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INTRODUCTION 

The Sertoli cell is the somatic cell of the seminiferous epithelium that supports all stages of 
male germ cell development from spermatogonia to fully mature spermatozoa. Sertoli cells support a 
relatively fixed number of germ cells, though the specific number of germ cells supported by each Sertoli 
cell varies with species. Therefore, the number of Sertoli cells in the adult testis establishes the magnitude 
of sperni production, and factors that control Sertoli cell proliferation and establishment of the aduft 
population are of critical interest. Sertoli cell proliferation begins fetally and persists for variable periods 
after birth, depending on the species. In rats and mice Sertoli cells rapidly proliferate neonatally then 
ceases by about the time of weaning, thus establishing the adult Sertoli cell population (1,2). 

Follicle-stimulating hormone (FSH) from the pituitary is the major stimulator of eariy Sertoli 
cell proliferation. However, neonatal Sertoli cells in vivo stop proliferating during neonatal life despite 
continual FSH exposure (3). Similariy, cultured neonatal Sertoli cells proliferate in response to FSH 
or other mitogens, while juvenile Sertoli cells do not proliferate in culture (4). A critical question is 
therefore what controls the developmental shift of Sertoli cells from a proliferative 
to non-proliferative state during eariy postnatal life. 

Thyroid hormone regulates early Sertoli cell development 

Thyroid hormone appears to play a key role in Sertoli cell development, and is a key factor 
in halting proliferation of developing Sertoli cells and thus establishing the adult Sertoli cell population. 
Work dating back half a century has indicated that thyroid hormone is not a major factor in regulation 
of the adult testis (5, 6). However, thyroid hormone receptors are present in high quantities in 
neonatal Sertoli cells, indicating that the developing Sertoli cell may be an important thyroid hormone 
target even though the adult testis shows less dependence on thyroid hormone (7,8). 

For example, hypothyroidism in the neonatal rat inhibits testicular growth, germ cell 
maturation, seminiferous tubule lumen formation and other developmental events (9-12). This results 
not only from decreases in thyroid hormones, but also from secondary changes in a variety of sex 
steroids (13). However, when rat pups are made hypothyroid by the administration of the goitrogen 
propylthiouracil (PTU) from birth to day 25 postnatal, then allowed io recover, they become euthyroid 
within a few weeks. The recovered euthyroid rats showed an increase in testis size and daily sperm 
production (DSP) of 80% and 140%, respectively, when they reach adulthood compared to normal 
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control animals (14,15). These surprising findings raised important questions related to the role of 
thyroid hormone in developing testis, and how neonatal hypothyroidism could increase adult testis 
size and DSP despite the known inhibitory effects on the testis during the period of hypothyroidism. 

Shortly after the finding that neonatal hypothyroidism could produce an increase in adult 
testis size, work by van Haaster et al. (16) and other groups (2) established that hypothyroidism 
prolonged the period of early Sertoli cell proliferation, and led to increased adult populations of 
Sertoli cells that were responsible for the subsequent increased adult testis size and DSP following 
neonatal hypothyroidism. This suggested that thyroid hormone normally induced Sertoli cells to 
stop proliferating, and subsequent work showing that the biologically active thyroid hormone, 3,5,3'-
triiodo-L-thyronine (Tj) could decrease Sertoli cell proliferation and stimulate a variety of other 
maturational markers indicated that this was a direct Tj effect on Sertoli cells (17-21). Thus, T3 
normally stimulates cessation of Sertoli cell proliferation and a concomitant functional maturation of 
these cells. When animals are made hypothyroid, Sertoli cell proliferation is extended and an 
increased pool of adult Sertoli cells results. When the animals recover from hypothyroidism, the 
increased Sertoli cell population is capable of supporting increased number of germ cells (22). The 
net effect is an increase in adult testis size, Sertoli cell numbers and DSP in animals that have 
recovered from neonatal hypothyroidism, despite the well documented deleterious effects on the 
testis during the period when the animal is hypothyroid (9,1,12). 

Thyroid hormone effects on Sertoli cell proliferation may involve the cell cycle regulators 
p27'<'p<andp21<='p< 

Following the identification of T3 as a critical factor in inducing Sertoli cells to stop proliferating 
during development, a clear priority in this area was to determine the molecular mechanism of this 
effect. This goal has become more attainable during recent years due to the rapid progress in our 
understanding of the cell cycle and factors that control progression of cells through the cell cycle or 
their exit from the cell cycle into a differentiation pathway In addition, the development of an extensive 
array of knockout mice lacking cell cycle proteins has provided unique tools to directly understand 
how T3 regulates the Sertoli cell cycle and ultimately proliferation. 

Progression of mammalian cells through the cell cycle is regulated by cyclins, which work 
by associating with and activating cyclin-dependent kinases (Cdks). Activation of the cyclin-dependent 
kinase complexes (cyclin + Cdk) results in progression of cells through the various phases of the 
cell cycle. The activity of the cyclin-dependent kinase complexes is further regulated by a family of 
proteins known as the cyclin-dependent kinase inhibitors (CDKIs). CDKIs bind and inactivate cyclin-
dependent kinases and can therefore exert negative control over progression through the critical G1 
checkpoint of the cell cycle. 

Recent data has shown that two CDKIs, p27'̂ '''̂  and p21"='p\ are involved in Sertoli cell 
proliferation and may also be crucial links in the process by which T3 inhibits Sertoli cell 
proliferation. Although many questions remain, these results are beginning to provide new 
mechanistic insights into the critical question of how T3 induces cessation of Sertoli cell 
proliferation during development. Testis expresses high levels of p27'^'''\ primarily in Sertoli 
cells, and p27*̂ '''̂  expression is inversely correlated with Sertoli cell proliferation (23). Levels of 
p27Kipi are minimal in rapidly proliferating neonatal Sertoli cells, but p27'^'" expression is normally 
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Fig.l Immunohistochemical detection of p27'̂ 'P' in Sertoli cells from euthyroid (A), hypothyroid (B), and 
hy{>erthyroid (C) 10-day-old mice. Hypothyroidism decreases p27'^''''expression whereas hyperthyroidism 
increases p27'^'''' expression in 10-day-old Sertoli cells when compared to euthyroid controls. By 25 days of 
age, p27* '̂P' expression in Sertoli cells from hypothyroid mice (D) is similar to age-matched euthyroid control 
mice (insert). 

Control Testosterone Retinoic Acid Thyroid Hormone 

Fig.2 p21'-'''' expression increases in six-day-old rat Sertoli cells cultured for 48 hours with testosterone, retinoic acid, 
thyroid hormone or vehicle control. (Data adapted from Buzzard et al., 2003.) 
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Fig.3. Schematic diagram illustrating hormonal 
regulation of neonatal Sertoli cell proliferation. 
FSH is a positive regulator of neonatal Sertoli 
cell proliferation, whereas testosterone, thyroid 
hormone, and retinoic acid are inhibitors. 
Testosterone, thyroid hormone, and retinoic acid 
may act through increasing the cell cycle 
inhibitors p27'''''' and p2F'''' in neonatal Sertoli 
cells, but also may have effects on other cell 
cycle targets. 

high in post-mitotic adult Sertoli cells (23). Consistent with a role for p27'̂ '''̂  in the inhibition of Sertoli 
cell proliferation, p27'̂ '''̂  expression is sharply decreased in rapidly proliferating Sertoli cell tumors 
(24). These results indicating that p27'̂ 'p' could regulate Sertoli cell proliferation and the establishment 
of adult Sertoli cell numbers are of added significance in the light of recent work from two laboratories 
showing that Tj regulates p27'̂ 'P\ Its expression was higher in Sertoli cells from hyperthyroid neonatal 
mice when compared to euthyroid controls, whereas decreases in p27'̂ 'P̂  expression were observed 
in Sertoli cells from hypothyroid mice (Figure 1) (25). A companion paper by Buzzard et al. (26) 
showed that J^ treatment of neonatal rat Sertoli cells increased expression of p27'̂ 'P̂  protein. In 
addition, T, treatment of neonatal rat Sertoli cells also stimulated expression of p21^'''\ suggesting 
that this CDKI could also be involved in both normal Sertoli cell proliferation and the process by 
which Tj turns off Sertoli cell proliferation during development (26). Similar to T3, testosterone and 
retinoic acid also stimulated p27'̂ 'P̂  protein expression, and retinoic acid also stimulated p21̂ 'P^ as 
well (Figure 2) (26). Thus, p27'̂ 'P̂  and p21°'P' may function as regulatory factors that integrate a 
variety of hormonal inputs on Sertoli cell proliferation, further emphasizing the importance of these 
CDKIs in Sertoli cell development (Fig. 3). 

The regulation of p27*̂ *̂  and p21'̂ 'P̂  in Sertoli cells by T3 clearly suggests that early 
hypothyroidism may interfere with the normal increase in these CDKIs, which would then lead to 
extended Sertoli cell proliferation and the observed testicular organomegaly. However, to directly 
evaluate this hypothesis, it is essential to establish whether or not p27'̂ 'P̂  and p21°p^ are important 
regulators of Sertoli cell proliferation and are involved in the establishment of ultimate Sertoli cell 
number. The increase in testis size reported in p27'̂ 'P̂  knockout (p27KO) mice (27-29) are consistent 
with this hypothesis, but Sertoli cell number had not been measured in these mice. Similarly, there 
had been no determination of Sertoli cell number, or even testis size, in p21̂ 'P^ knockout (p21K0) 
mice. To directly test the hypothesis that p27'̂ 'P^and p21'̂ 'P̂  are both important regulators of Sertoli 
cell numbers (and that T3 effects on these CDKIs could therefore alter Sertoli cell number), we have; 
examined Sertoli cell number, testis weight and DSP in 4-month-old wild-type (WT), p27KO, p21 KC* 
and p27'<'pVp21="'̂  double knockout (DBKO) mice. 

Sertoli cell number was increased by over 100% in both p21 KO and p27KO mice (Holsberger 
et al. unpublished). Sertoli cell number was greater in DBKO mice than in either the p21K0 or 
p27KO, indicating that the increase in Sertoli cell numbers caused by loss of p27'̂ 'P̂  and p21'̂ '''̂  arei 
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partially additive. Testis weights were significantly increased by 25%-35% in p21 KO and p27KO 
mice, respectively, and the increases-in the DBKO mice were over 70%, indicating that the increase 
in testis weight induced by loss of p27'̂ ''̂  or p21 ""^ are additive (Holsberger ef a/, unpublished). DSP 
increases in the various groups were similar to those for testis weight. These data indicate that both 
CDKIs play an inhibitory role in regulating adult Sertoli cell number; loss of either increases Sertoli 
cell number, testis weight and DSR and loss of both CDKIs causes greater increases in these 
parameters larger than those seen following the loss of only one of the CDKIs. 

The ability of T3 to regulate both p27'**and p21^»'\ combined with the recent data indicating 
that both of these CDKIs are involved in Sertoli cell proliferation, strongly indicates that both of 
these proteins are involved in increasing Sertoli cell number and testis weight following neonatal 
hypothyroidism. However, a number of critical questions still must b>e answered to establish the 
relative roles of p27**''̂  and p21°''^ in mediating the effects of T3 on developing Sertoli cells. Even 
though recent data established that Tj can increase expression of both p27'̂ '''' and p21^'''\ and both 
p27Kipi and p21 ̂ '"̂  are involved in Sertoli cell proliferation, the relative importance of each of these 
CDKIs in the Tj effect on Sertoli cell proliferation still remains to be established. In addition, it is not 
clear that these CDKIs are the sole mediators of the Tj effect on Sertoli cell proliferation. In other 
words, it is certainly possible that neonatal hypothyroidism could have additional effects over and 
above inhibition of p27'̂ *̂  and p21 ' ^ \ and that an additional effect{s) of Tj not involving the CDKIs 
could also be an important contributor to the increase in Sertoli cell number induced by neonatal 
hypothyroidism. 

To determine the relative importance of p27 '̂''̂  and p21'^*^ in the T, effect on Sertoli cell 
proliferation, and also to establish whether these CDKIs are the sole mediators of T^ on Sertoli cell 
proliferation, we have begun a set of experiments involving PTU treatment of neonatal p21 KO, p27KO 
and DBKO mice. These experiments will allow us to determine the individual roles of p27'^' and 
p2icipi jn mediating the effects on Sertoli cell proliferation induced by early hypothyroidism. In addition, 
they will establish that the effects of T j on Sertoli cell proliferation are either mediated entirely by 
p27Kipiand p2^^\ or that the T3 effect involves another factor{s). For example, if early PTU exposure 
still produces an increase in Sertoli cell number and adult testis size in the p27KO mouse, this will 
indicate that the effect of neonatal hypothyroidism on Sertoli cells involves effects other than a 
suppression of p27'*'. Likewise, if PTU treatment of p21 KO mice results in an increase in Sertoli cell 
number relative to the untreated p21 KO control, thi&vwil indicate that a factor(s)other than p21 '̂ ^̂  is 
involved in the Tj effect on Sertoli cell number. If PTU treatment of p27KO mice increases in Sertoli 
cell number, it would b>e tempting to postulate that this is solely due to PTU suppression of p21*^*^ in 
these mice. Likewise, an increase in Sertoli cell number in p21K0 mice may be solely due to the 
effects of hypothyroidism on p27'^\ However, in addition to effects of T3 on p27^' and p2^'^\ literature 
from other cell types also raises the possibility of T3 affecting additional cell cycle proteins or other 
targets that have effects on the cell cycle. 

Thyroid hormone effects on Sertoli ceil proliferation may also involve other cell cycle 
regulators 

There are reports that in oligodendrocytes and other cell types, T3 has effects on the Rb 
protein family of cell cycle proteins, a potential mechanism by which T3 could alter proliferation (30, 
31). There are also data in the oligodendrocyte precursor cell line P19 that T3 directly inhibits the E2F 
transcription factor responsible for driving cells through the G1 restriction point, so T3-induced inhibition 
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of Sertoli cell proliferation could involve direct T3 effects on E2F (30). Other work has suggested that 
T3 increases other CDKIs, such as p16'"'"'^ p18'"'"^ and pIQ'"""*" in oligodendrocytes, suggesting yet 
another mechanism by which T3 could regulate Sertoli cell proliferation (32). Furthermore, previous 
reports suggest that T3 can affect proliferation in other cell types as a result of changes in expression 
of cell cycle proteins such as cyclin D1, D2 or E (30,33,34), or their partners such as Cdk2 (31,35) 
orCdk4(31). 

Assuming that both p27'̂ ''̂  and p21<^̂  are involved in the mediation of T3 inhibition of Sertoli 
cell proliferation, it will be possible to determine whether the entire effect of T3 on Sertoli cell proliferation 
is mediated through these two CDKIs, or also involves T3 effects on another target(s). By treating 
DBKO mice with PTU then examining their Sertoli cell number in adulthood, this question can be 
definitively answered. If Sertoli cell number in PTU-treated DBKO mice is not increased over that 
seen in untreated DBKO mice, this will indicate that the absence of p27^''' and p21'̂ ''̂  totally precludes 
the increase in Sertoli cell number that normally results from early hypothyroidism, and will indicate 
that the PTU effect is entirely mediated through effects on p21^^^ and p21^'''\ Conversely, if some 
increase in Sertoli cell number is still seen in DBKO mice treated neonatally with PTU, this will 
indicate that the PTU effect is not entirely mediated through p27'̂ 'P' and p21'̂ 'P\ but also may involve 
other effects on the cell cycle independent of these two CDKIs. 

SUMMARY AND CONCLUSION 

In summary, the effects of T3 on Sertoli cell development and the establishment of adult 
Sertoli cell number appear to involve the CDKIs p27'̂ ''̂  and p21'̂ 'P' as critical mediators of T3 effects 
on Sertoli cell proliferation. Though these findings suggest a mechanistic paradigm for how T3 acts 
on Sertoli cells, a number of important questions related to the precise role of p27'^' and p21'^'f\ 
separately and in concert, still must be addressed to develop a comprehensive understanding of this 
important developmental process in Sertoli cells. 

ACKNOWLEDGMENTS 

The authors gratefully acknowledge the support of this work by the NIH, USDA and the University of 
Illinois. 

REFERENCES 

1 Orth JM (1982). Proliferation of Sertoli cells in fetal and postnatal rats: a quantitative autorad­
iographic study. Anat Rec 203: 485-492. 

2 Joyce KL, Porcelli J and Cooke PS (1993). Neonatal goitrogen treatment increases adult testis 
size and sperm production in the mouse. JAndrol 14:448-455. 

3 Kirby JD, Jetton AE and Cooke PS (1992). Developmental hormonal profiles accompanying the 
neonatal hypothyroidism-induced increase in adult testicular size and sperm production in the 
rat. Endocrinology A3V. 559-565. 

4 Griswold MD, Solari A, Tung PS and Fritz IB (1977). Stimulation by folliclestimulating hormone 
of DNA synthesis and of mitosis in cultured Sertoli cells prepared from testes of immature 
rats. Mol Cell Endocrinol 7:151-165. 

5 Barker SB and Klitgaard HM (1952). Metabolism of tissues excised from thyroxine-injected 
rats. Am J Physiol 170: 81-86. 



Thyroid and Sertoli cell proliferation 43 

6 OppenheimerJH, Schwartz HL and Surks Ml (1974). Tissue differences in the concentration of 
tri-iodothyronine nuclear binding sites in the rat: liver, kidney, pituitary, heart, brain, spleen and 
testis. Endocrinology 95:897-903. 

7 PaJmero S, Maggiani S and Fugassa-E (1988). Nuclear tri-iodothyronine receptors in rat Sertoli 
cells. Mol Cell Endocrinol 58:: 253-256. 

8 Jannini EA, Olivieri M, Francavilla S, Gulino A, Ziparo E and D'Armiento M (1990). Ontogenesis 
of the nuclear 3,5,3'-tri-iodothyronine receptor in the rat testis. Endocrinology 126: 2521 -2526. 

9 Palmero S, de Marchis M, Gallo G and Fugassa E (1989). Thyroid hormone affects the devel­
opment of Sertoli cell function in the rat. J £ncfc»crino/ 123:105-111. 

10 Francavilla S, Cordeschi G and Properzi G (1991). Effect of thyroid hormone on the pre- and 
post-natal development of the rat testis. J Endocrinol 129: 35-42. 

11 De Franca LR, Hess RA, Cooke PS and Russell LD (1995). Neonatal hypothyroidism causes 
delayed Sertoli cell maturation in rats treated with propylthiouracil: evidence that the Sertoli 
cell controls testis growth. Anat Rec 242: 57-69. 

12 Maran RR, Ravichandran K, Arunakaran J and Aruldhas MM (2001). Impact of neonatal hy­
pothyroidism on Leydig cell number, plasma and testicular interstitial fluid sex steroids con­
centration. EndocrResll: 119-141 

13 MaranRR,Arunakaran J, Jeyaraj DA, Ravichandran K,Ravisankar Band Aruldhas M M 
(2000). Transient neonatal hypothyroidism alters plasma and testicular sex steroid concentra­
tion in putjeral rats. EndocrRes 26: 411-429. 

14 Cooke PS, Hess RA, Porcelli J and Meisami E (1991). Increased sperm production in adultrats 
after transient neonatal hypothyroidism. Endocrinology 129:244-248. 

15 Cooke PS and Meisami E (1991). Early hypothyroidism in rats causes increased adult testisand 
reproductive organ size but does not change testosterone levels. Endocrinology 129: 237-243. 

16 van Haaster LH, De Jong FH, Docter R and De Rooij DG (1992). The effect of hypothyroidism on 
Sertoli cell proliferation and differentiation and hormone evels during testicular development in 
the rat. Endocrinology 131:1574-1576. 

17 Cooke PS, Zhao YD and Bunick D (1994). Tri-iodothyronine inhibits proliferation and stimu­
lates differentiation of cultured neonatal Sertoli cells: possible mechanism for increased adult 
testis weight and sperm production induced by neonatal goitrogen treatment. Biol Reprod 
51:1000-1005. 

18 Jannini EA, Ulisse S and D'Armiento M (1995). Thyroid hormone and male gonadal function. 
Endocr Rev i6:443-459. 

19 Palmero S, Prati M, Bolla F and Fugassa E (1995). Tri-iodothyronine directly affects rat Sertoli 
cell proliferation and differentiation. J Endocrine/145: 355-362. 

20 Arambepola NK, Bunick D and Cooke PS (1998). Thyroid hormone and follicle stimulating 
hormone regulate Mullerian-inhibiting substance messenger ribonucleic acid expression in 
cultured neonatal rat Sertoli cells. Endocrinology 139:4489-4495. 

21 Arambepola NK, Bunick D and Cooke PS (1998). Thyroid hormone effects on androgen receptor 
messenger RNA expression in rat Sertoli and peritubular cells. J Endocrinol 156:43-50. 

22 Brinster RL (2002). Germline stem cell transplantation and transgenesis. Science 296:2174-
2176. 

23 Beumer TL, Kiyokawa H and Roepers-Gajadien HL, et al. (1999). Regulatory role of p27'"''' in 
the mouse and human testis. Endocrinology 140:1834-1840. 



44 Cooke and Holsberger 

24 Cipriano SC, Chen L, Burns KH, Koff A and Matzuk MM (2001). Inhibin and p27 interact to 
regulate gonadal tumorigenesis. Mol Endocrinol 15:985-996. 

25 Holsberger DR, Jirawatnotai S, Kiyokawa H and Cooke PS (2003). Thyroid hormone regulates 
the cell cycle inhibitor p27'^^ in postnatal murine Sertoli cells. Endocrinology i44: 3732-3738. 

26 Buzzard JJ, Farnworth PG, De Kretser DM, O'Connor AE, Wreford NG and Morrison JR {2003). 
Proliferative phase Sertoli cells display a developmentally regulated response to activin in vitro. 
Endocrinology AAA: 474483. 

27 Fero ML, Rivkin M, Tasch M, et al. (1996). A syndrome of multiorgan hyperplasia w îth features 
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