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The Nuclear Factor I (NFI) Gene Family in Mammary
Gland Development and Function

Janice Murtagh,1 Finian Martin,1,3 and Richard M. Gronostajski2,3

Mammary gland development and function require the coordinated spatial and temporal ex-
pression of a large fraction of the mammalian genome. A number of site-specific transcription
factors are essential to achieve the appropriate growth, branching, expansion, and involution
of the mammary gland throughout early postnatal development and the lactation cycle. One
family of transcription factors proposed to play a major role in the mammary gland is en-
coded by the Nuclear Factor I (NFI) genes. The NFI gene family is found only in multicellular
animals, with single genes being present in flies and worms and four genes in vertebrates.
While the NFI family expanded and diversified prior to the evolution of the mammary gland,
it is clear that several mammary-gland specific genes are regulated by NFI proteins. Here we
address the structure and evolution of the NFI gene family and examine the role of the NFI
transcription factors in the expression of mammary-gland specific proteins, including whey
acidic protein and carboxyl ester lipase. We discuss current data showing that unique NFI
proteins are expressed during lactation and involution and suggest that the NFI gene family
likely has multiple important functions throughout mammary gland development.
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INTRODUCTION

The mammary gland is one of the few mam-
malian organs to develop predominantly postnatally.
The stages of its postnatal development, mammary
tree expansion during puberty, alveolar epithelial
cell proliferation during pregnancy, lactation-induced
differentiation, and the apoptosis and remodeling
associated with involution, provide a unique oppor-
tunity to study stage- and tissue-specific gene expres-
sion. Both ubiquitous and cell-type specific promoter
DNA-protein interactions, those of NFI among them,
would seem to be required for the coordination of tis-
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sue and stage-specific gene expression that underpins
this development (reviewed in (1) and (2)).

The NFI family of transcription/replication genes
encode one of the first site-specific transcription fac-
tors cloned (3). NFI was thought initially to be a sin-
gle protein and was purified from human HeLa cell
nuclear extracts as a factor that was essential for the
in vitro replication of adenovirus (Ad) DNA (4). Sub-
sequent studies revealed that NFI bound specifically
to sites within the origin of replication of Ad DNA
and that these sites were essential for DNA repli-
cation (5–7). NFI thus appears to function in DNA

Abbreviations used: NFI, Nuclear Factor I; CTF, CAAT-box tran-
scription factor; DBD, DNA-binding domain; Ad, Adenovirus;
KO, knock out; β4-GT, β1,4-galactosyltransferase; CEL, carboxyl
ester lipase; MMTV, mouse mammary tumour virus; ECM, extra-
cellular matrix; WAP, whey acidic protein; BLG, β-lactoglobulin;
STAT, signal transducer and activator of transcription; GR, glu-
cocorticoid receptor; EMSA, electrophoretic mobility shift assay;
LTR, long terminal repeat; MAF, mammary cell-activated factor;
ConA, concanavalin A; WGA, wheat germ agglutinin.
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replication by interacting with viral replication pro-
teins and recruiting them to the replication origin
(8–10). Further studies identified a large number of
NFI binding sites (∼60,000) distributed throughout
the human genome (11,12). This early work suggested
that NFI might function in host DNA replication, but
to date there is no evidence that NFI plays such a role
in mammalian cells. Instead, current evidence sug-
gests that adenoviruses have usurped a potent and
widely expressed cellular transcription factor family
for their replication (2). However, given the complex-
ity of mammalian replication origins and the links be-
tween DNA transcription and replication (13), only
time will tell whether NFI functions in cellular DNA
synthesis. Here we focus on the structure and evolu-
tion of the NFI genes and the known roles of NFI pro-
teins in the regulation of transcription, with specific
emphasis on their proposed functions in mammary
gland development and physiology.

EARLY IDENTIFICATION OF NFI
TRANSCRIPTION FACTORS

Coincident with the identification of NFI as a
site-specific DNA-binding protein essential for ade-
novirus DNA replication, the TGGCA binding pro-
tein was identified as a protein that bound specifically
to multiple sites in the chicken lysozyme gene (14).
Comparing the sequences of the binding sites of the
chicken TGGCA protein and human NFI suggested
that these proteins were related, and detailed bio-
chemical analysis showed that both proteins bind the
same DNA sequences and stimulate Ad DNA replica-
tion (15). These data, together with the identification
of NFI binding sites in the promoter regions of mul-
tiple genes (16), were the first indications that NFI
proteins play a major role in transcriptional regula-
tion. Since the consensus sequence for NFI binding
(TTGGCN5 GCCAA) has some similarity to canoni-
cal CAAT box sequences, NFI was also identified as a
CAAT box transcription factor (CTF) (17). However,
NFI proteins bind to only a small subset of CAAT se-
quences, with other proteins binding the majority of
CAAT sites (18,19). Since transcripts from the NFI-C
gene were first cloned as CTF cDNAs, the NFI fam-
ily is sometimes called the NFI/CTF family of tran-
scription factors and NFI-C proteins are sometimes
referred to as CTFs (3). The subsequent cloning of
NFI cDNAs from a variety of organisms has shown
that what was first thought to be a single protein is a
multigene family of transcription factors.

EVOLUTION OF THE NFI
MULTIGENE FAMILY

Initial studies identified four genes encoding NFI
transcription factors in the chicken: NFI-A, NFI-B,
NFI-C, and NFI-X (20,21) (Table I). These 4 genes had
clear homologs in other vertebrates, including ham-
ster (22), mouse (23,24), rat (25), and human (26,27).
Sequencing of the C. elegans and Drosophila genomes
revealed single NFI genes in these organisms (2), and
no NFI homologs have been identified in prokaryotic,
fungal or plant genomes. Thus the NFI transcription
factor family appears to have arisen as a single gene
during the evolution of multicellular animals and to
have been amplified to a four gene family in verte-
brates. The recent sequencing of the genomes of the
mosquito Anopheles (28) and the urochordate Ciona
(29) have verified these initial findings and have be-
gun to shed light on the evolution of NFI gene struc-
ture (Fig. 1). All mammals whose genomes have been
sequenced have four NFI genes that are highly ho-
mologous to the chicken NFI-A, -B, -C, and -X genes.
These are NFIA, NFIB, NFIC, and NFIX in human
(26) and Nfia, Nfib, Nfic, and Nfix in mouse (24) and
rat. The four NFI genes are distributed throughout
the genomes, with NFIC and NFIX being linked in
human, and their homologs not linked in mouse and
rat, while Nfia and Nfib are linked in mouse and rat,
and their homologs not linked in humans (Table I).
The mammalian and chicken genes all contain at least
11 exons (2), but since novel NFI transcripts continue
to be obtained from these species it is possible that
additional exons exist. Together with the alternative
splicing of 3′ exons seen in all four vertebrate NFI
genes (31), both Nfia and Nfib possess conserved 1st
exons that are expressed specifically in brain (Table I)
(2,32,33).

One unusual feature of the mammalian and
chicken NFI genes is that the DNA-binding domains
(DBDs) for the NFI proteins are encoded predomi-
nantly within a single large exon for each gene, and the
5′ splice acceptor and 3′ splice donor sites for these ex-
ons are at identical positions for all four genes in each
species (34). This structural homology shows the relat-
edness of the four vertebrate NFI genes, and the size
and distribution of introns within the DBD-encoding
exons of NFI genes of other species yields insights
into the evolution of the gene family (Fig. 1). For
example, in the cephalochordate Amphioxus there
appears to be a single NFI gene, as in worms and
insects, but with the DBD encoded predominantly
by a single large exon, as in chickens and mammals
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Table I. Structure of NFI Genes in Various Organisms

No. Gene Chr. No. No. introns Brain-specific Mamm.-specific
Organism NFIs names loc. exonsa in DBDb isoformc isoform

Human (H. sapiens) 4 NFIA 1p31.2-3 >11 0 P ?
NFIB 9p24.1 >11 0 P ?
NFIC 19p13.3 >11 0 ? ?
NFIX 19p13.3 >11 0 ? ?

Mouse (M. musculus) 4 Nfia 4:45.8cM >11 0 Y N
Nfib 4:38.6cM >11 0 Y N
Nfic 10:43.0cM >11 0 ? Yd

Nfix 8:38.6cM >11 0 ? N

Rat (R. norvegicus) 4 Nfia 5 >11 0 Y ?
Nfib 5 >11 0 P ?
Nfic 7 >11 0 ? ?
Nfix 19 >11 0 ? ?

Chicken (G. gallus) 4 NFI-A ? >11 0 P NA
NFI-B ? >11 0 P NA
NFI-C ? >11 0 ? NA
NFI-X ? >11 0 ? NA

Amphioxus (cephalochordate) 1e NFI ? ? 0 f ? NA

Ciona intestinalis (urochordate) 1 NFIg Scaf. 131h >2i 1i ? NA

Anopheles gambiae (insect) 1 NFIg X >3 j 2 j ? NA

D. melanogaster (insect) 1 NFI 4 >6k 1k ? NA

C. elegans (nematode) 1 nfi-1 II >15k 4k ? NA

a Number of exons estimated from cDNA and genomic sequences for vertebrates.
b Number of introns within highly-conserved DNA-binding and dimerization domain (DBD). See Fig. 1 for locations.
c Does gene contain conserved 1st exon expressed specifically in brain (Y = yes, P = probably based on sequence conservation, ? =

unknown).
d Mammary-specific glycosylation of NFI-C protein seen during involution (see below) (Y = yes, N = no, NA = not applicable, ? =

unknown).
e Based on PCR analysis of genomic DNA, multiple species obtained but may be polymorphisms.
f Based on PCR analysis of genomic DNA.
g Provision gene name.
h Designation of Ciona intestinalis genome browser (http://genome.jgi-psf.org).
i Based on TBlastN analysis with C. elegans gene and ESTs.
j Based on TBlastN analysis with C. elegans gene. No known ESTs or transcripts.
k Based on PCR, ESTs and cDNAs.

(Fig. 1). However, in the urochordate Ciona, the sin-
gle NFI gene contains a DBD-encoding region with
the same 5′ and 3′ splice acceptor and donor sites seen
in the mammalian and chicken genes, but with an ad-
ditional intron interrupting this exon that is absent in
Amphioxus and mammals but present in Anopheles
(Fig. 1, gray triangle, intron 4). In Anopheles, although
NFI cDNAs have not been isolated, the genomic se-
quence indicates that the region encoding the DBD
shares the conserved 5′ splice acceptor and 3′ splice
donor sites with the mammalian genes but contains
two additional introns: one that is present in both
Drosophila and C. elegans and one that present in the
Ciona gene (Fig. 1, introns 2 and 4). In Drosophila, the
DBD-encoding exons are interrupted by a single in-

tron (Fig. 1, intron 2) that is also present in C. elegans,
but here the conserved 3′ splice acceptor site is lost
while the conserved 5′ splice donor site is retained (2).
Finally, in C. elegans the DBD-encoding region is in-
terrupted by four introns, one that is present in both
Drosophila and Anopheles and one that is present
only in Anopheles (2,34) (Fig. 1, introns 1, 2, 3, and
5). This C. elegans DBD-encoding region contains the
initial 5′ splice acceptor site seen in all other species
and a 3′ splice donor site shared with Drosophila. All
five introns in the nonmammalian species are in the
same reading frame (phase 0), suggesting a possible
relationship.

These shared features strongly suggest that there
was a single primordial NFI gene, whose DBD was
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Fig. 1. Introns within the DBDs of nonmammalian NFI genes.
The DBD-encoding exons of Mammals and Chickens, Amphioxus,
Ciona, Anopheles, Drosophila, and C. elegans are shown as gray
boxes with introns indicated by triangles below. Intron sizes are
given below the triangles. The Cs within the exon boxes indi-
cate conserved cysteine residues in the NFI-DBD (30). The thin
black triangles indicate exons present only in C. elegans, the thick
black triangles denote introns present in C. elegans, Drosophila,
and Anopheles while the gray triangles show introns shared by
Anopheles and Ciona. The positions of the introns are shown by
dashed lines labeled 1–5. Numbers above the exon boxes show the
length of the DBD-encoding region in nucleotides and amino acids
and brackets indicate that complete exon sequences are known
or predicted. The question marks and lack of a bracket on Am-
phioxus reflect that PCR was used to show the absence of introns
and that the full DBD exon size is unknown. Arrows at the end of
the nonmammalian exons indicate additional exons are known or
predicted.

encoded by at least six exons and arose in the an-
cestors of nematodes, insects, and mammals. This pri-
mordial gene became four NFI genes at some time
between the divergence of cephalochordates, and
vertebrates. It seems less likely that multiple NFI
genes were lost from insects, worms, urochordates,
and cephalochordates, leading to the single NFI gene

in these species. However, the recently sequenced
pufferfish genome (Fugu rubripes) (35) contains what
appear to be five NFI genes (R.M.G., unpublished),
one containing some of the introns seen in the DBDs
of the worm, insect, and urochordate genes, and four
that appear to contain no introns within the DBD
region, as seen in other vertebrates. Blast analysis
shows that the four NFI genes lacking introns in their
DBDs are most homologous to the four mammalian
NFIs, while the 5th gene is slightly more distant. Since
few Fugu NFI transcripts have been isolated, it will
be important to determine whether any of these five
apparent Fugu NFI genes represent pseudogenes or
whether Fugu is an anomaly among vertebrates and
contains five functional NFI genes. Of particular rel-
evance to this review, since nonmammals (chickens
and pufferfish) contain multiple NFI genes, is the fact
that the NFI family diversified prior to the evolu-
tion of the mammary gland. The structural similari-
ties of the NFI genes in mammals, insects and worms
should make insects and worms useful model systems
in which to study NFI function, possibly even as it
relates to mammary gland-specific functions of NFI
proteins.

NFI PROTEINS AS MODULAR
TRANSCRIPTION FACTORS

Binding sites for NFI proteins have been found
in many mammalian genes, including those expressed
specifically in brain (36–38), liver (39–41), lung (42),
mammary gland (43), and other tissues. Mutation of
NFI binding sites in genes has led to either repres-
sion (44,45) or activation of gene expression (46–48),
depending on the specific gene studied. Thus NFI pro-
teins appear to both activate and repress gene ex-
pression (see (2) for a review). Transient transfection
studies have shown that NFI proteins appear mod-
ular, with N-terminal domains that mediate DNA-
binding and dimerization, and C-terminal domains
that mediate transactivation and repression (30,49–
50). Since products of the four NFI genes are differ-
entially spliced (31) and can form both homo- and het-
erodimers (51,52), there may be many unique dimeric
NFI proteins present within a single tissue or cell. In
addition, since the same NFI proteins can either ac-
tivate or repress expression from the same promoter
(depending on the cell-type used) (52–54), the forms
of NFI present in a given tissue or cell-type must be
determined if the role of NFI in that tissue is inves-
tigated. Since many studies proposing a role for NFI
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binding sites in a given gene have failed to identify
which NFI proteins function at those sites, it has been
difficult to determine the precise roles of individual
NFI proteins in the expression of these genes.

NFI GENES IN MOUSE DEVELOPMENT

The four NFI genes are expressed in a complex
and overlapping pattern during mouse development
and in adult tissues (24). However, targeted deletion
of single murine NFI genes has yielded specific devel-
opmental phenotypes, suggesting that each NFI gene
has unique and essential roles in development. Muta-
tion of three of the four murine Nfi genes has been re-
ported (32,55,56). Loss of Nfia function causes severe
neuroanatomical defects, including agenesis of the
corpus callosum and hippocampal commissure, two
major axonal tracts connecting the two hemispheres
of the brain (32,57). Most Nfia−/− animals die within
a day after birth, but rare surviving Nfia−/− mice
develop hydrocephalus, which may be related to the
neuroanatomical defects seen in these animals. Re-
cently it has been shown that three midline glial cell
structures appear to be aberrantly formed in Nfia−/−
animals, suggesting that they may play a role in com-
missural axon guidance or survival (57). The molec-
ular pathways connecting the loss of Nfia to these
neuroanatomical defects remain to be determined.
Also, the perinatal lethality of Nfia−/−mice has pre-
vented the analysis of any role for Nfia in mammary
gland function, but this problem could be overcome
by use of mammary gland transplants or mammary-
directed gene deletions.

Mice containing an insertion into the Nfib locus
die at birth, apparently due to defects in lung devel-
opment (55). The lungs of Nfib−/− animals appear
to be arrested at an immature stage in development,
leading to asphyxiation at birth. No other anatomical
defects were noted in the Nfib KO animals. It will be
of interest to determine whether this apparent arrest
in lung development is absolute, or whether lung mat-
uration can be induced in these animals, as is done in
premature human infants. Again, the perinatal lethal-
ity of this mutation has hampered the analysis of Nfib
function in mammary gland development.

Disruption of Nfic results in severe defects in
postnatal tooth development (56). Nfic-deficient mice
have weakened, dysmorphic incisors, and the roots
of the molars fail to develop. However, the molar
crowns appear normal in Nfic−/− animals; thus, this
is the first mutation generated that affects primarily

postnatal tooth root formation in the mouse. These
tooth defects cause wasting and premature death if
the animals are reared on standard laboratory chow,
but Nfic−/− animals can survive and breed if main-
tained on a soft dough-like diet postweaning. Nfic−/−
animals are currently being examined for possible de-
fects in mammary gland development.

Given that disruption of three of the NFI genes
has yielded specific developmental phenotypes, it is
clear that NFI genes play essential roles in mammalian
development. Studies on double and triple NFI-null
mutants and disruption of the Nfix locus are essential
for determining whether NFI genes play roles in de-
velopmental systems other than brain, lung and tooth.
In particular, for analysis of NFI function in mam-
mary glands it will be essential to generate mammary-
specific knockouts and/or dominant negative forms of
NFI or to perform mammary gland transplants from
Nfi-null mice to wild-type mice to overcome the peri-
natal lethality seen in some Nfi knockout mice.

NFI IN MAMMARY GLAND DEVELOPMENT
AND FUNCTION

NFI proteins have been suggested to con-
tribute to different stages of mammary gland de-
velopment. NFI has been implicated in regulat-
ing the transcription of milk protein genes such as
whey acidic protein (58), α-lactalbumin (179) and β-
lactoglobulin (60). Lactation-associated transcription
of β1,4-galactosyltransferase (β4-GT) and carboxyl
ester lipase (CEL) genes have also been shown to
be regulated by NFI (61,62). Furthermore, a mam-
mary cell-specific enhancer in the mouse mammary
tumor virus (MMTV) promoter includes an NFI
binding site that is required for function (63). In
addition, involution-associated transcription of the
TRPM-2/clusterin gene has been proposed to be con-
trolled by a unique N-glycosylated 74 kDa NFI-C
(64,65). Finally, it has been demonstrated that NFI ac-
tivity is induced, as judged by increased NFI–DNA in-
teractions, when primary mouse mammary epithelial
cells are maintained on a laminin-rich ECM, a prereq-
uisite for cell survival and differentiation (66). Thus, a
clear potential exists for multiple contributions by dif-
ferent NFI isoforms to gene expression in the differ-
ent phases of the cycle of postnatal mammary gland
development, in particular in the terminally differ-
entiated alveolar epithelial cells in late pregnancy
and lactation, but also in involution. A summary of
mammary-associated expressed genes that are known
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Table II. Mammary-Specific Genes Regulated by NFI

NFI isoform
Gene implicated Reference

α-Lactalbumin — 59
β-Lactoglobulin — 60
MMTV NFI-B>NFI-X 63
WAP NFI-B>NFI-X 43,79,82
β1,4-Galactosyltransferase — 61
TRPM2 NFI-C 64,65,84
CEL NFI-C 62,83

to be regulated by NFI transcription factor activity is
given in Table II.

The study of milk protein gene expression has
provided an attractive system for examining hor-
monal and developmental regulation of gene ex-
pression. Furthermore, it has offered an insight into
mammary gland-specific control of transcription. α-
Lactalbumin is one of the most abundant nutritional
proteins and is essential for lactose synthesis. α-
Lactalbumin is a component of the enzyme complex,
lactose synthase, which catalyzes the synthesis of lac-
tose. Expression of the rat α-lactalbumin gene be-
comes induced during pregnancy and lactation (67).
The lactogenic hormones prolactin (68), insulin (69),
and glucocorticoids (70–73) have been shown to play
a role in this regulation. These observations stimu-
lated the comparison of the 5′ flanking regions of α-
lactalbumin and six other milk protein genes, reveal-
ing a conserved sequence that might play a role in their
activation (74). To determine whether this conserved
sequence in the α-lactalbumin promoter was a tar-
get for transcription factor binding during lactation,
Lubon and Hennighausen performed DNase I foot-
printing analyses using nuclear extracts from virgin,
pregnant and lactating rats (59). Their results showed
sequence-specific interactions by mammary gland nu-
clear proteins with the−125 to−85 region of the ratα-
lactalbumin promoter. Nuclear extracts from all three
stages of mammary gland development provided a
similar protection pattern. This region contains at
least two sites with a similar sequence motif, TTG-
GCAG, which contains part of the consensus recog-
nition site for NFI protein binding (12,17,75). Purified
NFI from HeLa cells protected this sequence in a sim-
ilar fashion to proteins in mammary gland extracts.
These results suggested that the binding activities of
nuclear proteins from mammary glands share char-
acteristics with NFI or are indeed due to NFI–DNA
interactions. It was hypothesized, therefore, that the
proteins binding to the α-lactalbumin promoter are

members of the NFI transcription factor family and
that this binding contributes to driving the cell-specific
α-lactalbumin gene expression seen in differentiated
mammary epithelial cells.

β-lactoglobulin (BLG) is the major whey protein
found in ruminant milk, but is absent from mouse
milk. At least 5 NFI binding elements were identi-
fied in the BLG promoter, four of which are only half
sites and would presumably bind an NFI monomer
rather than an NFI dimer. When transgenic mice were
generated that expressed a genomic BLG construct
carrying 4.3 kb of 5′ flanking sequence immediately
upstream of the transcription start-site, the transgene
was efficiently and exclusively expressed in the preg-
nant/lactating mammary gland, reflecting the tissue-
specific control of the activation of this promoter
(58,76). The region between bases −149 and −406
of this proximal promoter was essential for efficient,
tissue-specific expression, as deletion of this region re-
sulted in a dramatically reduced level of transgene ex-
pression (77). In an attempt to identify DNA-protein
interactions in this promoter region that are involved
in transcriptional regulation of the BLG gene, Watson
et al. performed in vitro binding studies (60). Us-
ing electromobility shift analysis, lactating mammary
gland extracts exhibited at least two types of NFI–
DNA interactions with the BLG promoter, each with
distinctly different mobility patterns and recognition
site affinities. Using competitor titration analysis, one
of the NFI complexes was shown to have highest affin-
ity for a consensus palindromic NFI binding element,
while the other was shown to bind preferentially to
a half-site element. These data suggest that a variant
NFI is present in the lactating mammary gland that
binds to a half site better than to the palindromic site.
The importance of this observation is further empha-
sized by the multiplicity of NFI half-sites present in
various milk protein gene promoters (63). Therefore,
it is possible that a mammary gland-specific form of
the transcription factor NFI is involved in the regu-
lation of BLG transcription, and that it binds to the
NFI half-site in preference to the classical palindromic
NFI site.

Whey acidic protein (WAP), the major whey
protein in rodents, is exclusively expressed at high
levels in the mammary gland during late pregnancy
and lactation (78). WAP gene expression is regu-
lated by a number of complex interactions between
transcription factors (42,79), as well as by cell-
extracellular matrix (ECM) interactions (80). Trans-
genic mice were generated that contain a 3.0 kb rat
WAP transgene consisting of 949 bp of immediate
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5′-promoter sequence and 70 bp of 3′-flanking DNA
sequence of the structural gene. This construct was
expressed specifically in the mammary gland in a
copy number-dependent, position-independent man-
ner (81). Though the transgene and the endogenous
WAP gene are expressed at maximum levels during
lactation in the mammary gland, they are not ex-
pressed in most other tissues, e.g. the liver. In an
attempt to identify critical regulatory promoter el-
ements that facilitate tissue-specific, high level ex-
pression of WAP during lactation, Li and Rosen per-
formed DNase I footprinting analyses on the more
distal of two mammary-specific DNase I hypersensi-
tivity sites on this promoter segment using extracts
from lactating mammary glands and livers of these
transgenic animals (82). Two mammary-associated
protected regions were observed in this segment of
the WAP promoter. Comparison of the sequences of
the protected regions with the known consensus bind-
ing sites for a number of transcription factors revealed
that the first footprint contained a half-palindromic
binding element for NFI. The other protected re-
gion also showed extensive homology to an NFI bind-
ing element. To confirm that the transcription fac-
tors binding to the protected regions were indeed
NFI family members, the protected sequence from
the transgene was used as a radiolabelled oligonu-
cleotide probe in EMSA. A consensus NFI binding
element proved to be an efficient inhibitor of the mul-
tiple complexes observed in EMSA performed with
lactating mammary gland nuclear extracts. Deletion
of this distal mammary-specific hypersensitivity site
region resulted in loss of rat WAP gene expression
in transgenic mice. Since NFI was the principal fac-
tor found binding to this region in vitro, it suggested
that NFIs were critical for WAP gene expression dur-
ing lactation. Subsequent studies by Li and Rosen re-
ported that point mutations introduced into the WAP
promoter NFI binding sites dramatically decreased
rat WAP gene expression in the transgenic mice (79).
In addition, a binding element for STAT5, a media-
tor of prolactin-induced milk protein gene expression,
was identified immediately proximal to the NFI bind-
ing sites. Point mutations introduced into this region
reduced WAP transgene expression by 90% per gene
copy, but did not alter tissue specificity of expression,
suggesting that WAP gene expression is regulated by
a cooperative interaction between STAT5 and NFI
proteins.

More recent analyses of the distal region of the
WAP gene promoter identified several glucocorti-
coid receptor (GR) binding elements (GRE) flanking

these NFI binding sites (43). To investigate the syn-
ergy between GR, STAT5 and NFI activity on bind-
ing to this mammary gland specific and hormonally-
regulated composite response element (CoRE) in the
transcriptional regulation of WAP gene expression,
transient cotransfection studies were preformed in
JEG-3 choriocarcinoma cells because this cell line
has low endogenous NFI and GR content. NFI-A4,
NFI-B2, and NFI-X1 were the predominant splice-
variant transcripts shown to be present during lac-
tation, although studies from other laboratories also
suggest the significant presence of NFI-C isoforms
((65), (83), and (84) (and see below)). These NFI iso-
forms were expressed from the mammalian expres-
sion vector pCH, and their activity on a transfected
WAPtk-Luc promoter-reporter construct was deter-
mined. Prolactin receptor (PrlR), GR, and STAT5
were coexpressed with the different NFI isoforms.
Synergy between STAT5 and GR was reflected by
a 47-fold upregulation in WAP promoter-mediated
reporter gene expression when both factors were ex-
pressed in the JEG-3 cells on stimulation with pro-
lactin and hydrocortisone. When GR and STAT5
were coexpressed with NFI-A4, WAP promoter ac-
tivity was significantly repressed. However, when GR
and STAT5 were coexpressed with NFI-B2, WAP
promoter activity was increased 7.3-fold, while with
NFI-X1, a 5.3-fold increase in activity was observed.
This work further supports the hypothesis that WAP
gene expression in the lactating mammary gland is
controlled by these specific transcription factor in-
teractions on the WAP promoter, with prolactin-
induced activated STAT5, hydrocortisone-activated
GR and NFI-B2 and/or NFI-X1 all working coop-
eratively to regulate WAP gene transcription. NFI-
B2 exhibited the highest level of cooperativity with
STAT5 at the WAP distal composite response el-
ement and also displayed the highest cooperativity
with GR in regulating both this WAP distal element
and MMTV LTR-driven reporter activity in these
transient transfection assays. These studies suggest
that the NFI-B2 isoform might interact more effi-
ciently with GR and STAT5 than do other lactation-
expressed NFI isoforms. These studies have, for the
first time, assigned differing activities to NFI isoforms
in milk protein promoter activation, and interest-
ingly, also showed that the DNA-binding specifici-
ties of the three NFI isoforms studied (A4, B1, and
X1) were not the same on the WAP CoRE palin-
dromic NFI site, in contrast to their interaction with
the NFI consensus binding site from the adenovirus
promoter.
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β1,4-Galactosyltransferase (β4-GT) is a trans-
Golgi resident, type II membrane glycoprotein
that is widely distributed in the vertebrate king-
dom (61). It catalyzes the transfer of galactose
to N-acetylglucosamine residues, forming the β4-
N-acetyllactosamine (Galβ4-GlcNAc) or poly-N-
acetyllactosamine structures found in the N- and
O-inked side chains of glycoproteins and proteo-
glycans (85). This enzyme is considered to have a
housekeeping function, since glycoprotein biosynthe-
sis occurs in all tissues. β4-GT also has a tissue spe-
cific function in the lactating mammary gland, where
it is necessary for lactose production. The synthesis
of lactose is catalyzed by the heterodimer, lactose
synthetase, which is assembled from β4-GT and α-
lactalbumin (85). Enzymatic levels of β4-GT increase
in the mammary gland from mid-pregnancy through
lactation, in order to facilitate lactose production (86).

The 5′ end of theβ4-GT gene contains three tran-
scription start sites. The most distal start site is male
germ cell-specific (87). The middle start site is the pre-
dominant site used in a wide range of somatic cells
(88). The proximal start site, located 200 bp 3′ of the
middle start site, is preferentially used in the mid- to
late pregnant and lactating mammary gland (88). Us-
ing DNase I footprinting analysis and electromobil-
ity shift assays, Rajput et al. showed that the region
immediately upstream of the middle start site is occu-
pied mainly by the ubiquitous transcription factor Sp1
(61). In contrast, the region adjacent to the proximal
start site is bound by multiple transcription factors,
including AP2, Sp1, a putative mammary gland spe-
cific form of NFI and a candidate negative regulatory
complex that represses the transcription from this par-
ticular start site. A protected region seen adjacent to
the proximal start site was shown to be due to a pu-
tative mammary gland-specific form of NFI binding
to an NFI half site. Rajput et al. concluded that the
proximal start site in the β4-GT gene promoter had
evolved in order to facilitate mammary gland-specific
production of β4-GT for lactose biosynthesis and that
NFI, along with other transcription factors, regulates
its transcription. However, the proposed mammary-
specific NFI isoform involved has to date not been
further characterized. There is the possibility that this
is the same NFI isoform that had been partially char-
acterized by Watson et al. (60) as binding to NFI half
sites in the BLG promoter.

The mammary gland and pancreas are the
main tissues that synthesize and secrete a bile salt-
stimulated lipase, carboxyl ester lipase (CEL). This
gene is constitutively expressed in the pancreas but

its expression is developmentally regulated in the
mammary gland where it becomes upregulated dur-
ing pregnancy in parallel with, but to a much lower
degree, than does the WAP gene. A fragment of
the mouse CEL promoter, some 2.2 kb of DNA up-
stream of the translational initiation site, was isolated
from the genomic mouse CEL1 clone (89). Transfec-
tion studies suggested that the region between bases
−1696 and −1831 was important for high expression
of the CEL gene (62). The DNA sequence was de-
termined and revealed the presence of a number of
transcription factor binding sites, including those for
NFI, Oct-1, C/EBP-β, and the glucocorticoid recep-
tor. To investigate whether any of these factors were
interacting with this region, Kannius-Janson et al. per-
formed DNase I footprinting on nuclear extracts from
the mouse mammary-derived cell line, HC11 (62).
One distinct footprint was detected extending from
bases −1792 to −1764, a region containing a palin-
dromic NFI binding site and a GR half site. When a
mutation was introduced into the NFI binding site,
the protein–DNA interaction was prevented, as re-
flected by a loss of protection. This result showed
that an NFI family member or members is responsi-
ble for the DNA–protein interaction. Footprints with
nuclear extracts from a pancreatic cell line gave a
different binding pattern, suggesting that formation
of the NFI–DNA complex was a mammary-specific
event. It was concluded therefore that NFI–DNA in-
teractions are important for the mammary-specific ac-
tivation of CEL gene expression. A subsequent re-
port from the same group suggested that the NFI
isoform responsible for triggering mammary-specific
CEL gene expression was a 50 kDa NFI-C, charac-
terized by western blot analysis using an anti-NFI-C
specific antibody (83). CEL promoter-luciferase re-
porter gene assays performed in HC11 cells suggested
that the presence and binding of this 50 kDa NFI-
C protein to the NFI-binding site in the CEL gene
promoter activates CEL gene expression. Mutation
of the NFI-binding site precluded binding of NFI-
C, and, accordingly, reporter gene expression was
reduced to 15% (83). Subsequent RT-PCR analysis
on RNA extracted from HC11 cells suggested that
the NFI-C transcript responsible for the expression
of the 50 kDa NFI-C was NFI-C2, an isoform from
which exon 9 is spliced. The binding of the NFI-C2
to the NFI-binding site in the CEL gene promoter in-
creased and decreased in parallel with the expression
levels of the NFI-C2 protein, and NFI-C2 interacted
with the NFI binding element in the CEL promoter
with a higher apparent affinity than did other NFI
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isoforms. Kane et al. had previously reported that the
NFI-C2 and NFI-C5 transcripts were the predominant
NFI-C transcripts detectable in differentiated mam-
mary epithelial cells (84). This characterization of the
NFI/CEL promoter interactions further emphasizes a
role for tissue-specific, isoform-specific actions of NFI
in mammary epithelial cells.

Mouse Mammary Tumor Virus (MMTV) is a la-
tently transforming retrovirus that is responsible for
the neoplastic transformation of mammary epithelial
cells. It is transmitted either exogenously as a retro-
viral particle in milk during nourishment of newborn
mice or via the germ-line as an integrated provirus
(90). MMTV gene expression is highest during lac-
tation and is controlled by sequences in the 1.3 kb
long terminal repeat (LTR) region in the 5′ half of
the proviral DNA (90). In addition to WAP and β-
casein gene expression, the expression of MMTV has
also been considered a marker for mouse mammary
epithelial cell differentiation (91).

Sequences between bases −1094 and −739 in
the 5′ MMTV LTR have been reported to mediate
a mammary epithelial cell-specific response (92). The
region was therefore further investigated for DNA–
protein interactions using DNase I footprinting anal-
ysis. Protected elements in mammary epithelial cells
contained a half-palindromic binding site for NFI and
a recognition site for the putative transcription factor,
mammary cell-activated factor (MAF; now STAT5).
These two transcription factors acted cooperatively
when their binding sites were close to each other or
when the binding sites were multimerized. As single
entities, they were transcriptionally inactive. Bioinfor-
matic analyses performed on the promoter regions of
a number of milk protein genes showed similar clus-
ters of STAT5 and NFI binding sites in the whey milk
protein genes α-lactalbumin (bovine, human and rat),
β-lactoglobulin (ovine), and WAP (mouse and rat).
The NFI and STAT5 binding element sequences are
concentrated in the first 200 bases upstream from the
transcription start sites in each of these whey milk
proteins. In some of the whey milk protein genes,
such as WAP and α-lactalbumin (human and rat), an
ACAAAG sequence is found in close proximity to
the NFI and STAT5 recognition sites. The ACAAAG
sequence was a determinant of mammary cell expres-
sion specificity for the MMTV–LTR. Therefore, Mink
et al. concluded that differential mammary cell spe-
cific MMTV gene expression is achieved by a con-
certed action of multiple bound transcription factors,
as has been determined for the milk protein genes
(63). In agreement with other studies (60,88), these

authors emphasized the possible presence in differen-
tiated mammary epithelial cells of a mammary gland-
specific NFI that binds to these half-palindromic sites.
NFI participation in response to glucocorticoid signal-
ing has been demonstrated on the MMTV–LTR in a
range of studies.

In addition to being vital for the transcription
of milk proteins and other differentiation-associated
genes during pregnancy and lactation, NFI has been
implicated in regulating the transcription of an
involution-associated gene, TRPM2/clusterin/SGP2.
Increased expression of TRPM2/clusterin has been
shown to be associated with mammary gland invo-
lution and apoptosis of a number of different cell
types (93–95). TRPM2/clusterin mRNA levels in-
crease rapidly and substantially once involution is
initiated in both the mouse mammary gland (96)
and in the androgen-deprived rat ventral prostate
(97). Furlong et al. hypothesized that the rapid stim-
ulation of transcription of this gene during involu-
tion might permit the detection of an involution-
enhanced association of transcription factors with its
promoter (64). Comparative DNase I footprinting
analyses performed with lactating and 2 day involut-
ing nuclear mouse mammary gland extracts revealed
two involution-associated, protected regions on this
promoter. The first footprint, at bases −309 to −335,
lies over a classical NFI binding element TGGN7CCA
(12,98). The second protected region, which was prin-
cipally detected when the assay was performed with
involuting prostate extracts, covered a potential NFI
binding site TGGN9CCA. Subsequent EMSA anal-
ysis using a 46-mer double-stranded oligonucleotide
based on the sequence of the twin NFI binding ele-
ment, revealed changes in complex formation as the
mammary gland proceeded from lactation to involu-
tion. The principal change seen with the involuting
extracts was the appearance of a complex of interme-
diate size not seen in lactation. Western analysis of
the proteins in the involution-associated complex re-
vealed a 74 kDa NFI. Northern analysis demonstrated
an NFI transcript of 1.6 kb that hybridized strongly
and exclusively to RNA from involuting glands. Such
a small transcript could not encode a 74 kDa pro-
tein, suggesting to Furlong et al. that the involution-
associated 74 kDa NFI was significantly posttransla-
tionally modified.

This proposal was further investigated by Kane
et al. (65). Western analysis on 2-day involuting nu-
clear extracts showed that the 74 kDa NFI was an
NFI-C isoform, characterized using an anti-NFI-C
specific antibody α-8199 (65). A previous report by
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Kane et al. indicated that increased expression of
an NFI-C transcript accompanied involution (84). It
was hypothesized that the involution-specific 74 kDa
NFI-C was posttranslationally modified, as it had
previously been reported that NFI-C can be mod-
ified by a unique type of O-glycosylation (a single
N-acetylglucosamine residue bound by O-linkage to
serine or threonine (99)). Bioinformatic analysis per-
formed on the amino acid sequence of the NFI-C
protein revealed a number of potential N- and O-
glycosylation sites. The lectin concanavalin A (ConA)
recognizes α-linked mannose, which occurs in the
core structure of N-glycans, whereas wheat germ
agglutinin (WGA) recognizes O-GlcNAc, found in
O-linked modifications. By western analysis with
the NFI-C-specific antibody α-8199 as a probe, it
was shown that under nondenaturing conditions, the
74 kDa NFI-C protein in 2-day involuting nuclear ex-
tracts binds to ConA, but not to WGA. The 74 kDa
NFI-C did not bind to ConA in the presence of an
excess of the specific competing sugars, suggesting
that it is N-glycosylated. In vivo studies in mice and
in vitro studies using a cell culture model system
were subsequently performed using tunicamycin, a
potent inhibitor of N-glycosylation. Tunicamycin de-
pots (Elvax) were placed in the right-hand fourth in-
guinal mammary gland immediately after initiating
involution, and the glands were removed 24 h later.
Systemic, as well as local effects were seen, reflected
by a significant increase in fluid intake over the 24-h
period. Western analysis of nuclear extracts from the
right and left mammary glands of mice carrying the
Elvax pellets showed the loss of the 74 kDa NFI-C.
From these results it was concluded that involution-
associated expression of the 74 kDa NFI could be in-
hibited in vivo by preventing N-glycosylation using
tunicamycin. Importantly, the effect of tunicamycin
was specific to the 74 kDa NFI-C, as no changes were
reported with other factors, such as STAT3 and AP1.
Primary mouse mammary epithelial cells grown as
3D spherical structures in a laminin-rich extracellu-
lar matrix (Matrigel) expressed the 74 kDa NFI-C
for up to 7 days in culture. Addition of tunicamycin
to these cultures again led to the inhibition of the
expression of the 74 kDa NFI-C, further suggesting
that this protein is posttranslationally modified by N-
glycosylation (65). To our knowledge, this is the first
N-glycosylated transcription factor that has been de-
tected. It is clear that this modification does not af-
fect the ability of the 74 kDa NFI-C to translocate to
the nucleus and bind to NFI–DNA binding elements.
It is likely that this N-linked modification induces a

functional change at a recognition level and/or at an
activity level. The N-glycosylation target site(s) is in
the C-terminal region of NFI-C that houses the tran-
scriptional activating/repressing domains. It is there-
fore likely that the function of this region will be most
affected by the modification.

Streuli et al. reported the induction of expression
of an NFI, reflected by the appearance of a complex
in an EMSA analysis, by culturing primary mammary
epithelial cells on a laminin-rich ECM substrate (66).
These conditions of culture should support cell sur-
vival and terminal differentiation. Our recent studies
now link expression of an NFI isoform to organiza-
tion of mammary epithelial cells as 3D-spheres that
simulate epithelial alveoli that, on terminal differenti-
ation, are the source of milk components in lactation.
Primary mouse mammary epithelial cells cultured on
a concentrated laminin-rich EHS-derived ECM will
organize to form 3D cellular aggregates (mammo-
spheres (100)). These alveolus-like structures gener-
ate a central lumen, become polarized and, in the pres-
ence of lactogenic hormones, secrete milk proteins
vectorially into the central luminal space. EMSA anal-
ysis demonstrated the formation of a smaller, faster-
migrating NFI–DNA complex with mammosphere
nuclear extracts, but not with extracts from cells cul-
tured as EHS-associated monolayers (Fig. 2(A)). That
this complex was NFI DNA-binding site-specific was
shown by competing away its formation with a mod-
est excess of unlabeled site-specific oligonucleotide
while a nonspecific oligonucleotide failed to compete
(Fig. 2(B)). Using an anti-NFI-C specific antibody, the
mammosphere-associated complex was super-shifted,
suggesting that it is at least partially comprised of an
NFI-C isoform (Fig. 2(C)). In mammospheres, in ad-
dition to the expression of the previously described
lactation-specific ∼50 kDa NFI-C (83,84), we also
observed the expression of a smaller, approximately
35 kDa NFI-C by western blot analysis using an
anti-NFI-C-specific antibody α-8199 (Fig. 2(D)). This
35 kDa NFI-C is similarly found in extracts from lac-
tating mammary gland (data not shown). We hypothe-
size that either one or both of these NFI-C isoforms is
responsible for mammosphere-associated NFI–DNA
complex formation. Formation of this complex is
not prolactin-dependent (Fig. 2(A)). Thus, culturing
mammary epithelial cells in an ECM that induces
mammosphere formation triggers the production of
an NFI-C isoform(s). Further studies on NFI-C in
this model system should shed light on the role of
NFI in terminally differentiated mammary epithelial
cells.
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Fig. 2. (A) EMSA analysis of a radiolabelled NFI-binding element
(twin NFI-binding element from proximal clusterin promoter (64))
with whole cell extracts of mouse mammary epithelial cells grown
as a monolayer on ECM [Matrigel] diluted 1:1.4 with Ham’s F12
(mono) or grown as mammospheres on concentrated ECM (3D). In
this and subsequent panels the mammosphere-associated small NFI
complex is indicated with a lightly-shaded arrowhead. (B) EMSA
of extracts from mammospheres (conditions as in (A)) carried out
in the absence or presence of a 25- or 100-fold excess of the un-
labeled NFI DNA-binding-site-specific oligonucleotide or a 25- or
100-fold excess of a nonspecific binding element (NS, an AP-1 bind-
ing element). (C) Supershift analysis on mammosphere whole cell
extracts. Prior to EMSA, mammosphere extracts were incubated
with normal rabbit serum (NRS) or an anti-C-terminal NF1-C spe-
cific antibody (α-8199). The supershifted complex NFI is indicated
with a black arrowhead. (D) Western analysis using the anti-C-
terminal NFI-C specific antibody (α-8199) of whole-cell extracts
of cells grown as a monolayer on plastic (mono), mammospheres
grown on ECM with EGF and FCS for 2 days (2d) and mammo-
spheres grown on ECM with prolactin for a further 2 days (4d).

CONCLUSIONS

The NFI transcription factors have been shown
to be important for the regulated expression of sev-

eral mammary-gland specific genes. NFI gene knock-
out studies emphasize the critical importance of the
four individual NFI gene products in the devel-
opment of various tissue structures. Complement-
ing these are the interesting isoform-specific activ-
ities that have been reported as associated with
mammary-specific activated promoters and with the
different stages of postnatal mammary gland devel-
opment. These data strongly suggest that the NFI
transcription factor family plays multiple roles in
mammary gland development and function. Future
studies should focus on determining the roles of in-
dividual NFI isoforms in mammary gland function
using mammary-specific NFI knockouts, mammary-
inducible dominant-negative NFI transgenes, mam-
mosphere cultures, and/or transplantation studies
from NFI knockout mice into normal mice. Such anal-
yses should clarify the specific roles of each NFI pro-
tein in mammary gland function.
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