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A proper inflammatory response is critical to the restoration
of tissue homeostasis after injury or infection, but how such a
response is modulated by the physical properties of the cellular
and tissue microenvironments is not fully understood. Here,
using H358, HeLa, and HEK293T cells, we report that cell den-
sity can modulate inflammatory responses through the Hippo
signaling pathway.We found thatNF-�� activation through the
proinflammatory cytokines interleukin-1� (IL-1�) and tumor
necrosis factor � (TNF�) is not affected by cell density. How-
ever, we also noted that specific NF-�� target genes, such as
cyclooxygenase 2 (COX-2), are induced much less at low cell
densities than at high cell densities. Mechanistically, we
observed that the transcriptional coactivators Yes-associated
protein (YAP) and transcriptional coactivator with PDZ-bind-
ing motif (TAZ) are localized to the nucleus, bind to TEA
domain transcription factors (TEADs), recruit histone deacety-
lase 7 (HDAC7) to the promoter region of COX-2, and repress
its transcription at low cell density and that high cell density
abrogates this YAP/TAZ-mediated transcriptional repression.
Of note, IL-1� stimulation promoted cell migration and inva-
sion mainly through COX-2 induction, but YAP inhibited this
induction and thus cell migration and invasion. These results
suggest that YAP/TAZ–TEAD interactions can repress COX-2
transcription and thereby mediate cell density–dependent
modulation of proinflammatory responses. Our findings high-
light that the cellular microenvironment significantly influ-
ences inflammatory responses via the Hippo pathway.

Inflammation is the body’s primary protective response
when tissues are damaged due to infection, injury, or other
physical stresses. It is generally an acute response and can be
resolved as soon as the offending agents are removed or other-
wise countered, after which tissue structure and function are
restored to homeostasis (1). Conceivably, cells and tissues inte-
grate the physical properties of their microenvironments, such
as cell density, cell geometry, extracellular matrix stiffness, and
mechanical stretches, to properly calibrate an inflammatory
response (2, 3). However, the failure of this process can lead to
excessive tissue damage,making themprone to chronic inflam-
mation (4), which has been linked to numerous chronic dis-
eases, including type 2 diabetes, atherosclerosis, neurodegen-
erative diseases, and cancer (5, 6).
The NF-�� signaling pathway plays an essential role in exe-

cuting an inflammatory response (7, 8). NF-�� is a transcrip-
tion factor complex that is normally retained in the cytosol of
resting cells by virtue of its binding to I�B inhibitory proteins,
such as I�B�. In response to a variety of stimuli (e.g. proinflam-
matory cytokines interleukin-1� (IL-1�)2 and tumor necrosis
factor � (TNF�)), transforming growth factor-�–activated
kinase 1 (TAK1) and I�B kinase complexes are sequentially
activated, leading to I�B� phosphorylation and subsequent
ubiquitination and degradation. Consequently, NF-�� is freed
and translocated into the nucleus where it binds to target genes
and induces their expression (9). More than 200 genes are
known to be activated by NF-��, including chemokines, cyto-
kines, adhesion molecules, inflammatory mediators, apoptosis
inhibitors, and others (10). These genes perform a variety of
essential functions. For example, cyclooxygenase-2 (COX-2),
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an inducible isozyme that catalyzes the first step in the synthesis
of prostanoids, mediates an effective inflammatory response,
whereas negative regulators of the NF-�� signaling pathway
(such as I�B� and deubiquitinating enzymes A20 and CYLD)
help resolve inflammation and reset the response to latency (11,
12).
The Hippo signaling pathway is critical in the control of

organ size and has been implicated in tumorigenesis (13). This
pathway includes the mammalian orthologs of Drosophila
melanogaster Hippo kinase mammalian STE20-like protein
kinases 1 (MST1; also known as STK4) and 2 (MST2; also
known as STK3), large tumor suppressors 1 (LATS1) and 2
(LATS2), the transcriptional coactivators Yes-associated pro-
tein (YAP) and transcriptional coactivator with PDZ-binding
motif (TAZ; also known as WWTR1), and the TEA domain–
containing sequence-specific transcription factors TEAD1–
TEAD4 (14–22). Once the Hippo kinase module is activated,
theupstreamkinasesMST1/2 are activated,which in turnphos-
phorylate and activate LATS1/2 (23, 24). LATS1/2 then phos-
phorylate YAP and TAZ (25, 26), leading to their cytoplasmic
retention (27, 28).When thismodule is turned off,MST1/2 and
LATS1/2 are inactivated, resulting in the dephosphorylation of
YAP and TAZ and their translocation into the nucleus where
they form active transcriptional complexes with TEADs to ini-
tiate target gene expression (22, 29, 30). The Hippo signaling
pathway can bemodulated by the physical properties of cell and
tissue microenvironments (31, 32). For example, low cell den-
sity, a high degree of cell spreading, or stiff matrices will render
MST1/2 and LATS1/2 inactive, leading to YAP/TAZ activation
and their translocation into the nucleus. Conversely, high cell
density, a low degree of cell spreading, or soft matrices will
result in activation of MST1/2 and LATS1/2, which phosphor-
ylate and inactivate YAP/TAZ (33, 34). Whether the Hippo
signaling pathway can transduce physical properties of the cel-
lular and tissue microenvironments to modulate inflammatory
responses, however, has not been fully investigated.
Here, we report how the physical properties of the cell

microenvironment can affect inflammatory responses. We
used cell density as themodel and studied itsmodulatory effects
on the cell’s proinflammatory responses. Cell density varies in
different tissues and organs, whichwould responddifferently to
proinflammatory stimuli. In addition, cell density is a critical
factor that affects tumor growth inwhich chronic inflammation
is also implicated (35).We found that cell density stronglymod-
ulated the inflammatory responses, and YAP/TAZ, the effector
proteins of the Hippo pathway, mediated the effects.

Results

Cell density modulates inflammatory responses

Cell density is an important physical property that influences
cellular behaviors, but whether it modulates inflammatory
responses is not fully understood.We examined its effect on the
NF-�B signaling pathway by plating cells at different cell den-
sities and stimulating them with IL-1� or TNF�. Neither the
pattern of I�B� degradation and its resynthesis nor the induc-
tion of A20, a deubiquitinating enzyme and a negative regulator
of NF-�� signaling that terminates NF-�� activation (11), was

affected by cell confluence levels (Fig. S1, A and B), which indi-
cates that cell density did not affect the activation of the NF-��
signaling pathway.
Given the importance of COX-2 in mediating inflammatory

responses, we also checked its induction. Protein and mRNA
levels of COX-2 both increased with the increment of cell den-
sities (Fig. 1, A–E). However, the expression of COX-1, the
constitutively expressed isoform of COXs, was not affected
(Fig. S1B). This suggests cell density could modulate COX-2
induction in response to proinflammatory stimulation.
Other stress conditions also stimulate COX-2 induction.We

used deferoxamine (DFO), a hypoxia-mimicking agent, and
serum starvation as stimulators because both are known to
induce the expression of COX-2 by activating, respectively,
hypoxia-inducible factor-� and p38 signaling (stress-activated
protein kinase) (36, 37). We found that both stimulators
induced COX-2 expression, and its level was also dependent on
cell density (Fig. S1, C and D).

YAP and TAZ mediate the modulation of COX-2 induction by
cell density

Cell density regulates the Hippo signaling pathway (38), so
we investigated whether this pathway might mediate cell
density–dependent modulation of COX-2 expression. For the
Hippo pathway, inactivation or loss of MST1/2 and LATS1/2
leads to dephosphorylation and nuclear translocation of YAP/
TAZ (22). We found that short interfering RNA (siRNA)-
mediated knockdown of YAP/TAZ or LATS1/2 did not affect
the activation of either ERK1/2 or the NF-�� pathways stimu-
lated by IL-1� because the pattern of ERK activation, I�B� deg-
radation and resynthesis, and A20 induction were similar
among the control siRNA, siYAP/TAZ, and siLATS1/2 groups
(Fig. 2A and Fig. S2A). Comparedwith control siRNA, however,
IL-1� induced more COX-2 at both the protein and mRNA
levels upon knockdown of YAP, TAZ, or both together but less
COX-2 upon knockdown ofMST1/2 or LATS1/2 (Fig. 2, A and
B). Immunofluorescence staining also confirmed that, com-
pared with control siRNA, knockdown of YAP/TAZ increased
COX-2 induction, whereas knockdown of LATS1/2 decreased
it, along with the relocation and accumulation of YAP in the
nucleus (Fig. 2, C and D).
To exclude the possibility that LATS1/2 might regulate the

COX-2 induction independently of YAP/TAZ, we transfected
YAP/TAZ, LATS1/2 siRNAs, or both into cells. Comparedwith
control siRNA, knockdown of LATS1/2 led to reduction of
COX-2 induction, but this disappeared upon further knock-
down of YAP/TAZ, which was similar to that of YAP/TAZ
knockdown alone (Fig. 2E). These results suggest the modula-
tion of COX-2 induction by LATS1/2 relied on YAP and TAZ.
This was further reinforced by the fact that overexpression of
YAP or TAZ led to a marked decrease of IL-1�–stimulated
COX-2 induction (Fig. 2F). Remarkably, knockdown of YAP
and TAZ or stably expressing YAP(5SA), a constitutively active
form of YAP, completely abolished cell density–modulated
COX-2 induction by IL-1� stimulation (Fig. 2, G and H).
Knockdown of YAP and TAZ also strongly enhanced COX-2
induction by DFO or serum starvation, whereas knockdown of
LATS1/2 suppressed it (Fig. S2, B and C). Hydrodynamic tail
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vein injection of YAP(5SA) caused liver tumors inmice over the
course of 3 months (39). Notably, immunohistochemistry of
the tumors revealed a negative correlation between the expres-
sion of YAP(5SA) and COX-2 (Fig. S2D).
To test for the possibility that YAP/TAZ indirectly inhibit

COX-2 induction by inducing other genes to be expressed first,
the latter then inhibiting COX-2 induction, we knocked down
LATS1/2 in H358 cells and then treated them with cyclohexi-
mide (CHX), a translation inhibitor. Although the qRT-PCR
results showed that CHX enhanced the induction of COX-2 by
IL-1� stimulation (most likely by inhibiting the new synthesis of
the I�B� protein), CHX did not block the suppression of COX-2
induction upon LATS1/2 knockdown (Fig. S2E). We also tested
the possibility that microRNA could be involved but found that
knocking down Dicer, the enzyme responsible for cleaving pre-
miRNA into mature miRNA, did not affect the suppression of
COX-2 induction upon LATS1/2 knockdown (Fig. S2F). These
results suggest that new protein synthesis and microRNAs were
irrelevant to the suppression function of YAP/TAZ. Together,
these results demonstrate that the Hippo pathway mediated the
celldensity–dependentmodulationofCOX-2 inductionbydiffer-
ent stimulators and that YAP andTAZ furthermore functioned in
direct transcriptional suppression.

YAP and TAZ require TEADs to function as transcriptional
corepressors

YAP and TAZ are transcriptional coactivators that facilitate
the transcriptional activators TEADs (TEAD1–4) to induce
gene expression (22), and we sought to determine whether the

suppressive functions of YAP and TAZ depend on TEADs.
Knocking down LATS1/2, which is functionally equivalent to
YAP/TAZ activation, diminished COX-2 induction by IL-1�,
serum starvation, and hypoxia. This effect, however, was abro-
gated inTEAD-depleted cells (Fig. 3,A andB, and Fig. S3,A and
B). Knockdown of TEAD expression also disrupted the cell
density–regulated COX-2 induction stimulated by IL-1� (Fig.
3C). The mRNA level of COX-1 and the knockdown efficien-
cies were validated using qRT-PCR (Fig. S3C). ThemRNA level
of connective tissue growth factor validated the dysregulation
of the Hippo pathway upon knockdown of LATS1/2 and
TEADs (Fig. S3C). Furthermore, overexpression of TEAD1
suppressed IL-1�–stimulated COX-2 induction, but this sup-
pression was abolished when YAP and TAZ were knocked
down (Fig. 3D). We therefore concluded that TEADs were
needed for the suppression functions of YAP/TAZ.
To further dissect the molecular basis of the YAP/TAZ–

TEADs as suppression complexes, we tested three different
YAP mutants: YAP(5SA); YAP(5SA,S94A), an inactive form
of YAP due to its deficiency in association with TEADs; and
YAP(5SA�PDZ-BM), which lacks the PDZ-bindingmotif and is
also inactive (Fig. 3E) (40). As shown in Fig. 3F, overexpression of
YAP or YAP(5SA) inhibited the induction level of COX-2 by
IL-1�. However, this inhibitory activity was completely abolished
in mutant YAP(5SA,S94A). Surprisingly, although as deficient as
YAP(5SA,S94A)at inducingCYR61(acommonlyused targetgene
of YAP/TAZ), YAP(5SA�PDZ-BM) was still able to suppress
COX-2 induction. In addition, TEAD1(�88–101), a TEAD1dele-

Figure1. Cell densitymodulatesCOX-2 induction.A andB, cell density modulates the induction of COX-2 at the protein level. H358 cells (about 2�105 cells)
were seeded onto 10-, 6-, and 3.5-cm plates for low, medium, or high cell densities, respectively, for 6 h and then treated with 10 ng/ml IL-1� (A) or 10 ng/ml
TNF� (B) for the times indicated. Cells were then harvested and analyzed by immunoblotting (IB) with the indicated antibodies. C, cell density modulates the
induction of COX-2 at the transcriptional level. H358 cells (about 2� 105 cells) were seeded onto 10-, 6-, and 3.5-cm plates for different cell densities and then
treated with IL-1� for the times indicated after 6 h. Cells were then harvested for RNA extraction. The mRNA level of COX-2 was measured by qRT-PCR. n� 3
independent experiments. Data are presented as mean� S.D. Error bars represent S.D. *, p� 0.05; **, p� 0.01; and ***, p� 0.001, by unpaired, two-tailed
Student’s t test. D and E, cell density modulates COX-2 induction. H358 cells were cultured on cover glasses in 24-well plates at different densities (2.5� 104,
7.5 � 104, and 2.25 � 105 cells/well) for 6 h, stimulated with IL-1� for another 2 h, and fixed for immunofluorescence (IFC) staining for COX-2. Nuclei were
counterstained with Hoechst (D). Relative mean fluorescence intensities of COX-2 of each cell were determined (E). n� 3 independent experiments. Data are
presented as mean� S.D. Error bars represent S.D. **, p� 0.01, by unpaired, two-tailed Student’s t test (E).
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tion formdeficient inDNAbinding, also failed to suppressCOX-2
induction (Fig. S3D). Together, these data suggested that although
the binding of YAP/TAZ–TEADs to DNA is essential for their
suppression activities, their transcriptional activity may not be.

Next, we sought to determine whether YAP/TAZ–TEAD
complexes bind directly to the promoter region of COX-2.
There are two putative TEAD-binding sequences (GGAATG
and CATTCC) in the COX-2 promoter. One is located about
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0.6 kb upstream of the transcriptional start site, and the other is
about 1.5 kb upstream of it (Fig. 3G). We conducted chromatin
immunoprecipitation (ChIP) assays using an anti-YAP1 anti-
body and observed the enrichment of YAP at both the�0.6 and
�1.5 kb sites (Fig. 3G). Importantly, YAP enrichment at the two
sites was modulated by cell density: more YAP was recruited at
low cell density compared with high cell density (Fig. 3H).
These data suggest there was direct binding between YAP/
TAZ–TEADs and the COX-2 promoter.

YAP/TAZ–TEADs recruit HDAC7 to the COX-2 promoter to
suppress its induction

We next tested whether histone deacetylases (HDACs) were
involved in the transcriptional suppression activity of the YAP/
TAZ–TEAD complexes (41). Treatments with both sodium
butyrate and trichostatin A, which specifically inhibit the class I
and II mammalian HDACs, restored COX-2 induction by
serum starvation in LATS1/2-depleted H358 cells (Fig. S4, A
and B). This suggests that HDACs may play a role in the sup-
pression activities of YAP/TAZ–TEAD complexes. Upon over-
expression, HDAC4, -6, -7, and -11 diminished COX-2 induc-
tion with HDAC7 being the most effective (Fig. S4C). Only
knockdown of HDAC7, however, was able to boost the induc-
tion of COX-2 by IL-1� stimulation, which was comparable
with that of YAP/TAZ depletion (Fig. 4, A and B). The knock-
down efficiencies were measured by qRT-PCR (Fig. S4D).
We then examined whether HDAC7 was involved in the

YAP-mediated suppression of COX-2 induction. Overexpres-
sion of YAP(5SA) or HDAC7 reduced COX-2 induction levels
by IL-1�, but this effect was abolished when HDAC7 was
depleted using siRNAs (Fig. 4C). Similarly, knockdown of
LATS1/2 reduced IL-1�–stimulatedCOX-2 induction, but this
effect was abolished in HDAC7 knockout (KO) cells (Fig. 4D).
More importantly, there was significantly less COX-2 induc-
tion at low cell density than at high cell density in wildtype
(WT) cells, but this difference was lost inHDAC7KO cells (Fig.
4, E, F, and G). These data suggest that HDAC7 mediated the
suppression activity of the YAP/TAZ–TEAD complexes.
We next examined the interaction betweenHDAC7 and YAP/

TAZ–TEADcomplexes todissect theirmolecularbasis.Coimmu-
noprecipitation revealed the direct binding ofHDAC7withYAP–
TEAD1 or TAZ–TEAD4 complexes (Fig. 5, A and B). Domain
mapping suggested the C-terminal TAD domain of YAP was

involved in its interaction with HDAC7 because YAP C-terminal
deletion (YAP(�C)) (Fig. 3E) was not immunoprecipitated by
FLAG-HDAC7 (Fig. 5C).OverexpressionofYAP(�C) alsodidnot
suppress the COX-2 induction by IL-1� stimulation (Fig. 5D).
Next, we investigated whether HDAC7 was recruited onto

the COX-2 promoter. We generated GFP (as a control)-,
YAP(5SA)-, and TEAD1-expressing stable cell lines in H358
cells and performed a ChIP assay using an anti-HDAC7 anti-
body. HDAC7 was enriched at the two putative TEAD-binding
loci of the COX-2 promoter in GFP-expressing cells, and this
effect was enhanced in cells with stable overexpression of
YAP(5SA) and TEAD1 (Fig. 5E). This suggests that TEAD1 and
YAP facilitated the binding of HDAC7 to the COX-2 promoter.
More importantly, HDAC7 recruitment to the COX-2 pro-
moter was modulated by cell density in that less HDAC7 was
recruited at high cell density than at low cell density (Fig. 5F).
Taken together, these data indicate that HDAC7 formed a
repressor complex with YAP/TAZ–TEADs that bound to the
promoter region of COX-2 and suppressed its transcription.

YAP impairs cellular metastasis mainly via suppression of
COX-2 induction

We next investigated the effects of YAP/TAZ-mediated
modulation of inflammatory responses. For this, we established
H358 cell lines stably expressing GFP (as a control), COX-2,
YAP(5SA), or both COX-2 and YAP(5SA) (Fig. S5A). An MTT
assay showed that these four cell lines were similar in viability
and proliferation, which were also not affected by IL-1� stimu-
lation (Fig. S5B). We then performed wound healing and Tran-
swell assays using these four stable cell lines. In the wound
healing assay, IL-1� stimulation significantly elevated the cell
migration ability in GFP-expressing cells (Fig. 6A, group b), but
not in YAP(5SA)-expressing cells (Fig. 6A, group f). Although
stable expression of COX-2 promoted cell migration in the
same manner as IL-1� stimulation (Fig. 6A, groups i and j), the
effect was not blocked by YAP(5SA) expression (Fig. 6A, groups
m and n). Of note, in all cases except YAP(5SA)-expressing
cells, the COX-2–specific inhibitor celecoxib significantly
blocked themigration of these cell lines (Fig. 6, A, groups d, h, k,
l, o, and p, and B). Consistently, the invasion assay in vitro also
showed significant suppression activity of YAP(5SA) on the
increased capacity of cell invasion by IL-1� stimulation, an
effect reversed by the expression of COX-2 (Fig. 6, C and D).

Figure 2. The Hippo pathwaymediates the effect of cell density on COX-2 induction. A, Hippo pathway regulates the induction of COX-2 by IL-1�. H358
cells were transfected with the indicated siRNAs and treated with IL-1� for 2 h. Cells were then lysed and analyzed by immunoblotting (IB) with the indicated
antibodies. B, knockdown of YAP/TAZ enhances whereas knockdown of LATS1/2 diminishes the transcription of COX-2. H358 cells transfected with control
siRNA or siRNA against YAP/TAZ or LATS1/2 were treated with IL-1� for the indicated duration of time. Cells were harvested, and total RNAs were extracted for
measurement of COX-2 mRNA level by qRT-PCR. n � 3 independent experiments. Data are presented as mean � S.D. Error bars represent S.D. *, p � 0.05
(compared with siNC group at the same induction time point), by unpaired, two-tailed Student’s t test. C and D, knockdown of YAP/TAZ enhances COX-2
induction by IL-1�, whereas knockdown of LATS1/2 diminishes it. H358 cells transfected with control siRNA or siRNA against YAP/TAZ or LATS1/2 were cultured
onto cover glasses, treated with or without IL-1� for 2 h, and fixed for immunofluorescence staining using the indicated antibodies (C). The relative mean
fluorescence intensity (anti-COX-2) of each cell was determined. n� 3 independent experiments. Data are presented as mean� S.D. Error bars represent S.D.
*, p� 0.05; and **, p� 0.01, by unpaired, two-tailed Student’s t test (D). E, LATS1/2 regulate COX-2 induction through YAP and TAZ. H358 cells were transfected
with siRNAs targeting LATS1/2, YAP/TAZ, or both and then treated with IL-1� for the indicated time. Cells were harvested for immunoblotting with the
indicated antibodies. F, overexpression of YAP and TAZ attenuates the induction of COX-2 by IL-1�. HeLa cells were transfected with FLAG-YAP or FLAG-TAZ
and treated with IL-1� for the time indicated. Cells were then lysed and analyzed by immunoblotting with the indicated antibodies. G, knockdown of
YAP/TAZ abolishes the effect of cell density on COX-2 induction by IL-1�. H358 cells plated at low or high cell density were transfected with control siRNA or
siRNAs against YAP and TAZ for 48 h and then stimulated with IL-1� for the time indicated. Cells were then lysed and analyzed by immunoblotting with the
indicated antibodies.H, overexpression of YAP(5SA) abolishes the effect of cell density on COX-2 induction by IL-1�. H358 cells plated at low or high cell density
were transfected with empty vector (EV) or a plasmid expressing the constitutively active YAP mutant YAP(5SA) for 24 h and then stimulated with IL-1� for the
indicated duration of time. Cells were then lysed and analyzed by immunoblotting with the indicated antibodies. NC, negative control.
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Collectively, these data show that IL-1� promoted cell migra-
tion throughCOX-2 induction that was inhibited by YAP via its
suppression of COX-2 induction. This suggests that YAP could
function as a tumor suppressor by inhibiting the inflammation-
induced promotion of cancer cell migration and metastasis.

YAP suppresses induction of selective genes that play key roles
in inflammation and immune responses

To further understand the genes that might be regulated
by the Hippo signaling pathway during proinflammatory

responses, we stimulated our GFP- and YAP(5SA)-expressing
cells with TNF� or IL-1� and conducted microarray assays to
obtain their gene expression profiles. As expected, many of the
NF-�B target genes were not affected by YAP(5SA) (Fig. S6A),
among which TRAF1, A20, and I�B� were confirmed by qRT-
PCR (Fig. S6B). Interestingly, YAP(5SA)negatively regulated a sig-
nificant number of NF-�� target genes (Fig. 7A) as was also the
case of COX-2. Some we confirmed by qRT-PCR (Fig. 7B). It is
worth noting as well that YAP(5SA) enhanced the induction of a
fewNF-�� target genes, such as IL-6 and PTX3 (Fig. S6,A andB).

Figure3.TEADsare required forYAP/TAZ-mediatedsuppressionofCOX-2 induction.AandB, lack of TEADs abolishes the suppression of COX-2 induction.
H358 cells were transfected with control siRNA or with siRNAs against LATS1/2, TEADs, or both and treated with IL-1� for the indicated duration of time. Cells
were then lysed and analyzed by immunoblotting (IB) (A) or by qRT-PCR (B). n� 3 independent experiments. Data are presented as mean� S.D. Error bars
represent S.D. ***, p� 0.001; and n.s., not significant (p	 0.05), by unpaired, two-tailed Student’s t test. C, lack of TEADs abolishes the effect of cell density on
COX-2 induction. H358 cells plated at low or high densities were transfected with control siRNA or siRNA against TEADs and then stimulated with IL-1� for the
indicated time. Cells were harvested and immunoblotted using the indicated antibodies.D, TEAD1 suppression of COX-2 induction depends on YAP/TAZ. HeLa
cells were transfected with control siRNA or siRNAs against YAP and TAZ for 48 h followed by transient overexpression of empty vector (EV) or FLAG-tagged
TEAD1 for 24 h. Cells were then stimulated with IL-1� for 2 h and harvested for immunoblotting using the indicated antibodies. E, diagram presents YAP
mutants used in the study. F, YAP requires the association with TEADs to suppress COX-2 induction. HeLa cells were transfected with YAP WT or its mutants,
stimulated with IL-1�, and harvested for immunoblotting with the indicated antibodies. G, YAP binds directly to the COX-2 promoter. Top, diagram showing
the COX-2 gene promoter in the vicinity of its transcription start site (TSS). The red boxes indicate the putative TEAD-binding sequences. Bottom, H358 cells
stably expressing YAP(5SA) were subjected to ChIP analysis using anti-YAP or IgG, and precipitated DNA was measured by qPCR. n� 3 independent experi-
ments. Data are presented as mean� S.D. Error bars represent S.D. *, p� 0.05; and ***, p� 0.001, by unpaired, two-tailed Student’s t test.H, cell density affects
the enrichment of YAP at the COX-2 promoter. H358 cells seeded at low or high cell densities were subjected to ChIP analysis using anti-YAP or IgG, and
precipitated DNA was measured by qPCR. n� 3 independent experiments. Data are presented as mean� S.D. Error bars represent S.D. *, p� 0.05; and ***, p�
0.001, by unpaired, two-tailed Student’s t test. NC, negative control; CTGF, connective tissue growth factor.
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In addition, many other inflammation-related genes were
regulated by YAP(5SA), although they are not NF-�� target
genes, and their expression did not change upon IL-1� or
TNF� stimulation. Some of these genes were down-regu-
lated (Fig. S6C), whereas others were up-regulated (Fig.
S6D). Notably, for those targeted genes involved in inflam-
matory responses, the heat map showed that YAP(5SA)

down-regulated a greater number of genes than it up-regu-
lated. Kyoto Encyclopedia of Genes and Genomes (KEGG)
pathway enrichment analysis indicated that many of the dif-
ferentially regulated genes play critical roles in signaling
pathways related to antimicrobial responses (Fig. S6E and
Table S1). Furthermore, gene ontology analysis indicated
that the expression of YAP(5SA) suppressedmany genes that

Figure 4. HDAC7 mediates YAP/TAZ suppression of COX-2 induction. A and B, HDAC7 inhibits COX-2 induction. H358 cells were transfected with
siRNAs against the indicated HDACs and treated with IL-1� for 2 h. Cells were harvested for immunoblotting (IB) with the indicated antibodies (A) and
qRT-PCR (B) for COX-2 induction. n � 3 independent experiments. Data are presented as mean � S.D. Error bars represent S.D. ***, p � 0.001, by
unpaired, two-tailed Student’s t test. C, HDAC7 deficiency abolishes YAP repression of COX-2 induction. HeLa cells were transfected with control siRNA
or siRNA against HDAC7 followed by transfection of the indicated plasmids. Cells were then stimulated with IL-1� and harvested for immunoblotting
using the indicated antibodies. D, lack of HDAC7 abolishes the Hippo-mediated inhibition of COX-2 induction. WT and HDAC7 KO H358 cells were
transfected with control siRNA or siRNA targeting LATS1/2 and then stimulated with IL-1� for the indicated duration of time. Cells were harvested and
immunoblotted with the indicated antibodies. E, F, and G, loss of HDAC7 weakens the effect of cell density on COX-2 induction. H358 cells of WT or
HDAC7 KO at the same cell numbers (about 2� 105 cells) were cultured in 10-cm (low cell density) or 3.5-cm (high cell density) plates and treated with
IL-1� for the indicated time. Cells were then harvested and immunoblotted with the indicated antibodies (E). WT and HDAC7 KO H358 cells were
cultured on cover glasses in 24-well plates at low (2.5� 104 cells/well) or high (2.25� 105 cells/well) densities and treated with IL-1� for 2 h. Cells were then
fixed and subjected to immunofluorescence staining for COX-2 (F). The relative mean fluorescence intensities of COX-2 staining of single cells were determined. n�
3 independent experiments. Data are presented as mean�S.D.Errorbars represent S.D. *,p�0.05; andn.s., not significant, by unpaired, two-tailed Student’s t test (G).
NC, negative control; EV, empty vector.

Figure 5. HDAC7 binds directly to the COX-2 gene promoter. A and B, YAP/TAZ–TEAD complexes interact with HDAC7. 293T cells were cotransfected
with Myc-TEAD1, HA-YAP1, and FLAG-HDAC7 (A) or HA-TEAD4, Myc-TAZ, and FLAG-HDAC7 (B). Cell lysates were subjected to immunoprecipitation with
M2 beads, and bound proteins were analyzed using the indicated antibodies. C, the C terminus of YAP mediates the interaction of YAP–TEAD complex
with HDAC7. 293T cells were transfected with the indicated plasmids, and cell lysates were subjected to immunoprecipitation with M2 beads. Bound
proteins were analyzed using the indicated antibodies. D, the C-terminal transcriptional activation domain of YAP is required for its repression function.
HeLa cells were transfected with FLAG-YAP or its C-terminal deletion mutant, stimulated with IL-1� for 2 h, and harvested for immunoblotting using the
indicated antibodies. E, HDAC7 binds to the COX-2 promoter through YAP–TEAD complex. H358 cells stably expressing GFP, YAP(5SA), or TEAD1 were
subjected to ChIP using anti-HDAC7 or IgG, and precipitated DNA was measured by qPCR using primers to amplify the indicated regions surrounding
the putative TEAD-binding sites on the COX-2 promoter. n� 3 independent experiments. Data are presented as mean� S.D. Error bars represent S.D.
*, p� 0.05 and ***, p� 0.001, by unpaired, two-tailed Student’s t test. F, cell density regulates HDAC7 recruitment onto the COX-2 promoter. H358 cells
grown at low or high cell densities were subjected to ChIP using anti-HDAC7 or IgG, and precipitated DNA was measured by qPCR. n� 3 independent
experiments. Data are presented as mean � S.D. Error bars represent S.D. **, p � 0.01; and ***, p � 0.001, by unpaired, two-tailed Student’s t test. EV,
empty vector.
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play key roles in regulating cell adhesion, cell migration,
prostaglandin metabolism, and angiogenesis (Fig. S6F), con-
sistent with the results of the migration and invasion assays

(Fig. 6). The microarray analysis further established YAP as a
bona fide transcriptional corepressor to regulate inflamma-
tory responses.

Figure 6. YAP inhibits cell migration and invasion through suppression of COX-2 induction. A and B, active YAP disrupts IL-1�–stimulated cell
migration by inhibiting COX-2 induction. H358 cells stably expressing GFP (control), YAP(5SA), COX-2, or YAP(5SA) plus COX-2 were generated and used
in a wound healing assay. The cells were treated with IL-1� and/or the COX-2 inhibitor celecoxib as indicated and are shown after recovery of 24 or 48 h
(A). The frequency of wound recovery is shown (B). n� 3 independent experiments. Data are presented as mean� S.D. Error bars represent S.D. n.s., not
significant (p	 0.05); *, p� 0.05; and **, p� 0.01 (compared with control (CTRL) in each group, respectively), by unpaired, two-tailed Student’s t test.
C, active YAP inhibits IL-1�–stimulated COX-2 induction to disrupt cell migration in a Transwell assay. The four stable cell lines as in A with the indicated
treatment were added to the top chambers. After incubation for 24 h, the migrated cells on the underside of the chamber were fixed, stained with crystal
violet, and then examined under a light microscope (left panel). The number of migrated cells was counted from the images of five randomly selected
fields (right panel). n� 3 independent experiments. Data are presented as mean� S.D. Error bars represent S.D. n.s., not significant (p	 0.05); *, p� 0.05;
and **, p� 0.01 (compared with control (CTRL) in each group, respectively). D, YAP inhibits IL-1�–induced COX-2 to disrupt cell invasion in a Transwell
invasion assay. The invasion ability of H358 stable cell lines as in A was measured by a Transwell invasion assay. Cells were added to the top chambers
coated with Matrigel. After incubation for 24 h, the invaded cells were fixed, stained with crystal violet, and then examined under a light microscope (left
panel). The number of invasive cells was counted from the images of five randomly selected fields (right panel). n� 3 independent experiments. Data
are presented as mean� S.D. Error bars represent S.D. n.s., not significant (p	 0.05); *, p� 0.05; **, p� 0.01; and ***, p� 0.001 (compared with control
(CTRL) in each group, respectively), by unpaired, two-tailed Student’s t test.
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Discussion

Inflammation is the body’s primary response to infections
and injuries. A disproportionate or inappropriately extended
response can be detrimental, predisposing the body to chronic
diseases (4). Therefore, the cells and tissues involved integrate
the physical properties of their microenvironments to confer a
response with proper magnitude and duration. Testing the
effect of cell density on proinflammatory responses, we found
that the same proinflammatory stimuli elicited differing mag-
nitudes of responses, such as the induction of COX-2, when
cells were at different density levels: the lower the density, the
weaker the response; the higher the density, the stronger the
response (Fig. 7C). Based on the microarray data, which indi-
cated that YAP repressed a number of selective target genes of
NF-�B, we propose that other related proinflammatory factors
could also be regulated by cell densities. It is highly possible that
other physical features of the cells and tissues, such as extracel-
lular matrix stiffness, cell geometry, and mechanical stretch,
could also exert influence on proinflammatory responses. In
fact, several reports suggest that some mechanical forces, such
as the rigidity of substrate and osmotic stress, regulate inflam-
matory responses and cancer invasion (2, 42, 43).
Our study shows that the Hippo pathway is involved in con-

veying the cell density signals that determined themagnitude of

the inflammatory responses. The Hippo pathway closely cross-
talks with other signaling pathways involved in development,
such as the WNT (44), transforming growth factor-� (45), and
Notch signaling pathways (46). We discovered that although it
does not influence the activation of NF-�B signaling, the Hippo
pathway modulates selective NF-�� target genes and therefore
is also involved in regulating the inflammation and immune
responses. Notably, previous studies have shown the connec-
tion between the Hippo pathway and innate immunity from
other angles (47–49). Yorkie, the Drosophila homolog of YAP,
impeded antimicrobial responses by directly regulating mRNA
levels of the I�B homolog Cactus (48). LATS1/2 regulated anti-
tumor immune responses (50). Given that Hippo has been
shown to relay physical cues, such as cell polarity, cell–cell
contacts, and mechanical and cytoskeleton cues, and chemical
signals like growth factors and G protein–coupled receptor
ligands into cellular responses (38, 51–53), it would be interest-
ing to study how the Hippo signaling pathway integrates these
changes in microenvironment to modulate inflammatory and
immune responses. Although the pathophysiological signifi-
cance of these regulations needs more study, we speculate that
themechanism at least partly controls themagnitude and dura-
tion of inflammation of cells and tissues in response to their
microenvironmental cues.

Figure 7. Genes negatively regulated by YAP/TAZ play key roles in regulation of inflammatory and immune responses. A and B, activation of YAP
impairs the induction by proinflammatory factors. H358 cells stably expressing GFP or YAP(5SA) were treated with IL-1� or TNF� for 1 h and harvested for
extraction of RNA, which was then used for microarray analysis. The heat map is the expression intensity of the selective genes induced by IL-1� or TNF� or
suppressed by YAP(5SA). The scale on the right is the log2 -fold changes of corresponding genes among compared groups (A). Some genes shown in A were
validated by qRT-PCR analysis (B). n� 3 independent experiments. Data are presented as mean� S.D. Error bars represent S.D. *, p� 0.05; **, p� 0.01; and ***,
p � 0.001, by unpaired, two-tailed Student’s t test. C, a proposed model depicts the mechanism of YAP/TAZ–TEAD–HDAC7 complex–mediated negative
regulation of transcription. At low cell density, Hippo signaling is off, and YAP/TAZ are located in the nucleus. They form a repressive complex with TEADs and
HDAC7 and bind onto the promoter regions of selective NF-�� target genes, such as COX-2, to inhibit their transcription. Conversely, high cell density leads to
activation of the Hippo pathway, YAP/TAZ hyperphosphorylation, and their cytosolic relocation, which results in initiation of the transcription of COX-2 upon
the inflammatory stimulus.
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It is generally understood that YAP/TAZ function as tran-
scriptional coactivators to facilitate other transcriptional acti-
vators, such as TEADs, Runx1/2, and ErbB4 (54, 55). However,
we have shown that they could also function as transcriptional
repressors. This repressor activity is a direct rather than indi-
rect effect via activating expression of other inhibitory factors.
Two previous studies have also reported YAP/TAZ or TEADs
to be transcriptional repressors (56, 57). Intriguingly, YAP/
TAZ still use TEADs as the important components in repres-
sion. Therefore, it seems YAP/TAZ–TEADs alone cannot be
simply categorized as activators or repressors. Rather, whether
they function as activators or repressors depends on the his-
tone-modifying enzymes they recruit. They will recruit histone
acetyltransferases, such as p300 or cAMP-response element–
binding protein (CREB)-binding protein, to activate gene tran-
scription (58) but will recruit HDACs, such as HDAC7 (this
study), to repress gene transcription. Even more intriguing is
that both the activation and suppression of gene transcriptions
occur in the same spatiotemporal settings. Why and how YAP/
TAZ–TEADs are activators for some genes but repressors for
others is a course for future study.
Numerous studies have shown that both YAP/TAZ and

COX-2 are pro-oncogenic. YAP/TAZ are activated in many
human tumors and play a role in the initiation, progression, and
even metastasis of some cancers, whereas COX-2 can drive
tumorigenesis by producing prostaglandins. These in turn act
directly both on cancer and stromal cells, inhibiting apoptosis
and enhancing cellmigration in the former and promoting neo-
angiogenesis in the latter (59–61). Increased expression of
COX-2 has been found in colon, prostate, lung, breast, pan-
creas, and gastric tumors and also positively correlates with
poor patient prognosis (62–67). A recent report also suggests
that tumor-derived COX-2 can facilitate cancer immune eva-
sion (68). It is thus counterintuitive with respect to our findings
that active YAP/TAZ inhibit COX-2 expression and conse-
quently inflammatory microenvironment-induced cell migra-
tion and invasion (Fig. 6). Nevertheless, a few other studies also
implied YAP to be a tumor suppressor (69, 70). Thus, we sug-
gest that YAP/TAZ should not simply be designated as either
oncogenes or tumor suppressors. Because the Hippo pathway
can be regulated by various physical or biochemical signal
inputs, YAP/TAZ could coordinate with other signaling path-
ways to give an integrated response, be it cell growth and pro-
liferation or growth inhibition. This also suggests that by pur-
posely altering the physical properties of microenvironment,
we could be able to put YAP/TAZ into use for therapeutics.
COX-2, one of the key enzymes for biosynthesis of prosta-

glandins and a crucial regulator of inflammation, angiogenesis,
and tumorigenesis (71), is known to be highly inducible at the
transcriptional level by various hormones, growth factors, and
inflammatory stimuli as well as other stress conditions through
the mitogen-activated protein kinase, NF-�B, WNT, and
hypoxia-response pathways (72–75). However, few studies
have focused on the possibility of its transcriptional inhibition
as we have done with YAP and TAZ. This further clarifies the
extent of the COX-2 regulatory network and implies a potential
therapeutic means to inhibit COX-2 activity.

In summary, we report that the Hippo signaling pathway
transduced the cell density signal tomodulate proinflammatory
responses. YAP/TAZ–TEADs formed novel complexes with
HDAC7,which then functioned as transcriptional repressors to
modulate the induction of selective genes related to inflamma-
tion, immunity, and metastasis. Thus, YAP/TAZ can have a
role in tumor suppression.Wepropose that theHippo signaling
pathway acts as an important inflammatory regulator by trans-
ducing the physical properties of the cell and tissue microenvi-
ronments. Our study also points out the possibility that we can
change the responses of cells and tissues to stimuli bymodifying
the physical properties of their microenvironments, which can
then be exploited as a therapeutic option against inflammatory
diseases and cancer.

Materials andmethods

Reagents and plasmids

Recombinant human IL-1� and TNF� were purchased from
Sino Biological. DFO (mesylate salt), sodium butyrate, and tri-
chostatin A were purchased from Sigma. Celecoxib was from
MedChem Express. pCMV-GAL4-YAP and pCMV-GAL4-
YAP(�C) were kindly provided by Bin Zhao (Life Science
Institute, Zhejiang University, China). YAP, TAZ, YAP(5SA),
YAP-(5SA,S94A), YAP(5SA�PDZ-BM), TEAD1, TEAD1
(�88–101), and HDAC1/3/4/6/7/8/9/10/11 were all con-
structed in pLX304-puro vectors. cDNAs encoding YAP(5SA)
and COX-2 were inserted into pHAGE-CMV-full-EF1a-
IRES-Zs Green vectors as lentiviral transfer plasmids.

Cell culture, transfections, and infections

H358, HeLa, and HEK293T cells were obtained from Amer-
ican Type Culture Collection (ATCC). All cell lines were cul-
tured in Dulbecco’s modified Eagle’s medium with 10% fetal
bovine serum (Gibco), 100 units/ml penicillin, and 100 mg/ml
streptomycin at 37 °C in 5% CO2 (v/v). Lipofectamine 2000
(Invitrogen) was used for plasmid transfection. Transfection of
siRNAs was performed using Lipofectamine RNAiMAX (Invit-
rogen) reagent. The empty vector-, YAP(5SA)-, COX-2–, and
YAP(5SA) plus COX-2–expressing H358 cells were generated
by recombinant lentivirus-mediated gene transduction. For
production of lentiviral supernatants, HEK293T cells were
cotransfected with the transfer vectors harboring the indicated
genes above together with helper plasmids psPAX2 and
pMD2.G (Addgene). Virus stocks were prepared by collecting
themedia 48 h after transfection. H358 cells were infected with
the recombinant viruses in the presence of Polybrene (1�g/ml)
and selected with 1 �g/ml puromycin. H358 HDAC7 knockout
cells were obtained by CRISPR genomic editing technology.
The guide RNA sequences were cloned into pEP330, whichwas
modified from px330 (Addgene). Plasmids were transfected
into H358 cells. Twenty-four hours after transfection, puromy-
cin (0.5 �g/ml) was added into culture medium for selection.
The details of guide RNA sequences are provided in Table S2.
For cell density manipulation, we generally plated the same
number of cells (about 2� 105) onto 10-, 6-, and 3.5-cm plates
for low, medium, or high cell densities, respectively. Alterna-
tively, we plated cells at about 2.5� 104, 7.5� 104, and 2.25�
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105 cells/well in 24-well plates to represent different cell con-
fluences, respectively.

Quantitative RT-PCR assay

H358 cells with specified siRNA transfection were lysed, and
total RNAwas extracted usingTRIzol (Invitrogen) according to
the manufacturer’s instructions. cDNAwas generated by a Pri-
meScript RT reagent kit (TaKaRa). Quantitative real-time PCR
was performed using SYBR Green (TaKaRa) and the ABI 7500
real-time PCR system (Applied Biosystems). The primer
sequences are provided in Table S2.

Western blotting and immunoprecipitation

H358 or HeLa cells transfected with the indicated plasmids
were lysed in Buffer A (20 mM Tris-HCl, pH 7.4, 150 mM NaCl,
0.5% Nonidet P-40, 10% glycerol, 1 mM DTT, and Complete
protease inhibitormixture) for 10min on ice and centrifuged at
20,000� g for 10min. Cell lysates were analyzed by SDS-PAGE
and immunoblotting with antibodies specified in figures. For
coimmunoprecipitation studies, HEK293T cells transfected
with the indicated plasmids were lysed and subjected to
immunoprecipitation using M2-conjugated magnetic beads
(Sigma). M2 beads were resolved by 2� SDS loading buffer
and analyzed by SDS-PAGE and immunoblotting with the
indicatedantibodies.Detailed informationof all antibodiesused in
immunoblotting analysis is provided in Table S3.

Immunofluorescence and microscopy

To visualize the protein expressions of COX-2 and YAP,
H358 cells stimulated with or without IL-1� were fixed in 4%
paraformaldehyde, permeabilized, blocked in 2% BSA in PBS
for 2 h, and incubated sequentially with the indicated primary
antibodies and Alexa Fluor–labeled secondary antibodies (Life
Technologies) with extensive washing. Slides were then
mounted with Vectashield and stained with Hoechst 33342
(Life Technologies). Immunofluorescence images were
obtained and analyzed using aNikon Eclipse Ti invertedmicro-
scope. ImageJ was used to quantify the mean fluorescence
intensity of each cell.

ChIP

Cells were fixed with 1% paraformaldehyde for 10 min at
room temperature with constant shaking. Cells were then neu-
tralized with 125 mM glycine for 5 min at room temperature,
harvested with PBS, and resuspended in SDS lysis buffer (1%
SDS, 50 mM Tris-Cl, pH 8.1, and 10 mM EDTA). Lysates were
sonicated to shear DNA to lengths between 200 and 1000 bp.
Lysates were cleared by centrifugation for 20min at 16,100� g.
The sonicated cell supernatant was diluted 10-fold in ChIP
dilution buffer (0.01% SDS, 1.1% Triton X-100, 1.2 mM EDTA,
16.7 mM Tris-HCl, pH 8.1, and 167 mM NaCl). The immuno-
precipitating antibody was added to the supernatant fraction
and incubated overnight at 4 °C. Protein A/G–agarose beads
(Abmart) were added and incubated for 1 h at 4 °C. The agarose
beads were washed and eluted with 1% SDS and 100 mM

NaHCO3 overnight at 68 °C. After RNase and Proteinase K
treatment, proteins were denatured and removed by phenol-
chloroform extraction, and the soluble DNAs were recovered

by ethanol precipitation. Oligo sequences used in ChIP assays
are available in Table S2.

MTT assay

H358 cells were cultured in Dulbecco’s modified Eagle’s
medium containing 10% fetal bovine serum (FBS). Cells (1 �
104 cells/ml) in 0.1 ml of medium were placed in each well of
96-well plates. For IL-1� treatment, IL-1� was added into each
well as indicated (final concentration, 10 ng/ml). The plate was
then placed in the incubator for 24, 48, and 72 h. At the end of
each individual incubation time point, 20 �l of the 5 mg/ml
MTT solution (Sigma) was added into each sample well. The
plate was then incubated again in the dark for 4 h. The super-
natant was removed; the crystals were then dissolved in 150
�l/well DMSO. The plate was then gently shaken for 5 min to
ensure equalmixing, and absorbance at 570 nmwas taken using
a spectrometer.

Wound healing assay

H358 cells (5 � 105) were seeded onto 6-well plates. Cells
were treated with 10 ng/ml IL-1� and 20 �g/ml celecoxib as
indicated. Scratch wounds were made by scraping the cell layer
across each culture plate using the tip of 200-�l pipette tips.
After wounding, the debris was removed by washing the cells
with PBS. Wounded cultures were incubated in serum-free
medium for 48 h, and then three fields were randomly picked
from each scratch wound and visualized by microscopy to
assess cell migration ability. The experiments were performed
in triplicates.

Migration and invasion assays

The cell migration assay was performed using Transwells
(24-well insert; 8-mm-pore-size polycarbonate membrane)
obtained from Corning. H358 cells (5 � 105/ml) in 0.1 ml of
medium with 1% FBS were placed in the upper chamber; the
lower chamber was loaded with 0.8 ml of medium containing
10% FBS. Cells were treated with IL-1� and celecoxib. The total
number of cells that migrated into the lower chamber was
counted after 12 h of incubation at 37 °Cwith 5%CO2. Six visual
fields were chosen for counting. The Transwell cell invasion
assay was performed using Transwells preloaded with a layer of
Matrigel (Sigma-Aldrich) on the upper surface. The rest of the
experimental procedure is as same as the cell migration assay.

Microarray analysis

GFP- or YAP(5SA)-transfected H358 cells were treated with
10 ng/ml TNF�, 10 ng/ml IL-1�, or vehicle for 1 h, respectively.
Cells were harvested, and total RNAs were isolated. The
microarray assay was performed by the service provider BGI,
China. RNA samples were assessed for quality and integrity
using Eukaryote total RNA Nano (Agilent Technologies). Flu-
orescent RNA targets were prepared using the OneArray�
Amino Allyl aRNA Amplification kit (Phalanx Biotech Group,
Taiwan) andCy5dyes (AmershamBiosciences) from total RNA
samples. Fluorescent targets were hybridized to the Human
Whole Genome OneArray with Phalanx hybridization buffer
using the Phalanx hybridization system. The slides were
scanned by an Agilent G2505C scanner (Agilent Technologies,
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Santa Clara, CA). The Cy5 fluorescence intensities of each spot
were analyzed by GenePix 4.1 software (Molecular Devices).
Normalized spot intensities were transformed to gene expres-
sion log2 ratios between the control and treatment groups. The
data have been deposited in NCBI’s Gene Expression Omnibus
and are accessible through GEO Series accession number
GSE115207.

Statistical analysis

Quantitative data are presented asmean� S.D. All statistical
tests were performed using a Student’s t test (unpaired, two-
tailed): *, p� 0.05; **, p� 0.01; and ***, p� 0.001. No statistical
method was used to predetermine sample size. All experiments
were repeated a minimum of three times to ensure
reproducibility.
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Z. X. writing-review and editing; Z. X. supervision; Z. X. funding
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