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Background: Novel inhibitor of histone acetyltransferase repressor (NIR), a corepressor 
with a novel inhibitor of histone acetyltransferase (INHAT) activity, has been reported to be 
a negative modulator of p53 and a regulator of the cell cycle in cancer cells. However, the 
role of NIR in the progression of breast cancer remains elusive.
Materials and Methods: Oncomine database was used to analyze the mRNA levels and 
prognosis value of NIR in breast cancer. We performed loss-of-function and gain-of-function 
studies using lentivirus expressing shRNA targeting NIR, enhancer of zeste homolog 2 
(EZH2) and forkhead box O3 (FOXO3) or lentivirus expressing NIR or FOXO3, respec-
tively. Cell proliferation and colony formation assays were performed. Co- 
immunoprecipitation (Co-IP) and immunoprecipitation (IP) were performed to identify the 
interaction between NIR and polycomb repressive complex 2 (PRC2) subunits. ChIP assay 
was used to identify the enrichment of NIR, EZH2, H3K27ac and H3K27me3 at the FOXO3 
promoter region and the regulation of H3K27 modification at the FOXO3 promoter by NIR.
Results: High levels of NIR expression were correlated with poor prognosis in breast cancer 
patients. Knockdown of NIR suppressed the proliferation of breast cancer cells. 
Mechanically, NIR was recruited by EZH2 to the promoter vicinity of FOXO3 via direct 
protein–protein interaction. Silencing NIR increased H3K27ac and decreased H3K27me3 
levels at the FOXO3 promoter, resulting in enhancing FOXO3 expression. In accordance 
with this, growth inhibition of breast cancer cells caused by silencing of NIR could be 
reversed by FOXO3 knockdown.
Conclusion: NIR knockdown inhibited proliferation by switching the H3K27me3 and 
H3K27ac marks at the FOXO3 promoter to promote FOXO3 transcription, and this effect 
depends on the physical interaction between NIR and PRC2 in breast cancer cells. Our 
results suggest that NIR might be a potential target for breast cancer treatment.
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Introduction
Breast cancer is one of the most common cancers among females.1 Locoregional 
and systemic treatment, such as surgery, chemotherapy, radiotherapy and molecular 
therapy, are applied to breast cancer therapy, though the therapies of breast cancer 
have progressed over the past decades, and early breast cancer is considered 
potentially curable, it was reported that almost 1.7 million cases were diagnosed 
and about 522,000 lethal from this disease worldwide in 2012.1,2 Numerous tumor 
suppressor genes and oncogenes were involved in regulating cancer progression, 
including proliferation.3 Therefore, it is an urgent need to investigate the molecular 
mechanisms and improve the therapeutic strategies of breast cancer.
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Novel INHAT Repressor (NIR) is an epigenetic regu-
lator that represses both basal and activator-stimulated 
transcription via inhibition of histone acetylation.4 In con-
trast to histone deacetylases, INHATs regulate acetylation 
mainly through “substrate masking”. Moreover, NIR func-
tions as a key regulator of skin development via control-
ling the expression of essential factors in epidermis 
development.5 Previous studies have shown that NIR func-
tions as a negative regulator of p53-dependent transcrip-
tion by the direct interaction with p53.4 NIR has also been 
shown to repress the expression of p63 by restricting 
H3K18ac at the p63 promoter.6 NIR has been found to 
play important functions in lymphocytes development by 
cooperating with p53 to impose checkpoint for the gen-
eration of mature B and T lymphocytes.7 But the role of 
NIR in breast cancer is unclear.

Accumulating evidence suggests that histone modifications 
and their associated chromatin-modifying enzymes play causal 
roles in cancer development.8 Polycomb repressive complex 2 
(PRC2), one of the best characterized Polycomb group (PcG) 
protein complexes, plays important roles in gene repression 
through catalyzing histone H3K27 methylation, and dysregu-
lation of PRC2 has been observed in different cancer types.9 

PRC2 contains the three core subunits, Enhancer of zeste 
homolog 2 (EZH2), Embryonic ectoderm development 
(EED), and Suppressor of zeste (SUZ12), which are essential 
for PRC2 activity.10 Depletion of any core subunit in mice 
resulted in embryonic lethality due to disturbance of the 
expression of PcG target genes via globally changing H3K27 
modification in the embryonic stem cells.11 EZH2, the catalytic 
subunit of the PRC2, is involved in the epigenetic silencing of 
tumor suppressor genes in cancer, and aberrant expression or 
mutations of EZH2 is found in various cancer types. For 
example, the elevated expression of EZH2 is associated with 
tumor progression and poor prognosis in breast cancer.12,13 On 
the contrary, loss-of-function mutations in EZH2 are asso-
ciated with poor prognosis in myeloid neoplasms.14 

Therefore, the dysregulation of EZH2 function and expression 
is complex and cancer type-dependent. The activity of EZH2 is 
mainly modulated by post-translational modifications and the 
interaction proteins of EZH2. For example, phosphorylation at 
T345 and T487 of EZH2 by CDK1 and CDK2 was shown to 
regulate the epigenetic gene silencing in breast and prostate 
cancer,15,16 and EZH2-K348 acetylation greatly enhanced the 
repression of EZH2 target genes.17 Foxhead box O3 (FOXO3), 
a known tumor suppressor, is a member of the Forkhead box 
family.18 It has been reported that FOXO3 is crucial in the 
progression of cancer cells, including cell proliferation, 

aggressive and apoptosis, low FOXO3 expression is correlated 
with high tumor stages and poor survival in breast cancer 
patients, and FOXO3 is negatively regulated by EZH2 in 
both hepatocellular carcinoma and breast cancer.18–21

In this study, we investigated the functions of NIR in 
the regulation of breast cancer. We found that high levels 
of NIR were associated with poor prognosis in breast 
cancer patients, silencing NIR inhibited proliferation and 
colony formation in breast cancer cells, and this effect is at 
least in part, mediated by upregulating the expression of 
FOXO3. Furthermore, we discovered that NIR directly 
interacted with EZH2 in the PRC2 complex to regulate 
H3K27 modification at the promoter of FOXO3, represent-
ing a novel mode of action by which NIR controls the 
levels of tumor suppressor gene expression.

Materials and Methods
Cell Culture and Cell Line Construction
The human breast cancer cell lines MDA-MB231, HCC1937 
and MCF7, and embryonic kidney cell line, HEK-293T, were 
purchased from the Type Culture Collection of the Chinese 
Academy of Science (Shanghai, China). All cell lines were 
maintained in Dulbecco’s modified eagle’s medium and sup-
plemented with 10% fetal bovine serum (Gibco, USA) at 37 °C 
and 5% CO2. For doxycycline-inducible expression, the med-
ium was supplemented with 1µg/mL doxycycline (Sigma- 
Aldrich) or PBS as the vehicle control.

Lentivirus plasmids pWPT and pLVTHM were presented 
by Prof Trono Didier. The lentivirus was packaged and used to 
infect cells according to previous methods.22 The oligo DNA 
for silencing NIR (GTGGTACAGGCGTTCCGAG) or EZH2 
(GAAAGAACGGAAATCTTAAA) was cloned into 
pLVTHM for lentivirus packaging and the indicated cell lines 
were constructed by lentivirus infection. Lentivirus, for silen-
cing of FOXO3, was purchased from Jikai Gene Chemical 
Technology Co. LTD (Shanghai, China). For the rescue of NIR 
expression, NIR genes were first mutated at shNIR targeted 
position, to replace three amino acid codes, and then this 
engineered NIR gene was cloned into a pWPT lentivector 
using a PCR cloning method. Ectopic expression of FLAG- 
tagged FOXO3 was achieved by using pWPT lentivirus vector.

Antibodies
Antibodies used were as follows: anti-NIR (HPA044258, 
Atlas Antibodies), anti-EZH2 (#5246, Cell Signaling 
Technology, CST), anti-SUZ12 (#3737, CST), anti- 
FOXO3 (#2497, CST), anti-EZH1 (#62,083, CST), anti- 
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EED (03–196, Millipore), anti-β-actin (#3700, CST), anti- 
Flag (2054-1-AP, Proteintech), anti-Flag M2 (F3165, 
Sigma), anti-HA (66,006-2-Ig, Proteintech), anti-Histone 
H3K27me3 (ab6002, Abcam), anti-Histone H3K27ac 
(ab4729, Abcam), Rabbit mAb IgG (#3900, CST), 
Mouse mAb IgG (#5415, CST).

Real-Time Quantitative PCR Assay
The total RNA of the cell lines was extracted by using 
Eastep® Super Total RNA Extraction Kit (#LS1040, 
Promega Corporation), and 1μg of total RNA was reverse- 
transcribed to cDNA with Revert Aid First Strand cDNA 
Synthesis Kit (#K1622, Thermo Fisher Scientific). The 
quantitative PCR was performed by using the FastStart 
Universal SYBR Green Master (Rox) (Roche) in 8-well 
strips on the 7500 Fast Dx Real-Time PCR System (ABI). 
The mRNA level of L19 was treated as an internal control, 
and all samples were assayed in triplicate for three inde-
pendent experiments. The primer sequences (from 5′ to 3′) 
were listed as follows, EZH2 forward: AATCA 
GAGTACATGCGACTGAGA, reverse: GCTGTATCCTT 
CGCTGTT TCC; NIR forward: AAGCAACGCCTCACT 
CCAAA, reverse: ACTGTCCGTGACCTGGAATTT; 
FOXO3 forward: TCACGCACCAATTCTAACGC, 
reverse: CACGGCTTGCTTACTGAAGG; L19 forward: 
AAAACAAGCGGATTCTCATGGA, reverse: CCTC 
TTGGCCGTTTTTCTCCA.

Cell Proliferation Assay and Colony 
Formation Assay
The cells were induced with doxycycline (Dox) or vehicle 
for 4 d, for the subsequent assays. For cell proliferation 
assay, 2.0 × 105 cells were plated per 60 mm plate, the 
cells were collected and counted daily to analyze the cell 
proliferation. For colony formation assay, 2000 cells were 
seeded in a 60 mm plate and cultured for 12–15 d, until the 
cell colonies became visible. The colonies were fixed with 
25% acetic acid in 75% anhydrous methanol at room 
temperature for 20 min, and then stained with Giemsa 
stain (Sigma) for colony counting.

Co-Immunoprecipitation (Co-IP)
Cells were lysed in immunoprecipitation buffer (50 mM 
Tris-HCl pH 7.5, 1 mM EGTA, 1 mM EDTA, 150 mM 
NaCl, 0.5% Triton X-100) containing protease inhibitor 
(Cocktail) on ice for 30 min, then sonicated (5 cycles, 10s 
ON/30s OFF) in a Bioruptor (Diagenode). The cell lysates 

were centrifuged at 15,000 rpm for 10 min. Per Co-IP, 300 
μL of protein extracts were incubated with 0.5 μg specific 
antibodies or IgG for 2 hrs on ice, then 30 μL protein 
G beads slurry (Pierce) was added to the mixtures, and 
incubated for 1 hr at 4°C. After washing five times with 
the cell lysis buffer, the immunoprecipitated complexes 
were eluted and detected by Western blot.

Immunoprecipitation (IP)
The proteins were transcribed and translated in vitro by 
using TNT® SP6 Coupled Wheat Germ Extract System 
(#L4130, Promega). The proteins were pretreated with 
Benzonase and RNase to degrade DNA and RNA. For 
each immunoprecipitation assay, 20 μL of each relevant 
translated product was diluted in 200 μL of IP buffer 
containing 0.2% BSA and the indicated two proteins 
were mixed and incubated on ice for 2 hrs. After binding, 
0.5 μg of indicated antibody and 30 μL protein G beads 
slurry was used to IP interaction proteins. After critical 
washing the beads and elution, the immunoprecipitants 
were detected by Western blot.

Chromatin Immunoprecipitation (ChIP)
The protocol of ChIP is according to previous reports.23 

MDA-MB231 cells were cross-linked with 1% formalde-
hyde at room temperature for 10 min and sheared by sonica-
tion. Anti-HANIR, –EZH2, –H3K27me3, -H3K27ac 
antibodies, and IgG were used for immunoprecipitation, 
and the 1% input served as control. The purified DNA 
samples were analyzed by qPCR with the specific primers. 
The ChIP-qPCR primer sequences (from 5′ to 3′) of FOXO3 
are according to the previous report,20 and the sequences are 
as follows: P1 forward: GAATGCTGGCATTTCCTCTC, 
reverse: CACAAATTGCCTCGACCTTT; P2 forward: 
ACTTGAAGCCGAGTTGTGG, reverse: GGGGCTCT 
GACTGCTTACTG; P3 forward: GCGTGCGTTTG 
TTTATGTT, reverse: TTTGTACGCGTCGAACTAGC.

Public Data Acquisition
The Curits breast dataset from Oncomine database (https:// 
www.Oncomine.org) was used to explore the mRNA 
levels of NIR in breast cancer.

Statistical Analysis
Statistical analysis was performed with GraphPad Prism 
Version 8.0 (GraphPad Software Inc., La Jolla, CA, USA). 
Survival analysis was estimated by the Kaplan–Meier with 
the Log-rank test. Gray image analysis of Western blot 
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was performed by using Image J (NIH, USA). The statis-
tical difference was performed by two-tailed Student’s 
t-test, one-way analysis of variance (ANOVA) or two- 
way ANOVA test. Results were presented as mean ± SD 
of three or more independent experiments, p-values ≤ 0.05 
were considered statistically significant.

Results
High mRNA Levels of NIR in Breast 
Cancer are Associated with Poor 
Prognosis
NIR, which was first known as a novel inhibitor of histone 
acetyltransferase (INHAT), can regulate the cell cycle of kinds 
of cancer cell lines,24 but the function of NIR in breast cancer 
is still unknown. To investigate the clinical relevance of NIR 
in breast cancer progression, we first analyzed the mRNA 
levels of NIR by using Curits breast dataset which includes 2, 
136 clinical cases from the Oncomine database (www.onco 
mine.org),25 we found that the average levels of NIR were 
higher in invasive ductal breast carcinoma as compared to the 
normal breast tissues (Figure 1A). Furthermore, Kaplan- 
Meier survival analysis showed that higher mRNA levels of 
NIR were linked to poorer overall survival than those with 
lower NIR mRNA levels in invasive ductal breast carcinoma 
patients (Figure 1B). These results indicate that high levels of 
NIR might contribute to poor prognosis in breast cancer.

Knockdown of NIR Represses Cell 
Proliferation and Colony Formation of 
Breast Cancer Cells
Our previous study showed that upregulation of NIR was 
associated with poor survival in breast cancer patients, but 
how NIR functions in breast cancer cells are still 
unknown. To investigate the role of NIR in the regulation 
of breast cancer cell growth, a doxycycline (Dox) induci-
ble NIR knockdown breast cancer cell line, MCF7-Tet-on- 
shNIR, was constructed. Cells treated by Dox for 0, 1, 2, 
3, 4, and 5 days were harvested for Western blot using 
a NIR antibody to evaluate the silencing efficacy. The 
results showed that more than 70% of NIR protein was 
knocked down in MCF7-Tet-on-shNIR cells after 4 days 
of Dox treatment (Supplementary Figure S1A). The 
growth curves of MCF7-Tet-on-shNIR cells with or with-
out Dox treatment were measured. The same number of 
cells was seeded after 4 days treatment with Dox or 
vehicle, and the cell numbers were counted on the indi-
cated days, respectively. The cell growth curves showed 
that the cell proliferation was significantly inhibited by 
NIR silencing on the third and fourth day (Figure 2A 
and B). MCF7-Tet-on-shNIR cells were parallelly culti-
vated for colony formation assay with or without Dox 
treatment. As shown in Figure 2C and D, the colony 
numbers of MCF7-Tet-on-shNIR cells treated with Dox 

Figure 1 High level of NIR expression is associated with poor survival in breast cancer patients. 
Notes: The Curits breast dataset from Oncomine was used. (A) Analysis of the mRNA levels of NIR between normal breast tissues and ductal invasive breast carcinoma. 
(B) Survival analysis of NIR mRNA levels in ductal invasive breast carcinoma (NIR-low, n = 773; NIR-high, n=773). ** denotes p < 0.01.
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Figure 2 Knockdown of NIR (novel INHAT repressor) represses cell proliferation and colony formation in breast cancer cells. 
Notes: (A) Western blot showed that NIR was strongly silenced in MCF7-Tet-on-shNIR cells after Dox treatment for 5 days. (B) MCF7-Tet-on-shNIR cells were treated with or 
without Dox for 4 days and the same number of two types of cells were seeded to test the growth curves. The proliferation of MCF7 cells was significantly inhibited by silencing NIR. (C) 
Giemsa staining showed colony formation in Dox-induced and non-induced MCF7-Tet-on-shNIR cells. (D) The colony formation of MCF7 cells was significantly suppressed after 
silencing NIR. (E) NIR was silenced in MDA-MB231-Tet-on cells. The cell proliferation (F) and colony formation (G and H) were detected in Dox treated or untreated cells, separately. 
(I–L) Silencing of NIR suppresses HCC1937 cell proliferation and colony formation abilities. The Western blot images were analyzed by Image J (NIH, USA). The results are presented as 
averages of three independent experiments. Error bars represent standard deviation and two-tailed unpaired Student’s t-test was performed. * denotes p < 0.05, ** denotes p < 0.01.
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were significantly lower than those without Dox treatment. 
Since NIR has been shown to regulate p53 function, and 
MCF7 cells express wild-type p53,4 we re-examined NIR- 
mediated growth inhibition in a p53-mutant breast cancer 
cell line, MDA-MB231, to exclude the possibility of the 
involvement of p53. Similar to the findings in MCF7-Tet- 
on-shNIR cells, more than 70% of NIR protein was 
reduced after 4-day Dox treatment (Supplementary 
Figure S1B) in the MDA-MB231-tet-on-shNIR cells. As 
shown in Figure 2E–H, NIR silencing could also signifi-
cantly inhibit MDA-MB231 cell proliferation and colony 
formation. These results were further confirmed in another 
p53-mutated breast cancer cell line, HCC1937 
(Supplementary Figure S1C, Figure 2I–L). Collectively, 
our results suggest that NIR is essential for cell prolifera-
tion in a p53-independent manner.

To exclude the off-target effect of shNIR, the NIR 
expression was rescued by ectopic expression of Flag- 
tagged NIR which could escape the shRNA-mediated 
silencing of NIR, in the MDA-MB231-Tet-on-shNIR 
cells. Western blot results showed that the endogenous 
NIR was efficiently knocked down by shRNA, and the 
total NIR expression level was restored by infecting the 
cells with pWPT-Flag-NIR virus (Figure 3A). Restoration 
of NIR was sufficient to rescue the growth in NIR knock- 
down MDA-MB231 cells (Figure 3B–D). These results 
further demonstrate that NIR is an essential regulator of 
breast cancer cell proliferation.

NIR Associates with the PRC2 Complex
Although the previous studies had shown functional reg-
ulation of p53 by NIR,4 the regulation of cell proliferation 
by NIR in p53-mutant expressing breast cancer cell pro-
liferation triggered us to explore additional mechanisms 
underlying NIR function. Dysregulation of PRC2 complex 
has been implicated in breast cancer development.10 EZH2 
is the core enzymatic subunit of PRC2, which maintains 
the gene in a transcriptionally silent state by tri- 
methylating histone H3 on lysine 27.26 Since PRC2 has 
been reported to physically associate with HDAC1 and 
HDAC2,9 NIR inhibits histone acetylation in HDAC- 
independent mechanism, we postulated if NIR functionally 
cooperate with PRC2 to regulate histone acetylation. To 
test this hypothesis, we stably re-expressed Flag-tagged 
NIR in MDA-MB231-shNIR cells and immunoprecipi-
tated NIR interacting proteins from whole-cell lysates 
using anti-Flag antibody. Western blot results showed 
that the PRC2 core subunits (EZH2, EED, and SUZ12) 

were co-precipitated with NIR (Figure 4A), whereas EZH1 
was not detected (Figure 4A). These results indicated that 
NIR specifically interacted with the EZH2, but not the 
EZH1-containing PRC2 complex. Furthermore, the inter-
action between NIR and PRC2 complex was confirmed by 
co-immunoprecipitation using anti-Flag (from MDA- 
MB231-HANIR-FlagEED cell lysates) anti-EZH2, or - 
SUZ12 (from MDA-MB231-HANIR cell lysates) antibody 
(Figure 4B–D). These results strongly support the specific 
association between NIR and PRC2 complex.

To identify the subunit of the PRC2 complex respon-
sible for interaction with NIR, individual FLAG-tagged 
EZH2, EED, and SUZ12, and HA-tagged NIR proteins 
were expressed by in vitro transcription and translation. 
Individual FLAG-tagged PRC2 subunit was normalized 
and immobilized on beads using anti-Flag M2 antibody 
and then incubated with the in vitro translated HA-NIR 
protein, respectively. Upon normalization of the equal 
amount of input protein, the immunoprecipitation results 
showed that neither SUZ12 nor EED bound with NIR; 
however, EZH2 interacted with NIR (Figure 4E). These 
results indicate that NIR directly associates with PRC2 
complex via EZH2.

Silencing EZH2 or NIR Promotes FOXO3 
Expression in Breast Cancer Cells
A previous study had shown that EZH2 is a negative 
regulator of FOXO3, and inhibition or depletion of 
EZH2 led to induction of FOXO3 expression through 
reducing the H3K27 trimethylation level at the FOXO3 
promoter in breast cancer cells.20 Moreover, decreasing 
the level of EZH2 inhibits the cell proliferation and clo-
nogenicity abilities of MCF-7 and MDA-MB231 cells.27 

Given the direct interaction between NIR and EZH2, we 
tested if NIR could regulate FOXO3 expression by coop-
erating with EZH2 in MDA-MB231 cells. FOXO3 expres-
sion levels were detected by RT-qPCR and Western blot in 
EZH2-silenced or NIR-silenced MDA-MB231-Tet-on 
cells. Our results showed that knocking down either 
EZH2 or NIR promoted the expression of FOXO3 at 
both mRNA and protein levels (Figure 5A–D). EZH2 
and NIR does not seem to reciprocally regulate each 
other as detected by the mRNA and protein expression 
levels (Figure 5). The same results were obtained in 
HCC1937 cells (Figure 5E and Figure 4H). These results 
suggested that FOXO3 was regulated by NIR and EZH2 in 
a coordinate manner in breast cancer cells.
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EZH2 Recruits NIR to the Promoter 
Vicinity of FOXO3
FOXO3 plays a pivotal function in cell proliferation.18 Since 
EZH2 has been shown to associate with the promoter vicinity 
of FOXO3,20,21 and direct interaction between NIR and 
EZH2 was uncovered in this study, we employed ChIP 
assays to investigate whether NIR and EZH2 co-occupied 
at the promoter vicinity of FOXO3 in MDA-MB231-HANIR 
cells. The results showed that both NIR and EZH2 were 
enriched at the promoter vicinity of FOXO3 (Figure 6A– 
C). In agreement with these results, H3K27me3 was detected 
at the promoter of FOXO3 (Figure 6D). Strikingly, 
H3K27ac, an active histone modification, was also detected 
at the FOXO3 promoter region (Figure 6E). The results 
indicate that two antagonistic modifications of H3K27 at 

the FOXO3 promoter region are intricately regulated in 
MDA-MB231 cells to control the expression of FOXO3.

After demonstrating the co-occupancy of NIR and EZH2 
at the promoter vicinity of FOXO3, we next investigated the 
order of NIR and PRC2 recruitment to chromatin. Results 
from ChIP assays showed that silencing of EZH2 did not 
affect the protein levels of NIR and HA-tagged NIR (Figure 
7A), but the silencing of EZH2 decreased the recruitment of 
NIR to the promoter vicinity of FOXO3 in MDA-MB231- 
HA-NIR cells (Figure 7B). These results suggested that the 
recruitment of NIR to FOXO3 promoter region is EZH2- 
dependent. In contrast, recruitment of EZH2 to the target 
gene was independent of NIR protein, as shown by ChIP 
assay in MDA-MB231-Tet-on-shNIR (Dox±) cells (Figure 
7C and D). Taken together, these findings suggest that NIR is 

Figure 3 Re-expression NIR rescues the cell proliferation in NIR-silenced MDA-MB231 cells. 
Notes: (A) NIR was re-expressed in NIR-silenced MDA-MB231-Tet-on cells. Western blot results showed the NIR protein level was recovered in endogenous NIR-silenced 
MDA-MB231 cells. Re-expression of NIR restored the proliferation (B) and cell colony formation (C and D) abilities in MDA-MB231-Tet-on-shNIR cells. The cell colony was 
stained with Giemsa before counting. The proliferation data were performed by two-way ANOVA and the colony data were performed by one-way ANOVA for statistical 
analysis. Error bar represents the standard deviation from three independent experiments, **Denotes p < 0.01; ns as no significant difference.
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recruited to the specific chromatin region by the PRC2 com-
plex via direct interaction with EZH2.

NIR Regulates the Status of H3K27 
Modifications
Previous studies have shown that EZH2 suppresses FOXO3 
transcription by regulating the level of H3K27me3 and 
recruitment of DNMTs to the promoter region.20 Our results 
showed that both EZH2 and NIR were recruited to the 
promoter vicinity of FOXO3 which encompass both histone 
H3K27 acetylation and trimethylation, indicating that NIR 
might modulate PRC2 function via regulating H3K27 mod-
ifications. To test this hypothesis, we performed ChIP assays 
using anti-H3K27me3 and anti-H3K27ac antibodies in Dox- 

inducible MDA-MB231-Tet-on-shNIR cells, with and with-
out Dox treatment. The results showed that silencing NIR 
increased the level of H3K27ac and decreased H3K27 me3 
at the FOXO3 promoter region (Figure 8). These results 
revealed the mechanism by which NIR suppresses FOXO3 
transcription through balancing H3K27me3 and H3K27ac 
levels at the FOXO3 promoter region.

NIR Regulates Cell Proliferation via 
Controlling the Expression of FOXO3
Since our data showed that depletion of NIR enhanced 
FOXO3 expression while suppressing cell proliferation 
in MDA-MB231 cells, and FOXO3 has been shown to 
regulate cell growth.19 We investigated whether NIR 

Figure 4 NIR directly associates with the PRC2 complex via EZH2. 
Notes: (A) NIR-interacted proteins were co-immunoprecipitated (Co-IP) using Flag-NIR re-expressed MDA-MB231-shNIR cell lysates. Anti-Flag antibody was used for Co- 
IP and irrelevant IgG was used as negative control. Western blot results showed that EZH2, SUZ12, and EED were specifically immunoprecipitated by anti-Flag antibody, but 
EZH1. (B) NIR was specifically immunoprecipitated by Flag-tagged EED in MDA-MB231-HANIR-FlagEED cells. (C and D) NIR was specifically immunoprecipitated by EZH2 
(C), and SUZ12 antibodies (D) in MDA-MB231-HANIR cells. (E) Identification of PRC2 subunit directly interacting with NIR. Flag-tagged PRC2 subunits (EED, EZH2 and 
SUZ12) were in-vitro translated to serve as immobilized-baits and the amounts of baits were normalized by anti-flag Western blot. The same amount of in vitro translated 
HA-NIR was served as input. Immunoprecipitation assay showed Flag-EZH2 could specifically interact with NIR, but EED or SUZ12.
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Figure 5 EZH2 and NIR co-regulate FOXO3 expression in breast cancer cells. 
Notes: Silencing EZH2 increased the FOXO3 mRNA and protein level but did not affect NIR expression (A and B). The expression of EZH2 was not regulated by NIR, 
while the FOXO3 mRNA and protein levels were increased in NIR-silenced MDA-MB231-Tet-on cells (C and D). The expression of FOXO3 was moderately increased, 
when EZH2 or NIR was silenced in HCC1937 cells (E–H). The RT-qPCR data of the indicated genes were normalized with L19 mRNA levels and presented as mean ± SD 
from three independent experiments, analyzed by two-way ANOVA test, **p < 0.01, ns as no significant difference.

OncoTargets and Therapy 2021:14                                                                                         submit your manuscript | www.dovepress.com                                                                                                                                                                                                                       

DovePress                                                                                                                         
645

Dovepress                                                                                                                                                            Chen et al

Powered by TCPDF (www.tcpdf.org)

http://www.dovepress.com
http://www.dovepress.com


Figure 6 NIR, EZH2, H3K27me3, and H3K27ac are occupied at genomic loci of FOXO3. 
Notes: (A) A schematic representation of the location of primers for ChIP-qPCR at FOXO3 genomic loci. (B and C) ChIP results showed that NIR and EZH2 had similar 
binding patterns at the vicinity of the promoter region of FOXO3, in MDA-MB231-HANIR cells. (D) Similar to the EZH2 chromatin binding pattern, H3K27me3 was also 
enriched at the FOXO3 promoter region. (E) ChIP assay showed H3K27ac deposition at the FOXO3 genomic loci. The results were normalized to the amount of the input. 
Rabbit IgG was used as a negative control. All experiments were independently repeated three times, the results were presented as mean ± SD, **Denotes p < 0.01.
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regulated cell proliferation via FOXO3 in breast cancer 
cells. Indeed, we observed that the enhanced prolifera-
tion of MDA-MB231 cells caused by overexpression of 
NIR can be reversed by ectopic FOXO3 expression 
(Figure 9A and B). Moreover, the suppressed prolifera-
tion caused by NIR knockdown was restored by silen-
cing of FOXO3 (Figure 9C and D). These results 
support that NIR modulates the proliferation of breast 
cancer cells, at least in part, in a FOXO3-dependent 
manner.

Discussion
In the present study, we found that high mRNA levels of 
NIR correlated with poor survival in breast cancer patients, 
and knockdown of NIR suppressed cellular proliferation and 
colony formation of breast cancer cells, which could be 
rescued by restoring the level of NIR. While NIR was 
reported to modulate the transcription activity of p53,4 the 
NIR regulatory function of cell proliferation was observed in 
p53-mutant cell lines, revealing a p53-independent mechan-
ism of NIR function in breast cancer cells. We discovered 

Figure 7 EZH2 recruits NIR to the vicinity promoter of FOXO3. 
Notes: (A) EZH2 was silenced in MDA-MB231-HANIR cells by infecting with pLVTHM-shEZH2 virus, the control cell was infected with pLVTHM-shGFP virus. The 
expression levels of NIR and HA-tagged NIR were not affected by silencing of EZH2. (B) Silencing of EZH2 decreased the binding of NIR at the FOXO3 promoter region. (C 
and D) The deposition of EZH2 at the FOXO3 promoter region was not influenced in NIR-silenced MDA-MB231-Tet-on cells. Rabbit IgG was used as ChIP antibody 
negative control. The primer pair (P2) located in 2425bp upstream of FOXO3 TSS was used for ChIP-qPCR. All experiments were independently repeated three times. The 
results were normalized by input and presented as mean ± SD and the two-way ANOVA test was performed for statistical analysis, **p < 0.01, ns as no significant difference.

OncoTargets and Therapy 2021:14                                                                                         submit your manuscript | www.dovepress.com                                                                                                                                                                                                                       

DovePress                                                                                                                         
647

Dovepress                                                                                                                                                            Chen et al

Powered by TCPDF (www.tcpdf.org)

http://www.dovepress.com
http://www.dovepress.com


that overexpressing NIR represses the expression of 
FOXO3, a tumor suppressor gene in breast cancer cells. 
Moreover, NIR was recruited to FOXO3 promoter via 

interacting with EZH2 in the PRC2 complex to modulate 
the H3K27ac and H3K27me3 levels. The FOXO3 activation 
accounts for inhibition of breast cancer cell proliferation in 
NIR-silenced breast cancer cells.

EZH2, the catalyzing core of PRC2, is often found to 
suppress tumor suppressor genes in tumorigenesis.13 In addi-
tion to the core subunits of EED and SUZ12 that were required 
for the catalyzing activity of EZH2 in PRC2, a variety of PRC2 
interaction proteins had been identified for modulation of 
PRC2 functions.11,28,29 For example, the Polycomb-like pro-
tein PHF19 can interact with PRC2 in prostate cancer cells, and 
depletion of PHF19 increases PRC2 occupancy and 
H3K27me3 deposition on PRC2 associated chromatin 
regions.30 SETDB1, a histone methyltransferase of H3K9, 
was shown to associate with PRC2-interacting protein 
JARID2 to modulate EZH2 and H3K27me3 distribution on 
the PRC2 target genes.31 Our reciprocal co- 
immunoprecipitation assays confirmed the association 
between NIR and PRC2 complex. EZH2, EED, and SUZ12 
—but not EZH1 could be immunoprecipitated by Flag-NIR, 

Figure 8 NIR modulates the modification of H3K27 at the FOXO3 promoter 
region. 
Notes: ChIP assays were performed by using anti-H3K27ac and anti-H3K27me3 
antibodies in MDA-MB231-Tet-on-shNIR cells. The results showed that silencing 
of NIR enhanced H3K27ac enrichment (A) and decreased H3K27me3 deposi-
tion (B) at the FOXO3 promoter region. IgG was used as control and the data 
were normalized to input. The primer pair (P2) located in 2425bp upstream of 
FOXO3 TSS was used for ChIP-qPCR. Two-way ANOVA test was performed, 
the bars represented the mean ± SD from three independent experiments, **p 
< 0.01.

Figure 9 NIR regulates breast cancer cell proliferation via FOXO3. 
Notes: (A and B) Overexpression of FOXO3 attenuated the promoted cell proliferation, which was induced by overexpression of NIR in MDA-MB231 cells. (C and D) 
Silencing of FOXO3 significantly rescued the cell proliferation repression induced by the knockdown of NIR in MDA-MB231 cells. All experiments were repeated three 
times independently. The results were performed by two-way ANOVA test and showed as mean ± SD, **p < 0.01; ns as no significant difference. (E) Graphic model of how 
NIR regulates FOXO3 transcription. NIR interacts with PRC2 by bridging EZH2, and NIR contributes to PRC2 inhibition function by inhibition of H3K27ac marker and 
enhancing of H3K27me3 marker at the promoter region of FOXO3.
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and NIR could be co-precipitated with PRC2 core subunits 
using anti-EZH2, –FlagEED, or –SUZ12 antibodies. These 
results identified NIR as an interacting protein of the PRC2 
complex. The previous report has shown that the PRC2 com-
plex could recruit DNMTs or HDACs to enhance its repression 
function.32 Because NIR is known to inhibit histone acetyla-
tion, we surmised that NIR may enhance the function of PRC2 
via modulation of histone modifications. We confirmed that 
FOXO3 is co-regulated by NIR and EZH2, and that EZH2, 
NIR, H3K27me3, and H3K27ac share a similar pattern of 
enrichment at the promoter region of FOXO3. It has been 
reported that recruitment of PRC2 to the genomic loci could 
be regulated by lncRNAs such as HOTAIR and XIST and 
YY1, the mammalian ortholog of the Drosophila PRE DNA- 
binding protein PHO.33–36 We found that knockdown of NIR 
did not affect the recruitment of EZH2 at the FOXO3 promoter 
region, whereas silencing EZH2 led to decreased NIR enrich-
ment at the FOXO3 promoter region. These results implicated 
that NIR is a downstream effector of EZH2 to regulate 
H3K27me3 level on PRC2-target genes.

The status of acetylation and methylation of the histone 
tails has a crucial role in regulating chromatin structure and 
gene expression.37 The amino group of lysine 27 of histone H3 
could be subjected to either methylation or acetylation, which 
have an opposing effect on gene transcription. The H3K27me3 
catalyzed by PRC2 is a repressive mark, while the H3K27ac 
mark is generally associated with activated genes.11 It has been 
reported that the H3K27me3 mark is associated with tempora-
rily repressed gene expression, which could be dynamically 
changed depending on the cell contexts.38 H3K27 acetylation 
and S28 phosphorylation are directly coupled, and such com-
bination can functionally antagonize PRC2-mediated 
H3K27me3 mark.39 Using a NIR inducible knockdown cell 
line, we found that silencing of NIR resulted in increased 
H3K27ac and reduction of H3K27me3 level at the promoter 
region of FOXO3, implying the intricated balance of H3K27ac 
and H3K27me3 levels by NIR through modulating PRC2 
activity. Since NIR has INHAT (inhibitor of histone acetyl-
transferase) activity, the interaction of NIR and EZH2 may 
block the accessibility of acetyltransferases to catalyze 
H3K27ac, while facilitating PRC2 to catalyze the 
H3K27me3 mark.

FOXO3, as a central transcription factor, can regulate 
multiple cellular processes including cell proliferation.40 The 
hypermethylation of FOXO3 gene promoter and low expres-
sion of FOXO3 is associated with a higher tumor grade and 
poor survival in breast cancer.20 FOXO3 is negatively 

regulated by EZH2 via the H3K27me3-mediated silencing 
mechanism and in hepatocellular carcinoma.21 At least in 
breast cancer cell lines, knocking down NIR increased 
FOXO3 expression at both mRNA and protein levels and 
this regulation appears to depend on H3K27 modification 
near FOXO3 promoter manifested by NIR. The FOXO3 
mediated growth inhibition is attributed to FOXO3 down-
stream target genes, including CDK inhibitors (p21 Cip1 p27 
Kip1) and cell cycle-related genes (cyclin D1/D2).41–43 Our 
results demonstrated that NIR promotes breast cancer cell 
proliferation through repressing of FOXO3, as the reduced 
cell proliferation upon NIR knockdown could be effectively 
rescued by silencing FOXO3. The ectopic expression of either 
FOXO3 or NIR antagonizes each other in the regulation of cell 
proliferation. Collectively, like the mode schematic shown in 
Figure 9E, our data reveal a novel mechanism by which NIR 
regulates breast cancer cell proliferation through FOXO3 and 
uncovers the cooperative action of NIR with PRC2-EZH2 to 
repress FOXO3 expression via regulation of histone H3K27 
modifications.

Conclusion
Our study demonstrated that a high level of NIR expression 
was associated with poor prognosis in breast cancer patients. 
Knockdown of NIR suppresses the proliferation of breast 
cancer cells by improving FOXO3. Therefore, NIR might be 
explored as a new therapeutic target for breast cancer.
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