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Transcriptional Elongation*
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Background: The regulation of transcriptional elongation in vertebrates in vivo is poorly understood.
Results: The tissue-specific and developmentally regulated expression pattern of the Rhox5 homeobox gene in vivo is dictated,
at least in part, by transcriptional elongation.
Conclusion: Transcriptional elongation control is conferred by hormone signaling and epigenetic regulation.
Significance: The Rhox5 gene provides a model system to study tissue-specific and developmentally regulated gene expression
at the level of transcriptional elongation.

Genome-wide studies have revealed that genes commonly
have a high density of RNA polymerase II just downstream of the
transcription start site. This has raised the possibility that genes
are commonly regulated by transcriptional elongation, but
this remains largely untested in vivo, particularly in verte-
brates. Here, we show that the proximal promoter from the
Rhox5 homeobox gene recruits polymerase II and begins
elongating in all tissues and cell lines that we tested, but it
only completes elongation in a tissue-specific and develop-
mentally regulated manner. Relief of the elongation block is
associated with recruitment of the elongation factor P-TEFb,
the co-activator GRIP1, the chromatin remodeling factor
BRG1, and specific histone modifications. We provide evi-
dence that two mechanisms relieve the elongation block at
the proximal promoter: demethylation and recruitment of
androgen receptor. Together, our findings support a model in
which promoter proximal pausing helps confer tissue-spe-
cific and developmental gene expression through a mecha-
nism regulated by DNA demethylation-dependent nuclear
hormone receptor recruitment.

Tissue-specific gene expression has the potential to be con-
ferred by a multitude of different transcriptional and post-tran-
scriptional steps. A long held dogma is that tissue-specific gene
expression is primarily regulated at the level of transcriptional

initiation (1). In support of this, components of the general
transcriptional apparatus have been shown to confer function-
ally specialized transcription initiation complexes that mediate
the promoter selectivity required for tissue- and cell type-spe-
cific transcription (1). However, another potential regulatory
step is the one following transcriptional initiation—the pausing
of RNA polymerase II (pol II)6 immediately downstream of the
promoter (2, 3). It is typically necessary for additional activation
signals to be received by pol II to proceed to productive elon-
gation (2). This promoter-proximal pausing step was initially
thought to be surpassed by the vast majority of genes through
the recruitment of constitutive elongation-promoting factors.
Indeed, promoter-proximal pausing was thought to occur in
only a few specialized circumstances. For example, the c-myc
gene was shown to have pol II paused or arrested at the 5� end in
undifferentiated cells as a result of stable stem-loop structure
(1). Similarly, the Drosophila melanogaster heat shock gene,
hsp70, was shown to maintain an open chromatin conforma-
tion with a transcriptionally engaged but paused pol II, which is
rapidly released from the paused state and undergoes produc-
tive elongation in response to stress (2).

In recent years, accumulating evidence suggests that pro-
moter-proximal pausing is, in fact, a common regulatory event.
Genome-wide studies have indicated that �10 – 40% of genes
accumulate pol II near their promoter in several cell types,
including mammalian embryonic stem cells, Drosophila mela-
nogaster embryonic cells, and primary mammalian cells (3–7).
The high density of pol II near promoters does not necessarily
reflect pol II pausing. In some cases, pol II could be recruited
without initiating transcriptional initiation, or it could initiate
transcription but undergo incomplete processivity or even
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complete arrest (8). However, several lines of evidence, includ-
ing assays identifying promoter-proximal transcripts, have
strongly suggested that promoter-proximal pausing is indeed
widespread (4). The genes with paused pol II are enriched for
those that encode proteins involved in acute responses (e.g.
stress and damage responses) and proteins critical for develop-
ment, differentiation, and cell proliferation (3, 9 –12). The pre-
dominance of proximally paused pol II in both stress-respon-
sive pathways and development suggests that pausing may
serve not only as a mechanism to facilitate a burst of transcrip-
tional activity in response to specific environmental signals but
also as a mechanism for regulating the expression of genes dur-
ing development. Indeed, it has been shown that promoter-
proximal pausing is required in some circumstances for syn-
chronizing gene expression in tissues to allow for proper
development (13, 14). Poised pol II may also provide a permis-
sive state that renders genes competent to respond to extracel-
lular signals during development. Other proposed functions for
paused pol II include: integrating multiple regulatory signals,
providing a checkpoint for coupling transcription with RNA
processing, and establishing the basal expression of stimulus-
response pathway components (4, 15).

Considerable progress has been made in the identification of
factors that have roles in promoting promoter-proximal paus-
ing and release from this transcriptionally paused state. For
example, one set of factors that plays a role in hsp70 promoter
pausing is GAGA factors, which are known to prevent the asso-
ciation of repressive nucleosomes and histone H1 with DNA,
allowing access of transcription factors to the promoter (5).
Studies have revealed the existence of several other factors that
have important roles in regulating the stability of paused pol II.
Examples of such factors include the 5,6-dichloro-1-�-D-
ribofuranosylbenzimidazole sensitivity-inducing factor (also
known as SPT5-SPT4) and negative elongation factor, both of
which co-localize with stalled pol II in the uninduced hsp70
gene and other transcriptionally paused genes (4). Release from
pausing and subsequent productive elongation requires the
phosphorylation of the DRB sensitivity-inducing factor and
negative elongation factor by P-TEFb, resulting in the dissoci-
ation of negative elongation factor and conversion of DRB sen-
sitivity-inducing factor to a positive elongation factor (4).

Although a great deal has been learned about the molecular
mechanisms underlying transcriptional elongation, the cellular
contexts in which it is utilized remain poorly understood. Apart
from its role in rapid transcriptional responses and synchroniz-
ing the expression of genes during D. melanogaster develop-
ment (4), little is known about its regulatory roles in vivo, par-
ticularly in vertebrates. In this communication, we examine the
role of transcriptional elongation in controlling tissue-specific
and developmentally regulated gene expression. As a model
system, we used the reproductive homeobox-5 (Rhox5) gene,
the founding member of a large X-linked homeobox gene clus-
ter that is selectively expressed in male and female reproductive
organs (16 –20). Rhox5 encodes a transcription factor that is
selectively expressed in Sertoli cells and is necessary to promote
the survival and motility of the adjacent male germ cells (17).
Androgens and androgen receptor (Ar) dramatically induce
Rhox5 expression in the testis, which has raised the possibility

that Rhox5 encodes a transcription factor that mediates andro-
gen-dependent gene regulatory events in Sertoli cells (17, 19).
In support of this, several genes have been identified that are
regulated by Ar through the action of Rhox5 (21, 22).

Rhox5 has two alternative promoters that both exhibit tissue-
specific expression. Its proximal promoter (Pp) is expressed in
the testis and the epididymis, and its distal promoter is
expressed in the ovary and placenta (16, 23, 24). The Pp has been
of particular interest because it is highly androgen-dependent;
it is developmentally regulated during postnatal testes and epi-
didymis development, and it serves as a model for understand-
ing tissue-specific expression (16, 17, 19). We previously
obtained evidence that the proximal promoter’s tissue-specific
expression is dictated, in part, by Ar, GATA transcription fac-
tors, and DNA methylation (20, 25). However, the precise
mechanisms by which these factors influence Pp transcription
are not known. In this communication, we provide evidence
that both the tissue-specific and developmentally regulated
pattern of Pp expression is controlled, at least in part, at the level
of transcriptional elongation. We show that pol II is recruited to
the Pp in tissues and developmental stages that do not express
Rhox5 or full-length Pp transcripts. In these nonexpressing tis-
sues and stages, the Pp has the hallmarks of active chromatin,
and it generates abortive 5� transcripts. We provide evidence
that the elongation block that results in the generation of these
5� Pp transcripts is mediated, at least in part, by DNA methyla-
tion and that it is partially reversed by Ar signaling. Our discov-
ery that both DNA methylation and nuclear hormones control
Rhox5 transcriptional elongation significantly expands our
understanding of how transcriptional elongation is regulated
and provides potential insights into its physiological role.

EXPERIMENTAL PROCEDURES

Chemicals and Reagents—The antibodies for pol II (17-620),
phospho-CTD Ser-5 (04-1572-I), phospho-CTD Ser-2 (04-
1571-I), trimethyl-histone H3-Lys-4 (07-473), dimethyl-his-
tone H3-Lys-9 (07-441), trimethyl-histone H3-Lys-9 (05-1242),
BRG1 (MABE60), and GRIP1 (ABN27) were obtained from
Millipore Inc. (Billerica, MA). The antibodies for pTEFb
(H-169) and androgen receptor (C19) were obtained from
Santa Cruz Biotechnology.

Plasmids—We generated the Rhox5 plasmids for this study
from the Pem-250 plasmid, whose generation was described
previously (25). Pem-306 was generated by site-directed
mutagenesis of the CpG1 site in the Pp using the primer pair
MDA�3363/�3364. Likewise, Pem-307, -308, and -309 were
generated by site-directed mutagenesis of the CpG2, CpG3, and
CpG4 sites in Pp using the primer pairs MDA�3361/�3362,
MDA�3359/�3360, and MDA�3357/�3368, respectively.
The human Ar pcDNA 3.1 plasmid (G541) was kindly provided
by Zhengxin Wang (University of Texas M. D. Anderson Can-
cer Center, Houston, TX).

Cell Culture, Transfection, and Luciferase Assays—The HeLa
and 15P-1 cell line was maintained in Dulbecco’s modified
Eagle’s medium supplemented with 10% fetal bovine serum and
50 mg/ml of both penicillin and streptomycin. All cell culture
reagents were obtained from Invitrogen. 15P-1 cells were trans-
fected using Lipofectamine 2000 (Invitrogen) following the

Ar Control of DNA Methylation and Transcription Elongation

35088 JOURNAL OF BIOLOGICAL CHEMISTRY VOLUME 289 • NUMBER 51 • DECEMBER 19, 2014



manufacturer’s instructions. Cells were plated on 6-well culture
dishes and then co-transfected with 1 �g of Rhox5 plasmid and
250 ng of either the Ar expression plasmid or empty vector.
Total cellular extracts were prepared 48 h after transfection.
Luciferase activity was measured using a Promega Dual-Lucif-
erase� reporter system (Promega Corp., Madison, WI).

Animals—All mice experiments were performed in accor-
dance with National Institutes of Health guidelines for the care
and use of animals. Tissue samples from Tfm mice were kindly
provided by Dr. Peter O’Shaughnessy, Institute of Comparative
Medicine, University of Glasgow Veterinary School, Glasgow,
Scotland, UK.

RNA Isolation and Analysis—Total cellular RNA was isolated
as described previously (24, 26). Nuclear and cytoplasmic RNA
fractions were isolated as described previously (27). Northern blot
analysis was performed as described previously (28) using a Rhox5
cDNA and U6 small nuclear RNA probes, prepared as described
previously (24, 28, 29). Quantitative real time PCR (qPCR) analysis
was performed on cDNA prepared from 1 �g of total RNA using
the iScript RT kit (Bio-Rad) and SYBR Green (Bio-Rad) as
described (30, 31) with the primers A (MDA-2117), B (MDA-
2118), C (MDA-2119), and D (MDA-2020). mRNA levels were
normalized to ribosomal subunit L19 mRNA.

Chromatin Immunoprecipitation (ChIP)—ChIP assays were
carried out according to the manufacturer’s instructions
(Upstate Biotechnology, Billerica, MA). Briefly, mouse tissue
was excised out and rinsed in 1� PBS at room temperature.
Tissue was fixed by adding formaldehyde to a final concentra-
tion of 1% and incubated for 15 min at room temperature. The
reaction was stopped by adding glycine and further incubated at
37 °C for 5 min. Cells were then washed three times with cold
PBS containing 1 mM PMSF and 1% protease inhibitor mixture
(Sigma) and dounced seven times using pestle B. The cells were
then lysed with SDS lysis buffer for 10 min and dounced four
times using pestle B. The cells were then pelleted and resus-
pended in Nuclear Lysis buffer for 10 min; the resulting chro-
matin was sheared to an average length of 200 –500 nt by son-
ication, pre-cleared, and then incubated overnight at 4 °C with
a volume of antibody recommended by the manufacturer. Rab-
bit IgG was used as a negative control for each ChIP assay. Ten
percent of chromatin was saved as an input before adding anti-
bodies and diluted in elution buffer. The antibody-protein
complexes were bound to a salmon sperm DNA/protein A-aga-
rose slurry (Millipore, Inc.) and washed following the manufac-
turer’s instructions. Immune complexes were eluted with 1% SDS
and 0.1 M NaHCO3 and reverse cross-linked by incubating with
200 mM NaCl at 65 °C for 4 h. The samples were then incubated
with proteinase K for 1 h; phenol/chloroform extracted, ethanol-
precipitated, and resuspended in 30 �l of H2O. Three �l of this was
used as template for PCR amplification, which was performed with
200 �M dNTPs, 1.5 mM MgCl, 1� buffer (supplied), 0.2 �M each
primer, and 1 unit of AmpliTaq DNA polymerase (Roche Applied
Science). qPCR analysis was performed with 4 �l of input DNA
from above, SYBR Green (Bio-Rad), and the following primers: A
(MDA-2117), B (MDA-2118), C (MDA-2119), D (MDA-2020), E
(MDA-2178), F (MDA-2180), G (MDA-2296), H (MDA-210), and
I (MDA-123).

Genomic Bisulfite Sequencing and in Vitro Methylation—In
vitro methylation of plasmid DNA, as well as genomic DNA
isolation, bisulfite treatment followed by PCR amplification,
cloning, and sequencing were performed as described previ-
ously (32).

RESULTS

Role of Transcriptional Elongation in the Tissue-specific
Expression of the Rhox5 Homeobox Gene—To understand the
means by which the Pp is expressed in a tissue-specific manner,
we compared a tissue that expresses full-length Rhox5 tran-
scripts from this promoter (testes) with two that do not (semi-
nal vesicle (SV) and liver) (Fig. 1A) (16, 19). We chose SV and
liver as negative controls, as they represent male reproductive
and nonreproductive tract tissue, respectively. We first used
these three tissues to determine whether the tissue-specific
expression of Pp is dictated by pol II recruitment. We examined
pol II occupancy by ChIP and found that it was recruited to the
Pp in all three tissues (Fig. 1, B and C, left panel). This provided
evidence that pol II is recruited to the Pp in these tissues regard-
less of whether or not they express Rhox5. Of note, there was
less pol II recruited to the Rhox5 promoter in the liver than the
other two tissues, indicating that reduced initiation might play
a role in dictating the low levels of Rhox5 mRNA in this tissue
(Fig. 1C, left panel). To test whether Rhox5 expression is regu-
lated at the level of transcriptional elongation, we examined pol
II occupancy at the 3� end of the Rhox5 gene and found that pol
II was only detectable at this position in the testis but not in the
SV or liver (Fig. 1C, right panel). This suggests that pol II initi-
ates transcription but fails to progress to the elongation phase
in the SV and liver.

Transcriptional elongation involves at least two distinct
stages as follows: elongation phase I, which encompasses pro-
moter escape and promoter-proximal pausing, and elongation
phase II, which entails the productive elongation events neces-
sary to generate a full-length transcript (2). As one means to
determine which of these stages governs Rhox5 transcriptional
regulation, we examined the phosphorylation status of pol II, as
phosphorylation of the pol II large subunit CTD at Ser-5 and -2
is associated with phase I and II, respectively. ChIP with an
antibody specific for the Ser-5-phosphorylated form (Ser-5-pol
II) revealed that this initiating form of pol II occupied the Pp in
testis, SV, and liver (Fig. 1D, left panel). In contrast, the elon-
gating form, Ser-2-pol II, was at higher levels at the Pp in the
testis than in SV or liver (Fig. 1E, left panel). Indeed, we could
not detect either Ser-2- or Ser-5-pol II at the 3� end of the Rhox5
gene in either of these tissues (Fig. 1, D and E, right panels),
which was consistent with our ChIP data using the pan-pol II
antibody (Fig. 1C). Together, these data suggested that the tis-
sue-specific pattern of Pp expression is conferred, at least in
part, at the level of transcriptional elongation.

To directly examine whether pol II is able to initiate but not
complete transcription at the Pp in liver and SV, we assayed for
5� and 3� Pp transcripts using quantitative real time polymerase
chain reaction (qPCR) analysis. Using a forward primer (E)
located 24 nt downstream of the Pp start site (TSS) (23) and
reverse primers located 54 and 101 nt downstream of TSS
(primers F and G, respectively; Fig. 2A and Table 1), we
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observed Pp transcripts not only in the testis but also in SV and
liver (Fig. 2B). In contrast, primer H, which anneals 128 nt
downstream of the TSS, produced a �100-fold lower signal in
liver and SV than in testes (Fig. 2B, right panel). Together, these
data indicated that there is an elongation block in a region �101
to 128 nt downstream of the Pp TSS in SV and liver.

To examine the generality of this Pp elongation block, we
examined several other Rhox5-negative tissues and observed
that they also expressed 5� Pp transcripts (primer EF) but no 3�

Pp transcripts (primer EI) (Fig. 3). Although these data indi-
cated that the tissue-specific expression pattern of the Pp is
regulated at the level of transcriptional elongation, they did not
rule out the possibility that Pp transcription initiation also plays
a role. Consistent with this, we found that the level of 5� Pp
mRNA is higher in testes than in SV and liver (Fig. 2B). How-
ever, this difference could also result from differential mRNA
decay, e.g. abortive 5� Pp transcripts in the SV and liver could be
more rapidly degraded in the cytoplasm than the full-length Pp
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transcripts generated in the testes. To address this, we isolated
nuclear RNA from testes and liver and found that the level of 5�
Pp transcripts was indistinguishable (Fig. 2C), providing evi-
dence that Pp transcription initiation was virtually equivalent in
these two tissues. Together, these results suggest that the tis-
sue-specific expression pattern of the Pp is primarily directed by
a mechanism controlling transcriptional elongation.

Preferential Occupancy of P-TEFb, BRG1, and H3K9Ac at the
Pp in the Testis—To understand how pol II becomes stalled at
the Pp in tissues that do not express Rhox5, we compared SV
and liver (where this stall occurs) with testis (which allows pro-
ductive elongation) for the presence or absence of several key
factors that are required for pol II to progress into and through
elongation. P-TEFb is a positive elongation factor consisting of

cyclin T1, cyclin T2, and the cyclin-dependent kinase 9 (CDK9)
(1, 2). CDK9 phosphorylates the CTD of pol II at Ser-2, a phos-
phorylation event required for the transition from the initiation
to the elongation phases of eukaryotic transcription (33, 34).
Using ChIP, we observed high occupancy of P-TEFb at the Pp in
the testis but not in SV or liver (Fig. 2D). P-TEFb is also present
at the 3� end of the Rhox5 gene, suggesting that P-TEFb is car-
ried along with the pol II transcriptional complex during Pp
elongation in the testes.

Chromatin remodeling is believed to be required for the
recruitment of specific factors that control transcription and
promote the transition between the initial and final phases of
elongation (3–5). Covalent histone modifications by specific
enzymes, including histone acetyltransferases, deactylases, and
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histone methyltransferases, is one of the ways chromatin
remodeling takes place. However, it is unclear which histone
modifications are associated with each specific phase of tran-
scription, particularly in vivo. Because Rhox5 transcription is
paused between phase I and phase II of elongation in many

tissues, it serves as a potential model system to identify specific
histone modifications associated with these two elongation
phases. Thus, we analyzed the level of several different histone
marks at the Pp in the testes (which undergoes both phases of
elongation) and SV and liver (which only significantly undergo
phase I elongation). We did not observe any histone marks that
had a pattern that correlated perfectly with phase II elongation
(AB primer pair; Fig. 4A). However, H3K9Ac was significantly
higher at the Pp in testes than liver, and there was a trend of
higher levels of this mark in testes than SV. Thus, H3K9Ac is a
candidate histone mark to have a role in phase II elongation.
Other histone marks, including H3K4me2 and H3K4me3,
which are associated with transcriptional initiation (35), were
present at high levels at the Pp not only in testes but at least one
other tissue. Analysis of the 3� end of the Rhox5 gene revealed
that the histone marks, H3K9Ac, H3K4me3, and total H3Ac,
were all present at significantly higher levels in testes than SV or
liver (CD primer pair; Fig. 4A). This is consistent with our find-
ing that Rhox5 only significantly completes elongation in testes.
H3K9me2 had the reciprocal pattern; it was present at the 3�
end of Rhox5 in SV and liver but largely undetectable in the
testis, which is consistent with H3K9me2 being a repressive
mark (36). Unexpectedly, however, we found that that
H3K9me2 was present at the Pp of all three tissues, including
the testis.

In addition to histone modifications, ATP-dependent chro-
matin remodeling factors (SWI-SNF) remodel chromatin by
either displacing or restructuring nucleosomes and therefore
facilitate the progression of pol II during transcriptional elon-
gation (37– 40). We examined occupancy of one such factor,
Brahma-related gene-1 (BRG1), the mammalian homolog of
the Drosophila SWI/SNF chromatin remodeling factor, which
helps pol II to overcome nucleosomal barriers during elonga-
tion (40, 41). ChIP analysis indicated that BRG1 occupied the Pp

in the testis: occupancy in the liver and SV was very low (Fig.
4B). Taken together, these results suggest that histone modifi-

TABLE 1
Primers

Primer name Primer no. Primer sequence Locationa

ChIP
A MDA2117 GAGGAGATCCCTGCCAGGT � 114 to � 95
B MDA2118 GGTGTCCCCGGGAACAG � 75 to � 58
C MDA2119 GAAACAGGAGGAGGGCAACAC 	 3542 to 	 3563
D MDA2120 CAAGCAGGACACTCGAATGTTC 	 3584 to 	 3606

Pp qPCR
E MDA2178 GGCCCAAGCTCAGAATC � 55 to � 38
F MDA2180 CTGAATAGGATCAATGATGAAG � 25 to � 3
G MDA2296 AGTAGCCTGGTGACCTTGC 	 22 to 	 40
H MDA210 TTCCGAGTCTTCCTTGACTC 	 49 to 	 69
I MDA123 CACCAGGACCAAAGTGGCC 	 377 to 	 396
K MDA3525 TACTGCAGAAGTTGGTCGTGA 	113 to � 133
L MDA3526 GGCACTGGGCAGGTAAGTAT 	 134 to 	 153
M MDA3514 CCAGAACAAAGGAAACGGAT 	 374 to 	 393

CpG mutant
CpG1 MDA3363 TCATTCTGTTCCTGGGGACACCAGG
CpG1 MDA3364 CCTGGTGTCCCCAGGAACAGAATGA
CpG2 MDA3361 CGGCCCACAGGAATGTCCTGTGAGCAA
CpG2 MDA3362 TTGCTCACAGGACATTCCTGTGGGCCG
CpG3 MDA3359 TACCCCAAAGGCTTGGCCCACAGGAAC
CpG3 MDA3360 GTTCCTGTGGGCCAAGCCTTTGGGGTA
CpG4 MDA3357 CTTGCAAGCACATTGTCTCATTACATC
CpG4 MDA3358 GATGTAATGAGACAATGTGCTTGCAAG

a Locations are given relative to the translation start site (ATG).
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cations and chromatin remodeling factors act in concert to
facilitate pol II progression by disrupting the interaction
between DNA and histone octamers.

Role of Transcriptional Elongation in the Induction of the
Rhox5 Homeobox Gene during Development—We next exam-
ined whether the developmentally regulated pattern of expres-
sion of Rhox5 is also regulated at the level of transcriptional
elongation. We previously showed that full-length Pp tran-
scripts from the Rhox5 gene are dramatically induced in the
testes between postnatal day 7 (P7) and P8, a critical point of
testes development when spermatogenesis is first initiated (17,

23, 42). In agreement with this, we found that Rhox5 transcript
levels dramatically increase (by �100-fold) between P4 and P8
(Fig. 5A, right panel), as detected using primers in the middle of
the Rhox5 gene. Rhox5 transcripts were up-regulated by a fur-
ther �10-fold between P8 and P11 (Fig. 5A, right panel). If
activation of transcriptional initiation (the traditional model) is
solely responsible for this dramatic (�1000-fold) induction of
mRNA, this predicts that no Pp transcripts, including 5� Pp
transcripts, would be present prior to P8. Alternatively, if this
induction is caused by relief of a transcriptional elongation
blockade, 5� Pp transcripts would be present prior to P8. In
agreement with the latter hypothesis, qPCR analysis revealed
relatively high levels of 5� Pp transcripts in the testis at both P4
and P6, as detected using the Pp-specific primer pair E and F
(Fig. 5A, left panel). The presence of 5� transcripts as early as P4
indicates that some initiation is taking place at this stage of
development. The level of Pp transcripts detected by this primer
pair increased �22-fold between P6 and P11. However, the
level of mRNA detected using a primer pair downstream of the
elongation block increased by much more, by �450-fold, dur-
ing the same time interval (Fig. 5A, right panel). This is consis-
tent with a relief of a Pp elongation block at this developmental
stage.

If indeed there is relief of a Pp elongation block during devel-
opment, this predicts that the initiating form of pol II (pol II-
Ser-5) would be present at the Pp at all developmental time
points and that the elongating form of pol II (pol II-Ser-2)
would increase in level at the Pp after full-length mRNAs are
induced. In agreement with this prediction, pol II-Ser-5 levels
at the Pp did not significantly change between P6 and P11 (Fig.
5B, left panel), whereas pol II-Ser-2 levels significantly
increased between P6 and P11 (Fig. 5B, right panel). Also con-
sistent with relief of a transcriptional elongation block, the
elongation promoting factor, P-TEFb (4), exhibited dramati-
cally increased occupancy at the Pp between P6 and P11 (Fig.
5C, left panel). P-TEFb occupancy also increased in the body of
the Rhox5 gene between P6 and P11 (Fig. 5C, right panel).

Another mechanism that may contribute to the dramatic
induction of full-length Pp transcripts during testes develop-
ment is increased transcriptional initiation. To examine this
possibility, we assessed occupancy of the transcriptional initia-
tion factor TFIIB. We found that TFIIB occupancy at the Pp did
not increase between P6 and P14, as assessed using two differ-
ent primer pairs (Fig. 6), which is inconsistent with increased Pp
transcriptional initiation occurring during this developmental
transition. Indeed, there appeared to be reduced TFIIB occu-
pancy at P14 relative to P6 (statistically significant with one
primer pair and a trend with the other). As detailed under the
“Discussion,” this is consistent with a past report showing that
TFIIB is present in pre-initiation pol II complexes on paused
promoters and is reduced in level upon transcriptional elonga-
tion induction (43). To test the possibility that reduced TFIIB
occupancy at P14 compared with P6 is merely the result of
changes in the cellular composition of testis, we performed
ChIP analysis with a total histone 3 antibody. We observed no
significant difference in total H3 occupancy between P6 and
P14 (Fig. 6). Although these results do not rule out that
increased transcriptional initiation has a role in the dramatic
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induction of Rhox5 transcripts during development, they sug-
gest it is unlikely to have a major role in this response. Together,
our data support the notion that Rhox5 transcription is devel-
opmentally controlled, at least in part, by a relief in a transcrip-
tional elongation blockade.

Evidence That Androgen-mediated Signaling Relieves the Pp
Elongation Block—Pp transcription is highly androgen-depen-
dent (17, 19, 44, 45), raising the possibility that androgen sig-
naling has a role in relieving the Pp elongation block. In support
of this hypothesis, the nuclear hormone receptor responsible
for androgen signaling, Ar, is known to directly interact with
P-TEFb (46). As a first test of this hypothesis, we examined
whether Ar is selectively recruited to the Pp when it undergoes
progressive elongation. Indeed, we found that Ar occupancy is

higher at the Pp in the adult testis (which expresses full-length
Pp transcripts) than the adult liver (which only has 5� Pp tran-
scripts) (Fig. 7A). Likewise, Ar occupancy at the Pp is higher in
P11 testes (when high levels of full-length Pp mRNAs are made)
(17, 23) than in P6 testes (which largely lack full-length Pp
mRNA) (Fig. 7B). We also found that Ar is selectively present at
the 3� end of the Rhox5 gene only in tissues and developmental
stages in which the Pp generates full-length transcripts (Fig. 7, A
and B), suggesting that, like P-TEFb, Ar is coupled to the pol II
transcriptional complex during elongation. Consistent with
our findings, both Ar and P-TEFb have previously been shown
to be recruited to the 3� end of genes (47, 48). It is also possible
that Ar and P-TEFb recruitment at the 3� end of Rhox5 is due to
genomic looping, which commonly occurs with nuclear hor-
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mone receptors, including Ar (49). Nuclear hormones, includ-
ing AR, form complexes with the transcriptional co-activator
glucocorticoid receptor-interacting polypeptide-1 (GRIP1) on
nuclear receptor-responsive promoters (8). This ability to form
complexes with nuclear hormones, coupled with the ability of
GRIP1 to interact with P-TEFb (9), raised the possibility that
GRIP1 is selectively recruited to the Pp in the testes, where both
P-TEFb and Ar reside. Indeed, we found that GRIP1 only sig-
nificantly occupied the Pp in the testis, not in the SV or liver
(Fig. 7C), suggesting it may have a collaborative role with Ar and
P-TEFb in the transition from transcriptional initiation to tran-
scriptional elongation.

To address whether Ar has a causal role in Pp transcriptional
elongation in vivo, we first asked whether ablation of Ar in vivo
perturbs Pp elongation. We used testicular feminized mice
(Tfm), which have a debilitating frameshift mutation in the Ar
gene and have been previously shown to express dramatically
lower levels of full-length Rhox5 transcripts than littermate
controls (22, 50). As shown in Fig. 7D, although control mice
have similar levels of Pp transcripts before and after the elonga-
tion block, Tfm mice have �100-fold reduced levels of Pp tran-
scripts after the block, implying that Ar is necessary for the
complete elongation of Pp transcripts in vivo.

Rhox5 is abundantly expressed in normal Sertoli cells, which
is the exclusive site of its expression within the testis (17, 19),
but primary Sertoli cells and Sertoli cell lines express only trace
levels of Rhox5, presumably because they are missing one or
more key factors only present in vivo (23, 25). We took advan-
tage of this deficiency as another means to assess whether Ar
promotes Pp elongation. Using a primer pair corresponding to
the middle of the Rhox5 gene, we confirmed that the 15P-1

Sertoli cell line has low levels of full-length Rhox5 transcript,;
only 1.5% of that in adult testis (Fig. 7E, middle panel). In strik-
ing contrast, 15P-1 cells had high levels of 5� Pp transcripts (Fig.
7E, left panel), which were comparable with those in the adult
testis, when the nuclear RNA fraction was analyzed (Fig. 7E,
right panel). Together, these results suggest that 15P-1 cells
transcribe high levels of Pp but express only trace levels of full-
length Pp transcripts because of the elongation blockade we
defined above. To determine whether Ar is capable of relieving
this elongation block, we transfected 15P-1 cells with an Ar
expression plasmid and treated them with the androgen analog
R1881. As shown in Fig. 7F, this treatment resulted in a modest
(�3-fold) but reproducible increase in endogenous Pp tran-
scripts that extended past the elongation block, indicating that
Ar at least partially reversed the elongation blockade. This is
likely to be an underestimate of the response, as the transfec-
tion efficiency of 15P-1 cells (as judged using a GFP reporter)
was �40%.

To assess whether Ar acts directly on the Pp to promote tran-
scriptional elongation, we mutated an androgen-response ele-
ment (ARE) in the Pp that we previously showed to be necessary
for its expression (25). Mutation of this ARE caused a marked
reduction in transcripts extending beyond the transcriptional
elongation block site but did not significantly affect the level of
5� Pp transcripts (Fig. 7G). Together, these data strongly suggest
that Ar relieves the Pp elongation block.

Evidence That DNA Methylation Promotes the Pp Elongation
Block—Although our data above clearly indicate that Ar has a
role in regulating the Pp elongation block, Ar alone cannot be
sufficient for relieving the Pp elongation block because it is
expressed in cell types and testicular developmental stages
where the block occurs (25, 51, 52). We hypothesized that DNA
methylation is an additional mechanism regulating Pp elonga-
tion as several studies have shown that Rhox5 is regulated by
DNA methylation (20, 53). If indeed DNA methylation pro-
motes the elongation block, this predicts that tissues exhibiting
the elongation block will have a hypermethylated Pp, whereas
this promoter will be hypomethylated in the adult testes, which
express full-length Pp transcripts. In support of this prediction,
bisulfite analysis revealed that the Pp was hypermethylated in
liver, SV, and ovary (Fig. 8A), all of which exhibit the Pp elon-
gation block (Fig. 3). In contrast, the Pp was hypomethylated in
the adult testes (Fig. 8A), which express high levels of full-
length Pp transcripts (Fig. 1). If DNA methylation is also
responsible for the relief of the Pp elongation block during tes-
tes development, this predicts that the Pp will be demethylated
at the time point when this relief occurs. In agreement with this
prediction, we found that the Pp was largely methylated at P4,
which exhibits the elongation block, and it became demeth-
ylated at P10, when the elongation block is largely relieved (Figs.
5 and 8B).

To directly determine whether DNA methylation inhibits
transcription elongation, we performed transfection experi-
ments in the 15P-1 Sertoli cells using a Pp-driven luciferase
reporter construct that we generated (Fig. 8C). The Pp, not vec-
tor sequences, was specifically methylated in vitro by using the
cassette methylation procedure (see “Experimental Proce-
dures”). We found that in vitro methylation of the Pp led to an
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�5-fold reduction in luciferase expression (Fig. 8C, left graph),
demonstrating that DNA methylation directly inhibits Pp tran-
scription. To determine whether this inhibition occurred at the

level of transcriptional initiation or transcriptional elongation,
we performed qPCR analysis with reverse primers that hybrid-
ize to different positions downstream of the Pp (Fig. 8C, top).
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We found that DNA methylation did not have a significant
effect on the level of 5� Pp-derived transcripts (detected using
primer pair A	B), although it decreased the levels of longer
Pp-derived transcripts (Fig. 8C, right graph). The effect was pro-
gressive such that the longest Pp-derived transcripts (detected
with primer pair A 	 E) were most strongly decreased in level
by DNA methylation. These data strongly suggest that DNA
methylation inhibits productive elongation of the Pp.

Together, these results support a model in which DNA meth-
ylation of the Pp inhibits recruitment of Ar and thereby inhibits
Pp elongation. To address whether the reciprocal is also the
case—the presence of Ar inhibits DNA methylation at the

Pp—we determined Pp methylation levels in control and Sertoli
cell-specific Ar knock-out (SCARKO) mice. We observed that
DNA methylation at most CpG sites within the Pp was signifi-
cantly lower in SCARKO mice than in control mice (Fig. 8D).
This suggests that Ar may also play an important role in regu-
lating Rhox5 transcriptional elongation by protecting the Pp
from being DNA methylated.

DISCUSSION

Recent genome-wide studies have indicated that pol II is
commonly paused near promoters, raising the possibility that
regulation of gene expression at the level of transcription elon-
gation is widespread (2, 4, 54 –56). However, the contexts in
which transcriptional elongation control mechanisms operate
are incompletely understood. Here, we examined the possibil-
ity that transcriptional elongation controls the tissue-specific
and developmentally regulated pattern of the Rhox5 homeobox
gene. We demonstrate that pol II is recruited to its proximal
promoter and nascent transcripts begins to elongate; however,
the progression of pol II is blocked or impeded �100 nt down-
stream of the transcription start site in most tissues (Figs. 1–3).
This elongation block is largely absent in the testis and epidid-
ymis, allowing full-length Rhox5 transcripts to be produced and
Rhox5 protein to be made in these male reproductive tissues
(Figs. 1–3). We provide several lines of evidence that relief of
this elongation block is critical for the normal tissue-specific
and developmental expression pattern of Rhox5 (Figs. 1–3 and
5). Finally, we also provide several lines of evidence that DNA
demethylation and the nuclear hormone receptor, Ar, are
responsible for relieving this elongation block in a developmen-
tally regulated and tissue-specific manner (Figs. 7 and 8).

We found that the positive elongation factor, P-TEFb, the
chromatin remodeling factor, BRG1, and the transcriptional
co-activator, GRIP1, are all selectively recruited to the Pp in
tissues that generate full-length Rhox5 transcripts (Figs. 2D, 4B,
and 7C). GRIP1 is an attractive candidate to promote Pp elon-
gation in the testis because it is highly expressed in the testis
(57) and interacts with P-TEFb (9), and evidence suggests that
GRIP1 promotes HIV-I transcriptional elongation by recruit-
ing P-TEFb (58). Furthermore, GRIP1 physically and function-
ally interacts with Ar (8), a known activator of the Pp (16, 19, 22,
25, 50). The amount and availability of active P-TEFb may also
regulate transcriptional elongation in Rhox5-expressing tis-
sues. For example, it has been shown that the availability of
P-TEFb is regulated by its degree of sequestration into an inac-
tive complex with 7SKRNA and HEXIM protein (58, 59).

Recent reports have suggested that different histone modifi-
cations may play critical roles in different steps of transcription.
For example, genome-wide ChIP studies have shown that
whereas gene promoters occupied by H3K4me3, H3K9Ac, and
H3K14Ac tend to initiate transcription, only gene promoters
occupied by histone H3 trimethylated at lysine 36 (H3K36me3)
or dimethylated at lysine 79 (H3K79me2) are likely to proceed
to productive elongation (60). Acetylation of H4K16 has been
shown to release pol II from pausing through recruitment of
BRD4 and P-TEFb (61). Conversely, trimethylation of H4K20
blocks recruitment of the enzyme mediating H4K16 acetyla-
tion, leading to pol II pausing and transcriptional repression.
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FIGURE 8. DNA methylation correlates with and promotes the Pp elonga-
tion block. A, four CpG residues in the Pp (Pp) are shown relative to their
proximity to the AREs. The results of bisulfite sequencing are shown as pie
charts representing percent methylation (number of methylated CpG resi-
dues divided by total CpG residues detected). Black wedges indicate methy-
lated CpG residues, and white wedges represent unmethylated CpG residues.
DNA methylation was assayed in testis, liver, SV, and ovary from adult mice. p
values were derived using the Mann-Whitney test. B, DNA methylation at the
Pp promoter in testes from the indicated postnatal ages. The results are
depicted and statistically analyzed as in A (ns, not significant). C, schematic of
a luciferase construct driven by the Pp, which contains the indicated AREs and
CpG residues. The Pp (not the plasmid backbone) was specifically methylated
by using the cassette methylation procedure and co-transfected with a
Renilla luciferase construct into MSCI cells. Luciferase activity was detected
and normalized to Renilla luciferase expression (left panel). RNA from these
cells was subjected to qPCR analysis with the indicated primers. Data from
three experiments were normalized to L19 and plotted on a log scale (�S.E.).
D, DNA from adult Sertoli-Cell-Only-Knock-out (SCARKO) mice was analyzed
for methylation at the Pp and compared with wild type counterparts. p values
are indicated for individual CpG residues below each pie (Fisher’s exact test)
and also for the whole region (Mann-Whitney test) comparing the degree of
methylation between SCARKO and wild type animals.
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Although we did not observe a pattern of histone marks at the
Pp that correlated perfectly with productive elongation, there
was a trend toward this for H3K9Ac (Fig. 4A). Thus, H3K9Ac is
a candidate to have a role in phase II elongation of the Rhox5
gene. It will be important to expand the analysis of histone
modifications to determine whether there are other modifica-
tions that specifically associate with Pp elongation phase II.
Such modifications could play a causal role in the tissue-spe-
cific and developmentally regulated expression of the Rhox5
gene.

Changes in chromatin structure and histone modifications
are often associated with changes in DNA methylation. Many of
the studies aimed at understanding the role of DNA methyla-
tion on transcription have proposed that DNA methylation
prompts formation of hypoacetylated and compacted chroma-
tin that prevents binding of transcription factors essential for
transcriptional initiation (62– 65). Few studies have addressed
whether DNA methylation instead influences transcriptional
elongation. One of the few studies that has addressed this ques-
tion was done in Neurospora crassa, where it was shown that
the transcriptional silencing that ensues from repeat sequence-
induced mutations results from DNA methylation blocking
transcriptional elongation (66). Elegant studies performed
using a Cre/loxP system in mammalian cells showed that DNA
methylation directed specifically to the intragenic region of an
artificial p16 promoter-driven GFP gene led to reduced pol II
density in this intragenic region, strongly suggesting that this
DNA methylation represses transcriptional elongation in the
gene body (67). Although these studies demonstrated that DNA
methylation can inhibit transcriptional elongation under some
circumstances, to our knowledge, there have been no studies
examining the role of DNA methylation in controlling proximal
promoter pausing. Our finding that DNA methylation in a pro-
moter can inhibit transcriptional elongation downstream (Fig.
8) raises the possibility that DNA methylation of promoters can
control not only their rate of transcriptional initiation but also
release from promoter-proximal pausing.

We obtained several lines of evidence that methylation of the
Pp inhibits its ability to undergo production elongation. First,
the Pp is selectively methylated in tissues that do not express
full-length Rhox5 transcripts (Fig. 8A). Second, the Pp is meth-
ylated in the testis at early developmental time points when
full-length Rhox5 transcripts are essentially absent (Fig. 8B).
Third, in vitro methylation of the Pp inhibited the production of
transcripts that extend to the 3� end in transiently transfected
cells (Fig. 8C). Although we do not know the mechanism by
which DNA methylation inhibits Pp elongation, our results sup-
port a model in which DNA methylation inhibits recruitment of
the nuclear hormone receptor, Ar, which, in turn, largely pre-
vents recruitment of the elongation factor, P-TEFb, because
this elongation factor directly binds to AR (39). As evidence for
this model, it is well established that the Pp requires Ar to gen-
erate full-length Rhox mRNA and RHOX5 protein (16, 19, 22,
25, 50), and we found that DNA methylation and Ar recruit-
ment at the Pp inversely correlated in different tissues and
developmental time points (Figs. 7 and 8). As causal evidence
for this model, we obtained several lines of evidence that Ar
promotes Pp elongation in Sertoli cells (Fig. 7), and we have

previously demonstrated that in vitro methylation of the Pp
inhibits Ar recruitment in epididymal cells (20). In addition to
DNA methylation inhibiting Ar recruitment, Ar recruitment
may normally serve to inhibit DNA methylation. In support of
this, we found that mice lacking Ar in Sertoli cells (45) (the
testicular cell type that expresses Rhox5 protein (18, 68)) had
significantly higher Pp DNA methylation than littermate con-
trol mice (Fig. 8D). We suggest that Ar protects Pp from being
methylated by facilitating an open chromatin structure marked
with active histone marks, such as H3K4, which has been
reported to block the interaction of DNA methyltransferases
with nucleosomes (69). Supporting this, we found that
H3K4me3 is associated with Pp elongation in the testis (Fig. 4A).

Studies over the years have suggested that at least three
classes of genes are regulated by transcriptional elongation: (i)
those that require rapid induction and shutoff; (ii) those that
require synchronous expression across cells; and (iii) those
encoding basal signaling molecules. With regard to the first
class, paused pol II is prevalent in rapidly induced genes, includ-
ing heat-shock genes involved in stress responses (4). Many of
these genes are also rapidly shut off following induction (e.g.
hsp70, c-myc, c-fos, and junB), and the evidence suggests this
occurs at the level of transcriptional elongation (70 –74). The
second class is constitutively expressed genes with paused pol II
that encode important signaling cascade components (15).
Examples of such genes include those encoding receptors,
kinases, and transcription factors that have critical roles in sig-
naling networks. The functional significance of this is not
known. The third class of genes is developmentally regulated
genes that, in turn, encode proteins important for development
(12). Evidence suggests that the transcriptional elongation of
these genes is repressed in a manner that allows them to be
poised for activation at specific stages of embryonic develop-
ment (12). These development control genes have been best
studied in D. melanogaster; many of them encode transcription
factors (3, 12). This is of interest given that Rhox5 encodes a
developmentally regulated transcription factor in mammals
(75).

Although our evidence suggests that the tissue-specific and
developmental regulation of Rhox5 in the testis is strongly
influenced by transcriptional elongation, the selection pressure
that led to this type of regulation may have been for a different
purpose. This possibility stems from the fact that although the
Rhox5 protein is normally only expressed in reproductive tis-
sues and placenta, in some circumstances, it is expressed in
other tissues. For example, in response to bacterial lipopolysac-
charide, Rhox5 is rapidly and robustly induced in liver macro-
phages (18). Given that paused promoters permit rapid tran-
scriptional responses, we suggest that the Rhox5 gene may have
evolved to use this regulatory mechanism to permit rapid and
coordinated bursts of transcription to respond to stress and
contribute to inflammatory responses. Regulation at the level of
transcriptional elongation would also potentially provide fine-
tuned expression to buffer the transcriptional output from
Rhox5. Another scenario that may have led to selection for
paused polymerases in the Pp is to drive the burst of Rhox5
transcription that occurs in primordial germ cells during
embryonic development (76).
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Of note, our study does not rule out that the Pp is also regu-
lated at the level of transcriptional initiation. Indeed, consistent
with this possibility, we found that the level of Pp transcripts
detected with promoter proximal (5�) primers increased more
than those detected with 3� primers during postnatal testes
development (Fig. 5). However, we did not observe a corre-
sponding increase in occupancy of the transcriptional initiation
factor, TFIIB, at the Pp (Fig. 6). In fact, TFIIB occupancy at the
Pp appeared to decrease during this time interval. This is anal-
ogous with a past study that showed that p53-mediated relief of
an elongation block at the p21 promoter was accompanied by
decreased TFIIB occupancy (43). In both cases, decreased
TFIIB occupancy may result from a rate of elongation that is
greater than the rate of transcriptional re-initiation, as sug-
gested previously (43). Another possibility is that the high rate
of transcriptional activity at the Pp at later stages of develop-
ment increases the dissociation rate of TFIIB from the Pp, lead-
ing to a lower steady-state level of TFIIB occupancy compared
with early stages of development when Pp is paused. Supporting
this, it is known that elongating RNA triggers TFIIB release
from pol II complexes (77, 78).

If indeed the Pp transcription initiation rate does not increase
during development, why does the level of Pp mRNA detected
with promoter proximal (5�) primers increase as development
proceeds (Fig. 5)? We suggest it may result from the different
relative stability of short promoter proximal Pp transcripts with
that of full-length Pp transcripts, both of which are recognized
by the 5� primers we used for qPCR analysis. The promoter
proximal transcripts that are dominant in early development
may be highly unstable, either when still bound to chromatin or
when released into the nucleoplasm, leading to the relatively
low signal we observed. In contrast, the predominant species
later in development, i.e. full-length Pp transcripts, would be
expected to accumulate at high levels in the cytoplasm, explain-
ing the high signal we observed at late time points. We empha-
size, however, that our results do not rule out the possibility
that Pp is also regulated at the level of transcriptional initiation.
For example, it is possible that transcriptional initiation at the
Pp increases during development by a TFIIB-independent
mechanism.

In conclusion, our study demonstrates that transcriptional
elongation has an important role in regulating gene expression
in mice in vivo. Our data support a model in which DNA meth-
ylation and the nuclear hormone receptor, Ar, regulate tran-
scriptional elongation to confer tissue-specific and develop-
mentally regulated gene expression. Future studies will be
required to unveil what mechanisms dictate the pattern of DNA
methylation in different tissues and developmental stages that
ultimately dictates whether transcriptional elongation ensues
or not.
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