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Abstract: Ribonucleotide reductase small subunit M2B (RRM2B) plays an essential role in maintaining mitochon-
drial homeostasis. Mitochondrial permeability transition pore (MPTP) is a key regulator of mitochondrial homeo-
stasis. MPTP contributes to cell death and is crucial in cancer progression. RRM2B’s relation to MPTP is not well
known, and the role of RRM2B in cancer progression is controversial. Here, our aim was to study the role of RRM2B
in regulating MPTP and the association between RRM2B and clinicopathological manifestations in breast cancer.
Analysis of Rrm2b-/- mice cells found changes consistent with MPTP opening, including mitochondrial swelling and
upregulation of cyclophilin D (CypD), a protein that activates MPTP opening. Silencing of RRM2B gene expression
in MCF7 and KB cell lines led to MPTP opening. Accordingly, dysfunctional oxidative phosphorylation and elevated
superoxide levels were also detected in RRM2B-silenced MCF7 and KB cell lines, which was consistent with the find-
ings by gene set enrichment analysis of 159 breast cancer cases that genes involving respiratory electron transport
were enriched in high-RRM2B breast cancer, and genes involving biologic oxidation were enriched in low-RRM2B
breast cancers. A metabolomic study revealed that spermine levels in RRM2B-silenced MCF7 and KB cells were
only 5% and 8% of control levels, respectively. Addition of exogenous spermine to RRM2B-silenced MCF7 and KB
cells was able to reverse the MPTP opening induced by RRM2B deficiency. These results suggest that RRM2B may
induce MPTP opening through reducing spermine levels. Immunohistochemical analysis of 148 breast cancer cases
showed that RRM2B and CypD protein levels were inversely correlated in breast cancer specimens (P<0.05), so
were their associated clinicopathologic parameters that high-level RRM2B expression was associated with better
clinicopathological features. We conclude that RRM2B deficiency leads to MPTP opening mediated by spermine.
Coupling of low RRM2B and high CypD expression is associated with aggressive manifestations of breast cancer.

Keywords: Ribonucleotide reductase small subunit M2B, mitochondrial permeability transition pore, cyclophilin D,
spermine, aggressive manifestations of breast cancer

Introduction

Ribonucleotide reductase (RR) is the rate limit-
ing enzyme in the synthesis and repair of DNA.
Human RR consists of large subunits (R1) and
small subunits (R2). There are two known small-
er subunits, RRM2 and RRM2B, that bind large

subunits to form an active heterodimeric tetra-
mer. Studies have shown that increased RR
activity is highly correlated with cancer growth
rate [1]. Therefore, RR is considered a thera-
peutic target in cancer therapy. However, recent
studies demonstrated that these three sub-
units regulate cancer progression in different
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ways. RRM1 has been described as a suppres-
sor of tumor initiation, and high-level RRM1
expression correlates with longer lifespan and
later disease recurrence for patients diagnosed
with early stage non-small cell lung cancer [2,
3]. In contrast to the tumor-suppressing role of
RRM1, RRM2 shows oncogenic activity [4, 5].
However, the role of RRM2B in mutagenesis
and tumorigenesis is controversial [6-8]. These
discrepancies led us to seek further mechanis-
tic insight into the association between RRM2B
and cancer.

Mutant RRM2B has been reported to cause
severe mitochondrial DNA depletion [9]. Our
recent studies showed that RRM2B can inter-
act with pyrroline-5-carboxylate reductase (a
mitochondrial protein) and is involved in regula-
tion of anti-oxidative stress [10]. RRM2B is also
involved in other mitochondrial functions, such
as ATP synthesis and membrane potential (Am)
maintenance [11]. However, RRM2B'’s relation
to mitochondrial permeability transition pore
(MPTP) is not known. MPTP is a nonselective
voltage-dependent mitochondrial channel [12].
Studies showed the MPTP can initiate cell
death; thus, it was thought to be a promising
tool for blocking cancer progression [13]. Re-
cently, a model for the pore structure has been
developed. This model involves adenine nucle-
otide translocase in the inner mitochondrial
membrane and a voltage-dependent anion ch-
annel in the outer mitochondrial membrane,
together forming a continuous channel across
the inner membrane space under the control
of cyclophilin D (CypD) [14]. Numerous studies
have emphasized the importance of CypD in
the formation and regulation of MPTP, and sub-
sequent cell death [15]. However, CypD is up-
regulated in cancer cells derived from estro-
gen-responsive tissues such as breast, uterus,
and ovary [16]. This paradox makes MPTP and
CypD valuable research focuses to help under-
standing MPTP regulation in cancer.

Our aim was to study the role of RRM2B in re-
gulating MPTP and the association between
RRM2B and clinicopathological manifestations
in breast cancer.

Materials and methods
Cell culture and transfection

MCEF-7 (breast cancer cells) and KB (a subline
of the cervical carcinoma cell line HeLa) were
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obtained from ATCC (American Type Culture
Collection, Manassas, VA). Frozen aliquots were
stored in liquid nitrogen vapor phase, and cells
were cultured for no longer than 6 months after
thawing. Cell lines were authenticated by ATCC
before delivery and not re-authenticated in our
laboratory. Cells were cultured on tissue culture
plates in Dulbecco’s Modified Eagle’s medium
supplemented with 10% fetal bovine serum
and 1% penicillin/streptomycin in a 5% CO,
atmosphere at 37°C. MCF7 and KB cells were
transduced with pTRIPZ lentiviruses express-
ing vector, shNS, or shRRM2B and cultured as
described previously [17]. The MCF7/KB-shRR-
M2B cells were validated for loss of RRM2B
expression using Western blot analysis.

Mouse husbandry

Generation of Rrm2b-/- mice by the gene trap
method has been described [18]. Rrm2b+/-
mice in mixed genetic background (129/SvEv-
Brd and C57BL/6J) were obtained from the
Texas A&M Institute for Genomic Medicine (TI-
GM). Murine studies were carried out in accor-
dance with protocols approved by the Institu-
tional Animal Care and Use Committee (IAC-
UC) of City of Hope. Generation of Rrm2b+/+,
Rrm2b-/+, and Rrm2b-/- mice, and husbandry
was performed with approved protocols as
described previously [19].

Electron microscopy

Mice were anesthetized by intraperitoneal
injection of ketamine/xylazine and gaseous iso-
flurane. Mice kidneys were fixed in situ by car-
diac perfusion with phosphate-buffered saline
(PBS) containing heparin, followed by 2.5% glu-
taraldehyde/2.5% paraformaldehyde in PBS.
Dissected kidneys were cut into 1- to 2-mm?3
pieces and visualized with a Twin Tecnai 120
KV transmission electron microscope (TEM,;
FEI, Hillsboro, OR, USA).

Mitochondrial permeability transition pore as-
say and live-cell imaging

MCF7- and KB-derived cell lines stably express-
ing shNS or shRRM2B were incubated with or
without 1 mM spermine (supplemented with 1
mM aminoguanidine to prevent spermine deg-
radation by serum amine oxidases [20] for 24
hours before applying the image-iTTM live mito-
chondrial transition pore assay kit (135103,
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Invitrogen-Life Technologies, Grand Island, NY),
which was performed according to the manu-
facturer’s instructions, to visualize the mito-
chondrial transition pores in the cells. In brief,
cells were stained with acetoxymethyl ester of
calcein dye (calcein AM, green) and MitoTracker
Red CMXRos (red) to visualize the mitochon-
dria. Subsequently, the cells were incubated
with CoCl, solution, which quenches the calcein
fluorescence within the cytoplasm but not with-
in the mitochondria if the MPTP is tightly closed.
When the MPTP is open, the Co?* ions can enter
the mitochondria and quench the mitochon-
drial calcein fluorescence. Therefore, healthy
mitochondria appear an orange/yellow color.
Mitochondrial pore opening results in a loss of
the green fluorescence and then the red fluo-
rescence appears.

Oxygen consumption rate measurement

Oxygen consumption rate (OCRs) were mea-
sured using the Seahorse Biosciences extracel-
lular flux analyzer (XF24) (North Billerica, MA).
Cells (2 x 10%) were seeded in 24-well plates in
XF24 and incubated for 20 to 24 h prior to per-
forming the XF assay, as described previously
[21]. The presented data were normalized to
the final cell number.

Isolation of mitochondria

Intact mitochondria from cells were isolated
using a Mitochondria Isolation Kit (Ab110170,
MitoSciences, Eugene, Oregon) according to
the manufacturer’s instructions. About 0.2 g of
cell pellet was collected and homogenized in 1
mL Buffer 1 solution (0.25 M sucrose, 1 mM
EGTA, 10 mM HEPES, pH 7.4) at 4°C. The mito-
chondrial pellet was obtained by low-speed
centrifugation (750 g) of the homogenate, fol-
lowed by high-speed centrifugation (11,000 g)
of the supernatant. The final mitochondrial pel-
let was resuspended in 200 uL Buffer 2 solu-
tion (70 mM sucrose, 220 mM mannitol, 1 mM
EDTA, 2 mM HEPES, pH 7.4).

Western blot analysis and antibodies

Western blots were performed as described
previously [17]. Briefly, the protein concentra-
tions of mitochondrial extracts were deter-
mined using a Bio-Rad Protein Assay Kit
(5000001, Hercules, California). About 20 to
40 pg of protein were mixed with an equal vol-
ume of 2 x SDS loading buffer, boiled for 5 min,
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and then separated by tris-glycine SDS-poly-
acrylamide gel electrophoresis and transferred
to polyvinylidene difluoride membranes. The
membranes were blocked with 5% nonfat milk
in PBST (PBS containing 0.05% Tween 20) and
incubated with primary antibodies at 4°C over-
night. The membranes were then washed three
times with PBST for 10 min and then incubated
with HRP-labeled secondary antibodies for 2
hours at room temperature. Immunoblots were
visualized using VersaDoc 5000 Imaging Sys-
tem (Bio-Rad). Three independent experiments
were performed, and representative blots were
presented.

A rabbit polyclonal antibody against RRM2B
(600-401-B67S, Rockland Immunochemical,
Gilbertsville, PA) was used for Western blot
analysis and immunohistochemical (IHC) stain-
ing. An antibody against CypD (LS-C412621,
Abcam, Cambridge, MA) was used for immuno-
histochemical staining. Total OXPHOS human
Western blot antibody cocktail (ab110413,
MitoSciences Inc., Eugene, OR) was used to
detect the protein levels for the five OXPHOS
core components. The antibodies for Ki-67
(ab156956, Abcam, Cambridge, MA) and HER2
(@b16901, Abcam, Cambridge, MA) were used
for IHC staining.

Mitochondrial complex | and Il activity mea-
surements

Complex | activity was determined using the
Complex | Enzyme Activity Microplate Assay Kit
(MS141, MitoSciences, Eugene, Oregon), based
on the manufacturer’'s recommended protocol
and settings. Complex Il activity was quantified
based on established protocols described in
previous studies [22].

Measurement of mitochondrial ATP

Cells were harvested and washed using PBS.
ATP levels were quantified using the ATP biolu-
minescent somatic cell assay kit (FLASC-1KT,
Sigma-Aldrich, St. Louis, MO), according to the
manufacturer’s instructions.

Mitochondrial superoxide measurements

MitoSOX™ Red mitochondrial superoxide indi-
cator for live-cell imaging (M36008, Molecular
Probes, Carlsbad, CA) was used to detect mito-
chondrial superoxide. The cells were cultured in
10-cm dishes in regular growth media until
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70% to 80% confluent. The cells were incubat-
ed for 30 min with 10 yM MitoSOX Red, then
washed twice with PBS and analyzed for fluo-
rescence by flow cytometry. At least 50,000
events were collected on a FACScalibur flow
cytometer (Beckton Dickinson, Rockville, MD)
and analyzed using Cellquest (Beckton Dickin-
son). High fluorescence was calculated by set-
ting the gate on the control cells such that the
peak reached a minimum, and all experimental
samples were compared to this control gate.

Measurement of metabolite levels

Metabolomic analysis of cell samples was per-
formed using high performance liquid chro-
matography time-of-flight mass spectrometry
(HPLC-TOFMS). MCF7- and KBderived cell lines
stably expressing shNS or shRRM2B were pro-
cessed using a two-step metabolite extraction
procedure [23] and analyzed by HPLC-TOFMS
[24]. The acquired data files from HPLC-TOFMS
analysis were processed using an Agilent Mass-
Hunter Qualitative Analysis Program (vB.03.00,
Agilent) and XCMS package [25], respectively.
The resulting data sheet was used for further
analysis.

Human breast tissue collection and immuno-
histochemical analysis

The protocol for human subjects’ leftover tis-
sue collection and testing was reviewed and
approved by the Institutional Review Board
of the Second Affiliated Hospital of Zhejiang
University (Hangzhou, Zhejiang, China). The re-
search was carried out according to The Code
of Ethics of the World Medical Association
(Declaration of Helsinki). Informed consent was
obtained from the patients whose tissues were
used. Some eligible patients were excluded due
to (i) lack of informed consent; (ii) multiple can-
cers; (iii) lack of histologic diagnosis; (iv) lack of
follow-up information; or (v) missing of tissue
samples. Details for clinicopathologic informa-
tion collecting and follow-up were described in
our previous publication [26]. The demographic
distribution of patients is listed in Table 1 in
detail.

The primary breast cancer tissue specimens
were assembled and built into a multiple-tis-
sue array as described previously [8, 27]. To
exclude bias, the IHC conditions for CypD,
RRM2B, Ki-67 and HER2 were determined and
optimized using test slides including breast
cancer and normal breast tissues and then
applied to the multiple-tissue array. All proteins
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were detected on 4-m sections of tissue from
the multiple-tissue array using a previously de-
scribed deparaffinization and staining protocol
(8, 27].

Immunoreactivity in the cytoplasm was scored
according to the percentage and intensity of
the staining. The staining intensity (O: negative,
1: weak, 2: moderate, and 3: strong) was de-
fined as low (negative or weak) or high (moder-
ate or strong). To exclude observer bias, all the
slides resulting from the immunohistochemi-
cal reactions were evaluated individually and
independently by two observers in a blinded
manner. Discrepancies were re-estimated after
joint review of the two readers, and missing
samples were left blank. A total of 162 breast
cancer patients met the inclusion criteria, and
148 samples were stained for both RRM2B
and CypD.

Gene set enrichment analysis (GSEA)

The detailed GSEA protocol can be obtained
from the Broad Institute Gene Set Enrich-
ment Analysis website (www.broad.mit.edu/
gsea) and related reference [28]. The GSEA
software v2.0.13 was run on a JAVA 7.0 plat-
form. A published breast cancer microarray da-
taset (Pawitan, GSE1459) was used for analy-
sis [29]. The dataset (gct) and phenotype label
(cls) files were created and loaded into the
GSEA software, and gene sets were download-
ed from the website of the Broad Institute. The
number of permutations was set to 1000, and
phenotype label was RRM2B expression levels.
The ranked list metric was generated by calcu-
lating the signal-to-noise ratio (High vs Low)
and Pearson model (continues levels), which is
based on the difference of means scaled ac-
cording to the standard deviation.

Statistical analysis

Data analysis was conducted using JMP 8.0
software (SAS, Cary, NC). Categorical data were
compared by x? analysis, Fisher’s exact test, or
the binomial test of proportions. Statistical sig-
nificance was set as P<0.05. All tests were
two-tailed.

Results

Rrm2b knockout mice exhibit mitochondrial
swelling and high CypD expression

To clarify the role of RRM2B in regulating MPTP,
we first used electron microscopy to observe
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Table 1. Demographic distribution of RRM2B and CypD in breast the mitochondria, including

cancer patients

an enlarged and rounded

RRM2B

CypD morphology with a less elec-

High (%) Low pvalue' High (%)

Low p valuet tron-dense and more cris-

tae-free matrix. The mito-

Age .

<50 38(54.3) 32 32 (50.5) 32 chondria were .abnorrpally
shaped and disorganized,

>50 59 (64.1) 33 0.205 58(65.5) 26 0.019 and their number was signifi-
pT stage* cantly reduced due to the
TO-T1 35(72.9) 13 24 (55.9) 19 rupture of swollen mitochon-
T2-T4 57 (54.8) 47 0.034 62(63.9 35 0.364 dria (Figure 1, left panel).
pN stage* These phenotypes are in-
0 47 (55.3) 38 39 (50.0) 39 dicators of mitochondrial
1.2 40 (65.6) 21 42 (77.8) 12 swelling, which is a marker
3 10(625) 6 0446 9(563) 7  0.004 of MPTP opening. IHC on the

Grade same kidney tissues showed

1= Well 12 (60.0) 8 10(55.6) 8 that CypD, a protein which
could promote MPTP open-

2 = Mod 42 (62.7) 25 37 (58.7) 26 . .
ing, was barely expressed in

3 = Poor 38(57.6) 28 0.834 38(64.4) 21 0.725 Rrm2b+/+ or Rrm2b+/- mice

ER but was strongly expressed
Negative 28 (51.9) 26 35(68.6) 16 in Rrm2b-/- mice (Figure 1,
Positive 64 (68.1) 30 0.050 46(54.1) 39 0.095 right panel, CypD). Hemato-

PR xylin and eosin (H&E) stain-
Negative 39 (57.4) 29 42 (66.7) 21 ing revealed a normal cortex
Positive 53(63.1) 31 0471 43(56.6) 33 0.225 with normal glomeruli and

HER2 tubules in Rrm2b+/+ and
Negative 63(58.3) 45 58 (58.0) 42 Rrm2b+/- mice, but obvious
Positive 14(63.6) 8 0645 14(63.6) 8 0.627 tubular atrophy in Rrm2b-/-

) mice (Figure 1, right panel,

Ki67 H&E).

Negative 31(48.4) 33 36 (60.0) 24
Positive 61(67.8) 29 0.016 51(62.2) 31 0.791 This data indicates that

Molecular subtype Rrm2b deficiency causes
Luminal A 27 (52.9) 24 27 (56.3) 21 mitochondrial changes con-
Luminal B/HER2- 24 (72.7) 9 16 (53.3) 14 sistent with MPTP open-
Luminal B/HER2+ 5 (55.6) 4 4(44.4) 5 ing, including mitochondrial
Basallike TNBC 15 (55.6) 12 18(75.0) 6 zweg'”g and upregulation of
HER2-positive 7(77.8) 2 0.091 8(90.0) 1 0.166 ypo-

CD44/CD24 status RRMZ2B gene silencing
CD44+/CD24- 48 (57.8) 35 47 (62.7) 28 promotes mitochondrial
Others 40 (63.5) 23 0.750 35(60.3) 23 0.792 permeability transition pore

Note: There are 1, 9, 15, 14, 35, 12 and 1 missing cases in Grade, pT stage, ER, opening

PR, HER2, Ki67 and CD44,/CD24 status, respectively. There are 132 cases could be

classified on molecular subtype. “% represents rate of RRM2-High, which is equal to To make certain that RRM2

Nngh/(NH‘gﬁNLow) x 100%. *pT and pN stage are pathological stage. In this study, no
patient has > or = 4 lymph nodes involvement. Tp values were based on Pearson Chi

square test.

mitochondrial morphology changes in Rrm2b
knockout mice. Our results showed that, in
comparison with kidney tissues from Rrm2b+/+
mice and Rrm2b+/- mice, tissues from Rrm2b-
/- mice showed dramatic structural changes in
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deficiency could lead to MP-
TP opening, we used a live-
cell mitochondrial assay to
determine the MPTP status
in MCF7 breast cancer cells with or without
RRM2B silencing by shRNA. This live-cell mito-
chondrial assay uses a green fluorescent dye
(calcein AM) that is maintained in mitochondria
when the MPTP is closed. Mitochondria were
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Rrm2b +/+

mmzb ++  1,100X

Rrm2b +/-

“rrm2b +-

Rrm2b /-

mm2b /- 1,100X 2pm rm2b - 11,000X 200X
Figure 1. Rrm2b-knockout mice exhibit mitochondrial swelling and high Cyclophilin D (CypD) expression. Left panel,
scanning electron microscope images at 1100-fold magnification (scale bar: 2 ym). A 10 x higher magnification of
the area marked by the orange square is located next to the 1100-fold magnification image. Right panel, immu-
nohistochemistry (IHC) stained with anti-CypD (CypD) and hematoxylin and eosin (H&E)-stained images of kidney
tissue from Rrm2b+/+ (A), Rrm2b+/- (B), or Rrm2b-/- (C) mice. Scale bar corresponds to 100 um.

also stained with MitoTracker Red. Our study (Figure 2, upper and middle rows). In cells that
showed that in control cells, which were trans- were transfected by shRNA targeting RRM2B
fected with either vector only or a non-silencing (shRRM2B), there was a greater population of
shRNA (shNS), most cells were stained both predominately red cells than predominately
green and red, indicating a closed MPTP status green cells, indicating greater MPTP opening in
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MitoTracker dye

Vector

shNS

shRRM2B

merge

200X

Figure 2. RRM2B gene silencing promotes mitochondrial permeability transition pore (MPTP) opening. Live-cell fluo-
rescence microscopy analysis of MPTP activity in MCF7 cells expressing vector, shNS or shRRM2B. All mitochondria
are stained red with MitoTracker Red CMXRos (left panel). Healthy cells are stained green with calcein AM (middle
panel), which is concentrated in the mitochondria. Merged images are presented on the right panel.

comparison with control cells (Figure 2, lower
row). This result indicates that RRM2B gene
silencing leads to MPTP pore opening.

RRM2B silencing results in dysfunctional oxi-
dative phosphorylation and enhanced ROS
production

MPTP opening in vitro leads to a collapse of the
proton motive force, ATP hydrolysis, disruption
of ionic homeostasis, and mitochondrial swell-
ing. Therefore, we next examined whether RR-
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M2B silencing altered mitochondrial physiologi-
cal function in cell lines. Function was initially
assessed by real-time monitoring of mitochon-
drial respiration. Oxidative phosphorylation (OX-
PHOS) was measured by assessing the oxygen
consumption rate (OCR) in the presence of sh-
RRM2B in MCF7 and KB cells. The OCR was
determined by sequential addition of oligomy-
cin (ATP synthase inhibitor), FCCP (uncoupler of
oxidative phosphorylation), and rotenone (com-
plex | inhibitor) to cells, which allowed us to
determine the ATP-coupled respiration, leaked
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Figure 3. RRM2B silencing results in dysfunctional oxidative phosphorylation and enhanced ROS production. A: Ef-
fect of RRM2B-silencing on oxygen consumption rate (OCR) was measured in MCF7 and KB cells expressing shNS
and shRRM2B with a Seahorse Extracellular Flux (XF-24) analyzer. Arrows indicate the time of addition of oligomycin
(5 pug/ml), FCC P (1 uM), or rotenone (1 uM). B: Western blot analysis shows reduced expression of the core genes
of the oxidative phosphorylation (OXPHOS) complex Il and Ill in RRM2B-silenced cells. C: OXPHOS complex | and Il
activity in RRM2B-silenced MCF7 and KB cells. OXPHOS activity was measured spectrophotometrically in mitochon-
drial suspensions. D: Total cellular ATP levels were decreased in RRM2B-silenced MCF7 cells. MCF7 cells expressing
empty vector, shNS, and shRRM2B were lysed and ATP levels were measured using chemiluminescence. E: RRM2B-
silenced cells exhibit increased superoxide levels as indicated by MitoSox Red. Mitochondrial superoxide levels
were determined in shRRM2B and control (vector or shNS) cells (MCF7) by MitoSox staining and analyzed by flow
cytometry. P value for t test is reported. F: Respiratory electron transport gene signature was associated with high
RRM2B expression in breast cancer patients. G: Genes of biologic oxidation were enriched in low-RRM2B breast
cancers. Columns represent individual samples, and rows represent each gene. Each cell in the matrix represents
the expression level of a gene in an individual sample. Detailed methodological information for gene set enrichment
analysis (GSEA) is available from the Broad Institute (www.broad.mit.edu/gsea). The phenotype labels were based
on RRM2B expression levels (continues value). Red indicates a high level of expression and blue indicates a low
level of expression. An NES (normalized enrichment score) greater than 1 indicates enrichment of the gene set in

high-RRM2B breast cancers. The ranked list metric was generated by Pearson model.

respiration (proton leak), and maximal respira-
tion capacity. RRM2B silencing in MCF7 cells
decreased the basal mitochondrial OCR (Figure
3A, left panel, MCF7). In addition, the maximal
mitochondrial respiration capacity (i.e., FCCP-
stimulated OCR) was significantly lower in RR-
M2B-silenced cells than in control cells (Figure
3A, left panel, MCF7). The same phenomenon
was observed in KB cells (Figure 3A, right
panel, KB). To determine whether RRM2B sil-
encing influenced the expression of the elec-
tron transport complex, we measured the ex-
pression of mitochondrial electron transport
complex I, II, 11, IV, and V core proteins by Wes-
tern blot analysis. The complex Il and complex
Il core protein levels of cells expressing sh-
RRM2B were clearly reduced compared to cells
expressing shNS, indicating that the protein
expression of complex lll and Il core genes was
inhibited by RRM2B silencing (Figure 3B, com-
plex lll, left panel; complex Il in left panel for
KB cells, complex Il in right panel for MCF7). To
further clarify whether RRM2B causes func-
tional changes in the level of oxidative phos-
phorylation, the activities of the electron trans-
port complexes | and Il and the ATP levels
were determined in cells expressing shNS and
shRRM2B. These experiments revealed a sta-
tistically significant decrease in complex Il
activity (Figure 3C, right panel, MCF7 and KB
cells) and ATP levels (Figure 3D, MCF7 cells)
in cells expressing shRRM2B, indicating that
RRM2B silencing reduced mitochondrial respi-
ration and total ATP levels. RRM2B silencing,
however, did not affect complex | activity (Fig-
ure 3C, left panel), consistent with unchanged
complex | protein expression after RRM2B-
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silencing in MCF7 and KB cells (Figure 3B).
MPTP opening might directly or indirectly in-
crease ROS production in vivo [30]. Therefore,
steady-state levels of mitochondrial superox-
ides were measured in cells expressing empty
vector, shNS, or shRRM2B by use of MitoSOX™
Red in live cells. The percentage of MitoSOX™-
stained cells was significantly increased in RR-
M2B-silenced MCF7 cells compared to the vec-
tor and shNS controls (Figure 3E). These find-
ings suggested that RRM2B silencing disrupts
oxidative phosphorylation and enhances ROS
production. Gene set enrichment analysis (GS-
EA) of 159 cases of human breast cancer also
showed RRM2B expression is positively asso-
ciated with gene signatures linked with mito-
chondrial upregulation of respiratory electron
transport (Figure 3F, and negatively associated
with gene signatures linked with biologic oxida-
tion (Figure 3G).

RRMZ2B gene silencing-induced MPTP opening
can be rescued by exogenous spermine

Spermine is one of the most powerful physio-
logical MPTP inhibitors. To explore the possible
mechanisms underlying the involvement of RR-
M2B in MPTP status, we performed a metabo-
lomic study in MCF7 and KB cells with or with-
out RRM2B-silencing. These experiments reve-
aled a significantly reduced number of metabo-
lites associated with polyamine synthesis reac-
tions, including ketoglutaramic acid, N-acetyl-L-
glutamate b5-semialdehyde, spermidine, and
spermine in both RRM2B-silenced cell lines
(Figure 4A). Among hundreds of metabolites,
the change in the spermine level was the most
dramatic in the RRM2B-silenced MCF7 and KB
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Figure 4. Spermine reduction is involved in MPTP opening induced by RRM2B silencing. A: Levels of spermine, sper-
midine, IN-acetyl-L-glutamate 5-semialdehyde, and ketoglutamic acid were reduced by RRM2B silencing in MCF7
and KB cells. B: RRM2B maintains MPTP integrity via spermine. Live-cell fluorescence microscopy analysis of mito-
chondrial transition pore activity in MCF7 and KB cells expressing shNS and shRRM2B (with or without spermine).
Nuclei are stained blue with Hoechst 33342. All mitochondria are stained red with MitoTracker Red, and healthy
cells are stained green with calcein AM, which is concentrated in the mitochondria. Merged images are presented.

cells in comparison with their controls, respec- treatment. Our study again showed that in
tively. The spermine level in the RRM2B-silenc- control cells transfected with shNS, most cells
ed cells was 5% and 8% that of control MCF7 were stained both green and red (shown as
and KB cells, respectively (Figure 4A, sperm- yellow), indicating a closed MPTP status (Fig-
ine), and the precursor spermidine level was ure 4B, left panels). In cells transfected with
also reduced to 47% and 37% that of control shRRM2B, more red cells showed up, indicating
MCF7 and KB cells, respectively (Figure 4A, more MPTP opening, in comparison with con-
spermidine). These findings suggested that RR- trol cells (Figure 4B, middle panels). Interesting-
M2B silencing led to lower spermine levels. ly, addition of spermine in the medium prevent-
Therefore, we used the same live-cell mitoch- ed MPTP opening in the RRM2B-silenced cells
ondrial assay as we used in Figure 2 to deter- (Figure 4B, right panels). These results suggest
mine the MPTP status in cell lines with or with- that RRM2B may induce MPTP opening through
out RRM2B silencing in response to spermine down-regulation of spermine levels.
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Figure 5. RRM2B and CypD are inversely correlated in protein expression levels as well as in their associated clinical
pathologic parameters. A: Representative immunohistochemistry (IHC) image from two breast cancer patients (Pa-
tient 1, Patient 2). B: Negative correlation between RRM2B and CypD protein expression levels in 148 breast cancer
patients. C: High RRM2B protein expression was associated with lower level T stage. D: High RRM2B protein expres-
sion was associated with lower expression of Ki67. E: High CypD protein expression was associated with lymph node
metastasis (LN). F: High CypD protein expression tended to happen in triple negative breast cancer (TNBC). *P<0.05

comparing to control (the other group).

RRM2B and CypD are inversely correlated in
protein expression levels as well as in their as-
sociated clinical pathologic parameters where
RRM2B is associated with better clinical
pathologic parameters

To further confirm the negative correlation
between RRM2B expression and MPTP open-
ing, the protein expression levels of RRM2B
and CypD were determined in 148 human
breast cancer samples by IHC. Quality control
of IHC was maintained by following protocols
as in our previous studies [8]. A representative
IHC image was shown in Figure 5A, which sh-
owed that RRM2B and CypD expression were
inversely correlated in breast cancer patient
samples. Patients who expressed higher levels
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of RRM2B in breast cancer tissue would ex-
press lower levels of CypD. Similarly, the pati-
ents who expressed lower levels of RRM2B in
breast cancer tissue had higher expression lev-
els of CypD. In other words, RRM2B inversely
correlated with CypD expression in breast can-
cer patients (Trends P = 0.02; Figure 5B). We
also found that higher expression of RRM2B
was significantly associated with a lower tumor
staging and decreased staining of the prolifera-
tion marker Ki67 (Figure 5C and 5D). In con-
trast, increased CypD expression was signifi-
cantly associated with lymph node metastasis
and tended to occur in the more malignant
subtype triple-negative breast cancer (TNBC)
(Figure 5E and 5F). These findings suggest that
RRM2B and CypD protein levels are inversely

Am J Transl Res 2018;10(11):3635-3649



RRM2B deficiency leads to MPTP opening

correlated, so are their associated clinical pa-
thologic parameters.

Discussion

To our knowledge, this study represents the
first investigation of RRM2B’s relation to MPTP
and the associated clinical significance in
breast cancer. Here, we found that RRM2B defi-
ciency could reduce spermine levels, which
resulted in MPTP opening in cancer cell lines.
Consistent with this, the increased expression
of MPTP promoter CypD protein and the classi-
cal consequences of MPTP opening, including
mitochondrial matrix swelling, reduction of
ATPase activity, uncoupling of OXPHOS, en-
hanced oxidation and loss of respiratory con-
trol [31] were clearly observed in Rrm2b knock-
out mice or RRM2B silenced cancer cell lines.
The importance of RRM2B involving MPTP reg-
ulation is further illustrated by the inverse cor-
relation of its expression as well as clinicopath-
ologic manifestation with CypD in breast can-
cer patient. Both low expression of RRM2B and
high expression of CypD were associated with
aggressive tumor phenotype characterized by
higher tumor staging, increased proliferative
rate, lymph node metastasis and tendency to
occur in more malignant subtype triple-nega-
tive breast cancer (TNBC). In line with our
results, RRM2B has previously been related to
favorable outcome for patients with nasopha-
ryngeal carcinoma, colorectal cancer and lung
cancer [8, 32, 33] and cyclophilins play a role in
the development of tumors [16, 34, 35].

Beside CypD, studies in cancer cell lines and
tumor models have shown that different MPTP
activating proteins are overexpressed [36, 37].
For example, the expression levels of VDAC
isoforms are significantly higher in malignant
tumor cells [38]. These studies suggested MP-
TP opening might promote tumor cells prolifera-
tion rather than death, which is contrast to the
previous concept that MPTP activating proteins
make MPTP open, thus lead to cell death and
better clinical outcome. One explanation for
this paradox is that reactive oxygen species
(ROS) can promote several hallmarks of cancer,
such as proliferation, invasion, and metastasis
[39], which is well supported by our findings.

In our study, Rrm2b-knockout mice/cell lines
exhibited swollen mitochondria and membrane
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rupture, deficient OXPHOS and increased ROS.
Deficient OXPHOS may lead to more electrons
prematurely exiting the respiratory chain to
augment mitochondrial superoxide generation.
Electron leakage can occur at complex I, com-
plex I, or complex Il [40]. Our findings indicate
that the ROS induced by RRM2B silencing
might be produced from complexes Il and llI
because the core protein expression of these
two complexes is significantly reduced by RR-
M2B inhibition. Disruption of complex Ill by RR-
M2B silencing is consistent with a report show-
ing that complex Il activity was deficient in the
muscle mitochondria of a patient with neona-
tal trunk hypotonia, who had barely detectable
levels of muscle RRM2B [9].

Mitochondria are not only the major sites of
ROS production, they are also the major ROS
targets. Enhanced generation of mitochondrial
ROS can induce MPTP opening, and this open-
ing can be prevented by antioxidant treatment
[41]. Therefore, the OXPHOS deficiency and in-
creased levels of superoxide in RRM2B-silen-
ced cells are likely to trigger MPTP opening.
MPTP opening results in mitochondrial dys-
function with uncoupled OXPHOS and ATP
hydrolysis [42], in turn leading to more oxidant
release in a process termed the “vicious cycle”.
Our study suggests that this “vicious cycle”,
under condition of RRM2B deficiency, may
result from a lack of spermine, because spe-
rmine, an antioxidant, decreased dramatically
when RRM2B was inhibited. It has been report-
ed that naturally occurring polyamines, includ-
ing spermine, exert protective effects against
MPT in isolated mitochondria in the presence
of various inducing agents [43]. Several mecha-
nisms have been proposed to explain this pro-
tective action. The free radical scavenging ac-
tion of spermine is considered an important
mechanism [44-46]. Spermine also prevents
oxidation of several mitochondrial components-
-such as thiols, glutathione, and pyridine nucle-
otides, which are involved in MPTP opening
[44]. Consistent with these reports, our find-
ings indicate that RRM2B regulates MPTP sta-
tus through regulating spermine levels. Taken
together, we found that RRM2B and CypD pro-
tein levels are inversely correlated, so are their
associated clinicopathologic parameters. The
underlying mechanism was through MPTP. The-
se findings highlight the value to routinely de-
tect both RRM2B and CypD by immunohisto-
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chemistry in breast cancer patients for predict-
ing disease progression.
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