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The Tcra enhancer (Ea) is essential for Tcra locus germ-line tran-
scription and primary Va-to-Ja recombination during thymocyte
development. We found that Ex is inhibited late during thymocyte
differentiation and in af T lymphocytes, indicating that it is not
required to drive transcription of rearranged Tcra genes. Ex inactiva-
tion resulted in the disruption of functional long-range enhancer-
promoter interactions and was associated with loss of Eax-dependent
histone modifications at promoter and enhancer regions, and re-
duced expression and recruitment of E2A to the Ex enhanceosome
in T cells. Enhancer activity could not be recovered by T-cell activa-
tion, by forced expression of E2A or by the up-regulation of this and
other transcription factors in the context of T helper differentiation.
Our results argue that the major function of Ex is to coordinate the
formation of a chromatin hub that drives Va and Ja germ-line tran-
scription and primary rearrangements in thymocytes and imply the
existence of an Ea-independent mechanism to activate transcription
of the rearranged Tcra locus in aff T cells.
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he generation of af T lymphocytes in the thymus depends on

the assembly of V, D, and J gene segments at the Tcra and
Tcrb loci by a developmentally regulated process known as V(D)J
recombination (1). This process initiates at the Tcrb locus in
immature CD4"CD8~ double-negative (DN) thymocytes. DN
thymocytes can be classified into four subpopulations (DN1-4)
based on the expression of CD25 and CD44: DN1 (CD25~
CD44%), DN2 (CD25*CD44%), DN3 (CD25"CD447), and DN4
(CD25"CD447) (2). Incomplete Tcrb DPJP rearrangements are
first detected in DN2 thymocytes, whereas completed VPDpIB
rearrangements are present in DN3 thymocytes. Successful Tcrb
rearrangement permits TCRp chain synthesis and assembly with
the invariant pre-Ta chain to form the pre-TCR. Pre-TCR and
Notch signaling then promote the differentiation of DN3 thy-
mocytes to the DN4 and then the CD4*CD8* double-positive
(DP) stage, a process known as p-selection. Pre-TCR signaling
also provokes the initiation of Tcra rearrangement in DN4 and
DP thymocytes and inhibits the expression of Notch and pre-Ta
(3, 4). As a consequence, in DP thymocytes pre-Ta is replaced by
TCRa to form TCRaf, allowing for positive and negative se-
lection events that determine the pool of CD4" and CD8™ single-
positive (SP) thymocytes. SP thymocytes then migrate to the
periphery as mature, naive off T lymphocytes (2).

Tcra and Tcrd gene segments are organized into a single ge-
netic locus, Tcra/Tcrd, which spans 1.7 megabases on mouse
chromosome 14 (Fig. 14). Tcra and Tcrd gene segments have
different developmental programs, such that Tcrd is rearranged
and expressed in DN2 and DN3 thymocytes, whereas Tcra re-
arrangement and expression begins in DN4 and DP thymocytes
(1). It is well established that initiation of Va-to-Ja rearrange-
ments is regulated by the Tcra gene enhancer (Ea), which is itself
activated by pre-TCR signaling in DN4 and early DP thymocytes
(5-7). Ea is part of a locus control region (LCR) containing eight
T-cell-specific DNasel-hypersensitive sites located between Tcra
and the ubiquitously expressed gene, Dadl (8). Ea functions in
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cis to activate Tcra germ-line transcription, chromatin mod-
ifications and Va-to-Ja rearrangement across 500 kb containing
the most proximal Vo gene segments and the entire Ja gene
segment cluster in early DP thymocytes. It also stimulates tran-
scription of the rearranged Tcrd locus in y& T lymphocytes (5, 6,
9). Other LCR elements act as insulator sequences that block Ea
activity to maintain the distinct regulatory programs of the
neighboring Tcra/Tcrd and Dadl loci (10).

Initial transcriptional activation of the Tcra locus occurs in the
context of a chromatin hub through interactions between Ea and
the Ja and proximal Va promoters (Fig. 14), with contacts me-
diated by enhancer- and promoter-bound transcription factors
(TFs) and the CCCTC-binding factor (CTCF) and its associated
cohesin (11, 12). Within this hub, Ex interacts with and activates
the T early-a promoter (TEAp) associated with the T early a
(TEA) exon and Ja61 gene segment, and the promoter associ-
ated with the Ja49 gene segment. Transcriptional elongation
provides the recombinase proteins RAG-1 and RAG-2 accessi-
bility to the Ja gene segments positioned downstream of these
promoters (13-15). Ea similarly activates proximal Vo segments
(9). Together, these activation events trigger primary Va-to-Jo
recombination, in which the proximal Vo gene segments rear-
range to the most Ea-distal Ja gene segments (16, 17).

Pre-TCR signaling stimulates the assembly of an active Ea
enhanceosome in DN4 and early DP thymocytes (6, 7). The
minimal Ea segment with proper developmental regulation is
275-bp long (18). Within this segment, the Tal-Ta2 region con-
tains essential binding sites for cAMP response element binding-
protein (CREB), T-cell factor 1 (TCF-1)/lymphocyte enhancer fac-
tor 1/(LEF-1), Runx-1, and Ets-1 (19), and cooperative binding
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Fig. 1. Tcra Ea-dependent transcription is inactivated in SP thymocytes and off T lymphocytes. (4) Schematic representation of Tcra/Tcrd genomic structure. The V,
D, and J gene segments are represented by gray vertical rectangles, and the recombination signal sequences are shown as black (containing a 23-bp spacer) or
white (containing a 12-bp spacer) triangles. Positions of the TEA exon, the Vo/3, D3, J§, and Ja gene segments, and the C& and Ca regions are indicated. Arrows
represent active sites for germ-line transcription. Promoters and enhancers are represented as diamonds and circles, respectively. The Tcra LCR is represented as
a long horizontal rectangle. (B) Analysis of TEA exon transcription in Rx5C.C7 and RxDO11.10 thymocytes and T lymphocytes by RT-qPCR. (C) Analysis of proximal
Va and Ja transcription in DP thymocytes from RxBtg and Ea~"~ RxBtg mice by RT-gPCR. (D) Analysis of TRAV17 and TRAV21 germ-line transcripts in RxDO11.10
sorted thymocyte populations and T lymphocytes by RT-qPCR. (E) Analysis of Ju transcription in RxDO11.10 sorted thymocyte populations and T lymphocytes by
RT-qPCR. The results were normalized to those for Actb and represent the mean + SEM of duplicate RT-gPCR from three independent experiments. Two-tailed
Student’s t tests were used to determine the statistical significance between the values of the RT-qPCRs from total thymocytes vs. T lymphocytes (B), RxBtg vs. Ea™~
RxBtg thymocytes (C), and DP thymocytes vs. T lymphocytes (D and E) (*P < 0.05, **P < 0.005, and *** P < 0.0005).

among these factors is required to form the functional Tal-Ta2  developmental stages. Here, we describe the developmental regu-
enhanceosome in vivo (20). Additional binding sites for nuclear  lation of Ea in its natural genomic context and when positioned at
factor of activated T cells (NFAT), CREB/ATF, Ets-1/Fli-1, early  an ectopic location. We found that Ea function is strongly inhibited
response factor 1 (Egr-1), Spl, GATA-3, and E-proteins E2A  in SP thymocytes and peripheral aff T lymphocytes indicating that
and HEB flank Tal-Ta2 both 5’ and 3’ (5’ Tal and Ta3-Ta4) (6,  this element is not necessary for the expression of the rearranged
7, 20, 21). Previous studies have shown that the constitutive TFs ~ Tcra at these stages. Enhancer inactivation was accompanied by the
are already loaded onto the enhancer in DN3 thymocytes, and that  disruption of long-range Ea-promoter interactions, and the loss of
they form a regulatory scaffold for the transient recruitment of pre-  activating histone marks. Although enhancer inactivation was as-
TCR induced TFs (NFAT, AP-1, and Egr-1) that activate the sociated with the loss of E2A from the enhanceosome, our data
enhancer in DN4 and early DP thymocytes, as well as for the more  argue that there must be additional limitations on E« activity in off
stable recruitment of constitutive TFs in late DP thymocytes (7, 18, T cells. We conclude that Ea-independent mechanisms must exist
21). Thus, Ea activity is regulated through the ordered assembly of  to support the expression of rearranged Tcra genes in peripheral off
different enhanceosomes during thymocyte development. T cells.
It has been assumed that Ea is important for transcription of

rearranged Tcra genes in mature of T lymphocytes. Previous — Results

experiments using artificial transgenic reporter constructs in mice  Ex-Dependent Transcription Is Inhibited in SP Thymocytes and Mature
have shown that the activity of the 10.5-kb Tcra LCR appears to  af T Lymphocytes. To assess Ea function in mature of T lym-
be decreased in peripheral off T lymphocytes compared with that ~ phocytes, we compared the abundance of Ea-dependent tran-
in thymocytes (22). Because our previous work established Ea  scripts present in thymocytes and o T lymphocytes of Rag2™~ x
enhanceosome composition and function only as far as preselected ~TCRap transgenic mice (Fig. 1). Rag2™~ x 5C.C7 (Rx5C.C7)
resting DP thymocytes (7), we investigated Ea functionality at later ~ and Rag2~'~ x DO11.10 (RxDO11.10) mice (23, 24) both express
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clonotypic TCRafs that direct the differentiation of DP thymo-
cytes toward the SP CD4™ lineage. Because the Tcra locus is
maintained in unrearranged configuration, 7cra locus germ-line
transcription can be readily assayed in mature T cells (25).
Transcription of the TEA exon is known to be Ea-dependent in
DP thymocytes (5, 6) (Fig. 14). Although RT-mediated quanti-
tative PCR (RT-qPCR) revealed similar expression of TEA
transcripts in thymocytes of both mouse strains, expression was
reduced by 80-85% in mature off T lymphocytes (Fig. 1B). Re-
duced transcription was also observed in mature of T lympho-
cytes of Rag2™~ x OT-I mice that express a clonotypic TCRof3
that directs differentiation of DP thymocytes toward the SP
CD8" lineage (Fig. S14).

We similarly analyzed germ-line transcription of proximal Va
gene segments (TRAV17, TRAV21) and Ja gene segments
(Ja61, JaS8, and Ja47). Primary Ja transcripts are typically
spliced from a donor sequence immediately 3’ of the Ja segment
to an acceptor at the 5’ end of the first Ca exon; Ja61 transcripts
are atypically spliced using a more distant donor sequence (Fig.
S1 B and C). We confirmed that all of these transcripts are
Ea-dependent in DP thymocytes by evaluating transcript abun-
dance in thymocytes of Rag2~~ and Ea ™'~ Rag2™~ mice in which
DP differentiation was driven by a Tcrb transgene (25) (RxBtg
and Ea™/~ RxBtg, respectively) (Fig. 1C). Subsequent analysis
of sorted thymocyte populations and peripheral T lymphocytes

from RxDO11.10 mice revealed that TRAV17, TRAV21, Ja61,
JuS8, and Jod7 transcripts were all strongly suppressed in SP
thymocytes and off T lymphocytes (Fig. 1 D and E). Together,
these data indicate that Ea-dependent 7cra locus germ-line
transcription is down-regulated in SP thymocytes and mature of
T lymphocytes.

Eax Is Inactivated in SP Thymocytes and Mature af T Lymphocytes.
The inhibition of Ea-dependent germ-line 7cra transcription in
SP thymocytes and af T lymphocytes could reflect inactivation of
Ea or inactivation of other locus regulatory elements, including
Va and Ja promoters and the Tcra LCR. To distinguish between
these possibilities, we analyzed EaKI alleles (26), in which Ea
was introduced about 0.5 kb downstream of V(12 in the Tcrb
locus. Previous experiments had shown that the introduced Ea
(Eai) is active in DP thymocytes, as evidenced by potent tran-
scriptional activation of VB12 and the nearby V13 and Vf11
gene segments in DP thymocytes obtained from EaKI RxBtg
mice but not in DN3 thymocytes obtained from EaKI Rag2™/~
mice (26). To assess Eai activity in peripheral T lymphocytes, we
compared the abundance of Vp11, VB12, and VB13 transcripts in
DP thymocytes of EaKI Rxf3tg mice to that in peripheral T cells
of EaKI ftg mice (Fig. 24). The latter mice support complete
ap T lymphocyte development due to expression of the Tcrb
transgene and an endogenous Tcra rearrangement. Expression of
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Fig. 2. Eai is inactivated in SP thymocytes and af T lymphocytes. (A) Analysis of
EaKI Btg and Btg T lymphocytes by RT-qPCR. (B) Analysis of V13 transcription fro

VB11, VP12, and VB13 transcription in EaKl RxBtg and RxBtg thymocytes and
m EaKI RxBtg DP thymocytes, EaKl ptg and ptg sorted thymocyte populations,

and EaKI ftg and ptg T lymphocytes by RT-gPCR. (C) Analysis of Tcra-Co transcription in RxBtg DP thymocytes, sorted ptg DP thymocytes, and sorted ptg
T lymphocytes by RT-qPCR. The results were normalized to those for Actb and represent the mean + SEM of duplicate RT-qPCR from three independent
experiments. Two-tailed Student’s t tests were used to determine the statistical significance between the values of the RT-qPCRs from EaKI RxBtg or EaKl ptg
DP thymocytes vs. EaKl ftg CD4* SP thymocytes and T lymphocytes (A and B) or RxBtg DP thymocytes vs. ftg DP thymocytes or of T lymphocytes (C) (*P < 0.05,

**P < 0.005, and ***P < 0.0005).
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the Tcrb transgene also enforces Tcrb allelic exclusion, thereby
maintaining the Vp array in germ-line configuration and allowing
analysis of Eai activity. As expected, Eai was a potent activator
of VB11, VP12, and VP13 transcription in DP thymocytes (Fig. 2,
compare EaKI Rxftg to Rxftg). However, this transcription was
strongly inhibited in mature of T lymphocytes (Fig. 24, compare
EaKI RxBtg to EaKI ptg) and in in CD4* SP thymocytes (Fig.
2B, EoKI ptg). These data confirm that the activity of Ea is
substantially down-regulated in SP thymocytes and in mature of
T lymphocytes.

Ea-TEAp Interactions Are Lost in Mature aff T Lymphocytes. Ex
activates transcription at Tcra locus promoters by direct physical
interactions with DNA looping over long distances (11, 12).
Therefore, we used chromosome conformation capture (3C) to
analyze interactions between Ea and the TEAp across a distance
of 73 kb in RxDO11.10 mice (Fig. 3 and Fig. S2). Ea interacted
frequently with TEAp in DP thymocytes; this interaction was
specific, because interaction was not detected with a DNA
fragment only 2 kb further from Ea. Notably, the Ea-TEAp
interaction was dramatically suppressed in of T lymphocytes
(Fig. 3). These results indicate that Ea cannot establish contact
with upstream promoters in of T lymphocytes.

Ea-Dependent Chromatin Modifications Are Lost in Mature aff T
Lymphocytes. As an additional measure of Ea activity, we ana-
lyzed Ea-dependent histone H3 (H3) modifications in DP thy-
mocytes and off T lymphocytes by quantitative chromatin im-
munoprecipitation (qChIP) (Fig. 4). We compared the pattern of
H3K4mel and H3K4me3 at Tcra in sorted DP thymocytes and T
lymphocytes from RxDO11.10 mice (Fig. 4 A and B). Consistent
with the known properties of enhancers and active promoters
(27), in DP thymocytes we found that Ea is highly enriched for
H3K4mel and depleted of H3K4me3, whereas the opposite was
true for the actively transcribed Ja61 and Ja58 gene segments.
However, H3K4me3 was sharply reduced at Ja61 and JaSS8
in ap T lymphocytes (Fig. 4B). H3K27ac, another mark of active
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Fig. 3. The Ea-TEAp long-range interactions present in DP thymocytes are
lost in af T lymphocytes. 3C analysis of physical contacts between Ex and
TEAp or a genomic fragment located at —75 kb from the enhancer in DP
thymocytes (black bars) and of T lymphocytes (gray bars) from RxDO11.10.
Data were normalized to the ligation frequency between Ea and a neigh-
boring Hindlll fragment (Fig. S2 and Table S1). Hindlll digestion efficiency
and the relative interactions between Ea and the control fragment in DP
thymocytes and T lymphocytes are shown in Fig. S2. The results represent the
mean + SEM of duplicate qPCR from three independent experiments. Two-
tailed Student’s t tests were used to determine the statistical significance
between the values of the qPCRs obtained after ligation of Hindlll fragments
from DP thymocytes vs. T lymphocytes (**P < 0.005).
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chromatin (28), was similarly suppressed at Ja61, Ja58, and Jad7
in off T lymphocytes compared with DP thymocytes (Fig. 4C).
Gain of H3K4mel and H3K4me3 at Ea has also been correlated
with enhancer activity in the transition from DN3 to DP thy-
mocytes (29). Because our qChIP experiments did not reveal
any apparent change in H3K4mel and H3K4me3 marks at Ea
in DP thymocytes compared with T lymphocytes, we evaluated
a public database that compares the presence of H3K4mel and
H3K4me3 by ChIP-sequencing in DP thymocytes and T lym-
phocytes from WT mice using the UCSC Genome Browser (30,
31). Evaluation of these data revealed that H3K4mel and
H3K4me3 marks are clearly inhibited in the Ea 3’ flanking re-
gion in T lymphocytes compared with DP thymocytes (Fig. S3).
This difference may not have been detected in our qChIP
analysis because we assayed a 500-bp region that includes the
nucleosome depleted Tal-Ta4 region and its 5' flank (Fig. S3).
We also used EaKI Rxftg and EaKI ftg mice to analyze Eai and
VB gene segment chromatin structure on EaKI alleles (Fig. 4
D-F and Fig. S4). The H3K4me3 and H3K27ac marks were
reduced at both the VB13p and Eai in peripheral T lymphocytes
compared with DP thymocytes (Fig. 4 E and F). Similar results
were obtained for H3ac and H3K4me2 at VP13 and Eai, and
for H3K4me3 at Vp12 (Fig. S4). All of these histone marks are
Eai-dependent, because they were not detected on WT Tcrb
alleles (Rxf3tg DP thymocytes and ptg off T lymphocytes, Fig. S4).
Taken together, these chromatin analyses strongly support the
notion that Ea function is inhibited in mature of T cells.

Transcription of Rearranged Tcra Genes Is Not Sensitive to Ea
Inactivation. Because Ea appears to be inactivated by the SP
stage, our data imply that transcription of rearranged Tcra genes
must become Ea independent. To evaluate whether inactivation
of Ea impacts the expression of the rearranged 7cra locus we
compared the abundance of Tcra-Ca transcripts from the
unrearranged Tcra locus in sorted preselected DP thymocytes of
RxBtg mice with that of the rearranged Tcra locus in sorted
postselected DP thymocytes and peripheral T lymphocytes of ptg
mice (Fig. 2C). Transcription of heterogeneously rearranged
Tcra alleles in postselection DP thymocytes was substantially
higher than from unrearranged alleles in preselection DP thy-
mocytes and high-level transcription was maintained in periph-
eral T cells. Therefore, transcription of the rearranged Tcra locus
is not down-regulated in of T cells, despite Ea inactivation,
suggesting that transcription of the rearranged alleles becomes
Ea-independent.

Ea Cannot Be Reactivated by Stimulation Through the TCR or T Helper
Differentiation. Because Ex can be activated in vivo by pre-TCR
signaling in thymocytes and in vitro by stimulation of thymocyte-
derived cell lines (7), we asked whether Ea could similarly be
activated by TCR signaling in mature T lymphocytes (Fig. 5
A-F). We incubated T lymphocytes from RxDO11.10 mice for
24 h in the presence of plate-bound anti-CD3e and anti-CD28.
This activation was effective based on strong down-regulation of
TCRp and up-regulation of CD25 and CD69 (Fig. S54). How-
ever, TRAV17, TRAV21, and Ja58 transcripts were suppressed
rather than induced by this activation (Fig. 54). Analysis of V13
transcription in stimulated EaKI ptg T lymphocytes also demon-
strated suppression rather than induction of transcription (Fig. 5B).
Furthermore, in vitro treatment of T lymphocytes with PMA plus
ionomycin, which mimics pre-TCR/TCR signaling and can po-
tently induce Ea-dependent Ja transcription in Scid-adh and
Jurkat cells (7), also failed to activate (but rather inhibited) V13
transcription in T lymphocytes (Fig. 5C).

We also activated T lymphocytes in vivo by immunizing
RxDO11.10 mice with 200 pg of OVA peptide 323-339 (Ova
323-339) in CFA. Such activation was effective as judged by
CD69 induction 24 or 48 h later (Fig. S5B). However, as was
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Fig. 4. Comparative histone H3 modification analyses in DP thymocytes and
off T lymphocytes. Analysis of Tcra Ja and Ea histone H3K4me1 (A), H3K4me3
(B), and H3K27ac (C) modifications in DP thymocytes and T lymphocytes
from RxDO11.10 mice by qChIP. Analysis of VB13p and Eai histone H3K4me1
(D), H3K4me3 (E), and H3K27ac (F) modifications in DP thymocytes from
EaKI RxBtg mice and T lymphocytes from EaKl ptg by qChlp. MageA2, neg-
ative control (49). Data represent the mean + SEM of duplicate qPCR analysis
of three independent experiments. Two-tailed Student’s t test were used to
determine the statistical significance between the values of the qChIPs from
DP thymocytes vs. T lymphocytes (**P < 0.005 and ***P < 0.0005).

observed in vitro, TRAV17, Ja61, and JaS8 transcription was
further suppressed rather than induced in vivo (Fig. 5 D-F).
Moreover, this suppression was even apparent in sorted CD69*
T lymphocytes (Fig. 5 D-F).

To evaluate whether the combinations of TFs present natu-
rally during T helper (Th) differentiation could rescue Ea ac-
tivity, we differentiated RxDO11.10 T cells in vitro to Th pop-
ulations. As expected, differentiated Thl cells expressed high
levels of Tbhet, Th2 expressed elevated Gata3 transcripts and
protein, and Th17 cells specifically expressed Rorgt (Fig. S6 A
and B) (32). Nevertheless, Ja61 and Ja58 transcription remained
low in all Th populations (Fig. 5G), and Ea-flanking H3K4mel
and H3K4me3 marks were low in Th2 cells (Fig. S3). These data
indicate that Ea remains inactive in the face of a broad range of
peripheral T-cell activation and differentiation cues.

E2A Binding to the Ex Enhanceosome Is Reduced in aff T Lymphocytes.
To evaluate the molecular mechanism for Ea inactivation in off
T lymphocytes, we analyzed the binding of CTCF and constitutive
TFs to Ea and Eai in DP thymocytes and off T lymphocytes by

E1748 | www.pnas.org/cgi/doi/10.1073/pnas.1406551112

qChIP (Fig. 64). Analysis of RxDO11.10 mice revealed no loss
of CTCEF binding to Ea and TEAp in T lymphocytes (Fig. 6B and
Fig. S74). DP thymocytes from EaKI Rxf3tg and off T cells from
EaKI ptg mice were then used to analyze constitutive TF binding
to Ea (Fig. 6B) and to Eai (Fig. 6C). We found no differences in
CREB, Ets-1, Fli-1, and GATA-3 binding in DP thymocytes and
ap T lymphocytes in any of the genomic contexts analyzed for
both Ea and Eai. However, we found dramatic reductions in the
binding of E2A TFs E12 and E47 at sites positioned 5’ Tal and
in Ta3-Tod (21). Reduced binding of E2A in T lymphocytes is
consistent with reduced expression of Tcfe2a (encoding E2A
TFs) and increased expression of Id2 in T lymphocytes compared
with that in DP thymocytes (Fig. S8) (33) (www.immgen.org).
Notably, HEB bound equivalently in both cell types to Ta4 in the
context of Eai (Fig. 6C) but bound better in DP thymocytes than
in T lymphocytes to To4 in the context of Ea (Fig. 6B). Selective
loss of HEB from Ea but not from Eai must reflect the distinct
genomic contexts of the two enhancers.

One potential caveat to our conclusion that E2A and HEB are
lost from Ea in mature T lymphocytes is that we compared Ea
occupancy in DP thymocytes from mice with an unrearranged
Tcra locus to T lymphocytes from mice with a rearranged 7cra
locus (Fig. 64). To ensure that Ea occupancy is not influence by
locus rearrangement, we compared Ea TF binding in DP thy-
mocytes from RxBtg mice (unrearranged Tcra locus) to DP
thymocytes from Ptg mice (rearranged Tcra locus) (Fig. S7B).
The binding of E2A, HEB, and other TFs was indistinguishable
in the two DP populations, indicating that the loss of E2A and
HEB binding detected in T lymphocytes was not dependent on
rearrangement status. Our results suggest that reduced binding
of E2A and HEB correlates with enhancer inactivation in mature
ap T lymphocytes.

E2A Activates Specific Ea-Dependent Promoters. To assess whether
restoration of E2A would be sufficient to recover Ea function,
we forced its expression in off T lymphocytes by retroviral
transduction (Fig. 7). We transduced T lymphocytes from
RxDO11.10 mice with MigR vectors directing the expression of
human rE47 (hE47), sorted GFP-negative, GFP-low, and GFP-
high cells, and confirmed that GFP-high cells expressed hE47
transcripts and displayed elevated binding of E47 to Ea (Fig. S9
A and B). Forced expression of hE47 induced TRAV17 tran-
scripts in a dose-dependent manner, but did not induce Ja61 or
Ja58 transcripts (Fig. 74) and did not induce Tcra-Co transcripts
in either RxDO11.10 or ptg mice (Fig. S9 C and D). Failure
to induce Ja6l or JaS58 transcripts could not be overcome
by stimulation of MigR-hE47-transduced T lymphocytes with
PMA + ionomycin (Fig. SOF). Thus, neither hE47 alone or in
combination with inducible TFs can activate Ea-dependent Ja
transcription in T lymphocytes. Consistently with these results,
induction of Tcfe2a transcription in Th2 and Th17 populations
that have similar levels of Tcfe2a to those present in preselected
DP thymocytes did not activate Ja61 and JaS8 transcripts (Fig.
S6C). Forced expression of hE47 also modestly enhanced V(13
expression but had no effect on V11 gene expression in EaKI
ptg T lymphocytes (Fig. 7B). Because the effects of hE47 over-
expression were generally modest and promoter-specific and were
not observed on total Tcra-Ca transcripts, they are more likely to
reflect the activities of this TF at the individual promoters rather
than at Ex. We conclude that E2A down-regulation may con-
tribute to Eo inactivation after the DP stage, but that Ea in-
activation must be enforced by additional mechanisms as well.

Discussion

Although Ea is accepted to be important for transcription of
rearranged Tcra genes in mature aff T lymphocytes, previous
experiments using artificial transgenic reporter constructs sug-
gested that the activity of a 10.5-kb 7cra LCR fragment containing
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Ea was partially inhibited in peripheral aff T lymphocytes com-  to coordinate the formation of a chromatin hub to drive primary
pared with thymocytes (22). This observation, together with our  rearrangements in DP thymocytes.

previous data establishing the changing composition and func- Our demonstration of Ea inactivation in peripheral T lym-
tionality of Ea as thymocytes transit from the DN to the DP stage ~ Phocytes is in general agreement with a previous study using
across the p-selection checkpoint (7), prompted us to address 2 human CD2 (hCD2) reporter gene driven by the Tcra LCR
enhancer function at late stages of af T-cell maturation. Here we (22). However, that study found the LCR to be active in SP
found that Ea function is dramatically impaired in SP thymocytes ~ thymocytes and down-regulated thereafter; in contrast, our data
and off T lymphocytes, and we precisely map this effect to the 551-bp revealed that Eo s dgwp-regu lated m SP thymocytes, suggesting
fragment of Eo present on E«KI alleles. Although Ea can be acti- that down-regulation is linked to positive selection. Moreover, the

5 . - . . extent of enhancer down-regulation in T lymphocytes detected in
vated by the binding of inducible TFs in response to pre-TCR signals study was much more substantial than that documented using

associated with p-selection during thymocyte development, the dif- . 7/, L CR-hCD2 reporter. We believe that the differences
ferent combinations of TFs that are present during TCR-mediated  petween the two studies are a consequence of the artificial nature
activation or Th differentiation could not rescue its activity. En-  of the hCD2 transgenic reporter system. In support of this notion,
hancer inactivation was associated with reduced binding of E2A;  the Tera LCR-hCD?2 reporter was highly expressed in B cells,
however, enforced expression of this TF, although able to activate  whereas a Tcra LCR-human B-globin reporter was not (22). More
transcription from specific Ea-dependent promoters, could not in-  recent studies revealed variable expression of the same Tcra
duce enhancer function. We propose that the major Ea function is LCR-hCD2 construct in B cells differentiated from transfected
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Fig. 5. Ea and Eai are not activated by TCR-mediated cell stimulation and Th differentiation in T lymphocytes. (A) Analysis of TRAV17, TRAV21, and Ja58
germ-line transcripts in sorted DP thymocytes and unstimulated and stimulated T lymphocytes from RxDO11.10 mice by RT-gPCR. (B) Analysis of V13
transcription in EaKI RxBtg thymocytes and unstimulated and stimulated EaKI tg T lymphocytes by RT-qPCR. (C) Analysis of VB13 transcription in EaKI RxBtg
DP thymocytes, EaKl ptg T lymphocytes, and EaKl tgp T lymphocytes left in complete medium (unstimulated) or incubated with PMA and ionomycin (PMA +
lonomycin) by RT-qPCR. Analysis of TRAV17 (D), Ja61 (E), and Ja58 (F) transcripts present in unstimulated and in vivo stimulated RxDO11.10 T lymphocytes by
RT-gPCR. Indicated transcripts were compared in T lymphocytes from noninjected mice (control), CFA-injected mice (CFA), or Ova 323-339 + CFA-injected mice
(Ova + CFA). Indicated transcripts were compared in sorted CD69~ and CD69™ T populations from Ova 323-339 + CFA-immunized mice. (G) Analysis of Gata3,
Tcfe2a, Jab1, and Ja58 transcripts in sorted DP thymocytes, T lymphocytes, and ThO, Th1, Th2, and Th17 populations from RxDO11.10 mice by RT-gPCR. The
results were normalized to those for Actb and represent the mean + SEM of duplicate RT-gPCR from three independent experiments. Two-tailed Student’s t
tests were used to determine the statistical significance between the values of the RT-qPCRs from DP thymocytes vs. T lymphocytes (A-C), from unstimulated
vs. stimulated T lymphocytes (A-F), and from T lymphocytes vs. DP thymocytes or Th populations (G) (*P < 0.05, **P < 0.005, and ***P < 0.0005).

del Blanco et al. PNAS | Published online March 23, 2015 | E1749

wv
=2
=
a
w
<
=
o

IMMUNOLOGY AND

INFLAMMATION



L T

z

1\

BN AS PN AN D

A w Wi
= = =
< g <2 9
Iro) = —_ @ =TT <
¥ 3 Smof tSSe &
-— =3
(@] w Luc%wo ”_an:n:u.l(D

HEB
CTCF

-00—000-00-0°00-Occt-200— 00— (O—

Tal To2 Ta3
= -
3 004 3 oo =
£ = £ 2
= 003 = 0015 £
=} k=]
c c ‘E
3 ooz 3 o0o10 5
2 8 3
t 0.01 ﬂ 0.005 =
= . o )
O 000 O 0000 i
0O » 0P o > OB
o o o o
O G %
NN i
Q. % %,
e oy %, b,
L L)
3 o020
a 0 ~ 0015 -
£ i 2 a
5 015 £ £
° = o010 =
2 o010 2 g
o =
 o0s 8 o005 2
< ~ *% ~
= = = o
< 000 W 0,000 =
(V] o B OB o >0
o o o o
Do, %, %o, %x
%, %,
%, %, %, %,
S S
C 5 0020 s 003y
E— =%
£ o015 T £
= 5 om
S o010 g
Q o
o a oo
o 000 =
w &
X 0000 & 000
O . >
o
H
2omw
% 0.08
.§ 0.06
o 004
< 002
&
0.00
o o > 0
o
Oy %
N
%

Fig. 6.

Ta4
0.05 5 003
0.04 T g
0.03 ; 0.02
(=
0.02 ( § 001
001 =
0.00 - iC o000
QO Pp O P 0O » 0>
o o o o
o % Qo W
o 7% % 4
. Y,
Y, b, %,
£ L
0.015 = 0025
3
£ o020
0019 5 0015
3 oot
0.005 G 2
. @ 0005 b
w
0.000 I 0000
o » 0> 9 >0 B
o o o o
Oy %W O %
% 7y %, 7y
Y, % P,
B B
& b & Y
= 003
3 _
T £
= 002
g}
c
=
8 o
i o000
>0 >
o o
O %
Gy
D
%,
B by
L)

HEB bound /input

E2A is not present at the Ea enhanceosome assembled in aff T lymphocytes. (A) Diagram depicts the location of the Ta1-Ta4 regions as well as the described TF

binding sites. (B and C) For CTCF q ChlIPs, chromatin was prepared from sorted DP and T lymphocytes from RxDO11.10 mice. For all other TF ChIPs, DP thymocyte
chromatin was prepared from EaKI RxBtg thymocytes and T lymphocyte chromatin was prepared from EaKI ptg T lymphocytes. Immunoprecipitation was performed
with the indicated control (c) or specific Abs (Ab). DNA purified from the input and Ab-bound fractions was used as a template for qPCR to evaluate the presence of Ex
(B) and Eai (C). Data represent the mean + SEM of duplicate gPCR from three independent experiments. Two-tailed Student's t tests were used to determine the
statistical significance between the values of the qChIPs from DP thymocytes vs. T lymphocytes (*P < 0.05, **P < 0.005, and ***P < 0.0005).

ES cells (34). Hence, features of the hCD2 reporter dictate the
developmental profile of 7cra LCR-hCD?2 activity.

Our previous studies of Ea occupancy indicated that three
different enhanceosomes are assembled in DN3, DN4/early DP
thymocytes, and small DP thymocytes (7). In DN3 thymocytes,

E1750 | www.pnas.org/cgi/doi/10.1073/pnas.1406551112

the constitutive TFs CREB, Ets-1, GATA-3, Fli-1, and E2A are
bound to Ea as demonstrated by ChIP assays (7, 31, 33). In
addition, because an intact TCF/LEF binding site is essential for
the assembly of the Tal-Ta2 enhanceosome (6, 20), TCF-1/LEF-1
and Runx-1 must be bound as well. Thus, we assume that the
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entire set of TFs that constitute the Tal-Ta4 enhanceosome are
bound in DN3 thymocytes. In fact, Ea is as sensitive to DNase I
digestion in DN3 thymocytes as it is in DP thymocytes, even
though it is inactive in the former and active in the latter (6, 18,
35). In DN4/early DP thymocytes, previous ChIP experiments
demonstrated that pre-TCR-inducible TFs as well as increased
Ets-1 and p300 are recruited to Ea (7). These events are thought
to be critical for enhancer activation and the induction of germ-
line transcription and primary Va-to-Jo rearrangements. Small DP
thymocytes display stable binding of CREB, Fli-1, HEB, Runxl,
and TCF-1, and strongly increased binding of Ets-1, E2A, and
GATA-3 (7, 31, 36-38). Finally, the newly described inactive
Ea enhanceosome assembled in aff T lymphocytes is defined by
continued binding of CREB, Fli-1, HEB, Ets-1, GATA-3, and
TCF-1 as demonstrated by ChIP experiments (39). We presume
Runx-1 remains bound as well, because the recruitment of Ets-1
to Tal-Ta2 depends on its cooperative binding with Runx-1
(20, 40). However, there is diminished binding of E2A. Based
on our studies, we can now define four different enhanceo-
somes during of T-cell development, two active and two in-
active. Both inactive enhanceosomes display little binding
of E2A.

Notably, in contrast to its role in peripheral af T cells, Ea is
active and critical for Tcrd gene expression in peripheral y8
T lymphocytes (5). Hence, a different Ex enhanceosome must be
assembled in peripheral y§ compared with those in aff T lympho-
cytes. Although the structure of this enhanceosome is unknown, it
should be noted that there are distinct subsets of y5 T lymphocytes
that differentially express Id proteins (41), suggesting that there
may be multiple y8-specific Ex enhanceosomes.

Prior work had established that some Tcra locus promoters,
notably TEAp and proximal V gene segment promoters like
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Fig. 7.

TRAV17 and TRAV21, are Ea-dependent in DP thymocytes,
although the promoters of more distal V gene segments display
activities that are Ea-independent (42). However, all such con-
clusions were drawn by analysis of the Tcra locus in the germ-line
configuration. Our current data indicate that the activities of the
Ea-dependent germ-line promoters are substantially diminished
no later than the SP stage, but that the transcription of hetero-
geneously rearranged Tcra alleles remains strong in peripheral
T cells. Presumably, the same V promoters that are Ea-dependent
in unrearranged configuration must become Ea-independent
following rearrangement. The molecular basis for this transition
is not known. One possibility is that the rearranged locus adopts
a different conformation or chromatin configuration, perhaps
due to the deletion of intergenic sequences, that might facilitate
the intrinsic activities of rearranged Vo promoters or that might
unmask a novel enhancer activity in the locus. Any novel en-
hancer activity would have to be located upstream of the first V
gene segment, TRAV1, or downstream of the last functional Ja
segment, Ja2, to ensure its retention in the rearranged locus. A
second possibility is that expression of the TCR-CD3 complex in
resting cells might transduce tonic signals that can promote
Ea-independent activation of the rearranged Va promoters, ac-
tivation of a novel enhancer, or both. With this in mind, it is notable
that basal LAT-dyacylglycerol-RasGRP1 signals are necessary to
maintain normal transcription of the rearranged Tcra locus and
surface TCR-CD3 expression in Jurkat cells and naive primary
T cells (43). Moreover, rearranged Tcra transcription is respon-
sive to treatments with phorbol esters and calcium ionophores
(44-46). Locus reconfiguration and TCR-dependent signals
are not necessarily mutually exclusive possibilities and could even
operate synergistically to promote the transcription of rearranged
Tcra genes. Additional work will clearly be required to decipher
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T lymphocytes from RxDO11.10 mice induces TRAV17 transcription but not Ja61 and Ja58 transcription. (B) Forced expression of hE47 by retroviral transduction
of T lymphocytes from EaKI ftg mice induces VB13 but not V11 gene segment transcription. GFP~, GFP-low, and GFP-high-transduced populations with MigR
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represent the mean + SEM of duplicate RT-gPCR from three independent experiments. Two-tailed Student'’s t tests were used to determine the statistical
significance between the RT-qPCR values from MigR- and MigR-hE47-transduced T lymphocytes by comparing MigR-control GFP™ cells with MigR-hE47 GFP~
cells, MigR-control GFP-low cells with MigR-hE47 GFP-low cells, and MigR-control GFP-high cells with MigR-hE47 GFP-high cells (*P < 0.05 and ***P < 0.0005).
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the molecular mechanisms responsible for rearranged Tcra gene
expression in T cells.

Materials and Methods

Mouse Strains. Rag2~'~, RxBtg, DO11.10 and 5C.C7 were described (23-25, 47)
and obtained from Taconic Farms. EaKl RxBtg, ftg, and EaKl ptg mice were
described (26). Animals were maintained in pathogen-free conditions within
the Animal Houses at the Instituto de Parasitologia y Biomedicina “Lopez-
Neyra” - Consejo Superior de Investigaciones Cientificas (CSIC) and at Duke
University. Five- to 10-wk-old mice were used in all experiments. Animal use
adhered to CSIC and Duke University Bioethical Guidelines.

Cell Isolation and Sorting. For thymocyte cell sorting, total thymocytes were
stained with fluorochrome-conjugated CD4 and CD8 Abs (BD Pharmingen).
Samples were sorted using a FACSaria Ill (BD). Sorted thymocyte populations
were 99% pure based on flow cytometry reanalysis. For T lymphocyte
preparations, cell suspensions from LN and spleens were passed consecutively
through two sterilized nylon wool columns or sorted using a FITC-conjugated
TCRB Ab (clone H57-597 from BD Pharmingen) using a FACSaria Ill (BD).
Nylon wool-enriched T lymphocyte suspensions were around 85-90% pure
and sorted T cells were 99% pure based on flow cytometry reanalysis. No y8
T lymphocytes were detected in the T lymphocyte preparations from
RxDO11.10, ptg, and EaKl ptg mice based on flow cytometry analysis with
a PE-conjugated y& Ab (Miltenyi Biotec).

TCR-Mediated T Lymphocyte Stimulation. For in vitro TCR-mediated cell
stimulation, 1-1.5 x 10° T lymphocytes were suspended in RPMI medium
1640 supplemented with 10% (vol/vol) FCS, 50 pM 2-mercaptoethanol, and
20 ng/mL murine IL-2 (Peprotech) and stimulated with 1 pg/mL and 2 pg/mL
of plate-bound CD3e (145-2C11) and CD28 (37.51) Abs, respectively, in
24-well plates for 24 or 48 h at 37 °C with 5% CO,. Alternatively, 1-1.5 x 10°
T lymphocytes were stimulated with 20 ng/mL of PMA and 0.5 pg/mL of
ionomycin 24-well plates for 48 h at 37 °C with 5% CO,. For in vivo TCR-
mediated cell stimulation, RxDO11.10 mice were s.c. injected with 200 pg
of OVA peptide 323-339 (Ova 323-339) emulsified in CFA in a volume of
100 pL distributed between three sites on the back at the tail base. Mice
were killed 24 or 48 h after immunization, and T lymphocytes were obtained
as described above.

In Vitro Differentiation of ThO, Th1, Th2, and Th17 T Cells. RxDO11.10 T lym-
phocytes were differentiated in vitro to Th0, Th1, Th2, and Th17 as described
with minor modifications (48). In brief, 1 x 10® RxDO11.10 T cells were cul-
tured in 1 mL of RPMI medium 1640 supplemented with 10% (vol/vol) FCS,
50 uM 2-mercaptoethanol in 24-well plates with plate-coated anti-CD3¢ at
2 pg/mL in the presence of soluble anti-CD28 antibody at 1 ug/mL. For ThO
differentiation, cells were incubated in the presence of 20 ng/mL of IL-2; for
Th1 differentiation, cells were incubated in the presence of 20 ng/mL of IL-2,
20 ng/mL of IL-12 (Peprotech), and 10 pg/mL of anti-IL-4 antibody (Biolegend);
for Th2 differentiation, cells were incubated in the presence of 20 ng/mL
IL-2, 100 ng/mL IL-4, and 10 pg/mL anti-IFNy and 10 pg/mL anti-IL-12 (Bio-
legend); for Th17 differentiation, cells were incubated in the presence of
1 ng/mL of TGFB and 100 ng/mL of IL-6 (Peprotech), and 10 pg/mL of anti-
IFNy and 10 pg/mL of anti-IL-12 (Biolegend). After 3 d, cells were transferred
to new wells in the same medium and cultured for three more days.

RT-qPCR. Total RNA was isolated from cells using peqGOLD TriFast (Peglab)
using the manufacturer’s protocol. The RNA was digested with 10 U of
DNase | using the DNase | Treatment and Removal kit (Ambion) as recom-
mended by the manufacturer. After DNase | inactivation, 200 U of Super-
Script Il Reverse Transcriptase (Invitrogen) and 300 ng of hexaprimers, in the
presence of 60 U of the ribonuclease inhibitor RNAseOUT (Invitrogen), were
used to synthesize cDNA from 2 to 5 pg of total RNA for 1 h at 50 °C, and
resuspended in 100 pL of water. For qPCR, templates equivalent to 100-400
ng of RNA were assessed using iTaq Universal Sybr Green Supermix (Bio-Rad)
in a Bio-Rad CFX96 thermocycler (Bio-Rad) or Kapa Sybr Fast (Kapa) in a
Roche LightCycler 1.5 thermocycler (Roche). The following PCR programs
were used: 95 °C for 5 min, followed by 46 cycles of 95 °C for 30's, 59.5 °C (for
proximal Vo, TEA exon, Ja, Tcfe2a, and Gata3 transcripts) or 59 °C (for VB
transcripts) for 30 s, and 72 °C for 45 s. All PCR reactions were run in du-
plicate. The sequence primers used are listed in Table S1. The efficiency of
the used primers was tested on genomic DNA (for Va and V transcripts) or
cDNA templates (for Ja and Actb transcripts). Expression levels were nor-
malized to levels of Actb in each sample.
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3C. 3C experiments were performed as described with minor modifications
(12). Briefly, 3 x 10° cells per mL were fixed in RPMI 1640 with 10% (vol/vol)
FCS, 1.5% (vol/vol) formaldehyde for 10 min at 26 °C in a water bath, and
fixation was stopped with glycine (0.125 M) in ice. Cells were washed twice
in cold Hank’s buffered salt solution. In total, 107 sorted DP thymocytes or
T lymphocytes from RxDO11.10 mice were lysed in 5 mL of 10 mM Tris pH 8.0,
10 mM NacCl, 5 mM MgCl,, 0.2% (vol/vol) Nonidet P-40, 1x complete protease
inhibitor (Roche), and 1 mM PMSF for 30 min on ice to obtain the cellular
nuclei. The nuclei were pelleted and resuspended in 0.5 mL 1.2x digestion
buffer (NEB2, New England Biolabs) and permeabilized with 0.5% (wt/vol)
SDS for 1 h at 37 °C, shaking at 900 rpm. After adding 3.3% (vol/vol) Triton
X-100, nuclei were incubated for an additional 1 h at 37 °C, shaking at 900
rpm. Five microliters of each sample were reserved for further analysis of
the digestion efficiency (undigested sample). Then, 500 U of Hindlll (New
England Biolabs) were added to each sample and incubated at 37 °C overnight,
shaking at 900 rpm. Five hundred units of Hindlll were added again to each
sample, and the samples were incubated at 37 °C for 6 h, shaking at 900 rpm.
Five microliters of each sample was reserved for further analysis of the di-
gestion efficiency (digested sample). The restriction enzyme was inactivated
by the addition of 1.5% (wt/vol) SDS and incubation at 65 °C for 30 min,
shaking at 900 rpm. The reactions were diluted by adding 7 mL of 1.15x T4
ligase buffer (New England Biolabs) and 1% (vol/vol) Triton X-100, and were
incubated for 1 h at 37 °C, mixing by vortexing every 10 min. Five hundred
units T4 ligase (New England Biolabs) was added and incubated overnight at
16 °C. Three hundred micrograms of DNase-free proteinase K was added per
sample and incubated overnight at 65 °C. Three hundred micrograms of
RNase A were added per sample and incubated for 1 h at 37 °C. DNA was
isolated by phenol/chloroform extraction, two chloroform extractions, and
ethanol precipitation. The DNA pellet was resuspended in 150 pL of water,
and the digestion efficiency was determined by qPCR on both undigested
and digested purified DNA samples. The restriction efficiency was calculated
as described in Fig. S2. The DNA sample concentration was compared with
that of a reference sample of genomic DNA of known concentration using
the Ea primers listed in Table S1. The efficiency and linearity of 3C primers
(Table S1) were tested on templates obtained by Hindlll digestion and li-
gation of genomic PCR products. To quantify each interaction, 3C samples
were compared with serial dilutions of the control templates to obtain the
crosslinking frequency between Ea and each fragment. Data were normal-
ized to the crosslinking frequency between Ea and the control fragment to
calculate the relative crosslinking frequencies. The following PCR program
was used: 95 °C for 5 min, followed by 46 cycles of 95 °C for 30 s, 61 °C for
30 s, and 72 °C 45 s using iTaq Universal Sybr Green Supermix (Bio-Rad)
in a Bio-Rad CFX96 thermocycler (Bio-Rad). All PCR reactions were run in
duplicate.

qChIP. To perform qChlIP experiments to analyze histone modifications, either
mononucleosomes were prepared and immunoprecipitated as described
(26), or genomic DNA from 5 x 10° cells was fragmented by sonication and
immunoprecipitated as described (7). Mononucleosomes were immunopre-
cipitated with 5 pg each of H3K4me3 (04-745), H3K4me2 (07-030), or H3ac
(06-599) Abs (Millipore), or control rabbit IgG (ab-105-c) Abs (R&D Systems)
(Fig. S4), and sonicated chromatin fragments were immunoprecipitated with
5 pg each of H3K27ac (ab4729), H3K4me3 (ab8580), or H3K4me1 (ab8895)
Abs (Abcam), or control rabbit IgG (ab46540) Abs (Abcam) (Figs. 4 and 6).
qChlIP experiments to analyze TF binding, except for those for GATA-3, were
performed as reported (7). For these experiments, sonicated chromatin
fragments from 5 x 10° cells were immunoprecipitated with 5 uL of CTCF
rabbit antiserum (07-729, Millipore), 10 pg each of HEB (sc-357), E12 (sc-762),
E47 (sc-763), Fli-1 (sc-356), CREB-1 (sc-186), Est-1 (sc-350) Abs (Santa Cruz
Biotechnology), or rabbit IgG control Ab (ab46540) (Abcam) and protein A
agarose beads (16-156, Millipore). For GATA-3 immunoprecipitations from
sonicated chromatin fragments from 5 x 106 cells, 2.5 ug of specific (sc-268;
Santa Cruz Biotechnology) or control mouse IgG; (M9035 clone MOPC31)
Abs (Sigma-Aldrich) and 25 uL of anti-mouse secondary antibody-coupled
magnetic beads (Dynabeads) were used as reported (36). Immunoprecipi-
tated DNA was resuspended in 50 pL of water. For quantification of
immunoprecipitated DNA by gPCR, 5 pL of Ab-bound DNA or 5 pL of input
DNA resuspended in 250 pL of water were amplified in a LightCycler
2.0 thermocycler or Bio-Rad CFX96 thermocycler using the primers listed in
Table S1. The efficiency of the primers was tested on genomic DNA. Analysis
of MageA2 and Oct2 were used as negative controls (7, 21, 49). H3Ac,
H3K4me2, and H3K4me3 levels were normalized to those of the Actb pro-
moter in each sample. The following PCR programs were used: 95 °C for
5 min, followed by 46 cycles of 95 °C for 30 s, 59.5 °C for 30 s, and 72 °C for
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45 s (Biorad CFX96 thermocycler) or 95 °C for 3 min, followed by 55 cycles of
95 °C for 10's, 59.5 °C for 20 s, and 72 °C for 1 s (LightCycler 2.0).

Retroviral Transduction of T Lymphocytes. The mouse stem cell virus-based
bicistronic retroviral MigR-IRES-GFP (MigR) and the MigR-hE47 vectors were
generous gifts from J. Aster, Harvard University, Cambridge, MA, and B. Kee,
Chicago University, Chicago, respectively. Retroviral transduction of T lym-
phocytes was performed as reported (50) with minor modifications. For ret-
rovirus production, 0.4-0.8 x 10° 293T cells per well in six-well plates were
transiently cotransfected with 4 pg of pCAG-ECO MLV envelope plasmid
(35817 from Addgene), 4 pg of MigR1-hE47, and 1.6 pg of gag-pol plasmid
using the LipoD293 DNA In Vitro Transfection Reagent (Signagen Labora-
tories). Two to 3 d after transfection, virus supernatants were collected. To
transduce T lymphocytes, T cells were stimulated in vitro for 48 h as de-
scribed above in the presence of 20 ng/mL of murine IL-2 to induce pro-
liferation. In total, 10° proliferating T lymphocytes were resuspended with
1 mL of virus supernatant containing 20 ng/mL of IL-2 and 8 pg/mL of poly-
brene and were then plated in a well of a 24-well plate. The plate was
centrifuged for 90 min at 2,000 x g at 32 °C with no brake. The infection
procedure was repeated the next day. Transduced T lymphocytes were cul-
tured in RPMI medium 1640 containing 10% (vol/vol) FCS and 20 ng/mL of
IL-2 for 6-7 d at 37 °C with 5% CO,. Cells were then collected and sorted
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based on GFP expression in GFP™—, GFP-low-, and GFP-high—expressing cells
using a FACSaria Il (BD).

Statistical Analysis. Statistical analysis was performed using Prism 5.0 software
(GraphPad). Two-tailed Student'’s t tests were used to compare the means
between the samples and their respective controls. The P values are repre-
sented in the figures by asterisks (*P < 0.05, **P < 0.005, and ***P < 0.0005).
The absence of an asterisk indicates that the change relative to control was
not statistically significant.
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