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nucleolus. The analysis of cell fractions by WB confirmed 
the enrichment of PER2S and the presence of PER2 in the 
nucleolar compartment. Finally, a pulse (1 h) of actinomy-
cin D (0.01 μg/ml) induced reversible nucleolar disruption, 
PER2S de-localization and circadian synchronization of 
clock and Per2S genes. Our work represents the first evi-
dence that the Per2S splicing isoform is a clock component 
expressed in human cells localizing in the nucleolus. These 
results suggest a critical role for the nucleolus in the pro-
cess of circadian synchronization in human keratinocytes.

Keywords  Per2 · Per2 splicing variant · Actinomycin D · 
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Introduction

Circadian rhythms are biological processes characterized 
by an oscillation of ~24  h. They represent a highly con-
served and self-sustained time tracking system that allows 
the organism’s physiology to be adjusted (entrained) to 
the environmental cues called zeitgebers (the most impor-
tant of which is daylight). In mammals, the master circa-
dian clock is localized in the suprachiasmatic nuclei of the 
hypothalamus where external stimuli are transduced into 
neurohormonal signals acting on the peripheral circadian 
systems (i.e., liver, heart and skin) [1].

At the molecular level, the circadian clock is regulated 
in both the SCN and the peripheral organs by a complex 
network of transcriptional/translational feedback loops. 
The positive limb of the main loop is generated by the het-
erodimerization of the transcription factor circadian loco-
motor output cycles kaput (CLOCK) and brain and muscle 
aryl hydrocarbon receptor nuclear translocator (ARNT)-
like protein-1 (BMAL1), which bind to E-Box elements of 
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their target genes and activate their transcription. BMAL1/
CLOCK heterodimer induces the expression of its own 
repressors belonging to the Period (Per1–2–3) or cryp-
tochrome (Cry1–2) gene families. In the negative limb of 
the loop, PER and CRY proteins form a complex in the 
cytoplasm that migrates to the nucleus to directly inhibit 
BMAL1/CLOCK [2]. An additional feedback loop involv-
ing the nuclear retinoic orphan receptors ROR and REV-
ERBα/β participates and stabilizes the molecular network 
controlling Bmal1 gene expression [3]. In addition, several 
post-translational modifications of clock proteins are essen-
tial to maintain the correct circadian period [4].

More than 10 % of the entire genome and 20 % of the 
soluble protein fraction have been shown to be circadianly 
regulated [5–7]. As a consequence, the circadian clock reg-
ulates many cellular processes including energy metabo-
lism, redox balance, proliferation, cell cycle, apoptosis, 
senescence and stress response. An alteration of circadian 
rhythms results in an increased insurgence of pathological 
conditions including cancer [8–10].

The Period 2 (Per2) gene is an important component 
of the circadian system. In addition to its role in molecu-
lar clock resetting [11, 12], it has also been implicated in 
tumor suppression [13–18].

Per2 function is fine-tuned by complex post-translational 
regulations including phosphorylation [19–21], deacetyla-
tion [22], protein/protein interactions controlling its stabil-
ity [23] and intracellular localization [24–26]. PER proteins 
shuttle continuously between the nucleus and cytoplasm, 
and this dynamism is critical in maintaining the correct 
pace of the circadian clock [27].

At the transcriptional level, the regulation of Per2 
expression is tissue specific and influenced by multiple 
transcription factors in addition to Bmal1 [28–31].

Molecular components of the mammalian circadian sys-
tem are highly redundant (i.e., Clock and Npas2, Bmal1 
and Bmal2, Per1–3, etc.), and multiple splicing variants or 
different isoforms have been already reported for Bmal1 
[32] and Per1 [33], respectively. Per2S is a second splic-
ing variant of the human Per2 gene, annotated in GeneBank 
with the accession number AB012614; however, its expres-
sion in human cells has never been addressed before. In 
this report we hypothesized that Per2S could represent a 
new component of the molecular clock. We performed our 
study on the spontaneously immortalized human keratino-
cyte cell line (HaCaT) as well as on primary cultured nor-
mal human keratinocytes (NHK). HaCaT cells were chosen 
since they have physiological properties very close to NHK 
and share with this cell type a functional molecular clock 
[34, 35]. We demonstrated that Per2S is expressed at both 
the mRNA and protein levels in human keratinocytes and 
that it oscillates with a circadian period in response to the 
synchronizing agent dexamethasone (Dex). Interestingly, 

immunofluorescence assays and biochemical analysis of 
cell fractions indicate that PER2S is particularly enriched 
within the nucleolar compartment. Moreover, a single pulse 
(1 h) with a low dose of actinomycin D (ActD), which is 
known to selectively inhibit Polymerase I transcription 
with consequent de-localization of many nucleolar proteins 
in the nucleoplasmic compartment [36], was able to induce 
reversible PER2S nucleolar de-localization and circadian 
synchronization of clock genes. Our study suggests the 
existence of an important cross-talk between the molecu-
lar clock and the nucleolar function, which is mediated, at 
least in part, by the PER2S isoform. Our report opens new 
roads of investigation regarding the circadian clock and its 
connection with cellular pathophysiologic processes asso-
ciated with nucleolar functions.

Materials and methods

Cells and treatments

The human keratinocyte cell line HaCaT [37] was cul-
tured in Dulbecco’s modified Eagle's medium (DMEM), 
supplemented with 10  % fetal bovine serum (FBS) plus 
antibiotics. Primary cultures of NHKs were derived from 
skin biopsies and maintained in Medium 154-CF (Cascade 
Biologics, Portland, OR, USA) supplemented with Human 
Keratinocyte Growth Supplement (HKGS, Cascade Bio-
logics) plus antibiotics and Ca2+ 0.03 mM (Cascade Bio-
logics Inc.).

To determine Per2 and Per2S mRNA half-lives (t1/2), 
HaCaT cells were treated with 5  μg/ml ActD for 0, 1, 4 
and 8  h at 37  °C [38]. To study the influence of nucleo-
lar perturbation on molecular clock function, HaCaT cells 
were treated with 0.01 μg/ml ActD for 1 h and chased in 
full medium at 37 °C. Alternatively, ActD was kept in the 
medium for the duration of the experiment. Dimethyl sul-
foxide (DMSO)-treated HaCaT cells were used as negative 
control.

To assess synchronization with Dex, HaCaT cells were 
cultured in DMEM + 10 % FBS plus antibiotics until sub-
confluence was reached. Cells were left overnight in serum 
starvation and treated with Dex 100 nM for 1 h. Soon after 
treatment, cells were washed with 2× PBS and left in star-
vation until the end of the time course. Ethanol (EtOH)-
treated HaCaT cells were used as negative control.

Immunofluorescence studies and confocal microscopy

HaCaT cells were grown on coverslips, treated with ActD 
and processed for immunofluorescence after 1  h of treat-
ment and 6 and 24 h after drug removal. ActD treated and 
control HaCaT cells were fixed with 4 % paraformaldehyde 
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in PBS for 30 min followed by treatment with 0.1 M gly-
cine for 20 min and with 0.1 % Triton X-100 for an addi-
tional 5 min to allow permeabilization. All these steps were 
performed at 25  °C. Cells were then incubated for 1 h at 
25 °C with the following primary antibodies: mouse mono-
clonal anti-Per2 (1:100 in PBS; 19-JS, Santa Cruz Bio-
technology), rabbit polyclonal anti-pS662PER2 (1:100 in 
PBS; A1223, Assay biotech), rabbit polyclonal anti-NPM 
(1:500 in PBS; ab37659, Abcam), rabbit polyclonal anti-
CLOCK (1:50 in PBS; CLO12-A, Alpha Diagnostics), 
goat polyclonal anti-CRY2 (1:100 in PBS; A-20, Santa 
Cruz Biotechnology) and rabbit polyclonal anti-Bmal1 
(1:50 in PBS; ab93806, Abcam). The primary antibodies 
were visualized, after appropriate washing with PBS, using 
goat anti-mouse IgG-FITC (1:20 in PBS; Cappel), goat 
anti-rabbit IgG-Texas Red (1:200 in PBS; Jackson Immu-
noresearch Laboratories, West Grove, PA, USA) and rabbit 
anti-goat IgG-FITC (1:400 in PBS; Cappel) for 30 min at 
25  °C. Nuclei were stained with DAPI (1:10,000 in PBS; 
Sigma). Coverslips were finally mounted with mowiol for 
observation.

Images were captured with the ApoTome System (Zeiss, 
Oberkochen, Germany) connected with an Axiovert200 
inverted microscope (Zeiss); image analysis was then per-
formed by the Axiovision software (Zeiss). Fluorescent 
signals and serial sectioning (Z-stack ~0.3 μm) were also 
scanned by confocal microscopy using a Zeiss LSM5 Pas-
cal Laser scan microscope.

Isolation of cell fractions

The nucleolar extracts were prepared as follows: growing 
cells (107 cells per T75 flask) were washed in cold PBS and 
lysed in 5 ml of buffer containing 10 mM HEPES, pH 7.9, 
1.5 mM MgCl2, 10 mM KCl and 0.5 mM DTT [39]. Lysis 
was performed with a Dounce homogenizer until the nuclei 
appeared free of cytoplasmic components as assessed by 
phase microscopy. The nuclei were collected by centrifu-
gation at 1,000 g for 5 min, resuspended in 3 ml of solu-
tion S1 (0.25 M sucrose, 25 mM MgCl2) and centrifugated 
on a cushion of 3 ml sucrose solution S2 (0.35 M sucrose, 
12.5 mM MgCl2) at 1,500g for 5 min. The nucleoli were 
then isolated by sonication of the nuclear enriched frac-
tion in solution S2 followed by a centrifugation on a 3-ml 
cushion of sucrose solution S3 (0.88 M sucrose, 12.5 mM 
MgCl2) at 3,000g for 10 min. The pellet containing intact 
nucleoli was washed once in the S2 solution and finally 
resuspended in 0.5  ml of the S2 solution. All steps were 
performed at 4  °C in the presence of protease inhibitors 
(complete, Sigma).

For nuclear and cytosolic extracts, cells at 80 % of con-
fluence were washed twice with PBS and incubated with 
NE1 buffer (10 mM Hepes pH 8.0, 1.5 mM MgCl2, 10 mM 

KCl, 1  mM DTT) for 15  min at 4  °C. Cell homogeniza-
tion was performed using a Dounce homogenizer, and the 
lysate was centrifuged at 12,000  rpm for 5  min at 4  °C. 
The nuclear pellet was resuspended in NE2 buffer (20 mM 
Hepes pH 8.0, 1.5  mM MgCl2, 25  % glycerol, 420  mM 
NaCl, 0.2 mM EDTA, 1 mM DTT and 0.5 mM PMSF) and 
incubated for 30  min at 4  °C. Furthermore, the superna-
tant, representing the cytosolic fraction, was centrifuged for 
5 min at 12,000 rpm and then diluted 1:4 with water.

Western blot

WB on cytoplasmic, nuclear and nucleolar fractions was 
performed loading 9 μg of protein for each fraction. West-
ern blot on total cell lysates was performed loading 60 or 
90 μg of protein extracts. The protein concentration of all 
extracts was determined by Bradford assay (Biorad). Pro-
teins were resolved by 8 % acrylamide gel electrophoresis 
and transferred to a reinforced PVDF membrane (Amer-
sham) or nitrocellulose (BA-S 83, Schleicher and Schuell, 
Keene, NH, USA). The membranes were blocked with 
5 % non-fat dry milk in PBS 0.1 % Tween 20 and incubated 
with mouse anti-Per2 (1:500), rabbit anti-pS662PER2 
(1:500), anti-fibrillarin (1:1,000, ab4566 Abcam) and anti-
actin (1:10,000, Sigma) followed by incubation with the 
following secondary antibodies: goat anti-mouse and goat 
anti-rabbit (1:10,000), coupled with horseradish peroxi-
dase, detected by enhanced chemiluminescence detection 
(Amersham, Arlington Heights, IL, USA).

Densitometric analysis was performed using the Quan-
tity One Program (Bio-Rad Headquarters, Hercules, CA, 
USA). Briefly, the signal intensity for each band was cal-
culated and the background subtracted from experimen-
tal values. The resulting values were then normalized and 
expressed as fold increase with respect to the control and 
mean values ± SEM.

Gene expression studies

Total RNA from ActD-treated and control HaCaT cells was 
collected with TRIzol (Invitrogen, Carlsbad, CA, USA) 
every 4  h for 36 consecutive  h and purified according to 
manufacturer’s instructions.

The total RNA concentration was quantified spectropho-
tometrically using NanoDrop (Thermo Scientific), and sam-
ples were stored at −80  °C. One microgram of total RNA 
was transcribed to cDNA with the iScript cDNA synthesis kit 
(Bio-Rad) according to the manufacturer’s instructions. Real-
time PCR was performed using the iCycler Real-Time Detec-
tion System (iQ5 Bio-Rad) with optimized PCR conditions. 
The reaction was carried out in 96-well plates using iQ SYBR 
Green Supermix (Bio-Rad) adding forward and reverse prim-
ers for each gene and 40 ng of template cDNA into a final 
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reaction volume of 15 μl. The thermal cycling program was 
performed as follows: an initial denaturation step at 95  °C 
for 3 min, followed by 45 cycles at 95 °C for 10 s and 60 °C 
for 30 s. Relative gene expression was assessed normalizing 
the cycle threshold (Ct) of each gene to ribosomal 18S RNA 
and expressing the data as ΔCt. Per2 versus Per2S relative 
expression levels were estimated as previously reported [40] 
using b/b′ and c/c′ primers upon verification of their similar 
amplification efficiency assayed as specified in the User Bul-
letin #2 (Applied Biosystems). New 45S rRNA synthesis was 
monitored by qRT-PCR as previously described [41] and data 
expressed as fold changes of 45S expression at the specific 
time point versus control (T0). Primer sequences are provided 
in Supplementary Table S1.

Flow cytometry analysis

ActD-treated HaCaT cells were seeded into 6-cm Petri 
dishes until subconfluence was reached. Soon after treat-
ment and every 4  h for 36  h, cells were detached with 
trypsin (Euroclone), resuspended in 70 % ethanol in PBS 
and stored at 4 °C overnight. Cells were washed with PBS, 
resuspended in propidium iodide (PI) staining solution 
(50 μg/ml) and RNAse A (100 Kunitz/ml) (MiltenyiBiotec 
GmbH, Bergisch Gladbach, Germany), and incubated in 
the dark for 40 min at room temperature. At least 20,000 
cells for each culture were collected and analyzed with 
the MACSQuant® Analyzer cytometer (MiltenyiBiotec 
GmbH). Cell cycle distribution was calculated with MAC-
SQuantify® software (MiltenyiBiotec GmbH).

Transmission electron microscopy

HaCaT cells, cultured until subconfluence was reached, 
were treated or not with ActD (0.01  μg/ml) for 1  h as 
above, washed three times in PBS and fixed with 2 % glu-
taraldehyde in PBS for 2 h at 4 °C. Samples were post fixed 
with 1  % osmium tetroxide in veronal acetate buffer (pH 
7.4) for 1  h at 25  °C, stained with uranyl acetate (5  mg/
ml) for 1  h at 25  °C, dehydrated in acetone and embed-
ded in Epon 812 (EMbed 812, Electron Microscopy Sci-
ence, Hatfield, PA, USA). Ultra-thin sections were exam-
ined unstained or post stained with uranyl acetate and lead 
hydroxide under a Morgagni 268D transmission electron 
microscope (FEI, Hillsboro, OR, USA) equipped with a 
Mega View II charge-coupled device camera [Soft Imag-
ing System (SIS) GmbH, Munster, Germany) and analyzed 
with AnalySIS software (SIS).

Statistical analysis

All experiments were repeated independently at least three 
times. All data are expressed as mean ± SEM. Significance 

of time series was established using one-way ANOVA on 
detrended gene expression as described before [35]. The 
p values <0.05 were considered statistically significant 
and indicative that the series was dependent by the time. 
Fitting of gene expression data to a cosine wave was veri-
fied with CircWave software (http://www.euclock.org/
shareware/CircWave%20V1.4.zip) and considered signifi-
cant for R2 values >0.6. To estimate Per2 t1/2 versus Per2S 
t1/2, the percentage of mRNA levels (normalized to 18S) at 
each time point of 5 μg/ml ActD treatment was calculated. 
Normalized mRNA levels in the absence of ActD (t = 0) 
were considered as 100  %. The half-life of each isoform 
was obtained by first decay non-linear regression analysis 
using the equation t1/2 = ln2/k as previously reported [42]. 
All the statistical analyses were performed using Graphpad 
Prism v 5.0 software. Nucleolar area quantification was 
estimated using ImageJ software [43].

Results

Comparison between Per2 and Per2S cDNA and protein 
sequences

The analysis of the Per2S versus Per2 coding sequence 
(cds) revealed that Per2S is 1,215 base pairs (bp) long, cor-
responding to a protein of 404 amino acids (AA), while 
Per2 cds is much longer, 3,767  bp, codifying for a pro-
tein of 1,255 AA. Sequence comparison displayed that 
nucleotides from 1–1,046 to 1,155 to 1,215 were present 
in both Per2 and Per2S. The regions spanning nucleotides 
1,047–1,154 and 1,216–3,767 were present only in Per2 
cds (Fig. 1a).

At a protein level PER2 and PER2S had complete 
homology in the N-terminal region from 1 to 348 AA. Both 
PER2 and PER2S shared the region from 181 to 284 AA 
containing the Per-Arnt-Sim domain A (PAS A). The sec-
ond PAS domain of PER2 (PAS B, from 321 to 348 AA) 
was truncated in PER2S at position 348 where the homol-
ogy between PER2 and PER2S was lost (Fig.  1b). Inter-
estingly, the co-activator-like protein/protein interaction 
motif (LXXLL, 308–313 AA) of PER2, which mediates the 
binding to several nuclear receptors including REV-ERBα 
and PPARα [44], was conserved in PER2S (Fig. 1b). Com-
putational analysis using BLAST [45] and SMART [46], 
web-based bio-informatic tools, revealed that the PER2S 
C-terminal region had no sequence homology or con-
served motif with any annotated proteins in both databases. 
PER2S had neither nuclear (NLS) nor nucleolar import sig-
nals (NoLS) as predicted using the NucPred [47] and NoD 
[48] web-based tools, respectively.

In summary, our computational analysis indicates that 
the absence in Per2S of nucleotides from 1,047 to 1,154 

http://www.euclock.org/shareware/CircWave%20V1.4.zip
http://www.euclock.org/shareware/CircWave%20V1.4.zip
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was responsible for the loss of Per2/Per2S protein homol-
ogy at the C-terminal. PER2S displays conserved protein/
protein interaction motifs in the N-terminal region; it is not 
conserved at the C-terminal and does not contain any NLS 
or NoLS.

Expression and circadian oscillation of Per2S isoform 
in human keratinocytes

In order to assess whether Per2S mRNA was effectively 
present in human cells, its expression was evaluated by 
qRT-PCR in asynchronous cultures of HaCaT cells.

Three different sets of primers were designed based on 
Per2 and Per2S cds alignment: the couple of primers a/a’ 
amplifying a region in common to both Per2 and Per2S, 
b/b′ recognizing a region specific only to Per2 and c/c′ 
recognizing a region specific only to Per2S (Fig. 1a). Each 
couple of primers (a/a′, b/b′ and c/c′) gave rise to a specific 
melting curve as assessed by qRT-PCR, this demonstrat-
ing that both Per2 isoforms were expressed in HaCaT cells 
(Fig. 2a). The presence of Per2S transcript in asynchronous 
cultures of HaCaT cells prompted us to investigate whether 
this second splicing variant could display circadian oscil-
lation upon clock synchronization. HaCaT cells can be 
entrained by the gold standard synchronizing agent Dex 

[35]. Serum-starved HaCaT cells were treated with 100 nM 
of Dex for 1 h and then released in the absence of serum 
for 36 consecutive  h. Total RNA was sampled every 4  h 
and assayed by qRT-PCR using primers specific for Bmal1, 
Rev-Erbα, Per2 and Per2S. HaCaT cells left untreated dur-
ing the entire time course were used as control for endog-
enous circadian oscillation of the set of genes selected 
for the analysis. As expected, Dex treatment induced sig-
nificant circadian oscillation of the core clock gene Bmal1 
(Fig.  2b), which was anti-phasic with its repressors Rev-
Erbα (Fig. 2c) and Per2 (Fig. 2d) genes [49]. Importantly, 
Per2S gene also displayed a periodic oscillation that was 
anti-phasic to Bmal1 (Fig. 2e). Control HaCaT cells did not 
show significant oscillation of any of the genes considered 
in our analysis (Fig. 2b–e, left panels). All the experiments 
were repeated at least three times, and circadian oscillation 
was statistically verified by one-way ANOVA and fitting 
expression data to a cosine wave [50].

Taken together, our results indicate for the first time that 
the Per2S splicing variant is expressed in HaCaT cells and 
that it oscillates in response to the molecular clock syn-
chronization induced by Dex treatment.

PER2S protein isoform is abundantly expressed 
and localizes in the nucleolus of human keratinocytes

In order to assess the expression and intracellular locali-
zation of PER2S protein, biochemical assays and immu-
nofluorescence analysis were performed in asynchronous 
HaCaT cells. WB analysis performed on whole-cell lysates 
using an antibody raised against the recombinant human 
PER2 protein (abRc) constantly revealed the presence 
of two main bands: the first band at the expected size of 
~140 kDa and the second at the lower molecular weight of 
~55  kDa, which was comparable to the expected size for 
Per2S protein (~45 kDa) (Fig. 3a). Surprisingly, the lower 
and non-canonical band usually displayed a stronger sig-
nal compared to the normal PER2 band at ~140  kDa, 
which was not visible upon short exposure of our mem-
branes (Supplementary Fig. S1). This suggested that the 
abRc antibody could recognize an epitope shared between 
PER2 and PER2S protein. In order to verify this hypoth-
esis, the same whole-cell lysates were analyzed by WB 
using an antibody raised against the phospho-serine 662 
(abS662), the AA residue that when mutated is responsi-
ble for the familiar advanced sleep phase syndrome [21] 
and that should be completely absent in PER2S protein 
(Fig. 1b). As expected, the abS662 antibody detected only 
PER2 protein as demonstrated by the presence of a sin-
gle band at ~140 kDa (Fig. 3b). Therefore, we concluded 
that while the abRc antibody was able to recognize both 
PER2 and PER2S isoforms, the abpS662 was specific only 
for PER2. Moreover, since the ~55 kDa band was always 

Fig. 1   Per2 and Per2S cDNA and protein coding sequences. a Per2 
and Per2S nucleotide cds comparison: Per2 and Per2S share nucleo-
tides from 1–1,046 to 1,155–1,215. The regions between nucleotides 
1,047 and 1,154 and from 1,215 to 3,767 are present only in Per2 
cds. Primers specifically designed to recognize both Per2 splicing 
variants (a/a′), only Per2 (b/b′) or only Per2S (c/c′) are shown. b Per2 
and Per2S protein sequence comparison: Per2 and Per2S have com-
plete homology in the N-terminal region from 1 to 348 AA, sharing 
AA from 181 to 284, which contain the Per-Arnt-Sim domain A (PAS 
A). The second PAS domain of Per2 (PAS B, from 321 to 348 AA) 
is truncated in Per2S (tPASB) at position 348 where the homology 
between Per2 and Per2S is lost. The co-activator-like protein/protein 
interaction motif (LXXLL) is present on both proteins (from 308 to 
313 AA). Per2S cDNA and protein diagrams in a and b are scaled 
relatively to Per2 cDNA or protein sequences length
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significantly more intense than the band at ~140 kDa, we 
concluded that PER2S was either more abundant or abRc 
recognized this isoform more efficiently. To address this 
issue, we compared Per2 versus Per2S basal expression 

and decay (t1/2). The expression levels of Per2 versus Per2S 
were estimated upon experimental verification that both 
b/b′ and c/c′ primers have the same amplification efficiency 
(Supplementary Fig. S2a) as already reported elsewhere 

Fig. 2   Expression and circadian synchronization of the Per2S splic-
ing variant. a Specific primers for both isoforms (a/a′), only for Per2 
(b/b′) and only for Per2S (c/c′) were designed and used to amplify 
cDNA from asynchronous HaCaT cells. Melting curves for a/a′, b/b′ 
and c/c′ and their relative melting temperatures are shown. Quanti-
tative RT-PCR showing significant circadian oscillation of Bmal1 

(b), Rev-Erbα (c), Per2 (d) and Per2S (e) in Dex-treated cells (right 
panel) compared to untreated HaCaT cells (left panel). Data are 
expressed as the mean of ΔCt ± SEM calculated from the Ct value 
of each gene minus the corresponding 18S Ct (n = 3); *p < 0.05, one-
way ANOVA; #cosinor analysis: R2 > 0.6, data from all time points 
are presented
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[40]. Our results indicated that Per2 was significantly more 
expressed than Per2S in asynchronous HaCaT cells (ΔCt 
Per2 = 18.42 ± 0.54 versus ΔCt Per2S = 21.00 ± 0.75, 
Student’s t test p  <  0.05). To estimate Per2 versus Per2S 
t1/2, cell transcription was completely blocked using 5 μg/
ml of ActD [38], and Per2 versus Per2S expression levels 

were measured at 0, 1, 4 and 8 h of the treatment. No sig-
nificant differences of Per2 versus Per2S t1/2 were observed 
(Supplementary Fig. S2b).

In order to exclude the possibility that the ~55 kDa could 
represent a degradation product of PER2, the potential 
cleavage sites of a large panel of proteases were predicted 

Fig. 3   PER2S is enriched in the nucleolus of human keratinocytes. 
a Western blot (WB) analysis loading 60 and 90 μg of whole pro-
tein extracts of asynchronous HaCaT cells showing PER2 isoforms. 
The abRc antibody detects two bands: one at ~55  kDa and one at 
~140 kDa. The higher band is visible only loading 90 μg of protein 
extract and upon long exposure of the membrane. b The abS662 
antibody detects only the higher band at ~140  kDa. c Immunofluo-
rescence analysis showing colocalization of PER2 isoforms (abRc, 
green) and nucleophosmin (NPM, red) in asynchronous HaCaT cells 
(upper panel) and in NHKs (lower panel). Cell nuclei were visual-
ized by DAPI (blue); scale bar 20 μm. Bright field image highlight-
ing the colocalization of abRc and NPM in the nucleolus of HaCaT 

cells (middle panel); scale bar 10  μm. d Confocal image of asyn-
chronous HaCaT cells showing colocalization of the PER2 nuclear 
signal (abS662, red) and nucleolar signal (abRc, green) and merge; 
scale bar 10 μm. e WB analysis of proteins isolated from cytoplas-
mic (Cyt) and nuclear (Nuc) fractions showing PER2 (abS662) in 
the cytoplasmic and nuclear fractions, but PER2S only in the nuclear 
fraction; β-actin (ACTIN) was used as a marker of cytoplasm. f WB 
analysis using abRc antibody showing PER2S in the nuclear (Nuc) 
and nucleolar (Nucl) fractions. g The same experiment was repeated 
using abS662 antibody to detect PER2 protein. Fibrillarin (FIBR) was 
used as a specific nucleolar marker of the nucleolus
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using two different web-based tools: PeptideCutter [51] and 
PROSPER [52]. Most of the analyzed proteases displayed 
multiple putative cleavage sites. Only calpain-1, thrombin 
and caspase 1 were predicted to recognize a single residue 
resulting in one single cut. However, the molecular weights 
of the predicted fragments were never consistent with the 
~55 kDa band (Supplementary Table S2). Taken together, 
these results indicate that abRc recognizes the ~55  kDa 
more efficiently than the ~140 kDa band; therefore, the rel-
ative intensity of the two bands could not be strictly associ-
ated with the different amounts of the two isoforms.

Since a detailed analysis of the PER2 intracellular dis-
tribution in human keratinocytes is still lacking and the 
possible differential localization of the two PER2 isoforms 
(PER2 and PER2S) has never been addressed, we took 
advantage of the different affinities of abRc and abpS662 
antibodies to study PER2 and PER2S intracellular locali-
zation in HaCaT cells. Surprisingly and very interestingly, 
the immunofluorescence analysis using the abRc antibody 
revealed that the signal was prevalently localized in the 
nucleus with a peculiar strong concentration in the nucleo-
lar compartment as confirmed by colocalization with the 
nucleolar marker nucleophosmin (NPM) [53] and visu-
alization of nucleoli using the bright field (Fig.  3c, upper 
and middle panels). This peculiar localization was also 
observed in NHKs, demonstrating that it is a general phe-
nomenon occurring also on primary cultured cells (Fig. 3c, 
lower panel). Confocal analysis revealed that the abS662 
antibody signal was diffuse and mainly distributed in the 
nucleus and partially in the cell cytoplasm (Fig. 3d). Impor-
tantly, a small amount of the nuclear abS662 staining colo-
calized with the abRc signal in the nucleolus.

In order to confirm these observations, cytoplasmic and 
nuclear fractions were isolated from HaCaT cells and then 
analyzed by WB using both abRc and abS662 antibod-
ies. Equal amounts of proteins were loaded for each cel-
lular fraction in order to precisely establish the relative 
distribution of PER2 and PER2S isoforms in the different 
cellular compartments. WB analysis confirmed our immu-
nostaining results: abS662 antibody detected a band at 
~140 kDa, corresponding to PER2 in both the cytoplasmic 
and nuclear fractions, whereas the abRc antibody revealed 
a single band at ~55  kDa, corresponding to PER2S, only 
in the nucleus (Fig.  3e). In order to confirm the presence 
of PER2 and PER2S in the nucleolar compartment, nuclear 
and nucleolar fractions were isolated using a specific proto-
col [39], and proteins were analyzed by WB. Interestingly, 
PER2S was present in the nuclear and in the nucleolar frac-
tion as confirmed by the specific nucleolar marker fibrilla-
rin (Fig. 3f). Similarly, PER2 reactivity was also found in 
both the nuclear and nucleolar fractions (Fig. 3g).

Finally, since PER2 is known to interact with other com-
ponents of the core clock machinery, in order to assess 

whether other components of the cellular clock could 
localize in the nucleolus of HaCaT cells, the intracellular 
distribution of BMAL1, CLOCK and CRY2 proteins was 
assessed by immunofluorescence coupled to the detec-
tion of the nucleoli using the bright field (Supplementary 
Fig. S3a): as expected BMAL1 and CLOCK proteins were 
mainly expressed in the nucleus [54, 55], whereas CRY2 
was nuclear and cytoplasmic [56]. Careful analysis through 
confocal serial sections crossing the nucleus revealed that 
none of them displayed clear nucleolar localization (Sup-
plementary Fig. S3b).

Taken together, these results show that the PER2S iso-
form is enriched in the nucleolus of human keratinocytes.

Actinomycin D induces reversible changes in the nucleolar 
structure and Per2 localization

By using a short pulse (1 h) of 0.01 μg/ml ActD followed 
by a chase in full medium, we set up the conditions to reach 
a minimum level of polymerase I impairment, this resulting 
in a transient and reversible nucleolar disruption. Nucleo-
lar integrity and PER2S isoform localization and shuttling 
were investigated under these experimental conditions.

The ultrastructural analysis of untreated (NT) and ActD 
short-pulsed HaCaT cells was performed soon after drug 
removal (T0) (Fig.  4a). NT cells showed a conventional 
distribution of all nucleolar substances with the granu-
lar component (GC), which represents the main body of 
the nucleolus, and the nucleolonema [dense fibrillar com-
ponent (DFC)] arranged around patches of low electron 
dense material (fibrillar centers), (Fig.  4a, NT: first and 
second panel). In contrast, several nucleolar changes were 
observed in T0 cells, such as the coalescence of DFCs to 
form compact round aggregates (Fig. 4a, T0: first and sec-
ond panel), the progressive sorting out of nucleolar compo-
nents into larger aggregates (Fig. 4a, T0: second panel) and 
the reduction of overall nucleolar size (Fig.  4a, T0: third 
panel). These nucleolar alterations are consistent with what 
has been reported previously in similar experiments [57].

Next, nucleolar areas were manually measured using 
the image tool analysis software ImageJ [43], and mean 
areas were calculated from at least 200 measures for each 
time point. Our analysis showed that the nucleolar area 
decreased significantly at T0 and returned gradually to the 
original size (NT) at T6 and T24 (Fig. 4b).

The effect of ActD on PER2S localization was evaluated 
by immunofluorescence using abRc antibody in NT, T0, T6 
and T24 samples. PER2S de-localized predominantly to 
the nucleoplasm and cytoplasm soon after ActD treatment 
(Fig.  4c, T0). Partial and complete PER2S re-localization 
within the nucleolus was observed at T6 and T24, respec-
tively. NPM was used to track nucleolar fate under the 
same experimental conditions [41, 53].
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Finally, the effect of a short pulse of 0.01 μg/ml ActD 
on cell cycle and nucleolar function was assessed sampling 
HaCaT cells every 4 h for 36 consecutive h. Cytofluorimet-
ric analysis showed that the cell cycle was not significantly 
influenced by this treatment, as the percentage of cells in 
G0/G1 did not vary over a period of time spanning 36  h 
(Supplementary Fig. S4a). Moreover, the short pulse of 
ActD did not block nucleolar function, since the amount 
of newly synthesized rRNA 45S did not significantly 
change over time. On the other hand, the 45S rRNA expres-
sion was significantly impaired when ActD was left in the 

medium for the duration of the experiment (Supplementary 
Fig. S4b).

In conclusion, our results show that a single ActD pulse 
is able to reversibly change the nucleolar structure leading 
to consequent PER2S de-localization from the nucleolus to 
the nucleoplasmic and cytoplasmic compartments and to 
its return to the original localization within 24 h after the 
treatment. In addition, reversible structural changes are not 
associated with an evident impairment of cell function as 
demonstrated by cell cycle analysis and 45S rRNA expres-
sion analysis.

Fig. 4   Actinomycin D induces 
reversible nucleolar structural 
modifications and PER2 de-
localization from the nucleo-
lus. a Transmission electron 
microscopy picture showing 
nucleolar changes in untreated 
(NT) HaCaT cells or treated 
with 0.01 μg/ml of ActD for 
1 h (T0). I, II: nucleolus of 
untreated HaCaT cells; III–V: 
segregation and coalescence of 
nucleolar components in ActD-
treated HaCaT cells. Scale 
bars I–IV 1 μm, V 0.5 μm. 
GC granular component, DFC 
dense fibrillar component (or 
nucleolonema), FC fibrillar 
center. b Phase contrast micros-
copy pictures of HaCaT cells 
treated as in a and then released 
in DMEM in the presence of 
FBS 10 % for 6 (T6) and 24 h 
(T24). Quantification of the 
nucleolar area is reported. Not 
<200 cells for each time point 
were considered in the statisti-
cal analysis. *p < 0.05, one-way 
ANOVA followed by Newman-
Keuls test. Scale bar 20 μm. c 
Immunofluorescence analysis 
showing reversible de-locali-
zation of abRc signal (green) 
and NPM (red) in NT, T0, T6 
and T24 cells. The abRc signal 
is increased in the nucleus and 
cytoplasm soon after ActD 
treatment. Re-localization of the 
abRc signal within the nucleo-
lus is observed partially at T6 
and completely at T24. Cell 
nuclei are visualized by DAPI. 
Scale bar 20 μm
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Circadian oscillation of clock genes in response 
to nucleolar stress

The nuclear/cytoplasmic shuttling of PER2 and other 
components of the core clock is necessary for proper cell 
entrainment. The reversible de-localization of PER2S 
in response to ActD treatment and the absence of a sig-
nificant impairment of cellular functions prompted us to 
verify whether the ActD-induced nucleolar perturbation 
was able to circadianly synchronize the molecular clock. 
Gene expression analysis was performed on the total RNA 
sampled every 4  h for 36 consecutive  h upon short ActD 
pulse. Cells left untreated (NT) were used as negative con-
trol for clock synchronization. ActD induced the significant 

anti-phasic and periodic oscillation of the core clock genes 
Bmal1, Rev-erbα and Per2 (Fig.  5a, b, d). Noteworthily, 
as already observed for Dex treatment, ActD was able to 
induce the periodic oscillation of the Per2S gene (Fig. 5e). 
Interestingly, also the other components of the Period fam-
ily (Per1 and Per3; Fig.  5c, f) and the output gene Dbp 
(Fig. 5g) were circadianly synchronized under this experi-
mental condition. Another clock-controlled gene, c-Myc, 
did not display any significant oscillation (Fig. 5h).

In conclusion, our results show for the first time that a 
transient perturbation of the nucleolar structure is sufficient 
to act as a powerful resetting stimulus, synchronizing both 
core clock genes (including PER2S) and the clock output 
gene Dbp.

Fig. 5   Circadian synchronization of HaCaT cells in response to 
actinomycin D. Quantitative RT-PCR showing significant circa-
dian oscillation of a Bmal1, b Rev-Erbα, c Per1, d Per2, e Per2S, 
f Per3 and g Dbp in ActD-treated cells. h The c-myc gene did not 

show any significant oscillation**. Data are expressed as the mean of 
ΔCt ± SEM calculated from the Ct value of each gene minus the cor-
responding 18S Ct (n ≥  3). *p  <  0.05, one-way ANOVA; #cosinor 
analysis: R2 > 0.6, data from all time points are presented
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Discussion

Our study provides the first evidence that Per2S, the second 
splicing variant of Per2, is expressed at both the mRNA and 
protein level in human keratinocytes, oscillating with a cir-
cadian period upon clock synchronization. Importantly, we 
show that PER2S preferentially localizes within the nucleo-
lar compartment and that the transient perturbation of the 
nucleolar structure is associated with PER2S de-localiza-
tion. These results suggest that nucleolar perturbation acts 
as a resetting stimulus inducing circadian oscillations of 
both the core clock genes and Dbp clock controlled gene. 
As a consequence, the nucleolus could have a direct role 
in the regulation of the circadian clock with PER2S as the 
main actor in such regulation. In line with this hypothesis, 
it is interesting to note that high temperature and ultraviolet 
rays have been shown to induce both changes in nucleolar 
structure and composition [53, 58–60] and circadian syn-
chronization [30, 61].

Current models of the molecular clock functioning 
involve PER interaction with CRY proteins and subsequent 
translocation from the cytoplasm to the nucleus where they 
physically repress BMAL1/CLOCK heterodimers. PER2 
nuclear translocation is necessary both for the circadian 
clock resetting [11, 12] and for the regulation of the period 
length [62, 63]. The demonstration that PER2S is enriched 
within the nucleolus implicates the need for an important 
revision of the current models of the molecular pathways 
regulating circadian synchronization.

It is now well documented that only 30 % of the nucle-
olar proteins directly participate in ribosome biogenesis. 
Other nucleolar proteins have functions implicated in the 
cell cycle, DNA repair, cell senescence and cellular stress 
response [39, 64]. Interestingly, some of the nucleolar-regu-
lated processes are also controlled by the circadian systems 
[13, 15, 58, 65]. Intriguingly, the nucleolus has been shown 
to play a central role in the regulation of the p53 pathway 
[36, 41, 53]. When the nucleolar structure is disrupted in 
response to stress, the tumour suppressor ARF and ribo-
somal components RPL11, RPL5, RPL23 and RPS7 are 
released from the nucleolus into the nucleoplasm where 
they associate with MDM2, inhibiting its E3 ubiquitin ligase 
activity toward the p53 onco-suppressor and thus promoting 
p53 stabilization and activation [66]. Therefore, under stress 
conditions PER2S de-localization from the nucleolus could 
be important for transferring information about the physi-
ological status of the nucleolus to the circadian system. 
PER2S could act as a sensor of time within the nucleolus 
transmitting the circadian clock information to the nucleo-
lar components. This could favor a rapid nucleolar response 
to circadian clock changes induced by external stimuli. 
Indeed, PER2 protein has been implicated in the cou-
pling of the circadian clock to metabolism by modulating 

the transcriptional activity of numerous nuclear receptors 
including REV-ERBα, PPARα, PPARγ and HNF4α [44, 
67]. This regulatory activity of PER2 has been shown to be 
mediated by its ability to establish protein/protein interac-
tion through its PAS domains and the LXXLL, which are 
remarkably conserved also at the N-termini of PER2S.

In summary, the present work demonstrates the exist-
ence of a cross talk between the nucleolus and the circa-
dian clock, which is possibly mediated by the activity of 
PER2S. These important issues are currently under investi-
gation and will be the object of future studies. We are con-
fident that our work will strongly contribute to gaining new 
important insights regarding the mechanisms governing the 
circadian clock and nucleolar function, which, when dereg-
ulated, have an important role in cancer development.
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