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Transcriptional Activation of the Testis-Specific
Histone H1t Gene by RFX2 May Require Both
Proximal Promoter X-Box Elements
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Abstract The rat testis-specific linker histone H1t gene is transcribed in pachytene primary spermatocytes during
spermatogenesis. Our previous work using transgenic mice demonstrated that spermatocyte-specific transcription of the
H1t gene is dependent upon a proximal promoter element designated the TE element. TE is composed of two adjacent and
inverted imperfect repeat sequences designated TE1 and TE2 and both of these palindromic elements are similar in
sequence to theX-box, aDNAconsensus sequence that binds regulatory factor X (RFX). RFX2 is themajor enrichedprotein
derived from rat testis nuclear extracts when using the TE1 element as an affinity chromatography probe. Co-expression
of RFX2 together with an H1t promoted reporter vector in transient expression assays activates the H1t promoter in the
GC-2spd germinal cell line, and mutation of either X-box significantly represses activity. However, RFX2 partially
reactivates the promoterwhen either of the X-box elements is independentlymutated. In order to totally block reactivation
by RFX2, it is necessary tomutate both X-boxes simultaneously. Therefore, RFX2 appears to be able to bind to either X-box
independently to partially activate the promoter of the testis-specific histone H1t gene, but simultaneous binding of
RFX2 to both X-box elements may be required for maximal promoter activation. J. Cell. Biochem. 94: 317–326, 2005.
� 2004 Wiley-Liss, Inc.
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Several consensus sequence elements within
the H1t promoter bind transcriptional activa-
tors or repressors to regulate testis-specific
H1t gene transcription [Drabent and Doenecke,
1997; vanWert et al., 1998; Wolfe and Grimes,
1999; Wilkerson et al., 2002a; Horvath et al.,
2004; Wolfe et al., 2004]. Promoter elements
found inmost linker histone genes including the
H1t gene include the TATA-box, the CCAAT-
box, a GC-box, and an AC-box [Osley, 1991;
Grimes et al., 2003]. These common elements
may be needed for transcription of theH1t gene,

but it seems unlikely that they are responsible
for the remarkable tissue-specific transcription
of the gene seen in pachytene primary sperma-
tocytes during maturation of testis germinal
cells.

A sequence element located between the
AC-box and CCAAT-box that is unique to the
H1t promoter, designated the TE element, is
a candidate for binding a tissue-specific tran-
scription factor [Grimeset al., 1992a,b; vanWert
et al., 1998]. TE contains two imperfect inverted
repeat sequences designated TE1 and TE2
and both appear to bind the same protein
[Wolfe et al., 1995; vanWert et al., 1995, 1998;
Wilkerson et al., 2002a; Grimes et al., 2003].
Protein binding to TE appears to be dependent
upon the palindromic sequence CCTAGG,
which is in the core or the TE1 subelement
[Grimes et al., 1992a; Wolfe et al., 1995]. The
element binds to nuclear proteins from primary
spermatocytes to generate a low mobility com-
plex in electrophoretic mobility shift assays
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(EMSA) [Grimes et al., 1992a; Wolfe et al.,
1995] and nuclear proteins from other tissues
or cell types fail to produce this low mobility
complex [Grimes et al., 1992a; Wolfe et al.,
1995]. Furthermore, EMSA competition assays
show that the excess TE1 probe competes bind-
ing of spermatocyte nuclear proteins to the TE2
probe and vice versa [Wolfe et al., 1995].

It has been difficult to study the role of the
TE1 and TE2 elements in testis-specific tran-
scription in part because of an overlapping GC-
box sequence located between the two elements
(Figs. 1 and 5). Furthermore, mutation of the
GC-box partially inactivates the promoter in
transient expression assays in non-germinal
cell types [Wilkerson et al., 2002a,b, 2003]. In
addition, the GC-box of the H1t promoter can
bind Sp1 and Sp3, cognate transcription factors
that are present in testis [Wilkerson et al.,
2002b]. Even though Sp1 and Sp3 levels are
low in primary spermatocytes, co-expression of
either factor together with an H1t promoted
reporter leads to activation of the H1t promoter
in transient expression assays in a number of
cell lines [Wilkerson et al., 2002a,b].

Our laboratory demonstrated that the larger
TE element is essential for pachytene sperma-
tocyte specific transcription of the rat H1t gene
in transgenic mice [vanWert et al., 1995, 1998].
The rat wild-type promoter provides spermato-
cyte-specific transcription in mice, and replace-
ment of the element with a heterologous DNA
fragment inactivates the promoter. However,
this study failed to rule out a possible role for the

GC-box in transcriptional activation in sperma-
tocytes.

We reported that TE1 is similar in sequence
to the X-box consensus element that serves as
the binding site for regulatory factor X (RFX)
transcription factor familymembers [Wilkerson
et al., 2003]. We also discovered that several
RFX familymembers are present in rat primary
spermatocytes and that RFX2 is the major
protein that binds the TE1 sequence [Wolfe
et al., 2004]. We found that RFX2 is most
abundant in pachytene primary spermatocytes
and early spermatids during maturation of
germinal cells with relatively low levels found
in other germinal and non-germinal testis cell
types. Furthermore, RFX2 activates the H1t
promoter in transient expression assays in the
GC-2spd germinal cell line [Wolfe et al., 2004].
Subsequent to these reports, another laboratory
confirmed the binding of RFX2 to the H1t
promoter and its presence in primary sperma-
tocytes and early spermatids [Horvath et al.,
2004].

RFX family members bind to the X-box se-
quences of many genes [Gajiwala et al., 2000]
and binding to the X-box of histocompatibility
complex class II (MHCII) promoters has been
studied in detail [Masternak and Reith, 2002].
More importantly, RFX genes or RFX-related
genes are found in most eukaryotic organisms
including yeast [Emery et al., 1996], fungi
[Schmitt andKuck, 2000], nematodes [Swoboda
et al., 2000], fruit flies [Durand et al., 2000], and
vertebrates [Doyle et al., 1996]. HumanRFX5 is
a key regulator of the activities of immune
response regulatingMHCII promoters [Moreno
et al., 1997] and RFX 1,2, and 3, regulate
activity of the IL5Ra promoter [Iwama et al.,
1999], but several RFX genes are expressed at
very high levels in testis [Reith et al., 1994].
In spite of this progress, only a few target genes
for RFX2, RFX3, andRFX4have been identified
thus far [Iwama et al., 1999] and no testis target
genes for any of the RFX family members had
been reported before our report thatRFX2binds
to and activates the testis-specificH1t promoter
[Wolfe et al., 2004].

In this study we confirm that TE1 and TE2
are X-box elements within the proximal pro-
moter of the testis-specific histone H1t gene.
RFX2 is themajor rat testis nuclear protein that
binds to a double-stranded TE1 DNA element
used as an affinity chromatography probe.
When either X-box is mutated individually,

Fig. 1. A model of the testis-specific histone H1t promoter and
TE element. Thewild typeH1t promoter regiondepictedhere has
been cloned into the pGL3 expression vector and designated
Wt TE. The promoter contains consensus sequence elements that
are important for regulating transcriptionof theH1t gene [Grimes
et al., 2003; Grimes, 2004]. These include a GC-rich region
[Clare et al., 1997] downstream from the TATA box, a TATA box,
a CCAAT box, a TE element, an AC box, and an RE element.
The TE element is shown in the sequence extending from the
TATA box to the AC box. The divergent palindromic TE1 and TE2
subelements are indicated by arrows.
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activity of the promoter is reduced significantly
in transient expression assays, but RFX2 parti-
ally reactivates these mutant promoters. A
double mutant, that simultaneously alters
both X-boxes, is required to totally inhibit H1t
promoter activity and eliminate reactivation by
RFX2.

MATERIALS AND METHODS

Materials

Radiochemicals were purchased from New
England Nuclear, Boston, MA. Deoxynucleo-
tides and Ampli-Taq for polymerase chain
reaction (PCR) were purchased from Perkin-
Elmer, Foster City, CA. Synthetic oligonucleo-
tides and 50 biotin modified oligonucleotides
were purchased from Genosys (TheWoodlands,
TX) now Sigma-Genosys in alliance with Fisher
Scientific (http://www.fisheroligos.com).

Animals and Cell Culture

Rats were purchased from Harland Sprague-
Dawley, Madison, WI. Animal studies were
conducted in an AAALAC, Inc. accredited
facility in accordance with the Guiding Princi-
ples for the Care and Use of Research Animals.
GC-2spd germinal cells were grown at 328C

as described [Hofmann et al., 1994]. The GC-
2spd germinal cell line was established by co-
transfecting testis cells with the simian virus
40 large tumor antigen (LTAg) and a temper-
ature-sensitive mutant of the mouse p53 gene
[Hofmann et al., 1994]. The p53 protein is
inactive at 398C, allowing the LTAg to retain
its immortalizing ability. However, at the per-
missive temperature of 328C used in experi-
ments in this study, excess p53 neutralizes the
proliferative effect of the viral protein.

Nuclear Extracts and Protein Purification

Nuclear extracts were prepared from testis
of adult rats [Dignam et al., 1983]. A DNA
binding method with a double-stranded TE1
element as an affinity probe was used to enrich
the DNA binding proteins. To prepare the
probe, the forward strand of a DNA affinity
probe was synthesized and biotin labeled at
the 50 end [Genosys (The Woodlands, TX)
now Sigma-Genosys in alliance with Fisher
Scientific (http://www.fisheroligos.com)] with
the sequence Biotin-50-GCGGTGCCTAGGT-
GATGCA-30. The complementary strand with

the sequence 50-TGCATCACCTAGGCACCGC-
30 was annealed to the forward strand to form
the double-stranded DNA fragment. This probe
was used in a binding assay with 13 ml of rat
testis nuclear extract representing 260 mg of
protein with binding conditions similar to those
used in our EMSA [Wolfe et al., 2004]. Strepta-
vidin coated MagneSphere Paramagnetic Par-
ticles (Promega,Madison,WI)wereadded to the
nuclear extracts, so that they could bind to the
complex of biotinylated probe with bound
proteins. The beads were washed with fresh
binding buffer to remove loosely bound proteins
and the tight binding proteins were eluted with
binding buffer containing 1MKCl.When eluted
proteins were dialyzed and analyzed by SDS–
PAGE, a major enriched Coomassie blue
stained electrophoretic band of approximately
90 kDa was observed (Fig. 3). This gel band was
excised, proteins were eluted, and tryptic pep-
tides were analyzed by microsequence analysis
by Harvard Microchem. The major protein
component in the gel slice was RFX2.

Transient Transfection Assays

Transient transfection assays were per-
formed as described previously [Wolfe et al.,
1999]. Cells grown in 60-mm dishes were
transfected using 2 mg of plasmid DNA and
20 mg of Lipofectamine per dish. Triplicate
transfection assays were performed to correct
for variations in cell number and transfection
efficiency. Luciferase activity was determined
using the Dual-Luciferase Reporter Assay
System (Promega Corp., Madison, WI) and
nuclear extract protein concentrations were
determined spectrophotometrically [Warburg
and Christian, 1942]. Counts per pg protein
were calculated and plotted using Sigma Plot
software (SPSS Inc., Chicago, IL). The RFX2
expression vector was ordered fromATCC (item
number MGC-6105 with description mouse
3497910 pCMV-SPORT6). The vector contained
mouse cDNA for RFX2 cloned into vector pCMV-
SPORT6. Luciferase expression vectors were
the pGL3 series from Promega, Madison, WI.
The constructs pGL3Basic (no promoter—
basic), pGL3-1866 (wild type H1t promoter—
Wt H1t), MutTE1 (Wt H1t with a mutation in
TE1) and MutTE2 (Wt H1t with a mutation in
TE2), Mut Pvuþ 12 (Wt H1t with a large TE
mutation) that were used in this study (Fig. 5)
have been described [Wilkerson et al., 2003;
Wolfe et al., 2004].
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A TE double mutant designated TEDM was
prepared as follows: a PCR amplification reac-
tion was conducted using the pGL3-MutTE2
plasmid as a template. The PROMEGA pGL3
forward sequencing primer (RVprimer3) 50-CT-
AGCAAAATAGGCTGTCC-30 and the reverse
primer 50-GGGCGCGCTGTGATTGGTGCATC
GAATTCCGCCTCCC-30 beginning at nucleo-
tide �37 from the H1t mRNA start site were
used as PCR primers. The bold and underlined
region in the reverse primer represents the
TE1 mutation and the Mut TE2 template
already had the TE2 mutation. The PCR pro-
ductwith theTE1andTE2doublemutationwas
cutwithPst I andBssH II and the Pst I–BssH II
fragment was purified and ligated into the wild
type (WT) pGL3-1866 vector that had been cut
with Pst I and BssH II to excise the normal H1t
promoter. Expression vectors used in transfec-
tion assays were prepared from E. coli strain
HB101.

RESULTS

TE Element of the Testis-Specific Histone H1t
Promoter Is Composed of Two Adjacent and
Inverted X-Box Consensus DNA Sequences

TheTEpromoter element of the testis-specific
histoneH1t gene is essential for transcription of
the gene (Fig. 1). The TE element is composed of
two subelements designated TE1 and TE2 that
are imperfect inverted repeats arranged tail to
tail, as shown by the arrows in the figure. TE1
and TE2 serve as binding sites specifically for
nuclear proteins from primary spermatocytes
that produce a low mobility complex in EMSA
[Grimes et al., 1992a,b; Wolfe et al., 1995]. The
proteins that bind to either element to form the
low mobility complex are not found in nuclear
proteins from other cell types or tissues and the
proteins are composed of factors that may lead
to transcriptional activation of the H1t gene in
primary spermatocytes in vivo [vanWert et al.,
1998].

The DNA sequence of TE1 is similar to the
complementary sequence of TE2 as shown in
Figure 2.When the sequences of these diverging
DNA promoter elements are compared to the X-
box consensus element and to the X-box from
the IL-5Ra enhancer, all of the sequences can be
seen to be similar (Fig. 2). It is interesting that
there is also an X-box within the testis-specific
Testisin promoter as shown in the same figure
[Hooper et al., 2000].

Regulatory Factor 2 (RFX2) Binds to the Testis-
Specific Histone H1t X-Box Sequence

We initiated a study to identify proteins that
can bind to the histone H1t X-box element.
To identify testis proteins that bind to theX-box,
we used a biotinylated, double-stranded TE1
DNA fragment as an affinity probe to enrich
nuclear proteins that bind tightly. Testis pro-
teins that bind with highest affinity to the
biotinylated probe were eluted with buffer
containing 1M KCl and analyzed by SDS–

Fig. 2. The testis histone H1t TE1 and TE2 promoter elements
are X-box elements. The sequences of the forward strand of the
rat TE1 subelement and the complement strand of the TE2
subelement are similar. Both sequences are similar to the X-box
consensus sequence and to the X-box from the IL-5Ra enhancer.
An X-box sequence present in the testis-specific Testisin
promoter [Hooper et al., 2000] is also shown.

Fig. 3. RFX2 binds to the histone H1t X-box. The center lane in
the top part of this figure presents stained nuclear protein bands
separated by SDS–PAGE that were eluted from the double-
stranded histone H1t X-box affinity probe as described in the
Materials and Methods. Note that the major enriched peptide
marked with an arrow has an apparent molecular weight of
90 kDa. Protein molecular weight standards are in the left lane
and the original nuclear extract is in the right lane. The sequence
of the biotin-labeled double-stranded histone H1t X-box
probe (TE1 probe) used in the affinity purification is shown in
the lower part of the figure.
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PAGE as shown in Figure 3. Several stained
bands were enriched in this one affinity pur-
ification step compared to the original nuclear
protein mixture, but one Coomassie stained
band with an apparent molecular weight of
approximately 90 kDa was enriched to the
greatest extent (Fig. 3, center lane). Analysis
of tryptic peptides prepared from the protein
extracted from this excised gel band revealed
that the major protein was RFX2. The DNA
binding domain of RFX transcription factor
family members bind to X-box DNA sequences,
which is consistent with our finding that TE1
and TE2 sequences are X-boxes. We conclude
from this study thatRFX2 is present in rat testis
nuclear extracts and is theDNAbinding protein
that binds with high affinity to the TE1 probe.

Mutagenesis of Both Histone H1t X-Box
Sequences Is Required to Block Promoter Activity

One way to examine the role of a specific pro-
moter sequence element in regulating expres-
sion of a gene is to mutate the sequence and
examine the effects of themutation on promoter
activity in transient expression assays or in
transgenic mice. In our previous studies of the
activity of the rat H1t promoter in transgenic
mice [vanWert et al., 1998], we replaced the
entire TE element with a stuffer DNA fragment
as shown in Figure 4. This TEmutation blocked
transcription of the rat histoneH1t transgene in
the testis of transgenic mice [vanWert et al.,

1998] and significantly reduced activity in
transient expression assays.

However, a GC-rich sequence containing a
perfect GC-box is located between TE1 and TE2
and partially overlaps both of the X-box se-
quences as shown in Figure 5. Therefore, there
is a possibility that the GC-box was responsible
for H1t promoter activity in primary spermato-
cytes and that the mutation of the GC-box was
responsible for blocking promoter activity in the
transgenic animals. In addition, the length of
the stuffer DNA between the AC-box and the
CCAAT-box used in the mutant transgene was
a little shorter than the original sequence.
Therefore, we prepared individual mutations
within each X-box, designated Mut TE2 and
Mut TE1, and we also prepared a larger TE
mutant, designated Pvuþ 12, which length-
ened the stuffer DNA that had been used in
the original mutant transgene (compare se-
quences in Figs. 4 and 5). Finally, we prepared a
double mutant, designated TEDM that simul-
taneously mutated both X-boxes while leaving
the GC-box intact (Fig. 5).

We used these WT and mutant H1t promoter
expression vectors in transient expression
assays togetherwith anRFX2 expression vector
to test the effect of the transcription factorRFX2
onH1t promoter activity. A ratio of 2 mg of RFX2
expression vector to 0.5 mg ofWTH1t expression
vector led to activation of the H1t promoter in
transient expression titration assays in the
GC-2spd germinal cell line. Therefore, we used

Fig. 4. A TEmutation that blocks transcription of the rat gene in
vivo. This figure compares the wild type H1t promoter sequence
in the upper panel to an H1t promoter sequence with a mutant
TE element in the lower panel. This TE mutation eliminates both
X-box elements as well as the GC-box and effectively blocked
transcription of the rat H1t gene in vivo in a transgenic mouse
study [vanWert et al., 1998]. Notice that the DNA that replaces
the wild type TE element is shorter than the wild type sequence.

Fig. 5. TE Mutants used in transient expression assays. This
figure presents the wild type H1t promoter sequence and four
sequences with mutations in either one or both X-box elements.
The GAATTC sequence was used to replace wild type sequence
in the core of the X-box elements inMut TE2,Mut TE1, and in the
double-mutant TEDM. Note that the GC-box is intact in TEDM.
A mutant, designated Pvuþ12, represents a replacement of
both X-boxes as well as the GC-box, and the length of this
mutant is closer to the length of the wild type sequence than the
mutant used in the transgenic mouse experiment (see Fig. 4 for
comparison).
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the same ratio of RFX2 with each of the expres-
sion vectors in the current experiment.

All four mutants significantly reduced acti-
vity of the H1t promoter compared to the WT
sequence, but the double mutant (TEDM)
reduced the activity almost to the background
level (Fig. 6). The large TE mutant (Pvuþ 12)
was almost as effective in blocking promoter
activity in this assay (Fig. 6).

When an RFX2 expression vector was co-
transfected with the WT and mutant H1t
expression vectors, all of the mutants except
TEDM were reactivated to some degree. Reac-
tivation of the single X-box mutants (Mut TE1
and Mut TE2) may occur because the H1t
promoter uses both X-box elements to activate
transcription of the gene. When only one of the
X-box elements is mutated, RFX2 can bind to
the other element and to activate transcription.
In the case ofPuvþ 12, theX-box core sequences
in TE1 andTE2 are not completelymutated and
thusmayallowRFX2 to bindweakly to partially
activate the promoter. Nevertheless, the reacti-

vation in Puvþ 12 is weak compared to reacti-
vation in Mut TE1 or Mut TE2. The lack of
reactivation of the TE double mutant shows
that activation requires both X-boxes; the GC-
box in this mutant is still intact. If the GC-box
was involved in reactivation in this assay, we
should have seen partial reactivation of it with
this TE double mutant.

A model depicting the potential independent
binding of RFX2 to the two H1t promoter X-
boxes in pachytene primary spermatocytes is
shown in Figure 7. NFY, which can bind to the
CCATT-box sequence, is also shown. It is not
known whether a co-activator participates
with RFX2 in activation of the H1t promoter in
primary spermatocytes, so the potential co-
activator is shown with a question mark.
The lower panel of this figure shows a hypo-
thetical model of nuclear protein binding in
cells where the H1t gene is not expressed such
as spermatogonia.

Fig. 6. Mutation of both X-boxes totally repressesH1t promoter
activity. To examine the effect of RFX2 on H1t promoter activity
we conducted transient expression assays. Wild type (Wt H1t)
andmutant (Mut TE1,Mut TE2, Pvuþ12, and TEDM) expression
vectors were used to transfect the GC-2spd germinal cell line
using0.5mgof eachper assay. Thepromoterless pGL3expression
vector (Basic) served as a control and was also used for cloning
the wild type and mutant H1t promoters. The RFX2 expression
vector (2 mg) was co-transfected along with the H1t promoter
vector constructs in someassay samples to determine the effect of
RFX2 on H1t promoter activity. RFX2 significantly increased
activity of the wild type H1t promoter (WtH1t). TE1 (Mut TE1),
TE2 (Mut TE2), and Pvuþ 12 mutations repressed activity
compared to wild type H1t but expression of RFX2 partially
reactivated these promoters. Only the TEDM double X-box
mutant prevented reactivation by RFX2.

Fig. 7. RFX2 binding to the H1t promoter in spermatocytes and
other cell types. The upper panel shows a hypothetical model of
the active H1t promoter in primary spermatocytes with RFX2
bound to the two X-box elements and with NFY bound to the
downstream CCAAT-box. Proteins that bind the upstream AC
box and downstream TATA box are not shown. It is not known
whether a co-activator, such as CIITA, associates with RFX2 to
form a transcription complex as in other genes that contain a
functional X-box, but CIITA can interact with chromatin
remodeling factors and components of TFIID to form a
transcription initiation complex [Masternak and Reith, 2002].
The lower panel shows a model of an inactive H1t promoter in a
non-expressing germinal cell type such as in spermatogonia.
In this basal state in non-expressing cells, Spmay bind to theGC-
box of the promoter between the X-boxes leading to repressed
transcription [Wilkerson et al., 2002b]. In non-germinal cell
types hypermethylation may also play an important role in
silencing the H1t gene [Singal et al., 2000]. [Color figure can
be viewed in the online issue, which is available at www.
interscience.wiley.com.]
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DISCUSSION

The testis-specific linker histone H1t gene is
transcribed only in germinal cells during sper-
matogenesis and only in pachytene primary
spermatocytes [Grimes et al., 1990]. Transgenic
mouse studies demonstrated that the rat WT
H1t promoter was fully active in pachytene
primary spermatocytes and expression of the
rat gene was testis specific [vanWert et al.,
1995]. An experiment designed to test the im-
portance of the TE promoter element within the
H1t promoter by replacement of the TE element
with stufferDNAshowed that theTE element is
essential for promoter activity [vanWert et al.,
1998]. This unique H1 promoter element is
composed of two imperfect inverted repeat
sequences designated TE1 and TE2 and com-
parison of these elementswithanX-box element
reveals that both are X-box elements (Fig. 2).
A study of the role of these twoX-box elements

in the regulation of transcription of the histone
H1t gene has been difficult for two major
reasons.One difficultly is that there is currently
no germinal cell line that faithfully expresses
the genes found in primary spermatocytes that
can be used for transient transfection assays to
examine transcriptional activity of the H1t
promoter. Furthermore, the lack of a good cell
line has hindered efforts to purify the nuclear
proteins that bind to this element. However,
some progress has been made to produce such
cell lines andwehave used one of these cell lines
in the current study [Hofmann et al., 1994].
A second difficulty in the study of the X-box
elements is that both elements overlap a GC-
rich sequence that forms a perfect GC-box that
is located between the two X-boxes (Fig. 5).
In this study, we address both of these

problems. Concerning the first major problem,
wewere able to begin a study to identity nuclear
proteins that bind to the histone H1t X-box
by using a biotinylated double-stranded DNA
probewith a sequence identical to theH1tX-box
in an affinity purification method to partially
enrich the testis nuclear proteins that bind
tightly to the sequence. The major testis
nuclear binding protein enriched by this
method generates a stained band on SDS–
PAGE of approximately 90 kDa. Sequence
analysis of tryptic peptides extracted from this
stained band indicated that the major protein
was the transcription factor RFX2 (Fig. 3).
RFX transcription factors are the cognate

DNA binding proteins for the X-box sequence
[Gajiwala et al., 2000] and the discovery that
RFX2 binds to TE1 was consistent with our
discovery that the sequences ofTE1andTE2are
X-box sequences.

RFX2 has been reported to be present in
testis [Reith et al., 1994], but this is the first
report of a testis gene that serves as a target of
RFX2 or any other RFX family member. We
have not detected binding of other RFX family
members to the H1t promoter. RFX family
members can bind as homodimers or hetero-
dimers with other RFX family members to the
X-box [Morotomi-Yano et al., 2002]. Therefore,
RFX2 may bind as a homodimer to each of the
divergent H1t X-boxes within the H1t promoter
as shown in themodel in Figure 7 or it may bind
as a homodimer to only one of the X-boxes. It is
also possible that RFX2 interacts with factors
bound to the H1t/CCAAT element located just
downstream from the TE1 element and with
other factors to form a transcription initiation
complex as shown in Figure 7. From sequence
alignment studies conducted thus far, it seems
likely that many testis-specific genes serve as
the targets of RFX2. RFX2 and possibly other
RFX family members play a very important
role in transcriptional activation of many
genes in the primary spermatocytes and early
spermatids.

Concerning the known roles of RFX tran-
scription factors, they are involved in several
diseases and in cancer. Altered expression of
MHC class II genes are involved with auto-
immunity, tumor growth, and an inadequate
immune response [Moreno et al., 1997]. Altered
RFX binding is involved in MHCII deficiency
also known as bare lymphocyte syndrome
[Moreno et al., 1997]. Absence ofMHCII expres-
sion results from defects in RFX transcription
factors. Suppressed levels of RFX-B protein are
found in human colorectal adenocarcinomas
and lower RFX-B protein levels inmacrophages
are found in colorectal cancerous tissue com-
pared to non-cancerous tissue [Dimberg et al.,
2002]. RFX4 was identified in human breast
cancer as a partial cDNA encoding a short RFX-
type DNA-binding domain fused to the estrogen
receptor [Dotzlaw et al., 1992].

It is clear that the RFX genes encode impor-
tant regulatory transcription factors involved in
tissue-specific gene expression and DNA repair
[Huang et al., 1998] and the expression of these
genes is altered in some cancers and they
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contribute to cancer in many cases. However,
very little is known about the transcriptional
regulation of the genes encoding these essential
RFX factors and the signal transduction path-
ways that are involved. Significant gaps exist in
our current knowledge of the targets of RFX,
the possible roles of RFX in DNA repair, and
the molecular mechanisms used by RFX in
activating testis-specific genes.

In this study, we also address the second
major problem in the study of the H1t X-boxes.
This problem relates to the confusion in dis-
secting the relative regulatory roles played
by the X-boxes and the GC-box in regulating
testis-specific transcription of theH1t gene. The
confusion is caused by the partial overlap of the
X-boxes with the GC-box (Fig. 5). We addressed
this problem by testing independent mutations
of the two X-boxes as well as a double mutant
that simultaneously abolished both X-boxes but
left the GC-box intact.

Although this study does not rule out a pos-
sible role for the GC-box in the testis-specific
regulation of transcription of the H1t gene, it
does show that RFX2 most likely binds to both
X-boxes in primary spermatocytes to activate
transcription of the gene. If either X-box is
mutated individually, RFX2 is still able to
partially reactivate the promoter when co-
expressed with the H1t promoter–reporter
vector. This is probably due to the binding of
RFX2 to the other unmodified X-box and this
binding to one of the X-boxes appears to be
sufficient to partially reactivate the promoter.
However, if both X-boxes are mutated, RFX2 is
not able to reactivate the promoter. In this case,
RFX2 cannot bind to the promoter and, thus,
binding appears to be absolutely essential for
activating the H1t promoter. In any case, RFX2
binding to the H1t promoter appears to be
essential for maximal transcriptional activity.

It should be mentioned that we have shown
previously that Sp transcription factors can
bind to the H1t/GC-box [Wilkerson et al.,
2002a,b], which leaves open the possibility that
the GC-box may have an important role in
silencing transcription of the H1t gene in cells
where the gene is not expressed. Sp1 and Sp3
levels are low in primary spermatocytes, while
the level of RFX2 is relatively high. These
relative abundance levels may be reversed in
other cell types. This is the case, for example, in
spermatogonia where the level of Sp transcrip-
tion factors appears to be elevated but the level

of RFX2 is low. Therefore, Sp transcription
factors could compete with RFX2 for binding
in this germinal cell type where the histone
H1t gene is silenced, as depicted in the model of
the testis histone H1t promoter in the lower
part of Figure 7. In this case Sp may compete
with RFX2 to repress H1t promoter activity.
The transcription factor Sp3 has been reported
to be able to serve as a transcriptional repressor
in some promoters and it could serve this role
with the H1t promoter [Hagen et al., 1994].
During the maturation of spermatogonia into
spermatocytes during spermatogenesis, the
levels of Sp1 and Sp3 drop and the level of
RFX2 increases and H1t gene transcription is
activated.

This simplified model of H1t gene repression
in spermatogonia may be important in some
non-expressing cell types, but it is probably not
involved in all cell types. We have shown, for
example, that the seven CpG dinucleotides
within the H1t promoter are unmethylated in
testis primary spermatocytes but all seven are
methylated in rat liver [Singal et al., 2000].
DNA hypermethylation coupled with histone
deacetylationhasbeen correlated togene silenc-
ing for many genes [Razin, 1998; Wade et al.,
1999], and this may be an important regulatory
mechanism for the H1t gene in some cell types.
Therefore, a number of complex mechanisms
may be important in repressing transcription of
the H1t gene depending upon the cell type.

In summary, in this study we have shown
that the DNA promoter elements TE1 and TE2
are X-boxes and that testis RFX2 binds to the
H1t/TE1 promoter element with high affinity.
The relative level of RFX2 is high in primary
spermatocytes, where the H1t gene is tran-
scribed. In addition, expression of RFX2 leads to
activation of the H1t promoter in transient
expression assays and mutation of either X-box
greatly represses activity of the promoter.
However, a double mutation of both X-boxes
is required to prevent reactivation by RFX2.
This leads us to conclude that RFX2 can bind to
both X-boxes. Furthermore, binding to both X-
boxes may be required to fully activate tran-
scription of the H1t gene.
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