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Abstract

The number of T cell progenitors is significantly reduced in the involuted thymus, and the growth
and developmental potential of the few cells that are present is severely attenuated. This review
provides an overview of how aging affects T cell precursors before and following entry into the
thymus and discusses the age related genetic changes that may occur in them. Finally,
interventions that rejuvenate thymopoiesis in the elderly by targeting T cell progenitors are
discussed.

Keywords
Thymus Involution; Early T Cell Progenitors; p16/7%42 Rejuvenation

1. Introduction

Involution of the thymus is arguably the most well recognized, age-related change in the
hematopoietic system [1]. The major consequence of thymic involution is the diminished
production of naive T lymphocytes. As a result, the peripheral immune repertoire is not
replenished, and this is thought to contribute to impaired immunity in the elderly. In view of
the critically important role of T cells in the immune response, rejuvenation of the involuted
thymus has been proposed as an effective strategy to reverse the declines in immune
function that accompany aging. This in turn has stimulated studies in multiple laboratories
aimed at defining the causes of age-related thymic involution and using this information to
reverse that process.

These efforts have identified multiple processes contributing to thymic involution that
include altered production of various endocrine hormones [1, 2], deterioration of the thymic
microenvironment [3, 4], and a reduction in the number and quality of T cell precursors [5—
7]. While each may independently contribute to thymus involution, it is increasingly clear
that changes in one parameter may in turn trigger changes in the others. For example, age-
related changes in the thymus microenvironment significantly impact the growth and
differentiation of immature thymocytes.

The goal of this review is to discuss thymus involution from the perspective of bone marrow
and thymic T cell progenitors. In particular, we describe possible genetic changes that occur

© 2012 Elsevier Ltd. All rights reserved.

Correspondence: Kenneth Dorshkind, (310) 206-9535 phone, (310) 206-9391 FAX, kdorshki@mednet.ucla.edu.

Publisher's Disclaimer: This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our
customers we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review of
the resulting proof before it is published in its final citable form. Please note that during the production process errors may be
discovered which could affect the content, and all legal disclaimers that apply to the journal pertain.



1X31-)lew1a1ems 1X31-){Jewiaremsg

1Xa1-)lewarems

Berent-Maoz et al.

Page 2

in these cells with age and strategies for reversing them in order to stimulate thymopoiesis in
the elderly. In order to provide a background for how aging affects T cell development, we
begin with a brief overview of the cellular stages of that process.

2. T cell development

T cell development in the thymus is a highly regulated process in which immature
progenitors progress through various intermediate stages before generating mature T
lymphocytes [8-10]. The most immature T cell precursors in the thymus have been termed
Early T cell Progenitors (ETP) and are defined by their lineage negative (Lin™) CD44*
CD25~ CD117(c-kit)M9" phenotype [11, 12]. The requirements for resolution of these cells,
which are present at a frequency of ~ 0.01%, have recently been discussed [9]. If these
criteria are met, the thymus of a young mouse, which contains around 200 million
thymocytes, includes approximately 20,000 ETP.

ETP mature into double negative (DN) thymocytes characterized by the differential
expression of the CD44 and/or CD25 cell surface determinants (Figure 1). As development
through the DN2, DN3, and DN4 stages of development occurs, these progenitors lose non-
T lineage potential, and by the time the DN3 stage has been reached, commitment to the T
cell lineage has occurred [13, 14]. DN3 thymocytes express the pre-T cell receptor (TCR),
which consists of the TCR B-chain and the pre-Ta chain, and mature into DN4 cells. DN4
cells express low levels of the a and p TCR chains and mature into double positive (DP)
thymocytes as they acquire the CD4 and CD8 determinants and up-regulate TCR expression
levels. Finally, DP thymocytes generate CD4* or CD8" single positive cells. This process
and a detailed discussion of the changes in gene expression that occur at each of these stages
have recently been reviewed in depth [8, 15, 16] and in chapters by Sempowski and Manley
and Dixit in this volume.

The thymus does not contain an endogenous source of progenitors that can maintain long-
term thymopoiesis. Instead, sustained cell production in that organ is dependent upon the
migration of bone marrow precursors into it. The identification of these cells has been
challenging. One reason why this is the case is that the entry of progenitors into the thymus
is periodic rather than continuous and involves a very low number of cells [17]. In addition,
while multiple bone marrow derived cells (Figure 1), including hematopoietic stem cells
(HSCs), Multi-Potential Progenitors (MPP), Lymphoid Primed Multipotential Progenitors
(LMPP), and common lymphoid progenitors (CLP), have T cell potential when tested in
various /n vitro culture systems or /n vivo transplantation assays, not all of these populations
necessarily migrate to the thymus under physiologic conditions. Further complicating this
issue is that progenitors originally thought to have no thymopoietic potential, such as
common myeloid progenitors (CMP) have now been shown to be able to generate T cells
[18].

Because the thymus does not contain HSCs, it is generally accepted that they do not
normally migrate to that organ [19]. However, which of their down-stream progeny sustains
thymopoiesis remains a controversial issue. Various studies, using a range of cellular and
genetic approaches that examined bone marrow, blood, and intrathymic populations, have
suggested that LMPP like cells [20-22], T/myeloid progenitors [23, 24], and lymphoid
specified precursors [25] may be thymus homing cells. Thus, when we discuss the effects of
aging on pre-thymic cells in the bone marrow in the following section, we do so with the
caveat that this is an evolving area of study.
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3. Age-related changes in thymopoiesis

The tremendous advances in the resolution of stem and progenitor cells in the bone marrow
and thymus have provided a foundation for delineating the effects of aging on T
lymphopoiesis. This section will review how aging impacts cells at these stages of
development.

3.1 Effects of aging on bone marrow T cell progenitors

In view of the dependence of thymopoiesis on continual input from the bone marrow, a
logical prediction is that pre-thymic defects contribute to thymic involution. However, the
extensive literature focused on this issue is contradictory and not easy to compare because of
the different experimental approaches utilized. For example, peripheral T cell reconstitution,
rather than thymus repopulation was analyzed in some experiments. In this case, the
homeostatic expansion of mature T cells could obscure intrathymic deficiencies. In other
instances, whole bone marrow rather than purified stem and progenitor cell populations was
assessed. These issues have recently been discussed by Zediak et al. [6]. Those investigators
compared the ability of purified HSCs and MPPs from young and old mice to generate
thymocytes using /n vitroand in vivo approaches. Even if these are not the precise thymus
seeding cell(s), any age-related changes detected in these immature precursors would likely
be reflected in their downstream, thymus seeding progeny. The results were clear-cut and
demonstrated that the T lymphopoietic potential of old HSCs and MPPs was attenuated.
Importantly, the latter cells were injected directly into the thymus of non-irradiated
recipients in order to avoid artifacts that could be induced by the irradiation of recipients.
Based on this approach, it was demonstrated that aged MPPs produced over 2-fold fewer
thymocytes compared to their young counterparts.

These results are consistent with the conclusion that the lymphopoietic potential of the HSC
compartment is significantly affected by aging. A paradigm shift in our thinking of how this
occurs was formulated by Muller-Sieburg and colleagues who observed that HSCs are
heterogeneous and include subsets that are lymphoid or myeloid biased or balanced in their
developmental potential. Strikingly, aging was accompanied by an accumulation of myeloid
biased HSCs and a loss of those which are lymphoid biased [26, 27]. A similar myeloid bias
of HSCs was recently documented in humans [28].

The analysis of these HSC subpopulations has been greatly facilitated by three reports
demonstrating that they can be prospectively isolated based on levels of expression of the
signaling Amphocytic activation /molecule (SLAM) 150 [29] cell surface determinant [30—
32]. Thus, Lin~ CD117M9" Sca-1* cells that express CD150 at high levels were shown to be
myeloid biased as demonstrated by their reconstituting potential following transplantation.
In contrast, HSCs that express CD150 at low to undetectable levels were lymphoid biased.
HSCs that express CD150 at intermediate levels exhibit no distinct pattern of reconstitution
and presumably represent balanced HSCs. The enrichment in CD150"9" myeloid biased and
decrease of CD150!°% lymphoid biased stem cells with age is consistent with previous
reports showing increased myeloid potential of old HSCs [33] and provides an explanation
for the reduced potential of stem cells from old bone marrow to generate T cell progeny as
observed by Zediak et al. [6].

Even though there are changes in the proportion of lymphoid and myeloid stem cells with
age, it has generally been assumed that the HSCs present, regardless of their bias, have
normal developmental potential. However, this assumption has been questioned in a recent
study demonstrating that myeloid biased HSCs from old donors have decreased self-renewal
potential and generate smaller daughter cell clones than their young counterparts [34]. This
observation is consistent with studies showing that common myeloid progenitors from old

Semin Immunol. Author manuscript; available in PMC 2013 October 01.



1X31-)lew1a1ems 1X31-){Jewiaremsg

1Xa1-)lewarems

Berent-Maoz et al. Page 4

mice exhibit a similar age-related decline [35]. These findings raise the possibility that the
few lymphoid biased HSCs present in old mice also would exhibit reduced lymphoid
potential.

3.2 Effects of aging on ETP and intrathymic progenitors

After exiting the bone marrow, T cell progenitors enter the circulation and ultimately gain
access to the thymus. Entry into the thymus is dependent upon expression of various
receptors as recently reviewed [9]. For example, T cell progenitors express the CCR7 and
CCR9 chemokine receptors as well as the PSGL1 glycoprotein that recognize ligands
expressed on thymic stromal cells. Limited studies on the effects of aging on thymus entry
have been performed, but the results suggest that aging does not impair this process [36].

However, the total number of ETP is reduced in the involuted thymus [7, 37] and this may
occur for two reasons. First, as discussed in section 3.1, the potential of old bone marrow
precursors to generate ETP is reduced significantly. A second factor is that those ETP that
are produced proliferate at significantly lower levels and have higher rates of apoptosis than
their young counterparts [7]. This decline in proliferation and increased cell death is a
general feature of aging in multiple tissues and in the lymphoid lineage in particular. For
example, B cell development in the bone marrow is significantly reduced with age, and pro-
B cells from that tissue also exhibit reduced proliferation and increased apoptosis [38].
Furthermore, ETP harvested from the involuted thymus also exhibit developmental
alterations. Thus, when the T cell potential of young and old ETP is compared in fetal
thymic organ culture, few mature T cells are generated from the old progenitors [7].

In view of the above considerations, the conclusion that emerges is that aging results in
intrinsic changes in bone marrow and intra-thymic T cell progenitors. However, what
triggers these events is less clear. As mentioned in the introductory comments, thymus
involution is a complex, multi-factorial process. Thus, it is difficult to estimate the degree to
which the age-related changes occurring in hematopoietic stem and progenitor cells are
intrinsically programmed or occur secondarily due to microenvironmental and systemic
influences [39, 40].

4. Molecular Basis for Thymocyte Progenitor Aging

Because of the relative ease in isolating hematopoietic stem and progenitor cells in mice and
humans and the wide availability of various platforms for global gene analysis, it has been
possible to assess how aging affects patterns of gene expression in these populations. While
most of these efforts have focused on HSCs and not more mature lymphoid progenitors, a
discussion of the age-related genetic changes occurring in stem cells is relevant, as these will
likely influence the T lymphopoietic potential of their more mature lymphoid specified

progeny.

4.1 Changes in gene expression

The pattern of gene expression in young and old HSCs has been compared using various
microarray platforms. One study that used this approach demonstrated that genes involved in
specifying lymphoid fate are down-regulated in aging HSCs [41]. This approach has also
revealed age-related changes in the expression of genes that regulate specific aspects of
cellular physiology. For example, the Goodell laboratory examined more than 14,000 genes
in HSCs from young and old mice and reported that 1,500 were up-regulated with age while
1,600 were repressed. Genes that were associated with stress responses, inflammation, and
protein aggregation dominated the up-regulated genes while those involved in preservation
of genomic integrity and chromatin remodeling were most frequently repressed [42].
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Given the shift in the proportion of HSC subsets with age, it is not surprising, in retrospect,
that different patterns of gene expression were observed in studies that compared the total
HSC population from young and old mice. It will ultimately be important to compare gene
expression patterns in young and old lymphoid biased HSCs and young and old myeloid
biased stem cells. In view of the report that the quality of myeloid biased stem cells is
attenuated with age [34], these studies are predicted to show differences between HSC
subsets from young and old bone marrow. In addition, the data will likely reveal gene
expression differences between lymphoid and myeloid biased HSCs, regardless of age. In
this regard, Challen and colleagues compared the patterns of gene expression of myeloid and
lymphoid biased HSCs from young mice and identified 785 genes that were differentially
expressed. For example, the lymphoid biased HSCs preferentially expressed genes related to
cell cycling and high metabolism [30]. It will also be important to extend these types of
genetic analyses to young and old B and T cell progenitors [43].

If differences in patterns of gene expression between young and old myeloid and young and
old lymphoid biased stem cells are observed, the question of how they are initiated will need
to be addressed. On the one hand, they could be intrinsically programmed. However, given
the fact that changes in the systemic and hematopoietic microenvironment occur with age, it
is tempting to speculate that external signals are involved. In either case, changes in gene
expression that occur in old stem cells may be the result of epigenetic modification of genes
that regulate stem cell self-renewal, survival, and/or developmental potential [44, 45]. One
of the most common epigenetic modifications is methylation of CpG dinucleotides, which is
regulated by at least three different DNA methyltransferases (DNMTs). DNMT 3a and
DNMT 3B are de novo methylators while DNMT1 is involved in the maintenance of the
methylated state [46].

Changes in methylation status due to the effects of aging on DNMT expression could
explain the well documented observation that some strains of old mice have an increased
number of HSCs [33]. In this regard, it was recently demonstrated that loss of DNMT3a
impairs HSC differentiation while expanding their number in the bone marrow [47], and
DNMT3a levels have been reported to decline with age [48]. The age-related decline in
expression of other DNMTSs such as DNMT1 might also account for decreased production of
lymphoid cells. Thus, mice with hypomorphic expression of DNMT1 exhibit relatively
normal myeloerythroid potential but a significant block in lymphoid development [49].
While most of these studies have been performed in mice, changes in DNA methylation
patterns have also been reported for aged human CD34* cells [50].

While genome wide assessment strategies can identify changes in the pattern of gene
expression in stem and progenitor cell during aging, the precise role played by specific
genes will ultimately need to be tested in biological systems. We provide an example of this
in the following section using the genes encoded by the CdknZalocus as an example.

4.2 The Cdkn2alocus

Declines in proliferation and survival are hallmarks of stem and progenitor cell aging in
multiple tissues, and changes in expression of genes that regulate these processes are likely
to contribute to the aging phenotype. Particular focus in this regard has been placed on the
INK4a and Arf proteins encoded by the CdknZalocus [51]. INK4a activates retinoblastoma
(Rb) and inhibits cell cycle progression while Arf activates p53 leading to cell cycle arrest
and/or apoptosis [52, 53]. The expression of both INK4a and Arf increases in multiple
tissues with age [52]. A role for INK4a in aging was substantiated in a study that showed
that deletion of p216/%42 expressing cells /in vivo delayed the onset of aging in multiple
tissues in a progeroid mouse model [54]. As discussed below, the delay in thymic involution
observed following p16"%42 deletion in thymocytes is consistent with this observation.
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However, whether this will hold true for the normal aging of other tissues remains to be
determined.

INK4a and Arf are tumor suppressor proteins, raising the question as to why tumor
suppression and aging would be linked. One view is that self-renewing stem and progenitor
cells accumulate DNA damage that could predispose to malignancy. Thus, it is
advantageous to remove them from the organism, and proteins such as INK4a and Arf that
promote cell cycle arrest and apoptosis are able to do so. The ultimate result, however, is a
reduction in the number of stem and progenitor cells, resulting in tissue aging, which would
be the price to be paid for protection against cancer [55-59].

There has been controversy as to whether INK4a and Arf are expressed in HSCs with age,
although it appears that if this occurs [60], it is at very low levels [61]. On the other hand,
there is strong evidence to support a role for these tumor suppressors in aging of the
lymphoid lineage. We recently reported that levels of both proteins increase with age in B
cell progenitors in the bone marrow and that down-regulating their expression increased the
survival and proliferation of these cells [38].

There is evidence from gain and loss of function studies that INK4a is an important
regulator of thymopoiesis. For example, thymus size is increased in p16/7%42 deficient mice
[62, 63], and mice engineered to express p16/7%4a under the control of an /ck promoter have
a block in T cell differentiation at the DN3 stage [64]. In order to test the effects of p16/7k4
deletion in an aging model, Liu and colleagues conditionally deleted p26/7%44 in thymocytes
by mating mice with a floxed p26/%42 allele to /ck-Cre mice and measured thymic size in
groups of mice up to 25 months of age. The striking result of this study was that thymic
involution was significantly delayed [65], providing clear evidence that p16/%%42 plays a role
in thymic involution.

However, the thymus of p16/7k42 deficient mice ultimately underwent involution. One
reason this occurred is that genes other than p16/742 are likely involved in the regulation of
that process. In addition, because expression of Ick is most robust starting at the DN2 stage
of development [13], p16""42 might not have been deleted in earlier stages of development.
In fact, our preliminary results indicate that p1642 is expressed in old but not young ETP
and plays a major role in the decline in the number and developmental potential of these
immature intrathymic progenitors. In view of this, it will ultimately be interesting to develop
models in which p16/7%4as conditionally deleted beginning at the ETP stage of
development. Additional studies to define the role of Arf in the aging of ETP are also
needed [66].

It will also be of interest to examine the regulation of p26/7%42 in the aging thymus (Figure
2). p16/"k4a expression is strongly suppressed by the polycomb group protein Bmi-1 [67,
68]. Consistent with this, the thymus of Bmi-1 deficient mice is atrophied [68], while this is
not the case in Bmi-1/p16"7k4a deficient animals [69]. However, it is important to note that
the loss of Bmi-1 has effects beyond increased expression of INK4a. For example, Bmi-1
deficient thymocytes exhibit significant mitochondrial dysfunction and increased reactive
oxygen species [70].

In addition to Bmi-1, p26"44 expression is also regulated by factors that include Id-1, Ets1,
Ets2, and the chromatin associated Hmga-2 protein [71, 72], and understanding how their
expression is altered in the aging thymus is needed. These regulatory circuits are complex
and include multiple layers. For example, the direct regulators of p16/%42 expression are
themselves controlled by a hierarchy of factors. Thus, Hmga-2 expression is blocked by
let-7b micro RNA, and let-7b expression in turn is regulated by the Lin-28 RNA binding
protein [73, 74]. A prominent role for miRNAs as key modulators of cellular senescence is
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emerging [75], but almost nothing is known about the role they play in thymic involution
and how they regulate T lineage associated genes.

5. Rejuvenation of the involuted thymus

While a significant body of information regarding why the thymus involutes now exists, the
goal is to use this information to stimulate thymopoiesis in the elderly. As we recently
discussed, such interventions may not need to restore the thymus to levels in a young child
[76]. Instead, even a modest, transient stimulation of T cell production may be sufficient to
generate a wave mature, naive T cells that will migrate to the periphery and improve
immune function.

There is increasing evidence from various systems that the aging phenotype is at least
partially reversible. This is particularly well illustrated by studies of muscle cell aging.
Rando and colleagues demonstrated that aging of muscle satellite cells occurs due to
systemic/environmental changes and that exposure of old satellite cells to a young
environment reversed the effects of aging [77]. It has also been suggested that exposure of
old hematopoietic stem and progenitor cells to a young microenvironment can at least
partially reverse the effects of aging [39, 40].

As noted in section 1, there is a decline in the production of various endocrine hormones
with age, and this has been implicated in the process of thymus involution. For example, it
has been recognized for some time that reduced production of growth hormone (GH) occurs
with age. Many of its effects are mediated via induction of insulin like growth factor-1
(IGF-1) which also declines with age [78]. Numerous murine studies have shown that
administration of GH or IGF-I to old mice can increase the number of cells in the thymus
[79], and this information has in turn been the basis for a clinical trial in which GH was
administered to HIV-1 patients whose disease was in remission [80]. This resulted in
increased thymic mass, enhanced thymic output as demonstrated by an increased frequency
of T cell receptor rearrangement excision circles in circulating T cells, and an increased
number of naive CD4" T cells. Taken together, these results provide evidence that T cell
production in the involuted human thymus can be stimulated.

The potential of numerous additonal agents that include IL-7 [81], androgen inhibitors [82],
and fibroblast growth factor (Fgf) 7, also referred to as keratinocyte growth factor [83—-85],
to stimulate thymopoiesis has been evaluated in pre-clinical and/or clinical trials as recently
discussed in depth [86]. Fgf7 has been evaluated in pre-clinical studies and exhibits
remarkable effects on increasing the number of cells in the involuted thymus [84].
Strikingly, thymus cell number in old mice can be restored to levels in young animals
following several rounds of Fgf7 treatment. The use of hormones and cytokines to stimulate
thymopoiesis is particularly attractive in contrast to cell-based therapies, because they can be
easily administered.

These factors may have differential effects on thymocytes and/or thymic stromal cells. For
example, IGF-I receptors are expressed on both thymocytes and thymic epithelial cells,
although a recent study indicates that its effects on increasing thymus cellularity are
primarily mediated via effects on the latter population [87]. The effects of Fgf7 on
thymocytes are indirectly mediated, as Fgf7 receptors are found on thymic epithelial cells
but not thymocytes [85]

Regardless of whether the effects of a particular agent are direct or indirect on ETP and
other immature thymocytes, they must somehow be reversing the effects of aging in these
cells. How this occurs at the genetic and molecular levels remains to be determined. For
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example, administration of a particular factor could directly or indirectly down-regulate
p16"44 expression in ETP, possibly through effects on its upstream regulators.

6. Concluding remarks

As a result of efforts in multiple laboratories over the past decade, it is no longer necessary
to start reviews by stating that the causes of thymic involution are unknown. In fact, as
reviewed herein and in other chapters in this volume, a tremendous amount of information
about the causes of thymus involution is now available. The fact that clinical trials that have
tested the potential of various compounds to rejuvenate the involuted thymus have been
conducted is further testament to how far the field has progressed.

Nevertheless, there is still much to be learned. In particular, how aging affects the patterns
of gene expression in thymic epithelium [88] and in thymocyte progenitors need further
definition. The hope is that by doing so, key targets that can be therapeutically manipulated
to rejuvenate the aging thymus will be identified.

Highlights
e Thymic involution is a multifactorial process
*  The proliferative potential of T cell progenitors declines with age
e Genes encoded by the CaknZalocus may be involved in T cell progenitor aging

*  Pharmacological rejuvenation of the thymus may be possible
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Figure 1.

T cell progenitors in the bone marrow and thymus. Hematopoietic stem cells (HSCs) in the
bone marrow generate Multipotential Progenitors (MPP) capable of producing lymphoid and
myeloid progeny. Lymphoid Primed Multipotential Progenitors (LMPP) have lost most
myeloid and erythroid potential and are candidate thymus seeding cells as shown by the
solid arrow. Early T Lineage Progenitors (ETP) are the most immature intrathymic
progenitor and are defined by their lineage negative CD44Md" CD25~ CD117* phenotype.
ETP then mature into double negative (DN) stages defined by differential expression of
CD44 and/or CD25. DN4 cells express the T cell receptor at low levels and then mature into
CD4*CD8* double positive (DP) thymocytes from which CD4 or CD8 single positive (SP)
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thymocytes derive. Note that other cells in addition to LMPPs may under some

circumstances seed the thymus. These could include HSCs, CLPs, and even CMPs. The
latter cells have recently been demonstrated to have residual T cell potential.
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Proposed changes in gene expression in aging ETP. Changes in expression of one or more
DNA methyltransferases (DNMTSs), as a result of cell intrinsic or extracellular influences,
may cause epigenetic modifications that affect the expression of genes that regulate ETP
growth, differentiation, and/or survival. Our preliminary data indicate that expression of
p16/NK4a s increased in ETP with age and is a factor that contributes to their reduced
proliferation. A complex network regulates expression of p16/VK44 in cells. For example,
various factors that include Id1, Ets1, Ets2, Bmil, and Hmga2 can suppress p16/VK4a
expression. Hmga2 in turn is under control of multiple upstream factors that include Lin 28
and the Let-7b microRNA. The precise factors that regulate p16"VK42 expression in ETP
have not been defined.
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