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Background: A series of distal DNA elements regulates the human growth hormone gene.
Results: Deletion of one of these elements, HSII, results in reduced growth hormone expression and changes in several activating

phenomena at the locus.

Conclusion: HSII is a unique regulator of growth hormone expression.
Significance: Elucidating complex regulation determinants is imperative to the understanding of metazoan gene expression.

Locus control regions (LCRs) comprise sets of DNA elements
capable of establishing autonomous chromatin domains that
support robust and physiologically appropriate expression of
target genes, often working over extensive distances. Human
growth hormone (hGH-N) expression in the pituitary is under the
regulation of a well characterized LCR containing four DNase I
hypersensitive sites (HSs). The two pituitary-specific HS, HSI and
HSII, arelocated 14.5 and 15.5 kb 5’ to the ”GH-N promoter. HSI is
essential for activation of #GH-N during pituitary development
and for sustaining robust activity in the adult. To determine
whether the closely linked HSII has a role in #GH-N expression, it
was deleted from a previously validated ZGH/P1 transgene. Analy-
sis of three independent #GH/P1(AHSII) transgenic mouse lines
revealed that this deletion had no adverse effect on the formation of
HSI, yet resulted in a substantial loss (70%) in #”GH-N mRNA
expression. This loss of expression was accompanied by a corre-
sponding reduction in recruitment of the pituitary-specific tran-
scription factor Pit-1 to the #GH-N promoter and a selective
decrease in promoter occupancy of the elongation-linked isoform
of RNA polymerase II. Sufficiency of HSI and HSII in LCR activity
was explored by establishing two additional sets of mouse trans-
genic lines in which DNA segments containing these HS were posi-
tioned within the A phage genome. In this “neutral” DNA context,
HSII was required for the recruitment of HAT activity. These data
establish HSII as a nonredundant component of the #GH LCR
essential for establishment of robust levels of hGH-N gene
expression.

Locus control regions (LCRs)? are long-range DNA tran-
scriptional determinants that function to establish specific
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chromatin structures as part of the transcription process (1).
Components of LCRs usually co-localize with sites of deoxyri-
bonuclease I (DNase I) hypersensitivity (HS) and are operation-
ally verified in transgenic studies by their ability to enhance
transcription of their linked target gene in a copy number-de-
pendent and tissue-specific manner when inserted at ectopic
chromatin sites (2). The importance of LCR determinants in
metazoan gene activation has been highlighted in numerous
mouse models (3—6) and by the identification of LCR mutations in
human disease (7-10). A variety of mechanisms have been pro-
posed regarding the mode of action for such regions (for a review,
see Ref. 11). Many of these studies have focused on the functions of
individual LCR elements, as identified by distinct HS determi-
nants, in a variety of experimental models (12-16).

The human growth hormone gene (hGH) cluster contains the
pituitary somatotrope-specific #GH-N gene and four highly
homologous placenta-specific genes (Fig. 14). This locus has
been established as a model for studying the dynamics of LCR
activities. A region extending from 14.5 to 32 kb upstream of
the hGH-N promoter encompasses five DNase I hypersensitive
sites (HS) comprising the #GH LCR (Fig. 14) (17). This region is
required for robust and spatially regulated expression of both
the pituitary (17) and placental (3) genes within the cluster. The
hGH LCR establishes distinct patterns of epigenetic modifica-
tions at the #GH locus in these two tissues (18, 19). The LCR
and cluster are arranged on the chromosome in close proximity
to the SCN4A and CD79b genes. This arrangement contributes
to the regulatory complexity of this region (20, 21). SCN4A
encodes the a-subunit of the skeleton muscle voltage-gated
sodium channel (22). CD79b gene encodes the Igf3 protein that
forms heterodimers with Iga to create a subunit of the B-cell
antigen receptor complex (23). CD79b was initially considered
to be expressed specifically in B cells (24). However, our pub-
lished results demonstrated that CD79b is also robustly tran-
scribed in human pituitary (25). In the case of #tGH LCR actions
in the pituitary, it has been specifically demonstrated that tran-
scription of the region between the LCR and ZGH-N, contain-
ing the CD79b gene (Fig. 1A4), constitutes an essential step in the
pathway of #GH-N gene activation (26).
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The two hypersensitive sites most proximal to #GH-N, HSI
and HSII, are selectively established in pituitary chromatin and
have been implicated in the regulation of #GH-N. The region
encompassing HSIand HSIT has been shown to physically inter-
act with the #GH-N promoter, creating a higher-order chroma-
tin “loop” in cells expressing #GH-N (27). HSI contains three
critical binding sites for the pituitary-specific transcription fac-
tor Pit-1 (28). HSI activity is necessary for occupancy of Pit-1 at
two cognate binding sites within the #GH-N promoter (28, 29).
Deletion of two of the Pit-1 binding sites at HSI leads to a dra-
matic reduction of histone acetylation and noncoding tran-
scription throughout the LCR, loss of Pit-1 recruitment to the
hGH-N promoter, loss of LCR looping to the #GH-N promoter,
and a significant relaxation of somatotrope restriction of
hGH-N expression. The deletion of HSI also leads to greatly
reduced #GH-N expression, amounting to only about 5% of that
of the intact locus. Thus, HSI has been shown to be an essential
and pivotal component of the #/GH LCR (27, 30, 31).

In contrast to the detailed analysis of HSI, the role(s) of HSII
in hGH-N expression remains less clear. However, several lines
of evidence suggest that HSII plays an important role in this
process. Detailed analyses of #GH/P1-derived transgenes dem-
onstrate that HSII can form in the absence of HSI (31). Further-
more, in the absence of HSI, looping of the LCR to the h1GH-N
promoter is lost, but a second loop between the HSII region and
the more 5’ components of the LCR (HSIII-V) is retained (27).
Finally, when directly linked to #GH-N and assayed as trans-
genes in vivo, HSII on its own has no activity, HSI has a rela-
tively low level of activity, whereas the combined presence of
HSI and HSII results in a dramatic activation of #GH-N with
generation of a consequent phenotype of gigantism (17). In the
current report we directly assessed the roles of HSII in LCR
function by deleting it from its native context in the #GH/P1
transgene. The data provide evidence that HSII is a distinct entity
within the 7GH LCR, playing a significant role in the establishment
of robust levels of #GH-N in the mouse pituitary. The data further
suggest unique mechanisms for HSII action that distinguish it
from HSI and involve it in the assembly of an actively transcribing
Polll complex. Finally, an analysis of a second set of transgenic
lines in which we studied the actions of HSI/II in isolation from the
rest of the locus suggests that HSII may be involved in the initial
stages of histone modification and gene activation.

EXPERIMENTAL PROCEDURES

Deletion of the HSII Region from hGH/P1 and Establishment
of Transgenic Mouse Lines—A P1 clone containing the entire
hGH LCR and four of the most 5’ genes in the cluster had been
previously reported and manipulated for the study of HSI (Fig.
1A4) (3, 31). A similar homologous recombination approach was
used to delete HSII. Two targeting arms, A and B, each of ~700
base pairs were amplified from the #GH/P1 and amended with
restriction sites for HindIII (5’ free end), BamHI (joined ends),
or Sall (3' free end) (Table 1 contains the primer sequences).
The arms were joined together in their native orientation with
splice-overlap extension PCR and cloned into the pGEM3z
(Promega) vector. The fragment was excised from the pGEM3z
vector using HindIII and Sall and cloned into the pSVIL.RecA
shuttle vector (a gift from N. Heintz, Rockefeller University).
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The resultant vector was transformed into Escherichia coli DH10B
competent cells along with the #GH/P1 plasmid. Transformed
bacteria were grown on tetracycline (10 pg/ml)(Tet) and kana-
mycin (25 pg/ml) (Kan) containing plates at 30 °C overnight.
Eight colonies were picked and spread on Tet and Kan plates,
then incubated at 43 °C overnight in a temperature selection
step. Surviving colonies were screened for co-integration at
arm B by PCR between primers located near the 3’ end of the A
arm and downstream of the B arm. Co-integrants were then
plated onto Kan LB plates and grown at 43 °C overnight to
select for the second “resolution” recombination followed by
selection on Kan and fusaric acid (TB) plates at 37 °C for 48 h
(32). Fusaric acid was used as a selection for Tet-sensitive col-
onies (33, 34). The desired clones were identified by their failure
to hybridize to a probe representing the deleted segment, a
negative PCR result for sequences within HSII, and a PCR prod-
uct length assay. The resulting plasmid was purified and veri-
fied by sequencing and restriction analysis. Once verified and
linearized with NotI, the DNA was used for pronuclear injec-
tion. Three positive founder mice were identified and lines
were established from each. Further testing of the transgene
structure was performed by Southern blot using genomic
DNA from hGH/P1(AHSII) F1 mice digested with BglII or
EcoRI (Fig. 1B).

DNase I Hypersensitive Site Mapping— The isolation of intact
nuclei and Southern blots were performed to map the DNase I
HSs as described with minor modifications (31). Briefly, nuclei
constituting 100 ug of DNA from #GH/P1 and hGH/P1(AHSII)
animals doubly transgenic for ZGRF (see “Results”) were pro-
gressively digested with 100 units of DNase I nuclease. The
resulting fragments were digested overnight with proteinase K,
and the DNA was extracted with phenol:chloroform:isoamyl
alcohol, precipitated with EtOH, and dissolved in 10 mm Tris-
HC], pH 8.0, 0.1 mm (Na),EDTA buffer. The fragments were
then digested with EcoRI, run on a 0.8% agarose gel, and trans-
ferred to a Zetabind nylon membrane (3M, Saint Paul, MN).
The probe was amplified using Choice BlueTaq (Denville Sci-
entific, Metuchen, NJ) and Z#GH/P1 genomic DNA as a tem-
plate. Probes were labeled with [**P]dCTP (Table 1).

Co-RT-PCR Expression Assays—RNA was isolated from pitu-
itary tissue using TRIzol (Invitrogen) and purified using the
RNeasy Mini Kit with a RNase-free DNase set (Qiagen). cDNA
generation and the co-RT-PCR method for the co-amplifica-
tion of both mouse (m) and human (h) GH and CD79b were
conducted as previously described with some modifications
(17, 25). 0.5 nug of RNA was reverse transcribed with avian
myeloblastosis virus reverse transcriptase and the radiolabeled
3" mhGH primer. The entirety of the reverse transcription reac-
tion volume was used for gene-specific amplification. Either the
5' or 3’ primer was labeled with **P-labeled ATP using T4 poly-
nucleotide kinase (Table 1). Choice BlueTaq was used for the
amplification. Mouse and human products were differentiated
by digestion with restriction enzymes: #GH-N was selectively
cut by BstNI, mCD79b by Hinfl, and hCD79b by Sfcl. Products
were run on 6% acrylamide and imaged with a Storm 840 Phos-
phorImager (GE Healthcare). ImageQuant software was used
for quantification (GE Healthcare).
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TABLE 1
Primers used in these studies
Purpose Name Sequence

hGH/P1 modification Arm A5’ 5'-CCCAAGCTTCTGGGCAACAGAGCAAGACT-3’
Arm A 3’ 5'-CGCGGATCCGAGTGCAGTGGTGCAATCTC-3'
Arm B 5’ 5'-CGCGGATCCCCAAGCCTTTCCCAGTTATA-3’
Arm B 3’ 5'-CCGGAATTCCGGTGGACGAGCCACAGTGCTCAGGAAC-3’

hGH/P1 DNase I mapping HSI, II probe 5’ 5'-ACAGGCTGCAGCCGGTGCAGTT-3’
HSI, II probe 3’ 5'-CCCTCCTGCAGGGACTGGGTCC-3’

mhGH co-RT-PCR assay mhGH 5' 5'-GCCTGCTCTGCCTGC-3'
mhGH 3’ 5'-GACTGGATGAGCAGCAG-3’

CD79b co-RT-PCR assay mhCD79b 5' 5'-GGAGGAAGATCACACCT-3'
mhCD79b 3’ 5'-ATCCCCAGAGAACTCC-3'

Transcript analysis HSV 5’ 5'-TGTTCCTGGCTCTGCTGCTGAG-3'
HSV 3’ 5'-CAGGTCGGACTCCTCGGAGGCG-3
p55’ 5'-GCCTCAAAACCTGATTGG-3'
p53’ 5'-GGAGATCTCTGAGGCTGG-3
p45’ 5'-GCTGTATTCTTCCAGACAAG-3’
p43’ 5'-GAGCTAAGCTATGAGGATGC-3
F14 5’ (HSI) 5'-CCAAGCCTTTCCCAGTTATAC-3’

F14 3' (HSI) 5'-GATCTTGGCCTAGGCCTCGGA-3'
CD79b Ex. 65’ 5'-AGAGCCAGGTCGCCCCATGACC-3'
CD79b Ex. 6 3’ 5'-TCACCTCATAGCACCCCCAGAA-3’
pl5’ 5'-GATTACAAGCGCCCACTACC-3'
pl3’ 5'-GAGAGAATAAGCCAGGAGGTG-3’
hGH-NEx.55' 5'-TGGAAGATGGCAGCCCCCGGAC-3'
hGH-NEx.53' 5'-TTTATTAGGACAAGGCTGGTGG-3'
p95’ 5'-GA TGACACCCCTCTTGGA TC-3'
p9 3’ 5'-TAGCACTTGACTCTGTAGAA-3
GAPDH 5’ 5'-GCCAAAAGGGTCATCATCTC-3’
GAPDH 3’ 5'-CTGCTTCACCACCTTCTTGA-3'
hGH/P1 ChIP F14 5’ Same sequence as in transcription analysis
F14 3’ Same sequence as in transcription analysis
hGH-Np 5’ 5'-CAGGGCTATGGGAGGAAGAGCTT-3'
hGH-Np 3’ 5'-CTTCTCTCCCACTGTTGCCC-3’
myoD 5’ 5'-TTCCAGTCTAGCA AGTCCTCAGTT-3'
myoD 3’ 5'-TTAGGGATGCCCCCTCTGGCGGA-3'
AHSI/II DNase I mapping A probe 5’ 5'-AACAGTTCTGGCTGGAGTC-3’
A probe 3’ 5'-ACGAGGTTTCTTCCTTCG-3'

A Construct ChIP HSI 5’ 5'-TCCCAGATTTTGCCCCAC-3’

HSI 3’ 5'-AGGACCTGAGCCACGGAAG-3'
A5 5'-TTCCCTGCCTCCAAACGATAC-3’
A3 5'-CCGAGATAAAAACAAACCCGC-3'
mGH 5’ 5'-CTGGGATCTTGCATAACC-3'
mGH 3’ 5'-CCTCGACCCCAAGGCTCC-3'
myoD 5’ Same sequence as in #GH/P1 ChIP
myoD 3’ Same sequence as in #GH/P1 ChIP

Quantitative PCR—RNA was isolated as above. All products
used for the rest of the procedure were obtained from Applied
Biosystems (Foster City, CA). cDNA libraries were generated
using the High-Capacity cDNA Reverse Transcription Kit with
1 pg of RNA. The TagMan Universal PCR Master Mix and
7900HT machine were used to perform the amplification on
specific genes. Probe products were Hs00236859-m1 (hGH1),
Hs00236881-m1 (hCD79b), and Mm99999915-gl (mGAPDH).
The results were analyzed with SDS2.2 software and were nor-
malized to the signal from mouse GAPDH.

Immunostaining and Cell Imaging—Immunostaining was
conducted as previously described (30). Whole pituitaries were
dissociated into single-cell suspensions using enzyme-free cell
dissociation buffer (Invitrogen), washed, and suspended in
DMEM with 10% fetal bovine serum, and applied directly to
polylysine-coated slides. Cells were fixed with 4% formaldehyde
in PBS at room temperature for 10 min and washed three times
with PBS. Cells were permeabilized by incubation in a solution
of 0.5% saponin and 0.5% Triton X-100 for 10 min at room
temperature. Blocking was performed with 5% donkey serum,
2% BSA, and 0.1% Tween 20 in 4X SSC at room temperature in
a damp chamber for 20 min. For reaction with anti-mGH, a
monkey anti-rat antibody (National Institutes of Health, Tor-
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rance, CA) was used at a dilution of 1:1000. This anti-rGH anti-
body also recognizes mGH. For hGH-specific detection, the
described mAb9 monoclonal antibody (35) was used at a dilu-
tion of 1:2000. Dilutions were prepared in the blocking buffer
and the primary antibodies were allowed to react for 1 h in a
damp chamber. Subsequently, the primary antibody was
washed off with 4X SSC and 0.1% Triton X-100 three times for
5 min each. Cy3 donkey anti-human secondary antibody and
Cy2 donkey anti-mouse antibody (Jackson ImmunoResearch,
West Grove, PA) diluted 1:200 were applied for reaction with
mGH and hGH, respectively, and allowed to react for 1 h in a
damp chamber. Cell nuclei were stained with TO-PRO-3 iodide
(Invitrogen). The cells were washed three times as before and
mounted with fluorescent mounting medium (KPL, Gaithers-
burg, FL). Cells were imaged by confocal microscopy (Leica
TCS SP) and captured by Leica TCS software.

Quantitation of Noncoding Transcripts—The protocol was
conducted as previously described with several modifications
(31). From each pituitary, a cDNA library was generated using 1
pg of total DNase-treated RNA and the High-Capacity cDNA
Reverse Transcription Kit (Applied Biosystems). A control
reaction, without reverse transcriptase (RT), was included for
each sample to control for contamination with genomic DNA. 1
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FIGURE 1. Verification of hGH/P1(AHSII) transgene structure and determination of transgene copy number. A, map of the hGH locus and surround-
ing region on chromosome 17q22-23. The locations of the SCN4A and CD79b genes are shown. The vertical arrows indicate the positions of the DNase
I hypersensitive sites of the hGH LCR. Maps of the intact hGH/P1 and hGH/P1(AHSII) constructs are shown below the map of the locus. The Bglll (B) and
EcoRl (E) sites used to confirm the target deletion and determine the copy numbers of the transgene are labeled (short vertical lines). The position of the
1.2-kb deletion is shown in the map of hGH/P1(AHSII). B, Southern blot analysis to confirm the targeted HSIl deletion and determine the copy numbers
of the transgene in each line. Genomic DNA from three hGH/P1 (WT) and three HSIl deletion lines (A) was digested with Bglll or EcoRI, run on an agarose
gel, transferred, and hybridized with radiolabeled probes corresponding to the HSI region and to the endogenous mouse {-globin gene. Fragments
resulting from the constructs and probes are indicated with arrows on the right-hand side of the image. A total of five digestion/copy number analyses
were conducted. The 1.2-kb deletion resulted in loss of one Bglll site 5" to the HSII. Therefore, the 1.6-kb Bglll fragment in the WT hGH/P1 is shifted to 5
kb in the hGH/P1(AHSII) transgenic pituitaries. The three previous described WT hGH/P1 lines were used as references to determine the copy numbers
of the transgene (3), as indicated below the Southern blot.

wl of the 20 ul of reaction was used for each site-specific primer ~ Cruz; phosphorylated Ser-5 Polll antibody, Abcam, Cam-
set. Products were run on agarose gels and transferred to Zet-  bridge, MA) or IgG (Santa Cruz) with Protein A-agarose beads
abind nylon membranes. Probes with the same sequence asthe  overnight at 4 °C. The following day, the beads were washed 5
PCR products were generated from ZGH/P1 genomic DNA,  min each with low salt buffer (20 mm Tris-HCI, pH 8.1, 150 mm
labeled with [**P]dCTP, and hybridized to the membranes. NaCl, 0.1% SDS, 1% Triton X-100, 2 mm EDTA, 10 mm NaBT,
Background signal from the RT(—) control sample was sub- (.1 my PMSF and protease inhibitor), high salt buffer (same
tracted before normalizations to GAPDH, copy number, and  composition as previous buffer, but with 500 mm NaCl), LiCl
probe signal strength (between separate hybridization reac- pffer (10 mm Tris-Cl, pH 8.1, 250 mm LiCl, 1% Nonidet P-40,
tions) were performed (Table 1). 1% sodium deoxycholoate, 1 mm EDTA, 10 mm NaBT), and TE.

d Chr:l) matin {mmlunccl)p rec.iéﬁ(tiation Asifzys—ClllIP was c(;)r}- DNA was eluted from beads twice using 1% SDS and 0.1 m
ucted as previously described (31). Cells were dissociated in NaHCO, at room temperature for 15 min and cross-links were

enzyme-free buffer (Invitrogen) and transferred to DMEM with S ) o
10% fetal bovine serum. Cross-linking was performed in 1% reversed by overnight incubation at 65 °C in 0.2 m NaCland 40
pg/ml of RNase. Proteins were subsequently digested with the

formaldehyde and quenched with 0.125 m glycine followed b .. . . .
two washeys with cold PBS. Nuclei were §e}lllete d and resus)—, addition of proteinase K and incubated at 42 °C for 2 h. DNA

pended in lysis buffer (50 mv Tris-HCl, pH 8.1, 10 mm EDTA was extracted with phenol:chloroform:isoamyl alcohol, resus-
1% SDS, 10 mu sodium butyrate, and 0.1 my PMSE) and incu- pended in water, and analyzed by PCR with the specified primer

bated on ice for 10 min. Chromatin was sheared to an average ~Pirs (Table 1). Products were run on 2% agarose gels and trans-
size of 500 bp using a Sonic Dismembrator (Fisher Scientific). ferred to Zetabind nylon membranes. Membranes were hybrid-
Soluble chromatin was concentrated using an Amicon Ultra ized at 65 °C with **P-labeled probe generated with the same
column (Millipore). A fraction of the material was kept as an ~ Primer pairs (using #GH/P1 plasmid as a template). The mem-
input control, and the chromatin was pre-cleared using Protein ~ brane was subsequently washed with buffers containing
A-agarose beads. Chromatin (50 ug) was incubated with 20 mg ~ decreasing concentrations of SSC and 0.1% SDS. Band intensi-
of polyclonal antibody (acetylated H3 or H4 antibody, Milli- ties were quantified using a Storm 840 PhosphorImager and
pore; Pit-1 antibody, Santa Cruz; total Polll antibody, Santa expressed relative to the signal obtained from normal IgG.
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FIGURE 2. HSl is assembled independent of the actions of HSII. A, hGH-N locus and DNase | mapping strategy. The hGH gene cluster and upstream genes are
shown. Previously identified DNase | HS that form in pituitary chromatin (17) are indicated by the labeled vertical arrows. An expanded view of the region 5’ to
the hGH-N gene (below) highlights the indirect end-labeling strategy used for the DNase | HS mapping in this region. EcoRl restriction sites were utilized for
DNase | mapping, as shown. The region encompassing HSII that was deleted from hGH/P1 to generate the hGH/P1(AHSII) is indicated (dashed lines). Fragments
expected to result from each HS are shown below. B, representative Southern blot showing the HS bands detected 5’ to the hGH-N gene in the pituitary
chromatin of the hGH/P1 transgene locus and in the locus containing the derivative hGH/P1(AHSII) transgene. Pituitary nuclei from compound transgene mice
carrying the hGRF transgene and either the hGH/P1 (line 811D) or the HSlI-deleted derivative transgene (line 1374M3) were permeabilized and digested with
DNase I. Aliquots were removed at the selected time points and digested to completion with EcoRI. The resulting DNA fragments were run on an agarose gel,
transferred to a nylon membrane, and probed with the probe fragment shown in A. The HS visualized on the autoradiogram are labeled in accordance with the
diagram in A. Site HSI* represents the HS in the hGH/P1(AHSII) transgene that co-migrated with HSI. DNA size markers are indicated (left). Observed HS are
indicated with arrows (left and right). C, densitometric scan of the HS mapping autoradiogram shown in B. Scans were performed linearly with single pixel
depth, from top to bottom of the image, using ImageJ software. The y axis is designated in arbitrary density units, and peaks representing hypersensitive sites
are labeled with arrows. The hGH/P1 data are indicated above and the hGH/P1(AHSII) below. D, summary of HS that form 5’ to hGH-N in the hGH/P1 and the
hGH/P1(AHSII) transgenic loci in pituitary chromatin. Migration distances of observed fragments were compared with standard size markers to determine
positions of the HS and are shown by the arrows.

RESULTS

Development of an in Vivo Model for Study of HSII—Previous
work has established and validated an #GH/P1 transgenic
mouse model for the study of #GH gene regulation. This

deletion. The deletion from the plasmid was verified by restriction
enzyme fingerprinting and sequencing through the deletion site.
The resultant P1 plasmid was linearized and microinjected into
fertilized mouse oocytes, followed by re-implantation into a pseu-

hGH/P1 transgene (Fig. 1A) accurately recapitulates the selec-
tive and robust expression of #GH-N in pituitary somatotropes
with the corresponding assembly of the full array of #GH LCR
HS sites as originally mapped in primary human somatotrope
chromatin (31). HSI and HSII are encompassed within a 1.6-kb
BgllI fragment*located 14.5-16.1 kb 5’ to the xGH-N promoter
(17). HSI is located within a 404-bp subsegment at the 3" end of
this fragment and HSII has been mapped to the more 5’ 1.2-kb
segment (35). Therefore, to selectively remove HSII, the 1.2-kb
region was deleted from the #GH/P1 transgene (Fig. 14). A
two-step recombineering strategy was used to effect this HSII

4B. K. Jones, unpublished observations.
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do-pregnant recipient. Pups from five litters were screened for
transgene insertion and three independent transgenic founders
were identified. Each line was subjected to targeted PCR across
the deletion site and Southern blot “fingerprinting” was carried
out to verify that the transgene was intact (see “Experimental
Procedures”). The target deletion was confirmed by Southern
blot of Bglll-digested mouse genomic DNA (Fig. 1B). The
transgene copy number was determined for each line by Phos-
phorImager/ImageQuant volume analysis of Southern blots of
EcoRI-digested mouse genomic DNA (Fig. 1B). Three previ-
ously described #GH/P1 lines were used as references for the
copy number determinations (3). Each of the three founder
mice was crossed with CD1 mates to establish lines for further

VOLUME 287 +NUMBER 30+JULY 20, 2012



analysis. In a subset of studies, mice carrying the #GH transgene
were crossed with mice carrying a human growth hormone-
releasing factor (AGRF) transgene. The ectopic overexpression
of this trophic hormone stimulates pituitary hyperplasia, spe-
cifically expanding the somatotrope population for subsequent
chromatin studies (36).

HSI and HSII Form Independently—The impact of the HSII
deletion was first assayed with regard to known hypersensitive
sites at the locus. HS mapping was carried out by indirect end
labeling Southern analysis of pituitary nuclei isolated from
compound transgenic mice carrying either the ZGH/P1 or
hGH/P1(AHSII) along with the ZGRF transgene (Fig. 2A). As
expected, HSI and HSII could be clearly identified in the chro-
matin isolated from the ZGH/P1 pituitaries (17). Consistent
with the targeted deletion of HSII, the mapping of the pituitary
chromatin from the Z7GH/P1(AHSII) mouse showed a single
band that co-migrated with HSI (Fig. 2B). This analysis con-
firmed the deletion of HSII and revealed that the formation of
HSI is independent of the presence of HSIL Previous studies of
the hGH/P1(AHSI) transgene demonstrated that HSII forms in
the absence of HSI (31). Taken together, these results suggested
that the two hypersensitive sites form independently of one
another. Interestingly, HSI morphology in the #GH/P1(AHSII)
pituitary locus appeared slightly broader than in the #GH/P1
locus suggesting that its extent might have been slightly altered
in the absence of HSII (Fig. 2, C and D) and a possible new HS
was detected (Fig. 2, B-D).

Deletion of HSII from the hGH/P1 Transgene Results in a
Significant Reduction in hGH-N mRNA Expression—Next, we
investigated the impact of HSII inactivation on the expression
of the remote #GH-N gene. The levels of 1=GH-N mRNA in the
hGH/P1 pituitary were compared with that in the hGH/
PI(AHSII) pituitary by a previously validated co-RT-PCR
method (17). In this procedure, the mRNA encoding mouse
and human growth hormones (mGH and #GH) are simultane-
ously co-amplified and then differentiated from one another
based on restriction enzyme digestion (31). ZGH-N mRNA lev-
els in the pituitaries of mice from four distinct #GH/P1 lines (3)
were compared with those in the three #GH/P1(AHSII) lines.
The #GH mRNA levels in each line were normalized to the
corresponding transgene copy number. In all three of the trans-
genic lines, levels of human growth hormone were reduced
more than 4-fold from average #GH/P1 levels (Fig. 3, A and B).
An independent quantitative PCR assay using a probe set that
was specific for A=GH mRNA verified these results (Fig. 3C).
These data demonstrated that HSII of the #GH LCR has a
nonredundant role in enhancement of #GH-N expression in
the pituitary.

Somatotrope Restriction of hGH-N Transgene Expression Is
Fully Retained in the Absence of HSII—We have previously
reported that HSI, in addition to its role in enhancing h/GH-N
expression, also plays a role in restricting #GH-N transgene
expression to somatotropes (30). Although the overall expres-
sion of #GH-N mRNA from the hGH/P1(AHSI) transgene is
much reduced when compared with that of the structurally
intact transgene, we observed that 14% of the #GH-expressing
cells in the pituitary were mGH(—). This means that the soma-
totrope restriction of #GH-N was relaxed subsequent to HSI
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FIGURE 3. Deletion of HSII from the hGH/P1 transgene resulted in signif-
icant loss of hGH-N transgene expression. A, RT-PCR analysis of hGH-N
transgene expression. Total RNA was extracted from the pituitaries of three
hGH/P1 and three hGH/P1(AHSII) transgenic mice. Each RNA sample was
reverse transcribed to generate a cDNA library. A PCR was conducted with
32p_radiolabeled primers that co-amplify human and mouse GH mRNAs. The
amplified cDNA products were digested with BstNI to separate mouse from
human products, and the samples were visualized on an acrylamide gel. The
mouse- and human-specific GH cDNA fragments are labeled. The faint band
represents an alternatively spliced hGH-N transcript that was not included in
the quantification. Transgene copy numbers for each mouse line and the
normalized percent hGH-N expression are shown below the autoradiogram.
B, quantification of hGH-N transgene expression by co-RT-PCR. All three hGH/
P1(AHSII) transgenic lines were analyzed in parallel with four hGH/P1 lines.
A minimum of seven mice carrying each line was assayed. Error bars indicate
1 S.D. The difference between the products from each construct was signifi-
cant; p < 0.01 (Student'’s t test, two-tailed). C, quantification of hGH-N trans-
gene expression by quantitative PCR. Quantitative PCR was conducted on
RNA isolated from pituitaries of three hGH/P1(AHSII) and three hGH/P1 trans-
genicmice. A single sample from an hGH/P1(AHSI) mouse was included foran
additional comparison. The reduced expression in the AHSII animals was sig-
nificant; p = 0.05 (Student’s t test, two-tailed).

deletion (30). To assess the impact of HSII on cell type specifi-
cation, we subjected pituitary cells from ZGH/P1(AHSII) mice
to immunofluorescent microscopy analysis. In a study of over
100 hGH-N-expressing cells from each of two transgenic lines,
there was no evidence of #GH-N expression in mGH(—) cells
(Fig. 4). These data indicated that HSII differs significantly from
HSI in that its role in enhancing #GH-N expression is not cou-
pled with activity regulating the cell type-specific restriction of
hGH-N.

The HSII-deleted Locus Retains Full Levels of Noncoding
Transcription Across the CD79b Gene—Prior studies have
mapped a B-cell expressed gene, CD79b, to a position between
the #GH LCR and the hGH gene cluster (20) (see Fig. 1A).
Remarkably, 7CD79b mRNA is highly expressed in the pituitar-
ies of humans and in the pituitaries of mice carrying the
hGH/P1 transgene (25). The hCD79b protein product, IgB, is
specific to B cells and is not present in the pituitary. For this
reason, this CD79b transcription in the pituitary is considered
to be “noncoding.” Importantly, the transcription across the
hCD79b gene in the pituitary is essential for HSI-dependent
enhancement of #GH-N expression (26). HSI deletion dramat-
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FIGURE 4. Cell-type specificity of hGH-N expression is maintained in the hGH(AHSII) transgenic pituitary. Disaggregated pituitary cells from two hGH/
P1(AHSII) transgenic lines were stained with antibodies specifically recognizing mouse (red) or human (green) growth hormone. Nuclei were also visualized
with TO-PRO-3 iodide (blue). In an analysis of >100 cells from each of two transgenic lines, no cells were found to be positive for hGH-N in the absence of the
mouse GH. All cells shown in the sample figure express both proteins. Thus, the deletion of HSII did not alter the strict somatotrope specificity of hGH expression.

ically reduced CD79b transcription, commensurate with a dra-
matic reduction in #GH-N expression (26). Furthermore, selec-
tive blockade of the CD79b transcription has a similar
repressive effect on #GH-N expression (26). With these data in
mind, it was of interest to assess the impact of deleting HSII on
hCD79b expression. CD79b mRNA levels were assessed in the
pituitaries of #GH/P1(AHSII) mice by a previously validated
RT-PCR co-amplification assay (Fig. 54) and in parallel by
quantitative RT-PCR (37). Both assays revealed that the levels
of CD79b mRNA were unaltered by the deletion of HSII from
the #GH/P1 transgene (Fig. 5, B and C). These data demon-
strated that the negative impact of the HSII deletion on /GH-N
mRNA expression reflects a mechanism distinct from that
occurring subsequent to the deletion of HSI.

Studies were next undertaken to determine whether the
deletion of HSII had any adverse effects on noncoding tran-
scription in the remainder of the #GH LCR (26). Although such
transcription is at significantly lower levels than at CD79b and
has not been shown to be of functional importance, alterations
might reflect general alterations in the configuration of the
chromatin locus. Amplimer sets both upstream and down-
stream of HSI and HSII and the Z#GH-N gene were used to
detect transcribed RNA in hGH/P1(AHSII) pituitaries (Fig. 6A).
Whereas the transcript levels were highly variable between
samples, the transcriptional profile across the locus was similar
to the profiles seen in the #GH/P1 transgene (26). The h(GH-N
and CD79b regions were robustly transcribed relative to other
regions in the locus, as was the upstream p5 region at the 3" end
of the SCN4 gene. The pl region, between the CD79b and
hGH-N genes, and p9 region, downstream of ZGH-N, were
transcribed at low levels (Fig. 6B). This pattern of relative tran-
scription levels at different regions of the LCR was in accord-
ance with those observed from the ZGH/P1 transgene (26).
Thus, the negative impact of the HSII deletion on hGH-N
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FIGURE 5. Deletion of HSIl from the hGH/P1 transgene does not alter tran-
scription through the intervening hCD79b gene. A, representative assay of
hCD79b transcription. Human and mouse cDNA products of the RT-PCR anal-
yses in hGH/P1 and hGH/P1(AHSII) pituitaries are indicated (labeled arrows).
B, quantification of CD79b co-RT-PCR analyses. At least three samples were
analyzed from each construct. No significant differences in transcripts pro-
duced was observed between the two transgenes. C, quantitative RT-PCR
analyses of hCD79b expression. Quantitative PCR was conducted on cDNAs
from three AHSII pituitaries and three hGH/P1 control animals. A single sam-
ple from an hGH/P1(AHSI) mouse was included for comparison. The results
were similar to those obtained through the co-RT-PCR assay and confirmed
previous analyses of the hGH/P1(AHSI) transgene (31). No significant reduc-
tion was seen in the hCD79b expression from the hGH/P1(AHSII) transgene,
whereas transcripts in h\GH/P1(AHSI) were nearly ablated.

expression did not appear to be linked to alterations in noncod-
ing transcription within the #GH LCR.

Deletion of HSII Fails to Alter the Levels of Histone H4 Acety-
lation at HSI or the hGH-N Promoter—The domain of histone
acetylation at the active #GH/P1 locus in the pituitary extends
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FIGURE 6. The hGH/P1(AHSII) transgene retains active transcription across the hGH LCR. A, amplimers used to assess transcription across the hGH
transgene locus are indicated below the map. B, transcription across the hGH/P1(AHSII) locus. The levels of pituitary transcripts at each amplimer site were
normalized to the corresponding signal from hGH/P1 plasmid DNA. Amplifications were performed within the linear range, as determined by analysis of 10-fold
plasmid dilutions (not shown). As in the hGH/P1 locus, levels of transcription of hGH-N and hCD79b were significantly higher than those within the LCR.
Low-level transcription occurred both upstream and downstream of the hCD79b and hGH-N genes. Bar heights represent average signal value, with error bars

indicating 1 mean = S.D.

for 32 kb from HSV to the #GH-N promoter, peaking in inten-
sity at a region coincident with HSI and HSII. Deletion of HSI
results in a dramatic decrease of acetylation at both the LCR
and hGH-N promoter regions in concert with the loss of
hGH-N expression (31). Acetylation levels of the hGH/
P1(AHSII) locus were similarly tested by chromatin immuno-
precipitation (ChIP). Despite the significant negative effect on
hGH-N expression observed in the #GH/P1(AHSII), no change
was seen in acetylation at either HSI or the #GH-N promoter in
the absence of HSII (Fig. 7, A and B). These data suggested that
the impact of HSII on #GH-N expression is not directly related
to an effect on histone H4 acetylation.

HSII Promotes Pit-1 Recruitment at the hGH-N Promoter—
The pituitary-specific transcription factor Pit-1 has been shown
to occupy both the #GH-N promoter sequence and the HSI
region in the pituitary of the intact #GH/P1 transgene (28, 38,
39). Inactivation of HSI by targeted deletion of its Pit-1 binding
sites effectively eliminates Pit-1 occupancy at the #GH-N pro-
moter 15 kb downstream (31). As Pit-1 binding at the promoter
is required for #GH-N activation (29, 39), this loss is consistent
with the dramatic reduction in #GH-N expression seen in the
AHSI transgenic pituitary. With this in mind, we analyzed
whether deletion of HSII resulted in a loss of Pit-1 occupancy at
either of the known Pit-1 recruitment regions, HSI or the
hGH-N promoter. HSII deletion resulted in reduced recruit-
ment of Pit-1 by ~60% at the #GH-N promoter. Remarkably,
binding at the HSI region was unaffected (Fig. 84). These data
indicated that HSII, like HSI, promotes effective transcription
of hGH-N at least in part by facilitating Pit-1 binding to the
target promoter.
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Absence of HSII Results in Decreased Levels of Serine 5 Phosphor-
ylated Polll at the hGH-N Promoter—The marked decrease in
hGH-N mRNA expression from the 7GH/P1(AHSII) transgene
led to an investigation of Polll occupancy at the target 1GH-N
promoter. A ChIP assay directed against total Polll was con-
ducted on pituitary chromatin isolated from intact 1tGH/P1 and
the hGH/P1(AHSII) transgenic mice. The chromatin enrich-
ment for Polll was assessed in the immunoprecipitated fraction
with a primer set specific to the 7 GH-N promoter. Despite the
reduction of #GH-N transcripts in the #GH/P1(AHSII) pitu-
itaries as compared with #GH/P1, the assay revealed no signif-
icant difference in total Polll recruitment at the #GH-N pro-
moter between the two transgenic constructs (Fig. 8B, left).
This result contrasts with that obtained for the #GH/P1(AHSI)
transgene, in which Polll occupancy at the #GH-N promoter
and LCR was markedly reduced (26).

Next it was determined whether HSII was involved in a more
distal step in PollI action. Whereas multiple prior studies had
demonstrated that the Polll recruited to a promoter is unmod-
ified, these studies have also shown that release of Polll from
the promoter during the initiation of transcription is tightly
linked to phosphorylation of its C-terminal domain (CTD). The
initial phosphorylation at Ser-5 of the heptad CTD repeat is
carried out by a transcription factor [IH-dependent mechanism
(40). With this in mind ChIP assays were performed with an
antibody against the phosphorylated Ser-5 Polll isoform.
Results of this ChIP analysis revealed a decrease in the presence
of phosphorylated Ser-5 PollI at the promoter in the HSII dele-
tion versus the hGH/P1 construct (Fig. 8B, right). These data

JOURNAL OF BIOLOGICAL CHEMISTRY 25461



Impact of HSIl of the hGH LCR on hGH-N Expression

A. Histone Ac ChIP
hGHIP1
57 * X |:|
= _ *
é gt [= DhGH/P1(AHSII)
=
2
o 4 - o
he] *
T |THT‘
HSI hGH-Np
Transgene
B. hGHIP1 hGH/P1(AHSII)

Input

v Input x
‘ ?S\’z\ \QC? ‘}& \Q’o

HSI

hGH-Np

FIGURE 7. Deletion of HSII did not alter histone H4 acetylation at HSI or
the hGH-N promoter. A, ChIP analysis of histone H4 acetylation in pituitary
chromatin from the hGH/P1 and hGH/P1(AHSII) transgenic lines. ChIP assays
were performed on pituitary chromatin from animals doubly transgenic for
either hGH/P1 or hGH/P1(AHSII) and the hGRF transgene. The fold-enrich-
ment was calculated from the antibody-bound fraction over IgG-bound back-
ground and normalized to the signal at the inactive promoter of myoD. Bar
heights represent averages. Two independent lines were analyzed; asterisks
indicate values for each line. HSI and hGH-Np below the graph indicate the
respective primer locations. B, representative histone H4 acetylation ChIP
assay. An ethidium bromide-stained agarose gel is shown. Input dilutions are
serially 10-fold. The control IgG antibody recognizes total rabbit immuno-
globulin G.

suggest that the HSII sequence may play a role in PollI release
from the #GH-N promoter.

HSII Cooperates with HSI in HAT Recruitment—The essen-
tial role of a particular LCR determinant can be effectively
assessed by deleting it from an otherwise intact locus, as
described above. However, the sufficiency of such elements in
carrying out specific functions can best be assessed by comple-
mentary models in which the determinant is isolated in the
context of a “neutral” environment. With this in mind, we iso-
lated HSI and HSI/HSII from the #GH/P1 plasmid and inserted
these segments into a unique Xbal site centrally located in the
48-kb A-phage genome. A construct containing HSII alone was
not generated, as the HSII sequence was previously found to
have no activity in the absence of HSI (35). A-Phage DNA has
previously been used successfully as a neutral “spacer” se-
quence in a vertebrate model (41). Transgene constructs were
made comprising the 404-bp fragment encompassing HSI or
the 1.6-kb BglII encompassing HSI and -II (Fig. 94). A set of
transgenic founders were identified and crossed with mice car-
rying the #GRF transgene to generate sufficient pituitary soma-
totrope chromatin for analysis.

The HSI or HSI and HSII sequence within the A constructs
was tested for their ability to recruit Pit-1, generate local tran-
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FIGURE 8. Deletion of HSII resulted in significant loss of Pit-1 recruitment
and selective decrease in the phosphorylated Ser-5 isoform of Polll at
the hGH-N promoter. A, ChIP was performed on pituitary chromatin from
hGH/P1 or hGH/P1(AHSII) transgenic mice using an antibody that was raised
against full-length Pit-1 protein. The fold-enrichment was calculated as anti-
body signal over the IgG background, normalized to the signal at myoD, an
inactive promoter. Two lines were tested for enrichment at the hGH-N pro-
moter, and one line was assayed for enrichment at HSI. All mice analyzed were
compound transgenics carrying the indicated hGH transgenes and a trans-
gene overexpressing hGRF. Bar heights represent averages, with asterisks indi-
cating individual results from independent lines. Note that Pit-1 was de-
creased at the hGH-N promoter but not at HSI. B, deletion of HSII from the hGH
transgene locus resulted in decreased occupancy by the elongation-compe-
tentisoform of RNA polymerase Il (Ser5p Polll) at the hGH promoter. ChIP was
performed against total RNA polymerase Il (left) and with an antibody that is
selective to Polll phosphorylated at Ser-5 of the CTD (right). Mice that were
compound transgenic for the noted hGH transgene along with the hGRF trans-
gene were assayed. Calculation and notation are the same as in Fig. 7.

scription, or target HAT activity (Fig. 9 B, and C, and data not
shown). All studies for Pit-1 enrichment or for locally generated
RNA were essentially negative (data not shown). Assessment
for acetylation of histone H4 was more revealing. HSI alone in
the A phage DNA context (A/HSI transgene) proved insufficient
for establishment of histone acetylation at HSI. However, ChIP
performed on pituitary chromatin from the A/HSI/II transgenic
mouse revealed acetylation above background levels, although
much lower than that measured in the native transgene (Fig. 9,
B and C). These data suggested that HSII works in conjunction
with HSI to generate an activity that is sufficient for recruit-
ment of H4 HAT activity. Although present, this activity alone
is insufficient to support local Pit-1 occupancy or to recruit
active polymerase (Fig. 9, Band C).

DISCUSSION

Previous work had elucidated functions for HSI in its native
setting and orientation. In contrast, prior studies of the HSII
determinant have been less definitive and have been conducted
in artificial contexts. The current study serves to analyze HSII
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FIGURE 9. The ability of HSI to recruit H4 HAT activity is dependent on the action of HSII. A, structure of the AHSI/Il and AHSI transgenes. The hGH-N LCR
and surrounding region is shown, as are the transgenic constructs that utilized the A phage genome framework. A fragment of the LCR was inserted centrally
into the 48-kb A phage genome at a unique Xbal site. Two fragments were individually inserted: a 1.6-kb Bglll fragment containing the contiguous HSI and HSII
sequences in their native context and a 404-bp fragment encompassing the isolated HSI. The positions of the DNase | HS segments are indicated by the labeled
arrows (above). Small black bars represent PCR amplicons used in the ChIP assays. B, histone H3 and H4 acetylation and Pit-1 occupancy at the LCR insertion
within the A transgenes. Two lines carrying AHSI/Il and one line carrying AHSI were tested. In the case of the Pit-1 ChlIP assay, a single hGH/P1 line was used as
a positive control. Bars represent averages; asterisks represent values for independent lines. C, representative results for histone H4 acetylation and Pit-1 ChlPs.
An agarose gel is shown. Input dilutions are serially 10-fold. Analysis of acetylation at the endogenous mGHp served as a positive control for the ChIP assay.
A downstream region (A3') was tested to determine whether a domain of acetylation was established surrounding the HSI/Il region; these results were
negative in the two lines tested.

function both within the context of the native LCR in intact rather than establishing the concentrated focus of Polll activity
pituitary, and in an isolated environment independently of over CD79b that appears to be essential for the HSI effect (26).
other LCR determinants and the target #GH-N promoter. The Our prior studies have demonstrated that Pit-1 occupies cog-
data support a model in which HSII may an play essential role(s)  nate sites both at HSI and at the #GH-N promoter when ana-
in the activation and transcription of #GH-N. These data fur- lyzed in the context of the #GH/P1 transgene in pituitary chro-
ther suggest that activity of HSIL is distinct from that of HSTand  matin. A recent report carried outin an iz vitro system indicates
that these two determinants may work in very different ways to  that Pit-1 may also bind HSII (42). Our prior analysis of the
coordinately support full levels of hGH-N expression in the 7GH/P1(AHSI) transgene does not support independent Pit-1
pituitary. binding to HSII in vivo, as there is no significant binding to this
The data regarding #GH-N expression demonstrated that region in the absence of HSI although HSII is effectively assem-
the 1.2-kb sequence encompassing HSII, located 15.5 kb 5’  bled at this mutant locus.
to the hGH-N promoter, plays an essential and nonredundant Although the work in the current study has elucidated sev-
rolein hGH-N expression (Fig. 3). The deletion of HSII from the  eral functions facilitated by the HSII sequence, we have not as of
hGH/P1 transgene resulted in a significant decrease in #GH-N  yet been able to identify specific trans-acting proteins that cor-
mRNA levels. This negative effect occurred in a context in respond to HSII formation and function. It is possible to envi-
which HSI is still formed (Fig. 2). These data, along with our sion a model in which HSI and HSII work in concert, both
prior studies, demonstrated that HSI and HSII can assemble facilitated by binding of Pit-1 protein. As in the case of HSI
independent of each other and that both serve essential rolesin  deletion, #GH/P1(AHSII) pituitary cells experience a loss of
the support of robust #GH-N expression. Importantly, the tight  Pit-1 recruitment at the #tGH-N promoter when compared with
linkage of HSI-dependent enhancement of #GH-N expression hGH/P1 levels (Fig. 8A4). This observation, along with the
with the level of noncoding transcription across CD79b is results for transcription throughout the locus, may be indica-
clearly not evident in the case of HSII (Fig. 6). This distinction  tive of arole for HSII in establishing physical proximity between
indicates that the role of HSII is distinct in nature: HSII may be  the LCR and gene. The maintenance of histone acetylation at
involved in a higher-order structure at the active locus, perhaps  both LCR and HSI in the AHSII transgene represents another
stabilizing the LCR contact with the downstream #GH-N gene distinction between the roles of HSI and HSII and suggests that
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HSII may be involved in processes other than recruitment of
histone acetyltransferases (Fig. 7).

One of the more interesting findings in this study was the
discovery that deletion of HSII had no significant impact on
total Polll recruitment to the #GH-N promoter and yet resulted
in a decrease in the levels of phosphorylated Ser-5 RNA poly-
merase II at that site (Fig. 8B, right). This decrease could reflect
a number of models, but the current understanding of Polll
activity suggests an impediment of release of Polll from the
hGH-N promoter. Namely, the decrease in levels of modified
Polll in the #”GH/P1(AHSII) transgene at the #GH-N promoter
may reflect a defect in the recruitment of a required kinase
necessary for Polll modification and initiation of transcrip-
tional elongation. Several such kinases have been identified,
including a subset that acts on Ser-5 of RNA Polll. These
include the cyclin-dependent kinases CDK8 and CDKO9 in addi-
tion to transcription factor IIH (40, 43). The loss of kinase activ-
ity would decrease the conversion of PollI to the Ser-5 phos-
phorylated isoform and diminish release of Polll to the active
elongation (44, 45). This would be consistent with the normal
level of total Polll at the promoter of the #GH-N gene in the
hGH/P1(AHSII) locus and yet the decreased overall generation
of h'GH-N transcripts. This model would also be consistent with
prior studies of the human B-globin LCR in which the B-globin
gene promoter has been shown to recruit RNA polymerase
independently of its LCR. The essential function of the LCR
appears to be to enhance B-globin transcription at the elonga-
tion step, both by recruitment of elongation complexes (such as
FACT and DSIF) and increased phosphorylation of the Ser-5
residue of the CTD. These activities result in a corresponding
enhancement of Polll release and induction of the elongation
step of transcription (46, 47).

Another significant finding of this study was that HSII can
exert a histone-modifying activity in the absence of the t=GH-N
promoter. HSI in a neutral context, centrally located in the A
genome transgene, proved insufficient to recruit HAT activity.
However, HSI and HSII together led to an appreciable accumu-
lation of H4 acetylation (Fig. 9B). Although not at the level of
enrichment observed in the native locus, this histone modifica-
tion could represent an initial step in chromatin domain acti-
vation that could be enhanced and amplified by other determi-
nants, including interactions with the #GH-N promoter, with a
final reconfiguration of the higher-order structure of the locus.
These data would be consistent with an HSII-dependent “initi-
ation” role for the pituitary-specific determinants taking place
upstream of other activating events at the locus.

In summary, HSII of the #GH locus control region has been
demonstrated to be a distinct and essential contributor to the
robust expression of the pituitary-specific #GH-N gene. This
regulatory element affects the recruitment of Pit-1 and post-
translational modification of RNA polymerase II. This analysis
clearly demonstrates that the enhancing actions of HSII on
hGH-N expression are mediated via mechanisms that are dis-
tinct from those of the adjacent HSI. These studies establish a
foundation for future research on the structure of the hGH/
P1(AHSII) locus, and support a rationale for further investiga-
tions directed at both the identification of additional protein
trans factors active in hGH-N expression and the determina-
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tion of the order of events that occur during activation of the
pituitary locus.
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