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Tle1 (transducin-like enhancer of split 1) is a corepressor that
interacts with a variety of DNA-binding transcription factors and
has been implicated in many cellular functions; however, physio-
logical studies are limited. Tle1-deficient (Tle7*”) mice, although
grossly normal at birth, exhibit skin defects, lung hypoplasia, severe
runting, poor body condition, and early mortality. T/le7*”* mice dis-
play a chronic inflammatory phenotype with increased expression
of inflammatory cytokines and chemokines in the skin, lung, and
intestine and increased circulatory IL-6 and G-CSF, along with a he-
matopoietic shift toward granulocyte macrophage progenitor and
myeloid cells. Tle742 macrophages produce increased inflammatory
cytokines in response to Toll-like receptor (TLR) agonists and lipo-
polysaccharides (LPS), and Tle7*” mice display an enhanced inflam-
matory response to ear skin 12-O-tetradecanoylphorbol-13-acetate
treatment. Loss of Tle1 not only results in increased phosphoryla-
tion and activation of proinflammatory NF-kB but also results in
decreased Hes1 (hairy and enhancer of split-1), a negative regula-
tor of inflammation in macrophages. Furthermore, Tle1*”* mice
exhibit accelerated growth of B6-F10 melanoma xenografts. Our
work provides the first in vivo evidence, to our knowledge, that TLE1
is a major counterregulator of inflammation with potential roles in a
variety of inflammatory diseases and in cancer progression.
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Transducin—like enhancer of split 1 (TLE1) belongs to a family
of corepressor proteins called transducin-like enhancer of
split, or TLEs. Groucho, the TLE homolog in Drosophila, has
crucial roles in neurogenesis, segmentation, and sex determination
(1). These corepressors do not bind directly to DNA but rather
interact with many different classes of transcription factors and
help create a repressor complex (1, 2).

Vertebrates express five different TLEs (TLEI-4, AES), al-
though the distinct functions of each of the TLEs has not been
well determined. TLE1, the most studied among the Groucho
family proteins in mammalian systems, is widely expressed in
different tissues and cell types and has been implicated in neu-
ronal differentiation (3, 4) and pancreatic beta cell development
(5). TLE1 has tumor suppressor activity (6-8) as well as onco-
genic functions in cancer (9, 10). TLE1 associates with many
important transcription factors integral for cell proliferation and
differentiation, including Runx2 to block rRNA expression (11),
HESI1 to suppresses MASH2 expression (12), and TCF/LEF
proteins to block Wnt target gene activation (13). TLE1 also
represses NF-kB activity (14, 15). Involvement in these diverse
cellular functions and diseases was studied primarily in vitro or
using in vivo overexpression systems. The major physiological
function of TLE1, however, remains poorly understood.
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A few recent studies suggest TLE1 might regulate immune
function. For example, a single noncoding nucleotide polymorphism
within the TLE1 locus was associated with inflammatory bowel
diseases (16), and in human monocytes, increased TLE1 expression
was important for zymosan-mediated inhibition of interleukin
12 (IL-12) p70 expression (17) as well as Bacillus anthracis
toxin-induced immune suppression (18). However, the importance
of TLE1 for overall immune function has not been characterized.

We previously identified TLE1 and TLE4 as tumor suppressor
genes deleted in AML (acute myeloid leukemia) (19) whose loss
cooperated with AML1-ETO (acute myeloid leukemia 1-eight
twenty one) in leukemia development (6). We recently charac-
terized Tle4 knockout mice and showed that Tle4 has a critical
role in maintaining hematopoietic stem cell (HSC) function and
in bone development (20). To better understand the physiolog-
ical roles of Tlel, we developed Tlel knockout mice. We found
the loss of Tlel leads to an excessive immune activation through
a combination of constitutive activation of the NF-xB in-
flammatory pathway in skin, lung, and intestine as well as de-
creased Hesl-mediated immune suppression in macrophages.
Tlel deficiency also resulted in lung hypoplasia, decreased
overall survival, and enhanced transplanted tumor growth. Our
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Fig. 1. Loss of Tle1 reduces growth and survivability. (4) Tle7* mice appear

similar to WT and het at birth (a) but by 4 d (b) have delayed pigmentation
and at 19 d () are runted with poor body condition. (B) Growth of Tle744
mice was significantly impaired relative to het and WT. A similar trend was
observed in both male and female Tle7% mice; n = 3-6; *P < 0.05, **P <
0.01; all error bars indicate mean + SEM. (C) Kaplan—-Meier curve for Tle14/A
and WT mice. Fifty percent of mice died within 60 d, most between 8 and
20 d (n = 17-20).

results demonstrate a critical and previously unidentified role of
Tlel in suppressing in vivo inflammation.

Results

Tle1** Mice Have Growth Retardation and Reduced Fitness. The
creation of Tlel* mice (Fig. S1) is described in SI Results. Tlel*™
mice were born at normal frequency and appeared similar to wild-
type (WT) and heterozygous (het) littermates at birth (Fig. 1 4, a).
Delayed pigmentation was evident at 3 or 4 d of life (Fig. 1 4, b).
Compared with WT and het littermates, TleJ*”* mice generally

became progressively runted (Fig. 1 A-C and Fig. S2). By day 5,
Tle1** mice on average weighed only 37% of WT and het mice.
Knockout mice also exhibited significantly reduced fitness, with
50% of TleI** mice dying before day 60, the majority between 8
and 20 d of life (Fig. 1C). Although among the surviving Tle/**
mice there was some catch-up growth after weaning, older mice on
average had 23-27% less body weight compared with age-matched
het and WT mice (Fig. 1B). A similar effect was seen in females
and males (Fig. 1B). In addition, Tle*” mice have shorter in-
testinal length, fewer hair follicles with disorganized skin epidermis
basal cell layer, and pulmonary lung hypoplasia (SI Results and
Figs. S3 and S4).

Tle1 Deficiency Skews Hematopoiesis Toward the Myeloid Lineage by
Hematopoietic Cell Extrinsic Stimuli. Complete blood counts (CBCs)
showed a higher neutrophil count in the Tle/* mice (Fig. 24). We
saw a trend toward a decrease in lymphocytes that was not signifi-
cant, although as demonstrated below, we did find a significant
decrease in B cells. The cellularity of the bone marrow (BM) was
comparable between WT and Tle/*” mice (Fig. S34); however,
Tlel-deficient BM showed a trend toward a higher percentage of
granulocyte macrophage progenitors at 2 wk (Tlel*”, 0.296; Het,
0.179; P = 0.2819) and 4 wk (TleI**, 0.344; Het, 0.175; P = 0.1183)
and a significant increase at 12 wk (Tlel*, 0.238; Het, 0.173; P =
0.034) (Fig. 2B). By contrast, the frequencies of HSCs (Fig. S5B),
common myeloid progenitors (CMPs) (Fig. S5C), megakaryocyte-
erythroid progenitors (MEPs) (Fig. S5D), common lymphoid pro-
genitors (CLPs) (Fig. S5E), or CD3e-positive T-cell populations
(Fig. S5F) were not significantly altered. Tlel knockout mice also
displayed increased myeloid (Mac1*Gr1™) and macrophage
(Gr1™Mac1*F4/80™) and decreased B-cell populations (B220) in
their BM, spleen, and peripheral blood (PB) (Fig. 2 C-FE). BM
methylcellulose assays also revealed a higher number of granulocyte
macrophage and macrophage colonies (Fig. 2F). These data suggest
that loss of Tle1 results in myeloid expansion. To determine whether
this hematopoietic phenotype is cell-intrinsic or -extrinsic, one mil-
lion CD45.2 BM cells from Tlel** or WT mice were transplanted
into lethally irradiated CD45.1 recipient mice. Tlel**-derived BM
cells reconstituted all of the lineages similar to WT, indicating the
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myeloid expansion observed in the Tle knockout mice was not cell-
autonomous (Fig. S6 A-C).

Tle1-Deficient Mice Have Increased Expression of Inflammatory Cytokines
and Chemokines in the Intestine, Skin, and Lung. Because myeloid cells
and macrophages are key regulators of inflammation, we next asked
whether the myeloid expansion observed in TleI** mice is associ-
ated with increased inflammation. We analyzed mRNA expression
of inflammatory cytokines IL-6 (interleukin-6), IL-1p, and TNF-a
(tumor necrosis factor-o) and chemokines M-CSF (macrophage
colony stimulating factor), GM-CSF (granulocyte macrophage-CSF),
and G-CSF (granulocyte-CSF) at 2, 8, and 21 d after birth of the
severely affected animals from the lung, liver, small intestine, skin,
and BM. At day 2, the small intestine of Tle/*”* mice had signifi-
cantly higher IL-1p, IL-6, GM-CSF, and G-CSF expression com-
pared with WT (Fig. 34). IL-1f, IL-6, and G-CSF expression was
also significantly higher in the skin, and TNF-a levels were higher in
the small intestine and BM of 8-d-old Tlel*’* mice (Fig. 3B). At
day 21, IL-6, IL-1p, TNF-a, and chemokines M-CSF, GM-CSF, and
G-CSF were significantly increased in the lungs, and IL-6 was also
increased in the skin and small intestine (Fig. 3C). The analysis of
serum from 21-d-old mice revealed a corresponding increase of the
inflammatory cytokine IL-6 (Fig. 2G) and the chemokine G-CSF
(Fig. 2H) in TleI*”* mice compared with WT mice. We also observed
increased expression of IL-1f in 1.5-y-old Tlel-deficient mice (Fig.
S7). Thus, Tlel deficiency leads to increased local and systemic
production of inflammatory cytokines and chemokines.

Tle1 Modulates NF-kB-Mediated Inflammation. Because Tlel over-
expression has been shown to block NF-xB activation (14, 15),
we further studied the effect of TLE1 on NF-kB nuclear trans-
location and phosphorylation (21). Overexpression of TLE1
inhibited both basal as well as LPS-induced NF-kB activation in
THP-1 human monocyte cells, as evidenced by a decrease in
nuclear NF-xB translocation using ImageStream analysis. The
mean difference between nuclear and cytoplasmic (mean nuc—
cyto diff) NF-xB was —24 + 0.8 in unstimulated cells with empty
vector, whereas it was —28 + 0.9 in TLE1-expressing cells. After
LPS stimulation, the mean nuc—cyto diff in cells with empty
vector increased to 13 + 1.2, whereas it is =7 + 0.8 in the TLE1-
transduced cells, indicating a greater proportion of NF-xB
remains in the cytoplasm (Fig. 44). Overexpression of Tlel de-
creased LPS-mediated NF-kB phosphorylation in the Raw264.7
mouse macrophage cell line (Fig. 4B, Bottom). We found increased
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expression of phosphorylated NF-xB (serine 536) in the skin, lung,
and intestine of 10-d-old Tlel*” mice compared with WT mice
(Fig. 4B, Top) and in LPS-treated Tle/*”* BMDMs compared with
WT BMDMs (Fig. 4B, Middle). We also found an increase in many
NF-xB pathway genes involved in inflammation and antiapoptosis
in the lungs of 21-d-old 7/eI** mice (Fig. 4C). Most significantly,
angiotensinogen (Agt) was expressed sixfold higher in Tlel* mice
compared with WT mice. We found overexpression of the neu-
trophil chemoattractants CXCL1 and CXCL3 as well as the in-
flammatory cytokines IL-1p and myeloid growth factor CSF2. We
also observed increased expression of inflammatory genes C-Rel,
Snap25, and Thfisflb. These data are consistent with Tlel modu-
lation, NF-«xB nuclear translocation, phosphorylation, and in-
creased expression of NF-xB inflammatory target genes, which in
turn promotes inflammation in Tlel*”* mice. Next, we asked
whether suppression of NF-kB activation using a bortezomib pro-
teasome inhibitor can ameliorate inflammation in Tlel** mice and
decrease the expansion of myeloid cells. Repeated injection of
bortezomib twice a week for 5 wk significantly reduced the per-
centage of Grl*macl* myeloid cells in the spleen of Tlel*”* mice
(2.54) compared with PBS vehicle (7.38)-treated mice (Fig. 4D).
These results demonstrate that Tlel modulates NF-kB activation
and expression of inflammatory target genes and provide evidence
that at least part of this inflammatory phenotype in Tlel** mice
can be ameliorated by NF-xB inhibition in vivo.

Tle1 Loss Enhances Inflammatory Response to TPA and Accelerated B6-F10
Tumor Growth. To confirm that Tlel regulates inflammation, we
examined models involving inflammation. First, we analyzed the
sensitivity of 7le/*”* and WT mouse ears to 12-O-tetradecanoyl-
phorbol-13-acetate (TPA), an inflammation-inducing compound.
Repeated treatment with TPA produced only mild swelling and
minimal redness in the ears of WT mice. In contrast, an enhanced
inflammatory response was seen in TleI*” mice with severe red-
ness, scaling (Fig. SSA), and swelling (Fig. 54). The histology of
untreated ears of Tle/*”* mice was similar to WT. The ears of TPA-
treated Tlel*™ mice had a thicker epidermal layer, with increased
hematopoietic cell infiltration (Fig. 5SB). Analysis of expression of
inflammatory cytokine and chemokine mRNA levels using a PCR
array revealed that TPA-treated Tlel* ears produced higher in-
flammatory cytokines and chemokines compared with treated WT
ears (Fig. 5C). Thus, the loss of Tlel enhanced an inflammatory
response to TPA through the increased production of inflammatory
cytokines and chemokines and attraction of inflammatory cells.
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Fig. 4. TLE1 modulates NF-xB-mediated inflammation.
(A) Inhibition of nuclear translocation of NF-xB. Empty
vector or TLE1-transduced THP-1 cells were exposed to
LPS for 1 h. The level of NF-xB protein in the nucleus
and cytoplasm was visualized (Left) and measured by
ImageStream before or after LPS exposure. The mean
nuc—yto diff is shown (Right). A negative value indi-
cates a relatively greater cytoplasmic concentration.
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lungs of Tle7*” 21-d-old mice compared with WT mice
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As a second model, we used an orthotopic melanoma cancer
model. Because cancer growth is regulated by immune and in-
flammatory components (22), we asked whether absence of Tlel
affects tumor progression. We compared B6-F10 melanoma
growth in TleI** mice and WT mice using an orthotopic trans-
plant model. Indeed, as shown in Fig. 5D and Fig. S8B, loss of
Tlel accelerated primary tumor growth.

Altogether our data support that the loss of Tlel enhances the
inflammatory response to inflammatory stimuli and accelerates
tumor growth.

Tle1-Deficient Hematopoietic Cells and Macrophages Produce Enhanced
Inflammatory Response to Inflammatory Stimuli. Although we did not
observe increased myelopoiesis when Tlel** BM was transplanted
into WT mice, we performed further experiments to determine if
there are intrinsic defects in the regulation of inflammatory pathways
in Tle]*™ hematopoietic cells. For these experiments, we examined
the response of BM-transplanted mice, as well as isolated macro-
phages, to LPS and Toll-like receptor (TLR) agonist inflammatory
stimuli.

Lethally irradiated WT mice were transplanted with BM from
WT or TleI** mice. After 16 wk, injection of LPS resulted in in-
creased septic shock-induced death in Tlel** BM-transplanted
mice (Fig. 64). Given the critical role of macrophages as mediators
of inflammation, we also isolated thioglycolate-induced peritoneal
macrophages from Tlel** mice. These macrophages were stimu-
lated with TLR agonists, and inflammatory cytokine expression was
quantified. We found significantly increased expression of cytokines
in response to stimulation for 7le“ macrophages compared
with WT (Fig. 6B). Specifically, the expression of IL-6 and TNF-a in
response to PAM3, the expression of IL-6 in response to Flagellin,
and the expression of TNF-a in response to heat-killed Listeria
Monocytogenes were greater in Tle/*”* macrophages. We con-
firmed this increased macrophage responsiveness using bone marrow-
derived macrophages (BMDMs). Stimulating BMDMs with
LPS resulted in increased expression of inflammatory cytokines IL-6
and IL-1p (Fig. 6C). As shown in Fig. 6 D and E, the e%)ression of
Hesl is decreased in LPS-treated and untreated Tle/** BMDMs
compared with WT. These data show that the loss of Tlel with
resultant decreased expression is associated with increased expres-
sion of inflammatory cytokines. Significantly higher HeslmRNA in
Tlel-deficient macrophage compared with WT BMDM (Fig. S9)
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Tle1A/A-PBS WT-PBS Tle1A/A-BZ

R after 5 wk of intraperitoneal injection of PBS or borte-

zomib 0.75 mg/kg (n = 4). *P < 0.05, **P < 0.01.

indicates that decreased Hes1 protein expression is not due to
decreased mRNA.

Discussion

Inflammation is exquisitely balanced by immune activators and
suppressors. Tlel knockout mice exhibited both increased chronic
inflammation as well as heightened susceptibility to inflammatory
stimuli, as evidenced by enhanced cytokine expression by stimulated
macrophages and enhanced inflammatory response of 7le/*” mice
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Fig. 5. Tle1-deficient mice exhibit an enhanced inflammatory response to TPA
treatment and accelerated B6-F10 tumor growth. (A) Ear thickness in the Tle 744
and WT mice after repeated application of TPA on the indicated day for 11 d.
n =6; *P < 0.05, **P < 0.01; error bars indicate mean + SEM. (B) Ears treated
with TPA for 11 d and stained with hematoxylin and eosin had marked thick-
ening of the dermis and epidermal layers with dense immune cell infiltrates in
Tle1* mice compared with WT mice. (Scale bar, 100 pm.) (C) Expression of
various cytokine and chemokine mRNAs in the Tle7% mice ear compared with
WT mice ear after application of TPA for 11 d (n = 3-4). (D) B16-F10 cells were
injected intradermally, and the tumor volume (mm3) was measured (n = 4-6).
*P < 0.05, **P < 0.01; error bars indicate mean + SEM.
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ears to TPA treatment. Our data indicate that loss of Tlel results in
excessive activation of NF-kB-mediated inflammatory pathways.

TLEL1 has previously been shown to negatively regulate NF-xB
using several in vitro systems (14-16, 23), although this has not been
previously examined using animal models. NF-kB is fundamental
in controlling many cellular processes, including inflammation and
immune response, cell proliferation, apoptosis, and development
(24-26). Our results indicate that loss of Tlel results in increased
NF-kB phosphorylation with increased expression of inflammatory
cytokines and chemokines in the skin, lung, and intestine and in-
creased expression of NF-kB inflammatory target genes in the lung.
This is associated with increased committed myeloid progenitors
and myeloid cells and decreased B cells in the BM along with in-
creased circulating neutrophils, IL-6, and G-CSF in Tlel-deficient
mice. It is similar to the effects seen with dysregulation of in-
flammatory pathways and infections (27) and the increase in G-CSF
and granulopoiesis seen with constitutive activation of NF-kB in
IxBa-deficient mice (28). In addition, in vitro overexpression of
Tlel in monocyte/macrophage cell lines blocks LPS-induced
NF-kB nuclear translocation and phosphorylation. We also found
bortezomib-mediated suppression of NF-kB activation in Tlel*
mice decreased myeloid cell expansion. This finding provides ev-
idence for the physiological role of Tlel in negatively regulating
the NF-kB inflammatory pathway and in regulating the immune
response. Given that the TLEs are capable of interacting with
other signaling pathways, we cannot exclude the possibility that
pathways other than NF-kB influence the severe inflammatory
phenotype in Tle** mice. However, we did not find evidence of
activation of other pathways such as Wnt, TGF-f, and IFN gamma in
lung and TPA-treated ears using NF-kB and inflammatory/cytokine
expression arrays. In addition, we did not see increased f-catenin
protein, a marker of Wnt activation (Fig. S10).

Although WT recipients of Tle** BM did not exhibit increased
myelopoiesis or decreased survival or body weight as seen in Tlel-
null mice, they do demonstrate increased susceptibility to LPS-
induced septic shock. Isolated 7le/** macrophages from 7Tlel*”
mice expressed higher inflammatory cytokines in response to LPS
and TLR agonists. Our data indicate that along with dysregulation of
inflammatory pathways intrinsic to TleI** hematopoietic cells, the
inflammatory signal from nonhematopoietic cells contributes to the
severe inflammatory phenotype of Tlel knockout mice. Indeed, Tle!

is known to be expressed in endothelial cells and epithelial cells (29),
which play a major role in the innate immune response (30, 31).

TLR-mediated activation of the Notch pathway and its target
genes Hesl and Heyl negatively regulates TLR-mediated inflam-
matory cytokine production in macrophages (32, 33), providing an
important counterregulatory feedback to prevent excessive inflam-
mation. Notch activation also up-regulates TLEs (1, 34, 35). Tlel
forms a very stable complex with Hesl protein, and it is generally
through the association of TLEs that HES1 gains its repressive
function (1, 34, 35). TLE-Hes] interaction has been shown to be
important for immune suppression in human monocytes (18) and
has been suggested to play a critical role in limiting inflammation
(18, 33, 36), although in vivo evidence for this was lacking. De-
creased Hesl protein in the Tlel-deficient macrophage suggests
defective immune suppression may be contributing to the increased
inflammatory response to the TLR agonist and LPS in these cells.
The lower Hesl protein levels in Tlel-deficient macrophages com-
pared with WT BMDMs, despite higher Hes] mRNA levels (Fig.
S8), suggest a decrease in Hesl protein stability. Although we did
not examine the mechanism of this observed decrease in Hesl
protein levels, Hesl protein is known to be stabilized by phosphor-
ylation (37) or targeted for degradation by interaction with Hes6
(38). Our results suggest a combination of increased NF-xB activa-
tion with decreased Hesl-mediated immune suppression in 7lel*
macrophages might be responsible for enhanced sensitivity of 7le1*
BM to LPS-induced inflammation.

Along with inflammation, we observed a number of apparent
developmental abnormalities in severely affected Tlel*” mice, in-
cluding delayed skin pigmentation, fewer hair follicles with disorga-
nization of the epidermis, poor lung septation, and shortening of the
intestine and dysmotility, in addition to growth retardation and early
mortality. Although these effects may reflect an important role of
Tlel in the development of these organs, the inflammatory state
caused by constitutive activation of NF-xB and expression of in-
flammatory cytokines and chemokines could be responsible for many
of these findings. This concept is supported by prior work from
several groups that found inflammation in mice can lead to delayed
pigmentation (39), alveolar hypoplasia, and poor postnatal growth
and decreased survival (28, 40).

The accelerated B6-F10 melanoma xenograft growth in Tlel-null
mice could be due to increased inflammation. Chronic inflammation
has been associated with cancer (41). TleI*”* mice had elevated
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serum IL-6 and G-CSF with higher circulating myeloid cells. It has
been shown that neutrophils exposed to a combination of G-CSF and
IL-6 converted BM neutrophils from a tumor-suppressive to a tumor-
promoting phenotype (42). NF-kB-mediated increases in myeloid-
derived suppressor cells were shown to have a major role in tumor
angiogenesis and immune modulation (43). This could underlie the
advantage for the tumor cell growth we see in Tle/*” mice.

The inflammatory phenotype in these TleI* mice may have
relevance to a variety of human inflammatory states. Increased
NF-kB activation and its target genes Agt and IL-1p are observed
in lungs with pulmonary fibrosis (44, 45). A genome-wide asso-
ciation study previously reported that an SNP variation in TLE1
was associated with colitis, and a case was made that this might
be due to TLE1 interacting with NOD2 and inhibiting NF-xB
activation (16). In support of a possible regulatory role of TLE1
in inflammatory bowel disease, we observed an increase in IL-1§,
IL-6, and TNF-« in the intestine of Tlel*”* mice.

In summary, our work provides evidence that Tlel negatively
regulates the NF-«kB inflammatory pathway and together with Hesl
provides an important role in suppressing excessive inflammation.

1. Chen G, Courey AJ (2000) Groucho/TLE family proteins and transcriptional repression.
Gene 249(1-2):1-16.

. Yochum GS, Ayer DE (2001) Pf1, a novel PHD zinc finger protein that links the TLE co-
repressor to the mSin3A-histone deacetylase complex. Mol Cell Biol 21(13):4110-4118.

. Yao J, et al. (2000) Disrupted development of the cerebral hemispheres in transgenic
mice expressing the mammalian Groucho homologue transducin-like-enhancer of
split 1 in postmitotic neurons. Mech Dev 93(1-2):105-115.

4. Dastidar SG, Narayanan S, Stifani S, D'Mello SR (2012) Transducin-like enhancer of
Split-1 (TLE1) combines with Forkhead box protein G1 (FoxG1) to promote neuronal
survival. J Biol Chem 287(18):14749-14759.

. Metzger DE, Liu C, Ziaie AS, Naji A, Zaret KS (2014) Grg3/TLE3 and Grg1/TLE1 induce
monohormonal pancreatic p-cells while repressing a-cell functions. Diabetes 63(5):
1804-1816.

. Dayyani F, et al. (2008) Loss of TLE1 and TLE4 from the del(9g) commonly deleted
region in AML cooperates with AML1-ETO to affect myeloid cell proliferation and
survival. Blood 111(8):4338-4347.

. Fraga MF, et al. (2008) Epigenetic inactivation of the Groucho homologue gene TLE1
in hematologic malignancies. Cancer Res 68(11):4116-4122.

. Zhang L, et al. (2013) MicroRNA-657 promotes tumorigenesis in hepatocellular car-
cinoma by targeting transducin-like enhancer protein 1 through nuclear factor kappa
B pathways. Hepatology 57(5):1919-1930.

. Allen T, et al. (2006) Grg1 acts as a lung-specific oncogene in a transgenic mouse
model. Cancer Res 66(3):1294-1301.

10. Seo SW, Lee H, Lee H-l, Kim H-S (2011) The role of TLE1 in synovial sarcoma. J Orthop

Res 29(7):1131-1136.

11. Ali SA, et al. (2010) Transcriptional corepressor TLE1 functions with Runx2 in epige-
netic repression of ribosomal RNA genes. Proc Nat/ Acad Sci USA 107(9):4165-4169.

12. Ju B-G, et al. (2004) Activating the PARP-1 sensor component of the groucho/TLE1
corepressor complex mediates a CaMKinase Ildelta-dependent neurogenic gene ac-
tivation pathway. Cell 119(6):815-829.

13. Chodaparambil JV, et al. (2014) Molecular functions of the TLE tetramerization do-
main in Wnt target gene repression. EMBO J 33(7):719-731.

14. Tetsuka T, et al. (2000) Inhibition of nuclear factor-kappaB-mediated transcription by
association with the amino-terminal enhancer of split, a Groucho-related protein
lacking WD40 repeats. J Biol Chem 275(6):4383-4390.

15. Ghosh HS, Spencer JV, Ng B, McBurney MW, Robbins PD (2007) Sirt1 interacts with
transducin-like enhancer of split-1 to inhibit nuclear factor kappaB-mediated tran-
scription. Biochem J 408(1):105-111.

16. Nimmo ER, et al. (2011) TLE1 modifies the effects of NOD2 in the pathogenesis of
Crohn’s disease. Gastroenterology 141(3):972-981.e1-2.

17. Alvarez Y, et al. (2011) Notch- and transducin-like enhancer of split (TLE)-dependent
histone deacetylation explain interleukin 12 (IL-12) p70 inhibition by zymosan. J Biol
Chem 286(19):16583-16595.

18. Larabee JL, Shakir SM, Barua S, Ballard JD (2013) Increased cAMP in monocytes
augments Notch signaling mechanisms by elevating RBP-J and transducin-like en-
hancer of Split (TLE). J Biol Chem 288(30):21526-21536.

19. Sweetser DA, et al. (2005) Delineation of the minimal commonly deleted segment and
identification of candidate tumor-suppressor genes in del(9q) acute myeloid leuke-
mia. Genes Chromosomes Cancer 44(3):279-291.

20. Wheat JC, et al. (2014) The corepressor Tle4 is a novel regulator of murine hemato-

poiesis and bone development. PLoS One 9(8):e105557.

. Hochrainer K, Racchumi G, Anrather J (2013) Site-specific phosphorylation of the p65
protein subunit mediates selective gene expression by differential NF-x<B and RNA
polymerase Il promoter recruitment. J Biol Chem 288(1):285-293.

22. Lin W-W, Karin M (2007) A cytokine-mediated link between innate immunity, in-

flammation, and cancer. J Clin Invest 117(5):1175-1183.

23. Dubnicoff T, et al. (1997) Conversion of dorsal from an activator to a repressor by the
global corepressor Groucho. Genes Dev 11(22):2952-2957.

N

w

5

o

~

e

©

2

=

1876 | www.pnas.org/cgi/doi/10.1073/pnas.1511380113

Through the characterization of Tlel knockout mice, we provide
the first in vivo evidence, to our knowledge, that TLE1 is a major
counterregulator of inflammation and could play a role in a variety of
inflammatory diseases and potentially cancer growth.
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Materials and procedures for all experiments are described in S/ Materials
and Methods. Included are the generation of Tle7%2 mice, flow cytometry
analysis, PCR array analysis, bortezomib treatment, LPS-induced septic shock,
TPA treatment, generation and culturing of macrophage, and statistical
analysis. Also provided are additional results and figures. This research was
approved by the Massachusetts General Hospital Institutional Animal Care
and Use Committee.
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