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Abstract
TOX is a member of an evolutionarily conserved DNA-binding protein family and is expressed in
several immune-relevant cell subsets. Here, we review the key role of TOX in regulating
development of CD4 T cells, natural killer cells and lymphoid tissue inducer cells, the latter
responsible for the generation of lymph nodes. Although the exact molecular mechanism of action
of TOX remains to be elucidated, the role of TOX in establishment of gene programs in the
thymus and the potential of TOX as a regulator of E protein activity are discussed.

Introduction
Development of mature cells requires coordinated expression of gene regulatory networks
that promote differentiation of precursors, while simultaneously inhibiting alternate cell
fates. Many nuclear factors, including transcription factors, cofactors, and chromatin
modifiers, have been described to play essential roles in the development of the immune
system. In this review, we focus on the specific role of nuclear factor TOX (Thymocyte
selection-associated HMG bOX protein) in the immune system. TOX was originally
identified by microarray as a thymic transcript that was highly upregulated in CD4+CD8+

double positive (DP) thymocytes activated with pharmacological agents phorbol ester and
ionomycin ex vivo, as a mimic of the TCR signaling that initiates thymic positive selection
[1]. Subsequent analysis at the level of gene and protein expression confirmed that TOX was
expressed in the thymus in a stage-specific regulated manner. However, TOX expression is
not limited to the thymus and is detected in other tissues, including liver, where it likely
plays additional functions in regulating metabolic processes (J. Kaye, unpublished data).
TOX is part of the larger HMG-box superfamily of proteins, but also defines a small
subfamily of proteins including TOX2, TOX3 and TOX4, all of which are highly conserved
in vertebrate species (Figure 1) [2]. While the in vivo functions of TOX have been best
characterized, TOX2 may play a role in reproductive organs [3], TOX3 has been implicated
in regulation of neuron cell survival [4] and breast cancer [5,6], and TOX4 is known to
interact with a phosphatase complex involved in the control of chromatin structure and cell
cycle progression [7,8].
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The sequence of the HMG-box domain of the TOX family of proteins places these factors in
the sequence-independent but structure-dependent family of DNA-binding proteins [2]. Like
other HMG-box proteins, the DNA binding domain of TOX is comprised of three helices
that fold into an L-shaped structure (Protein Data Bank; URL:
http://www.pdb.org/pdb/explore/explore.do?structureId=2co9), and can interact with
distorted DNA structures including cisplatinated DNA and double stranded circular DNA (J.
Kaye, unpublished data). Unlike many HMG-box proteins however, the TOX DNA binding
domain cannot induce bending of DNA due to lack of a key hydrophobic wedge residue (J.
Kaye, unpublished data). Among TOX family members, the DNA binding domain is near
identical (and with shared genomic organization), the N-terminal domain is fairly conserved
and has transactivation activity, and the C-terminal domain is family-member specific.
Using genetically modified mice we have revealed the first in vivo function for a TOX-
family member, in this case as a key regulator of immune system development.

Role of TOX in T cell development
TOX is transiently upregulated during β-selection and positive selection of developing
thymocytes [1]. In terms of the latter, upregulation of TOX by DP cells is mediated by TCR-
mediated calcineurin signaling [9]. We have taken both transgenic and knockout approaches
to identify the role of TOX in the thymus. At the CD4−CD8− (double negative, DN) stage,
enforced expression of TOX was sufficient to induce upregulation of both CD4 and CD8αβ,
although not the cell proliferation normally associated with progression to the DP stage [9].
Interestingly, TOX also induced derepression of CD4 in DN thymocytes, similar to the
phenotype caused by deficiency in components of the SWI/SNF-like chromatin-remodeling
complex [10]. Whether TOX also plays a role in chromatin remodeling remains to be
determined.

Expression of a TOX-transgene in DP cells induced the CD8-lineage commitment and CD4-
silencing factor RUNX3 [11,12] in the absence of positive selection signals, resulting in
CD4 downregulation and CD8 single positive (CD8SP) cell formation [9]. However, these
CD8SP cells failed to fully mature or exit the thymus, indicating that TOX alone was
insufficient to substitute for full TCR signaling during positive selection. A similar
phenotype has been observed in thymocytes from mice that lack E protein activity in DP
thymocytes ([13] and see below).

Somewhat surprisingly given these results, mice deficient in TOX (TKO) revealed a
requirement for TOX in CD4 T cell lineage development [14] (Figure 2). Specifically, in the
absence of TOX developing thymocytes initiated positive selection, including upregulation
of CD69, CD5 and GATA3 and downregulation of CD4 and CD8 (CD4loCD8lo, double
dull, DD), but failed to progress to the subsequent CD4+CD8lo transitional population, the
stage at which lineage fate is established. This developmental block affected all CD4 T
lineage cells, including not only production of conventional CD4 T cells, but also
development of NKT and FOXP3+ regulatory T cells as well. Interestingly, CD8SP
thymocytes developed in TKO mice, populated the spleen and could be activated to have
cytolytic effector function [14]. These results emphasize that the CD4+CD8lo transitional
stage of development is not obligatory for all CD8 T cell development [14,15]. That there is
a pathway for CD8 but not CD4 T cell development directly from the DD stage suggests that
the initiation of positive selection by class I and class II MHC are likely distinguishable in
some manner, an idea that has fallen out of favor with demonstration of later stage lineage
commitment [16], but one that in our view requires reassessment.

RUNX3 and ThPOK (encoded by the Zbtb7b gene) are key nuclear factors for CD8 and
CD4 T cell fate decisions in the thymus, respectively, at least in part due to their ability to
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each antagonize expression of the other [17–20]. Surprisingly, however, CD4 T cells
develop in mice that lack both ThPOK and RUNX activity, suggesting that the primary
function of ThPOK is in CD8 lineage repression [18]. Thus, this leaves open the question of
how the CD4 lineage gene program is established during positive selection in the thymus.

One important clue as to the function of TOX in relation to CD4 T lineage development
came from the observation of accumulation of small numbers of ‘lineage confused’ T cells
that expressed both CD4 and CD8 molecules in the spleen of older TKO mice. These cells
expressed low levels of ThPOK [14,21], pointing to TOX as an upstream regulator of
ThPOK. Similar phenotype cells were also reported in mice expressing a hypomorphic
ThPOK allele [22]. However, expression of a ThPOK transgene (ThPOK-Tg ) in TKO mice
did not result in a complete rescue of the TKO phenotype [21]. While the CD8 lineage was
inhibited in these animals, indicating that the alternative fate repression function of ThPOK
was not dependent on TOX, the CD4 lineage was still aberrant. In the thymus, ThPOK-Tg/
TKO mice contained a population of post-selection CD4loSP cells, suggesting that one
function of TOX may be regulation of CD4 itself. When compared to normal CD4SP
thymocytes, these CD4loSP cells expressed low levels of Id2 [21], an inhibitor of E protein
activity that is normally induced at the CD4+8lo stage. This raised the possibility that lack of
TOX might result in a failure to fully repress E protein activity during positive selection.
Indeed, we found multiple defects in gene expression that have been linked to loss of E
protein activity [13,23,24], most notably FOXO1 and its downstream gene targets KLF2,
IL-7Rα, CCR7 and L-selectin [21]. In addition, although CD4 T cells were found in the
spleen of ThPOK-Tg/TKO mice, they were poor expressers of FOXO1 and, upon activation,
the CD4 lineage marker CD40L, further indicating a failure to implement a normal CD4
lineage gene program in the absence of TOX. Consistent with the role of TOX as an
upstream regulator of ThPOK, ThPOK-Tg/TKO cells also failed to upregulate the
endogenous ThPOK locus, despite transgene encoded protein expression [21].

Role of TOX in development of lymph nodes and Peyer’s patches
We also observed that TKO mice lacked lymph nodes and had a significant decrease in the
frequency and size of Peyer’s patches [25]. This was shown to be independent of the T cell
developmental defect in these animals [25]. Lymphoid tissue inducer (LTi) cells are key
regulators of lymph node organogenesis [26–28]. These cells are of hematopoietic origin,
are found in fetal liver during embryogenesis, and initiate formation of lymph node and
Peyer’s patch anlagen through interactions with mesenchymal cells. Transcriptional
regulators Ikaros, RORγ(t) and Id2 are required for LTi development, and thus mice
deficient in any of these proteins are devoid of lymph nodes and Peyer’s patches[26,29–31].
LTi cells also express TOX and TKO mice lack LTi cells, explaining the absence of normal
lymph node development in these animals[25]. Using RorcGFP knock-in reporter mice [26]
bred to TKO mice, we failed to observe GFP+ cells in E17 intestines and spleen in the
absence of TOX, consistent with the loss of RORγ(t)+ LTi cells. Nevertheless, RORγ(t)
expression was maintained in TKO DP thymocytes, indicating that there was no global
defect in RORγ(t) expression.

Role of TOX in formation of NK cells
TOX is also expressed in the NK cell lineage, with highest expression in immature NK
(iNK, Lin−IL-15Rα+NK1.1+DX5−) and mature NK (mNK, Lin−IL-15Rα+NK1.1+DX5+)
cells in the bone marrow [25]. In TKO mice, NK cells were significantly reduced in both the
bone marrow and spleen, with a block in the transition of NK progenitor cells
(Lin−IL15Rα+NK1.1−DX5−) to the iNK stage. The loss of NK cells was also reflected in
reduction in NK cell-mediated cytotoxicity in vivo in TKO mice [25].
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Development of NK cells is also dependent on expression of Id2 [30–32]. As was observed
in the thymus of ThPOK-Tg/ TKO mice, Id2 expression was significantly reduced in
remaining NK cells in the absence of TOX. However, Id2 expression was not able to rescue
NK cell development from TKO bone marrow precursors, indicating that loss of Id2
expression cannot fully explain the NK cell developmental block.

Gene knockdown and overexpression studies in differentiating cultured human cord blood
CD34+ precursor cells have also implicated TOX as a key regulator of NK cell development
[33]. In these experiments, a siRNA-mediated decrease in TOX expression was reported to
have no effect on Id2 mRNA levels, although there was only a modest increase in Id2
expression detected during differentiation in these cultures. The loss of TOX also had some
effect on T-bet expression in this system. However, the phenotype of T-bet knockout mice
differs greatly from that of TKO mice with regards to both T cells and NK cells. T-bet-
deficient mice do not have an early block in NK cell differentiation but rather a late defect in
cell maturation and IFN-γ production [34]. Thus, whether there are any mechanistic
differences in the activity of TOX in human compared to murine immune cells remains to be
determined. However, the high degree of conservation of the protein in rodents and humans
[2] makes this less likely in our view.

Conclusions
TOX has multiple roles in the generation of the immune system, including development of
CD4 T cells and NK cells, and lymph node organogenesis, the latter via regulation of LTi
cell development. It is not clear if there are overlapping or distinct roles for TOX in each of
these cell lineages. The one commonality may be upregulation of Id2, which is associated
with each developmental process (Figure 3). Indeed, loss of TOX was associated with
decreases in Id2 expression in both thymocytes and NK lineage cells [21,25]. Most
strikingly, loss of E protein activity phenocopies overexpression of TOX in DP thymocytes
and some genes repressed by E proteins fail to be upregulated in the absence of TOX
[13,35]. However, NK and LTi cell development is dependent on Id2 [30–32], while loss of
Id2 does not inhibit thymic positive selection [36,37], although compensatory activity by Id3
remains a possible confounding factor. In the thymus, TOX is required for the DD to
CD4+8lo transition, and for CD4 reexpression itself [14,21]. In addition, TOX plays a role in
ThPOK induction, although not activity, as well as establishment of the CD4 lineage gene
program [21]. The specific biological role of TOX in NK and LTi cell development remains
to be investigated and will be aided by TOX marker knock-in mice under characterization (J.
Kaye, unpublished data). Experiments to identify genomic binding sites of TOX, to
understand how this sequence-independent DNA binding factor is targeted to specific
regions and what other proteins interact with TOX are ongoing, and will shed light on the
mechanism of action of this key regulatory nuclear protein. As TOX is also expressed in
some mature T cells (J. Kaye, unpublished data), TOX may play additional roles in the
immune system as well as other tissues. Based on our findings for TOX, we think it likely
that other members of this protein subfamily will be found to play key roles in other
developmental or cell differentiation contexts.
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Highlights

• The TOX protein is a member of a small subfamily of HMG-box DNA binding
proteins

• The TOX protein is predicted to interact with DNA in a sequence-independent
fashion

• TOX is required for CD4 T cell lineage development in the thymus

• TOX regulates NK cell development in the bone marrow and lymph node
organogenesis

Aliahmad et al. Page 8

Curr Opin Immunol. Author manuscript; available in PMC 2013 April 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 1.
The TOX subfamily of HMG-box proteins. TOX contains an HMG-box DNA binding
domain that is highly conserved in three additional proteins TOX2, TOX3, and TOX4. An
adjacent lysine-rich region may serve as the nuclear localization signal (NLS) as well as
influence the interaction with DNA. The N-terminal domains of these proteins show
approximately 30–40% sequence identity and have transactivation activity, while the C-
terminal domains differ greatly between family members.
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Figure 2.
TOX is a key regulator of T cell development in the thymus. TCR signaling in DP
thymocytes undergoing positive selection, through interaction with thymic epithelial (TE)
cells, causes downregulation of CD4 and CD8 resulting in a double dull (DD) phenotype
followed by re-expression of CD4 to yield CD4+CD8lo cells. The latter subpopulation of
cells contains the immediate precursors of both CD4+CD8− (CD4SP) and CD4− CD8+

(CD8SP) thymocytes, although some CD8SP can derive directly from DD cells. TOX is
induced by TCR signals early in positive selection, first detected in DD cells and further
upregulated at the CD4+CD8lo stage, before returning to baseline levels in SP thymocytes.
In the absence of TOX (TKO), the DD to CD4+CD8lo progression is severely inhibited,
blocking development of CD4 T cells but with a more modest effect on development of CD8
T cells.
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Figure 3.
TOX is required for development of NK, LTi and CD4 T cells, possibly by modulating E
protein activity. Both NK and LTi lineages share dependence on expression of Id2 as well as
TOX. TKO NK cells (and thymocytes) have reduced expression of Id2, suggesting that TOX
may be an upstream regulator of this E protein inhibitor. However, it is likely that TOX also
regulates other events required for development of these cell lineages, as reconstitution of
Id2 did not rescue NK cell development in TKO bone marrow precursors. Id2 is also
expressed in the thymus, but its deletion does not cause a block in T cell development
possibly due to compensation by Id3 [36,37]. However, TKO thymocytes express lower
levels of Id2, and there is failure to upregulate some genes that are repressed by E proteins
[13,21]. Whether this is causally linked remains to be proven. Thus, the role of Id2 during
thymocyte development may need to be revisited. Interestingly, as E protein activity has also
been shown to have a negative effect on TOX expression [24], a feed forward regulatory
circuit might enforce TOX expression in these different cell types. (In this Figure, dashed
lines refer to hypotheticals).
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