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Mutations	in	the	tumor-suppressor	gene	phosphatase	and	tensin	homolog	deleted	on	chromosome	10	(Pten)	
are	associated	with	multiple	cancers	in	humans,	including	T	cell	malignancies.	Targeted	deletion	of	Pten	in	
T	cells	induces	both	a	disseminated	“mature	phenotype”	lymphoma	and	a	lymphoproliferative	autoimmune	
syndrome	in	mice.	Here,	we	have	shown	that	these	two	diseases	are	separable	and	mediated	by	T	lineage	cells	of	
distinct	developmental	stages.	Loss	of	PTEN	was	found	to	be	a	powerful	driver	of	lymphomagenesis	within	the	
thymus	characterized	by	overexpression	of	the	c-myc	oncogene.	In	an	otherwise	normal	thymic	environment,	
PTEN-deficient	T	cell	lymphomas	invariably	harbored	RAG-dependent	reciprocal	t(14:15)	chromosomal	
translocations	involving	the	T	cell	receptor	alpha/delta	locus	and	c-myc,	and	their	survival	and	growth	was	TCR	
dependent,	but	Notch	independent.	However,	lymphomas	occurred	even	if	TCR	recombination	was	prevented,	
although	these	lymphomas	were	less	mature,	arose	later	in	life,	and,	importantly,	were	dependent	upon	Notch	
pathways	to	upregulate	c-myc	expression.	In	contrast,	using	the	complementary	methods	of	early	thymectomy	
and	adoptive	transfers,	we	found	that	PTEN-deficient	mature	T	cells	were	unable	to	undergo	malignant	trans-
formation	but	were	sufficient	for	the	development	of	autoimmunity.	These	data	suggest	multiple	and	distinct	
regulatory	roles	for	PTEN	in	the	molecular	pathogenesis	of	lymphoma	and	autoimmunity.

Introduction
Phosphatase and tensin homolog deleted on chromosome 10 
(PTEN) was first functionally characterized as a lipid phosphatase 
that catalyzes the reverse reaction of PI3K (1, 2). The major substrate 
of PTEN is phosphatidylinositol-3,4,5-triphosphate [PI(3,4,5)P3, 
commonly referred to as PIP3], a second messenger produced fol-
lowing activation of PI3K via any one of a number of cell surface 
receptor/growth factor pathways. It has been proposed that PTEN 
exerts its tumor-suppressor and other functions by preventing 
accumulation of PIP3, thus limiting and/or terminating activation 
of a cascade of PI3K-dependent signaling molecules including the 
serine-threonine kinase Akt, the phosphatidylinositol-dependent 
kinases (PDKs), S6 kinase, and mammalian target of rapamycin 
(mTOR), as well as small GTPases Rac1 and Cdc42 (3).

PTEN has been implicated both in sporadic malignancies and 
in inherited cancer susceptibility syndromes. Large-scale studies 
have revealed loss of heterozygosity (LOH) at the PTEN locus in 
up to 50% of primary tumors tested, making it one of the most 
commonly mutated genes in human cancer (4). The tumors with 
the highest rate of LOH included glioblastoma (75%), kidney 
carcinoma (40%), prostate cancer (42%), melanoma (48%), and 
lung cancer (37%). Germline mutations of PTEN are implicated 
in up to 80% of patients with Cowden disease, an inherited disor-
der characterized by multiple hamartomas and an increased risk 
of cancer, particularly breast, prostate, and thyroid cancers (5). 
These mutations include point mutations, deletions, insertions, 
and splice site mutations that span the entire length of the PTEN 

gene (5, 6). Of note, a substantial subset of human T cell acute 
lymphoblastic leukemias are associated with mutations in PTEN 
(7–9). This is consistent with a murine model, in which mice with 
a deletion of Pten targeted to the T cell compartment (using either 
CD4-Cre or Lck-Cre) uniformly developed T cell lymphomas by 
10–16 weeks of age (10–13).

Loss of PTEN also has been shown to affect T cell signaling and 
homeostasis. PTEN-deficient murine T cells are hyperresponsive 
to TCR stimulation, do not require CD28 costimulation for opti-
mal responses (14), show exaggerated activation of the PI3K and 
Erk pathways, and have elevated expression of Bcl-xL (11, 14). Con-
sistent with effects on signaling and survival, PTEN is required 
for optimal negative selection in the thymus. These findings have 
suggested that loss of PTEN in T cells might result in autoimmu-
nity. This is supported by the observation that Pten+/– mice develop 
a polyclonal autoimmune disorder associated with defective Fas-
mediated apoptosis (15) and that young mice in which the Pten 
deletion is targeted to T cells have elevated levels of anti–single-
stranded DNA Abs (11).

Most importantly, the mechanistic relationship(s) of the tumor- 
and autoimmune-suppressing functions of PTEN in T cells have 
not been defined to date. Here, we show that these two diseases are 
separable and mediated by T lineage cells of distinct developmental 
stages. Lymphomas arise within the thymus and are characterized 
by overexpression of the c-myc oncogene, driven either by a chro-
mosomal translocation event in the presence of RAG-mediated  
recombination, or, notably, via Notch (in the absence of RAG). In 
contrast, mature T cells deficient in PTEN never undergo malig-
nant transformation, but cause severe multiorgan autoimmunity. 
These data show distinct regulatory roles for PTEN in the molecu-
lar pathogenesis of lymphoma and autoimmunity and highlight 
how mutations in this gene can lead to diverse context-dependent 
outcomes within a single-cell lineage.
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Results
Targeted deletion of PTEN in CD4+CD8+ thymocytes induces a cell-intrinsic 
disseminated “mature” T cell lymphoma. Consistent with prior studies 
(10, 11), at approximately 6 weeks of age, CD4-Cre × Ptenfl/fl mice 
(hereafter termed PTEN-ΔT mice) accumulated CD4+CD69+ cells 
in secondary lymphoid organs and developed fatal lymphomas 
(with cell counts in secondary lymphoid organs 10- to 20-fold 
higher than controls) beginning at approximately 10 weeks of age. 
The lymphoma cells predominantly expressed CD4+CD8–, high 
levels of TCRβ, and heat-stable antigen (HSA, CD24) and were 
larger (as indicated by greater forward light scatter), which is a phe-
notype consistent with semi-mature, CD4 single-positive T cells 
(Figure 1, A and D, and data not shown). To determine whether 
this syndrome was T cell intrinsic, we generated mixed bone mar-
row chimeras. Only animals receiving PTEN-ΔT bone marrow died 
prematurely, with mononuclear T cell infiltrates of visceral organs 
(Figure 1, A and C). Furthermore, in the mixed chimeras (i.e., with 
50% WT and 50% PTEN-ΔT bone marrow) at 15 weeks after recon-
stitution, there was a marked predominance of CD4+ T cells, with 
virtually all the T cells present being derived from the PTEN-ΔT 
bone marrow, rather than the Thy1.1+ WT bone marrow (Figure 
1B). As the presence of PTEN-ΔT bone marrow does not induce 

accumulation and expansion of cells derived from WT bone mar-
row, we conclude that lymphoma is T cell intrinsic.

PTEN-deficient T lymphomas harbor a reciprocal chromosomal transloca-
tion, t(14;15), involving the TCRα/δ locus and the c-myc oncogene. Deletion 
of PTEN in murine hematopoietic stem cells results in T cell lym-
phoma in association with a t(14;15) chromosomal translocation 
involving the Tcra and c-myc loci (16), a translocation that is charac-
teristic of a subset of human T cell acute lymphoblastic leukemias 
(T-ALLs) (17). Spectral karyotyping (SKY) analysis of lymphoma 
cells from PTEN-ΔT mice revealed a 100% incidence of a recipro-
cal 14;15 translocation and varying degrees of aneuploidy primar-
ily involving the translocation products (Figure 2A and Table 1). 
t(14;15) translocations were found in thymocytes of healthy-appear-
ing 6-week-old PTEN-ΔT mice (18%–97% of metaphases), whereas 
they were barely detectable in peripheral splenic and lymph node 
T cells (0%~1.8%) from the same mouse (n = 3), suggesting that the 
malignant population arises within the thymus and takes several 
weeks to exit and populate the periphery in detectable numbers. 
Similarly, c-myc expression was readily detected by Western blot-
ting in thymic T cells of 6-week-old PTEN-ΔT mice, but not in the 
periphery or in thymuses of littermate controls (Figure 2B). These 
differences were not a result of different T cell subset distributions 

Figure 1
Lymphomagenesis in PTEN-ΔT mice is T cell intrinsic. (A) Bone marrow chimeras were prepared by transplanting bone marrow from WT mice 
(n = 4), PTEN-ΔT mice (n = 4), or a 50:50 mixture of the two (n = 8) into lethally irradiated WT congenic recipients. Survival of chimeric mice is 
measured in weeks after reconstitution. (B) Flow cytometric analyses of T cells in the spleen of representative chimeric mice from A and the 
contribution of WT (Thy1.1) and PTEN-ΔT (Thy1.2) bone marrow to the peripheral CD4 population. (C) H&E staining of liver and lung from rep-
resentative chimeric mice 15 weeks after reconstitution. (D) Immunophenotype of lymphoma cells in PTEN-ΔT mice. Cells from lymphoid organs 
of 10- to 17-week-old PTEN-ΔT mice with CD4 single-positive lymphomas were stained with antibodies for TCRβ or HSA and analyzed by flow 
cytometry. Forward scatter (FSC) is an indicator of cell size. Data are representative of 5 experiments.
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(Supplemental Figure 1; supplemental material available online 
with this article; doi:10.1172/JCI42382DS1). Elevated expression of 
c-myc was not associated with obvious gene amplification (Supple-
mental Figure 2), suggesting transcriptional and/or epigenetic regu-
lation, possibly via Tcrα regulatory machinery. Thus, while loss of 
Pten in hematopoietic stem cells leads to malignant transformation 
in association with a TCRα/c-myc translocation (16), the present 
data demonstrate that PTEN acts to prevent t(14;15) lymphoma 
development well after T lineage commitment.

t(14;15) lymphomas are TCR dependent.  The  process  of  V(D)J 
recombination assembles Tcr gene segments via double-strand 
break (DSB)  intermediates during T cell  thymic development 
(18). We hypothesized that RAG-mediated DSBs contributed to 
the development of lymphoma in PTEN-ΔT mice by enabling the 
generation of TCRα/myc translocations. To test this, we crossed 
PTEN-ΔT mice onto the recombination-deficient Rag1–/– back-
ground and introduced the OT-II TCR transgene as well to enable 
developing thymocytes to pass the β-selection (and TCR) check-
point and progress to the double-positive stage where the floxed 
Pten gene could be deleted by CD4-Cre, and thence to further sur-
vive and migrate into the periphery.

Control TCR-transgenic, RAG-sufficient mice (OT-II/PTEN-
ΔT-Rag1+/+ or OT-II/PTEN-ΔT-Rag1+/–) developed  lymphomas 
(Figures  3,  A  and  B,  and  Tables  2  and  3)  similar  to  those  of 

non–TCR-transgenic animals,  indicating that skewing of  the  
T cell repertoire did not prevent malignant transformation. Inter-
estingly, 50% percent of OT-II/PTEN-ΔT-Rag1–/– mice developed 
CD4+CD8+ thymic lymphomas, with a median survival time of 18 
weeks (Figure 3A). In contrast to the lymphomas of a semi-mature 
phenotype observed in PTEN-ΔT and OT-II/PTEN-ΔT-Rag+/+ mice, 
thymic lymphomas from OT-II/PTEN-ΔT-Rag1–/– mice had a less 
mature phenotype characterized by low levels of TCRβ expres-
sion (compare Figure 3B and Figure 1D) but continued high HSA 
expression. In addition, in contrast to lymphomas from PTEN-ΔT 
recombination-sufficient animals, the tumor was exclusively lim-
ited to the thymus; all peripheral lymphoid organs were relatively 
T lymphopenic but tumor free (data not shown). Finally, SKY 
analyses revealed that none of these tumors had t(14;15) clonal 
translocations or any other consistent abnormality, although 
aneuploidy/polyploidy was readily apparent in OT-II/PTEN-ΔT-
Rag1–/– tumors (Figure 3C and Tables 2 and 3). Taken together, 
these data indicate that RAG gene expression is necessary for the 
formation of t(14;15) lymphomas.

To determine whether TCR signaling and TCRα recombina-
tion was required for tumor formation in the absence of PTEN, 
we used mice with conditional targeting of the TCR adaptor 
molecule SLP76 (19) and also crossed the PTEN-ΔT mice onto 
a  TCRα-deficient  background.  Previous  studies  have  shown 

Table 1
SKY analysis of tumors of PTEN-ΔT mice

Mouse	 Total	metaphases	 Clonal		 Frequency	 Confirmed	by		 Nonclonal	translocations	
	 	examined	 translocations	 	 TCRα/δ	FISH	 and	other	abnormalities
53008 (12-wk-old) 16 2 copies of t(15;14); 1 copy of t(14;15) 12/16 (75%) Yes None
  2 copies of t(15;14); 2 copies of t(14;15) 4/16 (25%) 
60308B (11.5-wk-old) 31 3 copies of t(15;14); 1 copy of t(14;15) 16/31 (51.6%) Yes Occasional gain or loss 
  3 copies of t(15;14); 2 copies of t(14;15) 13/31 (42%)  of Chr 19 and/or Chr Y
  2 copies of t(15;14); 1 copy of t(14;15) 1/31 (3.2%) 
  2 copies of t(15;14); 2 copies of t(14;15) 1/31 (3.2%) 
60308A (13-wk-old) 32 2 copies of t(15;14); 1 copy of t(14;15) 31/32 (96.9%) Yes None
52308 (15-wk-old) 22 2 copies of t(15;14); 1 copy of t(14;15) 22/22 (100%) Yes None
60308C (10-wk-old) 26 3 copies of t(15;14); 1 copy of t(14;15) 15/26 (57.7%) Yes None
  3 copies of t(15;14); 2 copies of t(14;15) 10/26 (38.5%)
  2 copies of t(15;14); 2 copies of t(14;15) 1/26 (3.8%)

Figure 2
t(14;15) translocations and c-myc activation in lymphomas from PTEN-
ΔT mice. (A) Detection of t(14;15) by SKY analysis in metaphases from 
lymphoma cells in lymph nodes of diseased PTEN-ΔT mice (>9 wk). 
Note that distinct colors in a single chromosome are indicative of a 
translocation. Similar results were seen in lymphoma cells isolated from 
the spleen. Image shown is representative of total of 127 metaphases 
from 5 mice examined. (B) Western blot analysis of c-myc expression 
in tumor cells from the thymus (Thy) or lymph node (LN).
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that adult SLP76fl/fl × CD4-Cre mice develop normal numbers of 
double-positive thymocytes but have only a few single-positive 
thymocytes due to a defect in positive selection (19). Peripheral 
T cells are reduced in number, have low cell surface TCR levels, 
and have profound deficiencies in activation and proliferation 
in response to TCR cross-linking. We generated Ptenfl/flSLP76fl/fl 
mice and crossed them with CD4-Cre mice to generate PTEN/
SLP76-ΔT mice and appropriate littermate controls. None of the 
6 PTEN/SLP76-ΔT mice generated developed lymphomas with 
observation times up to 46 weeks (Figure 3D and Supplemental 
Figure 3A). Furthermore, SKY analysis of 257 metaphases from 
thymocytes and peripheral T cells from these mice did not detect 
any t(14;15) translocations (Table 4). Similar to OT-II/PTEN-
ΔT-Rag1–/– animals, PTEN-ΔT-Tcra–/– mice (which can still rear-
range Vα to Jα, but do not assemble a full signaling-competent 
TCRα chain) developed CD4+CD8+ thymic lymphomas at a late 
age, and t(14;15) translocations were not detected (Figure 3D, 
Supplemental Figure 3B, and Table 4). These data suggest that 
intact TCR signals are required for the formation of TCRα/c-myc 
translocations [t(14;15)] in the absence of PTEN. Alternatively, it 
is possible that such translocations occur independently of TCR 
signaling, but that in the absence of TCR signals, the cells fail to 
expand and/or survive. However, the ability of cells to survive and 

undergo translocation-independent malignant transformation in 
the Tcra–/– background argues against this latter possibility.

Immature, t(14;15)-negative T cell lymphomas utilize Notch pathways 
to upregulate c-myc expression. We next performed a more detailed 
functional and phenotypic characterization the two types of lym-
phomas, i.e., those with and without the t(14;15) translocation 
(Figure 4 and Supplemental Figure 4). Notably, thymic lympho-
mas  from  both  OT-II/PTEN-ΔT-Rag1–/–  and  PTEN-ΔT-Tcra–/–  
mice, but not tumors from control PTEN-ΔT mice, expressed 
pre-Tα (Figure 4A). As pre-Tα is a known Notch target (20), this 
suggested that t(14;15)-negative thymic lymphomas from these 
animals might share this common oncogenic pathway. Aberrant 
Notch1 signaling can directly induce c-myc expression (21–23) and 
is involved in more than 50% of cases of human T cell lymphomas 
(24) but has not been implicated in lymphomas induced by PTEN 
deficiency (21–23, 25). To investigate whether pre-Tα expression 
in t(14;15)-negative thymic lymphomas is due to activated Notch1 
signaling, we examined other Notch1 target genes, Hes-1 (26) and  
c-myc (21–23). In agreement with a previous report (16), Hes-1 
expression was not elevated in PTEN-ΔT tumors, which harbor 
t(14;15) (Figure 4B). Strikingly, however, both Hes-1 and c-myc 
expression were markedly increased in t(14;15)-negative thymic 
lymphomas from PTEN-ΔT-Tcra–/– mice (Figure 4B) in the absence 

Figure 3
Lymphomagenesis in PTEN-ΔT mice defective in V(D)J gene recombination or TCR signaling. (A) Survival of OT-II/PTEN-ΔT-Rag1–/– mice and 
littermate controls. (B) Lymphomas from diseased OT-II/PTEN-ΔT and OT-II/PTEN-ΔT-Rag1–/– mice and thymocytes from littermate controls 
were stained with the indicated antibodies and analyzed by flow cytometry. The data are representative of 3 independent experiments. DP, 
double-positive. (C) SKY analysis of lymphoma cells from OT-II/PTEN-ΔT-Rag1–/– mice and OT-II/PTEN-ΔT controls. Note that distinct colors 
in a single chromosome are indicative of a translocation. Image shown is representative of more than 91 metaphases from 3–5 mice per group. 
(D) Survival of PTEN/SLP76-ΔT and PTEN-ΔT-Tcra–/– mice.
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of detectable c-myc genomic amplification (Supplemental Figure 
2B). During normal T cell differentiation, Notch1 expression 
is high at the β-selection checkpoint and then downregulated 
as T cells further mature, and aberrant Notch1 expression after  
β-selection can promote tumorigenesis (27, 28). Activating Notch1 
mutations have been observed in multiple mouse models of T-ALL 
and commonly occur in the PEST domain, a region important for 
degradation of activated Notch (27). Therefore, we sequenced the 
Notch1 PEST domain in lymphomas from PTEN-ΔT-Tcra–/– mice 
but did not detect mutations (n = 8, data not shown). These data 
suggest that PTEN may regulate Notch1/c-myc expression at a 
transcriptional level, or alternatively, PTEN deficiency may permit 
Notch1-expressing double-negative (DN) thymocytes to bypass  
β-selection and promote tumorigenesis (29).

Loss of PTEN has been reported to confer Notch1 independence 
in human T cell leukemic cell lines (22). To further evaluate the 
dependency of t(14;15)-negative tumors on Notch signaling, we 
established spontaneously immortalized cell lines from PTEN-ΔT, 
PTEN-ΔT-Tcra–/–, OT-II/PTEN-ΔT, and OT-II/PTEN-ΔT-Rag1–/– 

primary tumor cells. These cell lines were generally phenotypically 
similar to the tumors from which they were derived, although 
CD4 expression was lower on the PTEN-ΔT cell lines than in the 
primary tumors (Supplemental Figure 4). The t(14;15)-negative 
tumor cell lines (PTEN-ΔT-Tcra–/– and OT-II/PTEN-ΔT-Rag1–/–) 
expressed elevated levels of CD25, another Notch signaling target 
(Figure 4C). Moreover, survival and growth were exquisitely sensi-
tive to blockade of the Notch pathway by γ-secretase inhibition 
(GSI) (Figure 4D and data not shown). Cell cycle analyses showed 
that cell fractions in G2/S/M phase were diminished, and fractions 
in sub-G0/G1 phase were markedly increased in GSI-treated PTEN-
ΔT-Tcra–/– and OT-II/PTEN-ΔT-Rag1–/– cell lines [i.e., those with-
out the t(14;15) translocation; Figure 4E], but not in recombina-
tion-sufficient PTEN-ΔT cell lines (derived from tumors with the 
translocation). Finally, lysates from PTEN-ΔT-Tcra–/– and OT-II/ 
PTEN-ΔT-Rag1–/– cell lines expressed S3-cleaved Notch1, indica-
tive of active intracellular Notch signaling (Figure 4F). By con-
trast, Notch signaling was undetectable in both tumor cell lines 
derived from t(14;15) lymphomas for all assays described above. 

Table 2
SKY analysis of tumors of OT-II/PTEN-ΔT RAG-sufficient mice

Mouse	and		 Total	metaphases		 Clonal		 Frequency	 Nonclonal	translocations	
	 genotype	 examined	 translocations	 	 and	other	abnormalities
30609,  Spleen, 44 2 copies of t(15;14); 2 copies of t(14;15) 42/44 (95.5%) None
 OT-II/PTEN-ΔT-Rag1+/–   2 copies of t(15;14); 1 copy of t(14;15) 2/44 (4.5%)
 (14-wk-old)

52009,   Thymus, 43 2 copies of t(15;14); 1 copy of t(14;15) 30/43 (69.8%) None
 OT-II/PTEN-ΔT-Rag1+/–  3 copies of t(15;14); 1 copy of t(14;15) 10/43 (23.3%)
 (12-wk-old)  1 copy of t(15;14); 1 copy of t(14;15) 2/43 (4.7%)
  1 copy of t(15;14); 1 copy of complex  1/43 (2.3%)
   Chr 14/15 translocation
 Spleen, 35 2 copies of t(15;14); 1 copy of t(14;15) 26/35 (74.3%) None
  3 copies of t(15;14); 1 copy of t(14;15) 7/35 (20%)
  1 copy of t(15;14); 1 copy of t(14;15) 1/35 (2.9%)

42709,   Thymus, 55 2 copies of t(15;14); 1 copy of t(14;15) 46/55 (83.6%) None
 OT-II/PTEN-ΔT-Rag1+/+  2 copies of t(15;14); 2 copies of t(14;15) 7/55 (12.7%)
 (10-wk-old)  3 copies of t(15;14); 1 copy of t(14;15) 1/55 (1.8%)
  1 copy of t(15;14); 1 copy of t(14;15) 1/55 (1.8%)
 LN, 55 2 copies of t(15;14); 1 copy of t(14;15) 54/55 (98.2%) None
  1 copy of t(15;14); 1 copy of t(14;15) 1/55 (1.8%)

20409,   Spleen, 53 t(10;14) 39/53 (73.6%) None
 OT-II/PTEN-ΔT-Rag1+/+

 (13-wk-old)

120108,   Spleen, 71 2 copies of t(15;14); 1 copy of t(14;15) 49/71 (69%) Centromere fusion
 OT-II/PTEN-ΔT-Rag1+/+  2 copies of t(15;14); 2 copies of t(14;15) 20/71 (28.2%)
 (9-wk-old)  3 copies of t(15;14); 1 copy of t(14;15) 2/71(2.8%)

Table 3
SKY analysis of tumors of OT-II/PTEN-ΔT RAG-deficient mice

Mouse	and	genotype	 Total	metaphases		 Aneuploidy	 Diploidy	 Clonal	
	 examined	 	 	 translocation
52809, OT-II/PTEN-ΔT-Rag1–/– (12-wk-old) Thymus, 34 34/34; average chromosome number: 44 0/34 None
41009, OT-II/PTEN-ΔT-Rag1–/– (13-wk-old) Thymus, 48 31/48; average chromosome number: 78 17/48 None
093009, OT-II/PTEN-ΔT-Rag1–/– (25-wk-old) Thymus, 9 9/9; average chromosome number: 79 0/9 None
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These data indicate that t(14;15)-mediated c-myc overexpression 
and Notch1-mediated c-myc overexpression are distinct oncogenic 
events in developing T cells, with resultant implications for drug 
sensitivity and treatment.

PTEN-deficient mature T cells are unable to undergo malignant trans-
formation but are sufficient for the development of autoimmunity. Check-
points that regulate malignancy have been shown to also regulate 
autoimmunity (30). Indeed, haploinsufficiency of PTEN promotes 
autoimmunity (15), and PTEN-ΔT mice have defective thymic 
negative selection and laboratory findings consistent with auto-
immune diseases, such an elevated anti–single-stranded DNA anti-
bodies (11, 14). While the universal occurrence of t(14;15) translo-
cations in lymphomas that arose in PTEN-ΔT mice made it likely 
that these were of thymic origin, the absence of these transloca-
tions in tumors from recombination-deficient animals suggested 
that tumors might arise from mature T cells as well.

To determine the relationship between autoimmunity and malig-
nancy, and among cell maturity, activation, and transformation, we 
carried out adoptive transfer studies. Surprisingly, mature T cells in 
the periphery of 3-week-old PTEN-ΔT mice failed to undergo malig-
nant transformation when placed into congenic hosts, including 
Rag1–/– animals, sublethally irradiated (5 Gy) mice, and unmodi-
fied mice (Figure 5A and data not shown). This was not due to cell 
loss or elimination of the cells, as PTEN-ΔT T cells could still be 
detected for up to 1 year after adoptive transfer, without evidence of 
malignant transformation (Figure 5B and data not shown). In con-
trast, thymocytes of 6-week-old PTEN-ΔT mice were able to trans-
fer lymphoma to Rag1–/– recipients (Figure 5A), which is consistent 
with the above-noted presence of t(14;15) translocations in large 
numbers (18%–97%) of metaphases in this cell population.

The failure of mature T cells (Figure 5A) or thymocytes from 
3-week-old mice (data not shown) to undergo transformation 
strongly suggested that tumors arise exclusively within the thymus 
of animals older than 3 weeks. To test this hypothesis we thymec-
tomized PTEN-ΔT mice at age 3–3.5 weeks. We observed that early 
thymectomy completely prevented lymphoma development (Fig-
ure 5C). Consistent with a thymic origination of lymphoma, T cells 
in the thymus, but not the periphery, of a representative (n = 3)  
6-week-old mouse showed the presence of a monoclonal popula-
tion, as evidenced by appearance of dominant Jβ1 and Jβ2 bands 
(Figure 5D). Furthermore, adoptive transfer of thymocytes, but 
not peripheral T cells, from 6-week-old mice into Rag1–/– recipients 

led to lymphoma development with t(14;15) in 5–9 weeks (Figure 
5A and data not shown).

Interestingly, there was a 5- to 8-fold increase in splenic cellular-
ity in 9- to 9.5-month-old thymectomized PTEN-ΔT mice (n = 7) 
compared with thymectomized age-matched controls (n = 4) (Fig-
ure 6A). The enlarged spleens in the thymectomized, PTEN-ΔT mice 
contained an increased percentage of CD4+ cells (34.1% ± 11.4% vs. 
11.3% ± 2.4%; P = 0.0106), the majority of which expressed CD69 and 
PD-1, markers of acute and chronic activation, respectively (Figure 
6B), and a decreased percentage of B220+ cells (43.8% ± 15.9% vs. 
71.0% ± 4.9%; P = 0.0264). Staining the T cell pool with a panel of 
antibodies specific for 12 different TCR Vβ domains revealed nor-
mal TCR diversity (Figure 6B and Supplemental Table 1), indicating 
that T cell expansion in thymectomized mice without evidence of 
malignancy was polyclonal. Like the T cells, a large percentage of the 
B cells in aged, thymectomized PTEN-ΔT mice had an activated phe-
notype, expressing elevated levels of CD86 and MHC class II (data 
not shown). The activated B cell phenotype correlated with increased 
levels of circulating antibodies, including a greater than 10-fold 
increase in IgG1 in 9-month-old PTEN-ΔT mice relative to age-
matched controls (Figure 6C). We used the Crithidia luciliae assay (31, 
32) to test for anti-dsDNA antibodies in the sera of these mice. This 
is a highly specific test for anti-dsDNA Abs that relies on the fact 
that C. luciliae has a large amount of dsDNA specifically restricted  
to its kinetoplast. We found positive kinetoplast staining with sera 
from 9-month-old PTEN-ΔT mice (n = 6) but not age-matched 
controls (n = 4) (Figure 6D). Among the PTEN-ΔT cohort, positive 
staining was observed at a 1:1,000 titer in 2 mice, a 1:100 titer in 
3 mice, and a 1:10 dilution in 1 mouse. Analysis of the peripheral 
tissues revealed extensive mononuclear cell infiltration in the liver, 
lung, and kidney of thymectomized PTEN-ΔT mice (Figure 6E). 
Last, consistent with the reported defect in T cells from Pten+/– mice 
(15), T cells from PTEN-ΔT mice were relatively resistant to activa-
tion-induced cell death (AICD) (Figure 6F). Thus, PTEN deficiency 
in the T cell lineage causes two distinct events that arise within a 
single-cell lineage at different times: lymphomas that occur during 
T cell development within the thymus; and multiorgan autoimmu-
nity, which results from aging mature peripheral T cells.

Discussion
PTEN is a complex protein with multiple distinct cytoplasmic and 
nuclear functions that regulate growth, metabolism, survival, cell 

Table 4
SKY analysis of PTEN-ΔT-Tcra–/– and PTEN/SLP76-ΔT mice

Mouse	 Total	metaphases	 Reciprocal		 Other	nonclonal	translocations	 Frequency
	 	examined	 translocation	(14;15)	 	and	abnormalities	
CD4-Cre × Pten+/+Tcra–/– control thymus  Thymus, 32 None None
 (32-wk-old)
CD4-Cre × Ptenfl/flTcra–/– 1113 (16-wk-old) Thymus, 109 None None
CD4-Cre × Ptenfl/flTcra–/– 1030 (30-wk-old) Thymus, 103 None 1 1/103
CD4-Cre × Ptenfl/lfTcra–/– 12909 (42-wk-old) Thymus, 41 None None
PTEN/SLP76-ΔT 71309 (46-wk-old) Spleen, LNs, 119 None Chr 19 fragment 1/119
   Loss of 1 copy of Chr 12 1/119
PTEN/SLP76-ΔT 81909 (36-wk-old) Thymus, 138 None Chr 2 fragment without centromere,  1/138
   also t(4;10), t(4;13), and t(10;3)
   Chr X fragment 1/138



research article

	 The	Journal	of	Clinical	Investigation      http://www.jci.org      Volume 120      Number 7      July 2010  2503

migration, and genomic integrity (33). In T cells, these functions 
of PTEN prevent T cell–intrinsic autoimmunity and malignancy. 
It has been proposed that autoimmune disease may develop in  
T cells as a result of germline or somatic mutations (or both), 
which allow them to bypass critical tolerance checkpoints, simi-
lar to the process by which multiple mutations collectively lead to 
malignant transformation allowing cells to bypass anti-oncogenic 
checkpoints (30). Our studies demonstrate that germline muta-
tion in a single gene, Pten, promotes the development of autoim-
munity and lymphoma via distinct events within cells of the same 
lineage, but of differing ages/developmental stages.

The functional role of PTEN in lymphomagenesis is a topic of 
study and controversy. PTEN has been shown to undergo nuclear 
translocation following monoubiquitination and to complex with 
CENP-C to help maintain genomic integrity (34). It has been sug-
gested that this function of PTEN is relevant to the finding that in 
its absence, murine T cell leukemia/lymphomas occur in otherwise 

normal animals in invariable association with a t(14;15) transloca-
tion (16), and translocations involving the TCRα locus and c-myc 
are implicated in human T cell acute lymphocytic leukemia as well 
(35–38). Moreover, mutations in PTEN are common in human 
acute lymphoblastic leukemia (7–9) and frequently are trunca-
tion mutants that delete the CENP-C binding domain rather than 
mutations affecting the phosphatase domain (34). These find-
ings suggest a model in which PTEN’s role as a tumor-suppressor 
gene, at least in the case of T cells, is to prevent the development of 
genomic events that promote cell transformation.

However, an alternative model is that loss of PTEN is permis-
sive for the survival of cells that, for other reasons, have acquired 
a t(14;15) translocation and that these events are jointly required 
for malignancy. Consistent with this, Hagenbeek et al. studied  
T cell development in Lck-Cre-Ptenfl/fl mice (29). By crossing these 
mice with Rag2- and γc-deficient mice, the authors showed that 
PTEN deficiency can substitute for both IL-7 receptor and pre-

Figure 4
Activated Notch signaling in t(14;15)-negative lymphoma cells. (A) RT-PCR analysis of pre-Tα (pTα) expression in RNA isolated from the indi-
cated cells. (B) Quantitative RT-PCR for Hes-1 and c-myc in WT thymocytes or indicated primary lymphoma cells normalized to Gapdh. (C) 
Flow cytometric analysis of CD25 expression in cell lines derived from the indicated primary lymphomas. (D) Growth suppression by GSI. The 
tumor cell lines derived from the indicated primary lymphoma cells were cultured with or without 1 μM GSI in a 24-well plate for 72 hours. Graph 
shows the number of trypan blue–negative cells per well. (E) Impaired proliferation, cell cycle arrest, and apoptosis in t(14;15)-negative tumor 
cell lines treated with GSI. (F) Western blot analysis of the activated form of Notch1 protein in the indicated cell lines. All experiments described 
in C–F are representative of 6 or more different cell lines derived from at least 2 individual primary lymphomas.
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TCR signals in the thymus. Higher basal PI3K signals maintained 
in the absence of PTEN likely promote survival and proliferation 
of developing thymocytes even in the absence of normally required 
environmental and cellular cues, bypassing the normal PDK1 
checkpoint regulation of cell growth (13).

Further complicating the picture is the fact that the type of the 
lymphoma arising is context dependent, being modulated by the 
presence of recombination involving the TCRα locus and the com-
petence of TCR signaling. While all lymphomas in our study were 
characterized by c-myc overexpression, in the presence of intact 
V(D)J rearrangement, TCR signaling, and TCRα expression, cis-acti-
vation of c-myc via a translocation induced a Notch1-independent 
T cell lymphoma, whereas in the absence of recombination, loss 
of PTEN leads to Notch1-dependent c-myc overexpression. Thus, 
PTEN might have distinct roles in the two cases or may alternative-
ly have a final common pathway of synergizing with myc activation 
to lead to malignancy.

It is notable that the malignancy that develops in the absence 
of RAG not only lacks the t(14;15) translocation but is a thymus-
restricted lymphoma without any evidence for peripheral dissemi-
nation. Previous studies have shown that RAG-induced DSBs, in 
addition to their role in V(D)J recombination, play an important 
regulatory function for a wide variety of genes whose proteins are 
involved in  lymphocyte development/function, such as CD40 

and CD69 (39), and the loss of these RAG-mediated affects may 
underlie the differing types of lymphomas that develop in PTEN-
ΔT mice versus PTEN-ΔT-Rag1–/– mice.

We were surprised to find no evidence for lymphoma develop-
ment or t(14;15) translocations in mice under age 3–4 weeks, con-
sistent with related findings by Xue et al.; ref. 12). The reasons for 
this observation remain obscure. Given the known effects of age 
and sex hormones on the thymus, we considered the fact that sex-
ual maturation might be required for lymphomagenesis. However, 
surgical castration of mice (n = 5) did not affect the incidence or 
timing of lymphoma development (data not shown).

Our data also provide new insights into the development of 
autoimmunity in the absence of PTEN. We find that loss of PTEN 
in T cells alone is sufficient to induce resistance to AICD and lead 
to multiorgan autoimmunity. This is associated with activation of 
B lymphocytes, which is thus shown to be cell extrinsic. While we 
cannot exclude a role for altered thymic selection (11) in the auto-
immunity observed in PTEN-ΔT mice, the phenotype we observe is 
similar to that seen with fas or gld mutations in permissive genetic 
backgrounds and thus may be accounted for solely by resistance 
of T cells to AICD. In either event, although it cannot be at present 
be tested, it seems likely that if tumor-bearing mice could be cured 
of their lymphomas, they likely would develop autoimmunity later 
in life, given the separable nature of these events.

Figure 5
Requirements for lymphomagenesis and autoimmunity in PTEN-ΔT mice. (A) Rag1–/– mice or sublethally irradiated B6 Thy1.1 mice were adop-
tively transferred with 5 million thymocytes or peripheral T cells (purified from spleen or lymph node as indicated) from 3- or 6-week-old PTEN-ΔT 
Thy1.2 mice. (B) Lack of malignant transformation of T cells from 3- to 4-week-old PTEN-ΔT mice following adoptive transfer into Rag–/– mice 
at 100 days after transfer. (C) PTEN-ΔT or WT mice were thymectomized at 3.5 weeks of age and monitored for survival (n = 9 for each group). 
(D) Southern blot analysis of TCRβ rearrangement in genomic DNA of thymocytes. Paired thymocyte and LN T cell samples from mice of the 
indicated ages were obtained from the same individual mice. The sample of a lymphoma-bearing, 9-week-old PTEN-ΔT mouse represents tumor 
cells. Germline configurations of mouse kidney DNA shown for comparison. Data are representative of 3 premalignant mice of each group and 
6 tumors. Rag-2 is shown as a loading control.
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Methods
Mice. CD4-Cre-Ptenfl/fl (PTEN-ΔT) mice and OT-II mice were previously 
described  (14).  SLP76fl/fl  and  SLP76–/–  mice  used  to  generate  PTEN/
SLP76-ΔT mice were previously described (19, 40). Tcra–/– mice (41) were 
a gift of Terri Laufer (University of Pennsylvania). All of the above mice 
were backcrossed more than 12 generations onto a C57BL/6 background. 
C57BL/6 mice expressing the Thy1.1 congenic marker and Rag1–/– mice 
were purchased from the Jackson Laboratory. All animals were cared for 
according to the animal care guidelines of the University of Pennsylvania, 
and all experimental protocols were approved by Institutional Animal 
Care and Use Committee.

Mixed bone marrow chimeras. Mice were lethally irradiated (10 Gy) prior to 
reconstitution with 2 × 106 total T cell–depleted bone marrow cells at spec-
ified ratios from either WT (Thy1.1) or PTEN-ΔT (Thy1.2) mice. Recipient 

mice were treated with Neosporin (DSM Pharmaceuticals Inc.) for 1 week 
prior to and 2 weeks after reconstitution.

Flow cytometry and cell sorting. Monoclonal antibodies specific for CD4 
(GK1.5, RM4-5, L3T4), CD69  (H1.2F3), CD44  (IM7), CD24  (MI/69), 
CD62L (MEL-14) (16A), CD19 (1D3), Vβ2 (B20.6), Vβ3 (KJ25), Vβ4 (KT4), 
Vβ5.1,5.2 (MR9-4),Vβ6 (RR4-7), Vβ7 (TR310), Vβ8.1,8.2 (MR5-2), Vβ8.3 
(1B3.3), Vβ9 (MR10-2), Vβ10b (B21.5), Vβ11 (RR3-15), Vβ12 (MR11-1), 
Vβ13 (MR12-3), Vβ14 (14-2), Vβ17a (KJ23). Annexin V, CD44-PE (IM7), 
Vα2 (B20.1), CD25 (PC61), CD90.1 (OX-7), CD8α (clone 53-6.7), CD3 
(145-2C11), CD90.2 (clone 53-2.1), and cell viability dye 7-AAD were pur-
chased from BD. Antibodies were used as FITC, PE, PerCP-cy5.5, and allo-
phycocyanin (APC) conjugates. Single-cell suspensions were prepared from 
blood, thymus, spleen, and lymph node. Cells were stained by standard 
methods, and events were collected on a FACSCalibur flow cytometer (BD) 

Figure 6
The development of autoimmunity in thymectomized PTEN-ΔT mice. (A) Representative splenic weights from thymectomized mice at 9.5–11 
months of age. (B) WT and PTEN-ΔT mice that received a thymectomy were sacrificed at 9.5 months of age. Data represent lymphocyte profiles 
from the spleen of representative aged, thymectomized mice. (C) Elevated immunoglobulin levels from sera of 9.5-month-old thymectomized 
WT and PTEN-ΔT mice from B measured by ELISA. (D) Detection of serum dsDNA autoantibodies in 9.5-month-old thymectomized WT and 
PTEN-ΔT mice. Sera from the indicated mice was used to detect the presence of anti-dsDNA antibodies. Kinetoplast staining (as indicated by 
the arrow) indicates a positive antibody response to dsDNA. Original magnification, ×10. (E) Representative H&E staining of liver and lung of 
thymectomized WT and PTEN-ΔT mice at 9.5 months of age. All experiments described in A–E are representative of 4 mice of each group. (F) 
Defective AICD in PTEN-deficient CD4+ T cells. T cells were isolated from 3.5-week-old PTEN-ΔT and WT mice and cultured in the presence of 
α-CD3, α-CD28, and IL-2. Viable cells were fractionated and restimulated with α-CD3 for an additional 16 hours, and cell death was evaluated 
by flow cytometry with the indicated markers gated on CD4+ population. The data are representative of 2 independent experiments on T cells 
from a total of 6 mice of each genotype.
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and analyzed using FlowJo software. In some instances, cells were sorted 
by a FACSAria (BD).

Tumor cell line derivation and culture. Single-cell suspensions were prepared 
from tumor-bearing thymus, spleen, or lymph nodes and cultured in 
RPMI 1640 with 10% fetal bovine serum. Primary tumor cells were plated  
at 2.5 × 106 cell per well in a 24-well plate. Tumor cells were left undis-
turbed for 1 week and subsequently fed 3 times weekly. When nonadher-
ent cells became confluent, they were split and transitioned to a 60-mm  
dish and finally to a 25-cm2 flask.
γ-Secretase inhibitor treatment. Compound E (Calbiochem), a potent γ-secre-

tase inhibitor, was used to block Notch1-mediated signal transduction in 
primary tumor-derived cell lines. Cells in logarithmic growth were seeded at 
densities of 0.5 × 105 to 1 × 105 cells/ml according to different growth rates 
and cultured in the presence of 1 μM of compound E or mock (DMSO) for 
up to 3 days. At various time points after treatment onset, the effects of 
GSI on cell growth, cell viability, and cell cycle distribution were analyzed.

RNA analyses. RNA was extracted and purified using the RNeasy Mini Kit 
(QIAGEN). All RNA templates were subjected to DNase I digestion follow-
ing the protocol in the kit. After reverse transcription, cDNA was subjected 
to PCR. Pre-Tα expression was assayed using the following primers: forward, 
5′-CTACCATCAGGCATCGCT-3′, and reverse, 5′-CTATGTCCAAATTCT-
GTGGGTG-3′; β-actin primers: forward, 5′-GTGGGCCGCTCTAGGCAC-
CAA-3′,  and  reverse,  5′-CTCTTTGATGTCACGCACGATTTC-3′.  For 
quantitative RT-PCR, reaction was performed using an ABI 7300 machine 
(Applied Biosystems). c-myc and Hes-1 RNA expression was determined 
relative to Gapdh expression using the TaqMan Gene Expression Assay 
(Applied Biosystems). All quantitative RT-PCR analyses were done in trip-
licate in 25-μl volume.

Western blot analysis. Cell lysate preparation, SDS-PAGE, electrophoretic 
transfer, immunoblotting, and development using enhanced chemilumi-
nescence were performed as previously described (14). T cells and thymo-
cytes were fractionated either by MACS purification (Miltenyi Biotec) or 
FACS cell sorting. Abs to cleaved Notch1 (Val 1744), c-myc, and β-actin 
were purchased from Cell Signaling Technology.

Southern blot analysis. Genomic DNA (10 μg) was digested with HindIII 
overnight at 37°C, separated on a 1.0% agarose gel, and transferred onto 
nitrocellulose membrane. After UV cross-linking, the blot was hybridized 
with 32P-labeled probes from the Jβ1 region of the Tcrb gene or exon 1 of 
c-myc or Rag2 and p53 genes (42, 43).

Spectral karyotyping, chromosome painting, and FISH. Metaphases were pre-
pared using standard protocols (colcemid treatment) and then hybridized 
with SKY and WCP probes from Applied Spectral Imaging according to 
manufacturer’s instructions and/or with labeled BAC FISH probes accord-
ing to standard protocols. Slides were examined under a BX61 microscope 
(magnification, ×600) from Olympus, controlled by a LAMBDA 10-B 
Smart Shutter from Sutter Instrument. Images were captured using a 
LAMBDA LS light source from Sutter Instrument and a COOL-1300QS 
camera from Applied Spectral Imaging and then analyzed and managed 
through Case Data Manager version 5.5, installed, and configured by 
Applied Spectral Imaging.

Sequence analysis. The PEST domain of Notch1 was amplified with the fol-
lowing primer pairs (PEST-1: 5′-TACCAGGGCCTGCCCAACAC-3′, PEST-2:  
5′-GCCTCTGGAATGTGGGTGAT-3′) and (PEST-3: 5′-AAGGACCTCA-
AGGCACGGAG-3′, PEST-4: 5′-GAGGTGTGGCTGTGATGGTA-3′). PCR 
was performed using the same protocol as previously described (44). PCR 
products were gel purified, and the sequence was compared with WT Notch1.

AICD assay. CD4+ T cells were activated with plate-bound anti-CD3  
(1 μg/ml) and soluble anti-CD28 (1 μg/ml) for 72 hours, and 100 U/ml  
IL-2 was added to the media for the final 24-hour culture. Cells then were 
harvested, and dead cells were separated by Histopaque-1083 (Sigma-
Aldrich) density centrifugation. Viable cells were collected and restimu-
lated with plate-bound anti-CD3 (10 μg/ml) overnight, and viability was 
measured by flow cytometry using both the vital dye 7-AAD and Annexin V  
(BD Biosciences — Pharmingen) as markers.

Histology. Tissues were harvested and fixed overnight at 4°C in 10% neu-
tral buffered formalin. Following fixation, tissues were rinsed with cold 
PBS and embedded in paraffin. Tissues were sectioned (5 μm) and exam-
ined by H&E staining. Sectioning and staining was performed by the mor-
phology core at the University of Pennsylvania.

Crithidia luciliae assay. Anti-dsDNA antibodies were detected using fixed, 
permeabilized Crithidia luciliae as the substrate (Antibodies Inc.). The pres-
ence of anti-dsDNA antibody was measured by initially testing serum 
samples at a 1:10 dilution and detecting staining of the kinetoplast (an 
organelle that exclusively contains dsDNA) with an FITC-conjugated 
goat anti-mouse IgG reagent (Southern Biotechnology). Undetectable lev-
els of anti-dsDNA antibodies were defined as such if no staining of the 
kinetoplast was seen at a 1:10 dilution. The samples were visualized under 
a fluorescence microscope. When anti-dsDNA antibody was detected, 
samples were also tested at serial 10-fold dilutions from 1:100 to 1:10,000. 
The serum titer was defined as the reciprocal of the last dilution at which 
kinetoplast staining was seen.

ELISA. Detection of serum antibodies IgG1, IgG2a, IgG3, and IgE was per-
formed using kits purchased from BD Biosciences — Pharmingen according 
to the manufacturer’s instructions. Briefly, 96-well flat bottom plates were 
coated with unlabeled goat anti-mouse Ig (H+L). Following incubation with 
diluted sera, HRP-labeled various Ig isotypes were used as secondary reagents, 
and the reaction was developed using TMB substrate (BD OptEIA).

Statistics. Error bars indicate standard deviation. Statistics were cal-
culated with a 2-tailed Student’s t test. A P value less than 0.05 was 
considered significant.
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