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The clinical behavior of growth hormone (GH)-pro-
ducing pituitary tumors is known to vary greatly;
however, the events underlying this variability re-
main poorly understood. Herein we demonstrate that
tumor overexpression of the GH-releasing hormone
(GHRH) gene is one prognostically informative event
associated with the clinical aggressiveness of soma-
totroph pituitary tumors. Accumulation of GHRH
mRNA transcripts was demonstrated in 91 of a con-
secutive series of 100 somatotroph tumors by in situ
hybridization; these findings were corroborated by
Northern analysis and reverse transcriptase polymer-
ase chain reaction, and protein translation was con-
firmed by Western blotting. By comparison, tran-
script accumulation was absent or negligibly low in
30 normal pituitary glands. GHRH transcripts were
found to preferentially accumulate among clinically
aggressive tumors. Specifically, GHRH mRNA signal
intensity was 1) linearly correlated with Ki-67 tumor
growth fractions (r = 0.71; P < 0.001), 2) linearly
correlated with preoperative serum GH levels (r =
0.56;P = 0.01), 3) higher among invasive tumors (P <
0.001), and 4) highest in those tumors in which post-
operative remission was not achieved (P < 0.001).
Using multivariate logistic regression, a model of

postoperative remission likelihood was derived
wherein remission was defined by the single criterion
of suppressibility of GH levels to less than 2 ng/ml
during an oral glucose tolerance test. In this outcome
model, GHRH mRNA signal intensity proved to be the
most important explanatory variable overall, eclips-
ing any and all conventional clinicopathological pre-
dictors as the single most significant predictor of
postoperative remission; increases in GHRH mRNA
signal were associated with marked declines in remis-
sion likelihood. The generalizability of this outcome
model was further validated by the model's signifi-
cant performance in predicting postoperative remis-
sion in a random sample of 30 somatotroph tumors
treated at another institution. These data indicate that
overexpression of GHRH gene is an event associated
with the neoplastic progression and clinical aggres-
siveness of somatotroph adenomas. More generally,
these data merge essential elements of the hypotha-
lamic and pituitary hypotheses of pituitary tumori-
genesis, providing for a more unified concept of neo-
plastic progression in the pituitary. (Am J Pathol
1997, 151:769-784)

The pituitary tumors underlying acromegaly, although
unified by their pathological hypersecretion of growth
hormone (GH), are an otherwise heterogeneous group of
lesions. From biological, clinical, and prognostic stand-
points, the behavior of these tumors tends to be highly
variable and generally defies reliable prediction.
Whereas some somatotroph adenomas are amenable to
curative resection, others will progress relentlessly, often
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despite maximal surgical, pharmacological, and radio-
therapeutic intervention.1 It is recognized that some 80%
of GH-secreting adenomas will have progressed to a
macroadenoma stage when detected, and one-half of
these will be grossly invasive of surrounding neurovas-
cular or bony structures.2 4 Curative resections can be
achieved by experienced surgeons in only 55 to 65% of
all somatotroph adenomas.5-7 In the remainder, it is usu-
ally tumor invasiveness that precludes complete exci-
sion, and for these tumors, symptomatic regrowth and
persistent hormone hypersecretion are virtually guaran-
teed.8`10 The tendencies of some somatotroph adeno-
mas toward aggressive, invasive, or recurrent growth,
although neither reflected in nor predicted by the tumor's
histological or ultrastructural morphology, is presumably
the result of specific subcellular events that promote
neoplastic progression among aggressive variants. To
date, however, prognostically informative determinants of
neoplastic progression remain poorly characterized in
this tumor system.

GH-releasing hormone (GHRH), a hypothalamic pep-
tide and mitogen, is the principal positive regulator for
GH-producing cells (somatotrophs) of the pituitary.11'12
After its release from hypothalamic nuclei and subse-
quent descent to the anterior pituitary via the portal cir-
culation, GHRH binds to its receptor (GHRH-R) on the
somatotroph cell surface, stimulating both the prolifera-
tion of these cells and their secretion of GH. A logical
extension of such trophic physiological activity has been
the implication that excessive GHRH stimulation may play
a role in somatotroph tumorigenesis, particularly from the
standpoint of neoplastic progression. In support of this
possibility has been a growing body of evidence indicat-
ing that somatotroph adenomas may themselves be a
local source of GHRH production. In this regard, several
investigators have documented the presence of GHRH
mRNA transcripts and/or immunoreactive GHRH within,
as well as in vitro GHRH secretion by, somatotroph ade-
nomas.13-17 Whereas these observations raise the pos-
sibility of GHRH-mediated autocrine/paracrine stimula-
tory loops within somatotroph adenomas, neither the
clinicopathological nor prognostic significance of such
local GHRH expression has been systematically exam-
ined. Moreover, the important question of whether locally
produced GHRH can promote neoplastic progression in
somatotroph adenomas and account for the aforemen-
tioned variability in their clinical behavior remains unre-
solved.
The present work evaluates the hypothesis that tumor

overexpression of the GHRH gene represents an event in
the progression of GH-producing pituitary tumors, one
associated with aggressive endocrinological and onco-
logical behavior, and a poorer surgical outcome.

Materials and Methods

Overview of Research Design
A consecutive series of 100 GH-producing pituitary tu-
mors were screened for expression of the GHRH gene by

in situ hybridization (ISH). To determine the biological and
clinical relevance of such expression, the degree of
GHRH transcript accumulation was quantified and corre-
lated with pertinent clinicopathological parameters, in-
cluding tumor invasion, preoperative GH level, tumor
morphology, tumor growth fraction, and postoperative
remission status. To explore further the relationship be-
tween GHRH mRNA transcript accumulation and surgical
outcome, particularly as it compared with other clinico-
pathological predictors, multivariate modeling was used
to fit a logistic regression model of postoperative remis-
sion likelihood. The stability and reproducibility of this
model were then tested in a second, randomly selected,
and comparable cohort of 30 acromegaly-associated pi-
tuitary tumors treated at another institution.

Clinical Material
Of 114 consecutive acromegaly-associated pituitary tu-
mors operated upon at the Wellesley Hospital (Toronto,
Canada) between 1974 and 1991, tumor samples and
clinical data of 100 cases were available for inclusion in
this study. Included were 59 men and 41 women with a
median age of 44.5 years (range, 17 to 70 years). All
patients had been subject to a uniform management
protocol. Each had been evaluated by a single endocri-
nologist (D. W. Killinger) and operated upon by a single
neurosurgeon (H. S. Smyth), with each having had their
tumors pathologically characterized by a single patholo-
gist (K. Kovacs). These 100 patients and their tumors
constituted the primary study set upon which ISH analy-
sis, clinicopathological correlations, and statistical mod-
eling were performed. The derived outcome model was
then tested in a comparable cohort of 30 randomly se-
lected acromegalic patients managed at the Mayo Clinic,
Rochester, MN, between 1980 and 1987. Each patient
had been subjected to a uniform endocrine evaluation,
was operated upon by the same neurosurgeon (E. R.
Laws), and each tumor was pathologically characterized
by the same team of pathologists (B. Scheithauer and K.
Kovacs).

Tumor Samples and Control Tissues
Three categories of pituitary tissue were used in this
study.
The main group of tumors studied were those from the

primary (Toronto) and secondary (Mayo) study popula-
tions. Consisting of 100 and 30 somatotroph adenomas,
respectively, all tumors were fully characterized on the
basis of their histology, immunohistochemical profile, and
ultrastructure. All subtypes of GH-producing adenomas
were represented. These archived tissues, all of which
had been formalin fixed and paraffin embedded at the
time of surgery, were used for ISH studies.
As control tissues for ISH, formalin-fixed and paraffin-

embedded specimens of normal pituitary gland were
used, which were obtained from two sources. The first
included 20 normal autopsy pituitary glands, all of which
were obtained from patients who died of nonendocrine
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causes and in whom glands could be retrieved within 12
hours of death. Because of potential mRNA degradation
associated with the delay in procuring autopsy pituitaries,
10 surgical nontumorous pituitary specimens were in-
cluded as a secondary control group. These specimens
consisted of morphologically normal peritumor tissue ad-
jacent to either corticotroph adenomas (n = 6), soma-
totroph adenomas (n = 2), or prolactin cell adenomas
(n = 2).
A third group of pituitary tissues, each consisting of a

freshly frozen fragment and a formalin-fixed fragment,
were also studied. Included in this group were 10 soma-
totroph adenomas and 1 autopsy pituitary gland (ob-
tained within 2 hours of death). In these specimens, ISH,
Northern analysis, reverse transcriptase polymerase
chain reaction (RT-PCR), Western analysis, and GHRH
immunohistochemistry were all performed in each case.
The purpose of these analysis was to 1) confirm the
results of ISH with other methods of detecting GHRH
mRNA transcripts, 2) to verify that the probe used for ISH
was identifying mRNA transcripts of appropriate size, 3)
to evaluate and quantify the relationship between GHRH
mRNA levels as determined by ISH and Northern analy-
sis, and 4) to demonstrate GHRH protein, thereby con-
firming translation of GHRH mRNA transcripts.

ISH
GHRH Probe

The human GHRH probe used for both ISH and North-
ern analysis was a 30-mer antisense oligonucleotide
probe (5'-GTT GGT GAA GAT GGC ATC TGC ATA CCG
CCG-3') derived from exon 3 (nucleotides 177 to 206) of
the consensus cDNA sequence.18 It was radiolabeled by
the 3'-end-labeling method using 35S-labeled deoxyade-
nosine 5'-triphosphate and a commercially available kit
(Dupont, Missisauga, Canada). Radiolabeled antisense
oligonucleotides were purified by affinity chromatogra-
phy, from which labeled probes of high specific activity
were eluted. The optimal specific activity for the probe,
determined by a series of preliminary dilution experi-
ments, was 1.0 x 106 cpm.

ISH Protocol

ISH was performed on 5-t,m slide-mounted tissue sec-
tions. Details of the technique, including specifics of
probe labeling and purification, prehybridization, over-
night hybridization, and post-hybridization treatments
have been outlined in previous reports from our labora-
tory.19-21 After liquid emulsion autoradiography (Kodak
NTB2 emulsion) and a 1-week exposure time, slides were
developed, fixed, rinsed, stained with hematoxylin, dehy-
drated, and coverslipped.
To evaluate the relationship between GHRH mRNA

distribution and GH content at the level of the individual
tumor cell, combined ISH for GHRH and immunohisto-
chemistry for GH were performed on the same tissue
section. The streptavidin-biotin peroxidase complex

method was used, being performed after post-hybridiza-
tion washes.

Quantification of GHRH mRNA Signal

In all adenomas, GHRH mRNA signal intensity was
quantified by manual densitometry. The number of silver
grains in all tumor cells present in each of 20 randomly
selected high-power fields were counted. Within each
field, the silver grain content of every cell was specifically
enumerated using oil immersion microscopy (xlOOO). A
signal intensity index, representing the mean number of
silver grains per cell, was determined in each case. All
counts were performed by a single experienced cyto-
technologist blinded to clinical or other details of the
case.

In quantifying the ISH signal in the nontumorous con-
trol glands there were additional methodological consid-
erations. The objective was to specifically enumerate the
number of silver grains in normal somatotrophs. In the
autopsy pituitary glands, this was facilitated by using
horizontal sections and evaluating only those acidophilic
cells in the lateral wings of the gland, a region primarily
occupied by somatotrophs. In peritumor surgical frag-
ments, such topographic orientation was not possible,
and serial GH-immunostained sections were required to
facilitate somatotroph localization.

ISH Control Procedures

To exclude the possibility of nonspecific probe bind-
ing, two standard control procedures were performed in
tandem with the ISH protocol. The first involved prediges-
tion of tissue sections in 100 gg/ml of RNAse, and the
second was a competitive hybridization assay wherein
20-fold excess unlabeled probe was added to the hybrid-
ization mixture. By both methods, the hybridization signal
was effectively eliminated or reduced to negligible back-
ground levels (<5 silver grains/cell). One or both of these
control procedures were performed in all tumors.

In total, 171 specimens were studied by quantitative
ISH (ie, 100 tumors of the Toronto series, 30 tumors of the
Mayo Clinic serie, 20 autopsy pituitaries, 10 surgical non-
tumorous pituitaries, and 11 specimens for corroboration
with Northern/Western/PCR analysis). Once the experi-
mental conditions were established, ISH was performed
in a batch fashion, with a series of nine separate batches,
or runs, being required to complete all specimens. To
ensure that batch-to-batch variability was not a con-
founding factor, six specimens (three autopsy control
pituitaries and three somatotroph adenomas) served as
internal controls, a slide of each having been included in
all nine batches. After GHRH mRNA signal intensity was
quantified for each of these specimens in each of nine
batches, batch-to-batch variability was assessed in two
ways. First, a coefficient of variation was determined for
each control sample. Individually, the value of these co-
efficients ranged from 0 to a maximum of 6.9%, indicating
strong consistency from one batch to the next for each of
the controls. Second, when the mean GHRH mRNA sig-



772 Thapar et al
A/P September 1997, Vol. 151, No. 3

nal intensity of all controls in each of nine batches were
compared, no significant differences were found be-
tween batches (one-way analysis of variance (ANOVA),
P = 0.95).

Northern Analysis
This analysis was performed primarily to verify that tran-
scripts detected by ISH were of appropriate size. In 10
cases for which freshly frozen tumor tissue was available,
total RNA was extracted using the single-step acid-gua-
nidinium-thiocyanate-phenol-chloroform method.22 In a
similar fashion, RNA from an autopsy pituitary gland was
also extracted, after removal of the posterior pituitary.
RNA was fractionated on 0.8% agarose/2.2% formalde-
hyde gels, transferred to nylon membranes, and cross-
linked by ultraviolet irradiation. The same GHRH oligonu-
cleotide probe used for ISH was 32P end labeled to high
specific activity (1.0 x 106 cpm/ml) and membrane hy-
bridized overnight at 420C. Blots were washed under
high-stringency conditions and exposed at to Kodak
XAR-5 film for 5 days at -80°C.

The same blots probed for GHRH were sequentially
re-probed for GHRH-R. A full-length 1.6-kb GHRH-R
cDNA probe had been previously cloned by us (B. Gay-
linn and M. 0. Thorner)23 and inserted into a bluescript
vector. Using an in vitro transcription kit, 32P-labeled ri-
boprobes of high specific activity were generated and
subsequently purified by affinity chromatography (Boeh-
ringer Mannheim, Indianapolis, IN). Hybridization condi-
tions and post-hybridization treatments were identical to
those described above for the GHRH probe.

As a loading control, all membranes were sequentially
probed for their content of 18 S ribosomal RNA using the
following probe sequence: 5'-CGG CAT GTA TTA GCT
CTA GAA TTA CCA CAG-3'. Probe labeling and hybrid-
ization were identical to that described for the GHRH,
although only a 6-hour exposure was required.
GHRH autoradiograms were subjected to densitomet-

ric quantification using the PDI system (Huntington Sta-
tion, NY). Band densities were recorded in arbitrary den-
sitometric units and were internally standardized for
variations in the amount of RNA loaded into each lane.
Specifically, the densities of the GHRH bands were di-
vided by the densities of their respective 18 S bands; this
ratio was then multiplied by a factor of 100 to achieve
whole number values (ie, relative densitometric units).

RT-PCR
As a secondary means of demonstrating GHRH tran-
script accumulation, RT-PCR was performed in the same
11 cases studied by Northern analysis using an estab-
lished protocol with minor modifications.16 Briefly, an al-
iquot (5 ,g) of total RNA was reverse transcribed using
10 U of avian myeloblastosis virus reverse transcriptase
(Boehringer Mannheim) from a 3'-primer derived from
exon 5 of the consensus GHRH cDNA sequence. A 10-,ul
aliquot of the cDNA reaction mixture was used for the
PCR amplification reaction, being carried out in a total

volume of 100 [LI with a primer pair at 1 ,umol/L in 50
mmol/L KCI, 10 mmol/L Tris/HCI, pH 8.3, 1.5 mmol/L
MgCI2, 200 umol/L dNTP, and 2 U of AmpliTaq DNA
polymerase (Perkin Elmer-Cetus, Emeryville, CA). PCR of
30 cycles was performed, consisting of denaturation
(940C for 1 minute), annealing (550C for 1 minute), and
extension (720C for 3 minutes) in an automated DNA
thermal cycler. The primer pair used to generate a spe-
cific GHRH 235-bp fragment was the following: sense,
5'-TAT GCA GAT GCC ATC TTC AC-3'; antisense, 5'-T-
TCA-TCC-CTG-GGA-GTT-CCT-G-3'. The PCR product
was phenol extracted, ethanol precipitated, and electo-
phoresed on an ethidium-bromide-containing 2% aga-
rose gel. As a negative control, total RNA extracted from
a corticotroph pituitary adenoma was used.

GHRH Immunocytochemistry and Western
Blotting
GHRH Immunostaining

Five micron sections of formalin-fixed and paraffin-
embedded tissues were mounted onto glass slides. Im-
munostaining was performed using the avidin-biotin-per-
oxidase complex method of Hsu et al.24 To enhance
protein detection, antigen retrieval was performed as
previously described, using a 0.01 mmol/L sodium citrate
retrieval buffer (pH 6.0) and tissue microwaving.25 Poly-
clonal GHRH antisera (Peninsula Laboratories, Belmont
CA) was used at a 1:300 dilution.

Western Blotting

Protein extraction, sodium dodecyl sulfate (SDS)-poly-
acrylamide gel electrophoresis, and immunodetection
were performed according to a standard protocol with
minor modification.26 Briefly, snap-frozen tissues were
homogenized and protein extracted in a lysis buffer con-
sisting of 1% Nonidet P40, 20 mmol/L Tris, pH 7.4, 150
mmol/L NaCI, 5 mmol/L EDTA, 1 mmol/L sodium or-
thovanadate, 10 gg/ml aprotinin, 10 jig/ml leupeptin, and
10 ,ug/ml phenylmethylsulfonyl fluoride. The concentra-
tion of soluble protein was determined using the Bradford
assay (Bio-Rad Laboratories, Richmond CA). Proteins
were resolved by SDS-polyacrylamide gel electrophore-
sis on a 15% acrylamide separating gel at constant cur-
rent (35 mA). After electrophoresis, proteins were trans-
ferred to Immobilon-PSQ polyvinylidene membranes
(Millipore) using the Bio-Rad semi-dry transfer electro-
blotting apparatus. After incubation in a blocking solution
consisting of 5% skim milk and 0.1% Tween 20 in PBS
(0.01 mol/L sodium phosphate and 0.14 mol/L NaCI, pH
7.4) for 60 minutes, membranes were incubated in a
rabbit-derived polyclonal GHRH antibody (Peninsula
Laboratories) at a final concentration of 1:500 for 2 hours.
After three successive washes in the 5% skim milk/O. 1%
Tween 20/PBS mixture, the membrane was incubated in
a goat anti-rabbit IgG-horseradish peroxidase conjugate.
Peroxidase activity was detected by chemiluminescence
using a standard kit (ECL Western blotting kit, Amer-
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sham, Arlington Heights, IL). As a positive control, a lane
containing synthetic GHRH peptide (Peninsula Laborato-
ries) was run with the tissue samples.

Determination of Tumor Growth Fractions
Tumor growth fractions were determined in each case by
Ki-67 immunolabeling using the MIB-1 monoclonal anti-
body (AMAC, Westbrook, ME). Details of the technique
have been described in a recent publication.27 After
immunostaining was performed, a mean tumor growth
fraction was determined in each case by counting the
number of Ki-67-immunostained nuclei in each of 20
high-power fields. The growth fraction, or Ki-67 labeling
index, was expressed as the percentage ratio of Ki-67-
labeled nuclei to total nuclei.

Statistical Analysis and Outcome Criteria
Several statistical procedures were used to evaluate
these data. In comparing the mean GHRH mRNA signal
intensity between tumor groups, a one-way ANOVA was
used, followed by either pairwise comparisons using
Bonferroni corrected P values or linear orthogonal con-
trasts, depending on the nature of the comparison. To
test for linear association between continuous variables,
scatterplots were constructed and the Pearson correla-
tion coefficient (r) was derived. To determine the prog-
nostic relevance of tumor GHRH mRNA signal intensity
and other clinicopathological parameters in predicting
remission likelihood, a logistic regression model was fit-
ted. For this analysis, surgical outcome was considered a
dichotomous outcome variable, being categorized as ei-
ther remission or no remission and defined exclusively on
the basis of postoperative dynamic endocrine testing.
Postoperative remission was defined on the basis of the
single, stringent, and widely accepted criterion of sup-
pression of serum GH levels to less than 2 ng/ml during
an oral glucose tolerance test, performed 1 month post-
operatively.611'28'29 Values above this threshold were
considered surgical failures, regardless of the degree of
lowering of basal GH levels. Given the era in which the
majority of these patients had been treated, the currently
preferred criterion of a normalized serum insulin-like
growth factor-1 level was not routinely unavailable. Of
particular methodological importance is the fact that a
single surgeon had operated upon all cases in the pri-
mary study population and a single surgeon also oper-
ated upon all tumors in the secondary test population. As
both surgeons have specific expertise with pituitary sur-
gery, the occurrence of an unsuccessful outcome should
be viewed as a reflection of the aggressiveness of the
tumor that precluded its complete removal, rather than
technical inexperience on the part of the surgeon. Once
the outcome model was derived, its generalizability in
predicting the remission status of the secondary (Mayo
Clinic) test population was studied; a x2 analysis was
used to compare predicted versus actual surgical out-
comes.

For all statistical analysis, two-tailed probability values
less than 0.05 were designated as significant. All mean
values are reported as mean ± SEM. Statistical analyses
were performed using SAS system software version 6.10
(SAS Institute, Cary, NC).

Results

GHRH mRNA Transcripts in Nontumorous
Control Pituitaries
In all nontumorous control pituitaries, the GHRH mRNA
signal was low (mean, 3.31 ± 0.43 silver grains/cell;
range, 0 to 8.5), with most examples exhibiting only back-
ground levels of signal (Figure 1A). The mean GHRH
mRNA signal was comparable in both the autopsy and
surgical controls (2.72 ± 0.45 versus 4.52 ± 0.85), values
within the range of background signal (ie, <5 silver
grains/cell). In a small subgroup of nontumorous control
specimens (3 of 20 autopsy glands and 4 of 10 surgical
nontumorous pituitaries), the GHRH signal in soma-
totrophs, although still low, did exceed background lev-
els (mean, 7.04 ± 0.54 silver grains/cell). In some of
these specimens, the signal was not confined to soma-
totrophs only, as low-level signal could also be seen in
occasional basophilic and chromophobic cells; no signal
was evident in the posterior lobe.

GHRH mRNA Transcripts in Somatotroph
Adenomas
In contrast to the nontumorous pituitary in which the
GHRH mRNA signal was absent or low, transcript accu-
mulation was detectable in 91 of 100 somatotroph ade-
nomas. Moreover, the mean GHRH signal intensity
among tumors was 18.17 ± 1.45 silver grains/cell (range,
0 to 56.7), a value significantly higher than that observed
in the control groups (one-way ANOVA, post hoc linear
contrast, F ratio = 15.63, P < 0.001; Figure 1B). Differ-
ences in the GHRH signal intensity between the tumor
and normal glandular tissue were especially obvious in
some surgical specimens for which the border between
tumor and surrounding normal gland was present (Figure
iC).

Co-Localization ofGHRH mRNA and
Immunoreactive GH
When ISH for GHRH mRNA was combined with immuno-
histochemistry for GH, the signal was co-localized with
the immunoreaction in the same tumor cells. In some
cases, tumor cells having the highest GHRH mRNA sig-
nal intensity were seen to also exhibit the strongest im-
munoreactivity for GH (Figure 1D).

Northern Analysis
A single and appropriately sized GHRH transcript of ap-
proximately 0.75 kb was detected in 9 of 10 somatotroph
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Figure 1. ISH for GHRH mRNA. A: In the normal autopsy pituitary gland, only a background level of signal is seen. Hematoxylin; magnification, x400. B: This
contrasts with the strong hybridization signal diffusely present in the somatotroph adenoma. Hematoxylin, magnification, x400. C: Somatotroph adenoma
containing a tongue of nontumorous tissue is seen (arrow). Note the selective localization of the hybridization signal only within tumor cells and not within
entrapped normal gland. Hematoxylin; magnification, x200. D: ISH for GHRH mRNA was combined with immunohistochemistry for GH. Note that cells having
the most intense GHRH mRNA signal are also those exhibiting the strongest immunoreactivity for GH (brown color). GH immunostain; magnification, x200.

adenomas tested, although some variability in the level of
expression was noted (Figure 2A). The level of GHRH mes-
sage was higher among invasive adenomas as compared
with noninvasive adenomas and in those adenomas with
higher growth fractions. No GHRH message could be de-
tected in the normal gland. When blots were re-probed with
a GHRH-R probe, all somatotroph adenomas also ex-
pressed the receptor mRNA. A full-sized 4.0-kb GHRH-R
mRNA transcript was identified in all tumors and in the
autopsy pituitary control (Figure 2B). The level of GHRH-R
message was fairly similar in all tumors, suggesting a con-
stitutive level of expression. In particular, there was no evi-
dence of GHRH-R down-regulation even when the level of
GHRH message was high.

RT-PCR Verification ofGHRH Gene Expression
In 10 of 10 cases studied, RT-PCR resulted in selective
amplification of the predicted 235-bp fragment of the
GHRH gene, being represented as a discrete band of
expected size (Figure 3). No amplification was seen in
either the normal gland or in the negative control (corti-
cotroph adenoma).

GHRH Immunohistochemistry and Western Blot
Analysis
Of the 30 control nontumorous pituitaries, all of which
were formalin fixed and paraffin embedded, GHRH im-
munoreactivity could not be demonstrated in a single
instance despite application of vigorous antigen retrieval
methods.25 Even in the seven examples for which low-
level GHRH transcript accumulation was demonstrated
by ISH, all cells were uniformly immunonegative for
GHRH. Of 20 somatotroph adenomas studied by immu-
nohistochemistry, all of which expressed high levels of
GHRH message, conclusive cellular localization of GHRH
protein could be demonstrated in only two cases.

In 9 of 10 somatotroph adenomas, Western blotting
revealed a dominant band of approximately 5 kd, corre-
sponding to the size of the mature GHRH peptide and
having the same migrational characteristics as synthetic
GHRH peptide (positive control) (Figure 2C). In seven
specimens, secondary bands between 6 and 16 kd were
also seen, corresponding the size range expected of the
pro-GHRH precursor protein. In the autopsy control, nei-
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GHRH J

GHRH-R

GHRH A

3.2 18.5 4.1 8.6 26.9 33.0 28.1 30.3 14.1 20.5 25.5 In situ hybridization -

GHRH mRNA signal
Intensity Index
(mean silver grains/ooll)

-- 0.9 0.7 1.4 3.7 3.3 3.0 3.1 1.0 2.8 2.6

NT 11 11 11 III III IV

Case # NT 1 2 3 4 5 6

INI III

7 8 9 10

Figure 2. Northern analysis for GHRH (A) and GHRH-R (B) and Western analysis for GHRH (C) in 10 somatotroph adenomas and in 1 autopsy nontumorous
pituitary gland (NT). For each tumor, the ISH GHRH mRNA signal intensity, Ki-67 labeling index, and the radiological (Hardy) grade are noted. A: Northern
analysis for GHRH reveals a single, appropriately sized transcript of 0.75 kb in 9 of 10 tumors but not in the autopsy pituitary gland. The GHRH band intensity
is clearly higher among invasive tumors and in those with higher Ki-67 labeling indices. As a loading control, the membrane was probed for the 18 S ribosomal
RNA fraction. B: When reprobed for GHRH-R, a single transcript of -4.0 kb was identified in all of 6 tumors and in the normal gland. Note that little variation
is seen in the band intensity between cases, suggesting a constitutive level of expression. C: Western analysis for GHRH reveals the presence of an appropriately
sized (-5-kd) band having the same migrational characteristics as synthetic GHRH peptide (positive control (+)) in 9 of 10 somatotroph adenomas. In addition,
secondary bands in the 6- to 16-kd range are also seen in 7 of 10 cases, corresponding to the expected size of the pro-GHRH precursor protein. In the autopsy
pituitary (NT), neither precursor nor mature proteins are seen. Complete concordance is seen between results of ISH/Northern analysis and Western analysis in
detecting GHRH transcripts and protein, respectively. The quantitative relationship between ISH and Northern analysis in these cases is more precisely depicted
in Figure 4.

ther the mature GHRH peptide nor the pro-GHRH precur-
sor was present. Qualitatively, the amount of GHRH pro-
tein appeared higher in some invasive adenomas (cases
5, 6, and 10). As the purpose of Western analysis was
purely to demonstrate protein translation, and given the
small number of samples available for study, protein
quantification and formal comparisons were not under-
taken.

Concordance between ISH and Other Methods
of GHRH mRNA and Protein Detection

In 10 tumors and 1 autopsy pituitary gland, ISH, Northern
analysis, RT-PCR, Western analysis, and GHRH immuno-
histochemistry were performed (Figures 2 and 3). In de-
tecting GHRH message, ISH, Northern analysis, and
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Figure 3. Detection of GHRH transcripts by RT-PCR in 10 somatotroph
adenomas, a nontumorous autopsy pituitary (NT), and in a negative control
(NC, corticotroph adenoma). The somatotroph adenomas and autopsy pitu-
itary are the same cases as studied in Figure 2. In all somatotroph adenomas,
an amplified fragment of predicted size (235 bp) was seen, appearing just
above the 200-bp marker in the reference (leftmost lane). No message was
detected in either the nontumorous autopsy pituitary or the negative control.
With the exception of a positive result in case 2, these results are entirely
concordant with Northern and Western analysis (Figure 2). In the lower
panel, the GHRH gene and transcript map is shown, including primer sites.
The antisense primer (G2) was used for the RT reaction, and both GI
(coding) and G2 (antisense) were used for PCR (modified from Wakabayashi
et al16).

RT-PCR were comparable, concordant results being ob-
served in all but one instance (case 2) for which tran-
scripts were demonstrable by RT-PCR but not by the
other two methods. Furthermore, the GHRH mRNA signal
intensities as determined by ISH and Northern analysis
were quantitatively related, a significant linear relation-
ship being present between the two (r = 0.78; 95%
confidence interval, 0.33 to 0.94; P < 0.01; Figure 4). In
all of nine samples for which GHRH message was de-
tected by these methods, GHRH protein was also de-
monstrable by Western analysis, confirming translation of
GHRH transcripts. Whereas GHRH could be readily de-
tected on Western analysis, it could not be detected by
immunohistochemistry on formalin-fixed sections in any
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Figure 4. Scatterplot analysis revealing the relationship between GHRH
mRNA signal intensities as determined by ISH and Northem analysis. For
Northern analysis, densitometric values represent GHRH band densities in-
ternally standardized for loading variation by the amount of 18 S ribosomal
RNA fraction in each lane. Note the positive linear correlation that exists
between these two forms of transcript detection (r = 0.78; 95% confidence
interval, 0.33 to 0.94; 'i2 = 0.60; P = 0.0035). Dotted lines represent the 95%
confidence intervals around the expected mean GHRH mRNA signal for any
given densitometric value on Northern analysis.
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Figure 5. Mean GHRH mRNA signal intensities in 30 normal pituitaries (20
autopsy and 10 surgical) and in 100 somatotroph adenomas stratified by
tumor ultrastructure: acidophil stem cell adenoma (ASCA), densely granu-
lated GH cell adenoma (DGGH), mammosomatotroph adenoma (MAMMO),
mixed somatotroph-lactotroph adenoma (MIXED GH-PRL), sparsely granu-
lated GH cell adenoma (SGGH), and unclassifiable plurihormonal soma-
totroph adenomas. As shown, the mean GHRH signal among tumors was
significantly higher than that observed in normal specimens (ANOVA, F
ratio = 15.63, post hoc linear orthogonal contrast, P < 0.001).

of these cases, despite the use of vigorous antigen re-
trieval.

GHRH mRNA Signal Intensity and Tumor
Pathology
Some variability in the mean GHRH mRNA signal inten-
sities was noted between different somatotroph adenoma
subtypes (one-way ANOVA, F ratio = 2.54; P = 0.033;
Figure 5). The mixed somatotroph/lactotroph adenomas
had the highest signal intensity (25.41 ± 3.20), differing
significantly from the unclassified somatotroph adeno-
mas, which had the lowest (9.10 - 2.60; Bonferroni cor-
rection, P < 0.05).

GHRH mRNA Signal Intensity and Ki-67
Labeling Index (Tumor Growth Fraction)
The MIB-1 antibody, conclusively discriminating prolifer-
ating from quiescent cells on the basis of nuclear expres-
sion of the Ki-67 antigen, permitted reliable quantification
of the proportion of cycling cells and the derivation of a
Ki-67 labeling index, or tumor growth fraction (Figure 6A).
In comparing GHRH mRNA signal intensity with Ki-67-
derived tumor growth fractions, a highly significant and
positive linear correlation was observed (r = 0.71; P <
0.001; Figure 6B).

GHRH mRNA Signal Intensity and Tumor
Size/lnvasion Status
All tumors were graded according to size, invasion sta-
tus, and radiological appearance according to the Hardy
classification.30 Of grades 0 to ,11,111, and IV, the primary
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Figure 6. A: The Ki-67 nuclear antigen, present in GI, S, G2, and M phases
of the cell cycle, as revealed by immunohistochemistry in an unusually
aggressive somatotroph adenoma using the MIB-1 antibody. This method
reliably distinguishes proliferating from noncycling cells. MIB-1 immuno-
staining, methyl green counterstain; magnification, X 200. B: Scatterplot anal-
ysis of GHRH mRNA signal intensity versus Ki-67 labeling index reveals the
positive linear correlation that exists between these two variables (r= 0.71;
P < 0.001). Dotted lines represent the 95% confidence intervals around the
expected mean GHRH mRNA signal for any given Ki-67 labeling index.

study group was represented by 9, 42, 31, and 18 tu-
mors, respectively. The mean GHRH signal intensity
among invasive adenomas (grades IlIl and IV) was sig-
nificantly higher than that of noninvasive adenomas
(grades 0 to 11; 23.36 ± 2.0 versus 13.19 ± 1.84, ANOVA,
F ratio = 5.02, post hoc linear orthogonal contrast, t-sta-
tistic = 3.56, P = 0.001; Figure 7).

The mean GHRH mRNA signal intensity of microad-
enomas (grades 0 and 1) was lower than that of macroad-
enomas (grades 11 to IV; 11.05 versus 18.88 silver grains
per cell). This difference, although of conceptual impor-
tance, fell short of statistical significance (post hoc linear
orthogonal contrast, t-statistic = 1.97, P = 0.08). Given
that there were only nine microadenomas in this series,
there was insufficient statistical power to ascribe signifi-
cance to this trend.

GHRH mRNA Signal Intensity and Preoperative
Serum GH Levels
In all patients, multiple basal determinations of the pre-
operative serum GH level had been made, the mean of
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Figure 7. Mean GHRH mRNA signal intensity in tumors stratified on the basis
of size and invasiveness according to the radiological classification of Hardy.
The mean GHRH mRNA signal of invasive tumors (grades III and IV) was
significantly higher than that of noninvasive tumors (grades 0, I, and II;
ANOVA, F ratio = 5.02; post hoc linear orthogonal contrast, P < 0.001). The
mean GHRH signal was higher in macroadenomas (II, III, and IV) as com-
pared with microadenomas (0 and I); however, this difference did not reach
statistical significance (P= 0.08.)

which was used for comparison. A significant positive
linear correlation was noted between the mean preoper-
ative GH level and tumor GHRH mRNA signal intensity
(r = 0.56, P < 0.01).

GHRH mRNA Signal Intensity and Surgical
Outcome
Response to surgical therapy was considered a dichot-
omous outcome variable defined solely on the basis of
postoperative suppressibility of the serum GH level to
less than 2 ng/ml during an oral glucose tolerance test.
Based on this criterion, remission was achieved in 43 of
100 patients. Although nearly all of the remaining 57
patients experienced substantial declines in basal GH
levels, their failure to suppress below the established
threshold placed them in the no remission category. The
mean GHRH mRNA signal intensity observed in tumors in
which remission was achieved was markedly lower than
in those in which it was not (8.79 + 1.4 versus 25.2 ± 1.8;
two-sample t-test for independent samples, t-statistic =
7.13; P < 0.001; Figure 8).

To delineate more precisely the relationship between
GHRH mRNA transcript accumulation and remission like-
lihood, particularly as compared with other predictors
currently used in clinical practice, an outcome model was
developed by means of logistic regression. First, univar-
iate analysis was performed to assess the prognostic
relevance of the following predictors: patient age, sex,
tumor pathology, tumor size, and invasion status (Hardy
grade), mean preoperative GH level, Ki-67 labeling in-
dex, and GHRH mRNA signal intensity. As shown in
Table 1, GHRH mRNA signal intensity and the Ki-67
labeling index were the most significant prognostic vari-
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Figure 8. Comparison of the distributions of GHRH mRNA signal intensities
in tumors stratified on the basis of remission status using boxplot analysis.
For each population, the 10th, 25th, 50th, 75th, and 90th percentiles of the
GHRH mRNA signal are represented in the box and whiskers format. Note
the distribution of GHRH mRNA signal intensities in tumors in which remis-
sion was achieved is shifted to the left, as compared with those not experi-
encing remission. In addition, the mean GHRH mRNA signal between these
groups differs significantly (two-sample t-test for independent samples, P <
0.001).

ables, although the preoperative GH level, radiological
grade, and patient age were also variably significant
predictors. Using both forward selection and backward
elimination in delineating the most stable model possible,
the significance of these predictors was evaluated. Re-
gardless of the modeling strategy used, only GHRH

mRNA signal intensity (P < 0.005) proved to be a con-
sistently significant predictor in every model having sat-
isfactory goodness of fit. Conventional clinicopathologi-
cal predictors such as Ki-67 labeling index, the mean
preoperative GH level, and the tumor size/invasion sta-
tus, although each being of variable significance as uni-
variate predictors, lost their explanatory contribution
once GHRH mRNA signal intensity was entered into the
model. In the saturated multivariate model, in which all
relevant predictors from univariate analysis were present,
only GHRH mRNA signal intensity retained predictive
significance (Table 2). The likelihood ratio x2 statistic for
the saturated model was 51.27, whereas that of a univar-
iate model containing only GHRH mRNA signal intensity
was 39.31. This implies that the GHRH mRNA signal
intensity alone represented 77% (ie, 39.31/51.27 x
100%) of the prognostic information contained in the full
model. That GHRH mRNA signal intensity was, itself, the
overwhelmingly dominant predictor, containing most of
the prognostic information provided by other clinicopath-
ological parameters, it was justifiable to reduce the final

Table 1. Univariate Analysis: Postoperative Remission Likelihood

Variable Category Remission prevalence df Wald x2 Statistic Odds ratio* 95% Cl P value
Age
Sex

Pathological subtype

Radiological grade

Preoperative GH level
Ki-67 labeling index
GHRH mRNA signal

femalet
male

43.9%
42.4%

Unclassified GH cellt
Acidophil stem cell
Densely granulated
Mammosomatotroph
Mixed GH-PRL
Sparsely granulated

Hardy grade 0-It
Hardy grade 11
Hardy grade IlIl
Hardy grade IV

44.4%
33.3%
60.0%
66.7%
29.6%
29.2%

66.6%
57.1%
32.3%
16.7%

1 4.0222

1 0.0231
5 9.2179
1

1

0.1133
0.6408
1.0177
0.6564
0.6769
10.9898

0.2753
3.1801
5.8912
7.1317
19.9018
23.2279

1.430 (1.016, 2.055) 0.0449

0.940 (0.420, 2.111) 0.8792
0.1007

0.625
1.875
2.500
0.526
0.515

0.667
0.238
0.100
0.793
0.546
0.296

(0.024, 9.157)
(0.402, 9.300)
(0.431, 16.158)
(0.109, 2.603)
(0.103, 2.609)

0.7364
0.4234
0.3131
0.4178
0.4107
0.0118

(0.127, 2.895) 0.5998
(0.043, 1.094) 0.0745
(0.013, 0.582) 0.0152
(0.658, 0.925) 0.0076
(0.409, 0.698) 0.0001
(0.172, 0.464) <0.0001

*The odds ratios for age, preoperative GH, and GHRH mRNA signal intensity are given for a 10-U increase in the variable.
tFor categorical variables, the dagger marks the reference category to which other members of the group were compared.

Table 2. Analysis of Maximal Likelihood Estimates (Full Model)

Variable df Parameter estimate (f.) P value Odds ratio

Intercept 1 0.8167 0.2236 0.6363
GHRH 1 -0.1054 7.9954 0.0047 0.900
Preoperative GH 1 -0.0022 0.0379 0.8456 0.998
Ki-67 1 -0.1838 0.9373 0.3330 0.832
Age 1 0.0189 0.5687 0.4508 1.019
Tumor pathology 5 5.8932 0.3168

Acidophil stem cell adenoma 1 0.5258 0.1135 0.7362 1.692
Densely granulated 1 1.6216 2.6275 0.1050 5.061
Mammosomatotroph 1 1.6233 2.0842 0.1488 5.070
Mixed GH-PRL 1 0.6512 0.4213 0.5163 1.918
Sparsely granulated 1 -0.0359 0.0014 0.9699 0.965

Radiologic grade 3 0.8158 0.8457
Hardy grade 11 1 -0.3862 0.1360 0.7122 0.680
Hardy grade III 1 -0.3108 0.0771 0.7813 0.733
Hardy grade IV 1 -0.9925 0.6280 0.4281 0.371

Likelihood ratio x2 statistic = 51.266 (12 df).
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Figure 9. Plot of predicted postoperative remission probabilities venus the
tumor GHRH mRNA signal intensity (n = 100). This plot, based on the
logistic function constituting our outcome model, reveals that increases in
GHRH mRNA signal intensity are associated with precipitous declines in
postoperative remission likelihood. The GHRH signal corresponding to a
50%o remission likelihood is noted (13.4 silver grains/cell).

fitted model to a univariate model containing GHRH
mRNA signal intensity as the sole explanatory variable. In
doing so, it also allowed the statistical effect of GHRH
mRNA signal intensity on postoperative outcome to be
clearly isolated. The final fitted model, where Premission is
the probability of remission, is as follows:

Logit [(1 ] = 1.6327 - 0.1217(GHRH),(1 Premission)

1
Premission 1 + e-[1 6327- 01217(GHRH)] (1)

As illustrated in Figure 9, the effect of GHRH transcript
accumulation was strongly adverse; increases in GHRH
mRNA signal intensity were associated with precipitous
declines in remission likelihood. For example, an incre-
ment in GHRH mRNA signal intensity of 10 silver grains
per cell was associated with more than a threefold reduc-
tion in the odds favoring remission (odds ratio = 0.30;
95% confidence interval, 0.18 to 0.49).

To validate the adequacy with which the derived logis-
tic model represented our data, two standard goodness-
of-fit criteria were evaluated.31 First, a Hosmer-Leme-
show statistic was calculated (X2 2.89, 8 df, P = 0.94);
its lack of significance legitimized our acceptance of
adequate model fit. Second, the area under the receiver
operator characteristic curve for representing this model
was high (c = 0.84), indicating both good fit and high
predictive accuracy for this model. As discussed below,
a third validation of good model fit was provided by the
model's satisfactory performance in a secondary patient
population.

Given that all clinical data had been collected retro-
spectively and that patients were referred back to their
primary physicians for ongoing care, the only endpoint

consistently shared by all patients was the 1-month post-
operative check, at which point a determination of remis-
sion status was made by one of us (D. W. Killinger).
Whereas this fulfilled the immediate objectives of this
study, it was not possible to determine from the available
data the long-term prognostic relevance of GHRH mRNA
transcript accumulation from such standpoints as tumor
recurrence or relapse-free survival. Of patients in whom
remission was achieved, all patients were referred back
to their primary care physicians, and many were lost to
follow-up. Of patients in whom surgical remission was not
achieved, postoperative management was not uniform.
Virtually all patients received one or more forms of adju-
vant therapy (somatostatin analogues, radiation therapy,
dopamine agonists, or repeat surgery). This lack of uni-
formity in postoperative management among the surgical
failures made assessment of tumor regrowth and endo-
crine relapse problematic, particularly when attempting
to isolate the effect of GHRH mRNA transcript accumu-
lation from the effects of postoperative adjuvant thera-
pies.

Outcome Prediction in a Secondary Test
Population
In evaluating tumor samples from the secondary popula-
tion, the investigators were blinded to all information ex-
cept the pathological subtype of the tumor. In each case,
ISH for GHRH mRNA was performed and the signal in-
tensity quantified as described. Based only on the GHRH
mRNA signal intensity, the derived outcome model
(Equation 1) was applied and the probability of surgical
remission was predicted for each case. A cutoff proba-
bility for remission of 0.5 was selected. Accordingly,
when the model predicted a remission probability of
greater than 0.5, the case was designated as a predicted
remission; alternatively, values of 0.5 or less were desig-
nated as predicted failures. Predicted results were com-
pared with actual results using a contingency table anal-
ysis (Table 3). The model correctly predicted the actual
surgical outcome in 22 of 30 (73.3%) of cases (continuity
adjusted X2 = 5.17, 1 df, P = 0.023). Correctly predicting
13 of 19 successes and 9 of 1 1 failures, the model had a
sensitivity and specificity in predicting remission of 68
and 82%, respectively.

Table 3. Contingency Table Analysis of Predicted Remission
Status (Toronto Model) and Actual Remission Status
in the Secondary (Mayo Clinic) Patient Sample

Predicted
remission status
(Equation 1)

Remission
No remission
Totals

Actual remission status
(Mayo Clinic patients)

Remission No remission Totals

13
6
19

2 15
9 15

11 30

Continuity corrected, x2 = 5.17, 1 df, P = 0.023.
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Discussion
The biological behavior of pituitary adenomas is known to
vary greatly. Some adenomas, such as those found in up
to 20% of unselected autopsies, show neither a capacity
for growth nor a capacity for hormone secretion and are
thus relegated to a subclinical existence as incidental
autopsy findings.1 Others will manifest clinically; how-
ever, their noninvasive nature, limited growth capacity,
and overall indolent character lend themselves to cura-
tive resection and a durable endocrinological remission.
Finally, there are those adenomas that assume a more
aggressive phenotype, being so prone to invasive, de-
structive growth and recurrence that they defy any and all
therapeutic intervention. In terms of the multistep model
of human tumorigenesis, the problem can be viewed as
one of neoplastic progression; however, the actual
events underlying the process are poorly under-
stood.3233 Of the various pituitary adenoma subtypes,
the problem of neoplastic progression appears espe-
cially relevant to GH-producing adenomas, of which a
disproportionately large number are already invasive
macroadenomas at the time of presentation4.

Herein, we have identified accumulation of GHRH
mRNA transcripts as a potentially important event in the
progression of GH-producing pituitary tumors. In the nor-
mal nontumorous pituitary, GHRH mRNA transcripts were
either absent (23/30) or present at very low levels (7/30)
only. In contrast, transcript accumulation was evident in
91 of 100 consecutive GH-producing pituitary adenomas,
the mean signal intensity being more than fivefold higher
than that observed in normal pituitary specimens. Of
greatest importance, however, was the significant rela-
tionship between transcript accumulation and tumor be-
havior. Our finding of a positive correlation between the
GHRH mRNA signal intensity and Ki-67 labeling index,
together with the observation that the mean GHRH mRNA
signal among invasive adenomas was almost twice that
of noninvasive adenomas, indicates preferential accumu-
lation of GHRH transcripts in tumors capable of growth
and invasion. That GHRH transcript accumulation is also
associated with endocrine aggressiveness was evi-
denced by the positive linear correlation between tumor
GHRH mRNA signal intensity and mean preoperative GH
levels. When evaluated together with other conventional
parameters of tumor aggressiveness, including tumor
size and invasiveness, Ki-67 labeling index, tumor pathol-
ogy, and preoperative GH levels in a multivariate model
of surgical outcome, the degree of GHRH transcript ac-
cumulation eclipsed all other parameters as the single
most significant explanatory variable. In fact, once GHRH
mRNA signal intensity was entered into the logistic
model, all remaining variables failed to make additional
explanatory contribution. The statistical effect of GHRH
mRNA transcript accumulation on outcome was strongly
adverse, increments in GHRH mRNA signal intensity be-
ing associated with precipitous declines in remission like-
lihood. Finally, the reproducibility of the derived outcome
model was validated by the model's significant perfor-
mance in predicting the outcomes of a second popula-
tion of patients with somatotroph adenomas treated at

another institution, suggesting that these methods can be
generalized to other populations of acromegalic patients.
As outlined previously, the only endpoint consistently

shared by all patients was the 1-month postoperative
check, at which point a determination of remission status
was made on the basis of suppressibility of the GH level
to <2.0 ng/ml during an oral glucose tolerance test.
Although it is true that this outcome criterion is a short-
term one, it is nonetheless a robust outcome criterion.
Historically, when less stringent criteria were applied (ie,
normalization of basal GH levels or suppressibility of GH
levels to <5 ng/ml on oral glucose tolerance test), rates of
recurrence were high, indicating that these patients did
not in fact achieve a true remission; recurrence in this
situation was the result of reconstitution/regrowth of re-
sidual tumor cells. In more recent surgical series, wherein
suppressibility of GH to <2 ng/ml has been used as the
remission criterion, tumor recurrence has been infrequent
and patients typically experience a durable and disease-
free remission over the long term.6 Although this does not
diminish the need for follow-up data concerning the re-
lationship between GHRH mRNA transcript accumulation
and long-term outcome, it does indicate that the outcome
criterion employed in this study, despite its short-term
and front-ended nature, does have some long-term prog-
nostic relevance.
The culpability of GHRH as a potential contributor to

neoplastic progression derives from several lines of
physiological, pathological, and experimental evidence.
First, GHRH is the principal positive regulator for pituitary
somatotrophs, stimulating both their secretory function
and proliferative activity. 1'12 34 Acting through specific
membrane receptors, GHRH stimulates GH secretion
and somatotroph proliferation through a variety of potent
effector mechanisms that include 1) signal transduction
by a classic stimulatory G-protein pathway, 2) activation
of the protein kinase A/adenylate cyclase second mes-
senger cascades, 2) recruitment of the inositol triphos-
phate/protein kinase C cascade, and 4) the induction of
early response genes such as c-fos.11 3-41 Given that
GHRH is the most important physiological stimulator of
pituitary somatotrophs, the potential oncological implica-
tions of pathological GHRH excess are readily apparent.
In states of pathological GHRH excess, such as occurs in
association with rare GHRH-producing tumors (eg, pan-
creatic endocrine tumors and carcinoid tumors), chronic
GHRH stimulation leads to somatotroph hyperplasia, GH
hypersecretion, and clinical acromegaly. In some in-
stances, progression from somatotroph hyperplasia to
adenomatous transformation has been well document-
ed.42'43 A parallel phenomenon has been demonstrated
in transgenic mice bearing the human GHRH transgene.
That these animals develop hypersomatotropism, ele-
vated GH levels, somatotroph hyperplasia, and, eventu-
ally, GH-producing pituitary tumors provides compelling
and conclusive evidence of the tumor-promoting poten-
tial of GHRH excess.44 46 Finally, the discovery and
characterization of the human oncogene gsp has further
elucidated the tumor-promoting effect of a chronically
activated GHRH stimulatory pathway.36'40 Identified in up
to 40% of somatotroph adenomas, mutations of this gene
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involve the a-chain of the stimulatory GTP-binding protein
that normally transduces the GHRH signal. The result is a
constitutively activated G-protein that mimics a persistent
GHRH stimulatory signal, culminating in adenomatous
transformation of the affected cell. Activating mutations of
gsp are regarded as transforming events only; for un-
known reasons, their presence does not appear to confer
aggressive behavior.32'47

Collectively, the above studies support the hypothesis
that aberrant GHRH activity may play a role in the pro-
gression of somatotroph adenomas. Whereas recent
demonstrations of GHRH gene and protein expression in
somatotroph adenomas support this concept,13-16'48 the
clinical and biological implications of these findings had,
until now, not been explored. The present study, in dem-
onstrating accumulation of GHRH mRNA transcripts
within a large series of somatotroph adenomas and sys-
tematically correlating their presence with clinically and
biologically relevant differences in tumor behavior further
strengthen this link. Furthermore, it strongly suggests that
somatotroph adenomas are themselves both a local
source of GHRH synthesis and a target for GHRH action.
Our demonstration that both GHRH and GHRH-R mRNA
transcripts are co-expressed in somatotroph adenomas
points to GHRH-mediated autocrine and/or paracrine
stimulation as one mechanism adversely associated with
and/or contributing to their proliferative capacity, secre-
tory activity, invasive potential, and surgical responsive-
ness. Crucial to the plausibility of such a mechanism is
the fact that chronic exposure to GHRH appears unas-
sociated with receptor desensitization in the neoplastic
somatotroph. As reviewed by Spada and Lania, pa-
tients with somatotroph adenomas continue to release
GH after repeated GHRH injection, whereas normal sub-
jects do not; among the latter, a marked refractoriness to
repeated GHRH provocation is seen. The same lack of
receptor desensitization has also been demonstrated by
neoplastic somatotrophs in vitro.50 In the present study,
there was no GHRH-R down-regulation at the transcrip-
tional level, as Northern analysis revealed a fairly con-
stant and seemingly constitutive level of GHRH mRNA
expression in all cases, including those in which the level
of GHRH message was high. Whereas autocrine and/or
paracrine stimulation are frequently invoked as some-
what generic tumor-promoting mechanisms in endocrine
neoplasia, this is first comprehensive demonstration of
the biological and clinical consequences that might ac-
company putative activity of this type in the pituitary.
Implicit to this supposition of autocrine/paracrine stimu-
lation are two fundamental requirements, both of which
appear to be fulfilled in this tumor system: 1) increased
local GHRH production and 2) a concomitant lack of
GHRH-R down-regulation.

Our correlations have been based solely on levels of
GHRH message as determined by ISH. The significant
linear relationship demonstrated between ISH and North-
ern analysis does legitimize this approach as a valid
means of quantifying the level of GHRH message. Of
greater importance, however, is the confirmation that
overexpressed GHRH transcripts are in fact translated
into protein. That this does occur was evident from the

observed concordance between the results of Western
blotting and ISH. In addition to demonstration of the
mature (-5-kd) immunoreactive form of GHRH, the fre-
quent presence of a second larger (6- to 16-kd) immu-
noreactive species consistent with the expected size
range of the pro-GHRH precursor molecule further con-
firms endogenous GHRH production by these tumors.
The presence of the pro-GHRH precursor in these tumors
was first demonstrated by Rauch et al,13 who not only
demonstrated a 10-kd pro-GHRH precursor in these tu-
mors by Western analysis but also quantified pro-GHRH
content using size-exclusion chromatography and also
demonstrated GHRH immunoreactive cells within some
pituitary adenomas. Our attempts at GHRH immunohis-
tochemistry on formalin-fixed specimens, despite appli-
cation of antigen retrieval, yielded negative results in all
but two cases, including those in which the levels of
GHRH mRNA was high by ISH. Even in the nine examples
for which GHRH was demonstrable by Western blotting,
immunohistochemistry was uniformly negative. This sug-
gests that technical limitations rather than a failure of
protein translation probably account for the observed
negativity of GHRH immunohistochemistry in those tu-
mors expressing high levels of GHRH message by ISH.
The significance of our observation that 7 of 30 nontu-

morous pituitaries expressed low levels of GHRH mRNA
is uncertain. This finding is, however, consistent with
previous demonstrations of pro-GHRH precursor within
the normal pituitary as well as the release of mature
GHRH peptide by normal somatotrophs in vitro.13'48'51
The particular finding of Joubert et a148 that normal pitu-
itaries release less GHRH in vitro than do somatotroph
adenomas is in keeping with the significantly higher lev-
els of GHRH mRNA we observed in somatotroph adeno-
mas as compared with nontumorous pituitaries. Still, the
physiological significance of GHRH production by the
normal pituitary is unclear. It has been proposed that
GHRH may, in consort with the competing hypophysio-
tropic hormone somatostatin, exert some degree of local
neuroendocrine control over normal pituitary func-
tion. 48,52

In calling attention to a possible role for locally gen-
erated hypothalamic hormones in the progression of
somatotroph adenomas, these data provide the basis
of a new paradigm from which to view the biology and
pathogenesis of these neoplasms. Historically, the de-
velopment and progression of pituitary tumors have
been the subject of two conceptually opposing theo-
ries. The hypothalamic hypothesis, a once dominant
concept that engendered substantial experimental,
clinical, and conceptual support, proposed that pitu-
itary adenomas arose as the downstream conse-
quence of a stimulatory imbalance of hypothalamic
hormones emanating from a dysregulated hypothala-
mus.323353-55 With the demonstration that most hu-
man pituitary adenomas are monoclonal neoplasms,
neither preceded nor accompanied by a phase of pi-
tuitary hyperplasia, this view has been subordinated in
favor of the pituitary hypothesis, which suggests pitu-
itary adenomas to be the result of subcellular alter-
ations intrinsic to a single adenohypophyseal cell. Al-
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though these theories have been considered mutually
exclusive, the present data provide an important link
between the two. In proposing that locally produced
GHRH may modify the behavior of established adeno-
mas, this model effectively merges pertinent compo-
nents of the traditional hypothalamic hypothesis with
the more contemporary pituitary hypothesis, and does
so without violating the underlying essence of either.
What emerges is a unified hypothesis that not only
highlights the merits of existing theories but also ad-
dresses the problems of biological behavior and neo-
plastic progression, issues not readily reconciled by
previous hypotheses.
Whereas our data suggest an unrecognized but bio-

logically relevant level of regulatory control exercised by
somatotroph adenomas and mediated via GHRH, it is
equally probable that other locally generated hypophys-
iotropic hormones may exert comparable effects upon
their respective tumor types. For example, mRNA tran-
scripts for gonadotropin-hormone-releasing hormone,56
thyrotropin-releasing hormone,5 and corticotropin-re-
leasing hormone58 have been identified in various types
of pituitary adenomas. Although the clinical effects of
such expression are unknown, the fact that hypophysio-
tropic hormones are expressed in so broad a spectrum of
pituitary tumor types suggests a more unifying and per-
vasive role of such hormones in pituitary tumor biology
than is currently appreciated. Furthermore, as most nor-
mal adenohypophyseal cells are subject to dual coordi-
nated regulation by both stimulatory and inhibitory hy-
pophysiotropic hormones, aberrant activity of stimulatory
hormones would appear to be only a part of the equation.
Thus, it is equally plausible that locally generated inhib-
itory hypothalamic hormones may also modify the behav-
ior of pituitary adenomas, perhaps in a clinically favorable
way. In this regard, locally produced somatostatin may
be of particular importance in modifying the behavior of
somatotroph adenomas. Several investigators have dem-
onstrated somatostatin gene and/or protein expression in
somatotroph adenomas.52,58'59 The pioneering studies of
Peillon and colleagues are of special relevance in this
context, as they have shown an inverse relationship be-
tween somatostatin mRNA levels and GH secretory ac-
tivity in somatotroph adenomas60 as well as a tendency
for noninvasive adenomas to contain higher amounts of
somatostatin precursor as compared with invasive ade-
nomas.52

Having demonstrated that GHRH is overexpressed in
aggressive pituitary tumors, the mechanisms responsible
for this overexpression remain to be elucidated. The hu-
man GHRH gene has been localized to chromosome
20p12.1. The structure of its promoter region, including
the transcriptional start site, have been characterized,
but virtually nothing is known of the regulation of GHRH
gene transcription in either health or disease.12 The 5'
flanking region upstream of the transcription start site
contains fairly typical TATA and CCAAT-like elements,
ones devoid of any obvious vulnerability toward tran-
scriptional activation, and thus provides few clues to the
accumulation of GHRH transcripts described herein.

Conclusions
The present work comprehensively draws upon morpho-
logical, molecular, cell kinetic, and clinical data in an
effort to evaluate the role of GHRH in the progression of
GH-producing pituitary tumors. Using ISH, Northern anal-
ysis, and RT-PCR, overexpression of this gene was dem-
onstrated within the majority of somatotroph adenomas
tested, and protein translation was confirmed by Western
blotting. In contrast, expression was absent or low in the
nontumorous pituitary gland. As evidenced by the signif-
icant associations between GHRH mRNA signal intensity
and proliferative activity, invasiveness, and preoperative
GH levels, GHRH transcripts appear to preferentially ac-
cumulate among aggressive tumors not subject to surgi-
cal cure. That this is the case was further confirmed by
our analysis of surgical outcome wherein not only was
GHRH mRNA signal intensity a highly significant negative
predictor of postoperative remission, but it also out-per-
formed all currently known clinicopathological predictors
of aggressive behavior. Finally, the generalizability of
these conclusions were validated by the significant per-
formance of our outcome model in a second population
of somatotroph adenomas from another institution. Col-
lectively, these results provide strong molecular, clinico-
pathological, and statistical evidence that overexpres-
sion of the GHRH gene is a prognostically relevant event
associated with the neoplastic progression of GH-pro-
ducing pituitary tumors. As such, it is among the first
statistically validated demonstrations of a prognostically
informative alteration in this tumor system. In light of the
spectrum of other hypophysiotropic hormones known to
be expressed by pituitary tumors, our findings suggest
that pituitary adenomas can, in the course of their evolu-
tion, assume the capacity for local hypophysiotropic hor-
mone production that may, in turn, serve to modify tumor
behavior. Whereas the immediate objective of this report
was to assess the mechanistic relevance of GHRH-me-
diated autocrine/paracrine stimulatory activity, and the
data provided herein do support a relationship between
the latter and aggressive behavior, there is the eventual
possibility that determinations of GHRH gene and/or pro-
tein expression may also be of clinical utility as a prog-
nostic marker, essentially gauging the inherent aggres-
siveness of somatotroph adenomas. At present, however,
the diagnostic role of routine GHRH determinations in
predicting the behavior of an individual somatotroph ad-
enoma behavior is unclear. In that quantitative GHRH
mRNA determinations by ISH or Northern analysis are
both labor intensive and costly, routine clinical applica-
tion of these techniques, as currently performed, would
be difficult to justify, particularly in the absence of pro-
spective data validating the long-term prognostic signif-
icance of such determinations. Certainly, the eventual
availability of sensitive antisera that would permit immu-
nohistochemical detection of GHRH protein should in-
crease the feasibility of such determinations as routine
diagnostic procedures, although the need for prospec-
tive data affirming the long-term prognostic significance
of such expression would still be required before its
diagnostic potential could be endorsed as a routine prac-
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tice. Still, the current retrospective data, in showing a
definitive and adverse relationship between GHRH over-
expression and tumor growth kinetics, invasiveness, se-
cretory activity, and the likelihood of immediate postop-
erative remission, provide the necessary foundation for
future studies designed to assess long-term prognostic
correlates of local GHRH mRNA/protein expression and
to clarify the potential diagnostic utility of GHRH determi-
nations. Until that time, however, such determinations are
best regarded as investigative tools only. Measurement
of serum GH levels or serum insulin-like growth factor-1
levels remain the most sensitive means of detecting tu-
mor recurrence, although future studies will be required
to determine whether GHRH gene/protein expression
could predict, a priori, patients destined for recurrence
and/or regrowth in advance of elevations in convention
biochemical indices.
An important corollary to the mechanistic relationship

demonstrated herein between local GHRH expression
and tumor behavior is the possibility that GHRH and/or its
downstream effectors may come to represent cellular
targets amenable to therapeutic manipulation. The recent
design and synthesis of GHRH antagonists as potential
pharmacological agents for the adjuvant treatment of
acromegaly certainly support such a view, especially in
the context of the findings reported here.61 In analogy to
analogues of the hypophysiotropic hormone somatosta-
tin, which have emerged as successful therapeutic adju-
vants for acromegaly-associated tumors, GHRH antago-
nists may harbor similar therapeutic potential, allowing for
a more comprehensive approach to the postoperative
management of these frequently aggressive neoplasms.
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