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Abstract

The actin family members, consisting of actin and actin-related proteins (ARPS), are essential
components of chromatin remodeling complexes. ARP6, one of the nuclear ARPs, is part of the
Snf-2-related CREB-binding protein activator protein (SRCAP) chromatin remodeling complex,
which promotes the deposition of the histone variant H2A.Z into the chromatin. In this study, we
showed that ARP6 influences the structure and the function of the nucleolus. ARP6 is localized in
the central region of the nucleolus, and its knockdown induced a morphological change in the
nucleolus. We also found that in the presence of high concentrations of glucose ARP6 contributed
to the maintenance of active ribosomal DNA (rDNA) transcription by placing H2A.Z into the
chromatin. In contrast, under starvation, ARP6 was required for cell survival through the
repression of rDNA transcription independently of H2A.Z. These findings reveal novel pleiotropic
roles for the actin family in nuclear organization and metabolic homeostasis.
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1. Introduction

Gene functions are regulated by the modulation of chromatin structure as well as by the
spatial association of genes with nuclear regions, including the nuclear lamina and the
nucleolus. Chromatin remodeling complexes play central roles in the change of chromatin
structure through their enzymatic activity and their regulatory subunits.

The actin family consists of conventional actin and of actin-related proteins (ARPS). The
ARPs share the evolutionarily conserved basal structure with actin, which is called the actin
fold. In addition, each ARP has individual features. ARPs are classified into ten subfamilies
according to the degree of similarity to actin. Among these subfamilies, ARPs 4, 5, 6, 7, 8,
and 9 are predominantly localized in the nucleus and were found in chromatin remodeling
and histone modification complexes [1]. For example, vertebrate ARP6 is an essential
subunit of the Snf-2-related CREB-binding protein activator protein (SRCAP) chromatin
remodeling complexes together with B-actin and ARP4 [2,3]. The yeast homolog of the
SRCAP complex, the SWR1 chromatin remodeling complex, also includes the same actin
family molecules. We have previously shown that nuclear ARPs are indispensable for the
function of chromatin remodeling complexes [3]. Particularly, the vertebrate ARP6 is
essential for the activity of the SRCAP complex [3]. The SRCAP complex incorporates the
histone variant H2A.Z into nucleosomes at promoter regions. H2A.Z plays important roles
in epigenetic regulation and chromosome architecture and is associated with a variety of
cellular mechanisms, including stem cell maintenance, cellular proliferation, and stress
response, through transcriptional regulation and chromosome architecture [4-6].

Nuclear actin family proteins have additional roles in nuclear domain organization
independently of the chromatin remodeling complexes. Actin directly interacts with lamins
[7], and the dynamics of nuclear actin contribute to nuclear morphology [8,9]. In budding
yeast, a fraction of ARPG6 is free from the SWR1 complex and regulates genes encoding
ribosomal proteins by relocating the gene loci to the nuclear periphery [10]. In addition,
vertebrate ARP6 is involved in the spatial organization of chromosome territories in a
SRCAP complex-dependent and -independent manner [11].

The nucleolus is composed of three compartments. The fibrillar center (FC) and the dense
fibrillar component (DFC) occupy the central region, where ribosomal DNA (rDNA) and
pre-ribosomal RNA (pre-rRNA) are transcribed. The granular component (GC) surrounds
the FC-DFC component and consists of ribosomal proteins assembled into pre-ribosomes.
Ribosomal biogenesis consists of multiple steps, starting from transcription and processing
of pre-rRNAs and ending with ribosome assembly. These processes are required for protein
synthesis, which consume substantial amounts of cellular energy [12]. Therefore, rDNA
transcription and ribosome assembly are linked to cell proliferation [13—-16]. Under nutrient
shortage, cells preserve cellular energy by downregulating ribosome biosynthesis, thus
protecting cells from energy deprivation—induced apoptosis [14,17]. Therefore, the nucleolus
supplies sufficient amount of ribosomes for cell growth in the presence of glucose, whereas
this activity is switched off upon nutrient deprivation. Although several studies have been
performed [14,18], a molecule linking nucleolar organization and function has not been fully
investigated.
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Here, we analyzed the involvement of vertebrate ARP6 in the organization of the nucleolus
and in the transcriptional regulation of rDNA. Loss of function analyses suggested that
ARP6 contributes to the morphological organization and functions of the nucleolus. In the
presence of high concentrations of glucose, ARP6 maintains rDNA transcription possibly
through the incorporation of histone H2A.Z into the chromatin. Instead, upon glucose
deprivation, ARP6 contributes to the repression of rDNA transcription to avoid cell death,
independently of H2A.Z. From these results, we propose a dual role for ARP6 in rDNA
transcription homeostasis, one dependent and the other independent of H2A.Z.

2. Materials and methods

2.1. Cell culture and treatment

DT40 cells were cultured at 38.5 °C under 5% CO, in DMEM (Wako) supplemented with
10% fetal bovine serum, 1% chicken serum, penicillin-streptomycin (Gibco) and 10 pM 2-
mercaptoethanol (Wako). HeL a cells were maintained as described previously [19]. For
glucose deprivation, DT40 cell pellet was washed twice with 10 mL of phosphate-buffered
saline PBS (=) and cultured in DMEM medium without glucose (Gibco), supplemented as
described above. For the selective inhibition of the Pol I activity, HeLa cells were treated
with actinomycin D (Wako) at 5 nM for 3 h. Dead cells were counted by Trypan blue
staining. For RNAi-mediated ARP6 knockdown, HeLa cells were transfected with sSiRNAs
using RNAIMAX (Invitrogen). The cells were analyzed 48 h after transfection. The siRNA
duplexes used are: HSS148894 for siARPE (i) and HSS148895 for siARP6 (ii) (Invitrogen).
The target sequence for the control (siControl) is: CUUACGCUGAGUACUUCGA (GL3,
Nippon EGT). To repress the expression of the tetracycline-responsive transgenes in DT40
cells, ARP6 and H2A.Z conditional knockout cell lines (ARP6-KO and H2A.Z-KO) were
treated with tetracycline (Wako) at a final concentration of 2 ug/mL [11]. The cells were
analyzed 4-6 days (ARP6-KO) and 3-4 days (H2A.Z-KO) after the tetracycline treatment,
when the proteins were almost absent [11].

2.2. Immunofluorescence microscopy

To investigate the subcellular localization of ARP6, immunofluorescence analyses were
performed as follows. HelLa cells grown on coverslips were transfected with a Flag-hARP6
cDNA construct [20] using Lipofectamine 2000 (Invitrogen). The cells were fixed with
freshly prepared 4% paraformaldehyde/PBS for 15 min at room temperature and then
permeabilized with 0.5% Triton X-100 for 10 min. The monoclonal anti-Flag M2 antibody
(F1804, Sigma—Aldrich) and polyclonal anti-RPA194 antibody (Santa Cruz) were used for
the detection of Flag-hARP6 and RPA194, respectively. Nuclei were visualized with DAPI
and the coverslips were mounted with vector shield (Vector Laboratories Inc.). Images were
acquired with a confocal laser scanning microscope FVV1000 (Olympus). To investigate
nucleolar morphology, HelLa cells were analyzed by immunofluorescence as described
above using anti-Arp6 (Sigma-Aldrich, A1857), anti-upstream binding factor (UBF) (Santa
Cruz, sc-13125), anti-fibrillarin (Santa Cruz, ab4566), and anti-B23 (Santa Cruz, sc-6013-R)
antibodies. The images were obtained with an IX-71 microscope (Olympus).
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2.3. Quantification of nucleolar morphology

To measure differences, we performed supervised machine learning of nucleolar images
using pattern recognition software, wndchrm (weighted neighbor distance using a computed
hierarchy of algorithms representing morphology) ver. 1.31 [21-23]. We trained a machine
with 70 nucleolar images for each cell type/class. Nuclear regions were pre-excised from
immunofluorescent images to be placed in the center of the area in 150 x 150 pixels using
the Image J1 program [24]. Cross-validation tests were automatically repeated for 20 times
with 56 training/14 test image data set. The options used for the image analysis were a large
feature set of 2873 (=1) and multi-processors (—m). To measure pairwise class dissimilarity,
morphological distances were calculated as the euclidean distances (d = VZ(A-B)?) from the
values in class probability matrix obtained from the cross-validations [25].

2.4. RNA preparation and reverse transcription—quantitative PCR (RT-gPCR)

RNA from HeLa cells or DT40 cells was extracted with the RNeasy Mini kit (QIAGEN)
according to the manufacturer's protocol. The RNA was converted into cDNA by reverse
transcriptase using random primers (Applied Biosystems). RT-qPCR was performed with
ABI Prism 7300 instrument and SYBR Green PCR Master MIX (Applied Biosystems).
Values were normalized against -actin or glyceraldehyde-3-phosphate dehydrogenase
(GAPDH) gene expression before calculating relative fold changes. The sequences of the
primers used are: human pre-ribosomal RNA (pre-rRNA): GAACGGTGGTGTGTCGTTC
and GCGTCTCGTCTCGTCTCACT; human ARP6 (hARP6):
ATGACGACCTTAGTGCTGGA and GTGCTGTTTTT-GACCGGAAC; human p-actin:
ATCGTCCACCGCAAATGCTTCTA and AGCCATGCCAATCTCATCTTGTT; gallus pre-
rRNA: TCGTCTGTAG-GAGCGAGTGAG and CCTTAGCCCAGGACAGAGC; gallus
GAPDH: GGTGGTGCTAAGCGTGTTA and CCCTCCACAATGCCAA; human RPL5.
CACTGGCAATAAAGTTTTTGGTG and AACCAGGGAATCGTTTGGT; human RPL1I:
CCGCAAACTCTGTCTCAACA and TGCCAAAGGATCT-GACAGTG; human RPL2I:
GAGCCGAGATAGCTTCCTGA and CTCCTTCCCATTGGTTCTCA. The primers for
gallus pre-rRNA were designed according to the database sequence (Genebank:
AADNO02004142.1 and GenBank: DQ018752.1).

3. Results and discussion

3.1. Localization of ARP6 in the nucleolus

To analyze the involvement of the nuclear actin family in nuclear organization, we first
examined the subnuclear localization of ARP6 in HeLa cells by expressing Flag-tagged
human ARP6, which was observed in the nucleoplasm and in the nucleolus where DAPI
density was low, (Fig. 1A, white arrows). The nucleolar localization of ARP6 was also
confirmed by the detection of endogeneous ARP6 with a specific antibody (Fig. 1B).
Therefore, we concluded that a part of ARP6 is localized in the nucleolus.

Since ARPG6 localizes in the central region of the nucleolus where rDNA is transcribed, we
further investigated whether ARP6 was involved in rDNA transcription, a nucleolar function.
Immunofluorescence analysis showed that the nucleolar ARP6 (Flag-ARP6) partially
colocalized with RPA194, the catalytic subunit of RNA polymerase | (Pol I) (Fig. 2, upper
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panels). When Pol | transcription was inhibited with a low dose of actinomycin D, ARP6
relocated from the nucleolus to the nucleolar periphery and formed a unique structure, called
nucleolar cap, where RPA194 was accumulated (Fig. 2, lower panels). Since many nucleolar
factors that relocalize to the nucleolar cap after Pol | inhibition are involved in rDNA
transcription [26], ARP6 may also play a role in regulation of rDNA transcription.

3.2. ARP6 is involved in morphological organization of the nucleolus

To further test the contribution of ARP6 to the nucleolar structure, we depleted ARP6 in
HelLa cells with specific sSiRNAs and visualized the nucleolus by immunofluorescence using
antibodies against UBF, fibrillarin, and B23, all markers of the three sub-nucleolar
compartments, FC, DFC and GC, respectively. After 48 h from the transfection of the
SiRNA, ARP6 mRNA levels were efficiently reduced (Supplementary Fig. 1). ARP6
depletion changed the structures of both the FC and the DFC, where it localizes. The FC
(visualized by UBF) in the ARP6 knockdown cells became more condensed, and DFC
(visualized by fibrillarin) became smaller and round (Fig. 3A, Supplementary Figs. 2 and 3).
ARP6 depletion also had an effect on GC (visualized by B23), which appeared a ring-like
shape (Fig. 3A).

To quantitatively assess nucleolar morphology changes, we used a supervised machine
learning algorithm, wndchrm, which is useful for image classification and detection of
morphological differences [21,22,29]. To train the machine, we created five image libraries:
SIARPE (i), SiARPE (i), Act D+, siControl_1 and siControl_2, each containing 70 nucleolar
immunofluorescence images of UBF (Supplementary Fig. 2). Two control image classes,
siControl_1 and siControl_2, were intentionally created from the cells that were treated with
the same siRNA control; one serves as a reference for image comparison and the other as a
negative control, since induces no morphological differences. A positive control class, Act D
+ contains cells treated with low-dose actinomycin D, a Pol | inhibitor that induces changes
in nucleolar morphology [18].

The image classification test among the five classes provided marginal class probabilities,
from which we calculated pairwise distances that reflect degree of morphological differences
(see Materials and method) [25]. As expected, a comparison between control cells
(siControl_2 vs siControl_1) showed a low level of morphological differences, while ARP6
knockdown cells (siControl_2 vs siARP6 [i] and siARPE [ii]) showed significant difference
from control cells (siControl_2), similarly to or more than actinomycin D-treated cells (Act
D+) (Fig. 3B). Similar results were obtained with fibrillarin-stained nucleoli, which identify
DFC (Supplementary Fig. 3).

Unlike Arp6 deletion in yeast [10], ARP6 knockdown in mammalian cells had a small or no
effect on the expression of ribosomal protein genes (Fig. 3C), suggesting that the nucleoli
changed their morphologies without modifying the level of ribosomal proteins. Since the
proteins are assembled in the nucleolus and expected to contribute to the nucleolar structure,
the effect of ARP6 on the nucleolus can be direct. In summary, ARP6 may influence the
formation and/or maintenance of the proper nucleolar structure and function.
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3.3. ARP6 is required for the maintenance of active rDNA transcription through H2A.Z

To investigate the effect of ARP6 dysfunction in rDNA transcription, we used chicken DT40
cell lines (ARP6-KO and HZA.Z-KO) where tetracycline was used to suppress ARP6 and
HZA.Z gene expression [11]. To test whether ARP6 was involved in rDNA transcription in
the presence of high glucose, we quantified the relative level of pre-rRNA in ARPE-KO cells
by RT-qPCR. The rDNA transcription decreased in the absence of ARP6 (Fig. 4A). A
portion of vertebrate ARPG6 is an essential component of the SRCAP chromatin remodeling
complex [3], which deposits H2A.Z into the chromatin. H2A.Z was previously shown to be
incorporated in the rDNA promoter [30]. To test the ARP6 function on rDNA chromatin as a
component of the SRCAP, we analyzed rDNA transcription in HZA.Z-KO cells [11]. Our
RT-gPCR experiment showed that pre-rRNA decreased in HZA.Z-KO cells to a similar level
as in ARP6-KO cells, suggesting that H2A.Z plays a significant role in rDNA chromatin
(Fig. 4A). These observations suggested that in a high glucose environment ARP6 is
involved in the maintenance of active rDNA transcription through the SRCAP complex.

3.4. ARP6 contributes to the repression of rDNA transcription under glucose starvation
with a SRCAP complex-independent mechanism

The rDNA transcription is regulated by environmental stresses including limited nutrient
availability [18]. Under glucose deprivation, cells reduce the rDNA transcription to save
energy derived by glucose metabolism [14,17,31], otherwise the cells go through apoptosis
due to lack of energy. To test the contribution of ARP6 and H2A.Z to the repression of
rDNA transcription, we measured pre-rRNA synthesis in wild-type, ARP6-KO, and HZA.Z-
KO cells under glucose starvation (Fig. 4B). Whereas glucose starvation for 24 h in wild-
type cells reduced rDNA transcription (Fig. 4B, two left bars), in ARP6-KO cells -DNA
transcription was not repressed (Fig. 4B, ARP6-KO). On the other hand, under glucose
starvation in HZA.Z-KO cells rDNA transcription was repressed to a similar level as in wild-
type cells (Fig. 4B, H2A.Z-KO and the second bar).

Because pre-rRNA transcription was dysregulated in the absence of ARP6 (Fig. 4A and B),
we measured cell viability. ARP6-KO cells showed a significantly impaired survival under
glucose deprivation (Fig. 4C and D). In contrast, cell death was only slightly increased in
HZA.Z-KO cells. When the relative increase of dead cells was calculated based on their
growth in a high glucose environment, ARP6-KO cells, but not HZA.Z-KO cells, showed a
significantly impaired survival under glucose deprivation (Fig. 4E). Therefore, ARP6 may
contribute to the repression of rDNA transcription in a nutrient-limited environment
independently of the deposition of H2A.Z by the SRCAP complex.

3.5. ARP6 is involved in nucleolar function and organization

In this study, we showed that ARPG6 is localized in the nucleolus and is required for its
structure and function. Our intensive morphological measurement clearly demonstrated that
the FC region of the nucleolus, where rDNA transcription takes place, changed its shape
upon ARP6 knockdown. ARP6 has a dual role in the regulation of rDNA transcription. In
the presence of high glucose, when cells grow steadily, ARP6 maintains active rDNA
transcription through H2A.Z deposition (Fig. 4). Under glucose starvation, ARP6 is required
for the repression of rDNA transcription, and this function may be independent of H2A.Z-
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deposition. ARP6 plays a structural role for the nucleolus, either directly or through the
regulation of rDNA transcription.

Whereas ARP6 deletion in yeasts leads to derepression of genes encoding ribosomal
proteins [10], upregulation of ribosomal protein genes was not observed in ARP6-knock
down HeLa cells in this study (Fig. 3). The discrepancy might be due to the different spatial
localization of these genes in the nucleus; in the yeast, ribosomal protein genes are
associated with the nuclear pore complex, but in the vertebrate they are not [10], thus
suggesting different roles of yeast and vertebrate ARP6 in the regulation of ribosomal
protein genes.

Besides the ribosomal roles, the nucleolus functions also as a stress sensor [13,18,32]. Many
of the cell stress signal pathways linked to the nucleolus efficiently block rRNA synthesis,
stabilize and activate tumor suppressors, and lead to cell cycle arrest [18,33,34]. Perturbation
of ribosomal biogenesis or of nucleolar architecture results in the so-called nucleolar stress,
which has been implicated in several diseases [35-38]. Since our study suggests that ARP6
could link nucleolar architecture and function, further analyses on ARP& might contribute to
the elucidation of the relationship between the nucleolus and diseases.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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DNA Flag-ARP6 Merge
ARPG6 Merge

Fig. 1.

Sugbcellular localization of human ARP6 in HeLa cells. (A) Flag-ARP6 was transiently
expressed in HeLa cells and its localization was detected by immunofluorescence with anti-
Flag antibodies. ARP6 in the nucleolus is indicated by arrows. (B) Endogenous ARP6
molecules were detected by immunofluorescence using an anti-ARP6 antibody. As in (A),
dot-like signals were observed in the nucleolus. Scale bar, 5 um.
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DNA

Fig. 2.
Relocation of ARP6 and RPA194, a catalytic subunit of RNA polymerase I, to the nucleolar

cap after the treatment with a low dose of actinomycin D (Act D+). Flag-ARP6 was detected
as in Fig. 1A, and RPA194 was detected with a specific antibody. The nuclear cap by the
treatment of actinomycin D was shown by a white arrow. Scale bar, 5 pm.

RPA194 Flag-ARP6

Act D-

Act D+
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Fig. 3.
Morphological changes of the nucleolus upon ARP6 depletion. (A) HeLa cells were

transfected with siRNA targeting ARP6 and immunostained with antibodies against UBF,
fibrillarin, and B23, specific markers for the nucleolar subcompartments FC, DFC, and GC,
respectively. Four representative images for each staining are shown. Scale bar, 10 um. (B)
Quantification of morphological difference of the UBF-stained nucleoli was performed with
wndchrm, to compute degree of morphological distance from siControl_2. A large value of
the morphological distance indicates that the morphology of the cells is different from the
morphology of siControl_2 cells. siControl_1 was used as a negative control. Image sets
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used in this analysis are shown in Supplementary Fig. 2. Values are means + standard error
of 20 cross validation tests; **, p < 0.01. (C) Ribosomal protein gene expressions in ARP6
knockdown cells. The mRNA was measured with RT-gPCR. GAPDH mRNA expression
was used as the internal control. Expression levels of control cells are set to 1. Values are
represented as means + standard error of triplicates.
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ARP6 is involved in the activation and repression of rDNA transcription. (A) The
comparison of rDNA transcription among wild-type (WT), ARP6-KO, and H2A.Z-KO cells
in the presence of high glucose. GAPDH was used as the internal control. (B) Analysis of
rDNA transcription in WT cells under high glucose (the left bar) and in WT, ARPE-KO, and
H2A.Z-KO cells after glucose deprivation for 24 h (three right bars). GAPDH was used as
the internal control. (C and D) Cells were cultured with a continuous supply of high-dose
glucose (C), or in the absence of glucose (D). Dead cells (%) were counted every 12 h by
trypan blue staining. (E) Ratio between dead cells at 24 h after glucose deprivation and cells
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under high glucose. For (A), (B) and (E), values represent means + standard error of
triplicates; *, p < 0.05; **, p < 0.01; n.s. not significant.
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