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Specification of Pituitary Cell Lineages by the 
LIM Homeobox Gene Lhx3 

Hui Z. Sheng," Alexander B. Zhadanov,"? Bedrich Mosinger Jr.,$ 
Tetsuya Fujii,S Stefano Bertuzzi,l Alexander Grinberg, 
Eric J. Lee, Sing-Ping Huang, Kathleen A. Mahon,Y 

Heiner WestphalTx 

During pituitary organogenesis, the progressive differentiation of distinct pituitary-specific 
cell lineages from a common primordium involves a series of developmental decisions and 
inductive interactions. Targeted gene disruption in mice showed that Lhx3, a LIM ho- 
meobox gene expressed in the pituitary throughout development, is essential for differ- 
entiation and proliferation of pituitary cell lineages. In mice homozygous for the Lhx3 
mutation, Rathke's pouch formed but failed to grow and differentiate; such mice lacked 
both the anterior and intermediate lobes of the pituitary. The determination of all pituitary 
cell lineages, except the corticotrophs, was affected, suggesting that a distinct, Lhx3- 
independent ontogenetic pathway exists for the initial specification of this lineage. 

Pitui tary  orFail commitmeilt occurs duriilg 
the  formation of Rathke's pouch, the ecto- 
derlllal priillordiulll of the  anterior and in- 
termedlate lobes of the  pituitary, \vhen it 
comes in  contact with neuroectoderm of 
the  7-entral l ~ ~ p o t h a l a m ~ ~ s  (1 ). Inducti\-e in- 
teractions between these tissues are re- 
quired for their proper cletermination and 
ciifferentiation (2-5). Once committeLd to 
the  pituitary fate, the epithelium liilily 
Rathke's pouch proliferates and differenti- 

ates illto pituitary-specific cell lineages that 
secrete peptide hormolles crltical for 110- 
meostasis, grolvth, and reproduction ( 6 ,  7). 
T h e  mouse LIhl homeohox gene Lhs3 (also 
knolvn as mLi711-3 a i d  P-Lim) (8-1 C) and its 
Xenopw counterpart Xlim3 (1 1)  are ex- 
p s s e d  in the  pituitary throughout iievel- 
ovillellt and in the adult. Lhs3 is also es-  
pressed in the  del-eloping hinilbrain, spinal 
cord, and viileal eland. 

T o  analyze the  filllctioil of Lhs3, we 
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created an Lhx3-I- mutant mouse by delet- 
ing part of the gene encoding the two LIM 
domains and some of the homeodomain 
(Fig. 1, A and B). In situ hybridization with 
an Lhx3-specific probe confirmed that Lhx3 
transcripts were missing in mutant embryos 
(12). Mice heterozygous for the Lhx3 muta- 
tion were apparently normal and fertile, but 
homozygous embryos were either stillborn 
or died within 24 hours after birth. Those 
that survived birth were of normal size and 
color and were indistinguishable from their 
wild-type siblings in their ability to breathe, 
suckle, and move. The exact cause of death 
has not been determined but mav result 
from deficits in brain stem function because 
Lhx3 is expressed in the putative precursor 
cells of the Raphe nuclei and part of the 
reticular formation (10). Although the 
hindbrain, spinal cord, and pineal gland 
were grossly normal, the Lhx3 mutant 
lacked the anterior and intermediate lobes 
of the pituitary. The posterior lobe of the 
pituitary appeared grossly normal (Fig. 2, A 
and E). These mice also had hypoplastic 
adrenal cortexes. secondarv to ~ituitarv hor- , . 
mone deficits, which suggests that lack of 
nlucocorticoids was a contributing factor in - - 
their failure to survive. However, other 
mouse models of adrenal insufficiency typ- 
ically survive longer (13), and dexametha- 
sone supplementation failed to rescue Lhx3 
mutant neonates (1 2), which argues against 
adrenal insufficiency as the exclusive cause 
of death. 

Histological analysis of mutant embryos 
showed that Rathke's pouch was initially 
formed in -1- embryos but failed to grow 
(Fig. 2). At embryonic day (E) 10.5, Rath- 
ke's pouch in -1- embryos resembled the 
wild-type pouch (Fig. 2B), except that its 
opening to the oral cavity was consistently 
wider and the epithelial cells lining the 
pouch were multilayered and appeared less 
columnar (Fig. 2F), suggesting that the 
pouch did not invaginate as far as normal. 
By E12.5, the wall of Rathke's pouch in the 
wild-type mouse was thickened and the 
connection between the pouch and the oral 
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cavity was lost (Fig. 2C). In contrast, the 
wall of the -1- pouch remained a thin 
layer of epithelium, retaining a connection, 
albeit narrowed, to the oral cavity (Fig. 
2G). By E15.5, the wild-type pouch had 
developed into a gland with distinct cell 
types (Fig. 2D), whereas the -1- pouch 
remained a thin layer of epithelium con- 
nected to the oral cavity (Fig. 2H). Tune1 
staining revealed that the growth arrest was 
due to a failure in proliferation as opposed 
to increased apoptosis (1 2). 

The growth arrest of Rathke's pouch 
was accompanied by changes in the ex- 
pression of pituitary-specific marker genes 
(Fig. 3). The Rpx homeobox gene is ex- 
pressed very early in pituitary ontogeny in 
the anterior neural plate and in Rathke's 
pouch, from its initial formation to E14.5, 
when expression is extinguished coinci- 

dent with the differentiation of pituitary 
cell types (14). At E10.5, we detected Rpx 
transcripts in the pouch epithelium in 
both the wild-type and Lhx3-I- mice, 
which suggests that the initial specifica- 
tion of the pouch had occurred normally 
(Fig. 3A). At E12.5, Rpx expression con- 
tinued in the wild-type pituitary but had 
ceased in the Lhx3-I- pouch (Fig. 3B). 
Thus, the initial expression of Rpx in the 
pouch is independent of Lhx3 protein, 
whereas continued expression after 10.5 
days is either directly or indirectly depen- 
dent on Lhx3. The loss of Rpx expression 
heralds the first detectable alteration in 
the developmental program of the primor- 
dial pituitary cells and establishes the time 
between E10.5 and E12.5 as a critical pe- 
riod for Lhx3 gene function in pituitary 
organogenesis. This early change presum- 

Mutant -, I ,,,,,,,,,,,,,,, ,, ,, ., , ,,,, Ll, ,. ,, i i  2 
I I 

I +  
L hr3 

0 - 
Probe A 4.8 kb 

Robe 

* b 2.9 kb 
4 - 

Fig. 1. (A) Targeting of the Lhx3 gene by homologous recombi- B ,, ,, ,, ,,, ,, 
nat~on In embryonic stem cells. Diagrammatic representation of kb 
the wild-type Lhx3 locus, the targeting vector, and the Lhx3 -15 

mutant locus after targeting. The two NH,-termini of Lhx3 are 
indicated by N l  a and N l  b. LIMl, LIM domain 1; LIM2, LIM 
domain 2: hom.. homeodomain (21). Expected sizes of the wild- kb 

type and mutant fragments were 3.9 and 4.8 kb, respectively, for 4.8 - ' r 

the Hind Ill digest and 15 and 2.9 kb, respectively, for the Bam HI 3.9 - - 
8, *- ; 

digest. (B) Southern (DNA) blot showing correct target~ng of the 
-2.9 

Lhx3 locus and genotyping of progeny. DNA samples derived 
from targeted embryonic stem (ES) cells (1) and from tails of the Hind Ill digest; Barn HI digest; 
wild-type (II), heterozygous (Ill), and homozygous (IV) mice were 5' probe 3. probe 

digested with restriction enzymes and probed with 5' and 3' probes as indicated. Murine Lhx3 genomlc 
clones were isolated from the EMBL3A 129/J1 mouse genomic library (27) with the use of a cDNA probe 
including the 5' untranslated region of the Lhx3b transcript and 70% of the coding sequence for 
screening. A double-selection replacement vector was constructed in pPNT (22), substituting the 5' 
terminal region of Lhx3 gene, including the region encoding the LIM domains and part of the homeodo- 
main, with a neomycin-resistance (neo) gene flanked by 2.4 kb (5') and 2.1 kb (3') of homologous 
sequence and the thymidine kinase (tk) gene. Thevector was linearized with Not I and electroporated into 
J1 line ES cells (23). One hundred twenty-three clones resistant to double selection (with G418. 350 
mg/ml; and with gancyclovir. 2 mM) were screened by Southern blot hybridization with probes A and 8. 
Seven clones were identified as correctly targeted. Chimeric mice were produced by either blastocyst 
~njection (22) or by aggregation (24). Genotyp~ng of embryos at late gestation that were derived from the 
intercross of heterozygotes (El 6.5 to El  8.5) showed the expected frequency of genotypes (24.496 -/-. 
23.606 +I+, and 51.9796 +/-: n = 127). Homozygous progeny derived from two independent clones 
(LB and 264) had the same phenotype. 
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ably presages the general arrest o f  the 
growth and differentiation of the pouch 
that i s  seen at later stages. 

Pituitary development in mutant embry- 
os was further assessed by the analysis of a 
variety of pituitary-specific lineage markers. 
The gene encoding the a-glycoprotein sub- 
unit (aGSU), the common component of 

the heterodimeric thyroid-stimulating hor- 
mone (TSH), luteinizing hormone (LH), 
and follicle-stimulating hormone (FSH), i s  
the first hormone gene to be activated in 
the pituitary. The activation of the other 
peptide hormone genes follows that of the 
aGSU gene and occurs in a specific order 
during pituitary ontogeny (6, 15, 16). The 

transcription factor Pit-1 directly regulates 
the genes encoding the p subunit of T S H  
(PTSH), growth hormone (GH), and pro- 
lactin (PRL) in vitro, and also helps to 
specify and maintain the thyrotroph, soma- 
totroph, and lactotroph cell lineages (7). 
Lhx3 binds and activates the promoter of 
aGSU and synergizes wi th Pit-1 in the ac- 

Fig. 2. Morphological and histological analysis of 
pituitary development in the wild-type (a through 
d) and Lhx3-/- mice (e through h). (a and e) P'tu- '. , t 

itary glands dissected from newborn mice. (a) 
Normal pituitary. (e) A -/- mutant pituitary, still 
wrapped in the bursa. The posterior lobe in the 

, .. 
-/- mutant is grossly normal and is seen dissect- 
ed free of the bursa in the inset; both the anterior , 

and intermediate lobes are absent [confirmed by , ' 

histological analysis (12)l. Red streaks in (a) and (e) ". ' 

are blood vessels. Sections of (b) wild-type and (0 ,?: 
mutant Rathke's pouches at E10.5. The epitheli- ,J: 

um of the -/- pouch appears multilayered. (c 
and g) Rathke's pouches at E12.5 and (d and h) 
El  5.5. Arrest of growth and differentiation is ap- ,: 

parent in E12.5 (g) and E15.5 (h) -/- mutant ,, 

pouches. Although the ventral aspect of the wild- 
type pouch has proliferated to form the anterior :i 
lobe, the -/- pouch remains as a thin layer of 
epithelium with an open lumen to the oral cavity, a 
configuration reminiscent of earlier stages of pouch development. A, anterior 
lobe; P, posterior lobe; B, bursa; R, Rathke's pouch; and I, infundibulum. 
Preparation was as follows: Embryos were collected in phosphate-buffered 
saline. Eitherthe yolk sac ortail was removed for genotyping, and the embryos 

were fixed in 4% paraformaldehyde at 4°C. Samples were dehydrated, em- 
bedded in paraffin, sectioned at 5 pm, and processed for hematoxylin and 
eosin staining. 

Fig. 3. Expression of pituitary marker genes in 
Lhx3-I- embryos. In situ hybridization of sections 
of Rathke's pouch from wild-type (left panels) and 
Lhx3-/- embryos (right panels). Rpx was ex- 
pressed in wild-type Rathke's pouch at both 
El  0.5 (a) and El  2.5 (b), whereas its expression in 
the -/- pouch was on at E10.5 (a) but off at 
E12.5 (b). aGSU transcripts were detected in the 
wild-type animal at El  2.5 (c) and El  5.5 (d). aGSU 
expression was absent in the -/- pouch in both 
time points. Pit-1 (e), pTSH (f), and GH (g) tran- 
scripts were detected in the El  5.5 (e) or El  6.5 (f 
and g) wild-type pituitary and were absent in the 
-/- pouch (e through g). At E12.5, POMC ex- 
pression was detected only in the floor of the di- 
encephalon but not in the pouch of either the 
wild-type or mutant pituitary (h). At El  5.5, strong 
POMC expression appears in numerous cells in 
both the anterior and intermediate lobes of the 
wild-type pituitary (i and j). However, only a few 
POMC+ corticotroph cells were seen in the ventral 
base of the pouch remnant in the -/- mutant (I), 
which can be seen more clearly at higher magni- 
fication 0). White arrows indicate Rathke's pouch- 
es in mutants. Asterisks in (d) and (t) indicate the 
rostra1 tip. The hypothalamus in (h) is indicated by 
a capital H. Preparation was as follows: Sagittal 
sections of wax-embedded embryos were hybrid- 
ized to 33P-labeled riboprobes specific to aGSU 
(13, Rpx (14), POMC, Pit-1 (25), GH (26), and 
PTSH (23, according to published procedures 
(28). Sections were stained with Hoechst and si- 
multaneously viewed in dark-field and ultraviolet 
illumination for photography as described. 
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tivation of (3TSH, PRL, and Pit-1 promoters 
in vitro (9). Our results establish that Lhx3 
is a general regulator of pituitary-specific 
gene expression during development in 
vivo. 

In the wild-type mouse, aGSU was ex
pressed in the rostral tip of the pituitary at 
El2.5 (Fig. 3C) and in cells distributed 
throughout most of the pituitary at El5.5 
(Fig. 3D). aGSU expression was undetect
able in the Lhx3~^~ embryos at El2.5 or 
El5.5. Transcripts of pTSH, which is ex
pressed independently of aGSU (17), as 
well as GH, were detected in the wild-type 
pituitary at El6.5 but not in the Lhx3~l~ 
pouch (Fig. 3, F and G), indicating that the 
thyrotroph and somatotroph lineages were 
entirely missing. No LH-positive cells were 
detected by immunostaining in the residual 
tissue attached to the bursa of the E18.5 - /~ 
pituitary (12). However, because of the late 
activation of LH and the small number of 
cells expressing LH in the wild-type pouch 
before birth (15), it could not be unequiv
ocally established whether gonadotrophs 
were entirely missing or were drastically 
reduced in number. 

The specification of the somatotroph, 
lactotroph, and caudomedial thyrotroph 
lineages is Pit-1 -dependent (7, 18). Pit-1 
transcription was not activated in the mu
tant (Fig. 3E). Accordingly, Lhx3 not only 
synergizes with Pit-1 in regulating down
stream gene expression but also is required 
to activate, directly or indirectly, the Pit-1 
gene itself. 

Four of the five lineages of the anterior 
pituitary—thyrotrophs, gonadotrophs, and 
Pit-1- dependent somatotrophs and lac-
totrophs—are specifically depleted in the 
Lhx3~!~ mutant, suggesting that Lhx3 ex
pression is required for the cells of the pi
tuitary primordium to commit to these pi
tuitary-specific lineages. The absolute re
quirement for Lhx3 for pituitary organogen
esis is reminiscent of the pivotal roles that 
other transcription factors, such as SF1, 
Pax-6, and IPF-l/pdx-1, play in the deter
mination of other organs (13, 19). Our data 
do not indicate whether Lhx3 functions by 
regulating genes that are typical of terminal 
differentiation, as has been shown in vitro 
(9), or by defining a common precursor for 
the differentiated cell lineages, or both. 
However, the fact that multiple cell types 
share a critical transcription factor that is 
essential for lineage specification, prolifera
tion, and elaboration of marker gene ex
pression argues for a common Lhx3-depen
dent precursor. 

Pro-op iomelanocortin (POMC), ex
pressed by the corticotrophs and mela-
notrophs, is initially activated in the floor 
of the diencephalon (El0.5) and subse
quently in the pituitary (E12 to E13) (15, 
16). POMC was detected both in the floor 

of the diencephalon and in the pituitary in 
both Lhx3 mutant and wild-type mice (Fig. 
3, H through J), although the domain of 
expression in the pituitary was drastically 
reduced in the mutant and confined to a 
small cohort of cells at the ventral base of 
the pouch remnant (Fig. 3, I and J). The 
placement of these cells corresponded 
roughly to the position of the first presump
tive corticotroph cells to differentiate in the 
wild-type pouch at E13 [see (6, 15, 16)]. 
Thus, the specification of the corticotroph 
cell lineage occurred in the absence of 
Lhx3 gene activity, indicating that some 
cells of the mutant primordium are com
mitted to a pituitary-specific differentia
tion program. These data also suggest that 
the derivation of the corticotroph lineage 
is distinct and that its ontogenic pathway 
departs from that of the other lineages at a 
very early stage of pituitary development, 
perhaps before the derivation of aGSU-
expressing progenitor cells. The data also 
argue that the cells of the early Rathke's 
pouch are heterogeneous in their develop
mental potential. 

Although some Lhx3~!~ pouch • cells 
were able to differentiate and express 
POMC, a marker for the corticotroph lin
eage, these cells failed to proliferate. Thus, 
deficits in proliferation affected all cell 
types, not just those that did not differen
tiate. The failure to proliferate could be an 
intrinsic feature common to all — /— pitu
itary cells or it could be due to the failure of 
one or more pituitary cell types to differen
tiate and produce trophic factors that indi
rectly affect the proliferation of other 
neighboring cells. The defect could also 
result from an inability of the — /— pouch 
cells to respond to factors produced by the 
adjacent structures, the hypothalamus or 
the mesenchyme, which provide prolifera
tive cues to pituitary explants in vitro (3, 
20). Finally, the failure to proliferate could 
result from the inability of the hypothala
mus to produce proliferative factors, due to 
lack of earlier instructive signaling from the 
pouch. 

Many lines of evidence indicate that 
contact between the floor of the dien
cephalon (hypothalamus) and Rathke's 
pouch is critical for proper determination 
and differentiation of these structures dur
ing the early stages of pituitary develop
ment (2-5, 20). POMC provides the best 
molecular indicator of these interactions, 
as it is not activated in the hypothalamus 
(3, 4) nor in the pituitary primordium (5) 
without contact with the adjacent tissue 
at the critical time in development. In the 
LKx3~l~ mutant, a morphologically nor
mal Rathke's pouch was initially formed 
that expressed Rpx and ultimately POMC. 
The floor of the hypothalamus, including 
the median eminence and the posterior 
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lobe of the pituitary, appeared to differen
tiate normally, as judged by gross morphol
ogy and by the expression of POMC (Fig. 
3H) and vasopressin (12). These observa
tions suggest that the mutant pouch is 
capable of instructive communication 
with the neuroectoderm during develop
ment. Thus, the Lhx3 mutant mice pro
vide a genetic paradigm for the study of 
the early development of the pituitary and 
the ontogeny of the hypothalamic-pitu-
itary axis in mammals. 
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