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Abstract
Sepsis-induced myeloid-derived suppressor cells (MDSCs) 
increase mortality risk. We previously identified that long 
non-coding RNA Hotairm1 supports myeloid precursor shifts 
to Gr1+CD11b+ MDSCs during mouse sepsis. A major unan-
swered question is what molecular processes control Ho-
tairm1 expression. In this study, we found by a genetic dele-
tion that a specific PU.1-binding site is indispensable in con-
trolling Hotairm1 transcription. We then identified H3K4me3 
and H3K27me3 at the PU.1 site on the Hotairm1 promoter. 
Controlling an epigenetic switch of Hotairm1 transcription 
by PU.1 was histone KDM6A demethylase for H3K27me3 
that derepressed its transcription with possible contribu-
tions from Ezh2 methyltransferase for H3K27me3. KDM6A 
knockdown in MDSCs increased H3K27me3, decreased H3K-
4me3, and inhibited Hotairm1 transcription activation by 
PU.1. These results enlighten clinical translation research of 
PU.1 epigenetic regulation as a potential sepsis immune-
checkpoint treatment site. © 2021 The Author(s)

Published by S. Karger AG, Basel

Introduction

Sepsis-induced immunosuppression hampers inflam-
mation resolution and immune homeostasis, leading to 
the development of protracted sepsis with elevated mor-
bidity and mortality [1–4]. We [5, 6] and others [7, 8] 
previously reported that myeloid-derived suppressor 
cells (MDSCs) – a mixed population of precursors of 
monocytes, neutrophils, and dendritic cells [9, 10] – con-
tribute to immunosuppression in mice and humans with 
sepsis. Recently, we reported that S100A9 protein is con-
stitutively expressed in circulating leukocytes [11, 12], se-
creted from myeloid cells via inflammation-derived sig-
nals [13, 14], and promotes protracted sepsis [15]. S100A9 
accumulates in the nucleus in MDSCs in mice and pa-
tients with protracted sepsis [15]. S100A9 knockout mice 
do not develop protracted sepsis, and their MDSCs are 
not immunosuppressive [15].

Long non-coding RNAs (lncRNAs) are protein non-
coding transcripts of >200 nucleotides [16, 17] that regu-
late cellular biology [18–20]. Immune-related lncRNAs 
increase in cell- and tissue-specific ways [18], with differ-
ential expression found during immune cell responses 
[20]. LncRNAs regulate innate immune cell development 
and inflammatory gene expression [19, 20]. LncRNAs in-
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teract directly with proteins, RNA, or DNA [19, 21], and 
most immune-related lncRNAs act through protein bind-
ing [22, 23] and may modify protein transport [19, 20, 24, 
25]. Using lncRNA expression microarray and real-time 
PCR, we found expression of lncRNA HOXA transcript 
antisense RNA myeloid-specific 1 (Hotairm1) – a key 
regulator of myeloid cell development [26, 27] – increas-
es as sepsis progresses to the protracted state. Hotairm1 
levels were significantly increased in MDSCs in mice and 
patients with post-acute sepsis [28], which correlates with 
an increase in MDSC numbers [15]. We also found that 
Hotairm1 binds to S100A9 protein in post-sepsis MDSCs 
and that S100A9 relocalizes in the cytosol following Ho-
tairm1 knockdown [28].

Thus, Hotairm1 modifies S100A9 biological function 
and can induce MDSC development and immunosup-
pression during post-acute sepsis. In the present study, 
we investigated Hotairm1 transcriptional regulation in 
MDSCs during murine sepsis. The results showed that 
Hotairm1 transcription is driven by a proximal promoter 
containing a consensus binding site for the transcription 
factor PU.1. Binding of PU.1 at the Hotairm1 promoter 
was increased as sepsis protracted. The results also re-
vealed that epigenetic modifications of histones around 
the PU.1 binding site switched Hotairm1 transcription 
from repression during acute sepsis to activation after 
acute sepsis. This study provides insights into Hotairm1 
expression induction during sepsis and suggests that tar-
geting Hotairm1 transcription provides a molecular-
based approach to attenuate MDSC development and as-
sociated immunosuppression in sepsis.

Materials and Methods

Mice
Male C57BL/6 mice (8–10 weeks old) were purchased from the 

Jackson Laboratory (Bar Harbor, ME, USA). The mice were housed 
in a pathogen-free facility and were acclimated to the new environ-
ment for a week before surgery. All experiments were conducted 
following National Institutes of Health guidelines and were ap-
proved by the East Tennessee State University Animal Care and 
Use Committee (Protocol No. P190603).

Sepsis
Polymicrobial sepsis was induced by cecal ligation and punc-

ture (CLP) in mice as described previously [29]. In brief, a midline 
abdominal incision was made, and the cecum was ligated distal to 
the ileocecal valve and punctured twice with a 23-gauge needle. A 
small amount of fecal matter was extruded into the abdominal cav-
ity, and the abdominal wall and skin were sutured in layers with 
3–0 silk. To establish intra-abdominal infection and approximate 
the clinical conditions of human sepsis [30] and delay in MDSC 

development, mice received (i.p.) 1 mL lactated Ringers plus 5% 
dextrose for fluid resuscitation and were subcutaneously adminis-
tered antibiotic (imipenem; 25 mg/kg body weight) in saline (0.9% 
sodium chloride) at 8 and 16 h after CLP. These interventions are 
in line with the recommendations for MQTiPSS [31]. These ma-
nipulations result in high mortality (∼60–70%) during a post-
acute sepsis phenotype [5]. Survival was followed for 28 days. Mice 
moribund during acute sepsis (defined as the first 5 days after CLP) 
or post-acute sepsis (day 7–28) [29] were euthanized and analyzed. 
A corresponding number of mice from the control/sham group 
were also analyzed at the same time point.

Several clinical and experimental studies have shown that cell-
mediated immune responses are depressed in males while en-
hanced in females during sepsis [32, 33] and that female mouse is 
more immunologically competent than the male mouse in surviv-
ing CLP insult [34]. And because MDSCs suppress both innate and 
adaptive immune responses, we used male mice to assess the max-
imal effect of this immunosuppressive cell population on sepsis 
outcome.

Gr1+CD11b+ Cells
Gr1+CD11b+ cells were isolated from bone marrow by negative 

selection using the EasySep mouse MDSC isolation kit according 
to the manufacturer’s protocol (Stemcell Technologies, Cam-
bridge, MA, USA). In brief, the bone marrow was flushed out of the 
femurs with RPMI-1640 medium under aseptic conditions. A sin-
gle-cell suspension was made by filtering through a 70-μm mesh 
nylon strainer, followed by incubation with erythrocyte lysis buffer 
and washing. The cells were incubated with Gr1+CD11b+ isolation 
biotinylated antibody cocktail (bind to all non-Gr1+CD11b+ cells) 
at room temperature for 10 min, followed by adding streptavidin-
coated magnetic particles and incubating at room temperature for 
5 min. Sample tubes were placed onto a magnet for 3 min, and the 
enriched cell suspension (supernatant) containing Gr1+CD11b+ 
cells was transferred to a fresh tube. The cells were >90% 
Gr1+CD11b+ positive as determined by flow cytometry.

In some experiments, Gr1+CD11b+ cells were cultured in 
RPMI-1640 medium (Invitrogen, Carlsbad, CA, USA) supple-
mented with 100 U/mL penicillin, 100 μg/mL streptomycin, and 2 
mM L-glutamine (all from Hyclone Laboratories, Logan, UT, 
USA), and 10% FBS (Atlanta Biologicals, Lawrenceville, GA, USA) 
at 37°C and 5% CO2.

siRNA-Mediated Knockdown
PU.1, Ezh2, and KDM6A were knocked down in Gr1+CD11b+ 

cells using pools of gene-specific or scrambled (control) siRNAs 
(Santa Cruz Biotechnology, Dallas, TX, USA). The siRNA mixture 
was suspended in HiPerFect reagent (Qiagen, Germantown, MD, 
USA) at a 0.5 μM final concentration. The cells were transfected 
and incubated with RPMI-1640 medium for 48 h.

Western Blotting
Whole cell lysates were resolved onto SDS-10% polyacrylamide 

gel (Bio-Rad, Hercules, CA, USA) and transferred to nitrocellulose 
membranes (Thermo Fisher Scientific, Waltham, MA, USA). The 
membranes were blocked with 5% milk in Tris-buffered saline/
Tween-20 for 1 h at room temperature and then probed overnight 
at 4°C with anti-PU.1 (Cat #MA5-15064; Invitrogen, Carlsbad, 
CA, USA), anti-Ezh2 (Cat #166609, Santa Cruz Biotechnology), 
anti-KDM6A (Cat #33510S), or KDM6B/JMDJ3 (Cat #3457S) 
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(Cell Signaling Technology, Danvers, MA, USA). After washing, 
blots were incubated with the appropriate HRP-conjugated sec-
ondary antibody for 2 h at room temperature. Proteins were de-
tected with the enhanced chemiluminescence detection system 
(Thermo Fisher Scientific), the bands were visualized using the 
ChemiDoc XRS System (Bio-Rad), and the images were captured 
with the Image Lab Software V. 3.0. The membranes were stripped 
and reprobed with β-actin (Invitrogen).

Luciferase Assay
A 740-bp Hotairm1 promoter fragment from −750 to −10 rela-

tive to the transcription start site containing 2 putative PU.1 bind-
ing sites (Fig. 1a) was amplified from the mouse genomic DNA via 
PCR. The DNA fragment was cloned upstream of the firefly lucif-
erase reporter via 5′ Spel and 3′ SalI sites in the pEZX-FR01 firefly-
Renilla dual-reporter vector (Fig. 3). For PU.1 mutant constructs, 
the core sequence GGAA on the opposite strand at −196 (PU.1 
mutant 1) or −604 (PU.1 mutant 2) was changed to ATCG using 
site-directed mutagenesis.

Gr1+CD11b+ cells were isolated from the bone marrow by pos-
itive selection and transfected (∼2 × 106 cells) with 0.5 μg of lucif-
erase plasmid (GeneCopoeia, Rockville, MD, USA) using HiPer-
Fect transfection reagent per the manufacturer’s instructions (Qia-
gen). After 48 h, the cells were harvested, and firefly and Renilla 
luciferase activities were determined with the dual luciferase re-
porter assay system (Promega, Madison, WI, USA). The pEZX-
MT06 vector, in which the Renilla luciferase gene is controlled by 
the GAPDH promoter and an SV40 early enhancer controls the 
firefly luciferase gene, served as a positive control for maximum 
firefly luciferase gene activity. An empty pEZX-FR01 served as a 
negative control. Firefly luciferase values were normalized to Re-
nilla luciferase activity and are presented as firefly/Renilla ratio.

Chromatin Immunoprecipitation
Chromatin immunoprecipitation (ChIP) was performed to de-

termine in vivo protein-DNA interactions at the Hotairm1 pro-
moter using the ChIP-IT Express Enzymatic Shearing kit accord-
ing to the manufacturer’s instructions (Active Motif, Carlsbad, 
CA, USA). In brief, Gr1+CD11b+ cells were harvested and protein-
DNA complexes were cross-linked by fixation in 1% formaldehyde 
in a minimal culture medium at room temperature for 10 min. 
After washing with cold PBS, cells were resuspended in lysis buffer 
containing protease inhibitor cocktail and incubated on ice for 1 
h. The cell lysate was cleared by centrifugation at 5,000 rpm and 
4°C for 10 min. The pelleted nuclei were then resuspended in di-
gestion buffer containing an enzymatic shearing cocktail and in-
cubated at 37°C for 10 min. After stopping the reaction with 
EDTA, the sheared chromatin (supernatant) was recovered by 
centrifugation at 15,000 rpm for 10 min at 4°C. Ten microliters of 
the sheared chromatin solution were reserved as the “input DNA” 
sample. Next, 5 μg of antibody against PU.1 (Cat #MA5-15064; 
Invitrogen), H3K4me3 (Cat #MBS9401981), H3K27me3 (Cat 
#MBS3010330), H3K9Ac (Cat #MBS9126034), H3K27Ac (Cat 
#MBS3011047) (all from MyBioSource, San Diego, CA, USA), 
H3K9me3 (Cat #A-4036-025; Epigentek, Farmingdale, NY, USA), 
Ezh2/ENX-1 (Cat #166609-x, Santa Cruz Biotechnology), KD-
M6A (Cat #33510S), KDM6B/JMJD3 (Cat #3457S) (Cell Signaling 
Technology), or isotype control antibody and 25 μL of protein G-
coated magnetic beads were added to 150 μL of the sheared chro-
matin, and the chromatin was then immunoprecipitated at 4°C 
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Fig. 1. PU.1 binds at the Hotairm1 promoter. a A schematic diagram 
depicting the proximal promoter region of mouse Hotairm1. The 
PU.1 binding sites and consensus promoter motifs are shown.  
b ChIP assay for PU.1 binding. Bone marrow cells were harvested 
from septic mice that were moribund and sacrificed at days 1–5 (rep-
resenting acute sepsis) and at days 7–28 (representing post-acute 
sepsis), as well as sham mice. Gr1+CD11b+ cells were then purified 
by negative selection using magnetic beads and anti-Gr1 and anti-
CD11b antibodies. The cells were fixed in formaldehyde to cross-link 
protein-DNA and lysed, and the pelleted nuclei were digested with 
a chromatin shearing enzymatic cocktail. The sheared chromatin 
was immunoprecipitated with anti-PU.1 or anti-IgG isotype control 
antibody. Next, chromatin cross-links were reversed to recover the 
protein-bound DNA. To measure the amount of PU.1 binding at the 
promoter, the ChIPed DNA was analyzed by real-time qPCR using 
primers that amplify the promoter sequences surrounding the PU.1 
binding sites 1 and 2 (see Fig. 1a). Sample values were normalized to 
the “input” DNA (DNA isolated before the immunoprecipitation) 
and are presented as fold change relative to the IgG-immunoprecip-
itated samples (1-fold). Data are means ± SD for 5–7 mice per group, 
from 3 experiments. *p < 0.05 versus sham; **p < 0.05 versus acute 
sepsis. ChIP, chromatin immunoprecipitation.
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overnight with rotation. The chromatin/antibody complexes cap-
tured on the beads were washed 3 times in ChIP buffer and then 
eluted by incubation for 15 min in 50 μL elution buffer. To reverse 
the DNA-protein cross-links, 50 μL of reverse cross-linking buffer 
was added to the eluted chromatin, and the samples were incu-
bated, along with the “input” DNA samples, at 95°C for 15 min. 
After treatment with 5 μL of proteinase K at 37°C for 1 h (to de-
grade proteins), the ChIPed DNA was recovered and stored at 
−20°C until analyzed by PCR as described below.

Semiquantitative PCR
Standard PCR was used to determine the presence of Hotairm1 

promoter DNA in the PU.1-immunoprecipitated (ChIPed) DNA. 
PCR was performed in a 50-μL volume containing 25 μL HotStar-
Taq Master Mix (Qiagen), 200 ng of ChIPed DNA, and 5 μL of 2 
μM primer mix. The PCR conditions were as follows: 1 cycle at 
95°C for 15 min, 30 cycles of 94°C, 58°C, and 72°C for 1 min each, 
and a final cycle at 72°C for 10 min. Equal amounts of PCR prod-
ucts were run on 1% ethidium bromide-stained agarose gel. The 
bands were visualized using the ChemiDoc XRS Detection System 
(Bio-Rad), and the images were captured with the Image Lab Soft-
ware V. 3.0 (Bio-Rad). The PCR primers were designed to amplify 
220-bp and 219-bp promoter sequences that contain PU.1 binding 

site 1 at −196 and PU.1 site 2 at −604, respectively. The primers 
were PU.1/site 1 forward 5′-tcccagagtcgccactgccaa-3′; reverse 5′- 
tagagtcacgtgtcctcccc-3′ and PU.1/site 2 forward 5′-ctggtggtggtgg-
tgatgct-3′; reverse 5′-ccccagacggctacttacca-3′ (Integrated DNA 
Technologies, Coralville, IA, USA).

Quantitative PCR
Quantitative real-time RT-PCR was used to determine Ho-

tairm1 levels in Gr1+CD11b+ cells. Total RNA was isolated using 
TRIzol reagent (Invitrogen) and subjected to reverse transcription 
using the QuantiTect Reverse Transcription kit (Qiagen). The 
cDNA was amplified by real-time qPCR using the QuantiTect 
SYBR Green PCR Master Mix kit and QuantiTect qPCR Primer 
Assay specific to Hotairm1 (Qiagen). The expression level was cal-
culated using the 2−∆∆Ct cycle threshold. Gene expression was nor-
malized to GAPDH, and the results are presented as a fold change 
or percentage relative to the control samples.

For ChIP analysis, the ChIPed DNA was amplified by real-time 
qPCR using QuantiTect SYBR Green PCR Master Mix (Qiagen) 
and the same primer sets used for quantitative PCR. The PCR was 
performed in duplicate in 50-μL volumes. The cycling conditions 
were as follows: 1 cycle at 95°C for 15 min, 35 cycles at 94°C, 58°C, 
and 72°C for 30 s each, and a final cycle at 72°C for 10 min.
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Fig. 2. Knockdown of PU.1 reduces Ho-
tairm1 expression. Gr1+CD11b+ cells were 
purified from bone marrow cells by negative 
selection using magnetic beads and anti-
Gr1 and anti-CD11b antibodies. a Total 
RNA was isolated using TRIzol reagent, and 
Hotairm1 levels were determined by real-
time RT-qPCR using QuantiTect qPCR 
Primer Assay specific to Hotairm1. Sample 
values were normalized to GAPDH RNA as 
an internal control. Data are means ± SD for 
5–6 mice per group, from 3 experiments, 
and are presented relative to sham (1-fold). 
b Western blot of PU.1 protein in 
Gr1+CD11b+ cells. The results are represen-
tative of 2 blots from 2 experiments.  
c Knockdown of PU.1 in Gr1+CD11b+ cells. 
The cells were transfected with PU.1-specif-
ic or scrambled/control siRNA for 48 h. 
PU.1 protein levels were determined by 
Western blotting. Representative blots and 
densitometric analysis (lower panel) of 3 
blots from 2 experiments are shown. Values 
were normalized to β-actin and are present-
ed relative to control siRNA. *p < 0.05.  
d Hotairm1 RNA levels were determined by 
real-time RT-qPCR as in a. Data are means 
± SD for 6 mice per group, from 3 experi-
ments, and are presented relative to non-
transfected cells. *p < 0.05 versus no siRNA 
or control (Ctrl) siRNA. MDSCs, myeloid-
derived suppressor cells.
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Statistical Analysis
Data analysis was performed using Microsoft Excel, V. 3.0. Val-

ues are expressed as mean ± SD. Differences between 2 groups 
were determined by a 2-tailed Student’s t test. Differences among 
multiple groups were determined by a one-way ANOVA. Statisti-
cal significance with p values <0.05 is reported.

Results

Transcription Factor PU.1 Binds at Hotairm1 
Promoter in MDSCs during Sepsis
Hotairm1 expression increases following sepsis ini-

tiation [28]. To study the mechanism of Hotairm1 tran-
scription, we examined the Hotairm1 proximal promot-
er for consensus transcription factor binding sites with-
in a 1-kb sequence upstream of the transcription  
start site. Bioinformatic analysis using the Eukaryotic 
Promoter Database of the Swiss Institute of Bioinfor-
matics (https://www.expasy.org/resources/epd) re-
vealed 2 consensus sequences with high binding affinity 
to the transcription factor PU.1, which we designated as 
PU.1 binding site 1 and PU.1 binding site 2 (Fig. 1a). The 
analysis also identified consensus GC, CCAAT, and 
TATA motifs.

PU.1 controls hematopoiesis and its levels change with 
myeloid cell differentiation [35–37]. To test whether 
PU.1 regulates Hotairm1 expression in MDSCs during 
sepsis, we performed a ChIP assay using a PU.1-specific 
antibody. The ChIP DNA was analyzed by real-time 
qPCR using primer pairs designed to amplify the pro-
moter sequences containing the PU.1 binding site 1 or 2. 
The results showed binding of PU.1 at the most proximal 
site (site 1), but not site 2 (Fig. 1b). Notably, PU.1 binding 
increased significantly in MDSCs from mice with post-
acute sepsis.

PU.1 Induces Hotairm1 Expression during Sepsis
To examine the physiological contribution of PU.1 

to Hotairm1 expression, we measured levels of Ho-
tairm1 RNA and PU.1 protein in MDSCs. Hotairm1 
level significantly increased in Gr1+CD11b+ MDSCs 
during post-acute sepsis (Fig. 2a), which correlates with 
the expansion of Gr1+CD11b+ MDSCs [15]. PU.1 pro-
tein was detected at high levels before and after sepsis 
induction (Fig.  2b). Next, we knocked down PU.1 in 
post-acute sepsis MDSCs. The knockdown significantly 
decreased PU.1 protein and Hotairm1 expression 
(Fig.  2c, d), supporting that PU.1 activates Hotairm1 
expression in sepsis.

Hotairm1 Proximal Promoter Activates Reporter Gene 
Expression in MDSCs
To determine the functional significance of the puta-

tive PU.1 binding sites in the Hotairm1 promoter, we 
generated reporter constructs, with the luciferase gene 
transcription under the control of a Hotairm1 promoter 
fragment containing the 2 PU.1 binding sites (Fig. 3a). 
These promoter constructs were transfected into post-
acute sepsis MDSCs. The promoter construct with the 2 

Luciferase

Luciferase

Luciferase

PU.1 wild-type
–7

50
–6

04
–1

96
–1

0

PU.1 mutant 1

PU.1 site 2 PU.1 site 1
PU.1 mutant 2
a

Lu
ci

fe
ra

se
 (f

ire
fly

/r
en

ill
a) 2.2

2.4
2.6
2.8

2.0
1.8
1.6
1.4
1.2
1.0
0.8
0.6
0.4
0.2

0
Positive

ctrl
PU.1

wild-type
PU.1

mutant 1
PU.1

mutant 2b

* *

Post-sepsis MDSCs

Fig. 3. The proximal PU.1 binding site in the Hotairm1 promoter 
induces luciferase gene expression in Gr1+CD11b+ cells. a A dia-
gram of wild-type and mutant reporter constructs containing the 
proximal promoter region of Hotairm1 cloned upstream of the 
luciferase gene. b Gr1+CD11b+ cells were isolated from the bone 
marrow of post-acute septic mice. The cells were transfected with 
the indicated luciferase constructs. After 48 h, the cells were har-
vested for the measurement of firefly and Renilla luciferase activi-
ties. A luciferase vector with the GAPDH promoter served as a 
positive control for maximum firefly luciferase gene activity. Back-
ground reading from transfection with a negative control vector 
was subtracted, and firefly luciferase values were normalized to 
Renilla luciferase activity. Data are means ± SD for 6 mice per 
group, from 3 experiments, and are presented as firefly/Renilla ra-
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PU.1 binding sites had high luciferase activity but lower 
than the positive control construct, in which luciferase 
expression is driven by the GAPDH promoter and SV40 
enhancer (Fig. 3b). Site-directed mutagenesis of PU.1 site 
1 significantly reduced the luciferase gene expression 
compared to the wild-type promoter construct, whereas 
mutation of PU.1 site 2 had no effect (Fig. 6b). These re-
sults suggest that the most proximal PU.1 binding site in 
the Hotairm1 promoter can activate Hotairm1 transcrip-
tion in MDSCs during sepsis.

Sepsis Induces Histone H3K4 Trimethylation  
and H3K9 Acetylation at Hotairm1 Promoter in  
MDSCs
LncRNAs are regulated by epigenetic mechanisms 

involving histone modifications [38–40]. We examined 
histone methylation and acetylation marks around the 
PU.1 binding site 1. We focused on known histone mod-
ifications that support transcription activation and/or 
repression [41–44]. ChIP, followed by a real-time qPCR 
analysis of the ChIPed DNA using a primer set that am-
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Fig. 4. Detection of histone modifications 
at the Hotairm1 proximal promoter. 
Gr1+CD11b+ cells were purified from bone 
marrow cells by negative selection using 
magnetic beads and anti-Gr1 and anti-
CD11b antibodies. Chromatin was pre-
pared as described in Figure 1 and immu-
noprecipitated with antibodies specific to 
the indicated histone marks or anti-IgG 
isotype control antibody. a The ChIPed 
DNA was analyzed by real-time qPCR us-
ing primers that amplify the promoter se-
quences surrounding PU.1 binding site 1. 
Sample values were normalized to the “in-
put” DNA and are presented as fold change 
relative to the IgG-immunoprecipitated 
samples (1-fold). Data are means ± SD for 
6–7 mice per group, from 3 experiments.  
*p < 0.05 versus sham; **p < 0.05 versus 
acute sepsis. b The ChIPed DNA was am-
plified by semiquantitative PCR using the 
same primers as in a. The PCR products 
(220 bp) were separated by electrophoresis 
using 1% agarose gel.
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plifies the sequence around the PU.1 binding site 1, 
showed that this sequence was enriched for H3K4me3, 
H3K27me3, and H3K9ac (Fig.  4a). Specifically, H3K-
4me3 increased in MDSCs during acute sepsis and fur-
ther increased during post-acute sepsis, whereas H3K-
27me3 was already high in control/sham MDSCs and 
gradually declined after sepsis initiation. The H3K9ac 
level was high in MDSCs from sham mice and increased 
further during sepsis, with no significant difference be-

tween acute and post-acute sepsis (Fig. 4a). We did not 
detect significant changes in H3K27ac or H3K9me3 oc-
cupancy on the promoter after sepsis initiation. In addi-
tion, semiquantitative PCR showed almost similar 
changes in these histone marks (Fig. 4b). These results 
demonstrate that sepsis induces H3K4 trimethylation 
and H3K9 acetylation while inhibiting H3K27 trimeth-
ylation at the Hotairm1 proximal promoter.
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Fig. 5. Ezh2 binds at the Hotairm1 proximal 
promoter and induces H3K27 trimethyl-
ation. Gr1+CD11b+ cells were purified from 
bone marrow cells by negative selection us-
ing magnetic beads and anti-Gr1 and anti-
CD11b antibodies. Chromatin was pre-
pared as described in Figure 1. a The chro-
matin solution was immunoprecipitated 
with  anti-Ezh2 or anti-IgG isotype control 
antibody. The ChIPed DNA was analyzed 
by real-time qPCR using primers that am-
plify the promoter sequences surrounding 
PU.1 binding site 1. b Western blot analysis 
of Ezh2 protein in Gr1+CD11b+ cells. The 
results are representative of 3 blots from 2 
experiments. c–e Ezh2 knockdown decreas-
es H3K27me3 and increases H3K4me3. The 
Gr1+CD11b+ cells were transfected with 
Ezh2-specific or scrambled/control siRNA 
for 48 h. c Western blotting of Ezh2 protein 
in Gr1+CD11b+ cells after Ezh2 knockdown. 
Representative blots and densitometric 
analysis (lower panel) of 3 blots from 2 ex-
periments are shown. Values were normal-
ized to β-actin and are presented relative to 
control KD. *p < 0.05 versus control KD. 
Chromatin was prepared and immunopre-
cipitated with antibodies specific to H3K-
27me3 (d) or H3K4me3 (e), and the ChIPed 
DNA was analyzed by real-time qPCR as in 
a. In a, d, e, samples values were normalized 
to the “input” DNA and are presented as 
fold change relative to the IgG-immunopre-
cipitated samples (1-fold). Data are means ± 
SD for 6 mice per group, from 3 experi-
ments. *p < 0.05 versus sham; **p < 0.05 ver-
sus acute sepsis; ♯p < 0.05 versus Ctrl KD.  
f Levels of Hotairm1 in Gr1+CD11b+ cells 
from acute sepsis were determined by real-
time RT-qPCR. Sample values were normal-
ized to GAPDH RNA as an internal control. 
Data are means ± SD for 5 mice per group, 
from 3 experiments, and are presented rela-
tive to cells from sham mice with Ctrl KD 
(1-fold). *p < 0.05 versus Ctrl KD. KD, 
knockdown.
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Histone Methyltransferase Ezh2 Binds at Hotairm1 
Promoter and Induces H3K27 Trimethylation in 
MDSCs
Enrichment of H3K4me3 and H3K27me3 at target 

gene promoters is associated with expression activation 
and repression, respectively [42, 44, 45]. Because these 2 
histone marks significanlty changed as sepsis progressed 
to the post-acute sepsis stage, they were carried forward 
for further analysis.

Ezh2 is the catalytic subunit of the polycomb repressor 
complex 2 (PRC2) as it induces H3K27 trimethylation 
[46]. We determined whether Ezh2 is involved in H3K27 
trimethylation in MDSCs during sepsis. ChIP analysis 
showed a high amount of Ezh2 binding at the Hotairm1 
proximal promoter in MDSCs from sham and septic 
mice, and there was no significant difference between 
acute and post-acute sepsis (Fig. 5a). In addition, Western 
blot showed Ezh2 protein expression in sham and sepsis 
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MDSCs, with no marked change throughout sepsis 
(Fig. 5b). Next, we measured H3K27me3 and H3K4me3 
levels after Ezh2 knockdown. The knockdown reduced 
Ezh2 protein level to a large extent (Fig. 5c). In addition, 
Ezh2 knockdown significantly decreased H3K27me3 
(Fig. 5d). Notably, the knockdown resulted in significant 
increases in H3K4me3 levels after sepsis initiations, with 
no marked difference between acute and post-acute sep-
sis (Fig.  5e). Since Ezh2 knockdown in MDSCs from 
acute sepsis resulted in significant changes in H3K27me3 
and H3K4me3 levels, we measured Hotairm1 levels in 
these cells. As shown in Figure 5f, Hotairm1 expression 
significantly increased after the Ezh2 knockdown. These 
results suggest that Ezh2 deposits H3K27me3 at the Ho-
tairm1 proximal promoter in MDSCs and attenuates its 
transcription and that the presence of H3K27me3 pre-
cludes H3K4me3.

Histone Demethylase KDM6A Reduces H3K27 
Trimethylation and Facilitates PU.1 Binding at 
Hotairm1 Promoter in MDSCs
The decrease in H3K27me3 at the Hotairm1 proximal 

promoter after sepsis initiation, despite normal levels of 
Ezh2 protein, suggested that the H3K27me3 level may be 
regulated by a histone demethylase activity. Histone ly-
sine demethylases KDM6A (also known as UTX) and 
KDM6B (also known as JMJD3) catalyze the demethyl-
ation of H3K27me3 [47]. ChIP assay showed KDM6A but 
not KDM6B binding at the Hotairm1 proximal promoter 
after sepsis initiation, and KDM6A binding increased 

further in MDSCs from post-acute septic mice (Fig. 6a). 
In addition, Western blotting showed that KDM6A pro-
tein was expressed in Gr1+CD11b+ cells at high levels be-
fore and during sepsis, whereas KDM6B was barely de-
tected (Fig. 6b).

Next, we investigated the effect of KDM6A on H3K27 
and H3K4 trimethylation using siRNA-mediated knock-
down. As shown in Figure 6c, KDM6A knockdown in-
creased H3K27me3 levels before and after sepsis initia-
tion. In addition, KDM6A knockdown resulted in a sig-
nificant decrease in H3K4 trimethylation (Fig.  6d) and 
significantly inhibited Hotairm1 transcription (Fig. 6e). 
Notably, KDM6A knockdown significantly decreased the 
binding of PU.1 at the Hotairm1 proximal promoter 
(Fig. 6f). Western blotting showed that PU.1 protein lev-
el was not affected by the knockdown of KDM6A (Fig. 6g). 
These results suggest that KDM6A demethylates H3K-
27me3 in MDSCs during sepsis, resulting in an increase 
in H3K4 trimethylation and transcription activation of 
the Hotairm1 promoter. These results also suggest that 
H3K4 trimethylation is required for PU.1 binding at the 
Hotairm1 proximal promoter.

Discussion

Elevated expression of Hotairm1 increases S100A9 
protein-mediated induction of MDSC expansion and 
sepsis-associated immunosuppression [15, 28]. In the 
present study, we identified transcription factor PU.1 as 

Fig. 6. KDM6A binds at the Hotairm1 proximal promoter, and its 
knockdown reduces H3K4me3 and Hotairm1 expression. 
Gr1+CD11b+ cells were purified from bone marrow cells by nega-
tive selection using magnetic beads and anti-Gr1 and anti-CD11b 
antibodies. Chromatin was prepared as described in Figure 1. a 
The chromatin was immunoprecipitated with an antibody specific 
to KDM6A, KDM6B, or IgG isotype control antibody. The ChIPed 
DNA was analyzed by real-time qPCR using primers that amplify 
the promoter sequences surrounding PU.1 binding site 1. b West-
ern blot analysis of KDM6A and KDM6B proteins in Gr1+CD11b+ 
cells. The results are representative of 2 blots from 2 experiments. 
c, d KD of KDM6A increases H3K27me3 and decreases H3K4me3. 
The Gr1+CD11b+ cells were transfected with KDM6A-specific or 
scrambled/control siRNA for 48 h. Chromatin was prepared and 
immunoprecipitated with antibody specific to H3K27me3 or 
H3K4me3, and the ChIPed DNA was analyzed by real-time PCR 
as in a. e Knockdown of KDM6A decreases Hotairm1 expression. 
Gr1+CD11b+ cells were purified from bone marrow cells from 
post-acute septic mice and transfected with KDM6A specific or 
scrambled/control siRNA for 48 h. The cells were harvested, and 

levels of Hotairm1 were determined by real-time RT-qPCR using 
QuantiTect Primer Assay specific to Hotairm1. Sample values 
were normalized to GAPDH RNA as an internal control. Data are 
means ± SD for 5–6 mice per group, from 3 experiments, and are 
presented relative to control KD. *p < 0.05. f Knockdown of KD-
M6A disrupts PU.1 binding. The Gr1+CD11b+ cells were trans-
fected as in e, and the chromatin was immunoprecipitated with 
anti-PU.1 or anti-IgG isotype control antibody. The ChIPed DNA 
was analyzed by real-time PCR as in a. In a, c, d, f, samples values 
were normalized to the “input” DNA and are presented as fold 
change relative to the IgG-immunoprecipitated samples (1-fold). 
Data are means ± SD for 5–7 mice per group, from 3 experiments. 
*p < 0.05 versus sham; **p < 0.05 versus acute sepsis; #p < 0.05 ver-
sus Ctrl KD. g Western blotting of KDM6A and PU.1 proteins in 
Gr1+CD11b+ cells after KDM6A knockdown. Representative blots 
and densitometric analysis (right panel) of 3 blots from 2 experi-
ments are shown. Values were normalized to β-actin and are pre-
sented relative to control KD. *p < 0.05 versus Ctrl KD. KD, knock-
down; MDSCs, myeloid-derived suppressor cells.
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a pivotal regulator of Hotairm1 transcription in MDSCs 
during sepsis. We show that PU.1 binds to and activates 
the Hotairm1 promoter in MDSCs as they become more 
immunosuppressive. We demonstrate an epigenetic 
mechanism that controls Hotairm1 transcription by a 
specific PU.1 binding site. The results thus uncover a mo-
lecular path that modifies S100A9 function as a leading 
contributor to MDSC development in sepsis.

PU.1/SPI1 is a hematopoietic-specific Ets family tran-
scription factor that plays an essential role in myeloid cell 
development and differentiation [37]. It does so by con-
trolling the expression of genes required for myeloid cell 
differentiation and maturation, including c-Jun and C/
EBPα [48], macrophage colony-stimulating factor, gran-
ulocyte colony-stimulating factor, and GM-CSF, as well 
as CD11b and CD18 [49, 50]. In the steady-state, PU.1 
levels are high in mouse myeloid cells, with lower expres-
sion in mature compared to bone marrow myeloid pro-
genitors [36]. Our results showed that PU.1 protein levels 
increased in bone marrow Gr1+CD11b+ MDSCs before 
and after sepsis induction. Importantly, PU.1 binding at 
the Hotairm1 promoter increased during post-acute sep-
sis and PU.1 knockdown reduced Hotairm1 levels. This 
is compatible with the notion that PU.1 binding at the 
Hotairm1 promoter is a rate-limiting step in MDSC de-
velopment during sepsis, which is supported by luciferase 
reporter expression in the MDSCs. PU.1 controls all-
trans retinoic acid-induced expression of human Ho-
tairm1 during granulocytic differentiation of acute pro-
myelocytic leukemia-derived NB4 cells [51]. In that study, 
however, PU.1 binding at Hotairm1 DNA occurred distal 
to putative DNA binding sites, downstream of the tran-
scription start site.

Posttranscriptional modifications on histone proteins 
control gene transcription by modifying the chromatin 
structure [43]. Modified histone residues recruit chroma-
tin-modifying cofactors and nonhistone proteins that dy-
namically condense or open chromatin, leading to tran-
scription repression or activation [41, 43]. H3K27me3 
represses gene transcription, whereas H3K4me3 usually 
activates transcription [41]. Following sepsis induction, 
we observed increases in H3K4me3 at the Hotairm1 
proximal promoter with a gradual decrease in H3K-
27me3, as a putative transcription switch to increase Ho-
tairm1 in MDSCS during post-acute sepsis. H3K27me3 
might repress Hotairm1 transcription in the steady-state 
or during sepsis initiation. In support of our findings of 
increased H3K4me3 with transcription activation of Ho-
tairm1 promoter is that H3K4me3 identifies other tran-
scriptionally active lncRNAs [38, 40].

H3K27me3 is regulated by the polycomb repressor 
complex core subunit, methyltransferase Ezh2 [46]. In 
this study, Ezh2 protein bound the Hotairm1 promoter 
in MDSCs before and throughout sepsis, and its knock-
down decreased H3K27me3 concurrent with an increase 
in H3K4me3 at the Hotairm1 promoter. This suggests an 
epigenetic crosstalk mechanism. Decreased expression of 
human Hotairm1 during differentiation of blood mono-
cytes into dendritic cells correlates with decreases in 
H3K27me3 around Hotairm1 genomic regions [52]. En-
richment of the H3K9me1 mark at the human Hotairm1 
promoter in liver cancer cells reduces Hotairm1 expres-
sion [53], but we did not detect H3K9me1 at the mouse 
Hotairm1 promoter in MDSCs (data not shown).

KDM6A specifically demethylates H3K27me3 [54]. 
KDM6A knockdown in this study increased H3K27me3, 
decreased H3K4me3 with concomitant inhibition of 
PU.1 binding, and decreased Hotairm1 transcripts. As 
such, a dynamic change in the H3K27me3 and H3K4me3 
axis may direct Hotairm1 promoter transcription in 
mouse MDSCs. The current study, however, does not 
identify the signal or path that induces KDM6A binding 
at the promoter. This study detected high levels of H3K9ac 
at the Hotairm1 promoter before sepsis initiation, and its 
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Fig. 7. A diagram depicting the putative role of PU.1 in the tran-
scription regulation of the Hotairm1 promoter during sepsis. In 
the steady-state, Ezh2 binds at the Hotairm1 proximal promoter 
and catalyzes trimethylation of histone 3 on lysine 27 (H3K27me3), 
which prevents binding of transcription factor PU.1 at its consen-
sus sequence and thus represses the promoter transcription. After 
sepsis initiation, H3K27me3 is gradually decreased due to demeth-
ylation by KDM6A, leading to an increase in trimethylation of his-
tone 3 on lysine 4 (H3K4me3). This epigenetic modification allows 
binding of PU.1 at the Hotairm1 promoter and subsequently acti-
vates Hotairm1 transcription. H3, histone 3; K, lysine; me3, tri-
methylation.
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levels increased during sepsis. Histone acetylation acti-
vates transcription [43], but histone acetylation unlike 
methylation is unstable, and it is unclear whether this 
acetylation mark supports Hotairm1 transcription. Fig-
ure 7 models how epigenetic changes at the mouse Ho-
tairm1 promoter may regulate PU.1 binding and Ho-
tairm1 transcription to direct MDSC development in sep-
sis. Studies of concept translation into humans are 
warranted.
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