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17β-Estradiol Suppresses Cytotoxicity and Proliferative Capacity 
of Murine Splenic NK1.1+ Cells 
 
 
Sha Hao1, Pengfei Li1, Junli Zhao1, Yali Hu2, 3 and Yayi Hou1, 3, 4 
 
In order to clarify the effects of 17β-estradiol (E2) on natural killer (NK) cells and the possibly regulatory 
mechanisms, we obtained highly purified and viable NK cells from C57BL/6J mouse spleen by a magnetic cell 
sorter (MACS). These cells were treated with E2 and then their cytotoxicity and proliferative capacity were 
examined. To further investigate the mechanisms on the effect of E2 on NK cells, expressions of activation- 
associated markers (CD69, CD122) and inhibitory receptors (CD94, Ly49), and intracellular cytokine production 
were analyzed. At last, we performed the cDNA microarray to explore the possible involved genes. We found that 
E2 could suppress NK cell cytotoxicity and proliferative capacity in vitro. E2 reduced NK cell cytotoxicity and 
proliferative capacity, which may be through influencing the phenotypes and cytokine expression of NK cells, 
mainly involving CD94 and IFN-γ. Furthermore, regulation of Stat4, Fyn, Sh2d1a, Eat2, Cd244, Irf1, Runx1, Irf7, 
Irf5, Esrra and Nr5a1 genes may be related to the cytotoxicity, proliferation and cytokine production of 
E2-mediated purified NK cells. Cellular & Molecular Immunology. 2008;5(5):357-364. 
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Introduction 
 
The fetal tolerance is notably dependent on the maternal 
immunocompetence during the pregnancy (1). During this 
period, the changes in number, phenotype and activity of NK 
cells were observed. Peripheral NK cells from pregnant 
women exhibit decreased lytic activity compared to NK cells 
from controls. Moreover, the dynamic changes occurred in 
lymphocyte populations in early pregnancy (2). The 
dominant lymphocytes in human and murine implantation 
sites are transient, pregnancy-associated uterine natural killer 
(uNK) cells, which account for about 70% of resident 
lymphocytes in human decidual cell suspensions (3). Thus, 
uNK cells may play a role in implantation and pregnancy, at 

least in early gestation (4). Otherwise, uNK cells may derive 
predominantly from a subset of peripheral NK cells, which 
were recruited to the decidua of the uterus of pregnant 
woman under hormonal influence (5). This suggests that both 
uNK cells and peripheral NK cells may be hormonally 
regulated (6) since the levels of sex hormones are markedly 
changed during implantation and maintenance of pregnancy.  

17β-estradiol (E2), an active estrogen, is one of the 
important sex hormones during pregnancy. It exerts many 
genomic and nongenomic effects through binding to the 
intracellular or membrane receptor proteins (7). Estrogen 
receptor α (ERα) and ERβ have been recently identified in 
mouse splenic NK cells (8). It suggests that E2 may be 
involved in the regulation of NK cell functions. 

Many investigations have been conducted on estrogens 
influencing a variety of immune functions using in vivo or in 
vitro models, but different results were obtained. Sorachi K, 
et al. (9) found that estrogen could enhance the in vitro 
cytotoxicity in YT-N17 (a human NK-like cell line). Seaman 
et al. (10) reported that estrogen decreased the NK activity in 
vivo. These inconsistent results may attribute to the 
difference in the sources and purity of NK cells. Our 
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previous study also found that E2 increased the number of 
NK cells, but reduced their cytotoxicity in vivo (11). 
However, in organism the treatment of E2 not only acts on 
NK cells but also exerts on other cells to bring surroundings 
around NK cells. 

To clarify the changes in the function of NK cells related 
to sex hormone during pregnancy, we used highly purified 
murine splenic NK cells. The purified NK cells, isolated by 
using anti-NK cell (DX5) Micro Beads, were treated with E2 
(a representative estrogen during pregnancy), and cyto- 
toxicity of E2 on purified NK cells were examined. In 
addition, expressions of activation-associated markers (CD69, 
CD122) (12) and inhibitory receptors (CD94, Ly49) (13), and 
intracellular cytokine production were analyzed. The cDNA 
microarray was conducted to further investigate the 
mechanisms. 
 
Materials and Methods 
 
Mice 
All the experiments were performed by using 4-5 week 
female mice of C57BL/6J (B6) purchased from Model 
Animal Research Center of Nanjing University. This strain 
expresses the NK1.1 antigen on the surface of NK cells (14). 
All the animals were housed five per cage at 24°C in a 
humidity-controlled room with 12 h light/dark photoperiod 
(light on at 8:00 and off at 20:00), constant access to water 
and chow. Mice were allowed to acclimatize for at least 1 
week prior to using in experiments. 
 
Cell culture 
The NK-sensitive murine lymphoma cell line YAC-1 was 
used as the target cells for the cytotoxicity assay. The cells 
were cultured in complete RPMI 1640 medium (HyClone), 
supplemented with 10% heat-inactivated FCS, 20 mM Hepes, 
2 mM L-glutamine, 2 mM sodium pyruvate, 100 U/ml 
penicillin and 100 mg/L streptomycin at 37°C in 5% CO2. 
 
Reagents 
Mouse anti-NK cell (DX5) Micro Beads were purchased 
from Miltenyi Biotec, Germany. The following antibodies 
used for flow cytometry: anti-NK1.1-APC, CD3-PE-CY5.5, 
CD69-FITC, CD94-FITC, Ly49-FITC, IFN-γ-FITC and 
isotype control antibodies were purchased from eBioscience. 
Anti-TNF-α-FITC was obtained from Becton and Dickinson 
Company (San Jose, CA, USA). E2, collagenase D, MTT, PI, 
monensin and saponin were purchased from Sigma Chemical 
Co. (St., Louis, Mo, USA). CFSE was obtained from Marker 
Gene Technologies, Inc. Anti-CD122-PE and dead cell 
discriminator (DCD) were purchased from Caltag 
Laboratories. PMA and ionomycin were obtained from 
Alexis Biochemicals and Annexin V/PI kit purchased from 
Bender. 
 
Assessment of plasma sex steroids  
E2 level in fetus calf serum (FCS) used in all experiments 
was determined by radioimmunoassay (RIA).  

NK cell preparation  
Mice were killed by cervical dislocation and spleens were 
removed aseptically. Single-cell suspensions were prepared 

by teasing with sterile forceps, digested with 1 mg/ml 
collagenase D for 30 min at 37°C, and then filtrated through 
the 100-mesh and 200-mesh cell strainer. The filtrate 
containing single cells was spun down at 1,500 rpm for 5 min. 
The obtained single splenic cells were treated with ACK 
lysing buffer (0.15 M NH4Cl, 1.0 mM KHCO3, 0.1 mM 
EDTA, pH 7.2) for 5 min to lyse the erythrocytes, and then 
washed thrice with RPMI 1640 medium containing 10% FCS. 
NK cells were enriched by magnetic positive selection using 
anti-DX5 microbeads following the manufacturer’s protocol. 
The purity of NK cells was assessed by flow cytometry using 
mAb anti-NK1.1-APC and the cell viability was determined 
by trypan-blue exclusion and AnnexinV/PI staining.  
 
Treatments of NK cells with E2  
Freshly purified DX5 positive NK cells were cultured in 
96-well flat-bottom plates (1 × 105 cells/well) for 24 h with 
RPMI 1640 medium supplemented with 10% FCS, 20 mM 
Hepes, 2 mM L-glutamine, 2 mM sodium pyruvate, 50 mM 
β-mercaptoethanol, 100 U/ml penicillin G and 100 mg/L 
streptomycin in the absence or presence of E2. All assays 
were performed in triplicates. 

The experiment was designed for four groups according 
to the concentration of E2: control group, low dose group (10 
nM), middle dose group (100 nM) and high dose group (1 
μM). E2 was dissolved in 100% ethanol at 10 mM, then 
diluted in RPMI 1640 medium to a concentration of 10 μM 
and stored at -20°C until use. The final concentration of 
ethanol was less than 0.1% and considered to be nontoxic to 
the NK cells. 
 
NK cell cytotoxicity assay 
Cytotoxic activity against YAC-1 cells is a characteristic 
function of NK cells. The cytotoxicity of NK cells was 
determined as previously described (15). Briefly, the YAC-1 
cell line was used as target cell and labeled with 5.0 μM 
CFDA-SE for 8 min at 37°C in 5% CO2. CFSE was 
dissolved in DMSO at 5 mM, and then diluted in RPMI1640 
medium to a final concentration of 5 μM until use. After 
labeled, the cells were washed thrice and resuspended in 
RPMI 1640. The effect/target ratios of 100, 50, 25, 12.5 and 
6.25:1 were set-up. The target cells of each sample were 104 
cells. Every sample was mixed to a final volume of 200 μl in 
complete medium in 96-well flat-bottom plate and incubated 
at 37°C in 5% CO2 for 4 h. Then samples were put in an ice 
water bath and 25 μl PI (100 μg/ml) was added in and 
incubated for 5 min in order to label the DNA of the dead 
cells. The dead target cells were analyzed within 60 min.  

All samples were analyzed on a FACSCalibur (Becton 
Dickinson, San Diego, CA) using the software Cell Quest for 
the acquisition and data analysis. During data acquisition, a 
“live cell gate” was set on the CFSE-stained target cell 
population using an FL1-histogram, 5,000 target events were 
collected. For data analysis, the CFSE-stained target cells 
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were further gated in an FL1/FL3 dot plot, including all 
living and dead target cells. CFSE+/PI+ cells were considered 
as dead target cells. Percentage of specific target cell death 
(cytotoxicity) was then expressed as: 

 
NK cell proliferative capacity assay  
Cell proliferative capacity was determined by MTT assay. 
After purified NK cells were treated with different con- 
centrations of E2 for 24 h, 25 μl of 0.5% MTT dissolved in 
PBS was added to each well containing 100 μl cells (5 × 104) 
in 96-well flat-bottom plates for 4 h. The blue crystals were 
dissolved by the addition of 100 μl 20% SDS at 37°C 
overnight. An automated microtiter plate reader (Bio-Rad 
Model 550) was used to measure the light absorbance at 570 
nm. Additionally, DCD, which can label dead cells by 
integrating with DNA, was used to distinguish non-viable 
cells from viable cells. After these purified NK cells were 
treated with different concentrations of E2 for 24 h, 1 μl 
DCD was added to each sample and proportions of dead cells 
were detected by flow cytometry using an FL3-histogram. 
 
Flow cytometric analysis of phenotypes 
Surface phenotypes were identified by using mAbs in 
conjunction with two-color immunofluorescence tests. NK 
cells treated with E2 were incubated with FITC-, PE- and 
PE-CY5.5-conjugated anti-mouse antibodies for 30 min at 
4°C. The cells were washed twice with FACS wash buffer 
(PBS + 0.1% NaN3 + 1% BSA). A total of 104 cells were 
gated by forward scatter and side scatter. Then CD3- 
PE-CY5.5 negative cells were further gated, because NK 
cells are NK1.1+CD3- in the C57BL/6J mouse strain and 
generally DX5+CD3- in other mouse strains (14). So these 
subpopulations were analyzed for the expression of CD69, 
CD122, CD94 and Ly49 using an FL1 or FL2-histogram. 
Mean fluorescence intensity (MFI) was measured by a 
FACSCalibur. Data analysis was performed using the Cell 
Quest Software (Becton Dickinson, San Diego, CA).  
 
Detection of IFN-γ and TNF-α by intracellular flow cytometry   
Following 12 h of treatment with E2, the purified NK cells 
were stimulated with PMA (50 ng/ml) and ionomycin (500 
ng/ml) for the next 12 h (16). Monensin (1.7 μg/ml) was 
added to block cytokine secretion. The harvested cells were 
stained for surface expression of CD3, and then fixed for 25 
minutes at room temperature in 4% paraformaldehyde and 
permeabilized in 0.1% saponin. After two washes with PBS 
buffer containing 0.1% saponin, the cells were stained with 
FITC-conjugated anti-mouse IFN-γ and TNF-α for 30 min at 
4°C. Intracellular cytokine levels in an FL1/FL3 dot plot 
were analyzed using CellQuest Software. Assay was 
performed in triplicates. 
 
Purification of NK cells and microarray analysis 
In order to detect the possible genes involved in the 

E2-mediated purified NK cell cytotoxicity, the cDNA 
microarray analysis was performed for the chosen two groups: 
control and high concentration E2 group (1 μM). The 
purified NK cells were obtained according to the methods 
described above. Then control and E2 (1 μM) treated NK 
cells were treated with 1 ml BIOzol reagent (BioFlux). RNA 
isolation and the quality were checked by spectrophotometry 
and oligonucleotide microarray analysis (36k Mouse Genome 
Array) was performed by CapitalBio Corp., Beijing, China. 
 
Statistical analysis 
Results were shown as mean ± standard deviation (SD). 
Statistical significance was assessed by one way analysis of 
variance (ANOVA) and the ANOVA post-hoc Bonferroni 
test by the software of SPSS 12.0. A p < 0.05 was considered 
to be statistically significant. All experiments were 
performed more than three times and similar results were 
observed every time. 
 
Results 
 
Concentration of E2 in FCS and cell purity of isolated NK 
cells 
To eliminate the interference of FCS-sourced E2 in the 
experiments, concentration of E2 in FCS was detected by 
RIA prior to application. The result showed that E2 content 
in our used FCS was less than 22.7 nM. Ten percent FCS 
were used in our experiments, so the final concentration of 
E2 was only 2.27 nM. It was extremely low so as to ignore 
the effect of E2 to the FCS in our experiments.  

In our study, NK cells from B6 mouse spleen were 
performed using a magnetic cell sorter (MACS). The cell 
viability of the obtained NK cells was consistently 90~95% 
with determination by trypan-blue exclusion or Annexin V/PI 
staining (Figure 1A). The splenic cells and freshly purified 
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Figure 1. Characterization of cell viability and composition of 
purified NK cells. (A) Purified DX5+ NK cells were stained by 
FITC-conjugated Annexin V and PI to distinguish early apoptosis 
cells and dead cells after enriched by magnetic positive selection. 
Percentage of early apoptotic cells were shown in the low right 
region, dead cells in the up right region, and live cells in the low left 
region (94.47% live cells). (B) and (C) The purities of NK cells 
before and after isolated. The cells were stained by NK1.1 and
analyzed by flow cytometry. The cells were first gated by forward 
scatter and side scatter. The percentages of NK1.1+ cells in splenic 
cells and purified NK cells were shown in the histogram. 
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NK cells were stained with APC-conjugated anti-NK1.1 

antibody. NK1.1+ cells of splenic cells and purified NK cells 
were 2.54 ± 1.14% and 89.85 ± 2.67%, respectively. We used 
NK1.1+ cells of over 87% purity for all in vitro experiments 
(Figures 1B and 1C). 

E2 inhibites NK cells cytotoxicity   
The effect of E2 on purified NK cell cytotoxicity was 
examined using a novel flow-cytometric assay as previously 
described. Our results indicated that E2 inhibited the NK cell 
cytotoxicity from low dose group (10 nM) to high dose group 
(1 μM) compared to the control group in a dose-dependent 
manner. The cytotoxicity at 100 : 1 effector/target ratios of 
control group and each E2 treated group were 67.29 ± 5.42%, 
54.91 ± 4.98%, 49.76 ± 4.03% and 43.53 ± 3.75%, 
respectively (Figure 2). 
 
E2 suppresses NK cell proliferation but has no effect on cell 
viability 
The effect of E2 on the proliferative capacity of NK cells was 
first detected by MTT assay. As shown in Figure 3, E2 can 
reduce the proliferative capacity in a dose-dependent manner. 
The viabilities of NK cells were slightly increased after 
incubation with 10 nM E2 (0.32 ± 0.04), but not statistically 
significant. The proliferative capacity of NK cells was 
significantly reduced after exposure to 1 μM E2 (0.25 ± 0.01) 
compared with the control group (0.29 ± 0.02) (p < 0.05) 
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Figure 2. E2 treatment suppresses NK cell cytotoxicity. (A) 
CFSE positive target cells were gated in an FL1 histogram. (B) The 
target cells were further gated in an FL1/FL3 dot plot showing both 
live and dead target cells. (C) Specific lysis of NK cells treated with 
various concentrations of E2 at different E/T ratios. Data represent 
the mean percentage specific cytotoxicity from three separate 
experiments with similar findings. 
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Figure 3. E2 suppresses proliferative capacity of purified NK
cells. NK cells were cultured with various concentrations of E2 (0 
nM, 10 nM, 100 nM and 1 μM) for 24 h. Then MTT assay was used 
to detect the proliferative capacity of each group. Data represent the 
mean ± SD of four parallel wells from three independent
experiments. **p < 0.01 vs the control group. 
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Figure 4. E2 does not affect NK cell viability. After various 
concentrations of E2 (0 nM, 10 nM, 100 nM and 1 μM) treated the 
purified NK cells for 24 h, DCD was used to distinguish non-viable 
cells from viable cells by using flow cytometry. (A) Live cells (M1) 
and dead cells (M2) were shown in the histograms. (B) The results 
were analyzed by ANOVA test. Data represent the mean ± SD of 
triplicate samples. 
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(Figure 3). Subsequently, to exclude the decreased 
proliferative capacity of NK cells ascribing to the increased 
dead cells, we further examined proportions of dead cells by 
DCD assay after NK cells were treated with E2 for 24 h. The 
percentage of dead cells in the control group and three 
treatment groups were 7.44 ± 1.56%, 7.45 ± 2.34%, 10.53 ± 
1.25%, and 10.28 ± 2.42%, respectively. Significant 
differences were not observed between control and 
experiment groups (Figure 4). 
 
E2 changes the expressions of NK cell surface molecules  
From the above results, we found that E2 can suppress the 
cytotoxicity and proliferative capacity of NK cells. Further- 
more, we want to know how E2 influenced the cytotoxicity 
of NK cells. Then we investigated two activation-associated 
cell surface molecules, CD69 (very early activation antigen) 
and CD122 (IL-2/IL-15Rβ), and two inhibitory receptors, 
CD94 and Ly49 on NK cells. Our results showed that E2 had 
no effect on expression of activation molecule CD69 (data 
not shown). The proportion of another NK-cell activation 
molecule (CD122) slightly increased with treatment of E2, 
and only the high concentration group (1 μM) increased 
significantly (p < 0.05), 65.05 ± 1.06% (E2) versus 59.85 ± 
2.34%. The inhibitory receptor CD94 was activated and 
higher expressed after NK cell exposure to E2 compared to 
the control group, 29.67 ± 0.45% (10 nM, p > 0.05), 30.09 ± 
0.36% (100 nM, p < 0.05), 30.58 ± 0.95%(1 μM, p < 0.05) 
versus 27.83 ± 1.1 (Figure 5). Whereas, Ly49, murine NK 
cells inhibitory receptors for class I MHC had no statistical 
significance (data not shown). 

E2 inhibits cytokine secretion 
It had been reported that cytokines, IFN-γ and TNF-α, 
secreted by NK cells play a pivotal roles in the activation and 
maturation of NK cells (44). Thus, we examined the effect of 
E2 on intracellular cytokines. Result showed that high dose 
(1 μM) of E2 inhibited IFN-γ expression (1.1 ± 0.165% vs 
1.875 ± 0.177% in control group, p < 0.05) (Figure 6). No 
statistical significance was observed in TNF-α expression 
(data not shown).  
 
Microarray analysis 
To determine which gene might be involved in the 
cytotoxicity and proliferation of NK cells treated with E2, we 
used purified NK cells from control and E2 (1 μM) groups 
for microarray analysis. In the present study, we focused to 
analyze the gene expression profile related to cell 
proliferation, cytokines, activating and inhibitory receptors and 
the down-stream signal transduction of NK cells. The results 
showed that Stat4, Fyn, Sh2d1a, Eat2, Cd244 (2B4) and Irf1 
were down-regulated, Runx1 and Irf7 were not changed, and 
Irf5, Esrra and Nr5a1 were up-regulated (Table 1).  
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Figure 5. E2 affected the expressions of NK cell surface 
molecules. (A) CD3- NK cells were gated. (B) and (C) The 
percentages of CD3-CD122+ and CD3-CD94+ NK cells in control 
group were shown. (D) The results were analyzed by ANOVA test. 
Data represents the mean ± SD of triplicate samples. *p < 0.05, vs
the control group.  
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Figure 6. Flow cytometric analysis of intracellular cytokines
IFN-γ. (A) Cells were stained with fluorescent antibodies as 
described. The percentages of CD3-IFN-γ+ were analyzed by flow 
cytometry. (B) The results were analyzed by ANOVA test. Data 
represents the mean ± SD of triplicate samples. *p < 0.05, vs the 
control group.  
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Discussion 
 
Our in vitro experiments showed E2 can suppress NK cell 
cytotoxicity and proliferative capacity. The evidence 
accumulated in the past few years has indicated that changes 
in E2 levels affect both conventional and uterine NK cell 
subsets. For instance, in pregnant women, NK cell activity 
declines during the second and third trimesters of pregnancy 
(17). Animal studies provided direct evidence: chronic 
administration of high doses of E2 to mice resulted in a 
decreased number and activity of NK cells (18). Our present 
results were consistent with these previous reports. But 
contrary to our findings, Kitaya reported that E2 had no 
significant effects on the proliferation, cytolytic activity, and 
cytokine secretion of human endometrial CD16negCD56bright 
NK cells. One possible explanation for this discrepancy is 
that endometrial CD16negCD56bright NK cells are activated in 
the human endometrium, in contrast to peripheral 
lymphocytes, which are in a resting state (6).  

E2 reduces NK cell cytotoxicity and proliferative 
capacity possibly through influencing the phenotypes of NK 
cells. Here we focused on four molecules, CD122, CD94, 
CD69 and Ly49. CD122, a subunit of IL-2/IL-15 receptor 
(IL-2Rβ), was induced to high expression with the treatment 
of E2. This indicated that CD122 might be responsible for 
NK cytotoxicity. It was generally thought that CD69 played a 
role in initiating the cell activation and regulating NK cell 
functions such as proliferation (14). But in our experiments, 
the change of CD69 expression was not observed with the 
exposure of NK cells to E2. The cytotoxicity of NK cells was 
down-regulated by the negative signal mediated through 
inhibitory receptors (19). Three inhibitory receptor families 
are currently known, the killer cell Ig-like receptors (KIR) 

found in humans, the Ly49 lectin-like receptors found in 
mice, and the CD94/NKG2A lectin-like receptors shared by 
humans and mice (20, 21). Our results showed a significant 
increase in the expression of CD94 on NK cells. Previous 
studies showed the increased expression of inhibitory 
receptors including CD94/NKG2A on peripheral NK cells in 
the first weeks of pregnancy, reaching a maximum within the 
third month of gestation with a subsequent decline to basal 
levels by the end of pregnancy. This suggested that 
up-regulation of CD94 may lead to low cytolytic activity. 
Murine NK cells express multiple Ly49 receptors. These 
receptors either inhibit or activate NK cell functions, 
including cytolysis and cytokine secretion. All previous in 
vitro studies had demonstrated that most activating/inhibitory 
pairs were dominated by the negative signal (22). But in our 
present study, the change of Ly49 expression was not 
observed with the exposure of NK cells to E2. So it was 
needed to clarify whether CD69 and Ly49 expressions were 
regulated by exposure to E2. 

The cytokines produced by NK cells, such as IFN-γ and 
TNF-α, affecting their survival or proliferation, in part, 
cytotoxicity function to modulate host immune responses 
(23). IFN-γ is expressed to induce cytotoxicity in response to 
different extracellular signals (24), while TNF-α secretion is 
critical for subsequent processes of NK activation (25). Our 
results showed that E2 inhibited IFN-γ but did not affect 
TNF-α production from PMA-stimulated NK cells, which 
may be one of the mechanisms contributed to low 
cytotoxicity. E2 suppressed the production of IFN-γ when 
mouse splenocytes were stimulated by LPS (26), but E2 did 
not influence TNF-α secretion of LPS-stimulated monocytes 
in humans (27). Our results seemed consistent with these 
previous reports. 

In order to detect the possible genes involved in the 
E2-mediated purified NK cell cytotoxicity and proliferation, 
the cDNA microarray analysis was performed. The results 
showed that Stat4, Fyn, Sh2d1a, Eat2, Cd244 and Irf1 were 
down-regulated, Runx1 and Irf7 were not changed, and Irf5, 
Esrra and Nr5a1 were up-regulated. Stat4 was identified as a 
key factor for introduction of IFN-γ expression (28). Sh2d1a 
gene codes SLAM-associated protein (SAP). SAP is involved 
in critical aspects of 2B4 signaling. 2B4 can mediate 
inhibitory signals in the absence of SAP. SAP is also 
involved in the positive signaling by 2B4 through recruiting 
and activating the Src family kinase Fyn. The regulation of 
SAP expression is paralleled by the ability of 2B4 to 
stimulate NK cell cytotoxicity (29). Runx transcription factor 
can control the expression of NK cell receptors. Runx 
proteins play important roles in NK cell development and 
functions through control of the expressions of CD122 and 
IFN-γ (30). IRF-5 can also act as a repressor of IFN-α/β 
expression through binding to IRF-7, which results in a 
heterodimer unable to bind DNA (31). IRF-1 is an important 
transcription factor in IFN-γ-mediated signaling in the 
development and function of NK cells. IRF-1 also has direct 
anti-proliferative effects, thus acting as a tumor suppressor 
and tumor susceptibility gene (32). Estrogen receptor-related 

Table 1. E2 treatment alters gene expression profile in 
purified NK cells using DNA microarray assay 
 
Name Description Cy3/Cy5
Stat4 Signal transducer and activator of 

transcription 4 
0.0961 

Fyn Proto-oncogene tyrosine-protein kinase FYN 0.2922 
Sh2d1a SH2 domain protein 1A (SLAM-associated 

protein, SAP) 
0.3352 

Eat2 EWS/FLI1 activated transcript 2 (EAT-2) 0.4576 
Cd244 Natural killer cell receptor 2B4 precursor 0.4618 
Irf1 Interferon regulatory factor 1 (IRF-1) 0.4988 
Runx1 Runt-related transcription factor 1 1.1089 
Irf7 Interferon regulatory factor 7 (IRF-7) 1.5896 
Irf5 Interferon regulatory factor 5 (IRF-5) 2.2174 
Esrra Steroid hormone receptor ERR1 (Estrogen- 

related receptor-α) 
2.0469 

Nr5a1 Steroidogenic factor 1 (STF-1) (SF-1) 3.0748 

The value of Cy3/Cy5 > 2 or < 0.5 indicated significant up-regulation or 
down-regulation of the gene expression. 
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receptors (ERRs) are orphan nuclear receptors and can bind 
to estrogen receptor elements and estrogen receptor element- 
related repeats. ERRs can cross talk with ERs in different cell 
types via competition of DNA binding sites and coactivators. 
ERRs can also regulate cell growth and modulate ER’s 
signaling pathways in multiple ways (33). It suggests that 
regulation in these genes may be related to the cytotoxicity, 
proliferation and cytokine expression of the NK cells 
mediated by E2. Further research should be conducted to 
determine the genes modulated by exposure to E2.  

In conclusion, our findings pointed out that E2 affects the 
NK maturation and function. E2 suppresses the NK cell 
cytotoxicity and proliferative capacity in vitro, potentially 
through influencing the phenotypes and cytokine expression 
of NK cells involving CD94 and IFN-γ. Furthermore, Stat4, 
Fyn, Sh2d1a, Eat2, Cd244, Irf1, Runx1, Irf7, Irf5, Esrra and 
Nr5a1 genes might also be involved in the cytotoxicity, 
proliferation and cytokine expression of E2-mediated 
purified NK cells. The inhibition of NK cells might explain 
fetus tolerance during the pregnancy.  
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