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The heat shock transcription factor (HSF) family consists of at least 
three members in mammals and regulates expression of heat 
shock proteins in response to heat shock and proteotoxic stresses. 
Especially, HSF1 is indispensable for this response. Members of 
this family are also involved in development of some tissues such 
as the brain and reproductive organs. However, we did not know 
the molecular mechanisms that regulate developmental processes. 
Involvement of HSFs in the sensory development was implicated 
by the finding that human hereditary cataract is associated with 
mutations of the HSF4 gene. Analysis of gene-disrupted mice 
showed that HSF4 and HSF1 are required for the lens and the ol-
factory epithelium, respectively. Furthermore, a common molec-
ular mechanism that regulates developmental processes was re-
vealed by analyzing roles of HSFs in the two developmentally-related 
organs. [BMB reports 2009; 42(10): 631-635]

INTRODUCTION

Heat shock response is characterized by induction of a set of 
heat shock proteins (Hsps), and is a fundamental adaptive re-
sponse that maintains protein homeostasis (1, 2). This response 
is regulated mostly at the level of transcription by heat shock 
transcription factors (HSF1-4), which bind to a heat shock ele-
ment (HSE) that is composed of at least three inverted repeats 
of the consensus sequence nGAAn (3, 4). Among HSF family 
members, HSF1 is required for induction of heat shock genes 
in mammals when cells or tissues are exposed to heat shock. 
Heat shock triggers conversion of an HSF1 monomer that is 
negatively regulated by heat shock proteins into a trimer that 
can bind to HSE with a high affinity, and bound HSF1 rapidly 
induces robust activation of the heat shock genes. This 
HSF1-mediated induction of Hsps is required for acquisition of 
thermotolerance (4, 5), and protection of cells from various 
pathophysiological conditions such as neurodegenerative dis-

eases and other degenerative diseases (6). Furthermore, HSF1 
is involved in lifespan expansion by up-regulating heat shock 
proteins. Members of HSF family also play critical roles in de-
velopmental processes such as gamatogenesis (7-12) and neu-
rogenesis (13-16), in immune response (17-19), and in main-
tenance of the ciliated tissues (20) and the sensory organs (this 
review). These functions of HSFs are not always related with 
the regulation of heat shock proteins (21, 22). Therefore, we 
would like to understand molecular mechanisms that regulate 
developmental processes. 
    Cranial placodes are defined as transient embryonic thicken-
ings of cranial ectoderm that contribute to the peripheral nerv-
ous system of the head (23, 24). The cranial placodes include 
the sensory placodes that will give rise to the nasal epithelium, 
the lens, and the inner ear, and the neurogenic placodes from 
which elements of cranial ganglia are derived. Among them, 
lens and olfactory precursors arise from a common territory sur-
rounding the anterior neural plate at early developmental 
stages (25). Furthermore, a transcription factor Pax6 is ex-
pressed in both the olfactory and lens placodes, and is required 
for eye and nasal development (26-28). Unexpectedly, it was 
demonstrated that HSF1 and HSF4 is required for development 
of the olfactory epithelium and the lens, respectively. In this re-
view, I summarize functions and mechanisms of HSFs in the 
sensory placode development.

Mutation of HSF4 gene in human hereditary cataract

HSF4 is identified as a third member of the HSF family (29). 
HSF1 and HSF2 proteins are highly expressed in most cells and 
tissues, whereas the expression level of HSF4 protein is rela-
tively low (30, 31). Different from HSF1 and HSF2, however, 
HSF4 is constitutively a trimer that can bind to HSE, suggesting 
that HSF4 may have physiological roles during development. 
    A first report implicating requirement of HSF4 in develop-
ment came from the finding that mutations of HSF4 gene are 
associated with dominant inherited cataracts in human (32). 
Thereafter, many patients of familial cataract are shown to be 
associated with the mutations of the HSF4 gene (33-36). 
Interestingly, autosomal dominant cataract coincides with mu-
tations in the DNA-binding domain, whereas recessive cataract 
does with mutations in the oligomerization domain or in the 
downstream of heptad repeat. Patients with mutated HSF4 
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Fig. 1. Members of HSF family com-
petitively or complementarily regulate 
expression of molecular chaperones and
cytokines such as FGFs and LIF during 
the sensory placode development. Some
developmental signal promotes a mono-
mer-to-trimer transition of HSF1 in the 
olfactory epithelium. The trimeric HSF4 
increases during lens development, which
is associated with reduction of HSF1 and 
HSF2.

have no other symptom than cataract, suggesting that HSF4 
should be dispensable in other tissues. 

Inactivation of HSF4 gene causes cataract in mice

The lens is characterized by its high degree of transparency. 
Development of the lens occurs by differentiation of epithelial 
cells into elongated fiber cells that accumulate in concentric 
layers and lose their nuclei and other organelles (37). The con-
centration of protein in the lens fiber cells is extremely high, as 
much as 450 mg/ml of protein in the center of the lens (38). As 
proteins in the center of the lens cannot turnover and must re-
main stable and soluble throughout the life of the organism 
(39, 40), it is remarkably important to stabilize proteins.
    It was shown that level of HSF4 protein in the lens is ex-
tremely high compared with those in other tissues, and HSF4 
consists of a major HSE-binding activity in the lens (41-43). 
Three laboratories demonstrated that inactivation of the HSF4 
gene in mice caused cataract at early postnatal days (42-44). 
Histological examination showed abnormal fiber cells, which 
contained nuclei and vacuole-like cavity. One report further 
noticed inclusion-like structures stained heavily with eosin in 
the fiber cells, implicating that expression of genes involving 
protein stability was affected by HSF4 deficiency (42). In fact, 
expression of heat shock proteins and crystallins was altered. 
Remarkably, Hsp27 was not induced during development of 
the HSF4-null lens, and expression of at least some γ-crystallin 
genes such as γF- and γS-crystallin genes decreased (42-44). 
One report demonstrated remarkable reduction of the ex-
pression of six γ-crystallins (γA- to γF-crystallin), which might 
consistent with severe phenotypes such as the appearance of 
inclusion-like structures (42). It would be noticeable that ex-
pression of many other genes and proteins also decreases in 
the HSF4-null lens (43, 44).

HSF4 regulates differentiation into fiber cells

Loss of HSF4 function also resulted in increased proliferation 
and premature differentiation of the lens epithelial cells (42). 
These processes are regulated by various cytokines such as fi-
broblast growth factors (FGFs) (45-47). It revealed that HSF4 in-
hibits expression of FGF-1, FGF-4, and FGF-7, and that at least 
the FGF-7 gene is a direct target of HSF4. As FGFs regulate 
growth and differentiation of various cell types (48), regulation 
of FGF expression by HSF4 might be an important regulatory 
pathway for development in general. As the bow region of the 
lens, where the lens epithelial cells differentiated into fiber 
cells, was normal in two other HSF4-null mouse models (43, 
44), expression of FGFs could be constant in these models.
    Remarkably, HSF1 inversely activates the similar set of FGFs 
in the lens that is repressed by HSF4 (42). Therefore, abnormal 
levels of FGFs in HSF4-null or HSF1-null lens reversed to nor-
mal levels in double-null lens, and proliferation and differ-
entiation of the epithelial cells were almost normal in dou-
ble-null lens. These results demonstrate that HSF1 and HSF4 
competitively regulate expression of FGFs that are essential for 
cell growth and differentiation (Fig. 1). 

HSF4 binding regions on the genome

The lens is composed of only two cell types, and HSF4 starts 
to be expressed at early stage of lens development in both cell 
types (42). Therefore, it is suitable for comprehensive identi-
fication of HSF4-target genes and their analysis. Interestingly, 
levels of HSF1 and HSF2 in the lens were relatively high at 
embryonic days, but they decreased quickly after birth (49). 
    Analysis of the relative location of the HSF4 binding regions 
reveals that 53% maps to the intron and exons, and 40% to the 
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distal parts (＞10 kb) of the genes (49). Remarkably, only 5% of 
HSF4 binding regions maps to 10 kb promoter-proximal 
regions. This result is in marked contrast to localization of the 
canonical HSEs on the 5’-proximal promoter of classical heat 
shock genes. Actually, genome-wide analysis of HSF1 binding 
regions was performed by a ChIP-on-chip experiment using a 
DNA microarray corresponding to human promoters (50, 51). 
Even though, 70% of the HSF4 binding regions is occupied by 
HSF1 and or HSF2. These observations suggest that HSF4 bind-
ing regions are distributed on whole genome and are co-occu-
pied by members of HSF family.
    It is a matter of great interest that HSF binding to genomic re-
gions in stressed and unstressed conditions is linked to gene 
regulation. In Drosophila, HSF1 binds to multiple chromosome 
loci including non-heat shock loci on both conditions (52, 53). 
Genome-wide analysis showed that HSF1 binding to the pro-
moter does not necessarily induce gene expression in yeast 
(54, 55) and in human (50, 51). Remarkably, HSF4 binding to 
genomic regions is closely associated with reduced histone 
H3K9 methylation, irrespective of the relative location of the 
HSF4 binding regions, and is not always correlated with devel-
opmental expression of genes on or near the HSF4 binding re-
gions (49). HSF4-mediated chromatin modification would be 
necessary for gene activation, as HSF4 is required for induction 
of some non-classical heat shock genes during heat shock (49). 
This is a first semi-comprehensive analysis demonstrating that 
HSF-binding modulates chromatin modification. 

HSF1 is required for olfactory neurogenesis

Analysis of sensory organs in HSF1- and HSF4-nul mice re-
vealed that structure of the nasal cavity was abnormal and ol-
faction is disturbed in adult HSF1-null mice (56). HSF1 is not 
required for development of the olfactory epithelium until 3 
weeks old, but is indispensable for maintenance of the olfac-
tory epithelium in mice over 4 weeks old. Consistently, 
HSE-binding activity of HSF1 is induced in the olfactory epi-
thelium in postnatal 4-week-old mice, which is associated with 
increased levels of major heat shock proteins (56). In the ab-
sence of HSF1, the heat shock proteins are not induced. 
Requirement of HSF1 in puberal mice is unique when it is 
compared with the requirement of transcription factors Mash1 
and Ngn1 that control early olfactory neurogenesis (57, 58).
    Proliferation and differentiation of the olfactory sensory neu-
rons are regulated many cytokines (59-61), including FGF 
genes, whose expressions are regulated by HSFs in the lens 
(42). Expressions of most genes such as FGF genes were con-
stant in the HSF1-null olfactory epithelium (56). In marked 
contrast, the level of leukemia inhibitory factor (LIF) expression 
was continued to be high during development of the olfactory 
epithelium. LIF is essential for normal development of olfac-
tory sensory neurons (62). Continuous overexpression of LIF 
may greatly affect intracellular signalings in the olfactory sen-
sory neurons, in which decreased expression of heat shock 

proteins causes altered protein homeostasis. LIF expression is 
inhibited by HSF1 during olfactory development whereas it is 
inhibited by overexpression of HSF4, suggesting that HSF1 and 
HSF4 have opposing effects on LIF expression (Fig. 1) (56).

Conclusion and future perspectives

It is interesting that HSF1 and HSF4 are required for post-natal 
development of the two sensory placodes, the olfactory pla-
code and the lens placode, respectively. Each factor becomes 
dominant during post-natal development of each sensory 
organ. DNA-binding activity of HSF1 is induced in the olfac-
tory epithelium, and HSF4 protein increased in the lens, which 
is associated with remarkably reduction of HSF1 and HSF2 
proteins. As a result, each HSF induces some set of heat shock 
proteins and molecular chaperones. Simultaneously, HSFs reg-
ulates differently the expression of development-related cyto-
kines such as FGFs and LIF. Although development of another 
sensory placode, the otic placode, is normal in young adult 
mice (63, 64), age-related hearing loss is suppressed by HSF1 
activation (65), implicating that HSF1 may also play a role in 
the maintenance of the aged-inner ear function. The sensory 
organs are continuously exposed to external stimuli, but the 
observations suggest that the activation of HSFs during devel-
opment might be programmed in the genome.
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