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Riken 2810430M08 (hereinafter referred to as Rrp15) is a newly identified

and reported gene from the mouse genome. In our previous work, we

found that the gene had a relationship with the proliferation and activation

of T cells. Rrp15 protein is highly homologous with RRP15 (budding

yeast), which has an important role in ribosomal RNA processing. We

explored the potential function of Rrp15 in apoptosis, cell proliferation,

and its involvement with RNA in the nucleus. We constructed a knock-

down of the Rrp15 gene in NIH3T3 cells and then performed real-time

PCR, western blotting, flow cytometry, and immunofluorescence to deter-

mine the function of the Rrp15 gene. Knockdown of the Rrp15 gene sup-

presses proliferation and induces apoptosis. We also found that the Rrp15

protein was normally distributed in the nucleus and bound to RNA or pre-

RNA in the nucleus. Additionally, Rrp15 altered the activity of the 20S

proteasome. Rrp15 promotes proliferation and inhibits apoptosis in

NIH3T3 cells and may have a relationship with RNA in the nucleus.

The Riken 2810430M08 (hereinafter referred to as

Rrp15) gene was first reported in the journal Nature by

the Riken mouse gene Encyclopedia Project in 2001. The

gene has little sequence homology with other mouse

genes, and the Rrp15 protein has no inhibited functional

domain [1]. The Rrp15 gene is 700 kilobases and is local-

ized on chromosome1 h5, and its 1228-bp cDNA

encodes for a protein consisting of 281 amino acids [1,2].

Using a gene chip array ‘Mouse 15K cloned gene

set, National Institute of Aging’, we found that expres-

sion of the Rrp15 gene had increased in activated T

cells of C57BL/6 mice stimulated by antigens for 24 h.

The peak expression of the gene first appeared at 5 h

after stimulation and lasted for more than 24 h, as

examined using Northern blotting. In situ hybridiza-

tion revealed that the Rrp15 gene was closely corre-

lated with the development of the mouse embryo [2].

The Rrp15 protein has a region consisting of 92–216
amino acid residues that are highly homologous to the

budding yeast, RRP15 (ribosomal RNA processing 15);

this region is called ribosomal RNA processing 15 homo-

log (RRP15p). RRP15p was identified in 2005 and is

involved in ribosomal RNA processing, particularly the

processing of pre-rRNA. Pre-rRNA processing is a pro-

cedure in which rRNA is transcribed from genomic

rDNA during endo- or exonuclease digestion and methy-

lation by regulating proteins before it becomes mature

rRNA [3]. This is a key preparatory step in the assembly

of large and small subunits of ribosomes [3]. Several

reports have indicated that ribosomal processing proteins

are highly evolutionarily conserved in eukaryotes [3–8].
In higher level organisms, there are many proteins that

demonstrate homology to the RNA processing factors of

yeast, for example, Nop25 [5], Nop52, [6] and Bop1[7].
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Therefore, the Rrp15 gene in mice may have similar con-

served functions on mature rRNA as RRP15p in yeast.

In eukaryotic cells, including T cells, dysfunction of

mature of rRNA impacts the growth of cells [3–12].
When rRNA processing proteins such as RRP15 inhibit

cell growth and proliferation, cells also exhibit suppressed

function of mature ribosomal subunits [3,11,12].

Our preliminary work showed that the correlation

between Rrp15 with the activation and proliferation of

T cells is consistent with the functional characteristics

of rRNA processing proteins. Levels of Rrp15 and

other rRNA processing proteins are higher when acti-

vation of T cells is stimulated with antigens in order to

maintain the required protein necessary for cells in the

proliferation phase. Therefore, we speculated that

Rrp15 and RRP15p have a similar function.

Materials and methods

Cell culture

Studies were conducted in a murine embryonic fibroblast

cell line (NIH3T3), which was purchased from Shanghai

National Type Collection Center and was cultured in Dul-

becco’s Modified Eagle’s Medium (DMEM, Jinuo, Hang-

zhou, China) supplemented with 10% (v/v) FBS (Hyclone,

Logan, UT, USA) and 1% penicillin/streptomycin [13].

Rrp15 gene knockdown shRNA lentiviral vector

construction

The ORF of Rrp15 gene (Rrp15 mouse) (NM_026041.2)

was cloned from mouse cells used in the construction of

the overexpression vector. Lentiviral overexpression vectors

(Lent-Rrp15), the knockdown (Lent-Rrp15i) of the mouse

Rrp15 gene, and control vectors (Lent-Con) were pur-

chased from GenePharma (Shanghai, China). Lentivirus

infection was performed according to the manufacturer’s

instructions (http://www.genepharma.com).

Cell proliferation assay

NIH3T3 cells were seeded in 96-well plates at 5000 cells per

well with 100 lL of medium. After 24, 48, and 72 h, 10 lL of

CCK-8 (Beyotime, Jiangsu, China) was added to each well and

incubated at 37 °C for 2 h before measuring the absorbance at

450 nm using a spectrometer (Bio-Rad, Hercules, CA, USA).

Flow cytometry for apoptosis and cell cycle

assay

NIH3T3 cells with overexpressed or down-regulated Rrp15

gene expression were processed for analysis of apoptosis and

cell cycle using flow cytometry. Annexin V-PE was per-

formed for detection of preapoptosis, and 7-AAD was used

for nuclear staining. To detect apoptosis, cells (5 9 104)

were planted in a 24-well plate and after a period of incuba-

tion, cells were harvested by incubation with Annexin-V and

propidium iodide (PI) solution. All cells were analyzed by

flow cytometry. For cell cycle analysis, cells were harvested

and fixed in 70% (v/v) ethanol and then wash in PBS. All

cells were stained with 7-AAD solution, and the DNA con-

tent of each cell was detected by flow cytometry [14].

Immunofluorescence staining and subcellular

localization

NIH3T3 cells in six-well plates were washed twice with cold

PBS and then fixed with methanol/acetone (v : v = 1 : 1)

followed by washing with PBS. After blocking in 1% BSA

for 1 h at room temperature, cells were incubated with a

mouse anti-tubulin antibody (Abcam, Cambridge, MA,

USA) for 1 h. Following washing with PBS, cells were

incubated with Alexa Fluor 594-conjugated secondary anti-

body followed by 40,6-diamidino-2-phenylindole (DAPI)

stain (Life Technologies, Foster City, CA, USA). Finally,

cells were imaged using a laser scanning fluorescence micro-

scope (Olympus, Tokyo, Japan) [15].

20S proteasome activity assay

A Proteasome 20S Activity Assay Kit (Abcam) was used

for the 20S proteasome activity assay. Briefly, approxi-

mately 2 9 106 cells were centrifuged, and the pellet was

suspended in 0.5% NP-40 solution followed by centrifuging

to remove insoluble matter. The OD value was quantified

using a spectrometer [16].

Western blot analysis

Cells were lysed in RIPA buffer, followed by the determi-

nation of protein concentration and denaturation of total

proteins. SDS/PAGE was performed for protein separation,

followed by transfer to a polyvinylidene fluoride (PVDF)

membrane (Millipore, Bedford, MA, USA). The blots were

incubated with primary and secondary antibodies, followed

by staining and quantification with an imaging system

(Bio-Rad) [16].

Real-time quantitative PCR

Total RNA of the NIH3T3 cells was extracted with TRIzol

(Life Technologies) according to the manufacturer’s instruc-

tions. After cDNA was synthesized by reverse transcription

of 500 ng of total RNA with a PrimeScriptTM RT reagent Kit

with gDNA Eraser (Perfect Real Time) (TAKARA, Dalian,

China), quantitative RT-PCR was performed using StepOne
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Plus (AB, USA) with tSYBR� Premix Ex TaqTM (TliRNaseH

Plus), ROX plus (TAKARA). The RT-PCR primer for the

Rrp15 gene and internal control gene actin were purchased

from GenePharma. The PCR protocol used was 95 °C for

5 min, 40 cycles at 95 °C for 10 s, 60 °C for 34 s followed by

a melting curve step of 60 °C up to 95 °C. The relative

expression of the Rrp15 gene was normalized to the control

gene actin [17].

Results

The Rrp15 gene impacts proliferation, cell cycle,

and apoptosis of NIH3T3 cells

Previously, we have found that the Rrp15 gene is

expressed in the permanent cells of the fetal mouse,

such as neurons [2]. Despite that, we aimed to deter-

mine the role of the Rrp15 gene in other types of tis-

sues or cells. We transfected NIH3T3 cells with

lentiviral vector harboring Rrp15 gene and constructed

stable Rrp15-expressing cells (3T3-Rrp15) with lentivi-

ral vectors. Additionally, control cells (3T3-c) and

knockdown cells (3T3-i) were constructed. Expression

of the Rrp15 gene was assessed using RT-PCR, and

we found that expression of the Rrp15 gene was

increased by threefold in 3T3-Rrp15 cells and

decreased by twofold in 3T3-i cells compared to con-

trol cells (3T3-c) (Fig. 1A1). To determine the effects

of the Rrp15 gene on proliferation, cell cycle, and

apoptosis, we performed a CCK-8 assay and flow

cytometry. The CCK-8 assay showed that 3T3-Rrp15

cells proliferated significantly faster compared to all

other cells (Fig. 1A2).

Previous reports indicated that deletion of Rrp15p

(the homologous Rrp15 gene in humans) resulted in

an induction of cell cycle arrest and expression of

p21, a cell cycle inhibitor [18]. Therefore, flow

cytometry was carried out to determine the role of

the Rrp15 gene on cell cycle and apoptosis in the

NIH3T3 cells. We found differences in apoptosis

4
A

B

C

3

2

1

0
3T3-c

105

104

Q1
0.320%

Q4
93.6%

Q3
3.30%

Q4
93.9%

Q3
3.86%

Q4
90.0%

Q3
1.90%

Q2
7.41%

Q1
0.200%

Q1
0.160%

Q2
2.07%

Q2
2.75%

103

102

102 103 104 105

0

C
om

p-
7-

A
A

D
-A

0

0 30 60 90
Channels (P1-A) Channels (P1-A) Channels (P1-A)

120 0 30 60 90 120 0 30 60 90 120

40
0

80
0

12
00

16
00

0
40

0
80

0
12

00
16

00

0
50

0
10

00
15

00
20

00

C
om

p-
7-

A
A

D
-A

C
om

p-
7-

A
A

D
-A

105

104

103

102

0

105

104

103

102

0

0 102 103 104 1050 102 103 104 1050

3T3-Rrp15

Relative expression of Rrp15

24

11 2

1

1 2 3 4

2 3 4

0

15

F = 139.5 P < 0.001
10

5

A
po

pt
os

is
 (%

)

0

Goups

100

50
***

***

***

0

P
er

ce
nt

ag
e 

of
 p

ha
se

s 
of

 c
el

l c
yc

le

Goups

G2/M
S
G1

3T
3-C

3T
3-R

rp1
5

3T
3-i

3T
3-C

3T
3-R

rp
15

3T
3-i

2

4

6

48 72
Time (h)

Pr
ol

ife
ra

�o
n 

of
 N

IH
3T

3
ce

lls

96

3T3-i

3T3-Rrp15

3T3-c

3T3-i

Fig. 1. Knockdown of Rrp15 reduced proliferation, increased apoptosis, and blocked cell cycle of the NIH3T3 cells. (A2) Proliferation of the

NIT3T3 cells, (B) apoptosis of the NIH3T3 cells detected using flow cytometry and 3T3-i group has a higher apoptosis than other groups

(P < 0.01, ***) (B4), and (C) cell cycle of the NIH3T3 cells examined using flow cytometry. S phase of 3T3-Rrp15 cells has a more

percentage than other groups (P < 0.001, ***), that means Rrp15 could promote cell cycle (C4).
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rates and cell cycle among 3T3-Rrp15, 3T3-i, and

3T3-cells (Fig. 1B, C). As shown in Fig. 1, cells

overexpressing the Rrp15 gene and control cells both

showed a decrease in the percentage of apoptosis,

and knockdown of the Rrp15 gene may inhibit cell

cycle at the G1/S phase check point (Fig. 1C).

Therefore, the Rrp15 gene may have an important

role in cell cycle and apoptosis in the fibroblast

NIH3T3 cells.

The Rrp15 gene promotes the cell cycle process

through p21, p53, Cyclin D1, and Cyclin A

After confirmation that cell cycle was inhibited by

knockdown of the Rrp15 gene, we performed RT-

PCR and western blotting to detect genes associated

with the cell cycle. P53, an anticancer gene, controls

cell DNA damage by inducing p21 expression to

block cell cycle arrest at the G1 phase. The Cyclin

proteins, such as Cyclin D1 and Cyclin A, bind to

Cyclin-dependent kinases to allow transition to the

next phase of the cell cycle; Cyclin D1 and Cyclin A

are essential to control the G1/S transition [19]. We

examined the expression of p21, p53, Cyclin D1, and

Cyclin A in the 3T3-Rrp15, 3T3-i, and 3T3-c cells

(Fig. 2). We found that the cell cycle-promoting

genes, Cyclin D1 and Cyclin A, were down-regulated

in cells overexpressing the Rrp15 gene. Conversely,

we found that expression of P53 and p21 were up-

regulated in the 3T3-Rrp15 cells. These data suggest

that the Rrp15 gene is involved in regulation of cell

cycle proteins either directly or indirectly.

Subcellular distribution of the Rrp15 protein in

NIH3T3 cells

We used immunoflouresence to determine the subcellular

distribution of the Rrp15 protein in NIH3T3 cells. We

determined that the Rrp15 protein was localized in the cell

nucleus (Fig. 3A, red). Confocal immunofluorescence

imaging showed that the Rrp15 protein was mainly in the

nucleus of 3T3-Rrp15 cells (Fig. 3B, green), and theRrp15

protein was colocalized with chromosomes during the gap

phase, prophase, prometaphase, and cytophasmic division,

but not during metaphase, anaphase, or telophase

(Fig. 3C). Additionally, there was a decrease in colocaliza-

tion during the transition from prophase into prometa-

phase (Fig. 3C). These data suggest that the Rrp15 protein

functions in the nucleus and is involved in mitogenesis by

binding to the chromosome. Furthermore, the subcellular

location of the Rrp15 protein suggests its involvement in

the processing of mature and precursor rRNA.

The Rrp15 protein is relative to rRNA in the

nucleus

It has been reported that Rrp15p, a homologous pro-

tein of the Rrp15 protein, is involved in the synthesis

of large subunit rRNA [4,20]. To determine if the

Rrp15 protein has a similar function, GFP-labeled

NIH3T3 cells overexpressing Rrp15 were fixed with or

without RNase digestion. We found the Rrp15 protein

was bound together unusually tight (Fig. 4) and loos-

ened after adding the RNase (Figure, Green dot). The

data indicate that Rrp15, like Rrp15p, may have an

important role in the functions of RNA and perhaps

rRNA at the area of cellular nucleus.

The activity of the 20S proteasome is influenced

by the Rrp15 protein

Proteasomes are found in all eukaryotic cells and

consist of two subunits, 20S and 60S, which are

responsible for degrading proteins with specific tags.

The 20S subunit is a protease with chymotrypsin-like,

trypsin-like, and caspase-like protease activities. Ribo-

some proteins crosstalk with proteasomes. The chy-

motrpsin-like activity of the 20S proteasome

increased significantly with the increased levels of the

Rrp15 protein compared to the normal Rrp15 levels

(P < 0.001). However, there was no difference in

trypsin-like activity between the two NIH3T3 cells.

Chymotrypsin-like activity of the 20S proteasome was

selectively influenced by the Rrp15 protein suggesting

the Rrp15 protein affects the core subunit of the 20S

(Fig. 5).

Fig. 2. Western blot analysis of cell cycle-associated proteins.

Overexpression or down-regulation of the Rrp15 gene (3T3-Rrp15

and 3T3-i, respectively) impacts the protein levels of Cyclin D1,

Cyclin A, p53, and p21 compared to the control group (3T3-c).
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Discussion

In the present work, we found that the Rrp15 gene is

involved in the promotion of cell proliferation and cell

cycle and in the inhibition of apoptosis. The Rrp15

protein is distributed in the nucleus of cells and has

potential roles involving the processes of RNA, which

may include mRNA and rRNA, and the activity of

the 20S proteasome in cells. This is the first report

Fig. 3. Subcellular localization of the Rrp15 protein in quiescent and cell-cycling NIH3T3 cells. (A) Expression of the Rrp15 gene in wild-type

cells, (B) GFP-Rrp15 fused protein in quiescent cells (GFP stands for Rrp15 protein), and (C) in control and overexpressing cells, subcellular

localization of the Rrp15 protein in cells during the different stages of cell cycle (GFP stands for Rrp15 protein).
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suggesting a role of theRrp15 protein in RNA-

associated processes and 20S proteasome activity.

In terms of amino acid residues, the Rrp15 protein

is highly homologous to the budding yeast RRP15p

protein, which may have a relationship with the proce-

dures of nuclear RNA, particularly pre-rRNA [3]. In

our experiment, the Rrp15 protein was confirmed to

have a similar role to the RRP15p protein. We found

the Rrp15 protein was bound with RNA in the

nucleus but dissociated after adding RNase. This

allowed RNase to digest the RNA, including pre-

RNA, mature RNA, rRNA, and microRNA, into

smaller fragments. Proteins participating in RNA pro-

cessing are removed following RNase digestion in the

nucleus [4]. The process of ribosome assembly is evolu-

tionally conserved [4,21]. RRP15p is a component of

the pre-60S ribosome in the nucleus and depletion of

the RRP15p gene inhibits the accumulation of several

pre-rRNA of the 60S ribosome [4]. The function of the

Rrp15 protein in pre-rRNA maturation should be

investigated in future studies. Ribosome-associated

proteins involved in the maturation of ribosomes, such

as Rrp14 and Rrp12, generally function in regulating

proliferation, apoptosis, and cell cycle [22].

The Rrp15 gene also inhibits proteasomes. Inhibi-

tion of proteasome may lead to the induction of

apoptosis and thereby block cell growth [23,24].

Proteasome inhibitors, bortezomib and YSY01A, also

target apoptosis and cell cycle [24,25]. We showed that

the Rrp15 gene also has effects on cell cycle and apop-

tosis. The 20S proteasome is a 700-kDa complex unit,

consisting of 28 proteins [26]. Proteasome inhibition

has been shown to have anticancer effects due to

hyperactivation of proteasomes in cancer cells [27].

The role of the Rrp15 gene in cell cycle and apoptosis

may be associated with the inhibition of the 20S pro-

teasome and should be investigated further.

In this study, we are the first to describe the role of

the Rrp15 gene in proliferation, apoptosis, and the

activity of proteasomes. Further investigations of the

Fig. 4. The Rrp15 protein closely bound RNA in NIH3T3 cells. 1 and 4 were control cells, 2 and 5 were cells with the Rrp15 gene knocked

down, and 3 and 6 were cells that overexpressed theRrp15 gene. In Figure F, red circles indicate loosening and scattering of the Rrp15

protein after RNase digestion.

Fig. 5. The Rrp15 gene has an impact on the 20S proteasome

chymostrypsin-like and trypsin-like activity. Overexpression of the

Rrp15 gene significantly increased chymostrypsin-like activity

(P < 0.01, ***), but not trypsin-like activity, of the 20S proteasome.
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Rrp15 gene are necessary to fully elucidate the func-

tions of this gene.

Conclusions

In our work, the Rrp15 protein was normally dis-

tributed in the nucleus and bound to RNA or pre-

RNA in the nucleus. Meanwhile, Rrp15 could alter

the activity of the 20S proteasome, promote prolifera-

tion, and inhibit apoptosis in NIH3T3 cells. Addition-

ally, Rrp-15 might have a relationship with RNA in

the nucleus, especially ribosomal RNA.
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