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Abstract Introduction

Approximately 25% of patients with pituitary adenomas have
no clinical or biochemical evidence for excess hormone secre-
tion and are classified as having null cell or nonfunctioning
adenomas. To characterize the cell type of these tumors, we
analyzed pituitary hormone gene expression in clinically non-
functioning pituitary adenomas using specific oligonucleotide
probes for the messenger (m)RNAs encoding growth hormone,
prolactin, ACIH, and the glycoprotein hormone subunits, a,
luteinizing hormone (LH)/3, follicle-stimulating hormone
(FSH)/3, and thyroid-stimulating hormone (TSH),8. Expres-
sion of one or more of the anterior pituitary hormone genes was
found in 2A/4 (86%) of the patients with clinically classified
nonfunctioning adenomas. Expression of one or more of the
glycoprotein hormone genes (a, LHfl, FSH,6, TSHft) was
identified most commonly (79%) with expression of multiple
/3-subunit genes in many cases. Expression of a-subunit
mRNAwas found in each of the adenomas from patients ex-
pressing one of the /3-subunit mRNAsand in three patients
with no detectable /3-subunit mRNA. Although FSHft and
LH,6 mRNAswere found with similar frequencies in nonfunc-
tioning adenomas, expression of FSH/3 mRNAwas generally
much more abundant. TSHft mRNAwas detected in only one
adenoma. The levels of glycoprotein hormone subunit mRNAs
were variable in different adenomas, but the lengths of the
mRNAsand transcriptional start sites for the a- and /3-subunit
genes were the same in the pituitary adenomas and in normal
pituitary. Growth hormone and prolactin gene expression were
not observed in the nonfunctioning adenomas, but ACTH
mRNAwas found in a single case. Immunohistochemistry of
the adenomas confirmed production of one or more pituitary
hormones in 3/14 (93%) nonfunctioning tumors, with a distri-
bution of hormone production similar to that of the hormone
mRNAs. These data indicate that pituitary adenomas originat-
ing from cells producing glycoprotein hormones are common,
but are difficult to recognize clinically because of the absence
of characteristic endocrine syndromes and defective hormone
biosynthesis and secretion.
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Pituitary adenomas are classified according to characteristic
clinical syndromes that result from excess secretion of hor-
mones and by cellular phenotypes based upon immunohisto-
chemistry or ultrastructure (1, 2). The dramatic clinical mani-
festations of acromegaly and Cushing's disease led to the early
recognition of excess growth hormone and ACTHsecretion.
Owing to the development of the prolactin immunoassay, a
majority of chromophobe adenomas of previously unknown
phenotype were shown to secrete prolactin (3). The identifica-
tion of prolactin-secreting adenomas has been helpful in the
selection of certain of these patients for treatment with bro-
mocriptine (4). Despite these advances in diagnostic tech-
niques, clinically nonfunctioning adenomas still constitute

- 25% of all pituitary tumors (2).
Although 15% of cells in the normal pituitary gland produce

luteinizing hormone (LH)', follicle-stimulating hormone (FSH),
or thyroid-stimulating hormone (TSH) (5), pituitary adenomas
secreting these hormones are diagnosed infrequently (6, 7).
With the exception of TSH-secreting adenomas, which can
cause thyrotoxicosis (7), glycoprotein hormone-secreting ade-
nomas do not result in characteristic endocrine syndromes and
the detection of glycoprotein hormone-secreting adenomas
using serum immunoassays is often difficult (6, 7).

The glycoprotein hormones are heterodimers consisting of
two different subunits called a and ,B. The a-subunit is com-
monto all of the glycoprotein hormones and the unique /3-sub-
units confer biological and immunological specificity to the
hormones (8). Many glycoprotein hormone adenomas secrete
uncombined and biologically inert a and/or /-subunits (6, 7).
Moreover, the excess production of uncombined a-subunit in
TSH-producing adenomas has been used to distinguish adeno-
matous from nonadenomatous causes of inappropriate TSH
secretion (7, 9). In contrast to normals, many patients with
gonadotropin-producing adenomas secrete FSH and LH in
response to thyrotropin-releasing hormone (TRH) (6). Inter-
estingly, although FSH is released primarily as intact hor-
mone, LH is secreted largely in the form of uncombined LH,3
subunit (6). These observations indicate that there are both
biosynthetic and secretory defects in glycoprotein hormone-
producing adenomas and may explain, in part, the rare occur-
rence of endocrine manifestations by these tumors.

The availability of nucleic acid sequences encoding human
ACTH(10), growth hormone (1 1), prolactin (12), the glyco-
protein hormone common a-subunit (13), and each of the

1. Abbreviations used in this paper: LH, luteinizing hormone; FSH,
follicle-stimulating hormone; TRH, thyrotropin-releasing hormone;
TSH, thyroid-stimulating hormone.
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glycoprotein hormone d-subunits (LHf [14], FSHf3 [15], and
TSHf [16]) provided us the opportunity to analyze hormone
biosynthesis in pituitary adenomas at the level of gene expres-
sion (15, 17). Using specific oligonucleotide cDNAs comple-
mentary to each of these anterior pituitary hormone mRNAs,
we found that expression of one or more of the glycoprotein
hormone genes is a common occurrence in clinically non-
functioning pituitary adenomas.

Methods

Patients. Over a 2-yr period, 195 patients with pituitary tumors were
referred for transsphenoidal surgery. Baseline endocrine evaluation
included serum prolactin, thyroxine, a-subunit, TSH, LH, FSH, and
when clinically indicated, somatomedin C and dexamethasone sup-
pression testing. Serum hormone levels were measured in the clinical
endocrinology laboratories of the Massachusetts General Hospital
(18). The clinical diagnosis of a nonfunctioning pituitary adenoma was
made in 54 of the 195 patients (27%). Tumor tissue was frozen at the
time of transsphenoidal surgery in 21 of the 54 patients with a clinical
diagnosis of nonfunctioning adenoma.

Of these 21 patients, 14 had sufficient RNA(> 20 lug) in the tissue
samples to allow hybridization analyses. Patient 1 underwent emer-
gency surgery for progressive visual loss and stupor secondary to a
recurrent nonfunctioning pituitary adenoma. Although previous
serum LH levels had been normal (LH, 7.4 mIU/ml), preoperative
blood samples were retrieved and demonstrated an elevated LH level
(99 mIU/ml) consistent with LH secretion by the tumor that was not
apparent at the time of his clinical diagnosis. Patient 9 presented with
galactorrhea and infertility and was found to have a pituitary macro-
adenoma on CTscan. Although her postoperative tumor analysis dem-
onstrated ACTHproduction (see Results), at the time of transsphenoi-
dal surgery, clinical features of hypercortisolemia were not apparent
and she was thought to have a poorly functioning prolactinoma (pro-
lactin, 18.8 ng/ml) or nonfunctioning tumor. The remainder of the
patients presented with visual field loss secondary to suprasellar exten-
sion of tumor and compression of the optic chiasm.

Analyses of pituitary adenomas. Tissue obtained at the time of
transsphenoidal surgery was immediately frozen in liquid nitrogen. As
control specimens, normal pituitaries were obtained at autopsy from
postmenopausal women within 12 h postmortem. Total RNAwas
isolated by extraction in guanidinium thiocyanate followed by centrif-
ugation through cesium chloride (19). The yield of total RNAwas
typically 1 ug RNA/mgof tumor. Expression of specific mRNAswere
assessed by the Northern blot technique. After denaturation with
glyoxal (20), RNAwas subjected to electrophoresis through 1.2%
agarose gels, and electroeluted onto membranes (Genescreen Plus,
New England Nuclear, Boston, MA). Ethidium bromide staining of
the RNAbefore electrophoretic transfer showed no evidence of degra-
dation. Membranes were hybridized with 32P-labeled oligonucleotides
and washed as described previously (15). Using the translation start
codon as position 1, the locations of the oligonucleotide cDNAprobes
are: growth hormone (codons 154-162), prolactin (codons 65-74),
ACTH (codons 146-154), a-subunit (codons 63-69), LHB (codons
108-112), FSH# (codons 30-39), TSHB (codons 70-79), and CGj3
(codons 108-112). The specificities of the glycoprotein hormone fl-sub-
unit cDNAs have been described elsewhere (15).

SI -nuclease mapping of the transcriptional start sites of the glyco-
protein hormone genes was performed as described previously (21).
32P-labeled oligonucleotides (3,000 cpm) that overlap the transcrip-
tional start sites were hybridized to 20 Mg total RNAand digested with
40 U of SI-nuclease (Sigma Chemical Co., St. Louis, MO) (21). The
lengths of the oligonucleotide fragments protected from Sl -nuclease
digestion were analyzed by autoradiography after electrophoresis
through 20% polyacrylamide-urea gels.

For immunohistochemistry, tissue was fixed in formalin and em-

bedded in paraffin. Sections were stained with hematoxylin-eosin for
histologic evaluation. Immunoperoxidase staining was performed
using the avidin-biotin-peroxidase complex technique (22) on 5-,gm
sections after incubation with specific antisera (supplied by Dr. S. Raiti
of the National Pituitary Agency) against growth hormone (1:1,500),
prolactin (1:1,500), ACTH(1:400), TSH (1:1,000), LH (1:500), and
FSH (1:400). A monoclonal antibody against the free a-subunit was
used at a 1: 100 dilution of mouse ascites fluid. This antibody does not
cross-react with intact glycoprotein hormones.

Results

Clinicalfeatures. The clinical features of the patients included
in this study are summarized in Table I. There were seven men
(35-85 yr old; median 48 yr) and seven women (32-82 yr old;
median 58 yr), five of whom were postmenopausal. Visual
field loss was the presenting complaint in 93% of the patients.
Additional symptoms included galactorrhea in one premeno-
pausal woman and diminished libido in three patients. Com-
puterized axial tomographic scanning demonstrated pituitary
macroadenomas with extrasellar extension in all of the pa-
tients.

Endocrine evaluation was notable for the presence of mild
hyperprolactinemia (range, 18.8-54.4 ng/ml; normal < 15
ng/ml) in 77% of the patients. Low serum testosterone levels
were found in four of the seven men (range, 43-249 ng/dl;
normal, 300-1,000 ng/dl), all of whomhad normal serum LH
levels. All of the postmenopausal womenhad inappropriately
low serum levels of gonadotropins. Serum thyroid hormone
values were normal in all patients. Serum LH levels were nor-
mal in all patients except one male (patient 1) who had ele-
vated LH (99 mIU/ml; normal, 3-18 mIU/ml) and testoster-
one (1,661 ng/dl) levels. The serum FSH level was minimally
elevated (21.7 mIU/ml; normal, 3-18 mIU/ml) in patient
13. Serum free alpha subunit levels were elevated in two
patients (14%).

Analyses of pituitary hormone gene expression. Northern
blot analyses of RNAwere used to characterize expression of
pituitary hormone genes in nonfunctioning adenomas and to
assess the relative amounts of the different hormone mRNAs
in pituitary adenomas compared with normal pituitary RNA.
RNAprepared from normal pituitary, placenta, and the non-
functioning pituitary adenomas was hybridized with cDNA
probes specific for the mRNAsencoding a-subunit, prolactin,
growth hormone, or ACTH(Fig. 1). Hybridization of a-sub-
unit mRNA,which is common to each of the pituitary glyco-
protein hormones (TSH, LH, and FSH), was detected in nor-
mal pituitaries and in most of the pituitary adenomas. How-
ever, the levels of a-subunit mRNAwere variable in adenomas
from different patients (Fig. 1 A). The same blot was rehybri-
dized with prolactin-specific cDNA. Although abundant pro-
lactin mRNAwas found in normal pituitary tissue, none was
detected in the nonfunctioning pituitary adenomas (Fig. 1 B).
Inasmuch as prolactin mRNAwas abundant in the normal
pituitary (Fig. 1 B, lane pit), these findings indicate that frag-
ments of normal pituitary tissue do not account for the a-sub-
unit mRNAobserved in the pituitary adenomas. Similarly,
growth hormone mRNAwas absent from the nonfunctioning
adenomas (Fig. 1 C), but was abundant in both normal pitu-
itary tissue (Fig. 1 C, lane pit) and an adenoma from a patient
with acromegaly (lane GH). ACTHmRNAwas present in one
of the pituitary adenomas (Fig. 1 D), a finding consistent with
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Table I. Clinical Features of Patients with Pituitary Tumors

Patient No. Age/Sex Clinical presentation Prolactin TSH FSH LH Te, tosterone Estradiol a-Subunit

ng/lml MU/mt mIUlmi mIU/mt ng/dl pg/mt ng/ml

1 48/M Visual field loss 8.1 1.2 5.4 99.0 1,661 ND 7.8
2 45/M Visual field loss 9.6 0.7 12.0 12.0 153 ND 0.9
3 76/F Visual field loss 25.0 <0.5 13.2 6.7 ND <20 0.4
4 42/M Visual field loss 19.5 6.8 2.0 5.5 43 ND 1.0
5 47/F Visual field loss 53.0 <0.5 10.5 43.0 ND ND 1.7
6 67/M Visual field loss 26.5 <0.5 7.3 7.2 302 ND 1.4
7 35/M Visual field loss 23.0 3.3 6.8 5.5 310 ND ND
8 65/F Visual field loss ND ND ND ND ND ND ND
9 32/F Galactorrhea 18.8 1.2 9.2 30.0 ND 113 1.9

10 82/F Visual field loss 29.7 2.2 2.6 1.0 ND <20 0.6
11 32/F Visual field loss 54.4 1.1 2.0 17.7 ND <20 0.6
12 58/F Visual field loss 41.2 2.7 18.1 15.8 ND <20 0.9
13 85/M Visual field loss 15.4 1.3 21.7 17.7 249 ND 1.5
14 79/M Visual field loss 4.2 1.2 9.1 14.1 225 ND 8.3
Normal range

Male 2-10 0.5-5.0 3-18 3-18 300-1,000 ND 0.5-2.5
Female (postmenopausal) 2-15 0.5-5.0 >30 >30 ND <20 0.5-5.0

a silent corticotroph adenoma that was not appreciated clini-
cally (23). The detection of prolactin (Fig. 1 B, plac) and
ACTH(Fig. 1 D, plac) related mRNAsin placenta has been
described previously (24, 25).

A

Because the glycoprotein hormone (3-subunit genes are
structurally related to one another (8, 26), we prepared specific
cDNA hybridization probes to distinguish expression of the
different f-subunit mRNAs. Short oligonucleotides comple-
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Figure 1. Northern blot analysis of pituitary hormone mRNAsin pi-
tuitary adenomas. The same RNAblot was sequentially hybridized
with labeled cDNAs specific for (A) a-subunit mRNA, exposure, 3 d;
(B) prolactin (Prl) mRNA,exposure, 16 h; (C) growth hormone
(GH) mRNA,exposure, 3 h; (D) adrenocorticotrophin (ACTH)
mRNA,exposure, 5 h. Normal pituitary (Pit) RNA(20 Mg) and first-

trimester placental (Plac) RNA(1 Mg) controls are shown in the left

lanes of the figures. The lanes containing pituitary adenoma RNA
(20 ug) from patients 1-9 are indicated. The lane GHcontains RNA
from a patient with a growth hormone, a-subunit, and TSH-secret-
ing pituitary adenoma, included on the blot as a control for RNA
hybridization but not included in the analyses of the group of clini-
cally nonfunctioning adenomas.
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mentary to regions of the fl-subunit sequences with low ho-
mology were prepared for the TSHf3, FSHf3, LHfl, and CGf
mRNAs(15). Glycoprotein hormone fl-subunit mRNAswere
detected in many of the clinically nonfunctioning adenomas
(Fig. 2). As occurs in normal pituitary (15), the levels of fl-sub-
unit mRNAsin most of the adenomas were lower than the
levels of the a-subunit mRNAwhen hybridizing bands were
compared using cDNAs of similar specific activity. Consider-
able variability existed in the levels of f-subunit mRNAsex-
pressed in different adenomas and more than one glycoprotein
hormone fl-subunit gene was expressed in some of the ade-
nomas (Fig. 2, Table II). For example, an adenoma (patient 2)
in which high levels of a-subunit mRNAwere observed (Fig. 1
A) also contained both FSH3 (Fig. 2 A) and LHf (Fig. 2 B)
mRNAs.

Northern blot analyses showed no major differences in the
lengths of the glycoprotein hormone a- or fl-subunit mRNAs
expressed in the pituitary tumors and in normal pituitary tis-
sue (Figs. 1 and 2). S1-nuclease mapping was used to charac-
terize the 5'-ends of the a and LHI3 mRNAs(21) and provided
an independent method for analyses of gene expression in the
nonfunctioning adenomas (Fig. 3). Using an a-subunit-spe-
cific cDNA that overlaps the 5'-end of the a-subunit mRNA
(21), 29 of 36 bases of the labeled oligonucleotide were pro-
tected from S1-nuclease digestion by hybridization to ade-
noma RNA(Fig. 3 A). These findings confirmed that the hy-
bridized mRNA(Fig. 1 A) was a-subunit mRNAand demon-
strated that the transcriptional start site of the 'a-gene was
identical in normal pituitary and in each of the pituitary ade-
nomas that were studied. Similarly, the transcriptional start
site of the LHfl gene in the adenomas and normal pituitaries
was identical (Fig. 3 B), distinguishing expression of LHfl
mRNAfrom the structurally related CGf mRNAand the
excluding transcription from an upstream promoter site as
occurs in the CGfl gene (17, 21). Primer-extension analyses
(15, 21) of FSHfl mRNAwere used in the absence of available
gene sequence for S -nuclease mapping. The primer-extended
FSHf cDNAs (15) using pituitary adenoma RNA(patients 2
and 13) as a template were identical in length to those obtained
using normal pituitary RNA(not shown), providing additional
evidence for the specificity of the hybridized FSHfl mRNAin
the pituitary adenomas.

The results of the pituitary adenoma mRNAhybridization
for all 14 patients are summarized in Table II. Expression of
pituitary hormone genes was found in I2'A4 patients with clini-
cally nonfunctioning adenomas. Thus, in only two of the pa-
tients, (patients 6 and 12) could no pituitary hormone gene
expression be identified. Expression of one or more of the
glycoprotein hormone genes was found in "1A4 (79%) patients.
Expression of a-subunit nmRNAwas found in all of the pa-
tients expressing one of the fl-subunit mRNAsand in three
patients in whomno fl-subunit mRNAwas found. In no case
was glycoprotein hormone fl-subunit mRNAexpressed in the
absence of a-subunit mRNA.Patient 14 expressed a and CGfl
mRNAs, consistent with ectopic expression of the CGBgene in
a pituitary adenoma (17). Although FSHfl and LHfl mRNAs
were found with similar frequencies, expression of FSH3
mRNAwas generally much more abundant. TSH3 mRNA
was detected in only one patient.

Immunohistochemistry. Analysis of hormone production
by immunohistochemistry indicated that the majority (86%)
of the clinically nonfunctioning adenomas contain one or
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Figure 2. Northern blot analysis of glycoprotein hormone f-subunit
mRNAsin pituitary adenomas. Replicate RNAblots were hybrid-
ized with labeled cDNAs specific for (A) FSHBmRNAexposure, 5 d;
(B) LH,8 mRNAexposure, 1 wk; (C) TSH#mRNAexposure, I wk.
First-trimester placental (Plac) RNA(1 ug) and normal pituitary
(Pit) RNA(10 ug) controls are shown in the left lanes of the figures.
The lanes containing pituitary adenoma RNA(10 Mg) from patients
2, 4, 1 1, and 13 are indicated. The lane labeled "GH" contains RNA
from a patient with a growth hormone, a-subunit, and TSH-secret-
ing pituitary adenoma. The lengths of the RNAsare indicated at the
left of the figures (arrows). FSH, mRNAsare heterogeneous (15).

more glycoprotein hormones (Table II). Moreover, production
of prolactin, growth hormone, or ACTHwas rare. For the
hormones that were detected, there was 70% concordance

between the analysis by gene expression and immunohisto-
chemistry.

Discussion

Analysis of hormone gene expression in pituitary adenomas
provides a definitive determination of the cell phenotype, par-
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Table II. Summary of Pituitary Tumor mRNAExpression and Immunohistochemistry

mRNAExpression Immunohistochemistry

Patient No. Age/Sex PrI GH ACTH CG,5 TSHP FSHiS LHP a PRL GH ACTH TSH FSH LH a

1 48/M - - - - +++ + - - - - - +++ ++

2 45/M - - - - - +++ +++ ++ - - - + ++ +++ -
3 76/F - - - - - ++ - + - - - - ++ ++ ++

4 42/M - - - - ++ - - + - - - ++ - - -

5 47/F - - - - - - - ++ - - - - + +

6 67/M - - - - - - - - _ _ _ _ _ _
7 35/M - - - - - ++ + + - - - - + +++ +

8 65/F - - - - - - - + - _ _ _ +++ + +

9 32/F - - ++ - - - - - - - +++ - - - -

10 82/F - - - - - - - + - - - + ++ + -
11 32/F - - - - - +++ + ++ - - - + +++ +++ -

12 58/F - - - - - - - - + + - - + + +

13 85/M - - - - - +++ + +++ - - - - ++ ++ +

14 79/M ND ND ND +++ ND ND - +++ - + - ++

TOTAL 0/13 0/13 1/13 1/14 1/13 5/13 5/14 11/14 1/14 1/14 1/14 4/14 10/14 10/14 7/14

For mRNAexpression, RNAlevels in pituitary adenomas were assessed relative to that in normal pituitary. The scale for mRNAexpression
was: -, none detected; +, detected, but less than normal pituitary; ++, comparable to normal pituitary; +++, greater than normal pituitary.
For immunohistology the scale for the number of immunoreactive cells was: -, no immunostaining; +, rare (- 5%) positive cells; ++, scat-
tered (5-25%) positive cells; +++, numerous positive cells (> 25%). ND, not done.

ticularly in nonfunctioning adenomas in which defects can
occur in the distal steps of hormone biosynthesis and secre-
tion. Our findings indicate that 70-80% of clinically nonfunc-
tioning pituitary adenomas are actually glycoprotein hormone
cell adenomas. Thus, in this study, glycoprotein hormone cell
adenomas account for 15-20% of all pituitary adenomas. Al-
though studies with larger numbers of patients will be neces-
sary to establish the true prevalance of these adenomas, our
data suggests that the frequency of glycoprotein hormone cell

A

1 2 3 4 5 6 7

-36

_29

adenomas approaches that of Cushing's disease and acrome-
galy, but is less than that of prolactinomas (2).

The cDNAs used for hybridization to pituitary mRNAs
were highly specific, allowing distinction of related sequences
such as prolactin (12) and growth hormone (11), or the
members of the glycoprotein hormone family (1 5). Thus, in a
somatotroph adenoma producing large amounts of growth
hormone mRNA(Fig. 1 C, "GH"), no cross-hybridization was
observed with the prolactin cDNA probe. Although some of

B 1 2 3 4 5

35 -

30 _

_b .-

Alpha

Figure 3. S1 -nuclease mapping of the transcriptional start site for the
a-subunit and LHf,-gene in pituitary adenomas. (A) Sl-nuclease
mapping of a-subunit mRNA.A 36-base oligonucleotide that over-
laps the transcriptional start site of the a-subunit gene was hybrid-
ized to RNA, digested with Sl-nuclease, and analyzed by electropho-
resis through a 20% polyacrylamide-urea gel. Lane 1, oligonucleotide
prior to Sl-nuclease digestion, diluted 100-fold; lane 2, no RNA;
lane 3, normal pituitary RNA; lane 4, RNAfrom patient 4; lane 5,
RNAfrom patient 2; lane 6, RNAfrom patient 13; lane 7, RNA

LH p

from patient 11. (B) S 1 nuclease mapping of LH,-mRNA using a
35-base oligonucleotide that overlaps the transcriptional start site of
the LHII-gene (15). Lane 1, oligonucleotide before Sl-nuclease diges-
tion, diluted 200-fold; lane 2, no RNA; lane 3, normal pituitary
RNA; lane 4, RNAfrom patient 2, lane 5, RNAfrom patient 13.
Oligonucleotides of known lengths were used as size markers to de-
termine the lengths of the labeled fragments protected from SI -nu-
clease digestion by hybridized mRNA(arrows).
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the glycoprotein hormone cell adenomas were well-differen-
tiated into predominantly LH (patient 1), FSH (patient 3), or
TSH (patient 4) adenomas, others were plurihormonal (pa-
tients 2, 1 1, and 13) and exemplify the efficacy of these analy-
ses to specifically define the cellular phenotype of pituitary
adenomas. The fact that none of the adenomas expressing
glycoprotein hormone genes were found to contain growth
hormone, prolactin, or ACTHmRNAsreflects the specificities
of the hybridization probes and strongly supports the view that
the expressed mRNAsare derived from adenoma tissue and
not from fragments of normal pituitary. Furthermore, the lack
of prolactin mRNAexpression in adenomas from several pa-
tients with mild hyperprolactinemia (Table II), indicates that
these adenomas are not prolactinomas, allowing distinction of
excess prolactin secretion due to tumor mass effects as op-
posed to prolactin secretion by tumor cells.

The immunocytochemistry studies complement the analy-
ses of gene expression, demonstrating glycoprotein hormone
antigens in most (86%) of the nonfunctioning adenomas. In a
few cases, glycoprotein hormones were found by immuno-
staining without detection of glycoprotein hormone (-subunit
mRNAs, suggesting that the mRNAlevels may be below the
limits of detection by cDNA hybridization. It is important to
emphasize that among the pituitary hormone mRNAs, the
levels for the glycoprotein hormone ,3-subunit mRNAsare the
lowest and are therefore the most likely to be below detection
using Northern blot hybridization analyses. By comparison,
the levels of a-subunit mRNAsare typically two- to fivefold
greater than any given 13-subunit mRNAand the levels of GH,
ACTH, and Prl mRNAsin normal pituitary are approxi-
mately an order of magnitude greater than a-subunit mRNA.
Solution hybridization assays are currently being developed to
improve the sensitivity of the 13-subunit mRNAassays.

Although several adenomas contained a-subunit mRNA
without immunostaining for free a-subunit, in each case there
was immunostaining for the intact glycoprotein hormones in
which the a-subunit is combined with 1-subunit. The preva-
lence of glycoprotein hormone immunostaining reported pre-
viously for nonfunctioning adenomas varies widely (27-31),
likely reflecting differences in fixation techniques or the sensi-
tivities of different antisera. However, characterization of ade-
nomas by analyses of gene expression and by immunohisto-
chemistry in this study provides convincing evidence for the
common occurrence of the glycoprotein hormone cell pheno-
type using independent techniques.

Although nonfunctioning adenomas express glycoprotein
hormone genes and contain glycoprotein hormone antigens, it
is unclear why excess hormone secretion is not observed more
commonly in vivo. Effective glycoprotein hormone biosynthe-
sis and secretion requires balanced expression of the a- and
13-subunit genes, translation of the mRNAsinto proteins,
complex posttranslational processing, and regulated secretion
of the hormones (8). Several lines of evidence indicate that
glycoprotein hormone cell adenomas contain defects in one or
more of these steps in hormone biosynthesis. The relative
amounts of a- and 1-subunit mRNAsexpressed in different
pituitary adenomas varied widely. Furthermore, in compari-
son with normal pituitary and placenta, in which the levels of
a-subunit mRNAwere more abundant than 13-subunit
mRNAs(Figs. 1 and 2) (15), several adenomas (patients 1 and
I 1) expressed relatively high levels of 1-subunit mRNA(Table

II). One adenoma (patient 14), described previously in detail

(17), ectopically expressed a and CG1 mRNA, but did not
produce hCG, suggesting a defect in the posttranslational pro-
cessing or stability of the hormone. In addition to these abnor-
malities in glycoprotein hormone gene expression, previous
studies have demonstrated secretion of uncombined a- and
1-subunits in both thyrotrope and gonadotrope-cell adenomas
(6, 7, 32, 33). Although electron microscopy was not per-
formed on these adenomas, previous studies have demon-
strated that nonfunctioning or null cell adenomas contain
sparse secretory granules, consistent with ongoing hormone
gene expression and biosynthesis. However, in addition to al-
tered granule size and number, many of these adenomas con-
tain other morphologic changes such as oncocytic changes and
poorly developed cellular organelles (2, 28, 31). Thus, the bio-
synthetic abnormalities in combination with the morphologi-
cal changes in cellular structure seen by electron microscopy
likely account for the diminished secretion of glycoprotein
hormones in vivo by this group of "nonfunctioning" ade-
nomas.

Because of variability in the biosynthesis and secretory po-
tential of glycoprotein hormone cell-type adenomas, patients
with these types of pituitary tumors can exhibit a wide spec-
trum of serum glycoprotein hormone levels. Although some
patients have elevated levels of intact hormones or uncom-
bined a or 13 subunits (6, 7), many patients with glycoprotein
hormone cell adenomas documented by analyses of gene ex-
pression or immunocytochemistry (Table II) actually have low
or normal serum levels of LH and FSH. For example, inappro-
priately low serum levels of LH and FSHwere found in several
of the postmenopausal women and low serum testosterone
levels were commonly found in men (Table I). Thus, in addi-
tion to the biosynthetic and secretory abnormalities in the
adenomas, secretion by normal gonadotropes is also impaired,
presumably due to mass effects of the tumor on the normal
pituitary and/or the hypophyseal-portal circulation. Decreased
or normal serum LH and FSH levels are therefore not useful
criteria for excluding of the diagnosis of a gondadotrope-cell
adenoma. Weconclude that studies of gene expression and/or
immunocytochemistry in clinically nonfunctioning adenomas
can be used to define the cellular phenotype of glycoprotein
production in pituitary adenomas. These analyses may be use-
ful for characterizing the natural history of different subtypes
of pituitary adenomas and for selecting patients with glyco-
protein hormone adenomas for adjunctive medical therapies
that are currently under evaluation (34-37).
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