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Cushing’s disease is caused by glucocorticoid-resistant pituitary corticotroph adenomas. We have
previously identified the loss of nuclear Brg1 as one mechanism that may lead to partial glucocor-
ticoid resistance: this loss is observed in about 33% of human corticotroph adenomas. We now
show that Brg1 loss of function correlates with cyclin E expression in corticotroph adenomas and
with loss of the cell cycle inhibitor p27¥P' expression. Because Brg1 is thought to have tumor
suppressor activity, the present study was undertaken to understand the putative contribution of
cyclin E derepression produced by loss of Brg1 expression on adenoma development. Overexpres-
sion of cyclin E in pituitary proopiomelanocortin cells leads to abnormal reentry into cell cycle of
differentiated proopiomelanocortin cells and to centrosome instability. These alterations are
consistent with the intermediate lobe hyperplasia and anterior lobe adenomas that were ob-
served in these pituitaries. When combined with the p27%%" knockout, overexpression of cyclin E
increased the incidence of pituitary tumors, their size, and their proliferation index. These results
suggest that cyclin E up-regulation and p27¥P' |oss-of-function act cooperatively on pituitary

adenoma development. (Molecular Endocrinology 24: 1835-1845, 2010)

yclin-dependent kinases (CDKs) and their activating

subunits, the cyclins, are essential for proper cell cycle
regulation in eukaryotes. The active cyclin-CDK com-
plexes regulate by phosphorylation a unique set of protein
substrates that are essential for progression through dif-
ferent phases of the cell cycle. CDK inhibitors (CDKIs)
tightly regulate the cell cycle to ensure appropriate pro-
gression of a cell through the different phases of the cycle
and arrest (1). To evaluate their specific roles as cell cycle
regulators, genetic ablations of cell cycle control proteins
were made in mice. Unexpectedly, the loss of function of
a subset of these cell cycle regulators preferentially re-
sulted in pituitary tumor development, like ablation of the
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CDKIs p18™K# (2, 3), p275*1 (4-7), and also Rb™'~
mice (8). These mutant mice all develop pituitary inter-
mediate lobe (IL) tumors with nearly complete penetrance
and also frequent anterior lobe (AL) tumors.

The human pituitary is also very sensitive to spontane-
ous tumor formation with a prevalence of pituitary ade-
nomas evaluated to be up to 16% (9). Most human pitu-
itary tumors are benign, never diagnosed, and without
significant clinical consequence. Some tumors are nonse-
creting but others, depending on the cell types affected,
produce hormones. Thus, corticotroph adenomas cause
Cushing’s disease because these tumors express the pro-
opiomelanocortin (POMC) gene and produce excess

Abbreviations: AL, Anterior lobe; CDK, cyclin-dependent kinase; CDKI, CDK inhibitor;
GAPDH, glyceraldehyde-3-phosphate dehydrogenase; Gc, glucocorticoids; GR, glucocor-
ticoid receptor; HDAC, histone deacetylase; IL, intermediate lobe; pHH3, phosphohistone
H3; POMC, proopiomelanocortin; PRL, prolactin; sibs, siblings; SF-1, steroidogenic factor
1; shpRNA, short hairpin RNA; Wt, wild type.
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amounts of ACTH. ACTH secretion from these tumors is
increased in part because they are partially resistant to
glucocorticoids (Gc) negative feedback regulation (10).
The feedback exerted by Ge and their receptor [glucocor-
ticoid receptor (GR)] is necessary to repress POMC gene
transcription and inhibit ACTH release (11). Gc also in-
hibit the growth of corticotroph cells (12). We have pre-
viously identified two proteins that are essential for GR
trans-repression of POMC transcription. Indeed, we
showed that brahma related-gene 1 (Brgl) and histone
deacetylase 2 (HDAC2) are forming a multiprotein com-
plex together with GR and the orphan nuclear receptor
nuclear growth factor IB (NGFI-B), and further that all
these proteins are required for repression of POMC tran-
scription (13). In view of the essential role of Brgl and
HDAC?2 in G¢ feedback, we assessed their expression in a
panel of corticotroph adenomas and found that they are
misexpressed in about 50% of Cushing’s disease patients,
thus providing a molecular mechanism for the Ge resis-
tance of these tumors (13). Brgl was also known to have
tumor suppressor activity (14, 15) and was implicated in
the control of the cell cycle. Indeed, it was suggested that
Brgl might act as repressor of cyclin E expression (16).
Thus, the loss of nuclear Brg1 activity may contribute to
the pathogenesis of Cushing’s disease in at least two ways:
by causing Ge resistance and by disruption of cell cycle
control through derepression of cyclin E expression.

Cyclin E is cyclically expressed during the cell cycle
(17). Its expression begins at the late G, phase of the cycle
and lasts till the end of the S phase. Regulation of cyclin E
levels is insured through protein degradation by the pro-
teosome pathway and through transcriptional regulatory
mechanisms. Activation and repression of cyclin E gene
transcription are regulated by members of the E2F family
of transcription factors and involve recruitment of core-
pressors pRb and HDACs (16). Cyclin E binds to the
serine/threonine protein kinase cdk2 and activates it to
regulate the G;-S phase transition. The activity of this
complex is preferentially inhibited by its interaction with
the CDKI p27%! (1). On the other hand, the cyclin
E/cdk2 complex phosphorylates p27P!, which causes its
dissociation from the complex and targets p275®! for
degradation by the ubiquitin-proteasome pathway (18).
Cyclin E is also important to initiate DNA replication by
direct activation of S-phase specific genes and also partic-
ipates in the control of genome stability and the centro-
some cycle (19). Deregulation of these processes may con-
tribute to development of malignancies.

There is evidence supporting a primary role for cyclin
E in cancer, suggesting that deregulation of this protein
may be critical to alter regulation of the G,-S transition
contributing to tumor development. Overexpression of
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cyclin E has been associated with progression of some
cancers like breast carcinomas, leukemia, and lympho-
mas (20, 21). Also, transgenic mouse models of cyclin E
overexpression have a tendency to develop malignancies
in different tissues, supporting the notion of cyclin E as a
dominant oncogene. With regard to Cushing’s disease, it
was observed that cyclin E is preferentially increased in
corticotroph adenomas compared with other pituitary tu-
mors (22).

Here we show that cyclin E expression is repressed by
Brg1 in the corticotroph model cells AtT-20. In agreement
with this, we show that cyclin E is up-regulated in 100%
of corticotroph adenomas that are deficient in nuclear
Brgl. Further, these adenomas are very frequently defi-
cient for p275iP! expression. We observed that forced
pituitary expression of cyclin E leads to increased cell
proliferation, centrosome instability, and sporadic hyper-
plasia and/or tumors. Significantly, we also found that
cyclin E collaborates with p27¥"P! loss to increase the
frequency, size, and proliferation index of pituitary tu-
mors in mice.

Results

Cyclin E expression is correlated with p27%P" loss
in Brg1-negative Cushing’s disease adenomas

Brgl has been implicated in regulation of cellular pro-
liferation and is a potential tumor suppressor. In partic-
ular, it was shown to induce growth arrest, in part, by
down-regulation of select E2F target genes such as cyclin
E (23). To investigate whether loss of Brg1 correlates with
cyclin E expression in human corticotroph adenomas
(Fig. 1A), we analyzed the expression of cyclin E by im-
munohistochemistry in a panel of 25 adenomas from
Cushing’s disease patients (Fig. 1B and Supplemental Ta-
ble 1 published on The Endocrine Society’s Journals On-
line web site at http://mend.endojournals.org). We used
Tpit as a marker of corticotroph cells to delineate tumor
and normal pituitary tissue in the pathology specimens
(24). As described earlier (13), Brgl is detected in the
nucleus of all cells in normal pituitary tissue but absent
from about 33% of corticotroph adenomas (e.g. Fig. 1B).
In contrast, cyclin E is normally undetectable by immu-
nohistochemistry in human pituitary but it appears in a
fraction of adenomas, whereas expression of p27¥P! is
lost in a tumor subset (Fig. 1B). Strikingly, all Brg1-neg-
ative adenomas are cyclin E positive (100%) in contrast to
70% of Brgl-positive adenomas (Fig. 1A). In addition, a
much higher frequency of p27%"P!-negative tumors is
found in the Brgl-negative group (88% compared with
41% or 18%, for cyclin E-positive and -negative adeno-
mas, respectively). Consistent with the fact that all ade-
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FIG. 1.

Cyclin E up-regulation and loss of p27XP" expression in corticotroph adenomas. A, A panel of 25 human corticotroph adenomas was

studied by immunohistochemistry for Brg1, cyclin E, and p27<P" expression. All samples were also positive for ACTH, Tpit, and GR expression.
Normal pituitary tissue is always positive for nuclear Brg1 and p27<*" and negative for cyclin E. The upper panels represent data for adenomas
that are Wt for Brg1 (i.e. positive) whereas the lower panels represent data for the Brg1-negative subset. For each, the left panel indicates
percentage of tumors that are either cyclin E negative (Wt) or cyclin E positive, and the right panels indicate the proportion of each tumor group
that has lost expression of p27P'. No tumor was ever observed to be Brg1 negative and cyclin E negative. B, Immunohistochemical analyses for a
representative human Brg1-negative, cyclin E-positive, p27<®'-negative adenoma. Normal pituitary is shown for comparison. C, The putative
repressor activity of Brg1 on cyclin E expression was verified in AtT-20 cells using RNA interference with a short hairpin loop RNA target against
Brg1 (shpBrg1) in comparison with a scrambled-sequence control RNA (shpCTRL). Western blot analysis of Brg1, cyclin E, and GAPDH indicated
successful knockdown of Brg1 resulting in up-regulation of cyclin E. D, Sections from two representative tumors of the Brg1-negative, cyclin E-
positive, and p27<PT-negative group showing colabeling of POMC-positive cells with pHH3. All tumor samples of this group showed similar
double-positive cells, but no pHH3-positive, ACTH-negative cells. IB, Immunoblotting.

nomas are from Cushing’s disease patients, the bulk of
cells in all tumors were positive for ACTH, Tpit, and GR,
despite the patient’s relative resistance to the dexameth-
asone suppression test (Fig. 1B).

Brg1 represses cyclin E expression

To test whether the loss of Brg1 in corticotroph cells, as
observed in some Cushing patients (13), could result in
up-regulation of cyclin E, we performed RNA knock-
down of Brgl in AtT-20 cells. In contrast to a control
short hairpin RNA (shpRNA), a shpRNA directed
against Brgl efficiently reduced Brgl protein levels, and
this was accompanied by an increase in cyclin E as re-
vealed by Western blotting (Fig. 1C). Thus, Brg1 represses
cyclin E expression in pituitary corticotroph cells.

Pituitary overexpression of cyclin E increases
differentiated cell proliferation

Proliferation of terminally differentiated cells is rare.
Transformation of such cells leading to reentry into cell

cycle could lead to adenoma formation. In most cortico-
troph adenomas, proliferating cells revealed using the mi-
tosis marker phosphohistone H3 (pHH3), are differenti-
ated because they express ACTH (Fig. 1D). Thus, cycling
differentiated corticotroph cells could directly contribute
to adenoma development. To test the hypothesis that cy-
clin E may be sufficient to drive corticotroph cells into the
cell cycle and/or induce tumors, we generated transgenic
mice overexpressing cyclin E in pituitary corticotrophs
and melanotrophs (the POMC-expressing lineages) under
control of the POMC promoter (Fig. 2A). We established
four founder lines that express cyclin E (Tg-PCE) at dif-
ferent levels as shown by Western blot analysis (Fig. 2B).
Most data presented here were obtained using line 337,
but line 649 behaved similarly. To verify that the POMC-
cyclin E transgene is expressed as expected, we assessed
transgene expression by immunofluorescence at embry-
onic d 18.5. At this developmental stage, POMC-positive
cells do not usually express detectable levels of nuclear
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FIG. 2. Forced expression of cyclin E in mouse pituitary. A, Structure
of cyclin E-expressing transgene driven by the rat POMC promoter (7g-
PCE). B, Analysis of four different transgenic lines compared with their
Wt sibs for expression of Tpit, cyclin E, and GAPDH analyzed by
Western blot of adult pituitary extracts. The number on top refers to
the identification number of each transgenic line. Line 337 was mostly
used for further studies, but line 649 also produced similar results. C,
Characterization of embryonic d 18.5 (e18.5) Tg-PCE transgenic mice.
Expression of the transgene was assessed on pituitary sections by
immunofluorescence. Cyclin E overexpression is detected in a large
number of IL melanotroph cells as well as in some AL cells (D), whereas
no cyclin E was detected in the ACTH-positive cells of sib control
embryos (C). Analysis of pHH3-positive cells showed few positive cells
(usually POMC-negative; E, inset) for this marker of mitosis in control
pituitary (E) but much more frequent positive cells in the transgenic
pituitary (F), including cells that are positive for both pHH3 and ACTH
(F, inset).

cyclin E (Fig. 2C), and they do not proliferate as assessed
by the mitosis marker pHH3 (Fig. 2E). In Tg-PCE pitu-
itaries, cyclin E protein was detectable in most POMC-
positive cells (Fig. 2D), and double-positive cells for
ACTH and pHH3 were present (Fig. 2F, inset); we also
observed double-positive cells by colabeling for Ki67
(data not shown). We conclude that cyclin E overexpres-
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sion is sufficient to drive differentiated POMC cells to
reenter the cell cycle.

Hyperplasia, adenomas, and centrosome instability
in POMC-cyclin E transgenic mice

No significant morphological differences were ob-
served between Wt and Tg-PCE pituitaries at 8§ months or
1 yr of age (data not shown). However by 2 yr of age,
some Tg-PCE pituitaries (three of 17) exhibited hyperpla-
sia of the IL (Tpit, ACTH, Brgl, and p27%P'-positive
cells) and another three mice had AL adenomas (Fig. 3A).
The frequency of hyperplasia or adenomas was low at
18% each (three of 17), but combined, they represented
36% of mice compared with none in wild-type (Wt) sib-
lings (sibs). It is not clear why hyperplasias were only
observed in the IL (Fig. 3C) and tumors in the AL. How-
ever, this may correlate with activity of the POMC pro-
moter used (Langlais D. and Drouin J. in preparation) and
with the persistent increase in Ki67-positive cells ob-
served in both 8-month and 2-yr transgenic ILs (Fig. 3B).
In contrast, POMC-cyclin E transgene expression de-
creased in AL of older mice (data not shown).

Two adenomas were small and well delineated (Fig.
3D), and the third was much larger (Fig. 3E). We inves-
tigated the nature of the AL adenomas using markers (Fig.
3F). Surprisingly, no tumor was positive for Tpit or
ACTH. All adenomas expressed Pitx1, a marker of the
ectodermal origin of the pituitary and were positive for
Brgl, cyclin E, and Ki67. Whereas two adenomas were
nonsecreting and negative for differentiation markers
Tpit, Pit1l, and SF1, the third adenoma was positive for
prolactin (PRL), GH, and Pit1 (Fig. 3F).

It was previously reported (25-28) that high cyclin E
expression leads to centrosome instability and genomic
instability (27). To assess whether this may occur in pitu-
itary cells, we investigated centrosome integrity in IL of 2
yr-old Tg-PCE mice (Fig. 4). The increased cell prolifer-
ation observed in Tg-PCE pituitaries (Fig. 3B) is reflected
in higher occurrence of cells with duplicated y-tubulin-
positive (19) centrosomes (Fig. 4A). In addition, trans-
genic pituitaries exhibit significant increases in number of
cells with three or more centrosomes (Fig. 4, A and C) and
with structurally abnormal centrosomes (Fig. 4, B and C).
The increased occurrence of abnormal centrosomes likely
contributes to genome instability (28, 29) and may pre-
dispose to tumor development.

Cooperation between cyclin E and p27¥P" |oss
of function

Tumor initiation is a multistep process. The limited
effect of overexpressing cyclin E might be due to high
levels of cell cycle inhibitors in differentiated cells, and
particularly p27%®! in adult pituitary (30). Because

202 1udy 60 U0 }sanb Aq 9/1.90/2/5€81/6/i7¢/o101e/pusiu/wod dno-olwapede//:sdiy wody papeojumod



Mol Endocrinol, September 2010, 24(9):1835-1845

mend.endojournals.org 1839

pituitaries (P = 0.008). The size increase be-
tween Tg-PCE;p2751~/~ and p275#P1~"~ tu-
mors may be explained, in part, by higher
proliferation rates stimulated by cyclin E over-
expression (Fig. 3B). Indeed, the abundance of

Ki67-positive cells appeared greater in Tg-

PCE;p27%%1~/~ mice (Fig. 6C); it is notewor-
thy that the loss of p275%#" has the largest ef-

A Phenotype wt Tg-PCE
normal 100% (15/15) 65% (11/17)
IL hyperplasia - 18% (3/17)
IL adenoma -
AL adenoma - 18% (3/17)
B % cyclin E* cells % Ki67* cells
Age Wt Tg-PCE Wt Tg-PCE Tg-PCE vs Wt
8-months 0 95+2 05+04 11+£05 p=0,05
2-years 0 95+3 06+04 16+09 p=0,05
macroadenoma

microadenoma

hyperplasia
N

fect on the number of Ki67-positive cells.
Ki67-positive cells were counted in both IL
and AL of each pituitary in the panel (Fig. 6D).
This analysis showed that the increase is
mostly evident in the AL (P = 0.03) where
most of the Tg-PCE;p27%"1~/~ samples have
more than 5% Ki67-positive cells compared
with the p27%*!~'~ tumors that predomi-
nantly have less than 5%.

p27 In addition, the frequency of both IL and

F
Size Tumor type Expression
Pitx1 Cyclin E Ki67 Tpit Pit1 SF-1
micro (D) non-secreting + + + - - +
micro PRL with few GH cells + + + w + +
macro (E) non-secreting + + + - -

AL tumor formation was increased in Tg-
5 PCE;p27%#1=/= compared with p275P1~/~

FIG. 3. Cyclin E expression increases pituitary proliferation index. A, Cohorts of Tg-
PCE mice and their control sibs (Wt) were investigated at 2 yr of age for a pituitary
phenotype. Six transgenic pituitaries of a total of 17 were found to have abnormal
pituitaries, three with IL hyperplasia (C) and three with AL adenomas (D-F). B,
Quantitation of cyclin E and Ki67-positive cells in adult ILs of Tg-PCE transgenic
pituitaries compared with their Wt control sibs. Cyclin E-positive and Ki67-positive

(a marker of proliferation) cells were identified by immunohistochemistry on pituitary
sections of 8-month-old and 2-yr-old mice as indicated. For each group, the number
of positive cells was counted on duplicate sections from eight to 10 different mice. F,
Summary of marker expression in the three AL adenomas. Only one tumor was

positive for the differentiation markers Pit-1, PRL, and GH.

p27%P! is a key regulator of the cyclin E-cdk2 complex
and because activation of this complex leads to inactiva-
tion of p27XiP1 we assessed the impact of cyclin E expres-
sion on the expression and status of p27*'P!, Using the
Brg1 knockdown paradigm in AtT-20 cells (Fig. 1C), we
observed the resulting cyclin E up-regulation at both
mRNA (Fig. 5A) and protein levels (Figs. 1C and 5B).
Oddly, opposing effects were observed on p275iP! expres-
sion, with increased mRNA levels (Fig. S5A) associated
with stable or slightly decreased total p27%"P! (Fig. 5B).
However, a convincing decrease of Thr187-phosphory-
lated p27%"P! is observed, possibly reflecting increased
turnover of p27%"P!, Because p275%! loss of function
leads to IL pituitary tumors (4-7), we investigated
whether cyclin E up-regulation would enhance the effect
of loss of p27%"P! on pituitary tumor formation. Repre-
sentative pituitaries at 8 months of age from each geno-
type suggest that the combined loss of p27%*1 with over-
expression of cyclin E results in larger pituitary tumors
(Fig. 6A). The average tumor weight (Fig. 6B) of Tg-PCE;
p27%P1="= mice is about 3 times that of p27XP1~/~
mice (P = 0.04) and more than 11-fold the size of Wt

with frequencies of 100% compared with
72% in the IL and 40% compared with 7% in
the AL (Table 1). It was reported that the
penetrance of p27%?!.dependent pituitary
tumors varies with genetic background (31);
our observation of 70% IL tumors in mice of
mixed background is consistent with previ-
ous observations. It is noteworthy that IL
and AL adenomas are quite different in these
models: indeed, the IL adenoma cells of both
p27%iP1="= and Tg-PCE;p27X#1~'~ are al-
ways positive for the POMC lineage marker Tpit, indi-
cating that they are differentiated (Table 2). In contrast,
Tpit-positive cells were not observed in AL adenomas of
p275#P1='~ mice, and only one adenoma from Tg-PCE;
p275P1="~ pituitaries contained a cluster of Tpit-positive
cells. One pituitary adenoma of each genotype contained
dispersed cells positive for the gonadotroph marker ste-
roidogenic factor 1 (SF-1), and none were found to have
Pit1-positive cells (Table 2). These observations are con-
sistent with prior work that described p275%*~/~ pitu-
itary AL tumors as poorly differentiated (32). Because the
bulk of adenoma cells are negative for differentiation
markers except Pitx1, we assessed expression of two tran-
scription factors that have been associated with pituitary
stem or progenitor cells, Sox2 and Sox9 (33). Neither is
expressed in p275*1~'~ or Tg-PCE;p27%*'~'~ AL or IL
adenomas (Table 2). In summary, the overexpression of
cyclin E cooperates with loss of p27%"P! to increase the
frequency, size, and proliferation index of pituitary tu-
mors, notwithstanding the very different differentiation
status of IL and AL adenoma cells.
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FIG. 4. Cyclin E overexpression causes centrosome abnormalities.
Centrosomes (C) revealed using y-tubulin immunofluorescence (19)
were analyzed on two sections from each mouse reported in Fig. 3A;
analyses were only performed on IL tissues with normal appearance,
i.e. not in hyperplastic or tumor areas. Panel A, Dividing cells have two
visible centrosomes (C = 2), and abnormal numbers of centrosomes
are reported as C = 3. Each dot represents data for a different mouse.
Bar represents the means = sem. Panel B, Quantitation of structural
centrosome abnormalities. These were never observed in control
tissues. Panel C, Examples of centrosomes observed in this study.

Discussion

Glucocorticoid resistance and corticotroph adenomas
Although up-regulation of cyclin E was observed in a
variety of tumors (20, 21) including pituitary tumors, the
present work suggests a causal relationship between up-reg-
ulation of cyclin E and a presumably earlier event, the loss of
nuclear Brgl that likely causes glucocorticoid resistance
(13). Indeed all Brgl-negative corticotroph adenomas were
found to express cyclin E although Brgl-positive tumors
also frequently exhibit cyclin E up-regulation, indicating
that other mechanisms may account for cyclin E misexpres-
sion. These observations on human adenomas are consistent
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A RT-QPCR
5_
@ 4
Q
-
2
< 3
=
o
£
=
T
T
0 v .

Brg1 Cyclin E p27¥iet
B western blots
24h 48h
siCTRLsiBrg1 siCTRL siBrg1
IB:Brg1t — ~ ——

IB: CyclinE & &= ———— —

IB: pThr187-p27 W = =% —

IB: p27 —_—

IB: GAPDH S S — —

FIG. 5. Effect of Brg1 knockdown [small interfering RNA (siRNA)] in AtT-
20 cells on cydlin E and p27%?" mRNA and protein levels. A, Quantitative
real-time PCR (RT-QPCR) analysis of Brg1, cyclin E, and p27""" transcripts
in AtT-20 after Brg1 knockdown. Brg1 transcripts are decreased 3.1-fold
(P = 0.0001) whereas cyclin E and p27P" transcripts are increased 1.7-
fold (P = 0.005) and 2.8-fold (P = 0.05), respectively (n = 3). B, Levels of
Brg1, cyclin E, p275%", phospho-p27<P" (Thr187), and GAPDH in extracts
from AtT-20 cells treated with siCTRL and siBrg1 for 24 and 48 h revealed
by Western blot. IB, Immunoblotting.

with Brgl-dependent derepression of cyclin E expression in
AtT-20 cells (Fig. 1C) and with the unaltered Brgl expres-
sion in cyclin E-expressing mouse pituitaries (Table 2).

No gene or protein has so far been implicated in both Ge¢
resistance and tumorigenesis of pituitary corticotroph ade-
nomas. By documenting a Brg1-dependent up-regulation of
cyclin E, the present work clearly supports the idea that Brg1
may be involved in both processes of Gc resistance and cor-
ticotroph tumorigenesis. The Brgl-dependent loss of Ge-
negative feedback may also directly contribute to cortico-
troph adenoma development by derepression of other tumor
suppressors and/or by activation of tumor-promoting genes.

Cyclin E and p27%"P" in control of pituitary
cell growth

The control of G;-S transition is of tremendous impor-
tance for cell cycle regulation. In particular, cyclin E ex-
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lower steady-state levels of phosphory-

A ) Increased cyclin E/cdk2 would lead to
Tg-PCE;p27Xip1+- p=0,04 .
E . 100- ) ) enhanced progression through cell cy-
p=D.08 o S Kip1
5 801 - ' cle but also to inactivation of p27
E ﬁ' == b by phosphorylation of Thr187 (18,
% 20: A ;:; 35, 36). This phosphorylation targets
— ® A . .
g 157 p27%P! for degradation through the
u B ™ o ubiquitin proteasome pathway (18).
. 1t 7 . . i
ch,pz £ 2 * Consistent with enhanced p275*! turn-
LIS 2 s m 4 YT e @ _
: ')’}- T " e A SO %3 over and degradation, we observed

n=10 n=8

n=12 n=10

FIG. 6. Cyclin E cooperates with p27"P" loss of function for pituitary tumor development. A,
Photographs of representative in sellae pituitaries from 8-month-old mice: Wt, Tg-PCE and
p27KPT heterozygote (Tg-PCE;p275P"+/~), p27KPT knockout (p275P"~/7), and Tg-PCE
transgenic p27<"®" knockout (Tg-PCE;p27<*~/~). B, Distribution of pituitary weights for mice
of the different genotypes. The number of pituitaries in each group is indicated in Table 1.

Tg-PCE;p27¥ip1--

lated p275"P! and total p275'P! (Fig. 5B)
in AtT-20 cells that exhibit high cyclin E
expression. This decrease was observed
despite elevated p27%P! mRNA (Fig.
5A) in the Brgl knockdown paradigm
used in these experiments. Increased
p275P1 mRNA may have been caused
directly by the Brgl knockdown or me-
diated through another regulator. Be-
cause p27XP1'= pituitaries did not
show increased cyclin E expression
(Table 2), the loss of p27¥iP! is un-

1 % Ki67- _ , _

4 positive cells likely responsible for cyclin E up-regu-
0 ] o lation. Rather, cyclin E up-regulation is

O 1 most likely due to the loss of Brg1, pos-

: B s-10 sibly mediated through E2F (23).

0 W =0 We observed a strong inverse correla-

tion between cyclin E up-regulation and
p27%P! expression in the subgroup of
Brgl-negative corticotroph adenomas
(Fig. 1A, lower panels). In a multistep
model of tumor development, the en-
hanced proliferation caused by cyclin E

Bars represent the medians. C, Colabeling of representative anterior pituitary sections for
mice of the indicated genotypes using Ki67 as marker of proliferating cells and ACTH to
identify corticotrophs. D, Quantitation of Ki67-positive cells in the IL and AL of pituitaries
from each genotype. The number of mice studied in each group is indicated at the
bottom and for each mouse, two sections were quantitated. In each case, the percentage
of Ki67-positive cells was subdivided into four categories as indicated. The increased Ki67
index observed in AL of Tg-PCE;p275P"~/~ compared with p275P" =/~ pituitaries is statistically

up-regulation may be an early event,
predisposing cells to the effect of a sec-
ond hit, such as the loss of p27¥P! ex-
pression. The p275*! gene is rarely
mutated in pituitary adenomas (37,

significant (P = 0.03).

pression is essential for cell cycle reentry of quiescent cells
(34). We showed previously that most adult POMC cells
have exited the cell cycle, do not express detectable cyclin
E, and express p27%P! (30). Cyclin E expression, partic-
ularly associated with loss of p27***, could allow POMC
cells to leave their quiescent state and enter S phase. The
cyclin E/p275P! balance may thus regulate corticotroph
and melanotroph proliferation acting as gatekeeper to
protect them from cell cycle reentry. Cyclin E up-regula-
tion, on its own, is unlikely to be sufficient for tumor
formation, but we show that it leads to cell cycle reentry
of differentiated pituitary POMC cells (Figs. 2F and 3B).

38). It was shown in some instances to

be silenced through DNA methylation

but in most cases, p27*P! expression
appears to be down-regulated at the protein level (32, 39).
Whereas cyclin E up-regulation may lead to decreased
steady-state p27<"P! as discussed above, other mecha-
nism(s) may also contribute to establishment of tumors
by down-regulation of p27XiP!,

Decreased p27%"P! was preferentially associated with
corticotroph and metastatic pituitary adenomas (40) and
further, corticotroph adenomas were found to have
higher proliferative index compared with other pituitary
adenomas (41, 42). Accordingly in mouse pituitaries,
ectopic cyclin E enhanced tumor frequency (Table 1), size
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TABLE 1. Pituitary phenotype of 8-month-old mice of the indicated genotypes

Phenotype wt Tg-PCE p27<iP1—/= Tg-PCE;p27%iP?=/~
Normal 100% (12/12) 88% (7/8) 21% (3/14) —
IL hyperplasia — — 7% (1/14) —
IL adenoma — — 72% (10/14) 100% (10/10)
AL hyperplasia — 12% (1/8) — —
AL adenoma — — 7% (1/14) 40% (4/10)
IL and AL adenoma — — 7% (1/14) 40% (4/10)

The percentage and numbers of observed phenotypes are indicated over the total number of mice in each group. —, Not observed.

(Fig. 6, A and B) and proliferation index (Fig. 6, Cand D) ity (45-47). In our Tg-PCE mice, centrosome instability
of p27%P1_deficient mice, revealing a synergism between  was observed and may contribute to tumor development.
these two events. In addition to its effect on proliferation, It is therefore reasonable to propose that up-regulation of
cyclin E overexpression may also promote tumorigenesis  cyclin E expression may predispose to pituitary adenoma

through other mechanisms. formation by producing genome instability.
Up-regulation of cyclin E and centrosome instability Differentiation status of pituitary adenoma cells
In addition to its role in cell cycle control, cyclin E has The analyses of differentiation markers in p275%1~/~

also been involved in DNA replication, apoptosis, and  pituitaries indicated that the frequent IL hyperplasia and
DNA repair (43). Its expression must be tightly regulated  adenomas contain differentiated POMC- and Tpit-posi-
and begins at the G, phase until the end of the S phase.  tive cells (Table 2 and Ref. 32). In contrast, the rare AL
During these phases, centrosome duplication and DNA  adenomas are poorly differentiated with a minority of
replication are initiated. The presence of two centrosomes  cells expressing only SF-1, a marker of the gonadotroph
at mitosis is critical for the formation of bipolar mitotic  lineage (Table 2). This pattern was not significantly al-
spindles that ensure proper DNA partition between two  tered by introduction of the POMC-cyclin E transgene:
daughter cells. This critical coordination between centro-  indeed despite their increased frequency, size, and prolif-
some and DNA duplication is achieved, in part, by the eration index, AL adenomas only occasionally contain
activation of the cyclin E-cdk2 complex. Perturbation of =~ Tpit-positive cells.

the control exerted by this complex might result in abnor- The appearance of POMC-negative tumors in Tg-PCE
mal multiplication of centrosomes and lead to abnormal  transgenics may reflect cyclin E activities other than its well
mitoses and chromosome segregation errors. Centrosome  known cell cycle-regulatory functions. Indeed, kinase-inde-
amplification is a feature frequently seen in various cancer ~ pendent functions of cyclin E have been reported recently
cells, and a mechanism was recently proposed to link  (48) and, in particular, cyclin E has been implicated in
centrosome amplification to chromosomal instability — asymmetric cell division in Caenorrbabitis elegans (49)
(29). In human cancers, centrosome and genomic insta-  and in cell fate determination in Drosophila (50). Thus,
bility have been associated with cyclin E-overexpressing  cyclin E overexpression may promote low-frequency cor-
tumors (19, 44). Interestingly, human pituitary tumors ticotroph dedifferentiation. Notwithstanding the possi-
have also been shown to exhibit signs of genome instabil-  bility that transgene expression may be leaky in non-

TABLE 2. Expression of pituitary markers in adenomas from p27<°’~/~ and Tg-PCE;p27°"~'~ pituitaries

Wt pituitary  p27%P7—/~ Adenomas Tg-PCE;p27%iP?=/~ Adenomas

Staining IL AL IL AL IL AL
Pitx1 + + + + + +
Brg1 + + + + + +
Tpit + + (5-10%) + — + One cell cluster (1/4)
SF-1 — + (5-10%) — Dispersed cells ~ 5% — Dispersed cells ~ 5% (1/4)
Pit-1 — + (>60%) - - - -
CyclinE — — - — + + (90%)
Sox2 Around lumen — — — —
Sox9 Around lumen — — — —

n=12 n=12 n=29 n=1 n=10 n=4

The number of pituitary adenomas analyzed for marker expression by immunohistochemistry are indicated at bottom and correspond to
adenomas described in Table 1. IL adenomas were Eosmve for Tpit in both genotypes and negative for all other lineage markers.
The single AL adenoma from p27<°"~/~ pituitary stained positively for SF-1(~5% cells). One Tg-PCE,']p2.7’<’p’f_/’ piturtary AL
adenoma exhibited a similar SF-1-positive adenoma, and another AL adenoma contained a cluster of Tpit-positive cells and a mass
of undifferentiated cells. All other AL adenomas cells appeared undifferentiated. +, >95% positive cells; -, no positive cells.
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POMC cells (at levels below immunofluorescence or
green fluorescent protein detection) (51), the appearance
of non-POMC-expressing tumors in the transgenics may
indicate that upon cyclin E-dependent transformation,
the pituitary tumor cells dedifferentiated. Intriguingly,
there is no indication of similar dedifferentiation in the IL
where transgene expression is maintained throughout
adult life (Fig. 3B). To assess the possibility that undiffer-
entiated cells of AL adenomas may have features of pitu-
itary stem or progenitor cells, we tested these cells for
expression of Sox2 and Sox9 expression (Table 2). Nei-
ther marker is expressed in these adenomas: the differen-
tiation status of these cells remains unclear. These undif-
ferentiated cells may represent a parallel with human
tumors that progress to a nonsecreting status.

Recent advances in stem cells and tumor biology led to
the hypothesis of cancer stem cells. According to this
model, a small number of undifferentiated progenitor
cells proliferate and give rise to most of the tumor mass.
This does not appear to be the case for many corticotroph
adenomas, because we found that proliferating cells are
POMC-positive in Brgl-negative/cyclin E-positive tu-
mors (Fig. 1D). Cycling corticotroph adenoma cells are
thus differentiated, but they grow slowly compared with
more aggressive tumors. These relatively benign tumors
may represent a unique example of early tumor develop-
ment; indeed, they might have gone undetected if it was
not for their endocrine consequences. In this context, cy-
clin E expression with loss of p27%"! may constitute suf-
ficient imbalance to allow cell cycle reentry of differenti-
ated cells and adenoma development. Progression to a
more aggressive tumor state may be accompanied by ap-
pearance of proliferating undifferentiated cells of the can-
cer stem cell type.

Materials and Methods

Generation of transgenic mice

For generation of the Tg-PCE transgene, the mouse cyclin E1
c¢DNA was inserted downstream of the —480-bp POMC pro-
moter, and transgenic mice were generated as described (52);
they were back-crossed into the C57Bl/6 background. p27iP!-
null mice (CD1 genetic background) were obtained from The
Jackson Laboratory (Bar Harbor, ME); the series of mice carry-
ing the p275%" mutant allele and/or the Tg-PCE transgene (Fig. 6
and Table 1) were analyzed in a mixed genetic background (C57Bl/
6;CD1). The genotyping was performed on tail DNA with the
following primers; 5'-GAACTAGGCCTGCCTCACAC-3' (POMC
promoter) and 5'-AGGGCTGACTGCTATCCTCGCTTT-3' (cy-
clin E) for Tg-PCE; and 5-CTTGGGTGGAGAGGCTATTC-3’
(neomycin), 5'-AGGTGAGATGACAGGAGATC-3' (neomycin),
5'-CTCCTGCCATTCGTATCTGC-3' (p27%*1), and 5'-GATG-
GACGCCAGACAAGC-3" (p27%*1y for p27%Pnull mice. All
animal experimentation was approved by The Animal Ethics Re-
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view Committee of the Institut de recherches cliniques de Montréal
(IRCM).

Western blot and RNA knockdown

Brg1 shpRNA and siBrg1 (Dharmacon, Lafayette, CO) were
used in AtT-20 culture cells as previously described (13). The
following antibodies were used for Western blotting; mouse-
anti-Brg1 1:500 (Chemicon, Temecula, CA), rabbit-anticyclin E
1:1000 (M-20, Santa Cruz Biotechnology, Inc., Santa Cruz,
CA), mouse-anti-glyceraldehyde-3-phosphate dehydrogenase
(GAPDH) 1:50 000 (Abcam, Inc., Cambridge, MA), mouse-
anti-p27 1:2000 (BD Biosciences, Palo Alto, CA), goat-anti-p-
p27 (Thr187) 1:500 (Santa Cruz Biotechnology), and antirab-
bit-Tpit (53).

Quantitative Real-time PCR

Quantitative real-time PCR analysis of Brgl, cyclin E, and
p27%P1 transcripts was performed as previously described (54)
on AtT-20 RNA after Brgl knockdown using small interfering
RNA against Brgl (siBrg1) in comparison with random sequence
control RNA (siCRTL). The primers used were as follows. Brg1:
sense, AGATGGTGAGCCTCTGGATGA; antisense, TCATAC-
CCTGGGTTCATTTCAAGC.; Cyclin E: sense, AAATCAGAC-
CACCCAGAGCCT; antisense, TGGAGCTTATAGACTTCG-
CACACC; p275%#; sense, TTGGTGGACCAAATGCCTGA;
antisense, TCTTCTGTTCTGTTGGCCCTT.

Histology analysis

Pituitaries were dissected from the skull, weighed, and fixed
in 4% paraformaldehyde for 4 h before paraffin embedding.
Embryos were fixed in 4% paraformaldehyde and embedded in
paraffin (55). Pathology specimens from human corticotroph
adenomas were previously described (13). Only six adenomas of
the series were macroadenomas (=10 mm), and their marker
distribution did not differ significantly from other adenomas
(Supplemental Table 1). Studies of human adenomas were ap-
proved by the IRCM Human Ethics Review Committee.

Immunochemistry and immunofluorescence

Primary antibodies diluted in 10% normal goat serum-0.2%
Tween 20 in PBS were incubated overnight and used at the
following dilutions: rabbit-anti-Brgl 1:10 (H-88, Santa Cruz
Biotechnology), rabbit-anticyclin E 1:100 (M-20, Santa Cruz
Biotechnology), rabbit-anti-Ki67 1:100 (Labvision, Fremont,
CA), mouse-anti-p27%¥*- 1: 400 (BD Biosciences), rabbit-anti-
Pitx1 (55), rabbit-anti-Tpit 1:200, rabbit-anti-phospho-Histone
H3 1:200 (Ser10, Upstate Biotechnology, Inc., Lake Placid, NY),
rabbit-anti-SF-1 1:100 (gift from Dr. K. Morohashi), rabbit-
anti-Sox2 1:200 (Chemicon, Temecula, CA), rabbiti-anti-
Sox9 1:200 (gift from Dr. F. Poulat), rabbit-anti-Ki67 1:50
(Labvision), rabbit-anti-Pit1 1:250 (provided by Simon
Rhodes), guinea pig-anti-PRL 1:200 (National Hormone and
Peptide Program) (53). All secondary antibodies were used
1:150 (Vector Laboratories, Inc., Burlingame, CA). For colocal-
ization, primary antibodies were incubated overnight, after
which mouse-anti-POMC 1:200 (Cortex Biochemicals, Con-
cord, MA) and biotinylated antirabbit-IgG 1:150 (Vector Lab-
oratories) were then incubated for 1 h followed by antimouse-
fluorescein 1:150 (ImmunoPure Antibody) and streptavidin-
fluorescein 1:150 (Molecular Probes, Inc., Eugene, OR). For
y-tubulin/Hoescht staining, a rabbit anti-y-tubulin antibody
(gift of Dr. K. Kukasawa) was used at 1:100 dilution.
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