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Human-specific CHRFAM7A protects against  
radiotherapy-induced lacrimal gland injury by inhibiting 
the p38/JNK signalling pathway and oxidative stress
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Abstract: Radiotherapy-induced lacrimal gland injury often causes dry eye. Oxidative stress and local inflammation 
are the primary consequences of radiotherapy-induced injury. The most recent research shows that the human-spe-
cific gene CHRFAM7A plays an important role in inflammation. However, the effect of CHRFAM7A on radiotherapy-
induced lacrimal gland injury remains unclear. In this study, humanized mice were successfully generated via the 
transplantation of human peripheral blood mononuclear cells that expressed human-specific genes. After radiation, 
the CHRFAM7A gene was highly expressed in the lacrimal glands of humanized mice, in which it protected the 
function of the lacrimal gland after radiotherapy. CHRFAM7A down-regulated radiotherapy-induced inflammation 
by suppressing p38/JNK signalling. CHRFAM7A also inhibited oxidative stress in the haematopoietic system after 
radiotherapy. Further signalling pathway analyses indicated that CHRFAM7A suppressed Akt (protein kinase B, PKB) 
phosphorylation. CHRFAM7A may therefore be a therapeutic target in radiation-induced lacrimal gland injury.
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Introduction

In head-and-neck tumours, radiotherapy (RT) 
tends to induce lacrimal gland injuries, which 
are clinically difficult to treat [1]. There is no 
effective treatment to repair RT-induced la- 
crimal gland injury because the precise mecha-
nisms involved in its pathogenesis remain 
unknown. P38 pathway activation has been 
observed in cells and tissues in response to 
gamma-irradiation injury [2]. Inhibiting p38 
attenuated irradiation-induced haematopoietic 
cell senescence [3]. In our previous study, we 
also found that suppressing the p38 pathway 
ameliorated RT-induced lacrimal gland injury 
[4]. Oxidative stress also plays a critical role in 
radiation-induced tissue injury by producing 
superoxide anion and other reactive oxygen 
species (ROS) in addition to reactive nitrogen 
species, which induce inflammation via the 
mitogen-activated protein kinase (MAPK) path-
way [5, 6]. Radiation-induced oxidative stress 
alters the expression of several genes that 
encode pro-oxidant and antioxidant proteins [7, 

8]. However, there are no reports showing that 
human-specific genes are involved in radiation-
induced oxidative stress.

The human-specific gene CHRFAM7A arose 
from a rearrangement of the α7-N acetylcholine 
receptor gene (CHRNA7), which is located on 
human chromosome 15q13-14, during human 
evolution. The CHRFAM7A gene was originally 
found to be expressed in the central nervous 
system, where it is associated with mental ill-
ness [9]. It is also involved in inflammatory 
bowel disease and wound healing [10-13]. 
CHRFAM7A has been implicated in the choliner-
gic anti-inflammatory response [14]. CHRFAM7A 
is down-regulated by nicotine [15, 16], and it 
inhibits the effects of α7nAChR/CHRNA7 be- 
cause it encodes a functionally active channel 
that regulates the inflammatory response path-
way [14, 17, 18].

Human-specific genes are likely to play impor-
tant roles in the pathogenesis of lacrimal gl- 
and damage after RT. However, the role of the 
human-specific gene CHRFAM7A in RT-induced 
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lacrimal gland injury remains poorly under- 
stood.

No wild-type animal models are well-suited for 
human-specific gene research, and this limits 
the study of human-specific genes in animal 
models. Humanized mice (HM) are induced to 
carry functional human genes via human hae-
matopoietic stem cell transplantation. While 
they are often used to study human inflamma-
tory responses to burns or sepsis [19, 20], no 
studies have reported the results of exposing 
HM to radiation. 

In this study, we hypothesized that the CHR- 
FAM7A gene is a key factor in a process that 
relieves inflammation and oxidative stress in 
RT-induced lacrimal gland injury in HM. We 
determined that the CHRFAM7A suppressed 
p38/JNK signalling and Akt (protein kinase B, 
PKB) phosphorylation. Our findings may facili-
tate the development of effective human-spe-
cific gene therapies for lacrimal gland injury 
resulting from orbital disease RT.

Materials and methods 

Animal preparation and irradiation

HM were constructed as previously described 
[21]. Ten healthy, 8-week-old female HM were 
used for this study. The mice underwent an  
initial lacrimal gland scintigraphy. The first gr- 
oup (n = 5) was irradiated with a dose of 15 Gy 
using a combination of 3 mg/kg (S)-ketamine-
hydrochloride (Ketanest-S®, Parke-Davis, Hoof- 
ddorp, The Netherlands) and 0.1 mg/kg xyla-
zine-hydrochloride (Rompun®, Bayer, Germany) 
while under general anaesthesia. Three days 
after irradiation, scintigraphy was performed a 
second time, and the left-side inferior lacrimal 
gland was then excised for histological exami-
nation. Seven days later, the same procedure 
was performed, and the contralateral lacrimal 
gland was removed. In the second group (n = 
5), we performed sham surgeries, but the ani-
mals were not irradiated, and the excised tis-
sues were used as control glandular tissues.

approved by the ethics committee for human 
studies. The experimental procedures were 
approved by the Fudan University Animal Care 
and Use Committee, and all animals were 
housed under standard conditions according to 
institution-approved guidelines, as previously 
described [22].

Surgical harvesting of the inferior lacrimal 
gland

The inferior lacrimal gland was surgically ex- 
posed and excised, and the harvested glands 
were immediately fixed in 4% neutral phos-
phate-buffered formalin.

Lacrimal gland scintigraphy

The mice were placed in a prone position with 
the head projected to the front. After 3.7 MBq 
(1 mCi = 37 MBq, 100 µCi = 3.7 MBq) with 
Na99mTcO4 was intravenously administered to 
serve as a tracer, the mice underwent sequ- 
ential scintigraphy using a four-head camera 
(Picker CX 250 compact, LEHR collimator and 
field-of-view of 25 cm; Nano SPECT/CT Plus, 
Bioscan Corporation). Time-activity curves we- 
re also registered and analysed. 

Flow cytometry

Cell staining was optimized using isotype-
matched antibodies and/or fluorescence minus 
one (FMO) analyses. Cells were processed for 
flow cytometry in PBS supplemented with 1.0% 
foetal bovine serum using a BD Biosciences 
Accuri flow cytometer, and the generated data 
were analysed using FlowJo software (TreeStar, 
Ashland, OR, USA). In all experiments, gating 
was set to a minimum of 10,000 viable cells  
by the results of staining with 7-AAD, as instruct-
ed by the manufacturer (BD Biosciences, San 
Jose, CA, USA), and the results were analysed 
using forward and side scatter.

Pharmacological inhibitor

A p38 inhibitor (5 mg/g SB203580; Sigma 
Aldrich, St Louis, MO, USA) was administered 

Table 1. Primers of the CHRFAM7A and human GAPDH gene
Primers name Sense (5’-3’) Antisense (5’-3’)
CHRFAM7A ATAGCTGCAAACTGCGATA CAGCGTACATCGATGTAGCAG
hGAPDH CATGAGAAGTATGACAACAGCCT AGTCCTTCCACGATACCAAAGT

Ethics statement

The collection of lacrimal 
gland tissue at the Eye and 
ENT hospital of Fudan Uni- 
versity (Shanghai, China) was 
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intraperitoneally 1 h before irradiation. This do- 
se was based on dose-response studies that 
showed that 5 mg/g inhibited p38 MAPK activ-
ity [23, 24].

Isolation of RNA from cultured cells and prepa-
ration of cDNA for PCR and qPCR 

Total RNA was prepared from cell lysates using 
an RNeasy kit and quantified using a Nano- 
Drop Spectrophotometer. One microgram of 
total RNA was reverse-transcribed using an 
iScript cDNA synthesis kit (Bio-Rad, San Diego, 
CA, USA) in a 20 μL reaction as instructed by 
the manufacturer, and 1 μL was used in RT-PCR 
or real-time qPCR analyses.

RT-PCR and quantitative RT-PCR analyses of 
CHRFAM7A 

RT-PCR was performed using 50 μL reactions 
containing 45 μL of PCR blue mix (Invitrogen 

at 94°C for 25 s, 60°C for 25 s and 72°C for 40 
s. The primer efficiency for CHRFAM7A was 
100%.

The primers used to amplify CHRFAM7A and 
human GAPDH are shown in Table 1. The 
mouse GAPDH primers used in this study were 
proprietary primers that were purchased from 
Qiagen (Cat #QT01658692).

Cell isolation and culture

Human primary haematopoietic CD34+ cells 
were provided by PromoCell (Heidelberg, Ger- 
many). Thawed CD34+ cells were cultured in 
serum-free Iscove’s Modified Dulbecco’s Me- 
dium (IMDM). 

Cloning of CHRFAM7A and gene transfection

CHRFAM7A cDNA clones were placed in a 
pcDNA 3.1 backbone according to a previously 
described method [18]. Human CD34+ cells 

Table 2. siRNA sequence of the CHRFAM7A gene
Sequence name Sense (5’-3’) Antisense (5’-3’)
siRNA-CHRFAM7A AGUUUCAACCGUCUUAAUCAG GAUUAAGACGGUUGAAACUAG
Negative control (siRNA-NC) UUCTCCGAACGUGCUCACGUTT ACCUGACACGUUCGGAGAATT

Figure 1. A. Immunohistochemical staining for CHRFAM7A in irradiated and 
normal lacrimal glands. Scale bar = 15 µm. B. Gel images of RT-PCR analysis 
of CHRFAM7A expression in normal and irradiated lacrimal gland tissues. C. 
Statistical analysis of the relative mRNA levels in the lacrimal gland.

[Thermo Fisher Scientific]), 1 
μL of each primer (10 μmol/L), 
1 μL of cDNA and 2 μL of 
water. The cycling conditions 
were one cycle at 94°C for 4 
min, 35 cycles at 94°C for 30 
s, 60°C for 30 s and 72°C for 
60 s, and a final extension at 
72°C for 5 min. Ten microlitres 
of each PCR product was 
resolved on a 2% agarose gel, 
and images of the gels were 
acquired using an Alpha In- 
notech imaging system (Fisher 
Scientific [Thermo Fisher Sci- 
entific]). Real-time qPCR was 
performed in a 25 μL reaction 
containing 12.5 μL of 2 × 
SYBR Green PCR Master Mix 
(Bio-Rad), 0.5 μL of each prim-
er (10 μmol/L), 1 μL of cDNA 
and 10.5 μL of water. The fol-
lowing qPCR cycling condi-
tions were used: one cycle at 
95°C for 10 min and 45 cycles 
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were cultured for 7 days and then transfec- 
ted using Lipofectamine 2000 (Lipo2000) in  
conjunction with Nupherin (Biomol Research 
Laboratories, Plymouth Meeting, PA, USA) ac- 
cording to the manufacturer’s instructions.

Design of siRNA sequences and transfection 
of siRNA

The human CHRFAM7A gene sequence was 
obtained from GenBank (KJ899881.1). Acc- 
ording to siRNA design principles, 4 siRNAs 
were designed to specifically target CHRFAM7A. 
The sequences that most effectively blocked 
CHRFAM7A expression and the sequence of  
the negative control are shown in Table 2. On 
the day before transfection, cells in the loga-
rithmic growth phase were seeded in 6-well 
plates at a density of 6 × 104 cells/well. When 
cell confluency reached approximately 70%-
80%, Opti-MEM I containing 0.5% foetal bovine 
serum was mixed with Lipo2000 and siRNA, 

and the mixture was then added to the cells. 
The cells were incubated at 37°C in 5% CO2  
for 48 h. The number of transfected cells was 
determined using fluorescence microscopy. 
RT-PCR and western blot analyses were used  
to detect the protein expression level of CH- 
RFAM7A and determine the best interference 
effect.

Western blot assay

Primary antibodies against the following pro-
teins were used: Akt, p-Akt, p38, p-p38, JNK, 
p-JNK, Erk and p-Erk. All antibodies were pur-
chased from Cell Signalling Technology. The sig-
nals were detected using an Odyssey Infrared 
Imaging System (LI-COR, Lincoln, NE, USA) 
after the cells were incubated with IR Dye 
800-conjugated anti-rabbit (LI-COR, Lincoln, 
NE, USA) secondary antibodies. The data were 
quantified using Image J software (NIH, 
Bethesda, MD, USA).

Figure 2. Human peripheral blood cells circulate in humanized mice. A. Histograms showing the results of flow 
cytometry for human CD45. B. Gel images of RT-PCR analyses of CHRFAM7A expression. C. Statistical analysis of 
the proportion of hCD45-positive cells in the blood, spleen and liver. D. Statistical analysis of relative mRNA levels 
in the blood, spleen and liver.
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ROS levels of the haematopoietic cells in HM 
exposed to irradiation

The irradiated HM were divided into the two  
following groups: RT+ and RT++CHRFAM7A. Ad- 
ditional HM were included in non-radiation  
control (RT- group) and RT-+CHRFAM7A groups. 
PBMCs were collected from animals in the RT+ 
and RT++CHRFAM7A groups at 7 d and 14 d 
after irradiation. The PBMCs were resuspended 
in PBS (Beyotime, China) containing 5 mM glu-
cose, 1 mM CaCl2, 0.5 mM MgSO4, and 5 mg/
mL bovine serum albumin. A Reactive Oxygen 
Species Assay Kit (Beyotime, China) was used 
according to the kit instructions. PBMCs (1 × 
106/mL) were incubated with diluted DCFH-DA 
(at a final concentration of 10 μmol/L) in the 
dark at 37°C for 20 min. ROS-up was added to 
the positive control wells. After they were incu-
bated, the cells were rinsed in PBS 3 times to 
fully remove any non-internalized DCFH-DA. To 
assess ROS levels, flow cytometry (Becton-
Dickinson, USA) was used to measure the fluo-
rescence intensity of DCF in the BMNCs (at 
488-nm excitation and 524-nm emission).

Statistical analyses 

Statistical analyses were performed using a 
two-tailed Student’s t test, and One-way analy-
sis of variance test was performed by SAS 6.12 

(Software, Inc., San Diego, CA, USA). P<0.05 
was considered statistically significant.

Results

CHRFAM7A expression was higher in the hu-
man lacrimal gland after RT than before RT

When normal human lacrimal glands were com-
pared to human lacrimal glands that were 
exposed to RT, we found that CHRFAM7A was 
expressed at higher levels after RT. This in- 
creased expression was detected using immu-
nohistochemical staining and RT-PCR (Figure 
1).

Human-specific CHRFAM7A expression in con-
structed humanized mice

Human CD45-positive cells were detected in a 
variety of tissues in humanized mice, including 
the liver, spleen and peripheral blood (Figure 
2A, 2B). The human-specific gene CHRFAM7A 
was also expressed in the liver, spleen, and 
peripheral blood (Figure 2C, 2D).

CHRFAM7A gene expression and tear secre-
tion in RT-injured lacrimal glands

CHRFAM7A was expressed a higher levels in 
the lacrimal glands of HM treated with irradia-
tion than in the control groups (NSG mice and 

Figure 3. Human-specific gene expression in RT-injured glands. A. RT-PCR image of CHRFAM7A gene expression 
in the blood and lacrimal glands after irradiation. B. Real-time PCR analysis of CHRFAM7A gene expression in the 
blood and lacrimal glands in radiotherapy- and non-radiotherapy-treated mice. C. Tear secretion function analysis of 
the major lacrimal glands of mice in the radiotherapy and non-radiotherapy treatment groups.
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Figure 4. CHRFAM7A expression after siRNA trans-
fection and screening. A. In vitro study, RT-PCR gel 
image of CHRFAM7A mRNA expression in human 
CD34+ cells (hCD34+) and human CD34+ cells that 
were transfected with siRNA (siRNA + hCD34+). B. 
Real-time PCR analysis of CHRFAM7A gene expres-
sion in cultured hCD34+ cells and human CD34+ 
cells that were transfected with siRNA (siRNA + 
hCD34+). C. RT-PCR gel image of CHRFAM7A mRNA 
expression in human CD34+ cells (hCD34+) and hu-
man CD34+ cells that were transfected with siRNA 
(siRNA + hCD34+) in vivo.

P38/JNK pathway regulation in humanized 
mice 

RT-induced lacrimal gland damage and local 
tissue inflammation are associated with Akt 
signalling and MAPK stress signalling and 
involve p38 and JNK. We performed western 
blot analyses of these signalling kinases to 
determine whether they are affected by the 
over-expression of CHRFAM7A in lacrimal gland 
tissue. We found that Akt, p38 and JNK ph- 
osphorylation were significantly promoted by 
CHRFAM7A siRNA transfection (Figure 5A, 5B, 
5D) but that Erk1/2 was not significantly aff- 
ected (Figure 5C).

CHRFAM7A mitigates radiation-induced oxida-
tive stress

As shown in Figure 6, ROS levels were 1.70 and 
1.40 times higher in PBMCs at 7 d and 14 d, 
respectively, after radiation respectively, than 
the levels observed in the RT- group. CHRFAM7A 
slightly increased ROS levels in the non-
irradiated mice, but the difference was not 
significant (P>0.05). In the RT++CHRFAM7A 
group, the ROS levels at 7 d and 14 d after 
radiation were 1.26 times and 0.97 times 
higher, respectively, than the levels observed in 
the RT- group. ROS levels were significantly 
lower in the RT++CHRFAM7A group than in the 
RT+ group (P<0.05). At 14 d after radiation, the 
ROS level in the PBMCs had returned to normal. 
There data indicate that CHRFAM7A reduced 
ROS production and inhibited radiation-induced 
oxidative stress in PBMCs.

Discussion

More than 300 types of human-specific genes 
have been identified, although the exact num-
ber and the functions of these genes remain 
unclear [25, 26]. Some human-specific genes 
are presumed to have formed as adaptions to 
human-specific behaviour during human evolu-
tion. For example, approximately 3 million years 
ago, when humans began to use and control 
fire, specific sequences in the human genome 
that control the post-burn inflammatory res- 
ponse first appeared [27, 28]. CHRFAM7A is a 
human-specific gene that was produced as a 
result of a rearrangement of the CHRNA7 ge- 
ne, which is located on human chromosome 
15q13-14, during human evolution [18]. This 
gene was originally found to be expressed in 

mice without irradiation) (Figure 3A, 3B). After 
50 s and 120 s, tear secretion was also lower in 
HM that was treated with irradiation than was 
observed in the control group (Figure 3C).

CHRFAM7A siRNA construct and transfection

CHRFAM7A was expressed at significantly lower 
levels in cultured human primary haematopoi-
etic CD34+ (hCD34+) cells after siRNA trans-
fection, indicating that the siRNA we designed 
was effective (Figure 4). CHRFAM7A expression 
was also lower in the peripheral blood and la- 
crimal glands of HM that were treated with siR-
NA-transfected hCD34+ cells. CHRFAM7A ex- 
pression was significantly lower in the HM that 
were injected with siRNA-transfected cells and 
treated with lacrimal gland irradiation (Figure 
4).
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Figure 5. CHRFAM7A suppresses the p38/JNK pathway. (A) Western blot analysis (upper) and quantification (lower) of p38, Akt (B), Erk (C) and JNK (D) phosphory-
lation in irradiation-injured lacrimal glands. The results demonstrate the effects of administering hNSG + RT, hNSG + RT + CHRFAM7A, hNSG + RT + CHRFAM7A + 
siRNA, and hNSG + RT + CHRFAM7A + p38 inhibitor (SB203580, a p38 MAPK inhibitor with an IC50 of 0.3-0.5 μM) on p38 phosphorylation in irradiation-injured lac-
rimal glands. Lacrimal injury was induced in mice that received radiotherapy. The data are shown as the mean ± SD of five independent experiments. In (A), (B) and 
(D), *P<0.05 vs. hNSG, hNSG + RT + CHRFAM7A, hNSG + RT + CHRFAM7A + SB203580 (hNSG: non-irradiated humanized mice; hNSG + RT: radiotherapy-treated 
humanized mice; hNSG + RT + CHRFAM7A: radiotherapy-treated humanized mice after CHRFAM7A transfection; hNSG + RT + CHRFAM7A + siRNA: radiotherapy 
after CHRFAM7A and siRNA transfection; hNSG + RT + CHRFAM7A + SB203580: radiotherapy humanized mice after CHRFAM7A transfection and the administra-
tion of SB203580).
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the human central nervous system and is asso-
ciated with neuropsychiatric-related diseases, 
such as schizophrenia [9, 29]. CHRFAM7A is 
expressed in human leukocytes and regulates 
inflammatory reactions [9, 12, 14, 18]. In 
human monocytes and macrophages, CHR- 
FAM7A gene expression is regulated by LPS, 
burns and nicotine, which up-regulate CHRNA 
expression [11, 12, 27, 30]. However, as a 
result of the lack of appropriate animal models, 
the effects of human-specific genes on human 
diseases are difficult to explore, and the func-
tion of CHRFAM7A in RT-induced lacrimal gland 
injury has not previously been investigated. In 
our experiments, HM provided a good model  
to investigate the role of CHRFAM7A in the 
RT-induced inflammatory reaction to lacrimal 
gland lesions.

Irradiation induces changes in the expression 
of inflammation-related genes in human periph-
eral blood [31]. The p38/MAPK/AKT signalling 
pathway regulates the radiation-induced inflam-
matory response and tissue repair [32-35]. In 
this study, we collected irradiated lacrimal 
gland tissues from patients and found that 
CHRFAM7A expression was increased in this 
tissue (Figure 1). We also detected the CHR- 
FAM7A gene in a variety of HM tissues (i.e., the 
liver, spleen, and peripheral blood) (Figure 2). 
Irradiating the lacrimal glands of HM caused no 
significant change in CHRFAM7A expression in 
these tissues, but CHRFAM7A was expressed 
at higher levels in the lacrimal glands of irradi-
ated animals than in those of the control groups 
(i.e., wild-type mice, non-irradiated mice). CHR- 
FAM7A may represent a human-specific regula-
tory of the inflammatory response because it is 

tion, this reduction was also observed in the tis-
sues (e.g., the peripheral blood and lacrimal 
gland) of HM that were generated by injecting 
siRNA-transfected cells. We also found that the 
expression of CHRFAM7A remained lower after 
irradiation (Figure 4) and that the p38/JNK  
signalling pathway was up-regulated (Figure 5). 
Though the local inflammatory response in with 
the expression of the p38/JNK signalling path-
way, other regulatory mechanisms that are 
independent of NF-κB, p38 MAPK, and ERK 
phosphorylation could be involved [36]. The 
p38 MAPK pathway participates in UVB-irr- 
adiated skin tissue injury and inhibiting p38 
confers a cytoprotective effect [37, 38]. In- 
hibiting the p38 pathway markedly attenuated 
irradiation-induced damage and increased tis-
sue repair [32]. Additionally, we previously re- 
ported that the expression levels of markers of 
the p38/JNK signalling pathway are higher in 
lacrimal gland tissue after radiation. In the 
present study, we showed that CHRFAM7A had 
similar effects on p38 inhibition in lacrimal 
gland tissue. In conclusion, we propose that 
CHRFAM7A expression protects lacrimal gland 
function in RTinduced injury by inhibiting the 
p38/JNK signalling pathway and oxidative 
stress. The data presented in this report sup-
ports the notion that CHRFAM7A has therap- 
eutic potential for treating xerophthalmia in 
RT-induced lacrimal gland injury.

Our results demonstrate that CHRFAM7A exerts 
a protective effect in RT-injured lacrimal glands. 
We used a humanized mouse model to show 
that RT-induced lacrimal gland injury is associ-
ated with higher expression of the human-spe-
cific gene CHRFAM7A and the production of 

Figure 6. CHRFAM7A inhibited the RT-induced production of ROS in PBMCs.

detected in psychiatric dis-
eases and during the intesti-
nal epithelial cell injury res- 
ponse [30]. The incidences of 
mental illness, intestinal can-
cer and irritable bowel syn-
drome are positively correlat-
ed with CHRFAM7A mutations 
[10]. When we knocked down 
CHRFAM7A expression using 
siRNA, we found that the exp- 
ression of CHRFAM7A was sig-
nificantly lower in in vitro-cul-
tured siRNA-transfected hum- 
an leukocytes, suggesting th- 
at the siRNA we designed was 
effective (Figure 4). In addi-
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p38 and that the RT-induced overproduction  
of oxidative substances can be ameliorated by 
CHRFAM7A. Further investigations are needed 
to explore the effectiveness of CHRFAM7A as  
a therapeutic agent in different types of RT- 
induced lacrimal gland injury.
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