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The detection of noncoding transcription at multiple enhancers within the mammalian genome raises critical questions regard-
ing whether and how this activity contributes to enhancer function. Here, using in vivo analysis of a human growth hormone
(hGH) transgene locus, we report that activation of a domain of noncoding transcription adjacent to the long-range hGH-N en-
hancer, HSI, is established by the enhancer independent of any interactions with its target promoter. We further demonstrate
that the appearance of this enhancer-linked noncoding transcription is temporally and spatially concordant with induction of
hGH-N in the embryonic pituitary. Finally, we show that the level of transcriptional enhancement of hGH-N by HSI is directly
related to the intensity of HSI-dependent noncoding transcription and is fully independent of the structure of the locally tran-
scribed RNA. These data extend our understanding of the relationship of long-range enhancer activity to enhancer-dependent
noncoding transcription and establish a model that may be of general relevance to additional mammalian loci.

Alterations in the cellular transcriptome drive critical develop-
mental pathways. These changes in mRNA representation are

heavily dependent on selective controls of gene transcription.
Whereas the accuracy of transcriptional initiation is established by
promoter elements, the timing and levels of gene expression are
often controlled by regulatory determinants that are remotely sit-
uated from their target promoters (10, 45). The activities of these
remote determinants track with alterations in the structure and
higher-order configuration of defined chromatin domains (22,
38, 48). What remains unclear is how these remote elements are
themselves activated and organized and how they impact target
promoters.

Mechanisms of enhancer function are intimately linked to the
recruitment of macromolecular complexes that impart covalent
and higher-order alterations in chromatin structure (4, 19, 20).
These epigenetic modifications can be confined to trans-factor
recruitment sites or they can be quite extensive. A number of
models link specific subsets of structural alterations at enhancers
to the transcriptional activation (13, 34). The way in which distal
enhancers impact their target promoters is of current interest.
One model invokes a linear progression (“tracking”) of factors
and/or polymerase II (PolII) from the enhancer recruitment site
to the target promoter (17, 51). In another model, the enhancer-
promoter interactions are mediated via long-range “looping” that
brings the corresponding sites into direct contiguity (6, 35, 47).
The extensive use of technologies designed to capture native
chromatin conformations has revealed that major alterations in
higher-order chromatin structure may be a common occurrence
in both the activation and the repression of target genes by remote
regulatory elements (11, 26, 28). Finally, alterations in the com-
position and configuration of a locus can be linked to reorganiza-
tion of the nuclear architecture, localizing a gene within regions
conducive to either transcriptional enhancement or to solidifica-
tion of gene silencing (36).

Recent studies indicate that the function of an enhancer may be
accompanied by its own transcription (12, 16, 33). A role for this
enhancer-linked “noncoding” transcription in gene regulation
has been inferred from genome-wide surveys (30, 31). Such ob-
servations, while intriguing, are essentially descriptive. Mechanis-

tic links between enhancer transcription and promoter activity
need to be more fully explored. The structures of these noncoding
transcription units are in most cases undefined, and whether their
establishment is enhancer autonomous or dependent on cooper-
ative interactions between the enhancer and its target promoter
has been only minimally explored. Finally, it remains to be estab-
lished whether noncoding transcriptional activity at enhancer el-
ements plays an essential role in gene expression and whether such
activity relates to transcription per se or is dependent on actions of
the enhancer-encoded RNAs. It is clear from recent studies that
maximally informative experimental approaches to these com-
plex problems necessitate the exploration of transcriptional regu-
latory circuits in intact, physiologically relevant settings (43).

The mammalian growth hormone gene (GH) gene is selec-
tively and robustly expressed in somatotrope cells of the anterior
pituitary. In the case of the human GH locus (hGH), this expres-
sion is under the control of a set of remote regulatory elements
that constitute the hGH locus control region (hGH LCR) (27). The
hGH LCR encompasses four DNase I hypersensitive sites (HS) in
pituitary chromatin located 14.5 to 32 kb 5= to the hGH-N tran-
scription start site (27) (Fig. 1A). These elements are collectively
sufficient to establish an autonomous chromatin domain that
supports robust, pituitary-specific, and developmentally appro-
priate expression of an hGH transgene irrespective of its site of
integration in the mouse genome (2, 27, 44). A single, defined
pituitary-specific component of this LCR, HSI, located 14.5 kb 5=
to the hGH gene promoter, serves an essential function in the
hGH-N transcriptional enhancement (22). Site-specific inactiva-
tion of critical trans-acting factor binding sites within HSI results
in a 20-fold decrease in hGH-N expression in vivo (22). Thus, HSI
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constitutes a model of a potent long-range enhancer of in vivo
gene expression.

The hGH LCR, extending 5= from HSI to HSV, is itself bidirec-
tionally transcribed by PolII in the pituitary, and this transcrip-
tional activity is HSI dependent (23). Remarkably, a gene encod-
ing a B-cell-specific, transmembrane receptor protein is situated
immediately 3= to HSI, between HSI and its target hGH-N pro-
moter (3) (Fig. 1A). This hCD79b locus is robustly transcribed in
the pituitary, as well as in B cells, although Ig�, the encoded pro-
tein, is only produced in B cells (5). Site-specific inactivation of
HSI results in a loss of hCD79b transcription in the pituitary with
a corresponding loss of hGH-N gene expression (5). This same
mutation has no adverse effect on hCD79b in B cells (5). Remark-
ably, insertion of a PolII termination element between HSI and
hCD79b represses hCD79b transcription in the pituitary with a com-
parable loss in hGH-N expression. This PolII terminator insertion has
no effect on the formation of HSI itself, nor does it repress the bidi-
rectional transcription between HSI and HSV (23). These data sup-
port a model in which noncoding transcription across the hCD79
region, immediately 3= to HSI, plays an essential and specific role in
HSI-mediated long-range enhancement of hGH-N gene transcrip-
tion. In the present study, we explore the mechanistic basis for the
activation and function of this domain of noncoding transcription.
The data revealed a quantitative relationship between noncoding
transcription 3= to HSI and the enhancement of hGH-N transcrip-
tion. These data further demonstrated that the HSI enhancer activity

is a direct effect of noncoding transcription per se and is fully inde-
pendent of the structure of this encoded RNA.

MATERIALS AND METHODS
BAC transgene modifications and generation of transgenic mouse lines.
Modifications were introduced in the hGH/BAC transgene according to a
published protocol (15). The primer sets for constructing shuttle vectors
are shown in Table 1. Modified BAC DNAs were linearized with NotI
prior to microinjection. The released 123-kb DNA fragment was micro-
injected into fertilized mouse oocytes (C57BL/6�SJL) to generate the
transgenic lines. The University of Pennsylvania Transgenic & Chimeric
Mouse Core carried out all microinjection procedures under IACUC ap-
proved protocols. Transgenic founders were identified by PCR and
Southern blot analysis of tail genomic DNA. The �8.0CD79b and
�1.3CD79b transgenic lines had been previously described (5).

RNA isolation and Northern blot analysis. Total RNA was extracted
from tissue samples with RNA-Bee (Tel-Test) according to the manufac-
turer’s procedure. A 10-�g portion of each RNA sample was separated on
a 1.2% agarose gel containing 2.2 M formaldehyde in 1� morpholinepro-
panesulfonic acid and transferred to a Zeta-probe membrane (Bio-Rad).
The membrane was incubated with 32P-labeled probes in hybridization
buffer at 65°C overnight and washed (2� SSC– 0.1% sodium dodecyl
sulfate [SDS] and 1� SSC– 0.1% SDS) at 65°C, and signals were detected
by exposure to X-ray film (Kodak).

Reverse transcription-PCR (RT-PCR) and quantitative RT-PCR
(qPCR). Isolated total RNAs were treated with RQ DNase (Promega) and
purified using an RNeasy minikit (Qiagen). In all cases, 1 �g of purified
RNA was reverse transcribed by SuperScript III reverse transcriptase (In-

FIG 1 Transcript mapping across the hGH/BAC transgene in the mouse pituitary revealed a peak of transcriptional activity across the hCD79b region. (A) Map
of the hGH/BAC transgene. The 123-kb hGH/BAC transgene, released from the originating BAC clone by NotI digestion, was used to generate the hGH/BAC
transgenic mouse lines (49). Each structural gene is indicated by a labeled box (exonic substructures are not shown). The vertical arrows labeled with roman
numerals indicate the positions of DNase I hypersensitive sites (HS) that form in pituitary chromatin and constitute the hGH LCR. HSI,II are pituitary-specific
DNase I HS of the hGH LCR. (B) Transcriptional profile across the hGH/BAC transgene. The presence of transcripts corresponding to each of 14 sites across the
hGH/BAC transgene locus was determined by RT-PCR of transgenic mouse pituitary RNA. The position of each amplimer is indicated on the below the map by
a bar and the sequences are listed on Table 1. Reactions were carried out in the presence or absence of reverse transcriptase (� and �, respectively). Amplified
cDNAs were analyzed on a 1% agarose gel. The concentration of each amplified RNA segment, shown in the histogram, was determined by PhosphorImager
quantification of corresponding [�-32P]dCTP-labeled RT-PCR products generated by a separate set of reactions. Each value was normalized to a parallel
amplification of genomic DNA to adjust for minor differences in amplification efficiency. The data are normalized to an arbitrary value of 1.0 for hGH-N mRNA.
A robust transcriptional domain was detected over hCD79b, located between HSI and its target hGH-N.
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vitrogen) with random primers, amplified using a primer set (Table 1),
and separated on 1% agarose gel. For qPCR analyses, 1 �g of purified
RNA was reverse transcribed into cDNA using a high-capacity cDNA
reverse transcription kit (Applied Biosystems). The levels of hGH-N

(Hs00236859_m1), hCD79b (Hs00236881_m1), �, and mGAPDH
(Mm99999915_g1) RNAs were assessed by using TaqMan Universal PCR
Master mix (Applied Biosystems), and real-time PCRs were performed
by a 7900HT machine and analyzed using SDS2.2 software.

DIG-labeled RNA probe synthesis, embryo sectioning, and in situ
hybridization. 0.5 kb cDNA of each gene (hGH-N, hCD79b, Pit-1, Prop-1,
Shh, and Pitx1) in the pGEM-T Easy vector (Promega) was transcribed in
vitro to generate digoxigenin (DIG)-labeled antisense RNA probes. Em-
bryos were collected at specified days postcoitus and fixed overnight at
4°C in 4% paraformaldehyde. The fixed embryos were then washed in
phosphate-buffered saline (PBS), immersed in 30% sucrose in PBS over-
night at 4°C, embedded in OCT (Sakura), quick frozen on dry ice, and
cryosectioned at 20 �m. Sectioning and in situ hybridizations were per-
formed as described previously (37). Briefly, sections were washed in PBS,
fixed in 4% paraformaldehyde for 10 min, washed in PBT (1� PBS with
0.1% Tween 20), and permeabilized with 1.0 �g of proteinase K/ml for 10
min. Sections were then washed in PBT, fixed in 4% paraformaldehyde for
5 min, acetylated in 0.25% acetic anhydride in 0.1 M triethanolamine for
10 min, washed in PBT, and air dried. The sections were then incubated
with RNA probes in 150 �l of hybridization buffer (10 mM Tris [pH 7.5],
600 mM NaCl, 1 mM EDTA, 0.25% SDS, 10% dextran sulfate, 1� Den-
hardt solution, 200 �g of yeast tRNA/ml, 50% formamide), covered with
Hybri-slips (Sigma), and incubated overnight at 65°C in a humidified box.
The next day, coverslips were removed and washed for 30 min in 1�
SSC–50% formamide at 65°C. The slides were then transferred to TNE (10
mM Tris [pH 7.5], 500 mM NaCl, 1 mM EDTA) at 37°C for 10 min,
incubated in RNase A in TNE for 30 min at 37°C, and washed in TNE for
10 min. Sections were washed in 2� SSC for 20 min at 65°C, washed twice
in 0.2� SSC for 20 min at 65°C, and transferred into MABT (100 mM
maleic acid, 150 mM NaCl, and 0.1% Tween 20 [pH 7.5] with NaOH).
The slides were blocked in 2% blocking reagent (Roche) in MABT with
20% heat-inactivated goat serum (Sigma) for at least 1 h and then incu-
bated overnight at 4°C with anti-DIG alkaline phosphatase-conjugated
antibodies (Roche) in MABT blocking buffer with 5% serum. Slides were
washed in MABT and equilibrated in NTM (100 mM Tris [pH 9.5], 100
mM NaCl, 50 mM MgCl2) for 10 min. Color detection was performed
using BM purple (Roche) in a humidified box at room temperature for 4
to 12 h.

RESULTS
Transcription within the hGH transgene locus 3= to HSI is ro-
bust and noncontiguous with the hGH-N promoter. We previ-
ously mapped the location of the B-cell-specific gene, hCD79b, to
a site immediately 3= to HSI, between the hGH LCR and hGH-N
(3, 5) (Fig. 1A). Although hCD79b is transcribed in the pituitary,
its encoded product, the immunoglobulin receptor Ig� subunit,
remains B cell restricted (5). This noncoding transcription of
hCD79b in the pituitary is dependent on the activity of HSI,
whereas the transcription of hCD79b in B cells is controlled by a
distinct set of B-cell-specific promoter-proximal determinants (1,
39, 46). Our studies initially suggested a model in which hCD79b
transcription represented a functionally neutral “bystander” event
reflecting its fortuitous location in an “activated” chromatin en-
vironment between hGH and its LCR in pituitary (5). This pro-
posed functional neutrality was subsequently brought into ques-
tion by the observation that targeted repression of hCD79b
transcription in the pituitary resulted in a dramatic loss of hGH-N
expression (23). These data led us to conclude that noncoding
transcription across the hCD79b region plays an essential role in
the HSI-dependent enhancement of hGH-N expression.

Prior to exploring the basis for hCD79b transcription in the
pituitary and its mechanistic relationship to HSI enhancer func-
tion, we mapped the transcriptional architecture across an intact

TABLE 1 Oligonucleotides used in this study

Method and
oligonucleotide Sequence (5=–3=)
hGH/BAC transgene

modification
(CD�1.6)hGH/BAC

L-arm-5= CAGGGCGCGCCGACGATTTAGCATCTCTTCC
TCTCCTGGG

L-arm-3= GTGGAATTCACTGGGAGAAGATTCAGTCCA
GGTC

R-arm-5= GGGCGAATTCTGTGCGACTATGTCCTGTGTCC
R-arm-3= GCCATTAATTAATATGCCCATTACAACAGCCT

(�CD�)hGH/BAC
L-arm-5= Same as with (CD�1.6)hGH/BAC
L-arm-3= CCACCTCGAGAAGATTCAGTCCAGGTC
R-arm-5= AGGAGTCATCTCGAGGTCGCCCCATGACCT

GGGTGCAG
R-arm-3= CCCACTTAATTAAGGGCTCACAGATGCCACA

TTC
�-5= CAATCTCGAGCCGGATTCGGTATGGCTG
�-3= GCTTCTCGAGACACCTTATGTTCTATAC

RT-PCR
HSV-5= CTTGCCCAGTCCTCACACTT
HSV-3= CTGAGGCTTCTGTCCTCCTT
HSIV-5= TGCCTCTACGTGGACATCTC
HSIV-3= TATCAGCAGAGAGTGCACAA
P6-5= CTGGGTGGCGTAGAGATG
P6-3= GACCCACGTTGTCGTAGTTG
P5-5= GCCTCAAAACCTGATTGG
P5-3= GGAGATCTCTGAGGCTGG
P4-5= GCTGTATTCTTCCAGACAAG
P4-3= GAGCTAAGCTATGAGGATGC
HS1-5= CCAAGCCTTTCCCAGTTATAC
HS1-3= GATCTTGGCCTAGGCCTC
P3-5= CTTCCCCCAGAAGACTGA
P3-3= GGAGGAAAACGTGTAACTGC
C5-5= AGACCCTCTGCCTTCCAACCATGGCAT
C5-3= CACTGGGAGAGATTCAGTCCAGGTC
CDp-5= GGACAGGTGCCTATTTCGCTC
CDp-3= GACCCCAAACCCGTGACAAC
CD79b-5== GACCATGGCCAGGCTGGCGTTGTCTCCTGT
CD79b-3= AGCGTCTGGATCATGATGATACCATCCTTC
C4-5= GGAGGAAGATCACACCT
C4-3= ATCCCCAGAGAACTCCC
C3-5= GTTCTCTGGGGATGGACGGGACCCAGCC
C3-3= TGGCATGCAGCCCCGTTCCAG
P2-5= TGCTCAGACCAGCCTATGCA
P2-3= TCAACAGGAAGTGGAGCACA
P1-5= GATTACAAGCGCCCACTACC
P1-3= GAGAGAATAAGCCAGGAGGTG
GHN-5= TTTGACAACGCTATGCTCCG
GHN-3= GCCAAAAGGGTCATCATCTC
mGAPDH-5= GCCAAAAGGGTCATCATCTC
mGAPDH-3= CTGCTTCACCACCTTCTTGA
�5-5= CGCTTATGCGGATTATTGCCGTAG
�5-3= ACCTCTCTGCCTGCGATGGTTGGAG
�m-5= TACCGCAAGCAGCTTGGCCTG
�m-3= AGCATCAGCTAACTCCTTCG
�4-5= GTCAGTCAGTGCGTGAAGCC
�4-3= CTACTCGCTACTGCGCTGGC
�3-5= GGACGTTTCTATAAGATGCGTG
�3-3= GTCGGTTGTATTTCCCTCCAG
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hGH locus in the pituitary of an hGH/BAC transgenic mouse. The
hGH/BAC 123-kb transgene encompasses the full hGH LCR, the
five-gene hGH cluster, and the intervening hCD79b (Fig. 1A).
Analysis of pituitary RNA from an hGH/BAC transgenic mouse
revealed various levels of transcription throughout the LCR and a
discrete robust peak of transcription coincident with hCD79b. The
level of hCD79b transcription was equivalent to that at the hGH-N
gene, as assessed by mRNA abundance (Fig. 1B). Of note, there
was a gap in transcription between the 3= end of hCD79b and the
hGH-N promoter (“P1” amplimer). This gap is concordant with a
corresponding gap of PolII occupancy in this region (23). These
data led us to conclude that transcription across hCD79b is robust
and circumscribed and that PolII does not linearly track between
hCD79b and hGH-N.

The domain of noncoding transcription 3= to HSI can be es-
tablished in the pituitary independent of the hCD79b promoter.
hCD79b transcription in pituitary is HSI dependent (5). The basis
for this transcriptional activation is unclear. We sought to deter-
mine whether the hCD79b promoter, as previously defined in B-
cell-expression studies (1, 21, 39, 46), is necessary for this activity.
The promoter and contiguous 5= end of the hCD79b gene (extend-
ing through exon 2) was deleted from the hGH/BAC transgene
(Fig. 2A). Six corresponding (CD�1.6)hGH/BAC transgenic
mouse lines were established. The structure of the (CD�1.6)hGH/
BAC transgene was validated by detailed mapping of the corre-
sponding mouse genome (data not shown). Remarkably, the ex-
pression of hCD79b mRNA in the mouse pituitary was unaltered
by this extensive 5= deletion. In contrast, this same 5=-terminal
deletion resulted in complete loss of hCD79b expression in the B
cells of the (CD�1.6)hGH/BAC mice (Fig. 2B). It was of note that
the amount and size of the hCD79b mRNA, as assessed by North-
ern analysis of each of the (CD�1.6)hGH/BAC mouse pituitaries,
was essentially the same as in the pituitary of the mouse carrying
the intact hGH/BAC transgene (Fig. 2B and data not shown). The
lack of any apparent change in size of the hCD79b mRNA gener-
ated from the CD�1.6)hGH/BAC transgene most likely reflects
the small sizes of exon 1 (76 bp) and exon 2 (51 bp). We further
demonstrated that the mRNA generated from the 5=-deleted
hCD79b gene [(CD�1.6)hGH/BAC] was initiated within intron 2
(5= rapid amplification of cDNA ends assay; unpublished data).
The position of this new intronic transcription start site was fully
consistent with the size of the resultant hCD79b mRNA in the
pituitary, as detected on Northern analysis. These data led us to
conclude that hCD79b transcription in the pituitary is not depen-
dent on the hCD79b promoter/enhancer elements that had been
previously defined to operate in B cells.

Enhancer action of the noncoding transcription domain 3=
to HSI is independent of RNA structure. The key role played by
hCD79b transcription in HSI enhancer function could reflect the
structure of the encoded hCD79b RNA. Alternatively, it could
reflect transcriptional activity through this region in a manner
that is independent of hCD79b RNA sequence or structure. To
distinguish between these two models, we replaced the hCD79b
gene with an identically sized fragment of bacteriophage � DNA
[(�CD�)hGH/BAC; Fig. 3A]. The replaced hCD79b segment ex-
tended from bp �500 (relative to the native hCD79b transcription
start site) through the coding region, preserving only the 3=-pro-
cessing signals. Six (�CD�)hGH/BAC transgenic mouse lines
were generated and studied. Remarkably, a prominent 3.3-kb �
RNA band was observed by Northern blotting of the pituitaries

isolated from all but one of these lines (Fig. 3B and E). The expres-
sion of this “� RNA” was pituitary specific (Fig. 3C). Based on the
size of this RNA and the position of the retained hCD79b 3=-
processing signal, the initiation of � RNA transcription was
mapped to a site located 0.7 kb within the � DNA replacement
cassette, 	1.4 kb 3= to HSI. These data led us to conclude that
transcription can be initiated 3= to HSI in a manner independent
of native promoter elements. This conclusion was fully consistent
with the analysis of the (CD�1.6)hGH/BAC transgene (Fig. 2).

To further explore the relationship between the noncoding
transcription 3= to HSI and the activity of the hGH-N gene, we
assessed the distribution of transcription in the pituitary across
the (�CD�)hGH/BAC transgene locus. The study revealed a peak
of transcription coinciding with the � DNA insert, followed by a
gap in transcripts between the (�) insert 3= terminus containing
the hCD79b 3= processing signals and the hGH-N promoter (Fig.
3D). This transcriptional profile was remarkably consistent with
that observed at the native locus (Fig. 1B); both studies demon-
strated variable transcription at sites within the LCR region and
robust transcription 3= to HSI. Further, these studies revealed the
same discontinuity between the HSI-dependent noncoding tran-
scription domain (hCD79b or �) and the hGH-N promoter. These

FIG 2 hCD79b transcription can be activated in the pituitary in the absence of
the hCD79b promoter. (A) Diagram of the hGH/BAC transgene and a deriva-
tive transgene lacking the 5= terminus of hCD79b. A 1.6-kb deletion from the
hGH/BAC encompassing the promoter and first two exons was created by
homologous recombination in E. coli to generate (CD�1.6)hGH/BAC. The site
of transcription initiation (promoter) encompassed by the deletion in
(CD�1.6)hGH/BAC is indicated by a bent arrow. The structure of the trans-
gene was confirmed by restriction mapping, targeted amplification, and se-
quencing across critical regions. The modified BAC DNA was released from
the plasmid by NotI digestion, purified, and injected into fertilized mouse
oocytes to generate transgenic mouse lines. (B) Deletion of the promoter and
5= end of hCD79b [(CD�1.6)hGH/BAC transgene] selectively ablates hCD79b
mRNA expression in B cells but not in the pituitary. Pituitary and B-cell RNAs
from a mouse transgenic for the intact hGH/BAC (line 1255B) and the
(CD�1.6)hGH/BAC line (CD18) were analyzed by Northern hybridization,
along with a sample from a nontransgenic mouse (CD1) as a negative control.
Membranes were probed with a segment of the hCD79b cDNA. The position of
the hCD79b mRNA (	1.3 kb) is indicated to the right of the autoradiograph.
Visualization of 28S and 18S rRNA (lower panel) was used to control for gel
loading and RNA quality. The data reveal that the promoterless transgene was
expressed in pituitary, but not in splenic B cells of the same (CD�1.6)hGH/
BAC mouse.
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two concordant sets of data led us to conclude that transcription
does not track in a linear fashion from the HS1-dependent tran-
scriptional domain to the hGH-N promoter.

The levels of � RNA were next quantified in each of the six
(�CD�)hGH/BAC lines and compared to the corresponding lev-
els of hGH-N mRNA. Each value, normalized to transgene copy,
was plotted in arbitrary units (Fig. 3E). This analysis revealed a

direct and quantitative relationship between the level of noncod-
ing transcription 3= to HSI and the level of hGH-N expression
(Pearson r 
 0.97). This quantitative relationship between
hGH-N expression and � RNA levels further allowed us to con-
clude that the enhancing activity of HSI is directly linked to the act
of transcription 3= to HSI rather than to the structure of the locally
generated hCD79b transcripts.

FIG 3 The intensity of transcription 3= to HSI is a direct, quantitative, and RNA-independent determinant hGH-N expression. (A) Replacement of the hCD79b
gene in the hGH/BAC transgenes by a segment of � phage DNA. An expanded view of the HSI/hCD79b region of the hGH/BAC is shown below the map of the
hGH/BAC transgene. The hCD79b gene (exons; dark rectangles), extending from �0.5 kb to the middle of exon 6, was substituted with an identically sized
fragment of bacteriophage � DNA (3.8 kb, open rectangle). The segment of the hCD79b exon 6 containing its 3= processing determinant was retained 3= to the
� DNA insert. The resultant (�CD�)hGH/BAC transgene was released from vector sequences and microinjected into fertilized mouse oocytes. Six transgenic lines
were established and studied. (B) Northern blot analysis of pituitary RNA from (�CD�)hGH/BAC transgenic mice reveals the expression of � RNA. Total
pituitary RNA from each of the six (�CD�)hGH/BAC lines, from a nontransgenic control mouse (CD1), and from a mouse line carrying the intact hGH/BAC
(line BAC17) were resolved on a 1.2% denaturing agarose gel, and Northern blot hybridization was performed using a � DNA probe. Ethidium bromide-stained
rRNA on the gel was used to assess equivalent RNA loading and quality control. The transgene copy number of each line is indicated below the gel. Five of the six
(�CD�)hGH/BAC lines expressed a 3.3-kb � RNA. The levels of � RNA varied among the lines (see also panel E). (C) Expression of the � RNA from the
(�CD�)hGH/BAC transgene is restricted to the pituitary. A Northern blot of RNAs isolated from the indicated tissues of a (�CD�)hGH/BAC transgenic mouse
(�135) was probed with a 32P-labeled � DNA segment. rRNA controls are as described in panel B. The 3.3-kb � transcript was expressed only in pituitary. (D)
Transcription mapping across the (�CD�)hGH/BAC transgene in the pituitary. Transgenic (�CD�)hGH/BAC pituitary RNA was subjected to RT-PCR using the
14 primer sets (Table 1) shown below the transgene map. Amplification of mGAPDH mRNA served as a positive control. RT-PCR products were assayed on an
ethidium bromide-stained agarose gel. The concentration of each amplified segment shown in the histogram was measured by PhosphorImager quantification
of corresponding [�32P]dCTP-labeled RT-PCR. Each value was normalized to a parallel amplification of genomic DNA to adjust for minor differences in
amplification efficiency. The peak of transcription 3= to HSI (corresponding to the � DNA insert) and the gap of transcription between this region and the hGH-N
promoter from the (�CD�)hGH/BAC transgene demonstrated a remarkable conservation with the pattern of transcription across the native locus (compare to
Fig. 1). (E) Direct and quantitative relationship between � RNA levels and hGH-N mRNA levels in the pituitaries of six (�CD�)hGH/BAC transgenic lines. The
histogram shows � RNA levels and hGH-N mRNA levels as determined by real-time PCR. The results (� the standard deviation) were from averages of four
independent experiments. Each value was normalized to the corresponding transgene copy number and was related to the level of the highest expressing line
(�147; defined as 1.0).
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The initiation of transcription across hCD79b parallels the
activation of hGH-N during pituitary development. The obser-
vation that transcription of hCD79b is tightly correlated with, and
essential to, the activation of hGH-N led us to question whether
hCD79b transcription was activated with the same developmental
specificity as hGH-N. To test this, sagittal sections of the anterior
region of hGH/BAC embryos 8.5 to 17.5 days postcoitus (dpc)
were probed with DIG-labeled synthetic antisense RNAs. A series
of well-established controls for pituitary developmental were used
to validate embryo staging of each sample (Fig. 4A and B). Con-
sistent with expectations, Pit-1, the POU-homeodomain protein
essential to GH gene expression (52), was activated at 14.5 days
within the nascent pituitary. This was followed 2 days later by the
appearance of robust signals corresponding to hGH-N mRNA and
hCD79b transcripts, as well as the endogenous mGH mRNA (Fig.
4C). Both hGH-N and hCD79b mRNAs appear within the same
time window, between embryonic day 15.5 (e15.5) and e16.5. The
coexpression of hGH-N and hCD79b RNAs was subsequently
maintained through gestation (Fig. 4C) and into the postnatal
period (data not shown). hGH-N activation was also observed to
occur between e15.5 and e16.5 in an in situ hybridization analysis
of an (�CD�)hGH/BAC line (data not shown). These combined
data support a functional linkage between the act of noncoding
transcription 3= to HSI (either hCD79b or �) and hGH-N gene
activation during pituitary development.

Transcription across hCD79b is established independent of
interactions with the hGH-N promoter. Recent studies have sug-
gested that activation of enhancer-associated, noncoding tran-
scription, generating “enhancer RNAs,” is dependent upon coop-
erative interactions between the enhancer and its target promoter
(30). To test the relevance of this model to the hGH locus, we
compared hCD79b transcription in the presence or absence of
hGH-N (Fig. 5A). The �8.0CD79b transgene isolates the intact
HSI-hCD79b region from the downstream hGH-N (5). Analysis of
hCD79b mRNA expression in the �8.0CD79b transgenic pituitar-
ies revealed that it was indistinguishable from the intact hGH/BAC
transgene (Fig. 5B). In contrast, a more extensive deletion that
also removes HSI (�1.3CD79b transgene; Fig. 5A) ablated
hCD79b transcription in pituitary (Fig. 5B). These data confirmed
that the domain of noncoding transcription across hCD79b is
HSI-dependent and demonstrated that it can be fully activated in
the pituitary in the absence of interactions with the target hGH-N
promoter. This observation, along with the previous demonstra-
tion that transcription in this region is independent of the hCD79b
promoter (Fig. 2), support a model in which HSI has a direct and
possibly sufficient role in the activation of transcription across the
hCD79b noncoding domain in the pituitary.

DISCUSSION

Transcriptional regulation in higher organisms depends on an
array of long-range regulatory elements. These elements can me-
diate locus insulation, transcriptional enhancement, and/or sub-
localization of the region within the nucleus (4, 10). Communi-
cations between enhancers and their target promoters are of
particular importance for control of tissue-specific gene expres-
sion as well as for establishing patterns of temporally restricted
expression (20, 32, 50). Recent genome-wide studies have revealed
that many transcriptional enhancers are transcribed and generate
a variety of noncoding RNAs (30). The presence of transcription
coincident with, or closely linked to, an enhancer determinant has

been shown in some cases to be concordant with the activity of
target genes (30). Of significant interest, these and related studies
have yet to delineate critical relationships between enhancer-
linked transcription and target gene expression. Outstanding
questions include: how are these enhancer-linked transcriptional
units established, are they temporally linked to and/or dependent
upon cooperative interactions with their target promoters, and is
their impact on target gene expression dependent on sequences
and/or structures of the locally generated noncoding transcripts?

In the present study, we focused our analyses on the control of
the human growth hormone gene (hGH-N) by its remote en-
hancer, HSI. Our previous observations revealed that a domain of
noncoding transcription located immediately 3= to HSI, encom-
passing hCD79b, plays an essential role in HSI-mediated enhance-
ment of hGH-N expression in the pituitary (23). Selective repres-
sion of transcription through this region in transgenic mouse
pituitary, by insertion of a PolII terminator immediately 3= to HSI,
results in a major loss of hGH-N expression. Importantly, the
insertion of this transcription termination element does not alter
the formation of HSI itself, nor does it impact on noncoding tran-
scription within the regions of the LCR 5= to HSI (23). These
observations support a direct role for transcription through the
hCD79b region in hGH-N gene activation.

Noncoding RNAs have been studied as key players in imprint-
ing and gene dosage compensation (7, 18, 29). More recently, it
has been shown that depletion of particular long noncoding RNAs
can result in repression of neighbor coding genes (40). This sug-
gests that at least in some situations noncoding RNAs may con-
tribute to the enhancement of target gene expression (8, 25). This
enhancement might reflect RNA-mediated recruitment of basal
transcription factors, transcriptional activators, chromatin re-
modeling factors, and/or displacement of transcriptional repres-
sors (40). Our present studies demonstrated that noncoding tran-
scription may also work in an RNA-independent manner. Of
particular note is the observation that the HSI-dependent en-
hancement of hGH-N expression is fully maintained when the
structure of the noncoding transcription domain 3= to HSI is
switched from the native hCD79b sequence to a comparably sized
segment of bacteriophage � DNA [Fig. 3A, (�CD�)hGH/BAC]. A
quantitative analysis of six genetically distinct (�CD�)hGH/BAC
transgenic lines further revealed a positive concordance between
the levels of � DNA transcription and hGH-N expression (Fig.
3E). These results indicated that enhancement of hGH-N expres-
sion is directly and quantitatively related to the intensity of the
noncoding transcriptional activity 3= to HSI. The data further re-
vealed that this enhancing activity is independent of the locally
generated RNA transcripts. From these data, we conclude that the
mechanistic linkage between the HSI-dependent domain of tran-
scription and hGH-N expression reflects noncoding transcription
per se and not some attribute of the locally generated RNA tran-
script sequence or structure.

The dependence of hGH-N expression on HSI activity, and the
mechanistic linkage between HSI-enhancing activity and tran-
scription across hCD79b, predicts that hCD79b transcripts should
appear in the embryonic pituitary concordant with, or preceding,
the appearance of hGH-N mRNA. This prediction was confirmed
by in situ hybridization studies. The hCD79b and hGH-N tran-
scripts were both initially detected between 15.5 and 16.5 dpc in
the developing pituitary and were subsequently maintained into
postnatal life (Fig. 4C). This coordinate spatial and temporal spec-
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ificity of transcription support the mechanistic linkage between
the HSI-dependent noncoding transcription and hGH-N gene ac-
tivation.

The present study also addresses the questions of how tran-
scription through the hCD79b region is activated in the pituitary
and how this might relate to hGH-N activation. Kim et al. recently
published a model of enhancer and target gene relations based on
a tissue-specific enhancer in neuronal tissue (30). These research-
ers concluded that enhancer transcription is dependent on inter-
action of the enhancer with its target promoter. In the context of
the hGH locus, this appears not to be the case. Analysis of a series
of transgenic models revealed that transcription 3= to HSI is de-
pendent on HSI activity and independent of the target promoter.

Several lines of evidence support this conclusion. The first was the
observation that a transgene encompassing the HSI-hCD79b re-
gion could fully activate hCD79b transcription in the pituitary
independent of the target hGH-N promoter (Fig. 5). Second, we
found that activation of the hCD79b region was maintained in a
transgene lacking the hCD79b promoter. This same deletion of the
5= terminus of hCD79b effectively eliminated its transcription in B
cells (5). Finally, transcription in this region was supported when
the native sequences were replaced by a segment of � DNA (Fig. 3).
Based on these data we propose that this transcriptional domain is
established in an HSI-dependent manner and does not require the
presence or actions of the hGH-N target promoter. The findings
lead us to conclude that the establishment of this domain of tran-
scription serves as an initiating event in the pathway of hGH-N
activation (Fig. 6).

In prior studies we had demonstrated that the chromatin con-
figuration of the hGH locus in the adult pituitary places the
hGH-N promoter in close proximity to HSI (24). This configura-
tion is not present in the chromatin of nonexpressing tissues. In
addition, we have previously shown that the pituitary-specific
POU-homeodomain transcription factor Pit-1, a protein essential
for hGH-N gene expression, occupies an array of cis-acting bind-
ing sites within HSI prior to binding its cognate sites within the
hGH-N promoter (41, 42). The sequential assembly of the Pit-1
complexes at HSI and then the hGH-N promoter, separated as
they are by 14.5 kb, may play a key role in establishing the “loop-
ing” structure between HSI/hCD79b region and hGH-N promoter
in definitive somatotropes (24). This looping would position the
intensely transcribed hCD79b domain, or the surrogate tran-
scribed � DNA domain, in close proximity to the hGH-N pro-
moter (Fig. 6). Thus, the impact of the domain of noncoding
transcription on hGH-N promoter activity may reflect the juxta-
posing of a cis-acting “mini-PolII factory” established 3= to the
HSI enhancer element in close proximity to the hGH-N promoter.
This model would be consistent with the direct impact of the
transcription per se through this region, rather than a function of
the encoded RNA transcripts, on enhancer function.

Altogether, our studies lead us to propose a model in which
HSI-linked activation of the hCD79b domain of noncoding tran-
scription may constitute an initial and critical step in the develop-
mental pathway of the anterior pituitary. The present data suggest
that the higher-order chromatin configuration of the hGH locus
in the pituitary, in concert with the intense transcription imme-
diately 3= to the long-range enhancer, may activate high levels of
hGH-N expression and sustain this robust activity throughout
adult life. However, this model does not exclude roles for addi-
tional factors and interactions that solidify the connections be-

FIG 4 Transcriptional activation of the hCD79b domain and activation of hGH-N expression are temporally concordant during pituitary development. (A)
Timing of pituitary marker gene expression during mouse embryonic development. The approximate timing of mRNA expression of pituitary marker genes
shown here is adapted and modified from Dattani and Preece (9). (B) Developmental time course of expression of Pitx1, Prop-1, and sonic hedgehog (Shh). In situ
hybridization signals in the e8.5 through e14.5 mouse embryo heads of hGH/BAC (line BAC17) are shown. The transcription factor Pitx1 is an early pituitary-
restricted maker initially expressed in Rathke’s pouch at e9.5 (14, 52). This is followed by sequential activation of the genes encoding the transcription factors
Prop-1 and Pit-1, at 12.5 and 13.5 dpc, respectively. Shh is expressed throughout the oral ectoderm except in the Rathke’s pouch, creating a boundary between
two ectodermal domains of Shh-expressing and -nonexpressing cells. Abbreviations: RP, Rathke’s pouch; Pit, pituitary; D, dorsal; P, posterior. Scale bars, 1 mm.
This study confirmed the embryonic dates of the samples as estimated from copulation timing. (C) Developmental time course of Pit1, hGH-N, and hCD79b. The
transcriptional activation of Pit-1, hGH-N, and hCD79b was studied by in situ hybridization on hGH/BAC transgenic embryos (line BAC17) from e8.5 through
e17.5, as indicated. Pit-1 mRNA signal was first detected at e14.5 (1). Its positioning is within the caudomedial region of the pituitary gland, a region that
ultimately gives rise to somatotropes, lactotropes, and thyrotropes. Signals corresponding to hGH-N and hCD79b RNA first appear in the pituitary between e15.5
and e16.5. The timing of hGH-N activation was also assessed in (CD��)hGH/BAC transgenic embryos; hGH-N mRNA was found to appear within the same time
window and with the same pituitary-specific distribution as observed in the hGH/BAC embryos (data not shown).

FIG 5 Transcription of the hCD79b domain in the pituitary is HSI dependent
and established independent of the target hGH-N promoter. (A) Map of the
hGH/BAC transgene and two derived transgenes lacking hGH-N. The
�8.0CD79b transgene is a 12-kb genomic fragment of the hGH/BAC that
encompasses HSI of the hGH LCR and the full hCD79b gene. The �1.3CD79b
transgene is a 5.6-kb genomic subfragment that contains the full hCD79b but
excludes the HSI region. Abbreviations: EI, EcoRI; BII, BglII. (B) Quantitative
determination of hCD79b mRNA in transgenic pituitaries. Pituitary RNAs
from mice carrying the hGH/BAC, �0.8CD79b, and �1.3CD79b transgenes
were assessed for levels of hCD79b mRNA in the pituitary by qPCR. Each result
was normalized to the corresponding transgene copy number and is repre-
sented as a value relative to the expression of the intact hGH/BAC transgene
(defined as 1.0). Each value and standard deviation on the histogram is derived
from three separate studies. The transgene name and specific line designation
are shown below the respective bars. Note that pituitary hCD79b expression
requires HSI, but not the target hGH-N promoter.
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tween the enhancer-linked domain of noncoding transcription
and the target hGH-N promoter. The identification and charac-
terization of these additional determinants of long-range en-
hancer function present critical challenges for future studies.
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