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Abstract 

The high mortality associated with pancytopenia and multi-organ failure resulting from hematopoietic 
disorders of acute radiation syndrome (h-ARS) creates an urgent need for developing more effective 
treatment strategies. Here, we showed that bone marrow multipotent mesenchymal stromal cells 
(BMMSCs) effectively regulate oxidative stress following radiative injury, which might be on account of 
irradiation-induced elevation of protein levels of CR6-interacting factor 1(CRIF1) and nuclear factor 
E2-related factor 2(NRF2). Crif1-knockdown BMMSCs presented increased oxidative stress and 
apoptosis after irradiation, which were partially due to a suppressed antioxidant response mediated by 
decreased NRF2 nuclear translocation. Co-immunoprecipitation (Co-IP) experiments indicated that 
CRIF1 interacted with protein kinase C-δ (PKC-δ). NRF2 Ser40 phosphorylation was inhibited in 
Crif1-deficient BMMSCs even in the presence of three kinds of PKC agonists, suggesting that CRIF1 
might co-activate PKC-δ to phosphorylate NRF2 Ser40. After radiative injury, the supporting effect of 
BMMSCs for the colony forming ability of HSCs in vitro was reduced, and the deficiency of CRIF1 
aggravated such damage. Thus, CRIF1 plays an essential role in PKC-δ/NRF2 pathway modulation to 
alleviate oxidative stress in BMMSCs after irradiative injury, and at some level it may maintain the 
HSCs-supporting effect of BMMSCs after radiative injuries. 
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Introduction 
Acute radiation syndrome (ARS) results in 

severe hematopoietic (1-9Gy), gastrointestinal 
(9-20Gy), and cerebrovascular syndromes (>20Gy) [1]. 
Patients with hematopoietic syndromes resulting 
from ARS (h-ARS) at low doses (1-3Gy) may recover 
with effective supportive treatment, including 
intravenous cytokines, antiemetics, analgesics, 
antibiotics, and blood transfusions [2]. However, after 
exposure to higher radiation levels (6-9Gy), a 

hematopoietic stem cells (HSCs) transplant may be 
required [3], because HSCs are extremely sensitive to 
radiation [4]. However, previous studies indicated 
that this treatment did not significantly improve 
survival [5]. Transplanted HSCs might effectively 
replenish HSC quantity, but these cells do not 
effectively exert the hematopoietic function in a 
radiation-destroyed hematopoietic microenviro-
nment. Therefore, the destruction of the 
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hematopoietic microenvironment in the bone marrow 
upon radiation might be the main cause for HSC 
transplantation failure [6]. 

Bone marrow multipotent mesenchymal stromal 
cells (BMMSCs) are a major component of the 
hematopoietic microenvironment, providing physical 
support and secreting a variety of cytokines for 
regulating HSC self-renewal, differentiation, and 
retention [7-9]. Several recent studies reported that 
BMMSCs were more resistant to radiation than HSCs 
[10-12], and their relative radiation resistance was an 
important contributing factor in their ability to rescue 
hematopoiesis after radiation damage [13]. The 
mechanisms of BMMSCs radioresistance involve 
efficient DNA damage recognition, double-strand 
break repair, and apoptosis evasion [14]. However, 
the molecular mechanisms underlying BMMSCs 
radiation tolerance have not been fully elucidated.
 Upon exposure to ionizing radiation, 
intracellular reactive oxygen species (ROS) attack 
cellular macromolecules, and DNA damage 
represents a critical cellular injury with many 
pathogenetic consequences [15]. Nuclear factor 
E2-related factor 2 (NRF2) is a major stress-response 
transcription factor that activates a variety of 
cytoprotective and antioxidant genes, playing a 
crucial role in defense against ROS-mediated cellular 
injury [16-18].Under normal conditions, NRF2 is 
constantly ubiquitinated by the Kelch-like erythroid 
cell-derived-associated protein 1 (KEAP1)-cullin 3 
(Cul3) ubiquitin ligase E3 complex, resulting in 
proteasomal degradation in the cytoplasm [19]. 
External stresses induce the dissociation of NRF2 
from KEAP1, resulting inNRF2 nuclear translocation 
and activation of its downstream target genes through 
binding to antioxidant response element (ARE) motifs 
[20]. Previous studies showed that oxidative 
stress-induced covalent modification of KEAP1 and 
PKC-mediated phosphorylation of serine 40 (Ser40) in 
NRF2 contributed to the dissociation of NRF2 from 
KEAP1 [21, 22]. Therefore, NRF2 may be important 
for BMMSCs radiation resistance because of its potent 
regulatory effect during oxidative stress. However, 
few studies clarified the relationship between NRF2 
and BMMSCs radiation resistance. 

CR6-interacting factor 1 (CRIF1) is a 
multifunctional protein that was first identified as a 
regulator of cell cycle and growth [23, 24]. This 
protein is also known to interact with some 
transcription factors [25-27] and is a constitutive 
protein of the large mitoribosomal subunit [28]. CRIF1 
deficiency leads to various defects, including the 
deterioration of mitochondrial function, which results 
in high levels of mitochondrial ROS [29, 30]. Here, we 
showed that CRIF1 played an important role in 

modulating BMMSCs oxidative stress after 
irradiation, acting as an NRF2 regulator by facilitating 
the phosphorylation of NRF2 Ser40 through 
interacting with PKC-δ. 

Materials and Methods 
Cell culture and reagents 

Primary human BMMSCs derived from bone 
marrow samples obtained from healthy donors (ages 
from 18-31) at the Department of Hematology at the 
Second Affiliated Hospital, Third Military Medical 
University, Chongqing, China. All donors gave their 
informed consent, and the study was approved by the 
Third Military Medical University Institutional Ethics 
Committee. The isolated cells were purified and 
characterized as previously described [31], and 
cultured in human mesenchymal stem cell growth 
medium (HUXMX-90011, Cyagen, USA) at 37°C in a 
humidified atmosphere containing 5% CO2. In this 
study, BMMSCs were defined using criteria proposed 
by the International Society for Cellular Therapy 
(ISCT). Expression of CD73, CD90, and CD105, and 
lack of CD14, CD34, and CD45 were assessed using 
flow cytometry. Adipogenic, osteogenic, and cartilage 
differentiation of BMMSCs were also verified (Figure 
S1) as previously described [31]. In all in vitro 
experiments, cells were utilized from passage 3 to 
passage 5. 

Bone marrow mononuclear cells (BMMNCs) for 
colony forming assay were collected from bone 
marrow samples after informed consent of a healthy 
donor (18 years old). Mononuclear cells (MNCs) were 
isolated by density-gradient centrifugation with 
Percoll Plus (GE Healthcare, USA) and treated with 
ammonium chloride for red blood cells lysing. 

Phorbol 12-myristate 13-acetate (PMA), 
puromycin and tert-butylhydroquinone (t-BHQ) were 
purchased from Sigma. Prostratin and oleic acid were 
purchased from Santa Cruz. For the experiments, cells 
were treated with 40 nmol/L PMA, 20 μmol/L 
oleic acid, 1 μmol/L prostratin or 100 mmol/L t-BHQ.  

Mice 
Nrf2+/+ and Nrf2-/- mice from the C57BL/6 

parental strain were kindly provided by Prof. HT 
Zheng (Third Military Medical University) [32]. The 
animal experimental protocols were approved by the 
Institutional Animal Care and Use Committee of the 
Third Military Medical University. 

Irradiation of cells and mice 
When cultured cells reached 80% confluence, 

they were irradiated with 9 Gy by Co-60 at a dose rate 
of 700 cGy/min. Nrf2+/+ and Nrf2-/- mice at 8 weeks 
of age were exposed to total body irradiation (TBI) at 
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5 Gy according to previous studies [33, 34]. Control 
groups of cells and mice were placed in the same 
place but not exposed to irradiation.  

Transfection of BMMSCs with Crif1 shRNA 
lentiviral vector, Crif1 overexpression 
lentiviral vector, and Nrf2 overexpression 
plasmid vector 

A Crif1 shRNA (or overexpression) lentiviral 
vector was constructed by inserting the Crif1 
interference sequence (or overexpression sequence) 
into a pGreenPuro shRNA vector and pSIH1-H1-Puro 
shRNA vector (SystemBiosciences, USA) (See Table S1 
for Crif1 interference sequences; Table S2 for 
sequences of amplification primers used for Crif1 
overexpression). Lentiviral vectors were generated by 
transfecting the 293FT packaging cell line with the 
Crif1 shRNA (or overexpression) vectors 
(pGreenPuro-shCrif1 and pSIH1-H1-Puro-shCrif1, or 
pGreenPuro-oeCrif1). A group of control cells was 
transfected with empty vectors 
(pLentis-CMV-SFFV-GTP and pLentis-CMV-HI-Puro) 
as a control. Lentiviral vectors were added into 
BMMSCs culture medium. After 48 h, infected cells 
were selected using 3 μg/mL puromycin and were 
maintained in 1.5 μg/mL puromycin (Sigma). 
BMMSCs containing Crif1 shRNA vectors (Crif1-SI), 
Crif1 overexpression vectors (Crif1-OE) and empty 
vectors control (Con-EV) were used for experiments 
such as irradiation treatment. 

 The recombinant expression (or nonspecific 
control) plasmid vector pcDNA3.1-3xFlag harbored a 
full-length Nrf2 cDNA (GenBANK No: NM_006164) 
(or nonspecific sequence) were constructed by YouBio 
biotechnology company (Changsha, China). Then 1 × 
104 BMMSCs were transfected with 5μg vectors using 
Lipofectamine® 3000 reagent (Thermo Fisher 
Scientific, USA) followed the manufacturer’s 
instructions. 

Western blot analysis 
Cells were washed once in PBS and lysed in 

RIPA lysis buffer (P0013B; Beyotime, Shanghai, 
China) at 4°C. Proteins were denatured by boiling. 
Protein concentrations were determined using the 
Enhanced BCA Protein Assay kit (P0010S; Beyotime). 
Protein samples were separated in a 12% 
SDS-polyacrylamide gel and transferred to PVDF 
membranes (Immobilon-P membranes, Millipore, 
USA). Membranes were blocked with Tris-buffered 
saline/Tween 20 (TBST, 0.1% Tween 20) containing 
5% bovine serum albumin (BSA) for 1 h and then 
incubated with the appropriate primary antibody 
overnight at 4°C. After three 10-min washes with 
TBST, membranes were incubated for 1 h at 24°C with 

the appropriate horseradish peroxidase-conjugated 
secondary antibody. After extensive washing, 
immunoreactive bands were detected by the BeyoECL 
Plus reagent (P0018; Beyotime) using a Photo-Image 
System (Molecular Dynamics, Sunnyvale, CA, USA). 
Immunoblotting was performed with the following 
primary antibodies: phosphorylated NRF2 Ser40 
(pNRF2 Ser40) (ab76026; Abcam), NRF2 (ab62352; 
Abcam), GCLC (ab53179; Abcam), GGT1 (ab175384; 
Abcam), NQO1 (ab34173; Abcam), HO1 (ab13243; 
Abcam), Retinoblastoma (RB) (ab24; Abcam), p53 
(ab1101; Abcam), p21 (ab109520; Abcam), p16 
(ab51243; Abcam), CRIF1 (sc-134882; Santa Cruz), 
PKC-δ (sc-213-G; Santa Cruz), and β-actin (sc-8432; 
Santa Cruz). 

RNA isolation, cDNA synthesis, and gene 
expression detection 

Total RNA was harvested from BMMSCs using 
TRIzol reagent (15596-026; Invitrogen, USA) 
according to the manufacturer’s protocol. The RNA 
was used to synthesize complementary DNA (cDNA) 
using the PrimeScript RT Reagent kit (RR047A; 
TaKaRa, Japan). Real-time quantitative PCR (qPCR) 
was used to analyze the relative expression of 
specified mRNAs in selected samples. Triplicate 
qPCR was performed by Real-Time PCR Systems 
(StepOnePlus; ABI, USA) in 20-μL reactions 
containing FastStart Universal SYBR Green Master 
Mix (04913850001; Roche, USA) and 0.3 pM primers 
(See Table S3 for sequences of primers). Quantitation 
of gene expression relative to β-actin was determined 
using the 2–ΔΔCT method [35].  

Immunocytochemistry 
After treatment, cells were washed twice in PBS 

and fixed in 4% formaldehyde for 20 min at 24°C. 
Cells were washed again in PBS, permeabilized for 10 
min in 0.2% Triton X-100, and incubated in blocking 
solution containing 5% BSA in PBS. Cells were 
incubated with anti-CRIF1 (1:200) and anti-NRF2 
(1:200) overnight at 4°C. Cells were washed three 
times for 10 min each in PBS and incubated with 
secondary antibodies conjugated with Alexa Fluor 647 
and Cy3 (Beyotime) for 1 h at 24°C. Cells were 
incubated with DAPI for nuclear staining. 
Fluorescence images were obtained using laser 
confocal microscopy (Leica SP5, Germany). 

Immunoprecipitation and 
co-immunoprecipitation 

The lysis buffer was used for both 
immunoprecipitation (IP) and co-immunopre-
cipitation (Co-IP) experiments. Using IP for NRF2 
ubiquitination assay, total cellular proteins from 
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BMMSCs were extracted and incubated with 1 μg of 
NRF2 primary antibody (ab62352; Abcam) at 4°C on a 
rocker overnight. Twenty microliters of resuspended 
Protein G PLUS Agarose (sc-2002; Santa Cruz) was 
added to the samples, followed by incubation at 4°C 
for 2 h. Immunoprecipitates were collected by 
centrifugation at 1,000×g for 5 min at 4°C, and the 
sediments were washed three times in lysis buffer, 
resuspended in 40 μL of 1× electrophoresis sample 
buffer, and boiled for 5 min. The eluted proteins were 
analyzed by standard western blot procedures with 
an anti-ubiquitin antibody (sc-8017; Santa Cruz). To 
analyze the interaction between CRIF1 and PKC-δ 
using Co-IP, total cellular proteins were extracted and 
processed in the same way as IP experiments. Normal 
rabbit/goat IgG (negative control), anti-CRIF1 
(sc-134882; Santa Cruz), and anti-PKC-δ (sc-213-G; 
Santa Cruz) were used for immunoprecipitation. The 
eluted proteins were analyzed by western blot with 
antibodies against PKC-δ and CRIF1, respectively. 

Cell apoptosis 
Cells (1 × 106) were collected and stained with 

the Annexin-V-FLUOS Staining kit for apoptosis 
analysis by flow cytometry according to the 
manufacturer’s instructions (11988549001; Roche). 
Flow cytometry was performed on a FACSAria cell 
sorter (BD Biosciences, USA), and the results were 
analyzed using FACSDiva software (version 6.1.3; BD 
Biosciences). For analysis of cell caspase-3 activity, a 
Caspase-3 Activity Assay kit (C1115; Beyotime) was 
used according to the manufacturer’s instructions. 

Senescence-associated β-galactosidase 
(SA-β-Gal) staining 

For SA-β-Gal staining, 1 × 104 cells were seeded 
in 6-well plates for 24 h followed by 9 Gy irradiation. 
At 72 h, the irradiated cells were washed once in PBS 
and subjected to SA-β-Gal staining with a Cell 
Senescence SA-β-Gal Staining kit (C0602; Beyotime). 
The percentage of senescent cells was calculated by 
the number of stained cells (blue) out of at least 500 
cells in different microscope fields. 

Measurement of intracellular ROS 
The levels of intracellular ROS were quantified 

using the DCFH-DA (S0033; Beyotime) and 
dihydroethidium (DHE) probes (S0063; Beyotime). 
Cells were washed three times in PBS. DCFH-DA or 
DHE probes diluted to a final concentration of 10 mM 
were added and incubated for 30 min at 37°C in the 
dark. After being washed three times in PBS, the 
relative levels of fluorescence were quantified by flow 
cytometry with an appropriate detection spectrum 
(535 nm emission for DCFH-DA and 610 nm emission 

for DHE).  

Determination of glutathione (GSH) 
After treatment, the harvested cell pellets were 

frozen, thawed three times, and centrifuged at 12,000 
×g for 5 min at 4°C. Supernatants were collected for 
use. The clear supernatant was used to evaluate GSH, 
which was determined using a GSH Assay kit (S0053; 
Beyotime). 

Indirect fluorescence-activated cell sorting 
(FACS) analysis in quadri-color-labeled mouse 
BMMSCs  

Cells isolated from the bone marrow of mice 
with or without TBI were incubated for 20 min at 4°C 
with antibodies conjugated to phycoerythrin (PE), 
allophycocyanin (APC), peridinin chlorophyll protein 
(PerCP), and APC-Cy7 against mouse Sca-1, CD29, 
CD45, and CD11b (Sigma). Acquisitions were 
performed on a flow cytometer for quantitative 
analysis of BMMSCs with Sca-1(+), CD29(+), CD45(-), 
and CD11b(-). For ROS analysis, quadri-color-labeled 
cells were incubated with DCFH-DA probes for 30 
min at 4°C, while for indirect FACS analysis of CRIF1, 
quadri-color-labeled cells were incubated with a 
CRIF1 anti-rabbit antibody for 1 h at 24°C and mixed 
with the appropriate FITC-labeled goat anti-rabbit 
IgG (H+L) for 30 min at 24°C. Cells were washed 
twice in PBS, and acquisitions were performed on a 
flow cytometer. 

Colony-forming unit (CFU) assay 
The CFU assay was performed to assess the 

colony-forming ability of the BMMNCs co-cultured 
with irradiated BMMSCs. Four hours after 9 Gy 
irradiation, BMMSCs were co-cultured with 
BMMNCs for 48h. BMMNCs were re-suspended in 
Iscove’s modified Dulbecco medium (IMDM) with 2% 
fetal bovine serum (FBS) at a concentration of 
2×105/mL, and 0.3 mL of the cell suspension was 
added to 3 mL methylcellulose medium (MethoCult 
GF+ H4435; StemCell Technologies, Canada). The 
mixture of 1.1 mL was planted in triplicate into 
35-mm tissue culture dishes. The dishes were 
incubated at 37°C in a humidified atmosphere 
containing 5% CO2. After 14 days of culture, colonies 
belonging to burst-forming unit-erythroid (BFU-E), 
colony-forming unit-granulocyte, macrophage 
(CFU-GM), and colony-forming unit-granulocyte, 
erythrocyte, macrophage, megakaryocyte 
(CFU-GEMM) consisting of 40 or more cells were 
scored by trained personnel under an inverted 
phase-contrast microscope. The results were reported 
as the mean colony count per 104 nucleated cells. 
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Statistical analysis 
Data are presented as the means ± standard error 

of mean (SEM). Statistical significance was evaluated 
using a Student's t-test for comparison between two 
data sets and one-way ANOVA followed by Tukey’s 
honestly significant difference (HSD) test for analysis 
of three or more sets of data in SPSS19.0.  

Results 
Radiation increased oxidative stress in 
BMMSCs 

BMMSCs were irradiated with a single dose of 9 
Gy [31], and flow cytometry analysis showed that 
intracellular ROS levels increased immediately after 
irradiation (Figure 1A and 1B). ROS levels reached the 
peak within 4 h after irradiation, and 24h later levels 
recovered to a certain degree but remained elevated 
compared to the normal state. Meanwhile, 9 Gy of 

irradiation remarkably elevated GSH level in 
BMMSCs (Figure 1C). These results suggested that 
oxidative stress in BMMSCs significantly increased at 
the early phase after high-dose irradiation. To 
determine the detrimental effect of oxidative stress in 
BMMSCs, cellular apoptosis and senescence were 
analyzed before and after irradiation. The apoptotic 
cell rate increased from 8.29% to 9.45% after 
irradiation as revealed by Annexin V and PI staining 
(Figure 1D), suggesting that BMMSCs were relatively 
radioresistant. However, SA-β-Gal staining showed 
that 9 Gy of irradiation significantly increased 
BMMSCs senescence (Figure 1E). Several proteins 
related to cell senescence were detected by western 
blot after irradiation at 48 and 72 h (Figure 1F). The 
results showed that protein levels of RB, p53, and p21 
significantly increased, confirming that cell 
senescence was induced by irradiation, while no 
remarkable change of p16 was observed. 

 

 
Figure 1. Radiation-induced oxidative stress in BMMSCs (a) Fluorescence-activated cell sorting (FACS) results and (b) quantitation of ROS levels in BMMSCs at the indicated 
time points after irradiation (9 Gy) as determined using DC H-DA probes. (c) The GSH content of BMMSCs was determined at the indicated time points in irradiated BMMSCs. 
(d) BMMSCs apoptosis 48 h after irradiation was examined using an Annexin V assay. (e) BMMSCs senescence 72 h after irradiation was examined using SA-β-Gal staining (left 
panel) and quantification (right panel). (f) Proteins (RB, p53, p21, and p16) related to cell senescence were detected by western blot after irradiation at 48 and 72 h. The 
representative immunoblots (left panel) and relative levels of proteins normalized to β-actin (right panel) are shown. All experiments were performed in triplicate in the 
same cell line, and representative images are shown. Data represent the mean ± SEM, *p< 0.05, **p< 0.01, ns (not significant), compared to the control (or 0 h group) 
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Irradiation not only elevated protein levels of 
NRF2 and CRIF1 but also induced their 
nuclear accumulation 

Western blot was used to quantify NRF2 and 
CRIF1 protein levels in BMMSCs. The results showed 
that NRF2 and CRIF1 protein levels increased 
significantly at early phases following irradiation, 
especially 4-8 h after irradiation. NRF2 returned to 
baseline levels at 12 h; however, there was no obvious 
decrease of CRIF1 up to 24 h after radiation (Figure 
2A). We also observed that NRF2 downstream target 
proteins and mRNAs such as Gclc and Ggt1 showed 
similar expression patterns as NRF2 in BMMSCs after 
irradiation (Figure 2B and 2C). Nuclear translocation 
of NRF2 is crucial for activating its downstream target 
genes [36]. To assess the effect of irradiation on 
nuclear translocation of NRF2 and CRIF1, the 
cytoplasm and nuclear fraction proteins were 
extracted and detected by western blot (Figure 2D), 
and subcellular localization was observed using 
immunocytochemistry (Figure 2E). The western blot 
results and fluorescence images showed that the 
nuclear translocation of NRF2 and CRIF1 markedly 
increased upon irradiation, and these two proteins 
were co-localized in BMMSCs nuclei after irradiation. 
These data indicated that CRIF1 was likely involved 
in NRF2 regulation because of its protein level and 
nuclear translocation in BMMSCs after irradiation. 

Knockdown of Crif1 exacerbated BMMSCs 
oxidative stress after irradiation 

To further confirm whether CRIF1 played an 
important role in the anti-oxidative response after 
radiative injury in BMMSCs, we knocked down Crif1 
expression with lentiviral particles harboring Crif1 
shRNA, given the high level of CRIF1 protein 
expression in BMMSCs in physiological and 
pathological conditions. Both protein and mRNA 
levels of CRIF1 were effectively inhibited by shRNA 
vector transfection (Figure 3A and 3B). 
Crif1-knockdown BMMSCs presented higher 
intracellular ROS levels after irradiation than those of 
the control cells at all time points, especially at 4h, and 
even 24h after irradiation the ROS levels were still 
notably higher than the resting state levels (Figure 
3C). Additionally, GSH content was higher after 
irradiation in Crif1-deficient BMMSCs than that in the 
control cells (Figure 3D). Furthermore, the proportion 
of senescent cells (Figure 3E) significantly increased in 
Crif1-deficient BMMSCs after irradiation compared to 
the control cells. The levels of proteins (RB, p53, and 
p21) involved in cell senescence significantly 
increased in Crif1-deficient BMMSCs compared to the 
control cells after irradiation, unlike p16 (Figure 3F). 
Moreover, the apoptotic analysis using Annexin V 

and PI staining (Figure 3G) and caspase-3 activity 
(Figure S2) indicated that the apoptosis significantly 
increased in Crif1-deficient BMMSCs after irradiation 
compared to the control cells. To further explore the 
regulation effect of CRIF1 on NRF2, we used an 
Nrf2-/- mice model to evaluate the relationship 
between NRF2 and CRIF1 in BMMSCs after 5 Gy TBI. 
The results agreed with our hypothesis that 
quadri-color-labeled BMMSCs decreased in Nrf2-/- 
mice compared to the control mice, while ROS levels 
in these cells were significantly elevated in 
Nrf2-knockout mice. However, the results of indirect 
fluorescent staining showed that CRIF1 expression 
increased in BMMSCs after 5 Gy TBI whether mice 
were deficient in NRF2 or not (Figure 3H). When 
activating NRF2 through tert-butylhydroquinone 
(t-BHQ) or Nrf2 overexpression vectors in BMMSCs 
before irradiation, western blot results showed that 
the protein level of NRF2 increased, and the cell 
senescence induced by irradiation was in remission. 
In Crif1-deficient BMMSCs, the same treatment did 
not significantly increase NRF2 protein levels and not 
reduce the level of cell senescence (Figure S3). These 
results demonstrated that Crif1-knockdown 
aggravated oxidative stress in BMMSCs after 
irradiation and influenced stem cell death and 
senescence, probably associated to the NRF2 
pathway. 

Knockdown of Crif1 resulted in reduced NRF2 
protein level and nuclear translocation in 
BMMSCs after radiative injury 

To further elucidate the relationship between 
CRIF1 and NRF2 protein expression, we analyzed the 
effect of Crif1-knockdown on NRF2 expression in 
BMMSCs. Western blot results showed that NRF2 
protein level decreased in Crif1-deficient BMMSCs 
independently of the irradiation (Figure 4A). 
However, qPCR results indicated that the relative 
mRNA expression of Nrf2 did not significantly change 
in Crif1-deficient BMMSCs (Figure 4B), suggesting 
that Crif1-knockdown affected NRF2 at the protein 
level. After irradiation, NRF2 protein levels in 
Crif1-deficient BMMSCs significant decreased than 
NRF2 levels in control cells at peak time points (8 h 
and 12 h). Moreover, the peak time point of NRF2 
expression appeared at 4 h instead at 8 h in the control 
cells (Figure 4C). The cytoplasmic and nuclear protein 
levels determined by western blot and the subcellular 
localization observed using immunocytochemistry 
consistently indicated that NRF2 nuclear translocation 
was markedly reduced in Crif1-deficient BMMSCs 
after irradiation compared to nuclear translocation in 
the control cells (Figure 4D and 4E). Furthermore, the 
increased levels of NRF2-dependent proteins (HO1, 
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GGT1, and GCLC) expression in Crif1-deficient 
BMMSCs decreased after irradiation, and the levels of 

NRF2 target genes such as Ho1, Ggt1, and Gclc also 
decreased (Figure 4F and 4G). 

 

 
Figure 2. Protein levels and nuclear translocation of NRF2 and CRIF1 after irradiation (a) CRIF1 and NRF2 protein expression was assessed by western blot in BMMSCs at the indicated 
time points after an irradiation dose of 9 Gy. The representative immunoblots (upper panel) and relative levels of proteins normalized to β-actin (lower panel) are shown. (b) Western 
blot results of target proteins of NRF2 (GCLC and GGT1) in BMMSCs at the indicated time points after irradiation. The representative immunoblots (upper panel) and relative levels of 
proteins normalized to β-actin (lower panel) are shown. (c) qPCR results of Gclc and Ggt1 in BMMSCs at the indicated time points after irradiation. (d) The cytoplasmic and nuclear proteins 
were detected at the indicated time points in irradiated BMMSCs. The representative immunoblots (upper panel) and relative levels of cytoplasmic (or nuclear) proteins normalized 
to β-actin (or histone H3) (lower panel) are shown. H3 was used as nuclear protein-loading control. (e) Immunofluorescence analysis of CRIF1 and NRF2 8 h after irradiation. All experiments 
were performed in triplicate in the same cell line, and representative images are shown. Data represent the mean ± SEM. *p< 0.05, **p< 0.01, ns (not significant), compared to the control 
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Figure 3. Effect of Crif1-knockdown on BMMSC oxidative stress after irradiation (a) Western blot results of CRIF1 in Crif1-deficient BMMSCs (Crif1-SI) and control cells (Con-EV). The 
representative immunoblots (left panel) and relative levels of proteins normalized to β-actin (right panel) are shown. BMMSCs transfected with Crif1 shRNA are referred as Crif1-SI, 
and BMMSCs transfected with empty control vectors are referred as Con-EV. (b) qPCR analysis of Crif1 in Crif1-deficient BMMSCs (Crif1-SI) and control cells (Con-EV). (c) ROS 
levels were quantified in Crif1-deficient BMMSCs (Crif1-SI) and control cells (Con-EV) at the indicated time points after an irradiation dose of 9 Gy. (d) The GSH content of Crif1-deficient 
BMMSCs (Crif1-SI) and control cells (Con-EV) was determined at the indicated time points after irradiation. (e) Senescence was examined in Crif1-deficient BMMSCs (Crif1-SI) and 
control cells (Con-EV) 72 h after irradiation using SA-β-Gal staining (left panel) and quantification (right panel). (f) Proteins (RB, p53, p21, and p16) related to cell senescence 
were detected by western blot in Crif1-deficient BMMSCs (Crif1-SI) and control cells (Con-EV) after irradiation at 48 and 72 h. The representative immunoblots (upper panel) and relative 
levels of proteins normalized to β-actin (lower panel) are shown. (g) Apoptosis of Crif1-deficient BMMSCs (Crif1-SI) and control cells (Con-EV) at 48 h after irradiation was examined. 
BMMSCs were transfected with GFP-free lentiviral Crif1 shRNA and empty control vectors.(h) FACS analysis of the BMMSCs amount, ROS levels, and CRIF1 protein expression 
levels of Sca-1(+), CD29(+), CD45(-), and CD11b(-) labeled cells from bone marrow cells in Nrf2-/- and Nrf2+/+ mice (n=3) before 5 Gy total body irradiation (TBI) and 24 
h after irradiation. All experiments were performed in triplicate in the same cell line, and representative images are shown. Data represent the mean ± SEM. *p< 0.05, **p< 0.01, 
ns (not significant), compared to the control 
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Figure 4. Effect of Crif1-knockdown on NRF2 protein level and nuclear translocation in BMMSCs after irradiation. (a) Western blot results of NRF2 in Crif1-deficient BMMSCs 
(Crif1-SI) and control cells (Con-EV). The representative immunoblots (upper panel) and relative levels of proteins normalized to β-actin (lower panel) are shown. BMMSCs transfected 
with Crif1 shRNA are referred as Crif1-SI, and BMMSCs transfected with empty control vectors are referred as Con-EV. (b) qPCR analysis of Nrf2 in Crif1-deficient BMMSCs 
(Crif1-SI) and control cells (Con-EV). (c) Western blot analysis of NRF2 expression in irradiated Crif1-knockdown (Crif1-SI) and control BMMSCs (Con-EV) at the indicated time 
points after an irradiation dose of 9 Gy. The representative immunoblots (upper panel) and relative levels of proteins normalized to β-actin (lower panel) are shown. (d) Cytoplasmic 
and nuclear fraction proteins CRIF1 and NRF2 in Crif1-deficient BMMSCs (Crif1-SI) and control cells (Con-EV) 8 h after irradiation were detected by western blot. The representative 
immunoblots (upper panel) and relative levels of proteins normalized to β-actin (lower panel) are shown. (e) Immunofluorescence analysis of CRIF1 and NRF2 in Crif1-deficient BMMSCs 
(Crif1-SI) and control cells (Con-EV) 8h after irradiation. (f) Western blot of target proteins of NRF2 in Crif1-deficent BMMSCs (Crif1-SI) and control cells (Con-EV) at the indicated 
time points after an irradiation dose of 9 Gy. The representative immunoblots (upper panel) and relative levels of proteins normalized to β-actin (lower panel) are shown. (g) qPCR 
results of NRF2 target genes (Ho1, Ggt1, and Gclc) in Crif1-deficent BMMSCs (Crif1-SI) and control cells (Con-EV) at the indicated time points after an irradiation dose of 9 Gy. All experiments 
were performed in triplicate in the same cell line, and representative images are shown. Data represent the mean ± standard error of mean (SEM). *p< 0.05, **p< 0.01, ns (not significant), 
compared to the control 
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Interaction between CRIF1and PKC-δ 
contributed to NRF2 Ser40 phosphorylation 
and NRF2 stability  

The phosphorylation of NRF2 Ser40 by PKC-δ is 
a critical mechanism for releasing NRF2 from KEAP1 
and translocating it into the nucleus [37, 38]. To 
determine the mechanism underlying 
CRIF1-mediated regulation of protein expression 
level and subcellular localization of NRF2, we 
determined the level of NRF2 Ser40 phosphorylation 
after irradiation. As expected, NRF2 Ser40 
phosphorylation was significantly reduced in 
Crif1-deficient BMMSCs compared to the control cells 
without irradiation. Similarly, NRF2 Ser40 
phosphorylation in Crif1-deficient BMMSCs 
significantly decreased compared to the 
phosphorylation in the control cells at all time points 
after irradiation (Figure 5A). Co-IP experiments 
demonstrated that PKC-δ and CRIF1 interacted with 
each other (Figure 5B). To verify the role of CRIF1 in 
PKC-δ activity, three PKC agonists were utilized. 
PMA was used as a potent agonist, and prostratin and 
oleic acidwere used as moderately efficient agonists. 
After agonist exposure, we found that NRF2 Ser40 
phosphorylation significantly increased in the control 
cells, while the phosphorylation was suppressed in 
Crif1-deficient BMMSCs. The expression of HO1 
followed the same pattern (Figure 5C and 5D). 
Considering that NRF2 is degraded by the 
proteasome, we analyzed the ubiquitination level of 
NRF2 by immunoprecipitation, and the results 
showed a higher level of NRF2 ubiquitination in 
Crif1-deficient BMMSCs, indicating that NRF2 was 
less stable upon Crif1-knockdown than it was in the 
control cells (Figure 5E).  

The CFU assay using the BMMNCs, which 
represented the HSCs in vitro, was carried out to 
verify the effect of CRIF1 in the HSCs-supporting 
function of irradiated BMMSCs. The results suggested 
that the BMMNCs co-cultured with irradiated 
BMMSCs formed less colony units than the control 
BMMSCs without irradiation, and the BMMNCs 
co-cultured with irradiated Crif1-deficient BMMSCs 
presented less clone-forming rate than the irradiated 
control BMMSCs. Furthermore, when co-cultured 
with irradiated Crif1-overexpress BMMSCs, the 
BMMNCs ability of clone formation was restored 
(Figure 5F). We may deduce that CRIF1 deficiency in 
BMMSCs may result in a reduced HSCs-supporting 
function of BMMSCs after irradiation. 

Our results suggested that CRIF1 likely 
co-activated PKC-δ and regulated oxidative stress of 

BMMSCs after irradiation mainly through the 
PKC-δ/NRF2 pathway (Figure 6). 

Discussion 
ROS generated by irradiation damage both HSCs 

and MSCs in bone marrow, but the radiation 
sensitivity of these two kinds of cells is not the same. 
Previous studies showed the radioresistance of 
BMMSCs relative to HSCs, and the association of the 
irradiation with reduced BMMSCs function [38, 39]. 
The radioresistant phenotype of BMMSCs may be 
potentially useful for treating radiation-induced 
tissue lesions, especially h-ARS. In animal 
experiments, MSC infusion successfully reconstituted 
hematopoiesis destroyed by radiation [40]. The potent 
ROS-scavenging ability of BMMSCs upon irradiation 
is a key mechanism for their radioresistance [41].Our 
results indicated that ROS levels peaked 4 h after 
irradiation but returned to baseline levels at 24 h. 
Meanwhile, BMMSCs seemed to prefer senescence 
rather than apoptosis after irradiation. This 
phenotype of BMMSCs is similar to previously 
described phenotypes that at high (20 Gy) [42] or low 
(40 mGy) [43] radiation doses preferentially entered 
senescence rather than apoptosis. The accumulation 
and scavenging of ROS in BMMSCs after irradiation 
may be associated with cell senescence. However, the 
molecular mechanism underlying this 
ROS-scavenging ability is not fully understood. A 
recent study revealed that CRIF1 deficiency induced 
oxidative stress in human umbilical vein endothelial 
cells (HUVECs) [44]. Here, we presented several 
results in support of the role of CRIF1 in modulating 
oxidative stress in BMMSCs after irradiation. CRIF1 
deficiency in BMMSCs resulted in increased 
intracellular ROS levels after irradiation, and these 
Crif1-deficient cells showed accelerated cellular 
apoptosis and senescence compared to wild-type 
cells. In addition, our results showed that p16 levels 
did not significantly change after irradiation, 
regardless of CRIF1 status in BMMSCs. This evidence 
agrees with the results of a previous report that 
indicated that accelerated senescence triggered by 
irradiation was accompanied by the accumulation of 
p21 but did not correlate with p16 in BMMSCs [45]. 
Furthermore, some studies showed that p21 levels 
significantly increased within 24 h after irradiation in 
BMMSCs, and within 3-6 days they began to decline, 
whereas p16 level increased when p21 level was 
decreasing. Since we observed the p16 expression 
within 48 and 72 h after irradiation, we did not see 
any difference in p16 levels [42, 46, 47]. 
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Figure 5. Contribution of the interaction between CRIF1 and PKC-δ to NRF2 Ser40 phosphorylation and NRF2 stability. (a) Western blot results of NRF2 
Ser40 phosphorylation levels in Crif1-knockdown (Crif1-SI) and control BMMSCs (Con-EV) at the indicated time points after an irradiation dose of 9 
Gy. The representative immunoblots (upper panel) and relative levels of proteins normalized to β-actin (lower panel) are shown. BMMSCs transfected with 
Crif1 shRNA are referred as Crif1-SI, and BMMSCs transfected with empty control vectors are referred as Con-EV. (b) Co-immunoprecipitation (Co-IP) analysis 
to determine PKC-δ and CRIF1 interaction in BMMSCs. (c) Control (Con-EV) and Crif1-knockdown (Crif1-SI) BMMSCs were treated with PMA or (d) 
prostratin and oleic acid separately at the indicated time points. NRF2 Ser40 phosphorylation levels and HO1 protein levels were examined by western 
blot. The representative immunoblots (upper panel) and relative levels of proteins normalized to β-actin (lower panel) are shown. (e) Analysis of NRF2 ubiquitination 
by IP in Crif1-knockdown (Crif1-SI) and control BMMSCs (Con-EV). β-actin levels were used as a loading control (lower panel). (f) Colony-forming unit 
(CFU) assay of bone marrow mononuclear cells (BMMNCs) co-cultured with BMMSCs. The representative morphology of colonies (×25 magnification) (left panel) 
and the amount of colonies per 104

 
BMMNCs (right panel) are shown. BMMSCs transfected with Crif1 overexpression vectors are referred as Crif1-OE. IB: 

immunoblot; IP: immunoprecipitation. All experiments were performed in triplicate in the same cell line, and representative images are shown. Data represent 
the mean ± standard error of mean (SEM). *p< 0.05, **p< 0.01, ns (not significant), compared to the control 
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Figure 6. Proposed mechanism for CRIF1 modulation of the PKC-δ / NRF2 signaling pathway to facilitate redox homeostasis in BMMSCs after irradiation. CRIF1 
co-activates KC-δ to phosphorylate NRF2 at Ser40 and promotes the dissociation of NRF2 from KEAP1. More stable NRF2 translocates into nucleus to activate its 
downstream target genes through binding to antioxidant response element (ARE) motifs, resulting in alleviation of oxidative stress in BMMSCs induced by radiative 
injury. 

 
Mechanistically, our results suggested that 

CRIF1 positively regulated the NRF2/ARE 
antioxidant pathway in BMMSCs. NRF2 is one of the 
most crucial transcription factors for cytoprotection. 
In vitro and in vivo studies verified that 
NRF2-mediated transcription protected cells and 
tissues from the pathogenic effects of irradiation [18, 
48, 49]. Consistent with the above-mentioned results, 
our study showed that populations of BMMSCs in 
Nrf2-/- mice decreased compared to cells from control 
mice 24 h after treatment with 5 Gy TBI, while ROS 
levels were higher in BMMSCs of Nrf2-/- mice 
compared to the control mice. Therefore, NRF2 had a 
protective effect on BMMSCs upon radiation injury, 
and this protein may be involved in the pathogenesis 
of myelosuppression induced by radiative injury. Our 
in vivo and in vitro results confirmed that CRIF1 
regulation oxidative stress in BMMSCs after 
irradiation occurred mainly through activating the 
NRF2 pathway. Besides, we noticed that NRF2 
protein level increased at early phases following 
irradiation, however, it began to decline from 12 h and 
went below to baseline level at 24 h. This might since 
that NRF2 would be degradation by ubiquitination in 
the cytoplasm when finishing its task of 
transcriptional activation in the post-induction phase 

of oxidative stress [50, 51]. 
Increased NRF2 stability and its nuclear 

translocation were essential for the transcriptional 
activation of downstream antioxidant genes. Our 
results indicated that NRF2 transport into the nucleus 
increased 4 h after irradiation in BMMSCs, while the 
CRIF1 deficiency suppressed this process, but its 
molecular mechanism has not been fully elucidated. 
More recently, studies showed that PKC-mediated 
NRF2 Ser40 phosphorylation was necessary for NRF2 
dissociation from KEAP1 and nuclear translocation 
[21, 22]. Niture et al. [52] identified PKC-δ as the major 
PKC isoform that phosphorylated NRF2 Ser40. Taking 
this into consideration, the present study further 
investigated this molecular mechanism. Co-IP results 
indicated that CRIF1 interacted with PKC-δ, and three 
PKC agonists with different mechanisms of action 
were employed to show that CRIF1 co-activated 
PKC-δ to phosphorylate NRF2 Ser40, increasing NRF2 
stability, allowing it to be translocated into the 
nucleus to activate protective gene expression. In 
several previous studies, CRIF1 has been shown to 
co-activate several phosphatases, including protein 
kinase A (PKA) [31], p66shc [44], and Lck [53]. In a 
previous study, we showed that CRIF1 interacted 
with PKAα and assisted it in phosphorylating the 
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cAMP response element-binding protein (CREB), 
promoting BMMSCs adipogenic differentiation after 
radiation damage [31]. Considering the results of our 
previous study and the current study, we provided 
several pieces of evidence indicating that CRIF1, 
which was highly expressed in BMMSCs, may have 
multiple functions in pathology and physiology after 
radiation damage. Several studies have described the 
HSCs-supporting function of BMMSCs [54-56]. 
According to our in vitro results of the CFU assay in 
BMMNCs co-cultured with irradiated BMMSCs, we 
speculated that CRIF1 may be helpful for the 
HSCs-supporting function of BMMSCs after 
irradiation. However, this hypothesis needs further in 
vivo experimental evidences. 

A previous study [57] reported that CRIF1 
interacted with both the N- and C-termini of NRF2 to 
promote the proteasome-mediated degradation of 
NRF2, which seemed to be contradictory with our 
hypothesis that CRIF1 may increase NRF2 stability. 
However, these conflicting results indicated a more 
complex regulation of NRF2 signaling by CRIF1. 
More recent studies revealed that uncontrolled 
constant nuclear accumulation of NRF2 had 
pathological consequences [58]. Therefore, NRF2 
regulation is a complex and delicate process 
coordinating a variety of factors, including Bach1 and 
Fyn/GSK3, which activate/inactivate NRF2 
transcriptional activation depending on if the stress 
signals subside or persist [59, 60]. Considering this, 
CRIF1 may play a dual role in NRF2-mediated 
transcriptional activation, where CRIF1 increases 
NRF2 stability when it exerts protective cell functions 
and may also promote ubiquitin-mediated NRF2 
degradation when nuclear accumulation of NRF2 is 
excessive. However, the exact underlying mechanism 
involved in the regulation and balance of CRIF1 and 
NRF2 is not fully understood, needing further 
investigation. 

Our study indicated that CRIF1 modulated 
PKC-δ/NRF2 signaling to facilitate redox 
homeostasis in BMMSCs after irradiation, and it may 
contribute to the supporting effect of BMMSCs for the 
colony forming ability of HSCs in vitro. Thereby, the 
present study increased the knowledge on CRIF1 
biology, helped to elucidate the molecular mechanism 
underlying BMMSCs radiation resistance, and might 
get some implications to maintain the 
HSCs-supporting effect of BMMSCs after radiative 
injuries.  
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