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The pituitary cells are regulated by numerous endocrine, paracrine and
autocrine feed-back pathways, and their hormone secretion exerts major control
over the function of several endocrine glands as well as a wide range of physiologic
states. In the anterior pituitary, secretory cells are in close interconnection with
folliculostellate cells, agranular functional units of an interactive endocrine
networking. First described in 1953 by Rinehart et al. (1), accounting for 5-10% of
cells in the anterior pituitary, the role of the folliculostellate cells in the pituitary has
been increasingly recognized and further characterized by recent studies. It has been
suggested that the folliculostellate cells, derived from neuroectoderm, form a three
dimensional network, supporting and modulating endocrine cells by intercellular
communication in a paracrine manner (2, 3). In the pituitary, it has been shown that
a subset of pituitary adenomas has significant numbers of folliculostellate cells (4,
5) and, furthermore, pituitary tumors consisting only of folliculostellate cells have
been described (4).

Folliculostellate cells also produce a number of bioactive peptides
including basic fibroblast growth factor (6), vascular epithelial growth factor (7),
IL-6 (8), and neuronal nitric oxide synthesis (9). It has been demonstrated that
folliculostellate cells also produce lipocortin-1 (10), a key inhibitory mediator of
glucocorticoids on corticotrophin secretion, at both the hypothalamic and pituitary
levels (11). The regulatory interactions between folliculostellate and lactotroph
cells (12, 13) and the role of folliculostellate cells in immune system modulation
(14, 15) have also been reported. Activin belongs to the transforming growth factor-
ß family of cytokines and function as both growth and differentiation factors in a
variety of cell types. Locally secreted activin in the normal pituitary is a potent
factor in controlling hormone biosynthesis and secretion (16, 17). Follistatin, a
glycosylated monomeric protein that binds to activin, has been shown to be
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expressed in gonadotropes and folliculostellate cells in the pituitary (18, 19) and
therefore regulates FSH biosynthesis and secretion indirectly, mostly through
paracrine effects (20).

Human pituitary tumors in vitro studies using short-term primary cell
culture have significantly advanced the learning of hormone regulation and tumor
genesis (19, 21). However, technical difficulties and the limited viability and
progressive loss of differentiated functions of these cells, together with the paucity
of well characterized human cell lines of pituitary lineage have hindered the
advancement in studying pituitary functions (22). Cell lines originating from
anterior pituitary secretory cells that apparently developed spontaneously or that
were immortalized using a temperature-sensitive mutant of simian virus 40 large T
antigen have been described. These human epithelial-like endocrine tumor cells
could provide models for the studies of cell proliferation and regulation of hormonal
secretion (22).

To better understand the function of pituitary FS cells, a spontaneously
transformed human cell line of folliculostellate origin, PDFS, derived from a
pituitary gonadotroph adenoma was characterized (23). Tumor fragments from a
71-yr-old man with a clinically nonfunctioning pituitary macroadenoma were
obtained after transsphenoidal surgery, tissue was enzymatically dispersed and
nonfibroblastic cells were maintained in culture for over 1 yr and in excess of 70
passages.

The folliculostellate origin of this cell line was demonstrated by the lack of
Pit-1 or any of the anterior pituitary hormones mRNA expression, and the presence
of folliculostellate specific vimentin, and S-100 protein. These cells show an
epithelial spindle-like morphology with large nuclei with multiple nucleoli and
numerous mitotic figures, with abundant cytoplasm. Electron microscopy
demonstrated intercellular junctions, desmosomes, and multiple filopodia, and no
evidence of secretory granules (Fig. 1). As previously seen with spontaneously
transformed cell lines, cytogenetic analysis revealed that all cells were hyperdiploid
as a result of multiple clonal trisomies and tetrasomies. Structural clonal aberrations
were present, including rearrangements of a chromosome X short arm, chromosome
1 long arm and chromosome 7 short arm.

The doubling time of the cells in optimum culture media was approximately
24 hours. In an anchorage-independent growth assay, PDFS cells formed colonies
in soft agar similar to the human carcinoma cell line U2OS (Fig. 2), demonstrating
that the cells had undergone immortalization. Cell malignant transformation is
usually caused by oncogene activation or inactivation of tumor suppressor genes
such as p53. p53 gene is upregulated in response to cellular stresses to induce G1
arrest in cells with functional Rb protein, whereas in cells lacking functional Rb,
p53 induces apoptosis. Although it has been previously demonstrated that mutations
in p53 gene are not involved in the pathogenesis of the majority of human pituitary
tumors (24), during establishment of immortalized cell lines, p53 was found to be
frequently mutated. In the PDFS cells, a point mutation in p53 gene caused protein
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conformation changes, preserving the protein size and the nuclear localization, but
likely interfering in the clearance of the protein and resulting in its accumulation
within the cell (13). PDFS cells lack the expression of MEG3, a novel growth
suppressor shown to play an important role in the development of human pituitary
adenomas (25). GADD45, a member of growth arrest and DNA damage-inducible
gene family, has been shown to be present in normal pituitary tissue and absent in
the majority of human pituitary tumors. In colony formation assays, transfection of
human GADD45 cDNA into PDFS cells results in a dramatic decrease in cell
growth (26).
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Figure 1. The morphology of PDFS cells. A, Phase contrast micrograph of PDFS cells in monolayer
culture. Note the long cytoplasmic processes formed by cells in monolayer (magnification, ×100). B,
Hematoxylin- and eosin-stained PDFS cells showing pleomorphism, coarse chromatin, multiple
nucleoli, and numerous mitotic figures (magnification, ×400). C, Electron micrograph of a group of
PDFS cells showing many primary and secondary lysosomes (arrows), intercellular junctions
(arrowheads), and filopodia along the cells free surfaces projecting into the open space (OS; original
magnification, ×6600). Inset, A desmosome at high magnification (×62,000). D,
Immunohistochemistry staining for vimentin of PDFS cells showing that the individual cells express
vimentin in their cytoplasm (counterstained with hematoxylin; magnification, ×400). (From Danila
DC et al. J Clin Endocrinol Metab 85:1180-7 Copyright 2000, The Endocrine Society).



The PDFS cells, the first human pituitary-derived line, have been used to
investigate the autocrine/paracrine associations in the human pituitary. PDFS cells
synthesize and secrete bioactive follistatin and activin A, express functional activin
receptor types I and II, which signal through an intact transduction pathway.
Therefore, this cell line could also be very useful for studying the molecular events
underlying the regulation of cell proliferation and hormone secretion by activin in
the pituitary (Fig. 3) (19).

Lipocortin-1, also called annexin-1, implicated in the regulation of many
physiological and physiopathological functions related to glucocorticoids action on
pituitary and hypothalamus (27) is present in the folliculostellate cells. Using PDFS
cells, Solito et al. demonstrated that glucocorticoids upregulate lipocortin-1 mRNA
synthesis, cause translocation of a serine-phosphorylated species of lipocortin-1 on
the cell surface by PKC and MAPK dependent mechanisms, and therefore exert
paracrine/autocrine regulatory actions on the release of ACTH and other pituitary
hormones in the pituitary (28).

Prolactin-releasing peptide is the first described hypothalamic peptide
hormone that specifically stimulates prolactin production from the pituitary gland,
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Figure 2. Transformation assay. After 2
weeks, PDFS cells formed colonies on soft
agar (A; original magnification, ×40; inset, a
single PDFS colony at magnification of
×100). In the same experiment, human
osteosarcoma U2OS cells formed numerous
colonies (B; magnification, ×40), whereas
human fibroblast HS27 cells failed to form
colonies (C; magnification, ×40). (From
Danila DC et al. J Clin Endocrinol Metab
85:1180-7 Copyright 2000, The Endocrine
Society).



in addition to its actions on metabolic homeostasis, stress responses, cardiovascular
regulation, gonadotropin secretion, GH secretion and sleep regulation. It is also
known that folliculostellate cells have been implicated in the cell growth regulation
of the lactrotroph cell in response to the estrogens (6, 13). PDFS cells express
prolactin-releasing peptide (29), which may explain the paracrine regulation of
prolactin production in the anterior pituitary gland in response to multiple factors,
such as glucocorticoids.

In conclusion, PDFS cells are the first transformed human pituitary cell
line, derived from a gonadotroph adenoma of the pituitary and expressing
folliculostellate cell characteristics. This line expresses many novel peptides with
growth factor or cytokine activity that play a vital roles in the cross-talk in the
autocrine/paracrine regulation of anterior pituitary cells. PDFS cell line may serve
as an indispensable in vitro system to further study the mechanisms of
folliculostellate regulation in cell growth and hormone secretion in normal and
neoplastic human pituitary.
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Figure 3. A, Effects of PDFS-conditioned medium (CM) on 3TPLux reporter activity in L17 cells.
Cells (2 × 105) were transfected with 3TPLux in the presence (filled bars) or absence (open bars) of
Act-RIB, then cells were incubated in presence of 0.5 mL PDFS CM or 50 ng human recombinant
activin A. Significant induction of luciferase activity was observed only in the presence of Act-RIB
(*, P < 0.001). B, p3TPLux reporter activity in PDFS cells (filled bars). Cotransfection with wt Act-
RIB further enhances the reporter activity, whereas cotransfection of truncated Act-RIB (∆c) decreases
reporter activity [*, P = 0.0001; **, P = 0.0003 (compared to p3TPLux transfection alone)]. In parallel,
L17 cells (open bars) were transfected with p3TPLux and pCI-Act-RIB wt, and treated with 10 ng/mL
activin A (***, P = 0.001, compared to L17 cells that were not treated with activin A). Results are
presented as relative light units of luciferase activity. (From Danila D. C. et al. J Clin Endocrinol
Metab 85:1180-7 Copyright 2000, The Endocrine Society).
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