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Linker histone variant H1T targets rDNA repeats
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ABSTRACT
H1T is a linker histone H1 variant that is highly expressed at the primary spermatocyte stage through to
the early spermatid stage of spermatogenesis. While the functions of the somatic types of H1 have been
extensively investigated, the intracellular role of H1T is unclear. H1 variants specifically expressed in germ
cells show low amino acid sequence homology to somatic H1s, which suggests that the functions or
target loci of germ cell-specific H1T differ from those of somatic H1s. Here, we describe the target loci and
function of H1T. H1T was expressed not only in the testis but also in tumor cell lines, mouse embryonic
stem cells (mESCs), and some normal somatic cells. To elucidate the intracellular localization and target
loci of H1T, fluorescent immunostaining and ChIP-seq were performed in tumor cells and mESCs. We
found that H1T accumulated in nucleoli and predominantly targeted rDNA repeats, which differ from
somatic H1 targets. Furthermore, by nuclease sensitivity assay and RT-qPCR, we showed that H1T
repressed rDNA transcription by condensing chromatin structure. Imaging analysis indicated that H1T
expression affected nucleolar formation. We concluded that H1T plays a role in rDNA transcription, by
distinctively targeting rDNA repeats.

Abbreviations: ChIP, chromatin immunoprecipitation; ERV, endogenous retrovirus; ETS, external transcribed spacer;
GD, globular domain; HAEC, human aortic endothelial cell; hRPTEC, human renal proximal convoluted tubule epi-
thelial cell; IGS, intergenic space; ITS, internal transcribed spacer; LTR, long terminal repeat; MBEC, mammary basal
epithelial cell; mESCs, mouse embryonic stem cells; MLEC, mammary luminal epithelial cell; MNase, Micrococcal
nuclease; NAD, nucleolus-associated chromatin domain; N.D., not detected; NT, non-treated; NTD, N-terminal
domain; SkMC, human skeletal muscle cell; SnRNA, small nuclear RNA; TSS, transcriptional start site
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Introduction

The structural unit of chromatin, the nucleosome, consists of
an octamer of core histones (H2A, H2B, H3, and H4) sur-
rounded by 146 base pairs of genomic DNA and a varied length
of linker DNA bound by linker histone H1.1,2 Compared to
core histones, linker histone H1 is not as conserved through
evolution.3 Mammals have ten H1 variants and one H1-like
protein (HILS1), which are classified, according to their expres-
sion patterns, into two groups: somatic variants (H1A, H1B,
H1C, H1D, H1E, H1F0, and H1FX) and germ cell-specific var-
iants (H1FOO, H1T, H1FNT, and HILS1).4-6 H1FOO is an
oocyte-specific variant,7,8 and H1T, H1FNT, and HILS1 are tes-
tis-
specific.9-12

H1 is closely associated to epigenomic events since it
remodels chromatin structures.13,14 According to studies on
H1 somatic variants, H1 is commonly thought to condense
chromatin structures, which leads to the packaging of geno-
mic DNA in the nucleus and the repression of gene expres-
sion. However, we previously found that H1foo has a
different function from that of other H1 variants; it decon-
denses chromatin structures at pluripotent- and oocyte-
related genes, which contributes to chromatin structure

relaxation.15 H1 is composed of 3 domains: a short N-ter-
minal domain (NTD), a central globular domain (GD) that
contains DNA-binding sites, and a long C-terminal domain
(CTD).16,17 Of these, NTD and CTD show variation in
amino acid sequences among H1 variants,18 with germ cell-
specific variants having relatively low homology to H1A,
H1B, H1C, H1D, and H1E, as shown in the phylogenetic
tree of human H1 variants (Fig. S1).19 This low homology
between amino acid sequences suggests that germ cell-spe-
cific variants may possess functions and target loci different
from those of somatic variants.

H1T starts to be synthesized from the meiotic spermato-
cyte stage of spermatogenesis and accounts for 40% of the
total H1 in the cells.20,21 In humans, H1T is expressed until
the late spermatid stage 21 and, in mice, H1t is detected
until the early spermatid stage.22,23 H1t knockout mice have
no apparent phenotype in spermatogenesis due to the com-
pensatory upregulation of somatic H1s.24,25 This has favored
the idea that the function of H1T is redundant as it over-
laps with that of somatic types. However, a previous report
showed that specific repression of somatic H1 variants in
cancer cells by knockdown could reveal their unique
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intracellular roles,26 implying that there is functional speci-
ficity for each variant. The amino acid sequence of H1T dif-
fers from that of somatic H1. For example, H1T lacks the
SPKK-motif in the CTD, which works as a minor DNA
binding motif and contributes to chromatin condensa-
tion.27,28 This suggests that H1T may have a unique func-
tion that differs from somatic H1s. Until now, there has
been no report on the target loci and biological function of
H1T.

In this study, we present the expression profile of germ cell-
specific H1 variants in non-germ cells, such as human cancer
cells and normal somatic cells. Moreover, since H1T was
expressed in most tumor cell types, we further studied the char-
acteristics of H1T using these cells. We found that H1T is accu-
mulated in the nucleoli and that it uniquely targets rDNA
repeating units.

Results

Gene expression of germ cell-specific H1 variants

While studying H1foo using mouse embryonic stem cells
(mESCs), we obtained preliminary data indicating that H1t was
expressed in mESCs, but its expression was significantly
decreased after differentiation (Fig. 1A and B), suggesting that
germ cell-specific H1s are not limited to germ cells only. To
elucidate the gene expression of germ cell-specific H1 variants
(H1T, H1FNT, and H1FOO) in other cell types, we examined a
variety of cells, including eight human cancer cell lines (gastric
cancer cells: AGS, HSC-39, HSC-57, and KATOIII; duodenal
cancer cells: HuTu80; and breast cancer cells: MDA-MB-231,
MCF-7, and YMB-1) and non-cancerous somatic cells [mam-
mary basal epithelial cells (MBECs), mammary luminal epithe-
lial cells (MLECs), human renal proximal convoluted tubule
epithelial cells (hRPTECs), human aortic endothelial cells
(HAECs), skeletal muscle cells (SkMCs), and stomach] by RT-
PCR analyses. H1T and H1FNT were expressed in the testis
while H1FOO was not (Fig. 1C), supporting previous reports.7-
11 It is important to note that the expression of H1T was also
detected in stomach and cancer cell lines, including KATOIII,
MDA-MB-231, MCF-7, and YMB-1. In addition, weak bands
were detected in other cell types. H1FNT expression was also
detected in the MCF-7 line, and H1FOO expression was
observed in YMB-1 and MBEC cells.

The expression of H1T was further analyzed by RT-
qPCR (Fig. 1D). The expression level was confirmed in all
breast cancer cell lines, with the highest expression being
found in MCF-7 cells. Of the gastric cancer cell lines,
KATOIII showed the highest expression level, and AGS and
HSC-39 showed the lowest. H1T expression varied between
cell lines.

Localization of H1T in nucleoli of human cells

To estimate the expression and intercellular localization of H1T
protein in non-germinal cells, immunostaining of H1T was
performed in human cells (Fig. 2A). In MCF-7 and HSC-57
cells, H1T was localized in both nuclei and cytoplasm. On the
other hand, in AGS, HuTu80, MDA-MB-231, HSC-39,

KATOIII, YMB-1, and SkMC cells, H1T was detected predomi-
nantly in nuclei. MDA-MB-231, MCF-7, HSC-39, HSC-57, and
KATOIII cells showed diffused H1T localization in nucleo-
plasm. Considering a IgG-stained image as a negative control,
expression of H1T could not be observed in MBEC, MLEC,
and HAEC, where mRNA expression of H1T was lower or
hardly detectable. Taken together, the expression of H1T pro-
tein was confirmed in non-germ cells, which implies that H1T
has a function in these cells.

More precise observation of immunostaining images indi-
cated that a particular region of the nucleus was strongly
stained with a-H1T in all cancer cell lines and SkMC. This area
showed little DAPI staining, suggesting the H1T was accumu-
lated in the nucleolus. We double-stained cells with a-H1T and
an antibody against nucleophosmin (a-B23), a marker of the
nucleolus and confirmed that H1T co-localized with nucleo-
phosmin. On the other hand, the intracellular localization of
somatic H1 variant H1C differed from that of H1T; H1C
showed various localization patterns (Fig. S2). AGS, HuTu80,
HAEC, and SkMCs showed overall H1C nuclear localization
and nucleolar accumulation that was slightly or much less dis-
tinctive than that of H1T. In MDA-MB-231 and MCF-7, H1C
was localized to the nucleoplasm except inside nucleoli. Thus,
the consistency in its nucleolar accumulation characterized the
localization of H1T.

To assess the cell cycle dependence of H1T localization,
AGS cells were cultured and their cell cycles were synchro-
nized. Cells at each stage of the cell cycle were then immu-
nostained for H1T (Fig. 2B). Nucleolar localization of H1T
was observed at all cell cycle stages except metaphase. Col-
lectively, immunostaining results clearly demonstrated that
H1T protein accumulated in the nucleoli regardless of cell
type and cell cycle.

Biased distribution of H1T to rDNA in cancer cell lines

To investigate the distribution of H1T within genomic DNA,
chromatin immunoprecipitation (ChIP)-seq was performed in
AGS and MDA-MB-231 cells using a-H1T. Some somatic H1
variants show unique distributions on repeat sequences.29,30 At
first, each ChIP-seq library was mapped on the whole human
genome to calculate the mapping ratio to multi-positions or
unique sequences (Fig. S3A). While sheared chromatin input
control libraries from AGS and MDA-MB-231 cells had 19.4%
and 22% of reads mapped to multi-positions, respectively, H1T
ChIP-seq libraries of the same cell lines had 32.6% and 31.4%
mapped to multi-positions, respectively. This observation sug-
gested that, like some somatic H1 variants (Fig. S3A), a higher
proportion of H1T was localized to repetitive sequences.

The nucleolus, where H1T is predominantly localized, con-
tains various types of repeat sequences, such as rRNA- and
tRNA-coding sequences.31 Therefore, the sequencing data were
mapped to the repeat libraries in Repbase (version 18.11).32

H1T was mostly associated with pseudogenes and CpG islands
in repeat sequences (Fig. 3A). Compared to the localization of
somatic type of H1 variants (H1C, H1E, H1F0, and H1FX) in
human breast cancer cell line T47D,33 H1T showed lower local-
ization to DNA transposon, endogenous retrovirus (ERV) and
long-terminal repeats (LTRs). On the other hand, H1T showed
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Figure 1. Germ cell-specific H1 variants were expressed in various cell types. (A) Expression of H1t in mouse embryonic stem cells (mESCs), determined by RT-PCR. For
induction of differentiation (Diff), mESCs were cultured without LIF for 6 d. Expression of Actb was used as an internal control. The number of cycles in RT-PCR experiment
for each gene is shown on the right side. RT- was synthesized without reverse transcriptase enzyme. Testis RNA was used as a positive control. (B) Expression of H1t in
mESCs by RT-qPCR. Values are means§ SD derived from 3 independent qPCR reactions, were normalized to the expression of Actb, and were indicated relative to mESCs.
(C) Expression analysis of germ cell-specific H1 variants in human cells and tissues by RT-PCR. AGS, HSC-39, HSC-57, and KATOIII are human gastric cell lines. HuTu80 is a
human duodenal cancer cell line. MDA-MB-231, MCF-7, and YMB-1 are human breast cancer cell lines. MBEC, mammary basal epithelial cell. MLEC, mammary luminal epi-
thelial cell. hRPTEC, human renal proximal convoluted tubule epithelial cell. HAEC, human aortic endothelial cell. SkMC, skeletal muscle cell. Testis RNA was used as a pos-
itive control to testis-specific variants. Expression of ACTB was used as an internal control. The number of cycles in RT-PCR experiment for each gene is shown on the right
of each part. RT- was synthesized without reverse transcriptase enzyme. (D) Measurement of H1T expression level by RT-qPCR. Values are means § SD derived from
3 independent qPCR reactions, were normalized to the expression of ACTB, and were indicated relative to MCF-7. N.D., not detected.
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a higher localization to pseudogenes compared to somatic var-
iants. This biased distribution to pseudogenes was unique to
H1T.

According to the classification by Repbase, pseudogenes
consist of rRNA, snRNA, and tRNA coding regions. H1T pref-
erably localized to rRNA-coding loci as compared to somatic
variants (Fig. 3B). ChIP-seq data were also mapped for rDNA
repeating units (GenBank U13369), which consist of tran-
scribed regions (47S pre-rRNA coding loci) and intergenic

spaces (IGS). H1T was predominantly associated with pre-
rRNA coding loci (Fig. 3C).

Distribution of H1T within the rDNA repeating unit in
cancer cell lines

To examine the binding of H1T within the rDNA repeating
unit in more detail, ChIP-qPCR analyses were performed. For
comparison, the distribution of H1C was also examined. Before

Figure 2. H1T was localized in nucleoli. (A) Fluorescent immunostaining of H1T (green) and B23 (red) in human cancer cell lines and somatic cells. Rabbit and mouse
Immunoglobulin G (rIgG and mIgG) was used as a negative control. Scale bars, 4 mm. (B) Fluorescent immunostaining of H1T (green) and B23 (red) in cell-cycle-synchro-
nized AGS. Cell cycles were synchronized at S phase (S) by thymidine, and then were stopped by nocodazole for G2 phase (G2) and metaphase (M), by mimosine for G1
phase (G1). NT, non-treated. PC, phase contrast. Scale bars, 4 mm.

Figure 3. H1T preferably bound with rDNA repeating units compared with somatic H1 variants in cancer cell lines. (A) Distribution of human H1 variants on repeat
sequences. Chromatin immunoprecipitation (ChIP)-seq data were mapped to repeat sequence libraries in Repbase (ver. 18.11). Enrichment of H1s was normalized by the
data of input DNA. ERV, an endogenous retrovirus. LTR, long terminal repeat. CGI, CpG island. (B) Distribution of human H1 variants on repeat sequences categorized in
pseudogenes. snRNA, small nuclear RNA. (C) Distribution of human H1 variants on rDNA repeating unit. ChIP-seq data were mapped onto human rDNA repeating units
(GenBank U13369). IGS, intergenic space.
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the analysis on rDNA repeating units, we performed ChIP-
qPCR analysis focusing on H1C-enriched loci detected and
selected based on previous ChIP-seq data for H1C (CRYGS,
OPA1, ABCA6, SLC16A7, LINC0057, POU6F2, GAS2, OR8B3,
EGFEM1P, KCNT2, and PYDC2)33 (Fig. S4). The ratio of
a-H1C-immunoprecipitated DNA to input DNA was higher
than or almost equal to that of a-H1T-immunoprecipitated
DNA. Therefore, for the analysis on rDNA repeating units by
ChIP-qPCR, we ruled out the possibility that the titer of a-H1C
antibody was too low to be detected in H1C-enrichment com-
pared to a-H1T.

Next, we prepared 12 primer sets targeting the rDNA
repeating unit (Fig. 4A)34 and AGS, MDA-MB-231, MCF-7
and HuTu80 cells were subjected to ChIP-qPCR using a-H1T
and a-H1C (Fig. 4B). In AGS cells, biased distribution of H1T
was observed at the UCE3 locus, although the ratios of immu-
noprecipitated DNA to input DNA were almost the same
between H1T and H1C at the other loci. MDA-MB-231 and
MCF-7 cells showed H1T enrichment over the entire repeating
unit, particularly around the TSS (UCE, UCE2, UCE3, H42.9,
and 50ETS). In HuTu80 cells, H1T was distributed predomi-
nantly in the transcribed region. H1T distribution was more
biased toward TSS in AGS and HuTu80 cells than in MDA-
MB-231 and MCF-7 cells. Although the distribution pattern
differed depending on the cell line, H1T was intensively local-
ized over the rDNA repeating unit, particularly at its TSS.

To further strengthen the data showing the specificity of
H1T to rDNA, we performed ChIP-qPCR using anti-Flag anti-
body in AGS and MDA-MB-231 cells, in which 3xFlag (Flag-

control) or 3xFlag-tagged H1T (Flag-H1T) was stably overex-
pressed (Fig. S5A). As expected, Flag-H1T-overexpressing cell
lines showed enrichment of Flag-H1T over the rDNA repeating
unit, compared to control cell lines (Fig. S5B).

Biased distribution of H1t at rDNA in mESCs

Immunostaining of mESCs showed that H1t was mainly
localized to nucleoli, different form H1c (Fig. 5A and B).
Furthermore, intracellular localization of H1t was also exam-
ined in mouse spermatogenic cells, since H1t was originally
discovered as a protein that is highly expressed in the tes-
tis.9,10 Fluorescent immunostaining of spermatogenic cells
for H1t and Scp3, a marker of meiosis, revealed that, in sper-
matocytes, H1t was not equally diffused throughout the
nucleus, but was accumulated at some foci, whereas in sper-
matids it showed lower overall expression and diffused local-
ization (Fig. 5C). B23 protein (nucleophosmin) was localized
in the nucleoli of spermatogenic cells as well as somatic
cells.35 To elucidate whether H1t was localized to the nucleo-
lus, spermatogenic cells were co-immunostained with a-H1T
and a-B23 (Fig. 5D). Images of spermatocytes were selected
according to the comparison of DAPI-stained images with
those in Fig. 5C. Accumulation of H1t immunostaining colo-
calized with that of B23 immunostaining in spermatocytes,
which indicated nucleolar localization of H1T. In addition,
some a-H1T-stained particles did not merge with the a-B23-
stained regions. Collectively, tumor cell lines, mESCs, and
germ cells show nucleolar localization of H1t.

Figure 4. H1T was bound to rDNA repeating units in cancer cell lines. (A) Diagram of a human rDNA repeat. qPCR amplicons were indicated as green bars. ETS, external
transcribed spacer. ITS, internal transcribed spacer. (B) H1T and H1C profile over rDNA repeating unit by ChIP-qPCR in AGS, MDA-MB-231, MCF-7 and HuTu80 cells. GAPDH
gene locus was used as a control region. Values are means § SD derived from three independent qPCR reactions and were normalized to input signal. IP,
immunoprecipitation.
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mESCs were also subjected to ChIP-seq using a-H1T for
comparison with the published ChIP-seq data of somatic H1
variants (H1c and H1d).29 As observed in human cancer cells,
in mESCs, a higher percentage of multi-position sequence reads

(30.6% of total mapped reads on the mouse genome) was
observed in the ChIP-seq library for H1t than that for input
(Fig. S3B). The ChIP-seq libraries for H1c and H1d showed
biased mapping to multi-positions, because these H1s mainly

Figure 5. H1t targeted rDNA in mESCs. (A) Fluorescent immunostaining of H1t and B23 in mESCs. Cells were stained with a-H1T (green), a-B23 (red), and DAPI (cyan). B23
antibody was used as a maker of nucleoli. Merge, a merged image of H1t and B23. Scale bars, 2 mm. (B) Fluorescent immunostaining of H1c and B23 in mESCs. Cells were
stained with a-H1c (green), a-B23 (red) and DAPI (cyan). Merge, a merged image of H1c and B23. Scale bars, 2 mm. (C) Fluorescent immunostaining of H1t and Scp3 in
mouse spermatogenic cells. Cells were stained with a-H1T (green), a-Scp3 (red), and DAPI (cyan). The Scp3 antibody was used as a marker of meiosis. Merge, a merged
image of H1T and Scp3. Scale bars, 5 mm. (D) Fluorescent immunostaining of H1t and B23 in mouse spermatocytes. Cells were stained with a-H1T (green), a-B23 (red),
and DAPI (cyan). Merge, a merged image of H1T and B23. Scale bars, 5 mm. (E) Distribution of mouse H1 variants on repeat sequences. (F) Distribution of mouse H1 var-
iants on repeat sequences categorized in pseudogenes. (G) Distribution of mouse H1 variants on rDNA repeating unit. ChIP-seq data were mapped onto mouse rDNA
repeating units (GenBank BK000964). (H) Diagram of a mouse rDNA repeat. qPCR amplicons were indicated as purple bars. (I) H1t and H1c profile over rDNA repeating
unit by ChIP-qPCR. Hist1h3b and Hist1h3g gene locus were used as control regions. Values are means§ SD derived from three independent qPCR reactions and were nor-
malized to input signal.
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localize to major satellite sequences.29 Again, the sequencing
data were mapped to the repeat libraries in Repbase (Fig. 5E).
H1t was primarily associated with pseudogenes among repeat
sequences in mESCs, a feature that is unique to H1t. Moreover,
H1t predominantly bound to rRNA-coding regions compared
to somatic H1 variants (Fig. 5F). ChIP-seq data mapped to
rDNA repeating unit (GenBank BK000964) showed that H1t
bound more to transcribed regions than to IGS (Fig. 5G). By
ChIP-qPCR using the primers constructed for sequences within
the rDNA repeating unit (Fig. 5H), we confirmed that H1t
bound more to transcribed regions than IGS (Fig. 5I).

Taken together, ChIP-seq and ChIP-qPCR analyses
revealed that H1T specifically binds to rRNA coding region
in several cancer cell lines and mESCs, unlike somatic H1
variants.

Chromatin condensation of rDNA repeats by H1T

To clarify how H1T would affect chromatin structures, DNase I
sensitivity assays were performed focusing on rDNA in
Flag-H1T-overexpressing AGS, MDA-MB-231, and MCF-7 cell
lines (see, Fig. S5A). Overexpression of Flag-H1T caused chroma-
tin condensation of rDNA, especially around TSS (UCE, UCE2,
UCE3, and H42.9) in all Flag-H1T-expressing cell lines (Fig. 6A).
To strengthen the results of the DNase I sensitivity assay, we pre-
pared MNase-digested chromatin and measured nucleosome
occupancy on rDNA repeats. qPCR using DNA purified from
MNase-digested chromatin showed that nucleosome occupancy

increased over the rRNA-coding region (UCE»H13) in all Flag-
H1T-expressing cell lines compared to control cell lines (Fig. 6B).
These results suggest that localization of H1T to rDNA regions
contributes to the repression of rDNA transcription.

RT-qPCR revealed that the expression level of pre-rRNA
was significantly decreased by Flag-H1T overexpression in
AGS and MDA-MB-231 cells, and had a tendency to be lower
in MCF-7 cells, compared to control cell lines (Fig. 7A). Over-
expression of Flag-H1T significantly suppressed cell prolifera-
tion in AGS cells and had a tendency to suppress cell
proliferation in MDA-MB-231 and MCF-7 cells (Fig. 7B). In
contrast, knockdown of H1T by miRNA resulted in increased
expression of pre-rRNA in AGS, MDA-MB-231, and MCF-7
cells (Fig. 7C and D). These overexpression and knockdown
studies clearly indicate that H1T plays a role in the repression
of rDNA transcription in these cancer cell lines.

Repressive role of H1T in nucleolar constitution

The nucleolus is a non-membrane-bound nuclear structure that
harbors the genes for rRNA (rDNA) and where their transcrip-
tion occurs. The localization of H1T in the nucleoli of some
non-germ cells, including tumor cell lines, and the condensa-
tion of the chromatin structures at rDNA regions prompted us
to examine the relationship between H1T and the nucleolar
constitution. Nucleoli of Flag-H1T-overexpressing MDA-MB-
231 and MCF-7 cell lines were visualized by immunostaining
with a-B23 and the area of each nucleolus was measured. The

Figure 6. H1T induced condensation of chromatin at rDNA. (A) DNase I sensitivity assay of H1T-overexpressing AGS, MDA-MB-231, and MCF-7 cells. Chromatin of Flag-
(control) and Flag-H1T-overexpressing AGS, MDA-MB-231, and MCF-7 cells (see Fig. S5A) was digested with DNase I and examined by qPCR. DNA purified from digested
chromatin samples (cut), and undigested chromatin samples (uncut) was amplified using primer sets designed over the rDNA repeating unit (see Fig. 4A). ACTB and
GAPDH gene locus were used as control regions. Values were calculated as cut/uncut, and expressed as means § SD derived from 3 independent qPCR reactions, and
were indicated relative to value of control cell lines. �, P < 0.05. ��, P < 0.01 (Student’s t-test). (B) MNase sensitivity assay of H1T-overexpressing AGS, MDA-MB-231, and
MCF-7 cells. Chromatin of Flag- (control) and Flag-H1T-overexpressing AGS, MDA-MB-231, and MCF-7 cells was digested with MNase and examined by qPCR.
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Figure 7. H1T repressed rDNA transcription. (A) Expression analysis of pre-rRNA in Flag-H1T-overexpressing cells by RT-qPCR. Overexpression of Flag-H1T was confirmed
in Fig. S5A. Values are means § SD derived from three independent qPCR reactions, normalized to the expression of ACTB, and indicated relative to Flag. �, P < 0.05. ��,
P < 0.01 (Student’s t-test). (B) Cell proliferation in Flag-H1T-overexpressing cells. The number of cells was indicated relative to that counted at 24 hr. Experiments were
carried out in triplicate. �, P< 0.05 (Student’s t-test). (C) Preparation of H1T knockdown (KD) samples. Cells transiently (AGS) or stably (MDA-MB-231 and MCF-7) expressed
miRNA for H1T KD (KD1 and KD2) or for LacZ KD (LacZ) as a control. H1T KD was checked by RT-qPCR. Values are means § SD derived from three independent qPCR reac-
tions, normalized to the expression of ACTB, and indicated relative to LacZ. �, P < 0.05. ��, P < 0.01 (Student’s t-test). (D) Expression analysis of pre-rRNA in H1T KD cells
by RT-qPCR. Values are means § SD derived from three independent qPCR reactions, normalized to the expression of ACTB, and indicated relative to LacZ. �, P < 0.05. ��,
P < 0.01 (Student’s t-test).
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size of nucleoli was significantly reduced by Flag-H1T overex-
pression in both cell types (Fig. S6A). The proportion of total
nucleolar area to nuclear area in each nucleus was also calcu-
lated (Fig. 8A, S6A, and S6B). These results further suggest that
H1T functioned to decrease nucleolar size. Additionally, the
number of nucleoli inside each nucleus was counted and no
change between control and Flag-H1T-overexpressing cell lines
was observed (Fig. 8B). In H1T-knockdown cell lines (see,
Fig. 7C), nucleolar size was larger than in control lines (Fig. 8C,
S6C, and S6D). Moreover, the number of nucleoli was
increased by H1T knockdown (Fig. 8D). Taken together, H1T
appears to condense chromatin at rDNA repeats, which leads
to repressed rDNA transcription and decreased nucleolar size.

Discussion

In the present study, we found that linker histone variant H1T
is expressed not only in the testis but also in non-germ cells,
including cancer cells and mESCs. In non-germ cells, H1T has
a biological function even though its expression is lower than
that in the testis. H1T targets rDNA repeat units and represses

pre-rRNA transcription by condensing chromatin structure.
Moreover, H1T decreases the number and size of nucleoli. H1T
fulfills the same function in chromatin remodeling as somatic
H1 variants do. However, H1T target loci differ from those of
H1 somatic variants.

Fluorescent immunostaining showed that H1T accumulated
in the nucleoli of cancer cell lines, SkMCs, mESCs, and mouse
spermatocytes. Other reports indicate that H1 variants also
show nucleolar localization. In human embryonic stem cells
(hESCs), H1A was predominantly localized to nucleoli and
H1B, H1C, and H1D showed 2 localization patterns: nucleolar
and diffuse nuclear localization.36 H1C and H1E were also
reported to accumulate in nucleoli when phosphorylated dur-
ing interphase in HeLa S3 cells.37 H1FX accumulates in nucleoli
during G1 phase and becomes evenly distributed in the nucleus
during S and G2 phases.38 These previous reports indicate that
nucleolar localization of somatic variants is dependent on cell
type and cell cycle stage. On the other hand, H1T shows nucle-
olar accumulation regardless of cell type and cell cycle stage.
Therefore, our data suggest that H1T has a different function

Figure 8. H1T induced decrease in nucleolar size. (A) Proportion of total area of nucleoli in each nucleus to nuclear area in Flag-H1T-overexpressing cells. In fluorescent
immunostaining, nucleoli and nuclei were visualized by an antibody against B23 and by DAPI, respectively. Each area was measured by Cell Profiler.58 P-values were calcu-
lated through Wilcoxon rank-sum test. (B) Number of nucleoli in each nucleus in Flag-H1T-overexpressing cells. Counting was performed by Cell Profiler. (C) Proportion of
total area of nucleoli in each nucleus to nuclear area in H1T KD cells. (D) Number of nucleoli in each nucleus in H1T KD cells.
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in nucleoli from somatic H1s and that it constantly expresses its
cellular function in nucleoli.

In addition to nucleolar accumulation, we demonstrated
that H1T targets rDNA repeats and that this biased targeting is
unique to H1T on the genome. A recent report indicated that
H1FX and H1F0 were localized to rDNA repeats.30 H1FX and
H1F0 were mainly enriched in a region of the rRNA-coding
sequence and IGS, respectively. Since H1T was mainly localized
over the entire rRNA-coding region in the cells examined, the
target loci of H1T partially overlap those of H1FX, but are seg-
regated from those of H1F0 in rDNA units. Moreover, H1FX
and H1F0, but not H1T, were highly associated with tRNA-
coding loci in this study. The nucleolus contains not only
rDNA repeats but also other genomic regions. A detailed analy-
sis of nucleolus-associated chromatin domains (NADs)
revealed that NADs are contained in specific sequences, such as
satellite repeats, immunoglobulin-protein-coding gene families,
transcriptionally active 5S RNA genes, and tRNA genes.31

Thus, even though H1T and somatic H1 variants are both
localized to nucleoli, they appear to have different target loci
and play different roles inside nucleoli.

Here, we found that H1T was expressed and functioned in
all human cancer cell lines examined, even with much lower
expression level than in testis. Almost 25 y ago, cancer testis
antigens were identified as tumor antigens encoded by genes
that are normally expressed only in germ cells.39-42 In the pres-
ent study, H1T could be identified as a cancer testis antigen.
Since H1T was expressed in all cancer cell lines examined in
our study—gastric cancer, duodenal cancer, and breast can-
cer—, H1T is expected to be an antigen against various kinds of
tumors.

In addition to cancer cell lines, H1T expression is also
observed in SkMCs and mESCs. SkMCs are myoblast cells,
which are not terminally differentiated and have potential for
differentiation. H1t expression level in differentiated mESCs
was greatly decreased. These H1T-expressing non-germ cells
are all in an undifferentiated state and share high proliferation
potency. Curiously, however, H1T functions against prolifera-
tion potency in these non-germ cells; Flag-H1T-overexpressing
cell lines proliferate slower than control lines, and H1T
represses rDNA transcription. Moreover, H1T appears to
repress nucleolar constitution in tumor cells, which typically
present abnormal (larger) nucleolar size and greater number of
nucleoli than normal cells.43,44 The level of ribosomal biogene-
sis, including rDNA transcription, is positively correlated with
cell proliferation, and this biogenesis is essential to express
unique cellular functions.45 Therefore, rRNA production must
be controlled to suitable levels for cells to avoid aberrant pro-
tein synthesis. Indeed, even in tumor cells, not only prolifera-
tion-inducing phenotypes but also anti-proliferative factors can
be observed; the rDNA locus has a tendency to be hypermethy-
lated in tumors as compared to normal breast tissue.46 Consid-
ering these observations, we conclude that H1T may act in
proliferative cells, such as tumor cells and stem cells, to avoid
excessive protein synthesis by repressing rDNA transcription.

During spermatogenesis, the rate of rRNA synthesis
changes;47,48 rRNA is highly synthesized in spermatogonium,
and its synthesis increases from the prophase stage of first mei-
osis. The rate of synthesis is highest at mid-pachytene stage

and then progressively decreases as spermatogenesis continues
to the spermatid stage. The present study revealed that H1T is
localized to the nucleoli of mouse spermatocytes, which implies
that H1T targets rDNA repeats in germ cells as well as non-
germ cells. Considering this result and a previous report on the
expression profile of H1t during spermatogenesis,9,10,20-25 H1t
is expressed in spermatogenic cells when rRNA is highly syn-
thesized. Therefore, as in non-germ cells, H1t might target
rDNA repeating units also in spermatogenic cells and control
pre-rRNA expression.

In terms of condensing chromatin structures, H1T has the
same function as somatic H1 variants while H1foo has the
opposite function.15 In the phylogenic tree of H1 variants
(Fig. S1), H1FOO is mapped at the almost direct opposite posi-
tion to H1A, H1B, H1C, H1D, H1E, and H1T. It is likely that
this difference in amino acid sequences accounts for the func-
tional difference. Although H1T is mapped relatively closer to
H1A, H1B, H1C, H1D, and H1E than H1FOO is, H1T
branches from the cluster of these somatic variants. This differ-
ence might contribute to the consistency of H1T in the case of
nucleolar accumulation and its preference for rDNA. The pref-
erence for rDNA is also observed in linker histone of unicellu-
lar organisms that possess only one linker histone variant; in
Saccharomyces cerevisiae, linker histone H1 represses recombi-
nation at rDNA,49 and Hho1p in yeast is required for efficient
rDNA transcription.50 Considering these reports, H1T could be
regarded as the most primitive variant among 10 mammalian
H1 variants in that it inherited the characteristics of the prefer-
ence for rDNA during evolutional expansion of H1 coding
genes.

rDNA transcription is the first step of ribosomal biogenesis.
In mammals, studies on the epigenetic regulation of rDNA
transcription have mainly focused on DNA methylation and
histone modification.51,52 Our study revealed that the linker
histone variant H1T functions to repress rDNA transcription
by condensing rDNA chromatin structure. These findings on
this specific H1 variant will open a new aspect of epigenetic
studies on rDNA transcription.

Materials and methods

Reagents

Reagents without specific references to suppliers were pur-
chased from Wako. All restriction enzymes used in this study
were purchased from Takara. All primers were prepared by
SIGMA-ALDRICH. Primer sequences are shown in Table S1.
The composition of the medium used for cell culture is shown
in Table S2. Antibodies were listed in Table S3.

The experiments described in the present study were
repeated, at least, three times with similar results in each case.
The results shown are representative for all repeated
experiments.

Cell culture

AGS, HSC-39, and HSC-57 cell lines were kindly provided by
Dr. Toshikazu Ushijima at the National Cancer Center. MCF-7
and YMB-1 cell lines were provided by the National Institute of
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Biomedical Innovation. The MDA-MB-231 cell line, MBECs
and MLECs were purchased from ATCC. KATOIII and
HuTu80 cell lines were provided by the RIKEN BRC through
the National Bio-Resource Project of the MEXT. hRPTECs,
HAECs, and SkMCs were purchased from Lonza. ES cells (J1
line), which were derived from the 129S4/SvJae mouse embryo,
were kindly provided by Dr. En Li.53

Tissue collection and isolation of spermatogenic cells

Testes were collected from 13-week-old C57BL/6N male mice
(Charles River Japan). Spermatogenic cells were isolated from
the testes of 6-week-old ICR mice (Charles River Japan) as
described previously.54 After the Sertoli cells were removed
using cell strainers, the isolated spermatogenic cells were sam-
pled in gel on a glass slide using Smear Gell (GenoStaff, SG-01)
for fluorescent immunostaining. The experiments were per-
formed according to the guidelines for the care and use of labo-
ratory animals (Graduate School of Agriculture and Life
Sciences, the University of Tokyo).

RNA extraction and cDNA synthesis

Total RNA from cultured cells was isolated using TRIZOL
reagent (Invitrogen, 15596-018), the RNeasy Plus Micro Kit
(Qiagen, 74034), or the Direct-zol RNA MiniPrep Kit (Zymo
Research, R2052) according to each manufacturer’s instruc-
tions. Total RNA-Stomach, Human (R1234248-50) and Total
RNA-Testis, Human (R1234260-50) were purchased from
Como Bio Co., Ltd. First-strand cDNA was synthesized from
total RNA by using oligo(dT)20 primers and the SuperScript
III First-Strand Synthesis System (Invitrogen, 18080-085). For
measurement of pre-rRNA expression, cDNA samples were
obtained using random hexamers (Invitrogen, N8080127).

RT-PCR and quantitative PCR (qPCR)

PCR amplification of cDNA was conducted with GoTaq Flexi
DNA Polymerase (Promega, M8296). Amplification conditions
were as follows: denaturation at 95�C for 3 min; appropriate
number of cycles of 95�C for 30 sec, 60�C for 30 sec, and 72�C
for 15 sec; and a final extension step at 72�C for 30 sec. RT-
PCR products were subjected to electrophoresis on a 2% aga-
rose gel with GelRed fluorescence dye (Biotium, 41003). The
number of PCR cycles for each gene is shown in the figures for
each experiment.

Each quantitative PCR (qPCR) was performed with
THUNDERBIRD SYBR qPCR Mix (Toyobo, QPS-101) using
the Light Cycler 96 (Roche) or the ABI7500 thermal cycler
(Applied Biosystems). Amplification conditions were as fol-
lows: 95�C for 1 min; 40 cycles of 95�C for 15 sec and 60�C for
35 sec; and dissociation steps of 95�C for 15 sec, 60�C for
1 min, 95�C for 15 sec, and 60�C for 15 sec. Experiments were
carried out in triplicate. qPCR was also carried out with a high
throughput gene expression platform based on microfluidic
dynamic arrays (Fluidigm) as previous report.15 The Student’s
t-test was utilized for statistical analysis.

Protein extraction and western blotting

Insoluble nuclear fractions were collected using LysoPure
Nuclear and Cytoplasmic Extractor Kit (295-73901). Isolated
proteins were resolved on a 20% SDS-PAGE gel and transferred
to an Immobilon PVDF membrane (Merk Millipore,
IPVH304F0). The membrane was blocked with 5% skim milk
solution in 0.1% Tween 20 in TBS (TBS-T) at room tempera-
ture (RT) for 1 hr and rinsed 3 times with TBS-T before incu-
bation with the primary antibody diluted in 1% BSA in TBS-T
at 4�C overnight. After incubation, the membrane was rinsed
3 times with TBS-T and was incubated with the HRP-conju-
gated secondary antibody (1:5000, diluted with 1% BSA in
TBS-T) at RT for 1 hr. After rinsing the membrane 3 times
with TBS-T, protein bands were detected using SuperSignal
West Pico (Thermo, 34080).

Preparation of polyclonal antibody against H1T

The part of the human H1T gene encoding the amino acid
sequence of H1T (AA115-207) was amplified by PCR from
cDNA of human iPS cells using PrimeSTAR HS DNA Poly-
merase (Takara, R010A) according to manufacturer’s instruc-
tions. The forward and reverse primers contained NheI and
BamHI restriction sites, respectively. The PCR product was
inserted into a pGEM-T Easy vector (Promega, A1360) and the
presence of the appropriate insert was confirmed by BigDye
Terminator v3.1 Cycle Sequencing Kit (Applied Biosystems,
4337455).

The pGEM-T Easy vector containing collective insert was
double digested by NheI/BamHI and then ligated into a NheI/
BamHI-linearized pET-28b vector (Merck Millipore, 69,865).
The E. coli Rosetta 2 competent cells containing the recombi-
nant plasmids were grown at 37�C. After 16 hr of the culture,
the expression of recombinant protein was induced by supple-
mentation of 1.19 mg/mL IPTG. Cells were suspended in
buffer-urea (20 mM Na-phosphate, 0.5 M NaCl, 0.5 M imidaz-
ole, and 8 M urea) and His-tagged proteins were collected from
the cell-free extract by using Ni2C–nitrilotriacetate resin
(Qiagen, 30,210) and eluted with buffer-imidazole (20 mM Na-
Phosphate, 0.5 M NaCl, 5 mM Imidazole, and 8 M urea). The
eluted proteins were dialyzed in PBS(¡) containing 2 M urea at
4�C for overnight. A rabbit was injected with His-tagged
recombinant H1T 3 times, and its serum was collected. Poly-
clonal antibody against H1T (a-H1T) was purified with CNBr-
activated Sepharose 4B (GE Healthcare Life Sciences, 17-0430-
01) with the recombinant H1T. Injection of antigen into rabbits
and collection of the anti-serum were performed by GenoStaff
Co. The a-H1T was confirmed to be able to use immunostain-
ing, immunoprecipitation and protein gel blotting in human
and mouse samples (Fig. S7).

Plasmids for overexpression and knockdown

Human full-length H1A, H1B, H1C, H1D, H1E, and H1T
encoding cDNA was amplified using cDNA from AGS cells
with 3xFlag-tagged by 2 PCR amplifications using PrimeSTAR
HS DNA Polymerase (Takara, R010A) or PrimeSTAR Max
(Takara, R045A), and then ligated into the pENTR/D-TOPO
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vector (Life Technologies, K240020SP) and the appropriate
inserts were confirmed by BigDye sequencing. 3xFlag-fused
genes were subcloned into a pCAG-DEST-IRES-Blasticidin-pA
vector, which was generated by using a combination of the
Gateway Vector Conversion System (Invitrogen, 11828-029)
and pPyCAG-BstXI-IB (RIKEN BRC DNA BANK,
RDB12107), by Gateway LR Clonase (Invitrogen, 11,791,019).

For the H1T knockdown (KD), two specific miRNA sequen-
ces targeting the open reading frame of H1T were cloned into
the pcDNA 6.2-GW/EmGFP-miR vector (Thermo Fisher Sci-
entific, K493600). Similarly, a sequence targeting the LacZ-
encoding mRNA was cloned and denoted control-miR.

Transfection of plasmids and establishment of
knockdown/overexpressing cell lines

Plasmids were purified using the Quantum Prep Plasmid Midi
Prep Kit (BIO-RAD), followed by phenol chloroform isoamyl
alcohol extraction and ethanol precipitation. Plasmids were
transfected into AGS cells by Lipofectamine 2000 (Life Technol-
ogies, 11,668,019). Plasmids were transfected into MDA-MB-
231 cells using the Neon Transfection System (Invitrogen,
MPK10096) or ScreenFect A (293-73201) according to the man-
ufacturer’s protocol. In MCF-7 cells, transfection was performed
by jetPRIME (Polyplus-transfection, 114-15). Cells were selected
with 2 mg/mL blasticidin after 24 hr of the transfection. For the
establishment of knockdown/overexpressing cell lines, cells
were transfected with linearized vectors and were subjected to
limiting dilution to obtain single-cell derived colonies.

Fluorescent immunostaining

Adhesive cells cultured in 4-well dishes containing gelatin-
coated coverslips were fixed with 4% paraformaldehyde in PBS
(¡) at RT for 20 min. Floating cells (HSC-39) and mouse sper-
matogenic cells were sampled in gel on slide glass using Smear
Gell (GenoStaff, SG-01) according to the standard protocol and
then fixed with 10% Formaldehyde Neutral Buffer Solution
(NACALAI, 37152-51) at RT for 20 min. After fixation, sam-
ples were permeabilized with 0.1% Triton X-100 in PBS(¡) at
RT for 30 min followed by incubation with blocking buffer (5%
BSA-0.1% Tween 20) in PBS(¡) at 4�C overnight and were
incubated with primary antibodies diluted in blocking buffer at
4�C overnight. After three washes with wash buffer (0.1%
Tween 20 in PBS(¡)), samples were incubated with secondary
antibodies diluted in blocking buffer at RT for 1 hr and then
the nuclei were stained with DAPI solution (DOJINDO, 340-
07971) diluted in PBS(¡) at RT for 20 min. The coverslips
were mounted with VECTASHIELD (Vector Laboratories, H-
1000), and imaged using the confocal laser scanning micro-
scope FV10i (OLYMPUS).

Immunohistochemistry in tissue sections

Frozen sections of mouse tissues were fixed in acetone for
10 min at 4�C. After washing with PBS(¡), the sections were
treated with 0.3% hydrogen peroxide/methanol at RT for
30 min. After washing with TBS, the sections were blocked
with G-Block (GenoStaff, GB-01) for 10 min at RT. After

washing with TBS, the sections were also blocked with the Avi-
din/Biotin Blocking Kit (Vector Laboratories, SP-2001) accord-
ing to the manufacturer’s protocol. After washing with TBS,
the sections were incubated with 10 mg/mL primary antibody
solution at 4�C overnight. After multiple washes with TBS, the
sections were incubated with anti-rabbit Ig biotin (Dako,
E0432) at 1:600 dilution at RT for 30 min. After multiple
washes with TBS, the sections were incubated with peroxidase-
conjugated streptavidin (Nichirei, 426,062) at RT for 5 min.
After multiple washes with TBS, sections were treated with
DAB/H2O2, counterstained (hematoxylin), and mounted
(xylene mounting medium). This immunohistochemistry was
performed by
GenoStaff Co.

Cell cycle synchronization

Cell cycle synchronization was performed according to the previ-
ous report.55-57 Briefly, cell cycles of AGS cells were synchronized
by two cycles of 2 mM thymidine treatment for 16 hr followed by
an 8 hr incubation thymidine. After the double thymidine treat-
ment, cells were treated with 2 mM thymidine (207-19421),
100 ng/mL nocodazole (140-08531), or 400 mM L-mimosine
(Sigma-Aldrich, M0253) for 14 hr. After multiple washes with
ice-cold PBS, cells were subjected to fluorescent immunostaining.

ChIP assay

The ChIP assay was performed with 1 £ 107 cells per assay by
using the ChIP-IT Express Shearing Kit (Active Motif, 53,032)
according to the manufacturer’s instructions. Briefly, fixed cells
were lysed, and the chromatin was sheared using an enzymatic
shearing cocktail for 10 min at 37�C. After IP, DNA was puri-
fied by ChIP DNA Clean and Concentrator (Zymo Research,
D5205) and was subjected to ChIP-seq or qPCR.

ChIP-seq

The libraries for massive parallel sequencing were prepared
with the TruSeq DNA Sample Preparation v2 Kit, Set A/B (Illu-
mina, FC-121-2001/-2002) according to the manufacturer’s
instructions. Briefly, 50 ng of immunoprecipitated DNA or
input DNA was end repaired, 30 adenylated, and ligated with
adapter oligos. DNA fragments within the range of 120-500 bp
were purified using AMpure XP beads (Beckman Coulter,
A63880) and amplified by PCR. Library DNA was electrophor-
esed on a 2% agarose gel and subsequently purified with a
Zymoclean Gel DNA Recovery Kit (Zymo Research, D4007).
Libraries were quantified by BioAnalyzer2000 (Agilent).
Sequencing was performed with Illumina HiSeq 2000 systems,
and raw sequence reads containing more than 30% of ‘N’ were
removed, and adapter sequences were trimmed. Clean sequen-
ces were aligned against mammalian repeats from Repbase ver-
sion 18.1132 using BWA aligner software in the Galaxy
platform (https://usegalaxy.org/). The percentage of reads for
each repeat mapped to Repbase was calculated by dividing
reads mapped to the respective repeat by the total reads in the
library, and the input ration for the respective repeat was subse-
quently calculated as the ratio of the percent of reads of ChIP-
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seq library to that of the input-seq library. Sequencing data of
H1T are available at GEO with accession numbers GSE75287.
Sequencing data of human and mouse somatic variants were
cited from the previous reports with accession number
GSE49345 and GSE46134, respectively.29,33

Nuclease sensitivity assay

For DNase I sensitivity assay, AGS, MDA-MB-231, and MCF-7
cells were analyzed by using EZ Nucleosomal DNA Prep Kit
(Zymo Research, D5220) according to the manufacturer’s
instructions, with a minor modification. Briefly, 1 £ 106 cells
were suspended in 100 mL of Atlantis Digestion Buffer and
were digested with 1 U of RQ1 DNase (Promega, M6101) by
incubation at 37�C for 30 min. For MNase digestion, 1 £ 106

cells were suspended in 100 mL of MN Digestion Buffer and
digested with 0.01 U of micrococcal nuclease by incubation at
37�C for 8 min. Purified DNA samples were subjected to qPCR.

Image processing

For measurement of size and number of nucleoli, merged
immunofluorescence images of DAPI (blue) and B23 (red)
were processed using the CellProfiler software (http://www.
cellprofiler.org/) based on the previous report.58 The Wilcoxon
rank-sum test was utilized for statistical analysis.

Accession number

Sequencing data have been deposited in the NCBI’s Gene
Expression Omnibus (GEO)59 under GEO Series accession
number GSE75287.
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