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Regulatory gene network circuits
underlying T cell development

from multipotent progenitors
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Regulatory gene circuits enable stem and progenitor cells to detect and process
developmental signals and make irreversible fate commitment decisions. To gain
insight into the gene circuits underlying T cell fate decision making in progenitor
cells, we generated an updated T-lymphocyte developmental gene regulatory
network from genes and connections found in the literature. This reconstruction
allowed us to identify candidate regulatory gene circuit elements underlying T cell
fate decision making. Here, we examine the roles of these circuits in facilitating
different aspects of the decision making process, and discuss experiments to
further probe their structure and function. © 2011 Wiley Periodicals, Inc.
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INTRODUCTION

Hematopoietic stem and progenitor cells utilize
networks of interacting genes and proteins to
make cell fate decisions. Regulatory gene circuits
within these networks enable progenitors to sense
and process external developmental signals, choose
between alternate competing fates, and irreversibly
commit to a single fate once a decision has been made.
The connectivity between genes constituting a circuit
determines its dynamic behavior and function, and
specific connectivity patterns, or motifs, are thought to
enable cells to perform specific tasks and operations.!
Circuits with positive feedback loops can generate
multiple stable cellular states, and mediate irreversible
commitment in a variety of developmental contexts,
including hematopoietic fate decision making.”™
On the other hand, negative feedback loops and
feedforward loops can perform different processing
operations on input signals,®” and has been proposed
to operate in a variety of signaling pathways.®’ We
here review the underlying gene network structure
that contributes to a particularly intricate cell fate
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decision, the decision of hematopoietic progenitors to
abandon other developmental options and undertake
the T-lymphocyte fate.

OUTLINE OF T CELL DEVELOPMENT

T cell lineage identity is forged by a gene regulatory
network that is initially triggered by environmental
signals (Figure 1). Hematopoietic progenitors begin
T cell development as they enter the thymus and acti-
vate the Notch-Delta signaling pathway in response to
a Delta family molecule in the thymic stroma (Notch
ligand, probably Delta-like 4).'%!" These progeni-
tors are known as early thymic progenitors (ETPs, or
DNT1). Upon sustained exposure to Notch-Delta sig-
naling, progenitors enter a developmental stage where
they upregulate certain T cell identity genes, but main-
tain expression of stem cell genes and plasticity to
some alternative fates (DN2A12). We will refer to these
two pre-commitment stages of T cell development
collectively as the Phase 1 stage'? (Figure 1). Upon
further Notch-Delta signaling, progenitors undergo
commitment to the T cell fate, undergo major changes
in their gene regulatory state (DN2B), and eventu-
ally re-arrange T cell receptor genes (DN3). We will
refer to these postcommitment stages collectively as
the Phase 2 stage. Sustained Notch-Delta signaling
across Phase 1 is required for fate commitment: pro-
genitors transiently exposed to Delta ligand can turn
on T cell genes, but fail to undergo commitment and
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FIGURE 1 Stages of T cell specification and commitment. Double
negative (CD4~CD8~ DN) developmental stages before T cell fate
commitment (Phase 1), and immediately after commitment (Phase 2)
are shown. Straight arrows represent signal-dependent developmental
transitions between successive stages, and curved arrows represents
cytokine-dependent proliferation in the Phase 1 stage. Gray dashed
lines represent the commitment checkpoint (left), and two T cell
receptor (TCR)-dependent developmental checkpoints (right).

may instead differentiate into other lineages, including
dendritic, myeloid, and NK cells and initially B cells
as well.1214-22 Note that Notch signaling first inhibits
and then excludes all these non-T fate alternatives at
different developmental stages, through distinct regu-
latory mechanisms, the details of which are reviewed
elsewhere.?® After commitment, Notch signals remain
important for viability support and then become
dispensable.

The ability to commit only upon sustained sig-
naling may reflect the action of coherent feedforward
regulatory circuits, where a signal regulates a target
gene both through a direct input and also indi-
rectly through an intermediate regulator (Figure 2(a)).
Coherent feedforward loops act as persistence detec-
tors, allowing cells to filter out transient signals and
respond only to sustained stimulation.?*?5 In T cell
progenitors, different Notch target genes can show
very different induction kinetics after the onset of
Notch-Delta signaling,'> consistent with the exis-
tence of coherent feedforward loops regulating their
expression.

Besides Delta ligand, cytokines from the thymic
microenvironment (i.e., kit ligand, interleukin (IL)-7,
and possibly also thymic stromal lymphopoietin) play
critical roles in early T cell development.?®27 Flt3 lig-
and is also very important for prethymic precursors,
although its role within the thymus proper is less
clear. While these cytokines are primarily thought to
support viability and proliferation of early progenitors
(Figure 1), recent work suggests that dynamic IL-7 sig-
nals may also play a major role in regulating the com-
mitment transition itself.?® The IL-7 signaling path-
way may be inactive in the earliest T cell progenitors
(ETP),>-3! but is strongly activated in DN2a progeni-
tors, in which it supports survival and proliferation.3?
It is then inactivated after commitment,33=3° possibly
also affected by cell non-autonomous mechanisms.3¢
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FIGURE 2 | Regulatory circuit motifs. (a) Coherent feedforward
loop. (b) Negative feedback loop (top). (c) Incoherent feedforward loop.
(d) Positive feedback loop, consisting of a cycle of positive connections
(top), or a cycle of repressive connections (bottom). In the former circuit,
X and Y are regulators of the same fate; in the latter circuit, X and Z
are regulators of alternate fates that are expressed in a mutually
exclusive manner (bottom).

Recently, Tkawa et al. found in a feeder-free in vitro
system that a reduction of IL-7 signal levels promoted
commitment in DN2 progenitors.2® Progenitors expe-
riencing uniform IL-7 levels remained arrested at the
DN2 stage and retained the potential to undergo
myeloid differentiation. These results suggest that T
cell progenitors can sense changes in IL-7 signaling
activity and make commitment decisions accordingly.

How do cells perceive changes in external sig-
nal levels? Both the negative feedback loop and
the incoherent feedforward loop can, under certain
parameter regimes, show sensitivity not to absolute
levels of upstream signal, but to changes in the level
of signal.>” In a negative feedback loop, a signal
activates a downstream target, which in turn feeds
back to negatively modulate the signaling pathway’s
sensitivity to signal (Figure 2(b)) In an incoherent
feedforward loop, the signal regulates a downstream
target through two different connections that have
opposing signs (Figure 2(c)). Both these circuits can
adjust their regulatory state to maintain sensitivity to
signal level changes over a range of signal strengths,
a phenomenon known as adaptation. Such regulatory
circuit motifs may play a role in sensing IL-7 level
changes during T cell fate decision making.

By committing to the T cell fate, progenitors
suppress alternate fates and stably express T cell iden-
tity genes, features that are subsequently maintained
even after withdrawal of environmental signals. Stable
maintenance of fate identity in committed progenitors
is thought to arise through the action of positive
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feedback loops. These positive feedback loops are
engaged or triggered in response to upstream sig-
naling inputs (i.e., Notch and IL-7 signaling in the
case of T cell development), and stably maintain a
cell regulatory state even if these signaling inputs
are withdrawn. In a developmental context, positive
feedback loops may consist of a cycle of activating
connections, either from a single fate-identity gene
onto itself, or between multiple fate identity genes
(Figure 2(d), top). Such loops enable self-sustaining
expression of fate-identity genes in the absence of sig-
naling inputs, and occur frequently in embryonic gene
regulatory networks.>3” They have also been found
in the context of early B-cell development.38:3% Alter-
natively, positive feedback loops may be built from
mutually repressive connections between genes associ-
ated with alternate fates (Figure 2(d), bottom). Several
well-studied hematopoietic cell fate decisions can also
be explained by minimal gene regulatory networks
in which mutual repression between two transcrip-
tional regulators forms the core. These apparently
govern binary choices between erythroid and myeloid
fates,>*0#1 between granulocyte and macrophage
fates,* and between myeloid and B-cell fates.*?

The decision of a precursor to become a T cell
appears to be more complex in regulatory terms. In
particular, more than one alternative fate is excluded
by the T-lineage commitment process, arguing against
a simple binary switch decision mechanism. Even
so, the early T cell transcription factor repertoire
includes regulatory genes that either activate other
T cell genes or repress non-T cell genes, and could
thus participate in these positive feedback loops to
maintain T cell identity. Recent studies have iden-
tified the T cell specific transcription factors TCF-1
and Bcl11b as key regulators of T cell specification
and commitment.?$#345 Interestingly, these two tran-
scription factors appear to perform complementary
functions during T cell development—TCF-1 acts to
turn on T cell specific genes, whereas Bcl11b may
primarily function to repress alternate fate genes.
However, it is still unclear how TCF-1, Bcll1b, and
other T cell fate regulators interact with each other
and work together on a circuit level to maintain fate
identity in committed T cell progenitors.

To gain insight into the regulatory gene circuits
mediating the T cell fate decision, we present here
a new construction of the gene regulatory network
that guides T cell development. This reconstruction
builds upon an earlier model of regulatory network
interactions during T cell commitment,*® and incor-
porates recently identified genes and connections.
This network reconstruction enables us to identify
candidate regulatory circuits that may play roles in
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processing developmental signals and maintaining sta-
ble T cell identity. We speculate on the functional
significance of these regulatory circuits, and discuss
further experiments that would enable us to examine
their structure and function.

DATA FOR AT CELL
DEVELOPMENTAL GENE
REGULATORY NETWORK MODEL

T cell developmental progression depends not only
on environmental signals, but also on temporally and
quantitatively precise control of transcription factor
activities. The same factors have different roles at
different stages, and their effects in any given stage
can depend sensitively upon level of expression. For
example, several crucial regulatory genes are haploin-
sufficient, while the same factors that are required at
a given stage can inhibit that same stage if they are
overexpressed. This makes it challenging to design
the experimental perturbations that are needed to
evaluate regulatory network connections. Ideally, the
immediate gene-expression consequences of changing
the activity of a regulatory factor should be moni-
tored within a well-defined developmental stage when
the only difference from the control is the one tar-
geted molecule. Ideally also, gain of function tests,
which induce their effects quickly, should stay within
a dosage range that is physiologically relevant, to
avoid off-target effects.

The strategies used for analysis of the T cell
gene network are summarized in Figure 3, where
the caveats of different perturbation strategies within
developmental stages of interest (Figure 3(a)) are
noted. Germline or conditional knockout phenotypes
in vivo are often regarded as a gold standard for
assessing loss of function effects in otherwise normal
conditions; however, the in vivo steady state is often
complicated by compensatory mechanisms or more
profound developmental deviation (Figure 3(b), yel-
low circle), especially if deletion occurs long before the
stage being assayed. Under these circumstances, infer-
ence of regulatory gene connections is not reliable. In
vitro differentiation systems for T cell development
allow for a wide variety of perturbations to be applied
in a more stage-specific manner.*” These systems allow
for stage-specific addition or removal of environmen-
tal signals and gene over expression, as well as deletion
or neutralization of endogenous genes by transgenic
expression of recombinase, retroviral introduction of
recombinase, or introduction of shRNA (Figure 3(c)).
Even in these more accessible systems, in order to
identify direct regulatory connections reliably, the
effects of such perturbations on downstream gene
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FIGURE 3| Strategies used for inferring
regulatory gene connections. (a) Natural
developmental progression, showing developmental
stages of interest. (b) In vivo conditional or germline
deletion experiments. Upper: ideal in vivo
stage-specific gene deletion experiment, where
development before the stage of interest is not
compromised and compensatory mechanisms do not
come into play. Lower: Complication of in vivo (b)
germline or conditional deletion experiments, if

normal developmental sequence is deranged long

before the stages of interest. Gene-expression

pattern in cell state generated as a result of altered
developmental progression (yellow circle) is not

strictly comparable with control. (c) In vitro T cell
differentiation experiment. Short-term effects of
stage-specific environmental signal or gene

perturbations (gain or loss of function) remain (c)
comparable with controls. Altered cell state (yellow

circle), in some cases transformation to a different

lineage, can be generated due to prolonged effects

of the applied perturbations. Gene expression in such

cases may not simply reflect gain or loss of function

of the targeted regulator. Dosage effects (not shown)

can also yield developmentally inappropriate

responses.

(a) Natural
program

Germline/
conditional

vivo

in vitro

expression must be measured before uncontrolled
changes in cell-type identity occur (Figure 3(c), yellow
circle). Measurements of gene-expression changes in
response to regulatory gene deletion or neutralization
can be particularly difficult to time, as additional fac-
tors such as protein and mRNA stability may cause a
time delay in the loss of transcriptional factor activity.

One recent tool that will have a large impact on
network modeling is genome-wide analysis of tran-
scription factor binding, as measured by chromatin
immune precipitation and microarray hybridization
(ChIP-chip) or deep sequencing (ChIP-seq).*3=>! The
data are extremely useful to reveal potential binding
sites through which a particular transcription factor
acts on a particular target gene. However, binding
alone does not tell whether a factor is acting as
activator or repressor. Furthermore, it is emerging
from these studies that there are often thousands
of genomic sites bound by particular factors where,
despite exquisite sequence-specificity, the factors exert
no detectable regulatory influence at all. ChIP-chip
and ChIP-seq evidence is still far from superseding the
need to use actual experimental perturbations to deter-
mine a factor’s functional effects. It is the combination
of direct, stage-specific measurements of protein/DNA
binding together with functional data that will ulti-
mately enable solution of the T cell network in a
definitive form.

82 © 2011 Wiley Periodicals, Inc.
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The data sources used for this T cell net-
work reconstruction are listed in Table 1, together
with the approaches used to evaluate regulatory net-
work linkages in each study.?8:3%42:4452-96 I fact, all
the available data sources on which T cell network
construction must currently be based include compro-
mises with ideal conditions. As a result, the network
relationships described here should still be regarded
as a model and a guide to further experimental work.

RECONSTRUCTION OF A T CELL
DEVELOPMENTAL NETWORK MODEL

The network model focuses on regulatory genes and
connections that are active in the Phase 1 and 2 pro-T
cell stages (Figure 1), that is, from when cells begin
to respond to Notch signals to after they commit
to becoming T cells. To build this network, we first
searched the literature for recently identified genes and
connections, as listed in Table 1. We obtained most
of the genes and connections from experiments done
on mouse models of fetal or adult hematopoiesis; we
do note, however, that there may be differences in
the regulatory circuit architecture that have arisen
during the course of evolution or even between
adult development and ontogeny. These nodes and
edges were then combined with relationships from
an earlier model of the network.*® Network building
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TABLE 1 | Experimental Evidence for Regulatory Connections in the T cell Gene Regulatory Network

Regulatory gene network circuits underlying T cell development

Source Sign Target Level Experiment Cell Type References
Bcl11b + CD3e 2 Bcl11b overexpression + Bcl11b—/— FL 28
in vitro T cell culture + Lin-Scal+Kit+ (LSK)
mRNA analysis
Bcl11b — CEBPa 2 Bcl11b overexpression + Bcl11b—/— FL 28
in vitro T cell culture + Lin-Sca1+Kit+ (LSK)
mRNA analysis
Bcl11b - 1d2 1 mRNA expression profiling Bcl11b—/— double 52
Chip-seq using Bcl11b positive thymocytes
antibody
Bcl11b - Kit 2 Bcl11b overexpression + Bcl11h—/— FL 28
in vitro T cell culture + Lin-Scal+Kit+ (LSK)
surface expression
analysis using flow
cytometry
Bcl11b + pTa 2 Bcl11b overexpression + FL Lin-Scal-+Kit+ (LSK) 28
in vitro T cell culture + cells
mRNA analysis
Bcl11b - PU.1 2 Bcl11b overexpression + FL Lin-Sca1+Kit+ (LSK) 28
in vitro T cell culture + cells
mRNA analysis
Deltex — Notch signaling P Deltex overexpression + Jurkat T cell line 53
Notch reporter
measurements
E protein activity - Gata3 2 In vitro T cell culture + HEB—/— Rag1—/— DN3 35
mRNA expression cells
analysis
mRNA expression analysis E47P™/P™ thymocytes 54
(bm—DNA-binding
site mutation)
E protein activity + Gata3 1 Analysis of Gata3 Jurkat T cell line 55
cis-regulatory element
(wild-type/mutated
E-protein binding site)
E protein activity + Gfi1 2 E47 overexpression + 1F9 E2A—/— T cell 58
mRNA expression lymphoma line
analysis
E protein activity + Gfilb 2 E47 overexpression + E2A—/—T cell 56
mRNA expression lymphoma
analysis / ChIP analysis
using E2A antibody
E47 overexpression + 57
mRNA expression E2A—/— Lin- BM cells
analysis (cultured)
E protein activity + HEBAIt 2 Heb overexpression + P2C2 immature T cell 59
mRNA expression line
analysis
E protein activity + Hes1 2 E47 overexpression + E2A—/— Lin- BM cells 57
mRNA expression (cultured)
analysis
E protein activity + IL-7Re 2 mRNA expression profiling E2A—/— Lin-Scal+Kit+ 60
Flt3-hi (LMPP)
E47 overexpression + E2A—/— Lin- BM cells 57
mRNA expression (cultured)
analysis
Volume 4, January/February 2012 © 2011 Wiley Periodicals, Inc. 83
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TABLE 1 | Continued
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Source Sign Target Level Experiment Cell Type References
E protein activity + Lat 2 E47 overexpression + E2A—/— Lin- BM cells 57
mRNA expression (cultured)
analysis
E protein activity + Notch1 3 mRNA expression profiling E2A—/— Lin-Scal+Kit+ 60
FIt3-hi (LMPP)

ChlIP analysis using E2A Rag2—/— DN3 61
antibody E47 thymocytes NIH-3T3
overexpression + Notch1 cell line
promoter activity
measurements

E protein activity + Notch3 2 E47 overexpression + E2A—/— Lin- BM cells 57
mRNA expression (cultured)
analysis

E protein activity + pTa 3 E47 overexpression + E2A—/— Lin- BM cells 57
mRNA expression (cultured)
analysis

E protein activity + Rag-1 2 mRNA expression profiling E2A—/— Lin-Scal+Kit+ 60

Flt3-hi (LMPP)

ScliLyl/E + Id3 1 Lyl1 overexpression + Human AML cells 62
mRNA expression
analysis

Scl/Lyl/E + Hhex 1 Analysis of Hhex enhancer 416B progenitor cell line 63
containing Scl sites

Chip-Seq using Scl antibody HPC-7 progenitor cell 64
on putative enhancer line

Scl/Lyl/E + Kit 1 mRNA expression analysis Immature B cells 65
(B220+) from
wild-type/SCL
transgenic mice

Scl/Lyl/E — pTa 2 mRNA expression analysis Scl-Lmo1 transgenic 66
mice

Scl overexpression + pTa AD10.1 immature T cell
enhancer activity analysis line

Scl/Lyl/E + Runx1 1 Scl overexpression + mRNA SCL—/— yolk sac cell 67
expression profiling ChIP line yolk sac / FL
analysis using Scl
antibody

Scl/Lyl/E + Runx3 1 Scl overexpression + mRNA SCL—/— yolk sac cell 67
expression profiling ChIP line yolk sac / FL
analysis using Scl
antibody

Ets1 + TCRB 2 Ets1 overexpression + p19 cell line 68
analysis of TCRB
enhancer activity

Gata3 — CEBPa 2 Gata3 overexpression + Bcl2-transgenic 69
mRNA expression thymocytes
analysis

Gata3 + Cpa3 3 Gata3 overexpression + Bcl2-transgenic 69
mRNA expression thymocytes
analysis

Gata3 + Deltex 1 Gata3 overexpression + Adult DN1 thymocytes 70
mRNA expression
analysis
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TABLE 1 | Continued

Regulatory gene network circuits underlying T cell development

Source Sign Target

Level

Experiment

Cell Type

References

Gata3 + Gfith

Gata3 — IL-7Ra

Gata3 + Kit

Gata3 - Lef1

Notch3

Gata3 +

Gata3 - pTa

Gata3 — PU.1

Gata3 - Rag-1

Scl/Tal1

Gata3 +

Gata3 - TCF-1

Gata3 + TCRB

Gfi1 + Lmo2

Gfi1 — PU1

Gfi1 + Rag-1
Gfi1 + ScliTalt
Gfilb + Bcl11b

Gfilb — Gata3

Gata3 overexpression +
mRNA expression
analysis

Gata3 overexpression +
mRNA expression
analysis

Gata3 overexpression +
mRNA expression
analysis

Gata3 overexpression +
mRNA expression
analysis

Gata3 overexpression +
mRNA expression
analysis

Gata3 overexpression +
mRNA expression
analysis

Gata3 overexpression +
mRNA expression
analysis

Gata3 overexpression +
mRNA expression
analysis

Gata3 overexpression +
mRNA expression
analysis

Gata3 overexpression +
mRNA expression
analysis

Measurement of TCRA
enhancer activity
(wild-type/mutated
GATA binding site)

Gfi1 knockdown + in situ
RNA hybridization

mRNA expression analysis;
ChlIP analysis using Gfi1
antibody

Gfi1 overexpression/
knockdown + in situ
RNA hybridization

Gfi1 knockdown + in situ
RNA hybridization

Gfi1 knockdown + in situ
RNA hybridization

Gfi1b knockdown + mRNA
expression profiling

Gfi1b overexpression +

mRNA expression
analysis

Bcl2-transgenic thymocytes

Bcl2-transgenic thymocytes

Bcl2-transgenic thymocytes

Bcl2-transgenic thymocytes

Bcl2-transgenic thymocytes

Bcl2-transgenic thymocytes

Bcl2-transgenic thymocytes

Bcl2-transgenic thymocytes

Bcl2-transgenic thymocytes

Bcl2-transgenic thymocytes

p5424 T cell line

Zebrafish embryos

Gf1—/— Lin-Scal-+Kit+
(LSK) cells

Zebrafish embryos

Zebrafish embryos
Zebrafish embryos
K562 myeloid leukemic line

E2A—/— T cell lymphoma

69

69

69

69

69

69

69

69

69

69

A

72

42

72

72

72

73

56
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TABLE 1 | Continued
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Source Sign Target Level Experiment Cell Type References
Gfitb - Gfi1 2 Gfi1b overexpression + E2A—/— T cell lymphoma 56
mRNA expression

analysis
mRNA expression analysis Gfi1b transgenic 74
thymocytes
Ikaros - Gfi1 2 Analysis of Gfi1-GFP Ikaros—/— Lin-Sca1+Kit+ 42
reporter expression by (LSK) cells with Gfi1-GFP
flow cytometry reporter
Ikaros - PU.1 2 mRNA expression analysis Ikaros—/— Lin-Scal+Kit+ 42
(LSK) cells
Ikaros — Runx1 2 mRNA expression analysis Ikaros—/— adult DN 75
thymocytes
IL-7R/Stat — Bcl11b 2 In vitro T cell culture + IL7 FL Lin-Sca1+Kit+ (LSK) 28
drop -+ mRNA expression cells
analysis
IL-7R/Stat + CEBPa 2 In vitro T cell culture + IL7 FL Lin-Sca1-+Kit+ (LSK) 28
drop -+ mRNA expression cells
analysis
IL-7R/Stat + Ebf1 1 constitutive IL7 signaling IL-7Rac—/— pre-pro B-cells 76
activation + mRNA
expression analysis
IL-7R/Stat + GATA3 1 Flow cytometry with Stat5—/— Th2 cells 97
intracellular staining (n.b. cells were
using GATA3 antibody stimulated with IL-2
ChIP with Stat5 antibody and IL-33)
IL-7R/Stat + Kit 2 In vitro T cell culture + IL7 FL Lin-Sca1-++Kit+ (LSK) 28
drop -+ mRNA expression cells
analysis
IL-7R/Stat - Lck 2 In vitro T cell culture + IL7 FL Lin-Sca1+Kit+ (LSK) 28
drop + analysis of Lck cells
reporter
IL-7R/Stat — Lef1 2 IL-7 stimulation + mRNA IL-7Ra transgenic immature 77
expression analysis thymocytes
IL-7R/Stat - pTa 2 In vitro T cell culture + IL7 FL Lin-Scal+Kit+ (LSK) 28
drop + mRNA expression cells
analysis
IL-7R/Stat + PU.1 2 In vitro T cell culture + IL7 FL Lin-Sca1-+Kit+ (LSK) 28
drop -+ mRNA expression cells
analysis
IL-7R/Stat — TCF-1 2 In vitro T cell culture + IL7 FL Lin-Scal+Kit+ (LSK) 28
drop + mRNA expression cells
analysis
IL-7 stimulation + mRNA IL-7Ra transgenic immature 77
expression analysis thymocytes
Lmo2 + E2A/Scl P EMSA assay using Lmo2 Lmo transgenic immature T 78
and Tal1 antibody cell line
Lmo2 + Hhex 2 mRNA expression analysis Lmo transgenic DN3 79
leukemic cells
Lmo2 + Kit 2 mRNA expression analysis Lmo transgenic DN3 79
leukemic cells
86 © 2011 Wiley Periodicals, Inc. Volume 4, January/February 2012
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TABLE 1 | Continued

Regulatory gene network circuits underlying T cell development

Source Sign Target Level Experiment Cell Type References
Lmo2 + Lyl 2 mRNA expression analysis Lmo transgenic DN3 79
leukemic cells
Myb + Gata3 1 Dominant negative Myb E16 cell line 80
overexpression + mRNA
expression analysis
Notch signaling + Bcl11b 3 In vitro culture (+-/—DL1) Thy1+ fetal thymocytes 81
-+ mRNA expression
analysis
ChIP analysis using CSL adult thymocytes 44
antibody
Notch signaling + (D25 2 In vitro culture (+/—DL1) FL Lin-Kit+ cells 15
+ surface expression
analysis using flow
cytometry
surface expression analysis DN3 thymocytes with 82
using flow cytometry inhibitor of Notch
signaling (ONMAML)
Notch signaling + CD3e 2 In vitro culture (4+-/—DL1) Bcl2-transgenic 69
-+ mRNA expression thymocytes
analysis
Notch signaling + CD3g 2 In vitro culture (+-/—DL1) Bcl2-transgenic 69
-+ mRNA expression thymocytes
analysis
Notch signaling - CEBPa In vitro culture (+-/—DL1) Thy1+ fetal thymocytes 81
+ mRNA expression
analysis
Notch signaling + Deltex 3 In vitro culture (+/—DL1) FL Lin-Kit+ cells 15
-+ mRNA expression
analysis
In vitro culture (4+-/—DL1) Thy1+ fetal thymocytes 81
-+ mRNA expression
analysis
In vitro culture (+/—DL1) Bcl2-transgenic 69, many
-+ mRNA expression thymocytes earlier
analysis references
Notch signaling - Ebf1 2 In vitro culture (+/—DL1) FL Lin-Kit+ cells 15
-+ mRNA expression
analysis
Notch signaling + Gata3 2 In vitro culture (+/—DL1) FL Lin-Kit+ cells 15,98,99
-+ mRNA expression
analysis
(connection absent in
humans)
Notch signaling + Gfilb 2 In vitro culture (4+/—DL1) Bcl2-transgenic 69
+ mRNA expression thymocytes
analysis
Notch signaling + HEBAIt 2 In vitro culture (+/—DLT) Thy1+ fetal thymocytes 81
-+ mRNA expression
analysis
Volume 4, January/February 2012 © 2011 Wiley Periodicals, Inc. 87
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TABLE 1 | Continued

wires.wiley.com/syshio

Source Sign Target Level Experiment Cell Type References
Notch signaling + Hes1 2 In vitro culture (4-/—DL1) FL Lin-Kit+ cells 15, many
+ mRNA expression earlier
analysis references
Notch signaling - Id3 2 In vitro culture (4+-/—DL1) Thy1+ fetal thymocytes 81
-+ mRNA expression Bcl2-transgenic 69
analysis thymocytes
In vitro culture (4-/—DL1)
-+ mRNA expression
analysis
Notch signaling + IL-7Re 3 Notch ICN overexpression DN1 thymocytes 83
-+ in vitro culture + 293T and Jurkat cell
surface expression lines
analysis by flow
Notch ICN overexpression
+ analysis of IL-7Ra
promoter activity
Notch signaling + Lat 2 In vitro culture (+/—DL1) Bcl2-transgenic 69
+ mRNA expression thymocytes
analysis
Notch signaling + Lck 2 In vitro culture (4+-/—DL1) Bcl2-transgenic 69
-+ mRNA expression thymocytes
analysis
Notch signaling + Lef1 2 In vitro culture (+/—DL1) Bcl2-transgenic 69
-+ mRNA expression thymocytes
analysis
Notch signaling + Notch1 2 In vitro culture (4+/—DL1) Bcl2-transgenic 69
+ mRNA expression thymocytes
analysis
ChIP using CSL antibody Rag2—/— thymocytes 61
Analysis of Notch 1 reporter NIH-3T3 cell line
construct
Notch signaling + Notch3 2 In vitro culture (4-/—DL1) Bcl2-transgenic 69
-+ mRNA expression thymocytes
analysis
Notch signaling + Nrarp 2 Notch IC overexpression AKR1010 T cell line 84
-+ mRNA expression
analysis
Notch IC overexpression 293T cells 85
-+ analysis of Nrarp
promoter activity
Notch signaling + pTa 3 Notch ICD overexpression 293 cell line 86
+ analysis of pTa
enhancer activity
In vitro culture (4-/—DL1) Thy1+ fetal thymocytes 81
-+ mRNA expression
analysis
In vitro culture (4/—DL1) Bcl2-transgenic 69
-+ mRNA expression thymocytes
analysis
Notch signaling + Rag-1 2 In vitro culture (4-/—DL1) Bcl2-transgenic 69

+ mRNA expression
analysis

thymocytes

88

© 2011 Wiley Periodicals, Inc.
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TABLE 1 | Continued

Regulatory gene network circuits underlying T cell development

Source

Sign

Target

Level

Experiment

Cell Type

References

Notch signaling

Notch signaling

Nrarp

PU.1

PU.1

PU.1

PU.1

PU.1

PU1

PU.1
PU.1

PU1

PU.1

PU.1

PU1

+

Runx1

TCF-1

Notch signaling

Bcl11a

Bcl11b

CD3e

D3g

E2A

Ets1

Gata3 activity
Gfi1

HEB

HEBAIt

Hes1

Id2

3

In vitro culture (+/—DL1)
-+ mRNA expression
analysis

In vitro culture (+/—DL1)
-+ mRNA expression
analysis

Notch1 overexpression
-+ mRNA expression
analysis

In vitro culture (+/—DL1)
-+ mRNA expression
analysis

Nrarp overexpression
-+ mRNA expression
analysis of Notch
responsive genes

PU.1 overexpression
-+ mRNA expression
analysis

PU.1 overexpression
-+ mRNA expression
analysis

PU.1 overexpression
-+ mRNA expression
analysis

PU.1 overexpression
-+ mRNA expression
analysis

PU.1 overexpression
-+ mRNA expression
analysis

PU.1 overexpression
-+ mRNA expression
analysis

ChIP using Gata3 antibody

PU.1 overexpression
-+ mRNA expression
analysis

PU.1 overexpression
-+ mRNA expression
analysis

PU.1 overexpression
-+ mRNA expression
analysis

PU.1 overexpression
-+ mRNA expression
analysis

PU.1 overexpression
+ mRNA expression
analysis

Thy1+ fetal thymocytes

Bcl2-transgenic
thymocytes

NIH-3T3 cell line

FL Lin-Kit+CD27+
progenitors

Lin-cKit4-Scal+ (LSK)
cells

AKR1010 T cell line

Thy1+ fetal thymocytes

Thy1+ fetal thymocytes

Thy1+ fetal thymocytes

Thy1+ fetal thymocytes

Thy1+ fetal thymocytes

Thy1+ fetal thymocytes

PU.1—/— CD4+ T cells
Thy1+ fetal thymocytes

Thy1+ fetal thymocytes

Thy1+ fetal thymocytes

Thy1+ fetal thymocytes

Thy1+ fetal thymocytes

81

69

87

100

45

88

81

81

81

81

81

81

89
81

81

81

81

81
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TABLE 1 | Continued
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Source Sign

Target

Experiment

Cell Type

References

PU.1 —

PU1 =

PU.1 +

PU.1 —

PU.1 —

PU1 —

PU.1 —

PU.1 +

PU1 +

PU.1 —

PU1 +

PU.1 =

PU.1 —

PU1 —

PU.1 —

Id3

Ikaros

IL-7Ro

IL-7Ree

Kit

Lat

Lck

Lmo2

Lyl

Myb

PU1

Rag-1

Runx3

TCF-1

Zap70

PU.1 overexpression
+ mRNA expression
analysis

PU.1 overexpression
+ mRNA expression
analysis

mRNA expression analysis
ChIP using PU.1 antibody

PU.1 overexpression
+ mRNA expression
analysis

PU.1 overexpression
+ surface expression
analysis by flow
cytometry

PU.1 overexpression
+ mRNA expression
analysis

PU.1 overexpression
+ mRNA expression
analysis

PU.1 overexpression
+ Lmo2 promoter
activity measurements
ChlIP using PU.1 antibody

ChIP using PU.1 antibody

Lyl1 promoter activity
measurements
(wild-type/mutated
PU.1 site)

PU.1 overexpression
+ mRNA expression
analysis

transfection with PU.1
regulatory element
construct (4+/— mutation
to PU.1 binding site)
+ analysis of reporter
expression / ChIP using
PU.1 antibody

PU.1 overexpression
+ mRNA expression
analysis

PU.1 overexpression
+ mRNA expression
analysis

PU.1 overexpression
+ mRNA expression
analysis

PU.1 overexpression
+ mRNA expression
analysis

Thy1+ fetal thymocytes

Thy1+ fetal thymocytes

FL PU.1—/— FL cells
FL-derived pro-B cells

Thy1+ fetal thymocytes

Thy1+ fetal thymocytes

Thy1+ fetal thymocytes

Thy1+ fetal thymocytes

293T cell line
416B myeloid cell line

416B myeloid cell line

Thy1+ fetal thymocytes

416B myeloid cell line

Thy1+ fetal thymocytes

Thy1+ fetal thymocytes

Thy1+ fetal thymocytes

Thy1+ fetal thymocytes

81

81

90

81

81

81

81

91

92

81

93

81

81

81

81

90
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TABLE 1 | Continued

Regulatory gene network circuits underlying T cell development

Source Sign Target Level Experiment Cell Type References
Runx1 — PU.1 3 mRNA expression analysis Runx1—/— DN2, DN3 101
thymocytes
Runx1/Runx1 dominant P2C2 immature T cell 94
negative overexpression line +
-+ analysis of PU.1 Raw264 myeloid cell
cis-regulatory element line
Runx1 — Rag-1 2 Analysis of Rag1-GFP Rag1 GFP-reporter 95
reporter expression by transgenic DN
flow cytometry thymocytes
(wild-type/mutated
Runx1 site)
Runx1 + TCRB 1 Runx1 overexpression p19 cell line 68
+ analysis of TCRB
enhancer activity
TCF-1 - PU.1 1 Analysis of PU.1 EL4 T cell line 96
cis-regulatory element
(wild-type/mutated
Tcf site)
TCF-1 + Lef1 2 Wnt pathway activation, DLD1 cancer cell line 102
ChiP using TCF antibody
TCF-1 overexpression Lin-cKit4Sca1-+(LSK) 45
-+ mRNA expression cells
analysis
TCF-1 + TCF-1 3 TCF-1 overexpression Lin-cKit+Sca1+(LSK) 45
-+ mRNA expression cells
analysis
ChIP analysis using TCF-1
antibody
TCF-1 + Bcl11b 3 TCF-1 overexpression Lin-cKit+Sca1-+(LSK) 45
+ mRNA expression cells
analysis
ChlIP analysis using TCF-1
antibody
TCF-1 + GATA3 3 TCF-1 overexpression Lin-cKit+Sca1+(LSK) 45
+ mRNA expression cells
analysis
ChIP analysis using TCF-1 TCF—/— Th2 cells 103
antibody
GATA3
TCF-1 + CD25 3 TCF-1 overexpression Lin-cKit+Sca1+(LSK) 45

+ mRNA expression
analysis

ChIP analysis using TCF-1
antibody

cells

Confidence levels for regulatory interaction are given as follows: 1, evidence in non-T cells only; 2, evidence from gene perturbation in T cell progenitors alone
or from cis-regulatory analysis in T cell progenitors alone; 3, evidence from both gene perturbation in T cell progenitors and cis-regulatory analysis. AML, acute

myeloid leukemia; P, post-transcriptional regulatory interaction; FL, fetal liver; BM, bone marrow.

was performed using Biotapestry,' %195 a software for

the representation and visualization of developmental
gene regulatory networks. Because several of these
genes have different names than their protein
products, for simplicity we have chosen to designate
all nodes in the network by the names of the proteins.

Volume 4, January/February 2012

Genes in the T cell developmental network can
be divided into the following groups broadly based
on their function and expression patterns'? (Figure 4):
(1) effectors or regulators of Notch, IL-7, and pre-T
cell receptor (TCR) signaling, three signaling path-
ways that are important for early T cell development
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FIGURE 4 | Reconstruction of the T cell Developmental Gene Regulatory Network. Regulatory network encompasses Notch signaling (blue),
interleukin (IL)-7 signaling (dark green), pre-T cell receptor (TCR) signaling (gray), T cell regulatory genes (light green), and stem and alternate fate
regulatory genes (red). T cell regulatory genes sharply upregulated prior to commitment are enclosed in a yellow box. Genes and connections active
during the earlier T cell developmental stages are placed to the left, whereas genes and connections active during later stages are placed to the right.
The prevailing connections between the genes in different groups and their signs are summarized in the inset. An online version of this network is

available at http://www.its.caltech.edu/~tcellgrn/.

(top). (2) Regulatory genes associated with T cell
developmental stage progression and fate commit-
ment (middle). These genes are either upregulated
during the course of development (e.g., Bcl11b and
Lefl) or kept at a constant expression level during
the developmental stage progression (e.g., Ikaros and
Runx1). (3) Regulatory genes that are downregulated
during T cell development, and are associated with the
either stem cells or non-T cell fates (bottom). Genes in
this group generally antagonize T cell developmental
stage progression and commitment; however, some
of them are also necessary for T cell production in
vivo as they play important roles at the stem or early
progenitor stages (e.g., PU.1). Thus, the downregu-
lated group may actually comprise two subgroups:
one consisting of the drivers of competing fates, but
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the other consisting of genes that sustain prolifera-
tion or other functions of early T cells while delaying
commitment, '3

Genes within each of these functional groups
are further arranged from left to right based on their
temporal sequence of expression and/or activity level
changes during T cell development (Figure 4). At the
top left are Notch and IL-7 signaling pathway com-
ponents (e.g., IL-7Ra and Notch1), which are active
prior to T cell commitment (Phase 1, Figure 4); com-
ponents required for the pre-TCR signaling pathway
(e.g., pTa, TCRpB, and Lck), which are T cell spe-
cific genes turned on most strongly after commitment
(Phase 2, Figure 4), are placed to the right. Within the
T cell regulatory gene group (middle), the left hand
cluster contains genes already expressed in the earliest
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progenitors (DN1) (e.g., Gata3, Ikaros, and Runx1),
while genes upregulated after commitment are placed
toward the right (e.g., Id3 and Ets1). A number of
regulatory genes are upregulated sharply immediately
prior to commitment (e.g., Bcl11b and HEBAIt); these
genes, poised to promote T cell fate commitment, are
placed in the center and boxed. Stem and alternate
fate regulatory genes are placed at the bottom, with
those already being silenced prior to commitment to
the left (e.g., Gata2, C/EBP«, and Ebf1), and those not
downregulated until after commitment in the center
and right (e.g., PU.1, Lyl1, and Kit).

We note that, besides Notch and IL-7, a num-
ber of other cytokine signaling pathways—such as
the Kit or the Flt3 pathway—may also be important
for the viability and proliferation of uncommitted
Phase I progenitors (Figure 1). All stages of T cell
development require viability functions, however, and
in this network reconstruction, we have not included
cell cycle or apoptosis genes regulated by these path-
ways (or by the Notch or IL-7 pathways themselves).
This network model instead focuses on the regulatory
genes that have been implicated in the commitment
transition itself. Nevertheless, Kit signaling could also
contribute to the Stat activation function in parallel
with IL7Ra in Phase 1 cells. Similarly, although the
crucial T-lineage transcription factors TCF-1 (encoded
by Tcf7) and Lefl have important roles as mediators
of Wnt/B-catenin signaling, their roles in early T cell
development may not depend on this pathway,!%¢ and
so Wnt pathway inputs have also been omitted.

Genes in the T cell developmental network inter-
act extensively with one another, and specific patterns
of connections within or between functional groups
can be observed (see Figure 4 inset for a summary).
The Notch-Delta signaling pathway provides direct or
indirect positive regulatory inputs into many T cell
regulatory genes, including those activated at the ear-
liest stages, consistent with its role in promoting T
cell fate. It also positively regulates genes encoding
IL-7, Notch, and pre-TCR signaling pathway compo-
nents. Nevertheless, some pre-TCR signaling pathway
genes, although directly targeted by Notch, turn on
only after commitment. These reflect a requirement
for persistent, sustained Notch signals to complete
proper T cell fate commitment, most likely enforced
by network subcircuit architecture as described below.
In contrast, IL-7 signaling may negatively regulate T
cell regulatory genes (Bcll1b, TCF-1, and Lefl) in
uncommitted DN2 cells, either directly or indirectly,
as well as positively regulate stem and alternate fate
genes (Kit, PU.1, and C/EBPa), consistent with its role
in antagonizing or at least delaying commitment.?$

T cell regulatory genes generally provide pos-
itive inputs into Notch and pre-TCR signaling
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genes (e.g., Gata3-Notch3; E protein activity—pTo;
Runx1-TCRg), positive inputs into other T cell
regulatory genes (e.g., TCF-1-Bcl11b; HEBAIt-HE-
BAlt), and/or negative inputs into stem and alter-
nate fate genes (e.g., Bcl11b-Id2; Gata3-PU.1; and
Runx1-PU.1), consistent with their roles in pro-
moting the T cell fate and repressing alternate cell
fates. However, we found that several T cell regu-
latory genes, most notably the crucial transcription
factor Gata3, can also form negative connections
with other T cell regulatory genes (e.g., Gata3-Lef1,
Gata3-TCF-1, and E protein activity—Gata3), while
forming positive connections with stem and alter-
nate fate genes (e.g., Gata3-Scl/Tall, Gata3-Kit, and
Gata3-Cpa3), especially when overexpressed. Such
‘incoherent’ connections may constitute part of the
regulatory circuitry involved in sensing IL-7 sig-
nal changes during development (see below). Stem
and alternate fate regulatory genes generally form
negative connections with T cell regulatory genes
and pre-TCR signaling genes (e.g., Gfilb-Gata3;
PU.1-Bcl11b; and Scl/Tal1-pTa) and positive connec-
tions amongst themselves (PU.1-Bcl11a; Lmo2-Lyl1),
consistent with their role in delaying or antagonizing
the T cell fate and promoting stem and alternate fates.

REGULATORY CIRCUITS
UNDERLYING THE T CELL FATE
DECISION

The reconstructed T cell gene regulatory network pre-
sented above enables us to identify regulatory circuits
that are important for T cell fate decision making. In
this section, we use the reconstructed network to iden-
tify candidate regulatory circuits that may facilitate
three crucial aspects of the fate decision making pro-
cess: (1) detection of persistence in Notch-Delta sig-
naling in early multipotent progenitors; (2) detection
of dynamic changes in IL-7 signaling in uncommitted
T cell progenitors, and (3) maintenance of T cell iden-
tity and silencing of alternate cell fates in committed
progenitors.

Detection of Persistence in Notch Signaling

Proper commitment to the T cell fate requires sus-
tained Notch-Delta signaling throughout the Phase 1
stage. Transient Notch-Delta signaling causes upreg-
ulation of early T cell genes, but is insufficient for
promoting commitment.!®'5 Detection of such signal
persistence can be performed by coherent feedforward
loops, which can generate time delays using multiple
inputs from a signal onto a target gene. In the coher-
ent feedforward loop example shown (Figure 2(a)), a
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FIGURE 5 | Regulatory gene circuits underlying T cell fate decision making. (a) Coherent feedforward loops for detection of persistent Notch
signaling. Shown here are coherent feedforward loops mediating inputs from Notch signaling to Bcl11b (left), as well as to pTa, and Rag-1 (right).
(b) Incoherent feedforward loops and negative feedback loops for detection of interleukin (IL)-7 signal level changes. Shown here is a negative
feedback loop regulating expression of IL-7Ra (top), and an incoherent feedforward loop regulating expression of Tcf7 and Lef1 (bottom). (c) Positive
feedback loops for T cell fate commitment and exclusion of alternate fates. Shown here are a series of positive feedback loops involving mutual
repression between PU.1 and the T cell regulators TCF-1, Bcl11b, E2A/HEB, and Gfi1. Note that TCF-1, Bcl11b, PU.1 and HEBAI, also receive inputs
from Notch and/or IL-7 signaling and may hence mediate engagement of the positive feedback loops in response to upstream signals.

signal S provides a positive input into a target gene Y,
and also into another gene X that provides another
input into Y. In order for Y to be completely unre-
sponsive to transient signals, it must be respond to
X and § with strict AND logic (i.e., both § and X
must be on for Y to be on). We note, however, that
persistence detection can still take place even if X and
S do not operate in such a boolean manner, but syn-
ergize to upregulate Y; or, alternatively, if heightened
threshold levels of Y, attained only when X and S are
both present, are required for promoting downstream
developmental transitions.

Our regulatory network reconstruction reveals
several coherent feedforward loops that may mediate
the response of T cell regulatory genes to Notch signal-
ing. Bcl11b, an important regulator of T cell commit-
ment, is thought to be a direct Notch target;** how-
ever, it remains off even when other Notch target genes
such as CD25 and Hes1 have already turned on in
response to Notch-Delta signaling,'3»?%1%0 and turns

94
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on only immediately prior to commitment. In our
network reconstruction, the Notch signaling-induced
gene TCF-1 provides a second arm of positive inputs
from Notch to Bcll11b (Figure 5(a), left), which may
provide the time-delayed inputs that enable Bcll1b
to respond only after sustained and persistent Notch
signaling. There is also a similar coherent feedfor-
ward loop regulating Gata3 expression (Figure 5(a)),?
which may possibly mediate the upregulation of Gata3
that occurs postcommitment.!” We also found that
the T cell identity genes pTa and Rag-1 may also be
subject to coherent feedforward regulation through E
protein activity (Figure 5(a), right). In a third pos-
sible example (not shown), Notch-induced TCEF-1
can provide direct positive input into a major pro-
moter of the Notch-dependent gene Lef1.'%% This
regulatory circuit architecture may explain why these
genes, though being Notch targets, do not turn on
until after T cell commitment. Interestingly, TCRS,
another T cell identity gene that is upregulated only
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after commitment, does not appear to receive inputs
directly from Notch signaling, but only indirectly
through Gata3 (Figure 5(a), right), suggesting that
not all T cell identity genes may be subject to coherent
feedforward regulation.

To establish whether a given gene is indeed
subject to coherent feedforward regulation, we need
to demonstrate that it receives two independent inputs,
and that it turns on maximally only when both are
present. As evidence for direct regulation is currently
lacking in many of the feedforward inputs discussed
above (Figure 5, dashed and dotted lines), it is not
known whether the two inputs into the target genes are
indeed independent—an apparent feedforward input
into a target gene could turn out to be an indirect input
mediated completely through the second coincident
input. We will discuss experiments that could
distinguish between these two possibilities below.

Detection of Dynamic IL-7 Signaling
Besides persistent Notch signaling, recent work sug-
gests that a drop in IL-7 signal levels can promote fate
commitment in DN2 progenitors.?® Detecting input
signal changes requires circuits that can adapt to dif-
ferent baseline levels and thus maintain sensitivity to
signal level changes over a range of signal strengths.
Two types of regulatory circuits are capable of under-
going such adaptation—negative feedback loops and
incoherent feedforward loops.” Negative feedback
loops perform adaptation by altering a signaling path-
way’s sensitivity to signal inputs in response to the
input signal itself. Negative feedback connections can
occur directly through biochemical interactions within
a signaling pathway, as is frequently observed,'%® or
indirectly through transcriptional regulation of sig-
naling pathway components. In an example of the
latter (Figure 2(b)), signal S provides a positive input
into X, which is an inhibitory component of the S
signaling pathway. Incoherent feedforward loops per-
form adaptation through independent opposing inputs
from a signal onto a target gene. In the example shown
(Figure 2(c)), gene Y receives a positive input from a
signal S, but also receives a negative input from gene
X, which in turn receives a positive input from S.
These two opposing regulatory inputs into Y can can-
cel each other out at steady state, allowing the circuit
to maintain a constant level of Y amidst different
baseline values of S, and hence maintain sensitivity to
signal level changes over a range of signal changes.
Negative feedback loops in IL-7 signaling may
occur either within the signaling pathway itself or
on a transcriptional level. Negative feedback within
the IL-7 signaling pathway could be mediated by
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SOCS1, a general suppressor of cytokine signaling
that is induced in T cell precursors in response to IL-
7.19% An alternative mode of negative feedback may
involve internalization and degradation of the IL-7
receptor, which has been shown to be triggered by
IL-7 ligand binding.''%!!! Examination of the regula-
tory network also revealed a potential transcriptional
circuit that involves negative feedback regulation of
IL-7Ra, the receptor chain that receives IL-7 signals
(Figure 5(b), top). IL-7 signaling may provide a posi-
tive input into Gata3. Gata3 in turn appears to provide
negative regulatory inputs into IL-7Ra,%”8! thereby
providing a negative modulatory feedback into the
IL-7 pathway. Negative feedback regulation of IL-
7Ra expression at the transcriptional level has also
been observed in mature T cells,!'">11? as a promi-
nent response triggered either by contact with IL-7
or during T cell receptor activation by antigen. Such
negative feedback connections may help the IL-7 sig-
naling pathway adapt to different IL-7 baseline levels
and maintain sensitivity to changes in IL-7 levels.?
From our network reconstruction, we also found
examples of the kinds of incoherent feedforward
circuits that may potentially facilitate IL-7 signal
adaptation on the level of T cell regulatory gene
expression (Figure 5(b), bottom). IL-7 signaling can
provide negative inputs into TCF-1, either indirectly
or through Gata3 itself. However, our network
reconstruction suggests the existence of other net
positive inputs from IL-7 signaling to TCF-1, for
example, through Gata3-mediated antagonism of
PU.1. Such opposing inputs would form incoherent
feedforward loops that may allow the expression of
TCEF-1 to adapt in response to changing IL-7 levels.
The regulatory circuits discussed here respond
to signal level changes in only a transient manner—in
the absence of other regulatory mechanisms, these
circuits could eventually undergo adaptation and
reset their regulatory state around the new baseline
signal levels. To carry out a commitment decision,
progenitors need to convert these transient responses
into stable and irreversible changes in their regulatory
state, as is the case when progenitors transition across
developmental stages and make fate commitment
decisions. In the next section, we examine and discuss
regulatory circuits that may enable progenitors to
undergo such stable and irreversible commitment to

the T cell fate.

Commitment and Maintenance of T cell
Identity

In response to appropriate Notch and IL-7 signals,
progenitors switch irreversibly into a committed T cell
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regulatory state, where all other non-T cell fates are
silenced. This regulatory state is upheld throughout all
subsequent stages of T cell development and effector
function, and is stably maintained even when initial
Notch and IL-7 signals are no longer present. As
noted above, stable maintenance of fate identity is
likely to involve action of positive feedback loops,
which are initially triggered by upstream signals and
then maintain a committed cellular state upon signal
withdrawal. Positive feedback loops can consist of a
cycle of positive connections; as an example, gene X
provides a positive input to gene Y, which in turn
provides a positive input back to X (Figure 2(d),
top). When X turns on in response to a signal §, it
upregulates Y, which in turn feeds back to upregulate
X, allowing it to remain on even when the signal S
has been withdrawn. Alternatively, a feedback loop
that is net positive in sign can arise from mutually
repressive connections between pairs of genes; in this
case, X provides a negative input to Z, which in
turn provides a negative input back to X (Figure 2(d),
bottom). Activation of X by S causes down-regulation
of Z, which in turn relieves X of repression by Z.
This positive feedback into X allows the circuit to
stably express X while keeping Z silent at the same
time. In context of cell fate decision making, X and Z
usually represent opposite fate regulatory genes that
are expressed in a mutually exclusive manner.

The T cell gene regulatory network revealed
a number of candidate positive feedback circuits
that may play a role in enforcing stable T cell
fate commitment. However, while positive connec-
tions exist between different T cell regulators (e.g.,
TCF-1-Gata3, TCF-1-Bcl11b),* we could not find
complete positive feedback loops consisting of cycles
of activating connections between the T cell regu-
latory genes themselves that have been reported to
date. The only apparent exceptions are the positive
auto-regulatory loops involving HEBAIt or TCF-1.
The dearth of known positive loops between T cell
regulatory genes, which is apparent from the net-
work reconstruction (Figure 4), stands in contrast
to other developmental systems, notably the B-cell
developmental network, where key fate regulators
positively regulate each other.3%113 Instead, most pos-
itive feedback loops here involve mutual repression
between T cell regulatory genes and stem cell or
alternate fate genes (Figure 5(c)). Gfil, TCF-1, and
Bcl11b all form mutually antagonistic loops with PU.1
(Figure 5(c)). E proteins may also participate in some
of these positive feedback loops—HEB/E2A dimers
may negatively regulate PU.1 through Gfil, and are
also negatively regulated by PU.1, either through tran-
scriptional repression or through upregulation of 1d2,
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an E protein inhibitor and PU.1 target. Mutual antag-
onism between these T cell regulatory genes and PU.1
may enable progenitors to maintain a stable regulatory
state where T cell identity genes are expressed, and
stem and alternate fate genes such as PU.1 are silenced.
As many of the T cell regulatory genes discussed here
also participate in IL-7 and Notch signal detection
(see above), they are good candidates for mediating
commitment in response to upstream signals.

CONCLUSION AND FUTURE
DIRECTIONS

Here, we have presented a new model of the gene
regulatory network underlying T cell development in
hematopoietic progenitor cells. Using this network
reconstruction, we have identified candidate regula-
tory gene circuits for facilitating the following aspects
of the T cell fate decision making process: (1) detection
of persistence in Notch-Delta signaling, (2) detection
of IL-7 signal level changes, and (3) maintenance of
T cell identity and silencing of alternate cell fates
upon commitment. These regulatory circuits provide
a basis for understanding how regulatory genes work
together to mediate a developmental cell fate decision.

To further understand these regulatory gene
circuits, experiments that probe their structure and
function will need to be performed. The gene circuits
we describe here contain many connections not yet
tested on a cis-regulatory level (Figure 4, dashed and
dotted lines). To validate regulatory gene circuit struc-
ture, it will be necessary to determine whether these
connections indeed represent direct regulatory inputs;
if not, the identities of the regulatory genes that do
mediate these indirect connections will need to be
resolved. This knowledge is particularly important
for validating the structure of coherent feedforward
loops (Figure 5(a)), where an apparent feedforward
input into a gene could in fact be mediated com-
pletely through the second coincident input. One way
to test whether a transcription factor targets a gene
directly is to determine whether it binds to sites on the
target gene locus. Transcription factor binding sites
can now be identified on a genome-wide level using
chromatin immunoprecipitation followed by high-
throughput sequencing (ChIP-Seq), and this approach
has been used to elucidate the structure of the
regulatory networks underlying B- and myeloid-cell
development.®®>! We are currently using ChIP-Seq to
determine the binding sites and putative target genes of
different transcription factors at several finely divided
substages in T cell development (J. Zhang et al., in
preparation). This approach is yielding insights not
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only into the structure of the T cell regulatory network
but also its dynamic behavior during the process of
fate commitment.

Validating a direct regulatory connection
between a transcription factor and its putative target
requires not only evidence for transcription factor
binding on the gene locus but also evidence that
the binding site is active during development. To
show that a binding site is active, it is important
to show that its mutation or removal affects proper
regulation of the target gene. Binding site mutage-
nesis can be performed on endogenous gene loci
using gene targeting,'°! or, alternatively, on reporter
transgenes.''* The transcription factor itself also
needs to be shown to act on the binding site to control
target gene expression, and to exert its gain and loss
of function effects in a target element-dependent way.
These types of experiments are needed to validate
the structure of the proposed regulatory circuits, and
also to identify new circuits possibly involved in fate
decision making.

To examine the function of these regulatory gene
circuits, gene circuit activity will eventually need to
be followed closely over time, under conditions where
input signal levels and/or regulatory gene expression
levels are varied in a quantitative manner. Such close
monitoring of gene circuit activity has been greatly
facilitated by the development of fluorescent gene-
expression reporters, which allow expression levels of
individual genes to be measured in single cells in a
quantitative and non-invasive manner.''%11¢ For reg-
ulatory circuits involved in processing Notch-Delta
or IL-7 signals, measurements of their input/output
relationships will yield insights into the signal pro-
cessing operations that they perform. Furthermore,
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input/output measurements performed in conjunc-
tion with gene perturbations that alter connectivity
of these circuits will enable direct tests of the roles
of circuit structure in signal processing. Similar mea-
surements will also yield insights into the behavior of
positive feedback circuits mediating cell fate commit-
ment. For example, to assess the stability of a positive
feedback loop to fluctuating signals, signal levels can
be experimentally varied and the effects on the lev-
els of gene expression within the positive feedback
loop measured. Furthermore, by perturbing genes and
connections within the positive feedback loop and
measuring resultant changes in circuit activity, it will
be possible to determine their roles in maintaining
regulatory state stability. Such experiments will help
to develop an understanding of how regulatory gene
circuits mediate different aspects of the cell fate deci-
sion making process, and more generally, how they
function during mammalian development.

NOTES

7 Regulation of Gata3 by Notch signaling may be
indirect and/or specific to a mouse context, as studies
using human thymocytes did not identify Gata3 as a
Notch target.!15:116

b We note that IL-7Ra expression levels eventually
drop after commitment as the cells pass the first T cell
receptor-dependent checkpoint to exit from the late
DN3 stage. The negative feedback circuits presented
here do not explain this postcommitment drop IL-7Ra
receptor levels, which more likely arises as a result of
cellular responses to T cell receptor triggering.
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