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Hematopoietic stem cells (HSCs) maintain a quiescent state during
homeostasis, but with acute infection, they exit the quiescent
state to increase the output of immune cells, the so-called “emer-
gency hematopoiesis.” However, HSCs’ response to severe infec-
tion during septic shock and the pathological impact remain poorly
elucidated. Here, we report that the histone demethylase KDM1A/
LSD1, serving as a critical regulator of mammalian hematopoiesis,
is a negative regulator of the response to inflammation in HSCs
during endotoxic shock typically observed during acute bacterial
or viral infection. Inflammation-induced LSD1 deficiency results in
an acute expansion of a pathological population of hyperprolifer-
ative and hyperinflammatory myeloid progenitors, resulting in a
septic shock phenotype and acute death. Unexpectedly, in vivo
administration of bacterial lipopolysaccharide (LPS) to wild-type
mice results in acute suppression of LSD1 in HSCs with a septic
shock phenotype that resembles that observed following induced
deletion of LSD1. The suppression of LSD1 in HSCs is caused, at
least in large part, by a cohort of inflammation-induced microRNAs.
Significantly, reconstitution of mice with bone marrow progenitor
cells expressing inhibitors of these inflammation-induced microRNAs
blocked the suppression of LSD1 in vivo following acute LPS admin-
istration and prevented mortality from endotoxic shock. Our results
indicate that LSD1 activators or miRNA antagonists could serve as a
therapeutic approach for life-threatening septic shock characterized
by dysfunction of HSCs.
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Septic shock is a devastating condition and currently the leading
cause of death in hospitals (1). Septic shock is a result of a

systemic response to severe infection, which is commonly attributed
to hyperactivation followed by exhaustion of mature hematopoietic
cells such as neutrophils or macrophages (2, 3). Recently, the he-
matopoietic progenitors and hematopoietic stem cells (HSCs) have
been found to respond to many infections to increase the output of
immune cells, so-called emergency hematopoiesis (4–7). However,
HSCs’ response and the pathological impact on severe infections
during septic shock have not been clear. While epigenetic mecha-
nisms clearly contribute to gene regulation in development and
disease, the roles of specific epigenetic regulators in mammalian
hematopoiesis and hematological disease are still largely unknown.
KDM1A/LSD1 was initially described as a histone demethylase
specific for histone H3 lysine 4 and 9 (H3K4 and H3K9) methyl-
ation that activates and represses many transcriptional programs (8–
10). Deletion of LSD1 in mice alters the development of the pi-
tuitary gland and impairs early embryonic development (11, 12),
suggesting crucial roles of LSD1 on many developmental events.
Here, we report that in addition to being a critical regulator of

mammalian hematopoiesis, inflammation-induced deletion of LSD1
in adult mice leads to rapid development of a phenotype resem-
bling septic shock and acute lethality. Poly I.poly C (pIpC)/Mx-

Cre-induced LSD1 deficiency causes HSC dysregulation, promotes
acute expansion of hyperproliferative and hyperinflammatory my-
eloid progenitors, and results in cytokine storm and multiorgan
pathology. Interestingly, we observe microRNA-mediated suppres-
sion of LSD1 expression in a mouse model of endotoxin-induced
septic shock that can be reversed in vivo by an anti-miRNA strategy.
Our study reveals an underlying mechanism for inflammation-
induced HSC dysfunction and progression to septic shock.

Results
LSD1 Deficiency Leads to Sudden Death Due to a Septic Shock-Like
Phenotype. To elucidate the roles of LSD1 in mammalian he-
matopoiesis, LSD1 floxed mice (LSD1fl/fl) were crossed to Mx-
Cre transgenic mice to delete LSD1 in a pIpC-inducible manner
(11, 13). The standard protocol requires three consecutive pIpC
injections (Fig. S1A). However, LSD1fl/fl:Mx-Cre mice injected
with pIpC (LSD1−/−) died shortly after the second injection (Fig.
1A). Because LSD1 is broadly expressed and Mx-Cre is able to
delete LSD1 from multiple organs, we performed bone marrow
transplantation (BMT) from LSD1fl/fl:Mx-Cre and the control
mice (LSD1fl/fl) into C57BL/6 wild-type recipient mice. The re-
cipient mice reconstituted from the LSD1fl/fl:Mx-Cre BMT mice
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also died shortly after the second pIpC injection, with similar ki-
netics as non-BMT mice (Fig. 1B). These data suggested that the
sudden death of LSD1−/− mice was caused by LSD1 deletion in
bone marrow (BM) cells. Because pIpC triggers a robust innate
immune reaction through Toll-like receptor 3 (TLR3), we per-
formed BMT and induced LSD1 deletion by a single injection of
pIpC to avoid a pIpC-mediated robust immune response. BMT
recipient mice from LSD1fl/fl :Mx-Cre BM died after 1 wk of single
pIpC injection, indicating that LSD1 deletion in BM alone was
sufficient to cause the sudden death of LSD1−/− mice (Fig. S1B).
To determine the cause of sudden death observed on LSD1−/−

mice, we performed histological analysis on the internal organs.
We observed many lesions in the spleen, intestine, liver, kidney,
and lung of LSD1−/− mice, with signs of increased inflammation
(Fig. 1 C–E). This pathology is consistent with the multiple organ
failure phenotype commonly observed in septic shock. Because
the kinetics of sudden death, as well as the appearance and be-
havior of LSD1−/− mice, were consistent with a toxic shock-like
syndrome, we evaluated levels of proinflammatory mediators in
serum. Both interleukin (IL)-1β and tumor necrosis factor
(TNF)-α were significantly elevated in LSD1−/− mice (Fig. 1F).
These data suggested that the sudden death of the LSD1−/− mice
was caused, at least in part, by exaggerated cytokine production
upon pIpC stimulation (i.e., cytokine storm) (2, 3).

LSD1-Deficient Mice Exhibit Acute Expansion of Hyperproliferative
and Hyperinflammatory Myeloid Progenitors in BM. Because Mx-
Cre–mediated deletion of LSD1 occurs in the HSC, we per-
formed analysis of the hematopoietic system using BM cells. We
observed a decreased number of mature granulocytes and
monocytes, but an increased number of immature myeloid blast
cells in these LSD1−/− mice (Fig. 2A). Next, to determine the cell
populations affected in the LSD1−/− mice, BM cells were iso-
lated and analyzed by flow cytometry based on the surface
markers of BM cells. Using lineage-specific markers, we ob-
served an aberrant CD11b+GR-1low population to be expanded
in the LSD1−/− mice or BMT recipient mice (Fig. 2B and Fig.
S2A). Livers and BM from LSD1−/− mice were pale and appeared
anemic, indicating that LSD1−/− mice BM cells were unable to
generate erythroid-lineage cells (Fig. S2B), which is consistent
with previous reports (14, 15). However, these prior studies did
not observe the septic shock phenotype. This is most likely due to
the use of alternative methods to conditionally knock down (Tet-
inducible shRNA; ref. 14) or delete (Vav-Cre; ref. 15) LSD1 that
do not themselves induce an inflammatory response. Further-
more, LSD1−/− mice BM cells expressed unusual surface marker
combinations such as CD11b+CD90+ (Fig. S2C) and CD11b+Sca1+

(Fig. S2D). Aberrant hematopoietic cell development was associ-
ated with the increased HSC population determined by lineage-
negative Sca1+cKit+ staining (Fig. 2C). LSD1−/− mice BM cells
also showed increased proliferation determined by BrdU in-
corporation (Fig. 2D) and could be serially transferred using
methylcellulose-based colony formation assay without forming any
defined lineage-specific colonies (Fig. 2E and Fig. S2E). The
LSD1−/− cells formed colonies of immature cells on the
methylcellulose-based colony formation assay, and became
spontaneously immortalized and even grow in the absence of
SCF or IL-3 (Fig. S2F). These data suggested that LSD1−/−

mice BM cells showed altered development and increased
proliferative capacity, similar with leukemia (16). However, the
numbers of total BM cells, as well as CD11b+GR-1low, were not
increased, and invasion of organs outside the BM was not ob-
served (Fig. S2G). To test whether BM cells were responsible
for the increased proinflammatory mediators, BM cells were
isolated and stimulated by lipopolysaccharide (LPS) in vitro.
We found that mRNA expression of both IL-1β and TNF-α
after TLR4 stimulation was significantly increased in LSD1−/− BM
cells (Fig. 2F). Therefore, expansion of a hyperproliferative

and hyperinflammatory cell population in LSD1−/− mice BM
might contribute to the exaggerated cytokine production upon
pIpC stimulation (i.e., cytokine storm).

Fig. 1. LSD1 deficiency leads to sudden death due to endotoxic shock.
(A) Survival curve after pIpC injection into LSD1fl/fl: Mx-Cre (LSD1−/−) mice
(n = 13) and the control (LSD1fl/fl) mice (n = 12). (B) Survival curve after pIpC
injection into mice after BM transfer with LSD1fl/fl: Mx-Cre (LSD1−/−) mice
(n = 13) and the control (LSD1fl/fl) mice (n = 12). (C) Histological analysis of
spleens from LSD1fl/fl: Mx-Cre (LSD1−/−) mice and the control (LSD1fl/fl) mice,
revealing multiple lesions in LSD1-deficient mice. (D) Histological analysis of
livers from LSD1fl/fl: Mx-Cre (LSD1−/−) mice and the control (LSD1fl/fl) mice,
revealing multiple lesions in LSD1-deficient mice. (E) Histological analysis of
intestines from LSD1fl/fl: Mx-Cre (LSD1−/−) mice and the control (LSD1fl/fl)
mice, revealing multiple lesions in LSD1-deficient mice. (F) Serum level of IL-
1β (Left) and TNF-α (Right) 18 h after second pIpC injection from LSD1fl/fl: Mx-
Cre (LSD1−/−) mice and control mice were determined by ELISA.

Wang et al. PNAS | Published online December 20, 2017 | E245

IM
M
U
N
O
LO

G
Y
A
N
D

IN
FL
A
M
M
A
TI
O
N

PN
A
S
PL

U
S

http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1718759114/-/DCSupplemental/pnas.201718759SI.pdf?targetid=nameddest=SF1
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1718759114/-/DCSupplemental/pnas.201718759SI.pdf?targetid=nameddest=SF2
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1718759114/-/DCSupplemental/pnas.201718759SI.pdf?targetid=nameddest=SF2
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1718759114/-/DCSupplemental/pnas.201718759SI.pdf?targetid=nameddest=SF2
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1718759114/-/DCSupplemental/pnas.201718759SI.pdf?targetid=nameddest=SF2
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1718759114/-/DCSupplemental/pnas.201718759SI.pdf?targetid=nameddest=SF2
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1718759114/-/DCSupplemental/pnas.201718759SI.pdf?targetid=nameddest=SF2
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1718759114/-/DCSupplemental/pnas.201718759SI.pdf?targetid=nameddest=SF2
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1718759114/-/DCSupplemental/pnas.201718759SI.pdf?targetid=nameddest=SF2


Altered HSC Homeostasis in Mice During Endotoxic Shock. The ob-
servation that pIpC-induced deletion of LSD1 induced a septic
shock phenotype, whereas pIpC treatment of wild type leads to a
mild transient inflammatory response, led us investigate whether
LSD1 expression is altered in vivo in response to endotoxin
challenge. It was previously reported that interferons induced by
sustained viral infection break HSC quiescence (4–7). These
observations suggested that sustained inflammation/infection-
stressed HSCs induced aberrant differentiation and mainte-
nance of HSCs. Therefore, to test whether the breakage of HSC
quiescence is also observed during experimental endotoxin shock
in wild-type mice, LPS was injected into C57BL/6 in two dif-

ferent protocols (time and dose) to mimic the conditions of
inflammation (24 mg/kg, 12 h; 12 mg/kg, 48 h) or endotoxin
shock (24 mg/kg, 12 h); 24 mg/kg, 48 h) (Fig. S3A). CD11b+

GR-1low cells appeared in the BM and the periphery blood
observed on conditions mimicking endotoxin shock (Fig. 3A
and Fig. S3B). Interestingly, under these conditions, HSCs
down-regulated the surface cKit expression and increased the
proliferation determined by carboxyfluorescein diacetate
succinimidyl ester (CFSE) labeling (Fig. 3 B and C). The cells
observed in the periphery may not reflect the local expansion
of CD11b+GR-1low cells because they do not proliferate in vitro
(Fig. S3C). Rather, BM cells showed a proliferative capacity, and

Fig. 2. LSD1-deficient mice have acute expansion of hyperproliferative and hyperinflammatory myeloid progenitors in BM. (A) Giemsa staining of BM cells
from LSD1fl/fl: Mx-Cre (LSD1−/−) mice and the control mice. Arrows denote cells with pyknotic nuclei in LSD1−/− conditions. (B) The representative expression of
CD11b and GR-1 of BM cells from mice after BMT with LSD1fl/fl: Mx-Cre (LSD1−/−) mice and control are shown. Numbers are indicated as the percentage of
indicated quadrant population among total BM cells, (C) The representative expression of Sca1 and cKit of BM cells from LSD1fl/fl: Mx-Cre (LSD1−/−) mice and
the control mice are shown. Numbers are indicated as the percentage of population among Lineage negative cells (Lin−). (D) Incorporation of BrdU and 7AAD
of BM cells from LSD1fl/fl: Mx-Cre (LSD1−/−) mice and the control are shown. Numbers are indicated as the percentage of BrdU-positive cells among total cells in
the culture. (E) CD11b-positive BM cells were isolated from LSD1fl/fl: Mx-Cre (LSD1−/−) mice and the control were cultured in methylcellulose-based medium
supplemented with a mixture of cytokines. Number of colonies is shown after in vitro serial transfer into the methylcellulose-based medium. Data are shown
as an average of triplicates, and error bar indicated a SD. (F) Total BM cells isolated from LSD1fl/fl: Mx-Cre (LSD1−/−) mice (blue bar) and control (orange bar)
were stimulated with 0.1 mg/mL LPS for the indicated time, and mRNA expression of IL-1β (Left) or TNF-α (Right) is shown. *P < 0.01.
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resultant cells might subsequently migrate into the peritoneal
cavity (Fig. S3C).
Cytokine storm is a term commonly employed to describe the

overproduction of proinflammatory mediators during endotoxin
shock and sepsis (2, 3). Since cytokine storm can be a fatal incident
during sepsis, the establishment of tolerance is a critical mechanism
to avoid septic death (17, 18). To test the tolerance induction, BM
cells from inflammation and endotoxin shock-induced animals were
isolated and stimulated with LPS again in vitro. Tolerance was not
induced under endotoxin shock conditions, because the BM cells
still responded and up-regulated iNOS and TNF-α mRNA (Fig.
S3D). As Nurr1 and LSD1 were shown to be recruited by NF-κB
p65 and mediate transcriptional repression of NF-κB target genes in
glia cells (10), we next investigated whether LSD1 and Nurr1 also
localized to promoters directing expression of proinflammatory
mediators in the BM cells. Chromatin immunoprecipitation (ChIP)
assays were performed for iNOS and TNF-α promoters using BM
cells isolated from LPS-treated animals. Nurr1 recruitment was
observed under both of inflammation and endotoxin shock. How-
ever, we failed to detect LSD1 recruitment to the promoter regions
of iNOS and TNF-α under endotoxin shock conditions (Fig. S3E).
Therefore, the expression of LSD1 was tested in the BM cells iso-
lated from wild-type mice induced by inflammatory signals to have
“septic shock.” We found that the expression of LSD1 in the BM
cells was strongly suppressed under these conditions of endotoxin
shock (Fig. 3D). These data suggested a dramatic inflammation/
sepsis-induced suppression of LSD1 in BM cells, indicating that
LSD1 deficiency occurs in vivo during endotoxic shock.

miRNA-Mediated Down-Regulation of LSD1 During Sepsis. Because
depletion of LSD1 caused loss of homeostasis in HSCs, we next
studied the molecular mechanism underlying the suppression of
LSD1 in HSCs. First, we tested whether LSD1 suppression could
be mimicked in vitro using murine HSC-like cell lines. Since
cytokine storm/endotoxin shock broke HSC homeostasis, we
treated HSC-like cell lines with proinflammatory cytokines and
then examining the expression of LSD1. IL-1β stimulation sig-
nificantly down-regulated the expression of LSD1 mRNA and
protein (Fig. 4 A and B). Because mRNA down-regulation was
observed before the protein down-regulation, we focused on the
mechanism that induced the down-regulation of LSD1mRNA. We
first tested whether the LSD1 locus was transcriptionally repressed
during the sepsis condition. The LSD1 promoter (−2 kb upstream
to transcription start site) was subcloned into a luciferase-reporter
vector and tested for promoter activity. We found that LSD1 pro-
moter activity was slightly increased on cytokine stimulation, rather
than transcriptionally silenced (Fig. S4A). No significant change was
observed in the H3K27me3 mark at the LSD1 promoter, generally
considered as a mark of transcriptional repression (19), suggesting
suppression of LSD1 is due to posttranscriptional regulation.
We therefore investigated the possibility of microRNA (miRNA)-

mediated suppression of LSD1 mRNA (20). FDCPmix cells were
transduced with lentiviral vectors carrying two independent shRNAs
against Argonaute 2 (Ago2-1, Ago2-2) and DiGeorge critical region 8
(Dgcr8-1 and Dgcr8-2) to knock down miRNA processing machinery
(21–23). We found that knockdown of Ago2 and Dgcr8 significantly
blocked the down-regulation of LSD1 in FDCPmix cells (Fig. 4C).
The contribution of the 3′UTR of LSD1 was tested by luciferase assay
in FDCPmix cells. IL-1β and TNF-α stimulation significantly down-
regulated LSD1-3′UTR reporter activity, consistent with a miRNA-
mediated down-regulation mechanism regulating LSD1 mRNA ex-
pression (Fig. S4B).
To identify the candidate miRNAs that might down-regulate

LSD1 mRNA in HSCs, miR-seq was performed in FDCPmix
cells treated with IL-1β and TNF-α (Fig. S4 C and D). Candidate
miRNAs that would possibly bind to the LSD1 3′UTR were
selected by using multiple algorithms, focusing on the miRNAs
exhibiting significant up-regulation by proinflammatory cyto-

kines. Induction of the most prominent candidate miRNAs,
miR-503-3p, miR-743b-5p, miR-30c-3p, and miR-30e-3p upon
IL-1β and TNF-α stimulation, was confirmed by qPCR (Fig. 4D).
Based on these data, potential seed regions of candidate miRNAs
were mutated, LSD1 cDNAs harboring these deletions were
infected into FDCPmix cells, and tagged-LSD1 protein levels
upon IL-1β stimulation was determined. Several mutations
of the seed region including miR-30e-3p, miR-137-5p, miR-503-
3p, and miR-743b-5p were able to block the down-regulation

Fig. 3. Altered HSC homeostasis in mice following endotoxin challenge.
(A) The representative expression of CD11b and GR-1 on BM cells during
animal models of sepsis is shown. After indicated time of 24 mg/kg LPS in-
jection (Upper) or 48 h after indicated LPS dosage (Lower) are shown. (B) The
representative expression of Sca1 and cKit on BM cells is shown. Numbers are
indicated of percentage of the cell in the lineage negative, cKit, and Sca1 gated
population. (C) Total BM cells were isolated from sepsis-induced mice and cul-
tured for 24 h in vitro, and expression of CFSE gated on lineage negative cKit-
positive cells is shown. (D) Wild-type animals were injected with LPS for indicated
time (Left) or dosage (Right), and expression of LSD1 in BM cells was determined
by RT-qPCR. *P < 0.01; **P < 0.001; ns, not significant.
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(Fig. S4E). Finally, to confirm whether these miRNAs were re-
sponsible for the down-regulation of LSD1 during sepsis, HSCs
from wild-type mice were isolated and transduced with lentiviral
vectors to express the antisense miRNAs (miRZiP) to block the
candidate miRNAs. Reconstituted mice were injected with LPS,
and the survival was tested. Control mice infected with scramble
miRZip were induced sepsis and died within 36 h. In contrast, mice
transduced with pooled miRZip against miR-503-3p, miR-743b-5p,
and miR-200a-5p (group A), and miR-30b-3p, 30c-3p, 30d-3p, and

30e-3p (group B) were protected from septic death and from ab-
errant HSC development (Fig. 4E). Next, pooled miRZip was di-
vided into individual groups A and B. Mice reconstituted with
scramble control died after 48 h of sepsis induction; in contrast,
most of the group A reconstituted animals survived more than 72 h
(Fig. 4F). Inhibition of down-regulation of LSD1 was confirmed
from BM cells from experimental mice, with no such effects in the
mice treated with the scramble shRNA control (Fig. S4F). There-
fore, inhibitors of inflammation-induced miRNAs may serve as a

Fig. 4. miRNA-mediated down-regulation of LSD1 in response to inflammatory cytokines. (A) FDCPmix cell (blue bar) or EML cell (orange bar) were treated
with IL-1β. LSD1 mRNA levels are shown, measured by RT-qPCR. (B) FDCPmix cells were treated with IL-1β, and LSD1 expression was determined by Western
blot; Ponceau S staining as loading control. (C) FDCPmix cells were transduced with lentiviral vectors carrying two independent shRNAs against argonout2
(Ago2) or DGCR8, and mRNA expression of LSD1 after IL-1β treatment was measured by RT-qPCR. (D) FDCPmix cells were stimulated by IL-1β or TNF-α for the
indicated time, and the expression level of indicated miRNA was determined by qPCR. (E) Wild-type mice were reconstituted with BM cells transduced with
pooled lentiviral vectors carrying antisense for indicated miRNAs (n = 12, group A+B, see text for grouping) or scramble control (n = 12). After reconstitution,
mice were injected with 24 mg/kg LPS to induce sepsis, and the survival curve is shown. (F) Wild-type mice were reconstituted with BM cells transduced with
pooled lentiviral vectors carrying antisense against miRNAs (scramble control, n = 12, group A, n = 12 or group B, n = 12). After reconstitution, mice were
injected with 24 mg/kg LPS, and survival curve is shown. (G) Expression of LSD1 was determined in animals described in E. BM cells were isolated 36 h after LPS
injection, and LSD1 expression is shown as an average of four animals. *P < 0.01; ns, not significant.
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novel approach to block LSD1 suppression upon severe infection
and, hence, promote survival during septic shock.

LSD1 Inhibitors Alter HSC Development in ex Vivo BM Culture.Recent
publications suggest the inactivation of LSD1 might be effective
for the treatment of acute myelogenous leukemia (AML) caused
by MLL-AF9 or PML-RARα chromosomal translocation (24–
26), and other types of cancers (27, 28). However, our data
suggest that inhibition of LSD1 activity in the context of in-
flammation/infection potentially impairs the quiescence of HSCs
and, therefore, might even cause a leukemic/septic outcome. To
determine whether LSD1 inhibitors can target HSCs, we per-
formed BM culture ex vivo in the presence of LSD1 inhibitors or
mock controls. We observed increased expression of Gfi1b upon

treatment of LSD1 inhibitors while there were no significant
changes of expression of LSD1 (Fig. 5 A and B), similar with the
LSD1 knockout phenotype and consistent with the role of
LSD1 in HSC regulation. In addition, we observed increased
expression of CD90 (Fig. 5C), a surrogate marker of HSCs,
suggesting LSD1 inhibitors can induce expansion of a patho-
logical population of HSCs in BM culture ex vivo.

LSD1 Regulates HSC Gene Expression. To investigate the tran-
scriptional programs regulated by LSD1, we performed tran-
scriptional profiling experiments comparing purified CD11b+

BM progenitor cells from LSD1fl/fl and LSD1−/− mice, iden-
tifying 518 genes up-regulated and 623 genes down-regulated
in LSD1−/− mice (Fig. 6A). To determine the direct gene targets of
LSD1, we performed chromatin immunoprecipitation followed
by deep sequencing (ChIP-seq) experiments. We identified 23,463
LSD1 binding sites in a murine HSC line (EML C1) using the
validated anti-LSD1 antibody. Overlapping of LSD1-regulated
genes with LSD1-binding sites revealed 464 of 518 (90%) genes
up-regulated in LSD1−/− cells exhibited LSD1 binding sites
within 250 kb, while 383 of 623 (61%) genes down-regulated in
LSD1−/− cells exhibited LSD1 binding sites within 250 kb, consistent
with direct regulatory roles of LSD1 at these loci. The majority of
LSD1 binding sites are located in the intergenic or intronic region,
in agreement with previous reports of distal enhancer binding of
LSD1 (Fig. 6B). Motif analysis of LSD1 binding sites revealed en-
richment of Ets, Runx, Gata, Gfi1b, CTCF, and AP-1 motifs (Fig.
6C). Intriguingly, we found that LSD1 binding sites are overlapping
with binding sites of PU.1, Meis1, Gfi1b, or Runx1 on HPC7 cells
(Fig. 6D), a different murine HSC line. Coenrichment of these
motifs suggests that LSD1 is a coregulator of the corresponding
transcription factors, important for HSC function. For example, we
found that LSD1 was recruited to multiple sites on the Gfi1b locus,
overlapping with Gfi1b binding sites (Fig. 6E).Gfi1b expression was
significantly up-regulated in LSD1−/− BM (Fig. 6F), suggesting that
LSD1 is a critical regulator of an Gfi1b autoregulatory loop. In
addition, we observed increased level of H3K4 dimethylation and
decreased level of H3K27 trimethylation on Gfi1b locus (Fig. S5C).
These findings are consistent with a previous report that LSD1 is a
critical regulator of Gfi1b by modulations of histone modifications,
in addition, revealing a self-regulation loop by Gfi1b/LSD1 onGf1b
locus. Consistent with the observed leukemia-like phenotype, we
found that LSD1 was recruited to the HoxA locus and that multiple
HoxA genes were up-regulated in LSD1−/− BM cells (Fig. 6 G and
H), suggesting LSD1 is a direct regulator of HoxA gene expression.
These data suggest that LSD1 is an essential coregulator of multiple
transcriptional factors required for the maintenance of HSC ho-
meostasis and this normal regulatory strategy becomes critically
interrupted during endotoxic shock.

Discussion
Septic shock is a devastating condition and currently the leading
cause of death in hospitals. Septic shock is a result of a sys-
temic response to infection, which is commonly attributed to
dysfunction of mature hematopoietic cells such as neutrophils or
macrophages. Traditional treatment for septic shock is focused
to block endogenous mediators of the host inflammation re-
sponse, such as cytokines. However, those treatments are usually
not very effective. Therefore, novel targets or treatment strate-
gies are actively explored. In this study, we found that a pop-
ulation of myeloid progenitors (CD11b+/Gr1low) is generated in
response to acute infection, which has some markers of HSCs
such as Sca1 and CD90, which has not been reported before.
Those pathological populations of myeloid progenitors are
hyperproliferative and hyperinflammatory, and may contribute
to the cytokine storm and septic shock. Interestingly, inhibitors
for Brd4, which have been reported to be an effective treatment
for leukemia by promoting leukemia cell differentiation (29), can

Fig. 5. LSD1 inhibitors alter HSC development in ex vivo BM culture.
(A) Expression of LSD1 in ex vivo cultured BM cells, revealing no change or slightly
up-regulated LSD1 expression upon LSD1 inhibitor treatment. (B) Expression of
Gfi1b in ex vivo cultured BM cells, revealing statistically significant up-
regulation of Gfi1b expression upon LSD1 inhibitor treatment. (C) Expres-
sion of CD90 in ex vivo cultured BM cells, revealing statistically significant up-
regulation of CD90 expression upon LSD1 inhibitor treatment.
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Fig. 6. LSD1 regulates HSC gene expression. (A) Gene-expression profiling analysis reveals LSD1-regulated genes. (B) LSD1 genome occupancy in EML C1 cells is enriched in distal
regions. (C) Top 10 enrichedmotif on LSD1 binding sites in EML C1 cells. (D) LSD1 binding sites are overlapping withmultiple transcriptional factor binding sites. (E) LSD1 and Gfi1b
cooccupy the Gfi1b locus; genome browser shot of LSD1 and Gfi1b ChIP-seq experiments. (F) LSD1 represses Gfi1b gene expression in vivo; expression level of Gfi1b is determined
by qPCR using purified CD11b-positive BM cells from LSD1−/− and control mice. (G) LSD1 occupies HoxA gene clusters; genome browser shot of LSD1 ChIP-seq experiments.
(H) LSD1 represses HoxA gene expression in vivo; expression level of HoxAs is determined by qPCR using purified CD11b-positive BM cells from LSD1−/− and control mice.
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prevent death from septic shock in mouse models (30). Inhibitors
of TOP1, commonly used for cancer therapy to block cancer cell
proliferation, prove to be effective in mouse models of septic
shock treatment as well (31), suggesting there are potential links
between dysfunction of hematopoietic cell proliferation and
differentiation and septic shock progression. Therefore, our
findings of the roles of hematopoietic progenitors and/or HSCs
in endotoxic shock development suggest the possibility that
LSD1 activators, miRNA antagonists, or HSC-targeting strate-
gies such as Brd4 or TOP1 inhibitors might be effective treat-
ment strategies (Fig. 7).
Our findings are consistent with previous studies demon-

strating critical roles of LSD1 in regulation of hematopoiesis (14,
15). However, these prior studies did not observe the shock
phenotype. This is most likely due to their use of alternative
methods to conditionally knock down (Tet-inducible shRNA;
ref. 14) or delete (Vav-Cre; ref. 15) LSD1 from BM progenitor
cells that do not themselves induce an inflammatory response.
Recently, infection-induced HSC activation has been reported as
a mechanism of emergency hematopoiesis with biased myeloid
differentiation. However, the underlying molecular mechanism is
largely unknown. We found that a few inflammation mediators
such as TNF-α and IL-1β, typically produced during acute bac-
terial or viral infections can suppress LSD1 expression through
a subset of inflammation-induced miRNAs in HSCs and
LSD1 deficiency is sufficient to induce a biased myeloid proliferation
and differentiation program in mouse models. Therefore, sup-
pression of LSD1 expression in HSC by miRNAs may underlie
the biased myeloid differentiation and proliferation observed on
emergency hematopoiesis upon acute infection. In addition,
LSD1-deficient mice have defects in lymphocytes development.
It is likely that suppression of the LSD1 expression in HSCs
contributes to late stage immune paralysis phenotype observed
in sepsis patients due to dysfunctions other than myeloid lineage,
such as lymphocytes.
LSD1 inhibitors have been found to induce leukemia cells

differentiation, suggesting a therapeutic strategy in cancer treatment.
However, because we found that LSD1 deficiency in adult mice can
lead to sudden death with acute expansion of a population of HSC-
like cells, this raises a cautionary note, particularly as LSD1 inhibitors

can interfere with hematopoiesis in ex vivo BM cultures in mice.
Therefore, the safety of application of LSD1 inhibitors on cancer
treatment should be rigorously reevaluated, especially under
inflammation conditions. However, activators of LSD1, as well
as inhibitors of miRNAs that regulate LSD1, might also rep-
resent potential therapeutic targets for sepsis and leukemia.

Materials and Methods
Animal. LSD1fl/fl and Mx-Cre mice were described previously (11, 13). C57BL/
6 wild-type mice were purchased from Charles River. For BM transfer ex-
periments, wild-type animals were lethally irradiated (1,100 rad) and 1 × 106

total BM cells were injected intravenously. For HSC reconstitution, 1 × 106

infected cells were injected into recipient mice. Sepsis was induced as de-
scribed in Fig. S3A, animals were observed every 6 h, and moribund animals
were killed. All animal housing and experiments were approved by the In-
stitutional Animal Care and Use Committee at the University of California,
San Diego (UCSD).

Cell Culture. EML C1 cell was kindly provided by Schickwann Tsai, University of
Utah, Salt Lake City, and maintained by following the protocol (32). FDCPmix
cell was kindly provided by Venkateshwar Reddy, Scripps Research Institute,
La Jolla, CA, and maintained with IMDM (Life Technologies) supplemented
with 20% horse serum (HyClone), 1% penicillin/streptomycin, and 10 ng/mL
mouse IL-3 (Cell Signaling) (33).

BM ex Vivo Culture. BM cells were isolated according to standard protocols.
BM ex vivo culture was established according to standard protocols in the
presence of cytokines. LSD1 inhibitors (C76 from Bioscience) or mock control
were added to the culture medium every 2 d. Cells were split every 8 d.

Antibodies and Reagents. Polyinosinic:polycytidylic acid (pIpC or poly I:C) was
obtained from GE Healthcare Life Science and used as described in Fig. S1A.
LPS 0111:B4 was purchased from Sigma and used as described in Fig. S3A.
LPS was maintained with IMDM (Life Technologies).

For flow cytometry analysis, the following antibodies were purchased from
eBioscience: anti-CD11b (M1/70), anti-GR-1 (RB6-8C5), anti-cKit (2B8), anti-
Sca1 (D7), anti-CD90 (53-2.1), anti-TER-119 (TER-119), anti-CD45R (RA3-
6B2). BrdU staining kit was obtained from BD Bioscience, and CFSE was
purchased from Life Technologies and used by following manufacturer’s
protocols. Stained cells were acquired by LSRII, and data were analyzed by
FlowJo software.

Mouse IL-1β and TNF-α ELISA kit were purchased from eBioscience. HSC
colony assay was performed with MethoCult kit purchased from STEMCELL
Technologies.

Western blotting was performed as described before using anti-LSD1 (Cell
Signaling for Western blotting; Abcam for ChIP); anti-Nurr1, anti-Nur77, and
anti-Nor1 (Santa Cruz); and anti-actin (EMD Millipore). pGIPZ lentivirus vectors
carrying shRNA andmiR-Zip vectors for antisensemiRNAs were purchased from
Thermo Scientific and System Biosciences, respectively, and viral vector pro-
duction was performed following the manufacturer’s protocol.

microRNA Isolation and qPCR. miRNA isolation was performed using PureLink
miRNA isolation kit and reverse transcription, and qPCR was performed using
NCode Express SyberGreenER kit. qPCR data were normalized against U6. All
kits were purchased from Life Technologies. RNA isolation and qPCR were
described before (10).

ChIP-Seq. ChIP assays were performed according to the previously described
protocol (34). For LSD1 ChIP-seq experiments, EML C1 cells were cross-linked
using 2 mM disuccinimidyl glutarate (ProteoChem c1104-100mg) for 45 min
before cross-linking in the presence of 1% formaldehyde for 10 min.
ChIP experiments were performed using the following antibody: LSD1
ab17721 (Abcam).

miR-Seq.miR-seq was performed according to a protocol described previously
(35). Briefly, total RNA was isolated with or without treatments. Small RNAs
were isolated using PAGE purification. A 5′ adapter ligation/purification step
was followed by a 3′ adapter ligation/purification step. The sequencing li-
braries were prepared by reverse transcription and PCR amplification. The
libraries were then sequenced using Solexa plate form.

Statistics. All data are presented as mean ± SD. P value was calculated using
Prism 6 software, and P < 0.01 was considered significant.

Fig. 7. Model: Sepsis-induced miRNAs suppress expression of LSD1 and in-
duce acute expansion of hyperproliferative and hyperinflammatory HSC,
leading to septic shock.
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No statistical methods were used to predetermine sample sizes, but our
sample sizes are similar to those generally employed in the field. No ran-
domization and blinding were employed.

Data distribution was assumed to be normal, but this was not
formally tested.

There was correction for multiple comparisons.
No animals or data points were excluded from analyses.
The P value, degree of freedom, and t value are calculated using online

tools from www.graphpad.com/quickcalcs/ttest1.cfm.

Bioinformatics. For the ChIP-seq experiments, the FASTQ files were aligned to
the Mus musculus genome build mm9 using bowtie2 (36) with default pa-
rameters. Peaks were called on two replicates separately with matched input
DNA controls using HOMER with parameters “-style factor -size 200 -tbp 1
-minDist 200 -P 0.1 -LP 0.1” that specified a relaxed P value threshold. These
replicate peaksets were then processed with IDR 2.0.3 (37) with parameters
“–rank 5 -i 0.05” parameters to yield a single set of high-confidence peaks.

H3K4me2 peaks were considered overlapping LSD1 sites if their coordinates
overlapped by a single base pair or more. The H3K4me2 tag densities around
LSD1 binding sites were computed using HOMER’s “annotatePeaks.pl”
command with parameters “-hist 10 -ghist -norm 0.”
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