility to NK cell- 
mediated lysis (data not shown). All three cell lines were efficiently 
lysed. Thus, the induction of tumors by HB24 Jurkat cells in nude 
mice is not related to a change in sensitivity of the transfected cells to 
NK cell killing. 

DISCUSSION 

By expressing high levels of the homeobox gene HB24 in a human 
T-cell line ,ae have altered the biological behavior of that cell line. 
HB24 either directly o1 indirecllv increased the levels of c-myc, c-los, 
IL-2, IL-2 receptor, and presumably other genes in Jurkat cells. Prob- 
abl,, as a consequence of these alterations, inoculation of HB24 Jurkat 
cells into nude mice induced local and metastatic tumors. The tumors 
were composed predominantly of proliferating lymphoid cells. Isola- 
tion of these cells froin the tumors conclusively demonstrated that the 
tumors were composed of cells of human origin and that the 
tumor cells maintained the phenotype of the original HB24 Jurkat 

Fig. 3. Phenotype of the tumor cells from nude 
mice with high HB24 expression. Tumor cells from 
nude mice given injections of HB24 Jurkat cells or 
control cells were analyzed by immunofluorescent 
staining and fluorescence-activated cell-sorting 
analysis with the indicated monoclonal antibodies. 
Mo-2 (CDI4) is not expressed on Jurkat cells and is 
an example of the background fluorescence. 
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2 larly to Hox-2.4  in the retrovirally infected hematopoietic cells, per- 

sistent expression of  HB24  in hematopoietic progenitors is associated 

with a persistently immature phenotype (6). In some respects both 

HB24  and Hox-2.4  actions are reminiscent of the actions of the nu- 

clear proto-oncogenes c-myc and c-myb. Indeed, the tumorigenicity of  

HB24  Jurkat cells in nude mice may be in part secondary to the 

increased levels of  these proto-oncogenes.  In addition, HB24  may 

H B24- 

1 2 3 4 5 

4 6 - -  

- - H B 2 4  
c - m y c  - -  

3 0 -  c-fos -- 

Fig. 4. Immunoprecipitation of HB24 protein from tumor cells derived from a nude 
mouse given injections of liB24 Jurkat cells. Lane 1, tumor cells immunoprecipitated with 
control serum; lane 2, tumor cells immunoprecipitated with anti-HB24 serum. The band 
at approximately 40 kDa is a nonspecific band immunoprecipitated with both the control 
and the anti-HB24 antisera. 

I L 2 -  

cells, including increased levels of  IL-2Ro~ expression and IL-2 pro- 

duction. In addition, the elevated levels of  c-myc and c-fos and the 

enhanced rate of  cell proliferation noted in the HB24  Jurkat cells 

persisted in the cells isolated from the nude mouse tumors. 

HB24  is transiently induced during lymphocyte  activation and is 

present in hematopoietic progenitor cells prior to their differentiation 

to mature cell lineages (3, 4). Persistent expression of  HB24 is asso- 

ciated with acute leukemia. In contrast, chronic leukemic cells express 
normal levels of HB24 (7). There is evidence implicating other ho- 

meobox genes in the pathogenesis of  acute leukemia. For example, a 

murine myelomonocyt ic  leukemia cell line constitutively expressed 

the Hox-2.4  gene, a member  of  the Hox-2 cluster. Further studies 
revealed that an intracisternal A-particle was integrated into the 5' 

noncoding region of Hox-2.4,  resulting in dysregulated expression 

(13, 14). Evidence that dysregulated expression of  Hox-2.4 was in- 
volved in the pathogenesis of  the acute leukemia was provided by 

retroviral infection of  murine hematopoietic cells with the IL-3 gene 

and Hox-2.4  (15). The IL-3 gene rendered the myeloid cells growth 
factor independent  and Hox-2.4  apparently interfered with normal 

myeloid differentiation. Expression of  both genes resulted in acute 
myeloid leukemia. However, in contrast to HB24,  Hox-2.4  is not 

normally expressed in hematopoietic progenitor cells. Presumably, 

dysregulated expression of  Hox-2.4  results in the inappropriate trans- 

activation or repression of  genes important in hematopoietic progen- 

itor cells. Hox-2.4  may mimic the action of  a gene which is vital in 

maintaining a self-renewal phenotype or, alternatively, it may inhibit 

the expression of  a gene which is needed for differentiation. Since the 
DNA-binding domains of many homeobox genes are structurally sim- 
ilar and share common  target sequences, Hox-2.4  may replace or 
compete  with the action of  a homeobox gene normally expressed in 
hemopoiet ic  progenitor cells. One such gene might  be HB24.  Simi- 

IL2R I 

C D 4 -  

fJ-actin - e 

Fig. 5. Analysis of RNA from nude mice tumors and stable transfectant cell lines for 
expression of HB24 and various genes involved in cell activation. Northern blots were 
done and hybridized with the indicated probes. RNA was from the following sources: lane 
1, tumor cells from mouse 1; lane 2, tumor cells from mouse 3; lane 3, HB24 Jurkat 
transfectant 24 (sense oriented); lane 4, Jurkat parental cells; lane 5, control antisense- 
oriented HB24 Jurkat transfectant 1. IL-2R, p55 IL-2 receptor. 

Table 2 IL-2 production by various cell lines and tumor cells 

IL-2 level 
Sample" (units/ml) b 

Jurkat < 1.0 
HB24 Jurkat 11 (sense) t56 
HB24 Jurkat I (antisense) <1.0 
Tumor cells 465 

" Indicated cells were cultured at a concentration of 1 x 106/ml for 48 h. The condi- 
tioned medium was collected and frozen until assayed. 

b IL-2 levels were determined by a standard enzyme-linked immunosorbent assay, 
using recombinant IL-2 as a standard. 
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Fig. 6. Incorporation of [3H]thymidine by HB24-transfected Jurkat cells, tumors from 
nude mice, and control cells. Various cell lines or freshly isolated tumor cells from nude 
mice given injections of HB24 Jurkat cells were cultured for 2 h and then pulsed with 
[3H]thymidine for 4 h, and the amount of [3H]thymidine incorporated was measured. The 
data are expressed as the mean incorporation ___ 2 SD of 6 wells for each cell line. 

further contribute to tumor formation by promoting the autocrine 
production of the T-cell growth factor IL-2 and by enhancing the 
expression of IL-2 receptors. 

Other data suggesting a role for homeobox genes in the pathogen- 
esis of acute leukemias have included the isolation of homeobox genes 
from translocation breakpoints associated with certain leukemias. For 
example, a translocation [t(1; 19)] frequently found in patients with a 
pre-B cell acute leukemia results in fusion between the 5' portion of 
the transcriptional activator E2A and 3' sequences from the Pbxl gene 
(16, 17). This fusion gene encodes a chimeric homeodomain-contain- 
ing protein. The Pbxl gene is a diverged homeobox gene which, like 
HOX-2.4, is not normally expressed in hematopoietic cells. Five dif- 
ferent species of the E2A-Pbxl protein have been identified, two of 
which were introduced into NIH-3T3 cells and tested for tumor in- 
duction in nude mice (18). Both proteins resulted in oncogenic trans- 
formation of NIH-3T3 cells and tumor formation, further supporting 
a role for the fusion protein in the pathogenesis of pre-B cell acute 
lymphocytic leukemia. 

While the most likely explanation for tumorigenicity of HB24 Jur- 
kat cells in nude mice is related to alterations in proto-oncogene 
expression or autocrine growth factor utilization, another possibility 
was that expression of HB24 altered the susceptibility of the Jurkat 
cells to NK cell-mediated cell lysis. Since athymic mice lack mature 
T-cells they largely depend upon NK cell function as their major 

immunological defense mechanism. Any decrease in NK cell suscep- 
tibility would likely enhance tumorigenesis. However, both HB24 
Jurkat and the various control cell lines were uniformly sensitive to 
NK cell-mediated lysis. These data suggest that the enhanced tumor- 
igenesis of HB24 Jurkat cells is intrinsic to the cells. 

In conclusion, HB24 confers upon Jurkat cells the capability of 
forming tumors. These tumors grow as lymphoid masses and readily 
metastasize to other organ sites. These data plus the data obtained with 
hematopoietic progenitors suggest that inappropriate expression of 
HB24 may contribute to the pathogenesis of certain leukemias and/or 
lymphomas. 
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