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REGy is a strong candidate for the regulation
of cell cycle, proliferation and the invasion
by poorly differentiated thyroid carcinoma cells

M. Zhang, L. Gan and G.S. Ren

Department of General Surgery, The First Affiliated Hospital, Chongging Medical University, Chongging, China

Abstract

REGy is a proteasome activator that facilitates the degradation of small peptides. Abnormally high expression of REGy has
been observed in thyroid carcinomas. The purpose of the present study was to explore the role of REGy in poorly differenti-
ated thyroid carcinoma (PDTC). For this purpose, small interfering RNA (siRNA) was introduced to down-regulate the level
of REGy in the PDTC cell line SW579. Down-regulation of REGy at the mRNA and protein levels was confirmed by RT-PCR
and Western blot analyses. FACS analysis revealed cell cycle arrest at the G4/S transition, the MTT assay showed inhibition
of cell proliferation, and the Transwell assay showed restricted cell invasion. Furthermore, the expression of the p21 protein
was increased, the expression of proliferating cell nuclear antigen (PCNA) protein decreased, and the expression of the p27
protein was unchanged as shown by Western blot analyses. REGy plays a critical role in the cell cycle, proliferation and inva-
sion of SW579 cells. The alteration of p21 and PCNA proteins related to the down-regulation of REGy suggests that p21 and
PCNA participate in the process of REGy regulation of cell cycle progression and cell proliferation. Thus, targeting REGy has

a therapeutic potential in the management of PDTC patients.
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Introduction

Proteasomes are large proteolytic complexes found
throughout the eukaryotic cell that destroy damaged or
misfolded proteins as well as critical regulatory proteins
controlling fundamental cellular processes such as cell
cycle progression, transcription and cell signaling (1,2).
Proteasomes are composed of a 20S catalytic core and a
regulatory particle, which can be the regulatory 19S particle
or a member of the REG (11S) family (3,4). The 19S regu-
lator contains an ATPase subunit, which recognizes and
degrades ubiquitin-protein conjugates in an ATP-dependent
manner when binding to the 20S proteasome. In contrast,
the REG family is an ATP- and ubiquitin-independent pro-
teasome activator. The members of the REG family include
REGa, REGB, and REGy, which share approximately 35%
amino acid similarity (4,5). REGy has been demonstrated
in worms, insects and higher animals, whereas REGa and
REGp has been detected only in vertebrates (6). REGa and
REG are distributed throughout the cell compartments,
whereas REGy is present only inside nuclei (7). REGa
and REGp are highly expressed in immune cells and are

thought to play an important role in the production of major
histocompatibility complex class | antigenic peptides (8);
however, the function of REGy is unknown. REGy has been
characterized only in terms of its ability to degrade small pep-
tide model substrates, but recent evidence demonstrated
that REGy is also responsible for the degradation of some
proteins, such as the steroid receptor co-activator 3 (9),
hepatitis C virus core protein (10) and Smad ubiquitination
regulatory factor 1 (11). The degradation of these proteins
does not depend on ATP and ubiquitin, which suggests a
new mechanism for protein degradation by proteasomes.
Additionally, REGy was identified as a novel regulator of
Cajal body integrity (12) and is involved in the control of
nuclear trafficking of splicing factors (13). Studies of REGy
expression in tumor tissues demonstrated that REGy
increased progressively from normal tissue to benign
neoplasms and then to malignant tissues in thyroid and
colorectal cancers, suggesting an important role for REGy
in tumorigenesis (14,15). These new findings prompted us
to reassess the biochemical properties and physiological
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functions of REGy in tumors.

Poorly differentiated thyroid carcinoma (PDTC), derived
from follicular cells, is an aggressive thyroid tumor with
high malignancy; its histopathological and biological ag-
gressiveness is intermediate between well-differentiated
thyroid carcinomas and anaplastic thyroid cancer (16).
PDTC accounts for up to 10% of all thyroid cancers and
has a higher incidence in Europe than in the United States
(17,18). Over 50% of PDTCs have regional nodal metas-
tases, and therefore total thyroidectomy is necessary for
these patients. However, the use of radioactive iodine,
external-beam radiation therapy, and chemotherapy is
controversial. The aggressive nature of PDTC produces a
rapid and fatal patient outcome despite appropriate treat-
ment (17-19). More studies of the carcinogenesis of PDTC
are necessary.

Deregulated cell cycle and proliferation are at the origin
of carcinogenesis, and together with invasion they represent
hallmarks of malignancy. Here we investigate how REGy
affects the cell cycle, cell proliferation and invasion in poorly
differentiated thyroid carcinoma cells by reducing the level
of the REGy protein. p21, p27, and proliferating cell nuclear
antigen (PCNA) proteins are critical regulators of cell cycle
and cell proliferation. The degradation of the p21 protein
was shown to be regulated by REGy in other carcinoma cell
lines (20). p21 and PCNA proteins frequently interact with
each other (21,22). Cell cycle progression is controlled by
a set of cyclin-dependent kinases (CDKs) that are inhibited
by two classes of CDK inhibitors; p21 and p27 belong to the
same class, so we also investigated the alterations in the
levels of p21, p27 and PCNA proteins in poorly differenti-
ated thyroid carcinoma cells resulting from reduced levels
of the REGy protein.

Material and Methods

Cell lines

The SW579 cell line, derived from a poorly differentiated
human thyroid carcinoma and possessing nuclear features
of papillary carcinoma and squamous differentiation, was
purchased from the American Type Culture Collection
(USA).

Reagents

Rabbit polyclonal anti-REGy was purchased from Zymed
(USA). Mouse monoclonal anti-p21 was purchased from
BD (USA). Rabbit polyclonal anti-p27, mouse monoclonal
anti-PCNA and rabbit polyclonal anti-B-actin were pur-
chased from Santa Cruz (USA). Culture medium L-15 was
purchased from Invitrogen (USA). Fetal calf serum was
purchased from Gibco (USA). Lipofectamine™ 2000 was
purchased from Invitrogen. The RT-PCR kit was purchased
from Dingguo Co. (China).

Vectors expressing small interfering RNA (siRNA) for
REGy (pREGy) and scrambled vector (pSV) were con-
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structed using pGenesil-1 plasmids by GeneSil Co. (China).
The sequence of siRNAoligonucleotide duplex is as follows
(structure: BamHI + sense + loop + antisense + termina-
tion signal + Sall + Hindlll): pPREGy 5-AACTCAGATCCAC
TCTGACAT-3": pREGy-A (sense) 5-GATCCGCTCAG
ATCCACTCTGACATTTCAAGACGATGTCAGAGTGG
ATCTGAGTTTTTTGTCGACA-3’; pREGy-B (antisense)
3'-GCGAGTCTAGGTGAGACTGTAAAGTTCTGCTAC
AGTCTCACCTAGACTCAAAAAACAGCTGITCGA-5'.
pSV 5-GACTTCATAAGGCGCATGC-3": pSV-A (sense)
5-GATCCGACTTCATAAGGCGCATGCTTCAAGACGG
CATGCGCCTTATGAAGTCTTTTTTGTCGACA-3’; pSV-B
(antisense) 3'-GCTGAAGTATTCCGCGTACGAAGTTCTG
CCGTACGCGGAATACTTCAGAAAAAACAGCTGTIT
CGA-5'.

Cell culture and plasmid transfection

SW579 cells were grown in L-15 medium supplemented
with 10% fetal calf serum in a humidified atmosphere
containing 5% CO» at 37°C. They were transfected with
the eukaryotic expression vector pREGy or pSV using
Lipofectamine™ 2000 according to the manufacturer
protocol. Briefly, 80% confluent cells grown on 100-mm
dishes were washed three times with serum-free medium
before the addition of plasmid DNA and Lipofectamine™
2000 at a 1:20-ratio. Transfected cells were maintained in
serum-containing media for 24 h, G418-resistant colonies
were selected and screened, and the stable cells were
digested with 0.15% trypsin and then grown and harvested
for further experiments.

Reverse transcription-PCR analysis

Total cellular RNA was extracted from the parental cells
(mock), cells treated with pSV and cells treated with pPREGy
using Trizol reagent according to the manufacturer protocol.
RNA concentrations were determined spectrophotometri-
cally and equal amounts of total RNA (2.5 ug) were reverse
transcribed using oligo primer and reverse transcriptase
for 60 min at 42°C. The following primers designed us-
ing the Primer Premier 5.0 software were used: REGy
sense, 5-CCCTGGCCTCCCAAAGTGCT-3' and REGy
antisense, 5-TCGGCCACTGCACTCCAACC-3’; B-actin
sense, 5-GCATCCTGACCCTGAAGTACC-3’, and B-actin
antisense, 5-TCGGCCACTGCACTCCAACC-3'. The PCR
conditions were as follows: 94°C for 5 min, followed by 30
cycles of 94°C for 1 min, 57°C for 1 min (58°C for B-actin)
and 71°C for 1 min. The final extension was at 72°C for
7 min. PCR products were resolved on 1% agarose gel,
visualized with ethidium bromide, and photographed under
UV light. Each experiment was repeated three times and
each repetition gave similar results.

Western blot analysis

Protein extracts were obtained from the parental cells
(mock), cells treated with pSV and cells treated with pPREGy
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using Tris-buffered lysis. Protein was determined using a
bicinchoninic acid assay (BCA Protein Assay Kit, Pierce,
USA). Thirty micrograms of protein from each sample was
subjected to 10% SDS-PAGE gel electrophoresis and
transferred to a PVDF membrane (Bio-Rad, USA). The
membrane was blocked with 5% non-fat dry milk in PBS
(phosphate-buffered saline) for 1 h. After incubation with
primary antibodies in blocking solution overnight at 4°C,
membranes were then washed three times with T-PBS
(PBS with Tween-20). Horseradish peroxidase-conjugated
secondary antibodies were used, and the membranes
were developed using an enhanced chemiluminescence
protocol (Bio-Rad). B-actin served as a load control. Each
experiment was repeated three times and each repetition
gave similar results.

Flow cytometry analysis

Parental cells (mock), cells treated with pSV and
cells treated with pPREGy were seeded on 24-well tissue
culture plates (1 x 10%). Cells were fixed gently by adding
80% ethanol and placing them in a freezer for 2 h and
then analyzed by flow cytometry (FacsCalibur; BD). Each
experiment was repeated three times and each repetition
gave similar results.

MTT proliferation assay (cell growth curve)

For the analysis of cell growth rate, parental cells (mock),
cells treated with pSV and cells treated with pREGy were
plated onto 96-well plates at a density of 3 x 103 cells/well,
and viable cells were counted from day 1 to day 7. Cells
were stained with 20 yL sterile MTT dye at 37°C for 4 h, the
culture medium was removed and 150 pL dimethylsulfoxide
was thoroughly mixed with the cells for 10 min for day 1 to
day 7 groups at 1-day intervals. Spectrometric absorbance
at 490 nm was measured with a microplate reader (Multi-
skan spectrum, Thermo Electron Corporation, USA). Each
experiment was repeated three times and each repetition
gave similar results.

Transwell assay

Transwell invasion was measured by the invasion
of cells through matrigel-coated (BD) transwell inserts
(Costar, USA). Briefly, 24-well transwell inserts with
8-mm pore size were coated with matrigel (1:8) in cold
serum-free L-15 culture medium. Parental cells (mock),
cells treated with pSV and cells treated with pPREGy were
trypsinized, and 100 pL of the cell suspension (5 x 105
cells/mL) was added to the upper compartment, and cell
culture medium with 10% fetal calf serum was added to
the lower compartment. After a 24-h incubation period,
the inserts were inverted and stained with hematoxylin.
Five fields were chosen randomly, the number of cells
was counted and the mean value was calculated. Each
experiment was repeated three times and each repeti-
tion gave similar results.
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Statistical analysis

Data were analyzed statistically by ANOVA using the
SPSS 15.0 software. Data are reported as means + SD of
three independent experiments, and a P value less than
0.05 was considered to be statistically significant.

Results

Knockdown of REGy in SW579 cells upon siRNA
treatment causes the reduction of REGy mRNA and
protein

To reduce the expression levels of REGy, the cells
were transfected with an siRNA vector targeting REGy
(PREGY); cells transfected with scrambled vector (pSV)
and untransfected cells (mock) served as controls. The
RT-PCR analysis showed significantly decreased levels of
REGy mRNA in pREGy groups compared to pSV groups
or in mock groups; B-actin activity was analyzed to serve
as aloading control (Figure 1A). Western blot analysis was
performed to determine the expression of the REGy protein;
as shown in Figure 1B, there was a significant decrease
in the expression of the REGy protein in pREGy groups
compared to pSV groups or mock groups. The percentage
of remaining expression was about 38% in relation to the
100% control. B-actin activity was analyzed to serve as a
loading control. Taken together, these results demonstrate
the efficient down-regulation of REGy upon treatment with
siRNA targeting this protein.

A

<038
520 bp B-actin %06
£0.
80.4 *
210 bp REGy o2
0
Mock pSV  pREGy Mock pSV pREGy
B 0.8
£
504 x
28 kDa REGy 80_2
[is
Mock pSV pREGy 0
Mock pSV pREGy

Figure 1. Small interfering RNA knockdown of REGy mRNA and
protein expression in SW579 cells. A, Total RNA was extracted
from parental cells (mock), cells treated with scrambled vec-
tor (pSV) and cells treated with proteasome activator (pREGy).
Semi-quantitative RT-PCR was performed according to standard
protocols. B-actin was used as an internal control. Data are re-
ported as means + SD of three independent experiments. *P <
0.05 compared to other groups (ANOVA). B, Total proteins were
extracted from SW579 parental cells (mock), cells treated with
pSV and cells treated with pREGy. Western blot analysis was
performed to detect REGy expression. B-actin was used as an
internal control. Data are reported as means + SD of three in-
dependent experiments. *P < 0.05 compared to other groups
(ANOVA).
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RNAi-mediated down-regulation of REGy inhibits
SW579 cell proliferation

To confirm the role of REGy in cell proliferation in the
SW579 cell line, the cells were transfected with pREGy;
cells transfected with pSV and untransfected cells (mock)
served as controls. We measured cell growth capability
by the MTT assay, and the growth curve showed that cell
proliferation was significantly inhibited in pREGy groups
compared to pSV groups or mock groups (Figure 2A).

RNAi-mediated down-regulation of REGy impedes
the cell cycle in SW579 cells

To confirm the role of REGy in the cell cycle of SW579
cells, we transfected the cells with pREGy; cells transfected
with pSV and untransfected cells (mock) served as controls.
Then, we measured the cell cycle using flow cytometry. The
results showed that the percentage of cells arrested at the
Go/G4 phase in the pREGy group was remarkably higher
than in the pSV or mock groups (Figure 2B).

RNAi-mediated down-regulation of REGy is
accompanied by the simultaneous up-regulation of the
p21 protein and down-regulation of the PCNA protein

To confirm the role of REGy in regulating the protein
levels of p21, p27 and PCNAin SW579, we transfected the
cells with pREGy; cells transfected with pSV and untrans-
fected cells (mock) served as controls. Western blot analysis
showed that there were significantly increased levels of the
p21 protein and significantly decreased levels of the PCNA
protein in the pREGy groups compared to the pSV or mock
groups, but the level of the p27 protein in the pREGy groups
showed no significant change (Figure 3).

Down-regulation of REGy restricts invasion of
SW579 cells

To confirm the role of REGy in regulating the invasion
of the SW579 cell line, cells were transfected with pREGy;
cells transfected with pSV and untransfected (mock) served
as controls. The transwell assay showed that the invasion
of pREGy groups was significantly restricted compared to
the pSV or mock groups (Figure 4).

Discussion

REGy (also known as PA28y and PSME3) is a protea-
some activator and REGy-proteasome-mediated protein
degradation may regulate fundamental cellular processes
such as cell cycle progression (20,23). In the present
study, we introduced siRNA sequences into the poorly
differentiated human thyroid carcinoma cell line SW579 to
down-regulate the expression of REGy in order to assess
its effects on cell cycle progression, cell proliferation, and
invasion regulation. RT-PCR assays were used to detect
the expression of REGy mRNA; Western blot analyses
were used to detect the expression of REGy, p21, p27 and
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Figure 2. Small interfering RNA knockdown of REGy decreases
cell proliferation and halts the cell cycle in the Gg/G¢ phase. A,
Parental cells (mock), cells treated with scrambled vector (pSV)
and cells treated with proteasome activator (PREGy) were main-
tained in 96-well plates. Absorbance was measured at different
times (1-7 days). Data are reported as means + SD of spectro-
metric absorbance of three independent experiments. *P < 0.05
compared to other groups (ANOVA). B, The cell cycles of pa-
rental cells (mock), cells treated with pSV and cells treated with
pREGy were analyzed by flow cytometry. Each bar indicates the
distribution of the cell cycles. Data are reported as means + SD
of three independent experiments. *P < 0.05 compared to other
groups (ANOVA).
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Figure 3. Small interfering RNA knockdown of REGy increases
p21 and decreases proliferating cell nuclear antigen (PCNA)
protein expression. Total proteins were extracted from parental
cells (mock), cells treated with scrambled vector (pSV) and cells
treated with proteasome activator (PREGy). Expression of p21,
p27 and PCNA proteins was assessed by Western blot. -actin
was used as an internal control. Data are reported as means *
SD of three independent experiments. *P < 0.05 compared to
other groups (ANOVA).

PCNA proteins; FACS was used to detect the state of the
cell cycle; MTT assays were used to detect cell prolifera-
tion, and transwell invasion assays were used to detect
cell invasion.

Previous studies have shown that knockdown of REGy
in Drosophila cells inhibited cell proliferation (24); REGy
knockout mice displayed modest growth retardation, and
the lack of REGy in mouse embryonic fibroblasts prevented
G1/S phase progression (25,26); REGy could promote
breast carcinoma cell growth and cell cycle progression
(27). Our study corroborates these observations by dem-
onstrating that the cell cycle progression was dramatically
arrested and cell proliferation was markedly inhibited by

www.bjournal.com.br
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the down-regulated expression of REGy in
SW579 cells. Additionally, more cells with
REGYy depletion were arrested at the Go/G1
phase in our experiment, in agreement with
two independent studies on mouse embry-
onic fibroblasts (25,26). However, another
study (20) showed that REGy depletion
leads to cell cycle arrest at the Go/M phase
in TPA-treated cells, indicating that different
cell types may use different mechanisms.

p21 is a broad-spectrum CDK inhibitor
that plays a central role in regulating the cell
cycle in many types of cells (28). p21 has
two distinct inhibitory effects on the entry
of the cell from the G4 phase into S phase:
one is to inhibit the G4-phase cyclins/CDK
complexes, and the other is to directly block
DNA synthesis via an interaction with PCNA
(29-32). In the present study, the level of
the p21 protein was markedly increased by
siRNAinterference of REGy, consistent with
the phenomenon that more cells with REGy
depletion were arrested at the Go/G1 phase
than cells transfected with pSV and cells
untransfected. Previous studies have shown
that the depletion of REGy following siRNA
interference leads to a striking increase
in p21 protein levels in TPC cells, but the knockdown of
REGy had only a relatively slight effect on p21 levels in
MCEF-7 cells and had no effect in HepG2 and 3T3-L1 cells
(20). It is interesting that REGy-dependent p21 regulation
is cell-type specific.

p27 is also a CDK inhibitor that plays an important role
in protecting cells from excessive proliferation by regulating
CDK activity, thus inhibiting the G4/S transition (22). The
levels of the p27 protein are increased in quiescent cells and
rapidly decrease after stimulation with mitogens. Constitu-
tive expression of p27 in cultured cells causes cell cycle
arrest in the G1 phase (21,33). Therefore, we investigated
the expression of p27 in SW579 cells and did not observe
any change in the expression of the p27 protein with the
depletion of REGy. Thus, also taking into account previous
reports that the REGy-proteasome pathway in charge of
proteolytic turnover of p21 was not involved in p27 (20,23),
we suggest that p21, but not p27, plays an important role
in the REGy-related control of cell cycle progression in
SW579 cells.

PCNA is a factor for DNA polymerase delta, which is
synthesized during the late G to S phase of the cell cycle
and has been shown to be a cyclin (34,35). PCNA was
initially identified as an auto-antigen in patients with sys-
temic lupus erythematosus (36), as was REGy (also called
Ki antigen) (37), which suggests a possible relationship
between PCNA and REGy. Previous studies have indi-
cated a significant positive correlation between REGy and
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Figure 4. Small interfering RNA knockdown of REGy decreases cellular inva-
siveness. Parental cells (mock), cells treated with scrambled vector (pSV) and
cells treated with proteasome activator (PREGy) were added to transwell inserts
and the number of invasive cells was observed and counted. Data are reported
as means + SD of three independent experiments. *P < 0.05 compared to other
groups (ANOVA).

PCNA expression in papillary thyroid cancer, multinodular
goiter, and normal thyroid tissues (14). In the present study,
the levels of the PCNA protein were down-regulated fol-
lowing the decline in the levels of REGy, suggesting that
REGy may be involved in the regulatory machinery of
proliferation in thyroid cancer cells, like PCNA. It is well
known that p21 has a close partnership with PCNA. The
N-terminal half of PCNA participates in the binding to p21,
the C-terminal domain of p21 is involved in the binding of
PCNA, and the C-terminal domain of p21 is sufficient to
displace DNA replication enzymes from PCNA, thereby
blocking processive DNA synthesis (30). Additionally, p21
can promote the proteasome-dependent degradation of
the PCNA protein and thus inhibit PCNA-dependent DNA
replication in adult cardiomyocytes, but p27 could not (38).
In the present study, a decline in the levels of the PCNA
protein was also observed when the level of REGy was
down-regulated by REGy siRNAinterference, and the level
of the p21 protein was up-regulated. Because there is no
direct evidence that REGy is involved in the degradation
of the PCNA protein, we infer that p21 promoted PCNA
protein degradation, which, combined with its inactivation
of the PCNA protein, contributes to the arrest of the cell
cycle at the G1/S phase transition and the inhibition of cell
proliferation in SW579 cells.

The invasion of carcinoma cells is the characteristic of
malignancy. Previous studies have found that all thyroid
papillary carcinoma tissues obviously express higher levels
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of REGy than the adjacent normal areas, but the highest
intensity of REGy expression was observed in peripheral
cells inside the cancer capsule or invading the capsular
region. REGy was also highly expressed in the whole area
ofthe anaplastic carcinoma mass, but REGy was expressed
at its highest level in the most poorly differentiated cancer
cells, such as squamous metaplasia (14). These phe-
nomena suggest that REGy is implicated in the invasion
and histological differentiation of thyroid carcinoma. In the
present study, the invasion of SW579 cells was restricted
by the depletion of REGy following siRNA interference. We
postulate that the REGy-controlled invasion of carcinoma
cells is probably due to the role of REGy in regulating the
degradation of relevant proteins, but the specific mechanism
is still unclear.
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Down-regulation of REGy using siRNA interference
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cycle in SW579 cells, and also restricted invasion of SW579
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up-regulated and the expression of the PCNA protein was
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results suggest that REGy could be a molecular target in
therapeutic applications for the treatment of patients with
PDTC.
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