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Figure 5: Characterization of lymphomas developed in p18−/−;Gata3+/− mice. (A) Representative lymphomas from 
p18−/−;Gata3+/− mice at 14–16 months of age were analyzed by FACS with the indicated antibodies. Age-matched spleens from tumor-
free mice of the same genotype were used as control. (B) Q-RT-PCR analysis for cells derived from four representative p18−/−;Gata3+/−

lymphomas. Splenocytes from the age-matched, lymphoma-free mice of the same genotype were used to normalize the expression for 
each gene. Data represent the mean ± SD from triplicate experiments. (C) DJ rearrangement of the heavy chain of immunoglobulin in 
DNA from p18−/−;Gata3+/− lymphomas was determine by PCR. DNA from a WT spleen with polyclonal B-cell populations was shown as a 
control. (D) Loss of heterozygosity analysis of representative p18−/−;Gata3+/− lymphomas. DNA isolated from microdissected lymphomas 
or ear tissues from the same mice were analyzed by PCR. (E) Representative BrdU incorporation in cells from a p18−/−;Gata3+/− lymphoma 
(Lane 3) and splenocytes from the age-matched (14–6 months), p18−/− (Lane 1) and p18−/−;Gata3+/− (Lane 2) lymphoma-free mice.  
(F) Immunofluorescence staining of Ki67 (green, nuclear staining) and B220 (red, membrane staining) in spleens from p18−/− (Lane 1) and 
p18−/−;Gata3+/− (Lane 2) lymphoma-free mice and a p18−/−;Gata3+/− lymphoma (Lane 3). The percentages of Ki67+ cells were calculated 
from B220+ cells and quantitated in five randomly selected fields in splenic sections, and the results represent the mean ± SD of three 
animals per group.

Table 1: Spontaneous lymphoma development in p18−/−;Gata3+/− mice
Genotype WT or p18+/−a p18−/− Gata3+/− or p18+/−;Gata3+/–b p18−/−;Gata3+/-

Age(Months) 8–14 14–22 8–14 14–22 8–14 14–22 8–14 14–22 

B-cell 
Lymphoma 0/8 0/4 0/7 0/10 0/5 0/3 5/11 

(46%)
9/18 

(50%)
aThis group includes 7 p18+/− mice.
bThis group includes 6 p18+/−;Gata3+/− mice.
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HRS cells account for only about 1% of cells in the 
tumor tissue and the majority of cells in classical HL are 
a mixed immune infiltrate comprising of CD4+ cells. A 
recent study has reported that CD4-associated GATA3 
is expressed at significantly low levels in classical HL 
tissue [49], suggesting that GATA3 deficiency may 
contribute to HL development through deregulating 
CD4+ cells in the HL microenvironment. Furthermore, 
it has been identified that inherited genetic variation of 
GATA3 is associated with susceptibility to developing HL, 
though the risk allele is not associated with GATA3 gene 
expression [14]. However, whether GATA3 is required for 
development of HRS and HL remains to be investigated. 
We demonstrated that haploid loss of Gata3 in mice 
enhances B cell differentiation at young age and leads to 
B cell lymphomas in aged mice in the absence of a cell 
cycle inhibitor, p18. These results suggest that Gata3 
abundance is critical in controlling lymphomagenesis with 

a lineage specific effect, i.e. high expression of GATA3 
causes T cell lymphomas and Gata3 deficiency results in 
B cell lymphomas. 

Genome-wide association studies have revealed that 
inherited genetic variation in GATA3 is associated with 
susceptibility to developing B cell acute lymphoblastic 
leukemia and the B cell leukemia risk allele is associated 
with increased GATA3 expression [15, 50]. Though it 
is unexpected, the increased risk of a B cell leukemia 
by overexpression of a non-B-cell-specific transcription 
factor, e.g. GATA3, is not surprising. Wiemels et al., 
recently discovered that a B-cell leukemia risk allele in 
the myeloid specific transcription factor CEBPE is also 
associated with increased gene expression [51]. These 
observations suggest that the increased GATA3 and 
CEBPE expression associated with B cell leukemia risk 
alleles may be associated with the lineage confusion, a 
common feature of leukemogenesis [52]. 

Figure 6: p18−/−;Gata3+/− lymphoma cells are transplantable. (A) Representative gross appearance of spleens and livers from 
recipient mice transplanted by p18−/−;Gata3+/− lymphoma cells (t) and asymptomatic splenocytes (c). (B) Representative H&E staining 
for lung, liver, and spleen in mice that received lymphoma cell transplants. Note massiave lymphoma cells infiltrating into these organs. 
(C) Representative FACS analysis for the cells isolated from receipient mouse spleens and lymph nodes. Splenocytes from the mice that 
received asymptomatic splenocyte transplants were used and analyzed as control.
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The function of GATA3 in controlling cell fate and 
differentiation, lymphoid cell differentiation in particular, 
has been extensively studied [10–12]. Not until recently 
has the role of GATA3 in regulating cell proliferation 
been investigated. In the present study, we demonstrated 
that heterozygous germline deletion of Gata3 reduces 
T cell proliferation with induction of p18, but enhances 
B cell proliferation, and that loss of p18 partially restores 
Gata3 deficient T cell proliferation but further stimulates 
Gata3 deficient B cell proliferation, eventually leading to 
development of B cell lymphomas. These data indicate 
that GATA3 regulates cell proliferation in a cell type 
dependent manner. The molecular mechanisms underlying 
the role of GATA3 in promoting T cell proliferation 
through repressing p18 was reported [19] and further 
supported by our findings in mammary luminal epithelial 
cells [20]. Though it was shown that depletion of Gata3 
in CD8+ T cells reduces their proliferation and that c-Myc 
was identified as a target of Gata3 in promoting CD8+ 
T cell proliferation [3], we failed to detect c-Myc mRNA 
reduction in Gata3+/− CD4+CD8+ T cells (Figure 2D). This 
may be mainly caused by the different cell populations 
checked (CD8+ vs CD4+CD8+) and different Gata3 mutant 
mice used (Cd4-Cre-Gata3f/f vs. germline Gata3+/−). The 
mechanisms of GATA3 in suppressing B cell proliferation 
remains to be determined. It is likely that Gata3 positively 
regulates p16 in B cells to inhibit their proliferation. Our 
finding that Gata3 regulates lymphoid cell proliferation 
in a cell type dependent manner supports a unique role 
of Gata3 in coordinately controlling lymphoid cell 
development – Gata3 promotes T cell differentiation and 
proliferation, but suppresses B cell differentiation and 
proliferation. 

Heterozygous germline deletion of Gata3 
alone does not result in lymphoma development, 
though aberrantly differentiated B cells proliferate 
slightly faster than WT B cells at early ages, 
indicating that haploid loss of Gata3 is not 
sufficient to induce lymphomas. Interestingly, 
p18−/−;Gata3+/− mice develop B, not T, cell lymphomas 
despite the role of p18 loss in stimulating both T and B 
cells. These data indicate that Gata3 cooperates with p18 
in suppressing B cell proliferation and lymphomagenesis, 
and that Gata3 promotes T cell proliferation partially 
through repression of p18. The result that p18 suppresses 
B cell lymphoma development is supported by the 
clinical finding that loss of function of p18 is frequently 
detected in human lymphomas, B cell lymphomas in 
particular [24–26]. 

Materials and Methods

Mice, histopathology and immunofluorescence

The generation and genotyping of p18−/− mice have 
been described previously [33]. BALB/c-Tg (CMV-cre) 

1Cgn/J mice were obtained from Jackson Laboratories 
[38]. Gata3f/f mice [37] were kindly provided by Dr. 
I-Cheng Ho (Harvard Medical School). NOD.Cg-Prkdcscid 
Il2rgtm1Wjl/SzJ (NSG) mice (6–8 weeks old) were obtained 
from Jackson Laboratory. The Institutional Animal 
Care and Use Committee at the University of Miami 
approved all animal procedures. Histopathology and 
immunofluorescent staining were performed as described 
previously [53, 54]. Primary antibodies used were as 
follows: B220 (eBioscience), CD3 (Abcam) and Ki67 
(Abcam). Immunocomplexes were detected using FITC- 
or rhodamine-conjugated secondary antibodies (Jackson 
Immunoresearch). For quantification of B220 and Ki67 
double positive cells, 5 random fields in at least two cut 
sections from each spleen were examined and at least 
700 B220+ cells per field were counted (more than 3500 
B220+ cells per mouse). The average percentages of Ki67 
and B220 double positive cells were calculated from WT, 
Gata3+/−, p18−/− and p18−/−;Gata3+/− mice and the results 
represent the mean ± SD of three animals per group. For 
quantification of Ki67 positive cells in thymus, 5 random 
fields in at least two cut sections from each thymus were 
examined and at least 500 DAPI positive cells per field 
were counted (more than 2500 cells per thymus). The 
average percentages of Ki67 positive cells were calculated 
from WT, Gata3+/−, p18−/− and p18−/−;Gata3+/− mice and the 
results represent the mean ± SD of two animals per group.

Flow cytometry

Single-cell suspensions from the thymus, spleen, 
bone marrow (BM), and tumor were obtained. Total 
cell numbers in each sample was determined by an 
automatic cell counter (Bio-rad). One million harvested 
cells were stained with anti-B220-APC, anti-CD3-FITC 
(Bioscience), anti-IgM-PE, anti-CD4-AF700 and anti-
CD8-pacific blue (Biolegend) antibodies. Cells were 
sorted on a BD  FACS  SORP  Aria-IIu machine. For 
intracellular staining of Gata3, staining of cell surface 
markers were followed by fixing and permeabilizing cells 
with Cytofix/cytoperm fixation/permeabilization kit (BD 
Pharmingen). Anti-Gata3-pacific blue (Biolegend) was 
then added according to the manufacturer’s instructions 
(BD Biosciences-PharMingen). FACS was performed 
using the LSR–Fortessa machine (BD Pharmingen). Data 
analysis was performed using Kaluza software (Beckman 
Coulter). Absolute numbers of T and B cells were 
calculated using the total cell number multiplied by the 
percentage of T and B cells expressing specific markers 
divided by 100.

BrdU labeling assay

Mice were intraperitoneally injected with BrdU  
(50 mg/kg) in sterile phosphate-buffered saline, sacrificed 
14 hours post-injection, and single cell suspensions were 



Oncotarget64018www.impactjournals.com/oncotarget

harvested from the BM, spleen, thymus, and lymphoma. 
Two million cells were stained with cell surface antigens 
for 30 minutes on ice, and washed twice. The pelleted cells 
were resuspended in Fixation/Permeabilization solution 
(Cytofix/cytoperm fixation/permeabilization kit, BD 
Pharmingen) and incubated for 20 minutes on ice. After 
washing, the pelleted cells were resuspended in Perm/
Wash buffer with addition of pacific blue conjugated anti-
BrdU antibody (Invitrogen). The cells were incubated 
for 1 hour at room temperature in the dark and then 
analyzed by FACS. BrdU and B220 doubly positive BM 
cells, splenocytes, or lymphoma cells as well as BrdU 
positive thymocytes were determined. Gating criteria for 
determination of BrdU+ population in cells from the BM 
and thymus are shown in Supplementary Figure S2. 

Western blot and Q-RT-PCR

Tissue and cell lysates were prepared as previously 
reported [53]. Antibodies to Gata3 (HG3-31, Santa Cruz), 
and Gapdh (Ambion) were purchased commercially. 
Total RNA was extracted using the RNeasy kit (Qiagen) 
according to the manufacturer’s protocol and cDNA was 
generated using the Omniscript RT Kit (Qiagen). QRT-
PCR was performed as reported [53].

LOH and IgH rearrangement analysis

For LOH analysis, genomic DNA was extracted from 
microdissected lymphomas or ear tissues in p18−/−;Gata3+/− 
mice were analyzed with PCR as we previously 
described [54]. Primers used for detection of Gata3 WT 
and knockout alleles were as follows: 5ʹ- CCCCTTT 
CCCGGCTCTATCTT-3′ and 5′- GGGCCGGTTCTGC 
CCATT -3′; 5′-GGCATTCTCGCACGCTTCAAA-3′ and 
5′-GGATGGGCACCACCCCGGTGAA -3′, respectively. 
DJ rearrangements of immunoglobulin heavy chain 
for DNA extracted from microdissected lymphomas 
were determined by PCR as previously described. DFS: 
5′-AGGGATCCTTGTGAAGGGATCTACTACTGTG-3′ and 
JH4-C: 5′-AAAGACCTGCAGAGGCCATTCTTACC-3′.

Lymphoma reconstitution

2 × 106 primary cells isolated from a p18−/−;Gata3+/− 
splenic lymphoma (immature B-cell lymphoma) or an 
asymptomatic spleen were injected into female NSG 
mice (6–8 weeks old) via tail vein (n = 3 for each group). 
Recipient mice were monitored daily and sacrificed four 
weeks post transplantation. Tissues and cells were then 
collected for histopathological and flow cytometric analyses.

Statistical analysis

All data are presented as the mean ± SD for at least 
three individual experiments for each group. Quantitative 

results were analyzed by two-tailed Student’s t-test. 
P < 0.05 was considered statistically significant. 
* represents P < 0.05; **, P < 0.01; and ***, P < 0.001.
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