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We present genetic and biochemical evidence that PAX6 is a key regulator of pancreatic islet hormone gene 
transcription and is required for normal islet development. In embryos homozygous for a mutant allele of the 
Pax6 gene, Small eye (SeyNeU), the numbers of all four types of endocrine cells in the pancreas are decreased 
significantly, and islet morphology is abnormal. In the remaining islet cells, hormone production, particularly 
glucagon production, is markedly reduced because of decreased gene transcription. These effects appear to 
result from a lack of PAX6 protein in the mutant embryos. Biochemical studies identify wild-type PAX6 
protein as the transcription factor that binds to a common element in the glucagon, insulin, and somatostatin 
promoters, and show that PAX6 transactivates the glucagon and insulin promoters. 

[Key Words: Glucagon; insulin; islet; pancreas development; PAX6; transcription] 

Received March 31, 1997; revised version accepted May 21, 1997. 

The pancreatic islets of Langerhans are specialized endo- 

crine micro-organs composed of four different cell types, 

e~, [3, 8, and PP cells, which produce the hormones glu- 

cagon, insulin, somatostatin, and pancreatic polypeptide 

(PP), respectively. These hormones are key regulators of 

nutrient metabolism. The islets are distributed through- 

out exocrine tissue that produces digestive enzymes and 

accounts for most of the mass of the pancreas. Because 

diabetes mellitus, caused in part by inappropriate regu- 

lation of insulin production, is a significant health prob- 

lem, the transcription factors that regulate the expres- 

sion of insulin and other islet hormone genes have been 

intensively studied, and much is known about the 

mechanism by which each islet hormone gene is acti- 

vated in the appropriate islet cell type (for review, see 
Sander and German 1997). 

The prevailing view is that the specificity of islet hor- 

mone gene expression depends on the interaction of mul- 

tiple transcription factors, none of which are absolutely 

cell type-specific. One such transcription factor is PDX1, 

which is produced in both ~ and 8 cells in the adult islet, 

as well as in a subset of gut epithelial cells (Leonard et al. 

1993; Miller et al. 1994; Guz et al. 1995). PDX1 by itself 

binds to and can weakly transactivate the insulin gene 
promoter (Ohlsson et al. 1993). However, a much stron- 
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ger activation is produced by PDX1 in combination with 

a heterodimer of the transcription factors E47 and 

BETA2/NeuroD, which binds to an adjacent site on the 

insulin promoter (Peers et al. 1994). E47 is widely ex- 

pressed, whereas BETA2/NeuroD expression is re- 

stricted to islet cells and central nervous system (CNS) 

neurons (Naya et al. 1995). In addition, an unidentified 

transcription factor(s) that binds to a DNA sequence 

common to the insulin, glucagon, and somatostatin gene 

promoters, the pancreatic islet cell enhancer sequence 

(PISCES), has been detected in islet cell lines, but not in 

cell lines derived from the exocrine pancreas. Because in 

vitro mutation studies have demonstrated that the PI- 

SCES element is important for the activity of each of the 

three hormone gene promoters, it has been suggested 

that the PISCES-binding factor(s) are a key component of 

the transcription complexes involved in their transacti- 

vation (Knepel et al. 1991). However, it is unclear 

whether the current model accurately describes the 

mechanism of islet hormone gene regulation in vivo, as 

it is based on results obtained from studies using islet 
tumor cell lines. 

As of yet, genetic studies that could potentially ad- 

dress the mechanism of islet hormone gene regulation 
have not been informative, because so far all null muta- 
tions in genes that encode transcription factors pre- 

sumed to regulate islet hormone gene expression prevent 

pancreas development. For example, homozygosity for a 
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null mutation in Pdxl, a gene expressed normally in all 

cells of the pancreatic bud (Guz et al. 1995), causes an 

arrest of pancreatic growth and differentiation at the bud 

stage (Ahlgren et al. 1996; Offield et al. 1996). Another 

transcription factor, ISL1, which is produced in all islet 

cells and can transactivate the glucagon promoter (Wang 

and Drucker 1995), also appears to be required for pan- 

creas development and islet cell differentiation. Al- 

though embryos homozygous for a null allele of Isll die 

at embryonic day 9.5 (E9.5), it has been shown that cells 

producing glucagon, insulin, and somatostatin form in 

explants from heterozygotes, whereas no pancreatic en- 

docrine cells form in explants from mutant  homozygous 

embryos (Ahlgren et al. 1997). 

These and other data support the general idea that 

transcription factors that regulate gene expression spe- 

cific to a particular tissue are also required for the devel- 

opment of that tissue. Several examples of such tran- 

scription factors can be found among the members of the 

Pax family of vertebrate genes, all of which contain a 

conserved sequence motif, the paired box, which en- 

codes a DNA-binding domain (Mansouri et al. 1996). 

PAX8 regulates expression of the thyroperoxidase and 

the thyroglobulin genes that are expressed in mature 

thyroid follicular cells (Zannini et al. 1992), and a null 

mutation in the Pax8 gene causes a defect in thyroid 

development (Mansouri et al. 1996). Likewise, a role for 

Pax5 has been demonstrated in the transcriptional regu- 

lation of lymphocytic B cell-specific genes (Kozmik et al. 

1992; Singh and Birshtein 1993), and in the differentia- 
tion of B cells (Urbanek et al. 1994). PAX6, which in 

addition to the paired domain also contains a homeodo- 

main, contributes to transcriptional activation and lens- 

specific expression of the crystallin genes (Cvekl et al. 

1995a,b), and mutations in Pax6 cause disruptions in eye 

development in a number of different organisms. Mutant  

alleles of Pax6 are semi-dominant in mammals and 

cause a reduction in eye size and iris hypoplasia in mice 

and rats (Hogan et al. 1988; Hill et al. 1991; Matsuo et al. 

1993), aniridia and Peter's anomaly in humans (Jordan et 

al. 1992; Glaser et al. 1994), and a failure of eye develop- 

ment in Drosophila (Quiring et al. 1994). In mice, homo- 

zygosity for the Pax6 mutation Small eye (Sey) causes 

lethality at birth, presumably as a consequence of brain 

abnormalities and a complete disruption of eye and nasal 

development (Hogan et al. 1988; Schmahl et al. 1993; 

Stoykova et al. 1996). Although a number of distinct mu- 

tant alleles of Sey have been described, mice carrying 

these different Pax6 mutations are phenotypically indis- 

tinguishable (Hill and Van Heyningen 1992). 

Two Pax genes, Pax4 and Pax6, are expressed in the 

pancreas. Mice homozygous for a null allele of Pax4 lack 

mature ~ and 8 cells, and oL cells are present in higher 

numbers, indicating that Pax4 is required for normal de- 

velopment of pancreatic endocrine cells (Sosa-Pineda et 

al. 1997). Pax6 is expressed in the developing pancreas, 

and also in insulin- and glucagon-producing islet tumor 

cell lines, but not in exocrine cell lines (Walther and 

Gruss 1991; Turque et al. 1994). In this study, we have 

explored Pax6 function in the pancreas by analyzing em- 

bryos homozygous for the Sey Neu mutation. Our analysis 

identifies PAX6 as the factor that binds to the PISCES 

element, and provides genetic evidence that Pax6 is re- 

quired for normal islet hormone gene transcription, islet 

morphogenesis, and the formation of normal numbers of 

all four islet cell types. 

Results 

The numbers of islet hormone-producing cells are 

reduced in the pancreas of S e y  N~u m u t a n t  

homozygotes 

To determine when Pax6 is expressed in the developing 

pancreas, we performed an immunohistochemistical 

analysis using an anti-PAX6-antiserum (Fig. 1) and an 

RNA in situ hybridization analysis using an anti-sense 

Pax6 probe (data not shown) on sections of mouse em- 

Figure 1. Pax6 protein marks cells of the 
endocrine lineage in the embryonic and 
adult mouse pancreas. Immunohistochem- 
ical staining for PAX6 (A,B,D), glucagon 
(Glc) (C,E), and insulin (Ins) (F) in the de- 
veloping and adult pancreas. (A) A mouse 
embryo at E9.0. The arrow points to a 
PAX6-positive cell in the foregut endo- 
derm (fg). Note also the PAX6-producing 
cells in the neural tube (nt). Near-adjacent 
sections of the pancreatic bud (pb)(B,C) at 
E9.5; (D,E,F) the pancreas at E15.5. Note 
the exocrine acini (ex) in the upper left cor- 
ner. (G,H) Double immunofluorescence 
staining of adult pancreas sections with 
anti-PAX6 and anti-glucagon antisera or 
anti-PAX6 and anti-insulin antisera, as in- 
dicated. PAX6 (fluorescein label, green 

stain), which is localized to the nucleus, is detectable in all islet cells. Glucagon (in G) or insulin (in H) (rhodamine label; orange stain) 
are detectable in the cytoplasm of a subset of the PAX&positive cells. (da) Dorsal aorta; (ht) heart. 
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bryos at various stages of development. In the mouse, the 

pancreas first appears on E9.5, as a dorsal bulge in the 

endoderm at the junction of the foregut and midgut. Glu- 

cagon-producing cells are detectable at the time that the 

pancreatic bud becomes apparent (-E9.5). The following 

day (-El0.5), insulin-producing cells can be detected, and 

in some cells, co-expression of glucagon and insulin is 

observed. Cells that produce somatostatin appear at El5, 

and PP-producing cells can be detected at E18.5, shortly 

before birth. Exocrine cells become morphologically and 

biochemically distinct from the endocrine cells at 
-E14.5 (Slack 1995). 

Cells in the fore/midgut endoderm did not stain with 

an anti-PAX6 antiserum at E8.5, but by E9.0, PAX6-pro- 

ducing cells were detected in a subset of fore/midgut 

cells (Fig. 1A; data not shown). At E9.5, PAX6 protein 

was detected in a few cells in the pancreatic bud, and 

immunohistochemical staining of adjacent sections 

with an anti-glucagon antiserum suggested that cells 

producing PAX6 were also producing glucagon (Fig. 

1B, C). At E15.5, Pax6 mRNA and PAX6 protein were 

detected in many cells in the developing pancreas, but 

were not detected in cells in the nascent acini of the 

exocrine pancreas (Fig. 1D; data not shown). Immuno- 

histochemical staining of adjacent sections suggested 

that the cells that stained with the anti-PAX6 antiserum 

were also producing either glucagon or insulin at this 

stage (Fig. 1E,F), and therefore were endocrine cells. Like- 

wise, in the adult pancreas, double immunofluorescence 

staining for PAX6 and glucagon demonstrated that these 

two proteins were expressed in the same cells (Fig. 1G). 

Similar assays indicated that individual islet cells pro- 
duced both PAX6 and insulin (Fig. 1H), PAX6 and so- 

matostatin, or PAX6 and PP (data not shown). In this 

analysis we found that all cells that were producing a 

pancreatic hormone also contained PAX6 protein in 

their nuclei. In contrast, no Pax6 mRNA or PAX6 pro- 

tein was detected in pancreatic exocrine cells (Fig. 1G,H; 

data not shown). Together, these data show that Pax6 is 

expressed in the region in which the pancreatic bud will 

form, and at the earliest stages of pancreas differentia- 

tion in cells that are producing glucagon. At later stages 

of embryogenesis and in the adult, when all four types of 

endocrine cells are present, it is expressed throughout 
the endocrine pancreas. 

These data raised the possibility that Pax6 may have a 
role in islet cell development and differentiation. To ex- 

plore this hypothesis, we examined the pancreas in em- 

bryos homozygous for the Pax6 mutant allele, Sey Neu. 
This allele contains a point mutation in a splice donor 

site 3' of the homeobox, which results in incorrect splic- 

ing. The mRNA produced contains 116 nucleotides of 
intronic sequence between the homeobox and a down- 

stream sequence that encodes a transcriptional activa- 

tion domain (Glaser et al. 1994). Because this intronic 

sequence contains an in-frame stop codon, the Sey Neu 

allele encodes a protein that lacks the carboxy-terminal 

115 amino acids of the normal PAX6 protein, including 
the transcriptional activation domain. 

At E18.5, just before birth, the pancreas of mutant h o -  
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mozygotes was found to be normal in size and weight 

(data not shown), and appeared grossly similar in histo- 

logical section to the pancreas of their heterozygous and 

wild-type littermates. However, when sections of pan- 

creas from mutant homozygotes were assayed by anti- 

body staining, a marked reduction in glucagon-, insulin-, 

somatostatin-, and PP-producing cells was detected (Fig. 

2A-D; data not shown). This was particularly evident 

from the observation that glucagon-producing cells were 

not detected in several sections of mutant homozygous 

pancreas, but were always detected in sections of mutant 

heterozygous or wild-type pancreas. To quantify these 

differences, we serially sectioned whole E 18.5-pancreata 

and determined the number of insulin- and glucagon- 

positive cells in approximately every twentieth section 

(n = 8 sections per pancreas). The data from this analysis 

showed that the mean number of hormone-expressing 

cells per section was three to fourfold lower in the mu- 

tant homozygotes than in their heterozygous or wild- 

type littermates (Table 1A). 

The observed reduction in endocrine cell numbers in 

the mutant homozygotes was not attributable to an in- 

ability to detect low levels of hormone in a subset of 

endocrine cells, because all cells in the islet clusters 

were stained with one of the antisera specific for islet 

hormones. In addition, staining with antisera for other 

~-cell markers, NKX6.1 (Rudnick et al. 1994; Jensen et 

al. 1996) and PDX1, confirmed that the number of f~ cells 

was reduced. 

In addition to their reduced number, hormone-produc- 

ing cells were found to be abnormally distributed in the 

mutant homozygous pancreas. In the normal embryo the 

endocrine cells are initially found singly or in small clus- 

ters, but at -E18.5, endocrine cell aggregates begin to 

develop the architecture of mature islets (Slack 1995), in 

which a core of ~ cells is surrounded by a mantle of ~ cells, 

cells, and PP-producing cells (Fig. 2A; data not shown). 

In the mutant homozygotes, the number of developing is- 

lets appeared to be normal, but the hormone-producing 

cells were found to be scattered within the nascent islets 
(Fig. 2B). Collectively, these findings suggest a role for 

PAX6 in islet cell development and islet morphogenesis. 

To determine when these defects first appear, we ex- 

amined the pancreas from homozygous mutant embryos 

at earlier stages of development. At E12.5, when both 

and ~ cells were readily detectable in the normal pan- 

creas, the numbers of these cells appeared to be reduced 

significantly in the mutant pancreas (Fig. 2E-H). At 

El0.5, a decrease in the number of glucagon-expressing 

cells was also evident (data not shown). Insulin-express- 

ing cells were observed in the mutant pancreas at El0.5, 

but we were unable to determine whether their number 

was reduced because they are just becoming detectable 

at this stage and their numbers are small, even in wild- 

type embryos. For the same reason we were unable to 

determine whether the number of glucagon-expressing 
cells in the mutant homozygotes was reduced at E9.5. 
We conclude that the Sey Neu mutation does not cause a 

delay in the onset of glucagon and insulin expression in 

the pancreatic bud, but results in a reduction in the num- 
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Figure 2. Hormone-producing islet cells are reduced in number and PAX6 is not detected in the pancreas of Sey Neu mutant homo- 
zygotes. (A-H) Detection of insulin (Ins), glucagon (Glc), and somatostatin (Som) in wild-type and mutant homozygous pancreata, as 
indicated. (A,B) Pancreatic sections from E18.5 embryos stained with anti-glucagon (rhodamine label) and anti-insulin (fluorescein 
label) antisera; (C,D) anti-somatostatin (fluorescein label) antiserum. Sections of E12.5 embryos stained with anti-glucagon (E,F) and 
anti-insulin antisera (G,H). (L J) Immunohistochemical analysis of PAX6 in wild-type (I) and mutant homozygous (l) E18.5 pancreas. 
Note PAX6-staining in endocrine (en) but not exocrine (ex) cells of the wild-type pancreas. 

ber of cells producing these hormones by as early as 
El0.5. 

To determine whether  the Sey Ne~ mutat ion  affects the 

level of PAX6 protein, we assayed for PAX6 protein by 

immunohis tochemica l  staining of pancreas sections at 

various stages of development.  Although PAX6-produc- 

ing cells were detected readily in wild-type or mutan t  

heterozygous pancreas, none were observed in the mu- 

tant homozygous pancreas at stages from El0.5 to E18.5 

(Fig. 2I, J; data not shown). Interestingly, immunoreact iv-  

ity wi th  anti-PAX6 ant iserum was detected at low levels 

in the neural tube of the mutan t  homozygotes (data not 
shown). 

PAX6 regulates glucagon and insulin production 

We next sought to determine the extent to which  loss of 

Pax6 function attributable to the Sey Ncu mutat ion  af- 

fects hormone production. To quantify the amount  of 

hormones produced in the pancreas, we prepared ex- 

tracts of whole pancreas from E18.5-mutant homozy- 

gotes and their ]ittermates. The amount  of total protein 

and also of amylase, which  is produced exclusively by 

the exocrine cells, was the same in each pancreas as- 

sayed (Table 1B; data not shown). In contrast, the 

amount  of glucagon in the pancreas of mutan t  homozy- 

gotes was reduced to only 2.6% of the amount  in the 

wild-type pancreas. The amount  of insul in  protein and of 

insul in  m R N A  were also found to be reduced dramati- 

cally in mutan t  homozygotes (13% and 8% of the 

amounts  in wild-type pancreas, respectively) (Table 1B). 

Therefore, the data shown in Table 1 demonstrate that 

the reduction in hormone and hormone m R N A  levels is 

greater than the reduction in the number  of hormone- 

producing cells in Sey Ncu mutan t  homozygotes, suggest- 

ing that the lack of PAX6 protein in the mutan t  homo- 

zygous pancreas affects hormone gene transcription in 

those islet cells that are present. 

PAX6 binds to glucagon, insulin, and somatostatin 

gene regulatory elements 

A possible mechan i sm by which  PAX6 might  regulate 

hormone gene transcription became evident when we 

found a PAX6-binding site in an islet-specific enhancer 

of the glucagon promoter. Specifically, a sequence iden- 

tical to that of the core sequence of the PAX6 paired 

domain consensus recognition site (Epstein et al. 1994) 

was found at position -262 to -248 bp relative to the 

start site of transcription of the rat glucagon gene (Fig. 

3A), and is also conserved in the h u m a n  glucagon pro- 

moter (White and Saunders 1986). This sequence is part 

of the A site of the glucagon G3 promoter element,  

which  is s imilar  to sequences also found in the rodent 

insul in  I and insul in  II and somatostat in promoters, and 

therefore has been referred to as the pancreatic islet cell 
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T a b l e  1. Number of hormone-expressing cells and quantification of hormone and hormone mRNA levels and amylase activity 

in pancreata from E18.5 embryos carrying the Sey Neu allele and their wild-type littermates 

Cell no./section a 

A. Numbers of hormone-producing cells 
SeyNeU/ + 

+/+ (% of wild type) 

SeyNeU/ Sey Nr 

(% of wild type) 

Glucagon-positive cells 
Insulin-positive cells 

155 • 29 179 • 32 (115%) 41 • 19 (27%) 
341 • 26 317-+ 67 (93%) 105 • 30 (31%) 

Hormone concentration, 
hormone gene mRNA levels, 
or enzymatic activity b 

B. Protein and mRNA levels 

SeyNeu/ + SeyNCU/ Sey Neu 

+/+ (% of wild type) (% of wild type) 

Glucagon (ng/mg of protein) 

Insulin (~g/mg of protein) 

Amylase (U/rag of protein) 

Insulin mRNA (copies/~g 
of pancreatic RNA) 

527 • 62.8 522 -+ 35.0 (99%) 13.9 • 1.45 (2.6%) 
(n = 11) (n = 27) (n = 10) 

12.2 • 1.3 9.1 • 0.92 (75%) 1.6 • 0.08 (13%) 
(n = 11) (n = 27) (n = 10) 

74.4 • 4.0 74.5 • 9.7 (100%) 
(n = 6) (n = 6) 

57.3 x 106 + 12.5 x 106 (8%) 34.1 x 106 + 5.7 x 106 (60%) 4.58 X 1 0  6 + 0.94 x 106 

(n = 6) (n -- 14) (n = 6) 

aThe average number of glucagon- or insulin-positive cells per section (as detected by immunohistochemical staining) was determined 
by counting stained cells in eight sections from an individual pancreas (approximately every twentieth section). The numbers shown 
represent the mean number -+ S.E. of the mean (S.E.M.) of hormone-positive cells per section from four independent pancreata. 
hHormone concentrations and amylase activity were determined in protein extracts from individual pancreata. Insulin mRNA levels 
were determined by the branched DNA assay (see Materials and Methods). The values shown represent the mean • S.E.M. value from 

the number of samples assayed (n). 

enhancer sequence (PISCES)(Knepel et al. 1991)(Fig. 

3A). 

To determine whether  PAX6 binds to the glucagon 

promoter, we performed electrophoretic mobil i ty shift 

assays (EMSAs) with  nuclear extracts of ~TC1.9 (a glu- 

cagon-producing cell line), ~TC4 (an insulin-producing 

cell line), and 3T3 cells (a fibroblast cell line that  does 

not produce any pancreatic hormones) in the presence 

and absence of an anti-PAX6 ant iserum raised against 

the paired domain (Turque et al. 1994), which is the ma- 

jor DNA-binding domain of PAX6 (Epstein et al. 1994). 

Using a 32p-labeled 35-bp oligonucleotide spanning the 

rat glucagon G3 promoter  element (-265 to -231 bp; G3) 

as a probe, a retarded complex was detected in nuclear 

extracts from hormone-producing cells but not from fi- 

broblasts (Fig. 3B). Similar results were obtained using a 

probe containing only the A site of the G3 element (-265 

to -245 bp; G3A probe)(data not shown). However, when 

anti-PAX6 ant iserum was added to the EMSA reaction, 

no islet cell-specific complex could be detected with  ei- 

ther the G3 or G3A probe (Fig. 3B). 

We next sought to confirm that the observed inhibi- 

tion of complex formation was attributable to binding of 

the anti-PAX6 ant iserum to PAX6 and not to other PAX 

proteins potentially present in the nuclear extracts (Fig. 

3C,D). The anti-PAX6 ant iserum that we used was raised 

against the paired domain, which is relatively well con- 

served among PAX proteins and is most  similar to the 

paired domain in PAX4, which  is also produced in the 

pancreas (Walther et al. 1991; Sosa-Pineda et al. 1997). 

Therefore, we assayed the ability of this antibody to bind 

to glutathione-S-transferase (GST) fusion proteins con- 

taining the paired domain of either PAX6 or PAX4. West- 

ern blot analysis showed that  the anti-PAX6 ant iserum 

binds to PAX6-GST but not PAX4 -GST fusion protein, 

or GST alone (Fig. 3D). Furthermore,  we found that 

PAX6-GST but not PAX4-GST can bind the G3 probe in 

an EMSA (Fig. 3C). 
To determine whether  PAX6 is sufficient to produce 

the islet cell-specific complex that  binds to the G3 ele- 

ment,  we prepared full-length in vitro translated PAX6 

protein and performed an EMSA with  the G3 probe. In 

this assay, a complex with  mobil i ty  similar to that  of the 

islet cell-specific complex was detected (Fig. 3E), provid- 

ing evidence that  PAX6 alone is the islet cell-specific 

G3-binding factor (PISCES-binding factor). Together 

wi th  our finding that  glucagon production appears to be 

reduced in those glucagon-producing cells that  are pre- 

sent in Sey Neu mutan t  homozygotes,  these data suggest 

strongly that PAX6 contributes to glucagon expression 

in vivo. 
To characterize PAX6-binding specificity, we per- 

formed EMSAs in which a variety of unlabeled oligo- 

nucleotides were tested for their ability to compete with  

the G3 element for binding to PAX6 in a nuclear extract 

of ~TC1.9 cells (Fig. 3F). In control experiments,  we 

found that  the PAX6-G3 complex was not detectable in 

the presence of an excess of unlabeled G3 oligonucleo- 

tide. Similar results were obtained when the competi tor  

was a G3 oligonucleotide containing a muta t ion  in the B 
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Figure 3. Pax6 binds to islet hormone gene promoters. (A) Sequences of the oligonucleotides used in EMSAs. In the G3 sequence, 
which is derived from the rat glucagon promoter, the core bases of the PAX6-binding site consensus sequence are underscored (Epstein 
et al. 1994). In the G3mA and G3mB sequences, the mutated bases are indicated by asterisks. In the rat insulin I and the rat 
somatostatin promoter sequences, the lines indicate regions in which sequences that are similar to the core bases of the PAX6-binding 
site consensus sequence are found on the complementary strand. (B,C,E,F) EMSAs using a 3~p-end-labeled G3 oligomer as a probe. (B) 

The labeled oligomer was incubated with nuclear extracts from different cell lines (c~TC 1.9, ~TC4, and NIH3T3), and nonimmune or 
anti-PAX6 antiserum (1:20 final dilution), as indicated. The arrow indicates the islet-cell-specific complex. (C) The labeled oligomer 
was incubated with a control GST protein (GST) or a GST fusion protein containing the PAX6 (P6-GST) or the PAX4 (P4-GST) paired 
domain. (E) Protein produced by in vitro transcription and translation (IVTT) of a vector with (+ PAX6) or without (-PAX6) a cDNA 
insert that contains the full Pax6-coding sequence. The lane on the left (-) contains free probe; the next lane (oLTC1.9), contains nuclear 
extract from oLTC1.9 cells. (F) Unlabeled oligonucleotide competitors in 50- or 100-fold molar excess, as indicated, were added to the 
EMSA reaction mixture containing a nuclear extract of ~TC 1.9 cells. (D) The GST fusion proteins used in C were analyzed by Western 
blotting with the anti-PAX6 antiserum (1:4000 dilution). 

si te (G3mB; see Fig. 3A), whereas  a G3 o l igonucleot ide  

con ta in ing  a m u t a t i o n  in the  A site (G3mA; see Fig. 3A) 

failed to compete  for PAX6 binding.  These  resul ts  con- 

f i rm tha t  PAX6 binds to the  A site of the  G3 e lement .  

Because the  islet  cell-specific G3-binding complex  has 

been shown  also to b ind  to e lements  in the  rat insu l in  I 

and soma tos t a t i n  promoters  (Knepel et al. 1991 ), we used 

ol igonucleot ides  f rom those  e lements  as compet i tors .  

We found tha t  the  PAX6-G3 complex  was no t  detected 

w h e n  e i ther  the  insu l in  C2 e l emen t  [known previous ly  

as the E1 e l emen t  (German et al. 1995)] or the somato-  

s ta t in  ups t ream e l emen t  (UE) were used as compet i to rs  

(Fig. 3F). These  f indings suggest s t rongly tha t  PAX6 

binds to the  p romote r  of at least  three of the four pan- 

creatic h o r m o n e  genes. 

Wild-type PAX6, but not the protein encoded by the 

Sey Neu allele, transactivates the glucagon G3 

regulatory element and the insulin promoter 

Based on these results,  i t  seemed l ike ly  tha t  the  re- 

duc t ion  in glucagon and insu l in  p roduc t ion  per cell in 

Sey Neu m u t a n t  embryos  is a t t r ibutable  to a fai lure of the  

promoters  of these genes to be t ransac t iva ted  by PAX6. 

Al though  our  data suggest tha t  PAX6 prote in  is not  pro- 

duced in the  m u t a n t  homozygous  pancreas,  we canno t  

exclude the  poss ibi l i ty  tha t  the  m u t a n t  PAX6 prote in  is 

present  at low levels. We therefore sought  to de te rmine  

whe the r  the m u t a n t  pro te in  is capable of t ransac t iva t ing  

the  glucagon and insu l in  promoters  using a t ransfec t ion  

assay system. Baby hams te r  k idney  (BHK) cells were 
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transfected wi th  expression constructs encoding wild- 

type or  Sey Neu mutant  PAX6 protein and a reporter plas- 

mid containing chloramphenicol  acetyltransferase 

(CAT) under the control of either the glucagon G3 regu- 

latory e lement  l inked to a min ima l  thymidine  kinase 

(tk) promoter (G3) or the insul in  promoter (rInsI; -345 to 

+1 bp). Previous studies have shown that nuclear ex- 

tracts from BHK cells do not contain a protein complex 

with mobi l i ty  similar  to that of the islet-specific G3- 
binding complex (Philippe et al. 1995). 

Our results showed that transfection of BHK cells wi th  

a construct that produces wild-type PAX6 protein 

strongly s t imulated CAT expression (Fig. 4A, B). Consis- 

tent wi th  the observations described above, when muta- 

tions wi th in  the reporter constructs were made in the 

G3A site of the G3 regulatory e lement  (G3mA; for se- 

quence, see Fig 3A) or the C2 site of the insul in  promoter 

(rInsImC2) driving CAT expression, no reporter gene 

transactivation occurred in the presence of wild-type 

PAX6 protein (Fig, 4A,B). Interestingly, transcriptional 

activation of reporter gene expression by PAX6 was re- 

duced modest ly when a muta t ion  was made in the G3B 

site (G3mB; for sequence, see Figs. 3A and 4A), which  

does not bind PAX6 (Fig. 3F). In contrast to the results 

obtained wi th  an expression construct encoding wild- 

type PAX6, no transactivation of CAT reporter genes 

was detected following cotransfection of BHK cells wi th  

an expression contruct encoding the Sey N~u mutant  

PAX6 protein. Therefore, the protein encoded by the Sey- 

Neu allele apparently is unable to activate transcription 

of either the glucagon G3 element  or the insul in  pro- 
moter. 

Discussion 

We have shown that PAX6 protein is detectable at E9 in 

cells in the region of the primit ive gut that wil l  give rise 

to the pancreas. At E9.5, PAX6 is detected in the gluca- 

gon-producing cells of the nascent  pancreas, and at later 

stages of development it is found in all pancreatic endo- 

crine cells. Embryos homozygous for the Sey Neu muta- 

tion in the Pax6 gene, which  die at birth, have reduced 

numbers  of all four islet cell types and display abnormal 

islet morphogenesis. Furthermore, the amounts  of insu- 

lin, insul in  mRNA, and glucagon are decreased markedly 

in Sey  Neu homozygous embryos. Although some of this 

decrease is presumably attributable to a reduction in the 

number  of hormone-producing cells, we have also pro- 

vided evidence that there is a direct effect on hormone 

gene transcription. We have shown that PAX6 binds to 

crucial e lements  of the glucagon, insulin,  and somato- 

statin gene promoters, and that PAX6, but not the prod- 

uct of the Sey Ne" allele, transactivates the glucagon and 

insul in  promoters. Therefore, PAX6, in addition to regu- 

lating islet cell development,  appears to be required for 

normal islet hormone gene transcription, and loss of 

PAX6 function results in insul in  and glucagon deficiency 

in vivo. 

PAX6 as a regulator of islet  hormone  gene 

transcription 

Multiple transcription factors have been found to acti- 

vate the insul in  and glucagon promoters in vitro, but our 

data show that loss of function of a single transcription 

factor substantial ly reduces the abil i ty of pancreatic hor- 

mone gene transcription complexes to function in vivo. 

This might  be explained by reduced expression levels in 

mutan t  homozygotes of other transcription factors that 

normal ly  participate in the activation of the hormone 

genes. However, this seems unl ikely  as we found no re- 

duction in the pancreas of Sey Neu mutan t  homozygotes 

of the expression levels of Nkx6.1  or Pdx l  (data not 

shown), two transcription factors l ikely to play a role in 

the regulation of p-cell gene expression. Therefore it 

Figure 4. Wild-type PAX6 protein but not 
the protein encoded by the Sey Ncu m u t a n t  al- 
lele activates glucagon and insulin transcrip- 
tion. BHK21 cells were cotransfected with a 
CAT reporter gene under control of a minimal 
tymidine kinase (tk) promoter and a G3 en- 
hancer (A) or -345 to +1 bp of the rat insulin 
I (rInsI) promoter (B), and with an expression 
vector containing the full-length coding se- 
quence of the Pax6 wild-type or the Sey Neu 

mutant allele, or with the vector alone (con- 
trol). CAT activity in cell extracts was mea- 
sured 48 hr after transfection. (A) The en- 
hancer used in each of the CAT reporter con- 
structs is indicated; sequences of the wild- 
type (G3) and mutated (G3mA, G3mB) G3 
enhancers used are shown in Fig. 3A. (B) The 
reporter construct rlnsImC2 carries a muta- 
tion in the C2 site of the rat insulin I pro- 
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independent  transfections.  Error bars represent  the  standard error of the  mean.  
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seems more likely that a complete set of interacting fac- 

tors is required for the activation of the hormone genes, 

and that the remaining factors cannot fully compensate 

for the loss of Pax6 function in vivo. The identity of the 

transcription factors with which PAX6 interacts to acti- 

vate islet gene promoters remains to be determined. 

However, it is interesting to note that the results re- 

ported here, show that mutation of the G3B site in the 

context of an intact G3A site decreases the ability of 

wild-type PAX6 protein to activate transcription of a re- 

porter gene construct. This observation is consistent 

with the hypothesis that PAX6-binding at the G3A site 

of the glucagon promoter interacts with a protein that 

binds at the adjacent G3B site (Knepel et al. 1990). Fur- 

ther analysis in mice carrying mutations in Pax6 and 

other islet gene transcription factor genes should ulti- 

mately lead to an understanding of how interaction 

among the proteins they encode results in cell type-spe- 

cific gene expression in the pancreatic islets. 

Insulin, which is secreted by ~ cells, inhibits glucagon 

synthesis and secretion by ~ cells. This interaction is 

facilitated by a portal system that directs islet blood flow 

from the central [3 cells to the peripheral oL cells. Inter- 

estingly, the inhibitory effect of insulin signaling on the 

glucagon promoter maps to the A site of the G3 element 

(Philippe et al. 1995), which we have shown to be the 

PAX6-binding site. Therefore, insulin signaling may 

regulate glucagon transcription by modifying PAX6 

binding to the glucagon G3 element. The decrease in 

glucagon transcription in response to insulin is remark- 

ably rapid, and hence probably does not involve regula- 

tion of PAX6 de novo synthesis (Philippe 1989). How- 

ever, because the phosphorylation state of transcription 

factors can affect their function, it is possible that insu- 

lin signaling modifies the phosphorylation state of 

PAX6, and this in turn affects PAX6 binding to the glu- 
cagon G3 element. 

The role of PAX6 in pancreatic islet deve lopment  

Our finding that the numbers of all four types of endo- 

crine cells are reduced markedly in the pancreas of em- 

bryos homozygous for the Sey Nr mutation indicates 

that the Pax6 gene has a key role in pancreas develop- 

ment. PAX6 protein is produced in all four types of pan- 

creatic islet cells from the earliest stages of their devel- 

opment, and therefore serves as a marker for the endo- 

crine lineage. The observation that PAX6 protein is 

detectable as early as E9 in a subset of cells of the primi- 

tive gut raises the possibility that the endoderm contains 

two distinct populations of pancreas precursor cells at 

that stage; one that is specified to become the exocrine 

cell population, and the other, marked by Pax6 expres- 

sion, that will form the endocrine cells. In the latter cell 

population, Pax6 may have a role in the specification of 

their fate. Alternatively, Pax6 might regulate the prolif- 

eration of cells that are committed to the pancreatic en- 

docrine cell lineage. This possibility is consistent with 

data from numerous studies that suggest a role for Pax 

genes in the control of cell proliferation. For example, 

PAX5 promotes proliferation of lymphocytic B cells in 

vitro, and during embryogenesis Pax3 and Pax6 in the 

spinal cord as well as Paxl and Pax9 in the endoderm are 

expressed specifically in mitotically active cells (Gould- 

ing et al. 1993; Wakatsuki et al. 1994; Muller et al. 1996). 

Our finding that the numbers of glucagon- and insulin- 

producing cells are reduced to approximately the same 

extent in Sey Neu mutant homozygotes is consistent with 

the hypothesis that Pax6 function is required in precur- 

sors of the endocrine cell lineage. 

Interestingly, a somewhat different conclusion was 

drawn from a recent study of mice homozygous for a 

targeted null mutation in the Pax6 gene. The finding 

that the mutant homozygous pancreas contained few if 

any oL cells and that little or no glucagon was detected led 

to the suggestion that Pax6 is required specifically for 

the differentiation of ot cells (St-Onge et al. 1997). How- 

ever, a 70% reduction in insulin levels has been observed 

in the null homozygotes (L. St-Onge and P. Gruss, pers. 

comm.), although it is not yet known if this correlates 

with a reduction in the number of [3 cells or if other 

pancreatic endocrine cell types are affected. It is unclear 
why the effect we observed on e~ cells in Sey Neu mutant 

embryos is less severe than in the null mutant embryos. 
One possibility is that Sey Ne~ is a hypomorphic allele 

that encodes a mutant protein with partial biological ac- 

tivity. Alternatively, genetic background differences 

may account for the observed differences in phenotype 
between Sey N~u and Pax6 null mutants, as there is sub- 

stantial evidence that Sey N~u is in fact a null allele. First, 

we and others have provided evidence that the mutant 

protein is not biochemically active, at least with respect 

to its ability to stimulate transcription. Glaser et al. 

(1994) have shown that the truncated carboxy-terminal 
domain encoded by the Sey Neu allele, when linked to a 

GAL-4 DNA-binding domain, fails to transactivate a 

GAL-4 reporter in a cotransfection assay, whereas the 

construct containing the wild-type carboxy-terminal do- 

main of PAX6 strongly activates transcription. Likewise, 

we have found that the protein encoded by the Sey N~u 

allele fails to transactivate the insulin and glucagon gene 

promoters. Second, we were unable to detect PAX6 pro- 

tein in sections of pancreas from homozygous Sey Neu 

embryos. The apparent absence of PAX6 protein might 

be attributable to instability of the mutant protein in 

vivo. However, PAX6 protein was detected at low levels 

in the neural tube of mutant homozygotes (data not 

shown), possibly because the levels are normally much 

higher in the neural tube than the pancreas. 

In addition to the reduction in number of islet cells, 

the islets appeared to be disorganized~less clustering of 

the endocrine cells was observed in the mutant homo- 

zygotes than in wild-type and heterozygous embryos. It 

is possible that normal islet morphogenesis requires a 

critical number of cells, and that abnormal islet organi- 

zation is a secondary consequence of the reduction in 

islet cell number in mutant homozygotes. Alternatively, 

PAX6 might have a more direct role in islet morphogen- 

esis, perhaps by regulating the expression of genes that 
mediate cell-cell adhesion. For example, the cell adhe- 
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sion molecules NCAM and N-cadherin are expressed in 

the endocrine and not in the exocrine cells of the pan- 

creas (Moller et al. 1992), and the NCAM promoter is a 

known target of PAX6 transactivation (Chalepakis et al. 

1994). However,  we did not  detect  any  s ignif icant  re- 

duc t ion  in the  level of N C A M  or N-cadher in  prote in  in 

Sey Neu m u t a n t  homozygotes  (data no t  shown). 

Concluding remarks 

The  pheno type  of homozygous  Sey Neu m u t a n t  embryos  

demons t ra tes  a r equ i remen t  for PAX6 in the  regula t ion  

of the  n u m b e r  of islet  cells, islet  morphology,  and the 

level of islet  h o r m o n e  synthesis .  Because the  islet  hor- 

mones ,  especial ly insu l in  and glucagon, have a centra l  

role in nu t r i en t  metabol i sm,  a l tera t ions  in the expres- 

s ion or func t ion  of PAX6 in the islets could  adversely 

affect nu t r i en t  homeos tas i s  in the who le  organism. In 

humans ,  two forms of her i table  diabetes (MODY1 and 

MODY3) have been a t t r ibu ted  recent ly  to au tosomal  

d o m i n a n t  m u t a t i o n s  in the t ranscr ip t ion  factors hepato-  

cyte nuclear  factor l s  (HNFle~) and HNF4oL, respect ively  

(Yamagata et al. 1996a, b). As yet, the cause of the de- 

creased insu l in  secret ion in individuals  w i th  these mu- 

ta t ions  is not  known;  it could be a t t r ibutable  to a de- 

crease in the  n u m b e r  of f~ cells, to a decrease in in su l in  

gene expression, or to some other  specific defect in  p-cell 

funct ion .  A l though  it  has been shown tha t  H N F I ~  can 

t ransac t iva te  the  rat insu l in  I p romote r  in vi t ro (Emens 

et al. 1992), a direct  effect of the  au tosomal  d o m i n a n t  

m u t a t i o n s  in H N F I ~  and HNF4~ on t ranscr ip t ion  of the 

insu l in  gene has not  been demonst ra ted .  The  mos t  com- 

m o n  form of diabetes, type II diabetes, is also a genet ic  

disorder, bu t  resul ts  f rom the con t r ibu t ions  of m a n y  

genes. Our  data show tha t  a m u t a t i o n  in one islet tran- 

scr ip t ion factor gene can dramat ica l ly  reduce insu l in  

product ion,  and raise the poss ibi l i ty  tha t  m u t a t i o n s  in 

Pax6 or o ther  genes encoding islet  t ranscr ip t ion  factors 

migh t  con t r ibu te  to the  inher i t ance  of type II diabetes. 

M a t e r i a l s  a n d  m e t h o d s  

Mice 

The founder stock of SeyNeu/+ mice used in this study was 
kindly provided by Brigid Hogan (Vanderbilt University, Nash- 
ville, TN). Founder animals were crossed to CD1 mice pur- 
chased from Charles River (Wilmington, MA). Mid-day of the 

day on which the vaginal plug was detected was considered as 
stage E0.5 in the timing of embryo collection. Embryos were 
dissected from the decidua at various times of development and 
staged according to morphological criteria (Kaufman 1992); for 
embryos at stages before E10.5, somite number was determined. 
Homozygous (SeyNeu/SeyNeU), heterozygous (SeyNeu/+) and 

wild-type littermate embryos were obtained from crosses of het- 
erozygous Sey Neu, selected on the basis of eye size. Heterozy- 
gous and wild-type embryos were distinguished by PCR analysis 
and a restriction enzyme digestion of the amplification product 
(Hill et al. 1991 ). 

Immunohistochemical and immunofluorescence assays 

Pancreata were removed from adult mice and embryos at E15.5 

and later stages; pancreatic tissue in embryos at earlier stages 
was studied in whole embryos. Samples were harvested in PBS 
and fixed in 4% paraformaldehyde in PBS overnight, dehy- 
drated, embedded in paraffin (Paraplast), and sectioned at 5 pm. 

Immunohistochemical assays for glucagon, insulin, somato- 
statin, and PP were performed as described previously with 
some minor modifications (Naik et al. 1994). The polyclonal 
antisera employed in these assays were the following: rabbit 
anti-insulin antibody (Cappel, Durham, NC) diluted 1:600 in 
PBS/5% goat serum; guinea pig anti-insulin diluted 1:12000 

(Linco, St. Charles, MI); guinea pig anti-glucagon diluted 
1:12000 (Linco); rabbit anti-somatostatin (Linco) diluted 1:1000; 
guinea pig anti-PP (Linco) diluted 1:300; rabbit anti-PAX6-QNR 
antiserum 11 (kindly provided by Simon Saule, Institut Pasteur, 
Lille, France), which is directed against the paired domain of 
quail PAX6 (Turque et al. 1994), diluted 1:4000. Biotinylated 
goat anti-rabbit IgG and goat anti-guinea pig IgG antibodies 
(Vector, Burlingame, CA) were used at a 1:200 dilution in PBS/ 

5% goat serum. 
For immunofluorescence assays, samples were blocked with 

goat anti-mouse IgG antibody at a 1:30 dilution and incubated 
with the primary antibodies at the dilutions described above. 
For detection of insulin and somatostatin, FITC-conjugated goat 
anti-rabbit IgG antibody (Cappel) was applied at a 1:100 dilution 
in PBS/1% goat serum for 30 rain. For detection of glucagon, a 
rhodamine-conjugated goat anti-guinea pig IgG antibody (Cap- 
pel) was used at a 1:300 dilution. Fluorescence was visualized 

with a Zeiss axioscope. 

Quantification of insulin and glucagon concentration and 

amylase activity 

Protein was extracted from individual pancreata of E18.5 em- 
bryos using acid extraction (for insulin and glucagon quantifi- 
cation) or extraction at pH 8 (for measurement of amylase ac- 
tivity), and protein concentration was determined by the Brad- 
ford dye-binding assay. The concentrations of insulin and 
glucagon were determined by radioimmunoassay (RIA) using 
commercially available kits (Linco). Amylase activity was de- 
termined with a colormetric assay (Sigma Diagnostics, St. 

Louis, MO). 

Insulin branched DNA assay 

Total RNA was extracted from whole pancreata of E18.5 em- 
bryos using RNAzol (Cinna/Biotecx, Houston, TX) according to 
the manufacturer's instructions. Mouse insulin II mRNA was 
quantified with the branched DNA (bDNA) signal amplification 
system, using 0.25 ~g of RNA from each pancreas. Briefly, two 
sets of oligonucleotides were designed to hybridize to the target 
mRNA. One set links the target mRNA to the assay plate, and 
the second set links the mRNA to the bDNA amplifiers, which 
are synthetic DNA oligonucleotides with multiple branches. 
Each branch then hybridizes to alkaline phosphatase-labeled 
oligonucleotides that emit light after addition of luminescent 
substrate. The net result is a marked signal amplification that is 
proportional to the concentration of the target sequence. De- 
tailed methods for the mouse insulin II mRNA assay have been 

described (Wang et al. 1997). 

Electrophoretic mobility shift assays 

Protein extracts were prepared from ~TC1.9, ~TC4, and NIH- 
3T3 cell lines by the method of Dignam et al. (1983). Electro- 
phoretic mobility shift assays (EMSAs) were performed as de- 

scribed previously, using 5% nondenaturing polyacrylamide 
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gels (German et al. 1992a). Anti-PAX6 antiserum was added to 

the EMSA reaction mixture at a final dilution of 1:20. In the 

EMSAs in which GST fusion protein was included, 2 ng of pro- 

tein was added to the EMSA reaction mixture. In vitro tran- 
scribed and translated full-length PAX6 protein was obtained 

with the TNT-coupled reticulocyte lysate system (Promega, 

Madison, WI) according to supplier's instructions, using SP6 

polymerase and the pmPax6 expression vector (kindly provided 

by Meinrad Busslinger, Institute of Molecular Pathology, Vi- 

enna, Austria) as a template (Czerny et al. 1993). One microliter 

from a 50qal total was used for EMSA. EMSAs with competitors 

were performed using unlabeled oligonucleotides (for se- 

quences, see Fig. 3A) in 50- or 100-fold molar excess. 

Production and analysis of PAX4-GST and PAX6-GST fusion 

proteins 

The GST-fusion proteins used in this study were prepared by 

cloning sequences encoding the PAX4 and PAX6 paired do- 

mains into pGEX-2T (Stratagene, La Jolla, CA), and producing 
GST fusion proteins by standard methods (Ausubel et al. 1994). 

The Pax4 and Pax6 sequences used in those clones were ampli- 

fied by PCR from ~TC3 cDNA using specific primers from both 

ends of the coding sequence of the Pax4 and Pax6 paired do- 

main, respectively. Both clones were sequenced to verify that 

they encoded PAX4 and PAX6. 

Western blotting was performed using standard methods (Au- 

subel et al. 1994). Briefly, PAX6-GST, PAX4-GST, and GST 

proteins (50 ng each)were fractionated on a 10% SDS-polyacryl- 

amide gel, then electrophoretically transferred to Immobilon-P 

membranes (Millipore, Bedford, MA) and probed with anti- 

PAX6 antiserum (1:4000), which was detected with anti-rabbit- 

HRP (1:10000) (Sigma, St. Louis, MO) and ECL reagents (Amer- 
sham, Arlington Heights, IL). 

Plasmid constructions and transfection assays 

CAT reporter constructs G3, G3mA, and G3mB oligonucleo- 

tides corresponding to -265 to -231 bp of the rat glucagon pro- 

moter were inserted into pFOXCAT2 (Odagiri et al. 1996) be- 

tween the BamHI and BglII sites upstream of a -109- to +51-bp 
minimal herpes simplex thymidine kinase promoter (Haltiner 

et al. 1985). The rInsI and rInsImC2 constructs contained DNA 

from -345 to +1 bp of the rat insulin I promoter in pFOXCAT1 

(German and Wang 1994). The mutation in rInsImC2 has been 

described previously as $30 and covers the bases from -320 to 
-310 bp (Karlsson et al. 1987). 

Pax6 expression constructs Wild-type Pax6 cDNA was iso- 

lated from pKW10 and subcloned between the BglII and HindIII 

sites of the cytomegalovirus (CMV) promoter-driven expression 

vector pBAT14, pBAT14 is identical to pBAT9 (German et al. 

1992a), except for a modification in the polylinker and replace- 

ment of the early SV40 polyadenylation signal with the late 

SV40 polyadenylation signal. To produce a comparable plasmid 
containing the Sey Neu allele, an AccI-HindIII fragment of the 

wild-type cDNA in pBAT14 was replaced with Sey Neu allele 

DNA obtained by PCR amplification of homozygous Sey Neu 

mouse genomic DNA using 5'-TTCCTATCAGCAGCAG- 

CTTC-3' as a 5' primer, and 5'-CAAGGCAAGAGAAAGCC- 
AAG-3' as a 3' primer. Both clones were sequenced to verify 

that they encoded the wild-type and Sey Ncu proteins, respec- 
tively. 

Transfection assays The Syrian BHK fibroblast line BHK21 

was grown and transfected as described previously (German et 

al. 1992b). Cells were harvested 48 hr later, and CAT assays 

were performed as described previously using 5 gg of the cell 

protein extract (German et al. 1992b). 
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