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Abstract

Cyclic adenosine monophosphate (cAMP) response element–binding protein (CREB)–binding 

protein (CBP) is a histone acetyltransferase that plays a pivotal role in the control of histone 

modification and the expression of cytokine-encoding genes in inflammatory diseases, including 

sepsis and lung injury. We found that the E3 ubiquitin ligase subunit FBXL19 targeted CBP for 

site-specific ubiquitylation and proteasomal degradation. The ubiquitylation-dependent 

degradation of CBP reduced the extent of lipopolysaccharide (LPS)–dependent histone acetylation 

and cytokine release in mouse lung epithelial cells and in a mouse model of sepsis. Furthermore, 

we demonstrated that the deubiquitylating enzyme USP14 (ubiquitin-specific peptidase 14) 

stabilized CBP by reducing its ubiquitylation. LPS increased the stability of CBP by reducing the 

association between CBP and FBXL19 and by activating USP14. Inhibition of USP14 reduced 

CBP protein abundance and attenuated LPS-stimulated histone acetylation and cytokine release. 

Together, our findings delineate the molecular mechanisms through which CBP stability is 

regulated by FBXL19 and USP14, which results in the modulation of chromatin remodeling and 

the expression of cytokine-encoding genes.

†Corresponding author. zhaoj@upmc.edu (J.Z.); zhaoy3@upmc.edu (Y.Z.).
*These authors contributed equally to this work.

SUPPLEMENTARY MATERIALS
www.sciencesignaling.org/cgi/content/full/10/483/eaak9660/DC1

Author contributions: J.Z. and Y.Z. jointly designed and performed experiments, analyzed the data, and wrote the manuscript; J.W., 
R.K.B., S.D., A.K., A.M.J., and L.Z. performed experiments and analyzed the data; and J.Z. and Y.Z. oversaw and directed the study.

Competing interests: The authors declare that they have no competing interests.

HHS Public Access
Author manuscript
Sci Signal. Author manuscript; available in PMC 2018 March 22.

Published in final edited form as:
Sci Signal. ; 10(483): . doi:10.1126/scisignal.aak9660.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

http://www.sciencesignaling.org/cgi/content/full/10/483/eaak9660/DC1


INTRODUCTION

Cyclic adenosine monophosphate (cAMP) response element–binding protein (CREB)–

binding protein (CBP), a member of the family of histone acetyltransferases (HATs), 

catalyzes histone acetylation, thereby switching chromatin from the closed state to the open 

state. This change promotes the binding of RNA polymerase II and basal transcription 

factors to the open DNA to initiate transcription. The acetylation of histone H4 is correlated 

with increased expression of genes encoding proinflammatory factors, such as interleukin-8 

(IL-8), IL-6, and tumor necrosis factor–α(TNF-α) (1–4). Multiple studies have attempted to 

investigate the regulation of CBP stability to better understand the molecular basis of its 

action. Ubiquitylation is a posttranslational modification that alters protein stability. Proteins 

conjugated to Lys48 (K48)–linked ubiquitin chains are degraded in the proteasome, whereas 

K63-linked polyubiquitylation triggers protein degradation in the lysosome (5). Siah1 and 

Siah2 (collectively known as Siah1/2) are E3 ubiquitin ligases that ubiquitylate CBP, leading 

to its degradation and thereby reducing the extent of CBP-mediated acetylation of p53 (6). 

However, much less is known about the effect of the Siah proteins on CBP-catalyzed histone 

acetylation. Sen and Snyder demonstrated that Siah facilitates the acetylation of histone H3 

and enhances the expression of CREB-regulated genes (7). These studies suggest that 

Siah1/2 specifically dampens the CBP that regulates p53 acetylation but not the CBP that 

modulates histones. In addition, neither Siah1 nor Siah2 is detectable in normal lung tissues 

(8). To reduce CBP activity in inflammatory diseases, such as lung injury, there must be 

alternative E3 ubiquitin ligases that target CBP for ubiquitylation and degradation to inhibit 

its effects on histone acetylation.

The Skp1–Cul1–F-box protein (SCF) ligase complex is one of the largest among the family 

of E3 ubiquitin ligases. The F-box protein connects the ligase complex and specific 

substrates through its F-box domain and substrate-binding motif, respectively (9–11). A 

previously uncharacterized F-box protein, FBXL19, targets the IL-33 receptor ST2L (12) 

and small guanosine triphosphatases (GTPases) (13–15) for ubiquitylation and proteasomal 

degradation. We previously showed that FBXL19 reduces inflammatory responses, such as 

cytokine release, in a mouse model of acute lung injury (12), suggesting that FBXL19 

targets an unidentified substrate that plays a pivotal role in regulating the expression of 

cytokine-encoding genes. Protein ubiquitylation can be reversed by deubiquitylating 

enzymes (DUBs), which enhance protein stability. Several DUBs [for example, USP3 

(ubiquitin-specific peptidase 3), USP22, and Mysm1] remove ubiquitin moieties from 

ubiquitylated histone H2A proteins (16–18). The HAT P/CAF physically interacts with the 

DUB Mysm1 (19); however, whether DUBs play a role in the regulation of HAT stability is 

unclear. We previously showed that USP14 plays a proinflammatory role by enhancing the 

activity of the transcription factor nuclear factor κB (NF-κB) (20). Xu and Guo showed that 

inhibition of USP14 by the small-molecule inhibitor IU1 prevents ventilator-induced lung 

injury in rats (21). Together, these findings suggest that USP14 exhibits proinflammatory 

properties.

Here, we demonstrated that FBXL19 targets CBP for site-specific ubiquitylation and 

degradation. FBXL19 functioned as an anti-inflammatory E3 ubiquitin ligase subunit by 

reducing the abundance of CBP protein, which led to decreased histone acetylation and 
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reduced cytokine release. Together, these data suggest that an E3 ubiquitin ligase of the SCF 

family ubiquitylates a HAT, thereby leading to its degradation and the reduction of histone 

acetylation. Furthermore, we revealed that USP14 deubiquitylated CBP and promoted its 

stability. Inhibition of USP14 decreased the amount of CBP protein, attenuated 

lipopolysaccharide (LPS)–stimulated histone acetylation and cytokine release, and lessened 

systemic and lung inflammation in mice.

RESULTS

FBXL19 targets CBP for ubiquitylation and degradation

It is well known that CBP stability is regulated by the ubiquitin-proteasome system; 

however, the molecular control of CBP stability in the setting of inflammatory responses is 

unclear, and the ubiquitin acceptor site has not been identified. Here, in experiments with the 

protein synthesis inhibitor cycloheximide (CHX), we confirmed that CBP was unstable, with 

a half-life of ~3.4 hours (Fig. 1, A and B). Lysine residues are commonly the targets for 

ubiquitylation. We found that a lysine-to-arginine mutant of CBP (CBPK2103R) had an 

extended half-life compared to that of the wild-type (WT) protein (Fig. 1, A and B), 

suggesting that Lys2103 was the potential ubiquitylation site within CBP. These data are 

consistent with those from a previous proteomics analysis (22).

FBXL19 is a subunit of an SCF family E3 ubiquitin ligase, which exhibits an anti-

inflammatory property (23); however, its substrates related to cytokine gene expression have 

not been identified. We tested whether FBXL19 regulated the protein stability of HATs. 

Ectopically expressed FBXL19 reduced the abundances of endogenous and overexpressed 

CBP proteins (Fig. 1, C to F, and fig. S1), without altering p300 abundance (Fig. 1, C and 

D); however, knockdown of FBXL19 with Fbxl19-specific short hairpin RNA (shRNA) 

enhanced the stability of CBP (Fig. 1, G and H). In addition, overexpression of FBXL19 

resulted in a reduction in the amount of nuclear CBP, but not that of cytoplasmic CBP (fig. 

S2, A and B).

To investigate whether FBXL19 transferred ubiquitin chains to CBP, MLE12 cells were 

transfected with the Fbxl19-v5 plasmid, and then the ubiquitylation state of CBP was 

determined. We found that overexpression of FBXL19 led to the increased 

polyubiquitylation of CBP (Fig. 1, I and J). The FBXL19-mediated ubiquitylation of CBP 

was K48-linked, but not K63-linked (fig. S3). The CBPK2103R mutant protein was resistant 

to degradation in response to the overexpression of FBXL19 (Fig. 1, K and L) and was not 

subjected to polyubiquitylation (Fig. 1, M and N). The mutation of specific lysine residues 

in CBP had no effect on its cellular localization (fig. S2C). These data suggest that FBXL19 

induces the site-specific ubiquitylation of CBP and its subsequent degradation.

LPS increases CBP stability through the disassociation of the FBXL19-CBP complex and a 
reduction in the abundance of FBXL19

CBP-mediated histone acetylation plays a crucial role in LPS-induced inflammatory 

responses (24–26). We examined the effect of LPS on CBP abundance and found that the 

treatment of MLE12 cells with LPS increased the amount of CBP protein in a time-
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dependent manner (Fig. 2, A and B). The effect of LPS was likely a result of an increase in 

CBP stability, because LPS did not substantially affect the abundance of Cbp mRNA (Fig. 

2C). As a positive control, LPS increased the abundance of kc mRNA in MLE12 cells (Fig. 

2D). To determine the molecular mechanism by which LPS regulated CBP stability, we 

examined the effect of LPS on CBP ubiquitylation. LPS reduced both the extent of CBP 

ubiquitylation (Fig. 2, E and F) and the association between CBP and FBXL19 at 3 hours 

(Fig. 2, G and H). Furthermore, the LPS-induced increase in CBP abundance was attenuated 

in cells transfected with plasmid expressing FBXL19 (Fig. 2, I and J). Together, these data 

suggest that LPS increased CBP abundance through dissociation of CBP from FBXL19 at 

early times, which led to a reduction in the extent of CBP ubiquitylation. We found that LPS 

increased the extent of serine phosphorylation of CBP at 3 hours (fig. S4A). We previously 

showed that the phosphorylation of substrates promotes their binding to E3 ubiquitin ligases 

(23). Thus, the phosphorylation of CBP may inhibit its interaction with FBXL19.

To investigate whether FBXL19 abundance was changed under inflammatory conditions, we 

measured the relative amounts of FBXL19 in the lungs of mice 24 hours after they were 

intratracheally challenged with Pseudomonas aeruginosa (strain PA103). We found that 

abundance of FBXL19 protein in the lungs of infected mice was reduced compared to that in 

the lungs of uninfected mice (Fig. 3, A and B). To confirm these data, we examined the 

amount of FBXL19 protein in LPS-treated MLE12 cells. We found that LPS decreased the 

abundance of FBXL19 in a time-dependent manner (Fig. 3, C and D) and that these effects 

were attenuated by the proteasomal inhibitor MG132 (N-carbobenzyloxy-L-leucyl-L-leucyl-

L-leucinal), but not the lysosomal inhibitor leupeptin (Fig. 3, C and D), which suggests that 

LPS stimulates the proteasomal degradation of FBXL19. Furthermore, we found that LPS 

increased the extent of phosphorylation (fig. S4B) and K48-linked polyubiquitylation of 

FBXL19 (Fig. 3, E and F), without substantially altering the abundance of fbxl19 mRNA 

(Fig. 3G), suggesting that LPS-induced FBXL19 degradation was mediated through 

ubiquitylation. It is well known that the phosphorylation of substrate can stimulate protein 

ubiquitylation (27). Thus, we hypothesized that phosphorylation may be essential for 

FBXL19 ubiquitylation. We found that overexpression of V5-tagged FBXL19 had no effect 

on the abundance of myc-tagged FBXL19 (fig. S5), which suggests that the degradation of 

FBXL19 was not a result of auto-ubiquitylation and degradation by its own activity. 

Together, these data suggest that LPS increases CBP protein abundance by inhibiting the 

FBXL19-CBP association at early times and reducing FBXL19 protein abundance at later 

times, thereby increasing the stability of CBP.

FBXL19 inhibits histone acetylation and cytokine production in lung epithelial cells and a 
mouse model of sepsis

Histone acetylation is an essential step to control the expression of cytokine-encoding genes 

in response to LPS (28–30). To investigate whether FBXL19 affected histone acetylation, 

FBXL19 and CBP were overexpressed in lung epithelial cells. Overexpression of CBP alone 

slightly increased the extent of acetylation of histone H4 at Lys8 (H4K8ac), whereas the 

effect was attenuated in cells in which FBXL19 was overexpressed (Fig. 4, A and B). LPS 

stimulated the acetylation of histone H4K8 in lung epithelial cells (Fig. 4, C and D); 

however, the effects were attenuated by the expression of FBXL19, whereas H4K8 

Wei et al. Page 4

Sci Signal. Author manuscript; available in PMC 2018 March 22.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



acetylation was promoted by a reduction in the abundance of FBXL19 (Fig. 4, E and F). 

Furthermore, we found that FBXL19 reduced the extent of acetylation of histone H4K12 

(fig. S6, A and B) and the binding of acetylated H4K8 to the Il8 promoter (fig. S7) in 

response to LPS. These data suggest that FBXL19 reduced histone acetylation through the 

destabilization of CBP. We then examined the effects of FBXL19 on cytokine release by 

lung epithelial cells. The knockdown of FBXL19 with fbxl19-specific shRNA promoted the 

LPS-stimulated release of the cytokine KC (keratinocyte-derived cytokine) by murine lung 

epithelial cells (Fig. 4G). Overexpression of FBXL19 attenuated the LPS-induced 

production of IL-8 by human lung epithelial cells overexpressing WT CBP, but not 

CBPK2103R (Fig. 4H), suggesting that the FBXL19 exerted its anti-inflammatory properties 

by reducing CBP stability and the extent of histone acetylation. These data reveal previously 

uncharacterized biological functions for FBXL19 and suggest that FBXL19 limits LPS-

induced histone acetylation and cytokine release.

We previously showed that overexpression of FBXL19 in mouse lungs attenuates 

intratracheally instilled, LPS-induced cytokine release into the bronchoalveolar lavage 

(BAL) fluid (BALF) (12). To investigate whether FBXL19 lessened systemic inflammation, 

we intravenously injected a lentiviral vector expressing Fbxl19 into mice before they were 

subjected to cecal ligation and puncture (CLP), a well-established murine model of sepsis. 

CLP increased the acetylation of histone H4K8 in mouse lungs in a time-dependent manner 

(Fig. 5, A and B), whereas these effects were reduced in the lungs of mice overexpressing 

FBXL19 (Fig. 5, C and D). CLP-induced KC release in plasma and BALFs and 

myeloperoxidase activity (a marker of lung inflammation) in the lungs were reduced in mice 

infected with lentivirus expressing Fbxl19 (Fig. 5, E to G). These data suggest that FBXL19 

exhibits an anti-inflammatory effect in murine models of both local and systemic 

inflammatory diseases.

USP14 deubiquitylates and stabilizes CBP

Deubiquitylation, the reverse process of ubiquitylation, is enacted by DUBs, which control 

protein stability, localization, and enzyme activity. We previously showed that USP14 

decreases the stability of inhibitor of NF-κB (IκB) protein (20), indicating that USP14 

promotes inflammatory responses. Here, we tested whether USP14 regulated CBP stability, 

because CBP plays a critical role in proinflammatory responses. We found that 

overexpression of USP14 resulted in the increased abundance of CBP, without altering the 

abundance of p300 (Fig. 6, A and B). Knockdown of USP14 with usp14-specific shRNA 

(Fig. 6, C and D) or inhibition of USP14 activity with IU1 (Fig. 6, E and F) resulted in 

reduced CBP abundance. Furthermore, pretreatment of MLE12 cells with IU1 attenuated the 

LPS-dependent increase in CBP protein abundance (Fig. 6, G and H). To investigate whether 

USP14 deubiquitylated CBP, we transfected MLE12 cells to overexpress USP14 or treated 

them with IU1, and then we examined the ubiquitylation of CBP. We found that 

overexpression of USP14 reduced CBP ubiquitylation, whereas IU1 had the opposite effect 

(Fig. 6, I and J). Furthermore, coimmunoprecipitation studies showed an association 

between USP14 and CBP (Fig. 6K), which was unaffected by LPS (Fig. 6L). These data 

suggest that USP14 stabilizes CBP through the deubiquitylation of CBP.
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Inhibition of USP14 attenuates LPS-induced histone acetylation and cytokine release and 
lessens systemic and lung inflammation

We next found that LPS increased the deubiquitylating activity of USP14 and confirmed the 

inhibitory effect of IU1 on USP14 activity (Fig. 7A). Because USP14 stabilized CBP, we 

investigated whether USP14 promoted CBP-mediated histone acetylation. The LPS-induced 

acetylation of histone H4K8 was enhanced in MLE12 cells overexpressing USP14 (Fig. 7, B 

and C), whereas knockdown of USP14 with usp14-specific shRNA attenuated the 

acetylation of histone H4K8 (Fig. 7, D and E). Furthermore, transfection of MLE12 cells 

with usp14-specific shRNA (Fig. 8A) or treatment with IU1 (Fig. 8B and Fig. S8, A and B) 

attenuated the LPS-induced release of KC and IL-6 by MLE12 cells and RAW264.7 cells (a 

mouse macrophage cell line). The anti-inflammatory effect of IU1 was also confirmed in 

experiments with LPS-treated peripheral blood mononuclear cells (fig. S8C).

To determine the anti-inflammatory effects of IU1 in murine models of inflammatory 

diseases, such as sepsis and lung injury, IU1 was intraperitoneally injected into mice after 

CLP. IU1 increased the survival rate of these mice (Fig. 8C) and reduced the concentrations 

of IL-6 and KC in both plasma and BALF (Fig. 8, D to G). Intratracheally administered IU1 

reduced the LPS-induced increase in IL-6 abundance in the BAL (Fig. 8H) and inhibited the 

influx of neutrophils into the alveolar spaces (Fig. 8I). These data indicate that the inhibition 

of USP14 by IU1 reduces inflammatory responses by reducing CBP stability and histone 

acetylation.

DISCUSSION

E3 ubiquitin ligase complexes of the SCF family regulate diverse cellular functions, 

including inflammatory responses (11–13, 31, 32). Among the subunits of the SCF E3 

ligases, the F-box protein links substrates to the E3 ligase complex. We previously showed 

that FBXL19 regulates the stability of the IL-33R (12) and of small GTPases, such as RhoA 

(14), Rac1 (13), and Rac3 (15). Here, we demonstrated that CBP is a previously 

uncharacterized substrate of FBXL19. We found that FBXL19 mediated the site-specific 

ubiquitylation of CBP, thus reducing its stability and inhibiting histone acetylation and 

cytokine release. Furthermore, our study revealed that LPS increased the stability of CBP by 

interfering with the FBXL19-CBP interaction and reducing the abundance of FBXL19. 

Ubiquitylation is reversed by DUBs. We found that the DUB USP14 targeted CBP for 

deubiquitylation, resulting in stabilization of CBP. Understanding the regulation of CBP 

stability in the setting of inflammatory responses is essential to identifying previously 

uncharacterized molecular targets that could mediate the expression of genes encoding 

proinflammatory cytokines. We also reported that the USP14 inhibitor IU1 reduced the 

stability of CBP, thereby mitigating against inflammatory pathogen-induced histone 

modification and cytokine release.

The acetylation of core histones plays a major role in the pathogenesis of various diseases, 

including inflammatory diseases (1, 2, 4, 33). CBP, one of the major members of the HAT 

family, facilitates chromatin remodeling, recruitment of the transcriptional machinery to the 

promoter region, and initiation of the expression of cytokine-encoding genes (33–35). 

Studies showed that the E3 ubiquitin ligases Siah1 and Siah2 mediate the ubiquitylation and 
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degradation of CBP, thereby limiting p53 biological function (6). Polekhina et al. 
demonstrated that Siah1 potentiates the TNF-α–induced activation of NF-κB (36), 

suggesting that Siah proteins play a proinflammatory role. These data are consistent with the 

finding of Sen and Snyder that showed that Siah increases histone H3 acetylation and the 

expression of CREB-regulated genes (7). Together, these studies suggest that Siah 

specifically targets p53-associated CBP for its degradation, without regulating the CBP-

mediated acetylation of histones and subsequent cytokine release. Here, we identified 

FBXL19 as the E3 ubiquitin ligase subunit responsible for the ubiquitylation and 

degradation of CBP. The FBXL19-mediated ubiquitylation of CBP was K48-linked, but not 

K63-linked.

It is common for multiple E3 ubiquitin ligases to target the same substrate under different 

biological conditions. Our study revealed that FBXL19 is an anti-inflammatory E3 ubiquitin 

ligase subunit, because it reduced the extents of histone acetylation and cytokine release in 

vitro and in vivo. We identified Lys2013 within CBP as a ubiquitin acceptor site for FBXL19, 

whereas the ubiquitin acceptor site from Siah1/2 has not been identified. It is possible that 

Siah1 and Siah2 target a distinct lysine residue in CBP, which may lead to a biological role 

distinct from that caused by modification by FBXL19. For example, the stability and activity 

of p53 are regulated by multiple E3 ubiquitin ligases, including Mdm2, makorin-1, RING 

finger protein MSL2, and E4F transcription factor 1. The ubiquitylation of p53 at different 

lysines by these enzymes stimulates distinct biological processes, such as degradation, 

nuclear export, and translocation to chromatin (37). Our data are consistent with the 

following pathway: LPS reduces the extent of the association between FBXL19 and CBP 

and reduces the abundance of FBXL19 protein, which results in increased CBP stability, 

histone acetylation, and cytokine release. Our study suggests that FBXL19 is a potential 

target for dampening CBP-modulated inflammatory diseases. To our knowledge, there is no 

single-nucleotide polymorphism (SNP) that affects CBP Lys2103. Future studies will focus 

on identifying previously uncharacterized SNPs associated with CBP stability. We showed 

that that lentiviral expression of FBXL19 reduced lung inflammation in a mouse model; 

however, the effect of FBXL19 on lung repair and remodeling has not yet been revealed. The 

generation of lung-specific FBXL19-transgenic mice will be useful to determine the 

pathogenic role of FBXL19 in lung inflammatory diseases in future studies.

USP14, one of the ubiquitin-specific peptidases, disassembles and recycles the ubiquitin 

chain from the distal tip of its substrates (38, 39). We previously showed that USP14 

decreases the stability of IκB by interacting with the NF-κB subunit RelA (20). This finding 

is consistent with another study demonstrating that the inhibition of USP14 increases IκB 

stability in rat lungs and prevents ventilator-induced lung injury (21). Other studies also 

suggest that USP14 stabilizes its substrates through its deubiquitylating activity (40, 41). 

Here, we showed that USP14 targets and stabilizes a previously uncharacterized substrate, 

CBP. Furthermore, we revealed a previously uncharacterized biological function of USP14: 

Inhibition of USP14 reduced the stability of CBP, thereby lessening the severity of 

pathogen-induced lung inflammation. Previously, we showed that LPS stimulates the serine 

phosphorylation of USP14 (20). Here, we provided further evidence showing that LPS 

increases USP14 activity. Thus, it will be important to determine the role of serine 

phosphorylation in the regulation of USP14 activity in future studies. USP14 is a major 
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regulator of the proteasome. Inhibition of USP14 by IU1 may cause unexpected cellular 

responses. This raises concerns regarding the translational potential of IU1 in treating lung 

inflammatory diseases.

Our study revealed the molecular mechanism of regulation of CBP stability by FBXL19 and 

USP14. We showed that LPS reduced the interaction between CBP and its degrader 

(FBXL19) as well as the abundance of FBXL19 and activated USP14, thus increasing CBP 

stability, enhancing histone acetylation, and promoting the expression of genes encoding 

proinflammatory cytokines. This study provides a previously uncharacterized therapeutic 

strategy to treat inflammatory disorders by inhibiting the activity of USP14 with IU1.

MATERIALS AND METHODS

Cells and reagents

Murine lung epithelial (MLE12) cells were obtained from the American Type Culture 

Collection and cultured with HITES (hydrocortisone, insulin, transferrin, estradiol, and 

selenium) medium containing 10% fetal bovine serum (FBS) and antibiotics at 37°C in an 

incubator containing 5% CO2. RAW264.7 cells were cultured in minimum essential medium 

containing 10% FBS and antibiotics. Human bronchial epithelial cells (HBEpCs, Lonza) 

were cultured in bronchial epithelial basal medium (BEBM) with growth factors (Lonza). 

The anti-V5 antibody (catalog #461157), anti-ubiquitin antibody (catalog #131600), the 

plasmid pcDNA3.1/His-V5-topo, and Escherichia coli Top10 competent cells were obtained 

from Life Technologies. Antibodies against H4K8ac (catalog #A4028) and H4K12ac 

(catalog #A4029) were from EpiGentek. The anti-FBXL19 antibody (catalog #AP18447b) 

was purchased from Abgent. CHX, leupeptin, LPS, the anti–β-actin antibody (catalog 

#A2228), the anti-HA tag antibody (catalog #H6908), Usp14-specific shRNA, and control 

shRNA were obtained from Sigma. MG132 and antibodies against H4 (catalog #05-858), 

p300 (catalog #05-257), and phosphoserine (catalog #05-1000) were from Millipore. The 

Fbxl19-specific shRNA was obtained from Open Biosystems. Immunobilized protein A/G 

beads, control IgG, anti-CBP (catalog #sc-369), and anti-USP14 (catalog #sc-393872) 

antibodies were from Santa Cruz Biotechnology. All materials used in the experiments were 

of the highest grades commercially available.

Transfection of cells with plasmids and shRNAs

Complementary DNAs (cDNAs) encoding WT and mutant mouse CBP were inserted into 

pCDNA3.1/V5-His-Topo vector (Invitrogen). Primers used to amplify cbp cDNA were as 

follows: forward, CACCATGGCCGAGAACTTGCTG; reverse, 

CAAACCCTCCACAAACTTTTCT. Briefly, cbp-encoding cDNA was synthesized by PCR 

using the mouse cDNA as a template. The PCR product was purified and ligated into 

pCDNA3.1/V5-His-Topo vector according to the manufacturer’s instructions. Site-directed 

mutagenesis was performed to generate cbp mutants according to the manufacturer’s 

instructions (Agilent Technologies). MLE12 cells were transfected with plasmids or shRNAs 

with the Amaxa Nucleofector system (Lonza). Lipofectamine 2000 (Life Technologies) was 

used to transfect HBEpCs with plasmids according to the manufacturer’s instructions.
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Immunoprecipitations and Western blotting analysis

Cells grown on 35-, 60-, or 100-mm dishes were washed with cold phosphate-buffered 

saline (PBS), collected in cell lysis buffer, and sonicated. An equal amount of cell lysates 

(20 μg) was subjected to SDS–polyacrylamide gel electrophoresis, electrotransferred to 

membranes, and analyzed by Western blotting according to standard protocols. For 

immunoprecipitations, equal amounts of cell lysates (1 mg) were incubated with the 

appropriate antibody overnight at 4°C, which was followed by the addition of 40 μl of 

protein A/G agarose and incubation for an additional 2 hours at 4°C. The 

immunoprecipitated complex was washed three times with 0.1% Triton X-100 in ice-cold 

PBS and then analyzed by Western blotting.

Immunostaining

MLE12 cells were cultured in glass-bottom dishes and fixed with 3.7% paraformaldehyde 

for 20 min, which was followed by permeabilization in 0.1% Triton X-100 for 1 min. Cells 

were exposed to primary antibody, which was followed by incubation with a fluorescently 

labeled secondary antibody. Immunofluorescent cell imaging was performed with a Nikon 

A1 confocal microscope according to standard protocols.

In vitro translation of cDNAs for Cbp and WT and mutant Fbxl19

In vitro transcription and translation were performed with a TnT in vitro quick-coupled 

transcription-translation system (Promega) according to the manufacturer’s instructions. 

This mammalian-based system expresses soluble, functional proteins that are 

posttranslationally modified. Translated CBP protein and WT and mutant FBXL19 proteins 

were confirmed by Western blotting analysis.

In vitro ubiquitin conjugation assay

The ubiquitylation of CBP was performed in a reaction mixture containing synthesized WT 

or mutant CBP protein in 50 mM tris (pH 7.6), 5 mM MgCl2, 0.6 mM dithiothreitol (DTT), 

2 mM adenosine triphosphate, E1 enzyme (1.5 ng/μl, Boston Biochem), Ubc5 (10 ng/μl), 

Ubc7 (10 ng/μl), ubiquitin (1 μg/μl, Boston Biochem), 1 μM ubiquitin aldehyde, and His-

purified recombinant Cullin 1, Skp1, Rbx1, and synthesized FBXL19. The reaction mixture 

was then subjected to Western blotting analysis with anti-ubiquitin antibody.

Assay of DUB activity

MLE12 cells transfected with plasmid encoding USP14-HA or the appropriate controls were 

treated with LPS and then subjected to immunoprecipitation of USP14-HA with an anti-HA 

antibody. The DUB activity in the immunoprecipitates was analyzed with the DUB-Detector 

deubiquitylation assay kit (Active Motif). Briefly, the immunoprecipitated complex was 

incubated for 20 min in the presence or absence of 100 nM IU1. After the incubation, 

fluorescent ubiquitin substrate (100 nM) was added, and the fluorescence intensity of the 

sample was measured after 30 min with an excitation wavelength of 485 nm and an emission 

wavelength of 535 nm.
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Histone isolation

The EpiQuik total histone extraction kit (EpiGentek) was used to isolate core histones from 

the cells or tissue samples indicated in the figure legends. Cell pellets or lung tissue were 

lysed or disaggregated in prelysis buffer containing 400 nM trichostatin A (Cayman 

Chemical), which was followed by centrifugation of the samples at 10,000g for 1 min at 

4°C. The supernatant was discarded and the pellet was resuspended in lysis buffer (3× 

volume) and incubated on ice for 30 min. After centrifugation of the samples at 12,000g for 

5 min at 4°C, the supernatant was collected and neutralized by a balance buffer containing 

DTT (EpiGentek). Aliquots were taken for the determination of protein concentration and 

were analyzed by Western blotting to detect acetylated H4K8, H4K12, and H4.

Chromatin immunoprecipitation assays

Cells were cross-linked for 5 min with 0.3% formaldehyde, and the reaction was terminated 

by the addition of glycine. The EZ Nucleosomal DNA Prep Kit (Zymo Research) was used 

to isolate nuclei and prepare nucleosomal DNA. Immunoprecipitation was performed with 

an anti-H4K8ac antibody or with IgG as a control. Chromatin DNA was extracted with the 

Zymo-Spin ChIP Kit. The Il8 proximal promoter region was detected by real-time PCR with 

primers specific for a region within the Il8 promoter. The sequences of the PCR primers 

used for the analysis of the human Il8 proximal promoter were as follows: 5′-

GTGTGATGACTCAGGTTTGCCC-3′ and 5′-AGTGCTCCGGTGGCTTTTTATATC-3′.

Mice

Human Fbxl19 cDNA was inserted into the pLVX-IRES-tdTomato vector (Clontech). 

Lentivirus expressing Fbxl19 and control virus were generated and concentrated with a 

lentivirus packaging system (Clontech). C57/BL6 mice were housed in a specific pathogen–

free barrier facility maintained by the University of Pittsburgh Animal Resources Center. 

C57/BL6 mice were intravenously administered Lenti-control or Lenti-Fbxl19 (109 plaque-

forming units per mouse) for 7 days before they were subjected to CLP to induce sepsis. 

Briefly, the cecum with the adjoining intestine was ligated at 0.5 cm from its end. The 

ligated cecum was then punctured with an 18-gauge needle, which enabled entrapped fecal 

material to leak into the normally sterile peritoneal cavity. The cecum was then repositioned 

in the peritoneal cavity, and the abdomen was closed. Sham-operated animals received 

laparotomy only. After the times indicated in the figure legends, plasma, BALF, and lung 

tissues were collected. Core histones in the lung tissue were isolated and analyzed by 

Western blotting to detect H4 and H4K8ac.

Cytokine measurement

Cell culture medium, BALF, or mouse plasma was centrifuged at 500g for 10 min to remove 

cell debris. The amounts of KC, IL-6, and IL-8 in the samples were then measured with 

specific ELISA kits according to the manufacturer’s instructions (Invitrogen).

Statistical analysis

Statistical analysis was performed by one-way or two-way ANOVA with Tukey’s test for the 

post hoc test or by unpaired Student’s t test to compare continuous measurements or with the 
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Mantel-Cox log-rank test to compare survival curves. P < 0.05 was considered to be 

statistically significant.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. FBXL19 mediates site-specific CBP ubiquitylation and degradation
(A and B) MLE12 cells were transfected with the cbp-v5 or cbpK2103R-v5 plasmids. Forty-

eight hours later, the cells were treated with CHX (20 μg/ml) for 0, 2, 4, or 6 hours. (A) Cell 

lysates were analyzed by Western blotting with antibodies against the indicated proteins. (B) 

Determination of relative protein abundance by densitometric analysis of Western blots with 

ImageJ software. (B) Data are means ± SEM of three independent experiments. *P < 0.01 by 

two-way analysis of variance (ANOVA) and post hoc Tukey’s test. (C and D) MLE12 cells 

were transfected with the indicated amounts of the Fbxl19-v5 plasmid. (C) Forty-eight hours 

later, cell lysates were analyzed by Western blotting with antibodies against the indicated 

proteins. (D) The relative amounts of p300 and CBP proteins were determined by 

densitometric analysis. Data are means ± SEM of three independent experiments. *P < 0.01 

by two-way ANOVA and post hoc Tukey’s test. Comparison was made to the amount of 

CBP in cells that were not transfected with the Fbxl19-v5 plasmid. (E and F) MLE12 cells 

were transfected with the cbp-v5 and Fbxl19-v5 plasmids as indicated. (E) Forty-eight hours 
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later, cell lysates were analyzed by Western blotting with antibodies against V5 and β-actin. 

(F) The relative amounts of CBP-V5 protein were determined by densitometric analysis. 

Data are means ± SEM of three independent experiments. *P < 0.01 by one-way ANOVA 

and post hoc Tukey’s test. Comparison was made to cells that were not transfected with the 

Fbxl19-v5 plasmid. (G and H) MLE12 cells were transfected with control (Cont) shRNA (−) 

or fbxl19-specific shRNA (+), and then cells were treated for the indicated times with CHX 

(20 μg/ml). (G) Cell lysates were analyzed by Western blotting with antibodies against CBP, 

FBXL19, and β-actin. (H) The relative amounts of CBP protein were determined by 

densitometric analysis. Data are means ± SEM of three independent experiments. *P < 0.01 

by two-way ANOVA and post hoc Tukey’s test. Comparison was made to cells treated with 

control shRNA. (I and J) MLE12 cells were transfected with the indicated amounts of the 

Fbxl19-v5 plasmid. Forty-eight hours later, cell lysates were subjected to 

immunoprecipitation (IP) with an anti-CBP antibody and Western blotting analysis with an 

anti-ubiquitin antibody. Input lysates were analyzed by Western blotting with antibodies 

against CBP, V5, and β-actin. (J) The relative amounts of ubiquitylated CBP were 

determined by densitometric analysis. Data are means ± SEM of three independent 

experiments. P values were calculated by one-way ANOVA and post hoc Tukey’s test. 

Comparison was made to cells treated with control shRNA. IB, immunoblotting. Ubi(n), 

polyubiquitination. (K and L) MLE12 cells were transfected with the Fbxl19-v5, cbp-v5, or 

cbpK2103R-v5 plasmid, as indicated. (K) Cell lysates were then analyzed by Western blotting 

with antibodies against V5 and β-actin. (L) The relative amounts of CBP-V5 were 

determined by densitometric analysis. Data are means ± SEM of three independent 

experiments. P values were determined by the unpaired Student’s t test. (M and N) Troponin 

T (TnT)–synthesized CBP-V5 or CBPK2103R-V5 were incubated with a full complement of 

ubiquitylation reaction components with (+) or without (−) purified Flag-tagged FBXL19. 

(M) Reaction mixtures were subjected to Western blotting analysis with antibodies against 

ubiquitin and the Flag tag. The relative amounts of ubiquitylated CBP-V5 and CBPK2103R-

V5 were determined by densitometric analysis. Data are means ± SEM of three independent 

experiments. P values were determined by one-way ANOVA and post hoc Tukey’s test. All 

Western blots are representative of at least three independent experiments.
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Fig. 2. FBXL19 dampens the LPS-stimulated increase in CBP protein abundance
(A and B) MLE12 cells were treated with LPS (10 μg/ml) for 0, 3, 6, and 9 hours. (A) Cell 

lysates were analyzed by Western blotting with antibodies against the indicated proteins. (B) 

Determination of relative CBP protein abundance by densitometric analysis of Western blots 

with ImageJ software. Data are means ± SEM of three independent experiments. P values 

were calculated by one-way ANOVA and post hoc Tukey’s test. (C and D) MLE12 cells 

were treated with LPS (10 μg/ml) for 1, 5, or 20 hours. Total RNAs were extracted and cbp 
(C) and kc (D) mRNA abundances were measured by reverse transcription polymerase chain 

reaction (RT-PCR). Data are means ± SEM of three independent experiments. P values were 

calculated by one-way ANOVA and post hoc Tukey’s test. gapdh, glyceraldehyde-3-

phosphate dehydrogenase. (E and F) MLE12 cells were treated with LPS (10 μg/ml, 3 

hours). (E) Cell lysates were subjected to immunoprecipitation with an anti-CBP antibody 

and Western blotting with an anti-ubiquitin antibody. Input lysates were analyzed by 

Western blotting with an anti-CBP antibody. (F) The relative amounts of ubiquitylated CBP 

were determined by densitometric analysis. Data are means ± SEM of three independent 

experiments. P values were calculated by unpaired Student t test. (G and H) MLE12 cells 

were treated with LPS (10 μg/ml, 3 hours). (G) Cell lysates were subjected to 

immunoprecipitation with immunoglobulin G (IgG) or with antibody against FBXL19 or 
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CBP, followed by Western blotting with antibodies against CBP and FBXL19. (H) The 

relative amounts of CBP and FBXL19 were determined by densitometric analysis. Data are 

means ± SEM of three independent experiments. P values were calculated by unpaired 

Student t test. (I and J) MLE12 cells were transfected with the Fbxl19-v5 plasmid. Forty-

eight hours later, the cells were treated with LPS (10 μg/ml, 6 hours). (I) Cell lysates were 

analyzed by Western blotting with antibodies against the indicated proteins. (J) 

Determination of relative protein abundance by densitometric analysis of Western blots with 

ImageJ software. (J) Data are means ± SEM of three independent experiments. P values 

were determined by one-way ANOVA and post hoc Tukey’s test. All Western blots are 

representative of at least three independent experiments.
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Fig. 3. LPS decreases FBXL19 stability
(A and B) C57/BL6 mice were intratracheally administered with P. aeruginosa strain PA103 

(104 colony-forming units per mouse). (A) Twenty-four hours later, lung tissues were 

analyzed by Western blotting with antibodies against FBXL19 and β-actin. i.t., intratracheal. 

(B) The relative amounts of FBXL19 were determined by densitometric analysis with 

ImageJ software. Data are means ± SEM of 6 (control) and 11 (PA103) mice. P values were 

calculated by unpaired Student t test. (C and D) MLE12 cells were treated with DMSO 

(dimethyl sulfoxide), MG132 (20 μM), or leupeptin (100 μM) for 1 hour before they were 

treated with LPS (10 μg/ml) for an additional 0, 6, or 9 hours. (C) Cell lysates were analyzed 

by Western blotting with antibodies against FBXL19 and β-actin. (D) The relative amounts 

of FBXL19 were determined by densitometric analysis with ImageJ software. Data are 

means ± SEM of three independent experiments. P values were calculated by two-way 

ANOVA and post hoc Tukey’s test. (E and F) HBEpCs were treated with LPS (10 μg/ml) for 

6 hours. (E) Cell lysates were subjected to immunoprecipitation with an anti-FBXL19 

antibody and Western blotting with an anti–K48-ubiquitin antibody. Input lysates were 

analyzed by Western blotting with antibodies against CBP, FBXL19, and β-actin. (F) The 

relative amounts of FBXL19 were determined by densitometric analysis with ImageJ 

software. Data are means ± SEM of three independent experiments. P values were calculated 

by unpaired Student t test. (G) MLE12 cells were treated with LPS (10 μg/ml) for 1, 5, or 20 

hours. Total RNAs were extracted and fbxl19 mRNA abundance was measured by RT-PCR 

analysis. Data are means ± SEM of three independent experiments. P values were calculated 

by one-way ANOVA and post hoc Tukey’s test. All Western blots are representative of at 

least three independent experiments.
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Fig. 4. The reduction of CBP stability by FBXL19 impairs histone acetylation and cytokine 
release
(A and B) MLE12 cells were transfected with cbp-v5 and Fbxl19-v5 plasmids. (A) Forty-

eight hours later, isolated histone lysates were analyzed by Western blotting with antibodies 

against histone H4K8ac and histone H4. Cell lysates were analyzed by Western blotting with 

antibodies against V5 and β-actin. (B) Determination of relative H4K8ac protein abundance 

by densitometric analysis of Western blots with ImageJ software. Data are means ± SEM of 

three independent experiments. P values were calculated by two-way ANOVA and post hoc 

Tukey’s test. (C and D) HBEpCs were transfected with the Fbxl19-v5 plasmid, and then 

cells were treated with LPS (10 μg/ml, 3 hours). (C) Isolated histone lysates were analyzed 

by Western blotting with antibodies against H4K8ac and H4. (D) Determination of relative 

H4K8ac protein abundance by densitometric analysis of Western blots with ImageJ 

software. Data are means ± SEM of three independent experiments. P values were calculated 

by two-way ANOVA and post hoc Tukey’s test. (E and F) MLE12 cells transfected with 

fbxl19 shRNA (shfbxl19) plasmid. Seventy-two hours later, cells were treated with LPS (10 

μg/ml) for 3 hours. (E) Isolated histone lysates were analyzed by Western blotting with 

antibodies against H4K8ac and H4. (F) Determination of relative H4K8ac protein abundance 

by densitometric analysis of Western blots with ImageJ software. Data are means ± SEM of 

three independent experiments. P values were calculated by two-way ANOVA and post hoc 

Tukey’s test. (G) MLE12 cells transfected with or without the fbxl19 shRNA plasmid. 

Seventy-two hours later, cells were treated with LPS (10 μg/ml) for 3 hours. KC release was 

measured by enzyme-linked immunosorbent assay (ELISA). Data are means ± SEM of three 

independent experiments. P values were calculated by two-way ANOVA and post hoc 

Tukey’s test. (H) HBEpCs were transfected with the Fbxl19-v5, cbp-v5, or cbpK2103R-V5 

plasmid as indicated. Forty-eight hours later, cells were treated with LPS (10 μg/ml, 3 
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hours). The amount of IL-8 secreted into the medium was measured by ELISA. Data are 

means ± SEM of three independent experiments. P values were calculated by two-way 

ANOVA and post hoc Tukey’s test. All Western blots are representative of at least three 

independent experiments. n.s., not significant.

Wei et al. Page 20

Sci Signal. Author manuscript; available in PMC 2018 March 22.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Fig. 5. FBXL19 mitigates histone acetylation and inflammatory responses in a CLP-induced 
murine model of sepsis
(A and B) C57/BL6 mice were subjected to CLP for 4, 24, or 48 hours. (A) Isolated histone 

lysates of lung tissues were analyzed by Western blotting with antibodies against histone 

H4K8ac and histone H4. (B) Determination of relative H4K8ac protein abundance by 

densitometric analysis of Western blots with ImageJ software. Data are means ± SEM of six 

to eight samples per group. P values were calculated by one-way ANOVA and post hoc 

Tukey’s test. (C and D) C57/BL6 mice were intravenously infected with control lentivirus 

(Lenti-cont) or lentivirus encoding Fbxl19 (Lenti-Fbxl19) before they were subjected to 

CLP. (C) Twenty-four hours later, isolated histone lysates of lung tissues were analyzed by 

Western blotting with antibodies against histone H4K8ac and histone H4. (D) Determination 

of relative H4K8ac protein abundance by densitometric analysis of Western blots with 

ImageJ software. Data are means ± SEM of 11 samples per group. P values were calculated 

by unpaired Student t test. (E and F) Plasma and BAL KC concentrations were measured by 

ELISA. Data are means ± SEM of five to eight samples per group. P values were calculated 

by two-way ANOVA and post hoc Tukey’s test. (G) Myeloperoxidase (MPO) activity in 

lung tissues was measured by ELISA. Data are means ± SEM of five to eight samples per 

group. P values were calculated by two-way ANOVA and post hoc Tukey’s test.
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Fig. 6. USP14 deubiquitylates and stabilizes CBP
(A and B) MLE12 cells were transfected with the indicated amounts of Usp14-ha plasmid. 

(A) Forty-eight hours later, cell lysates were analyzed by Western blotting with antibodies 

against indicated proteins. (B) Determination of relative CBP and p300 protein abundance 

by densitometric analysis of Western blots with ImageJ software. Data are means ± SEM of 

three independent experiments. P values were calculated by two-way ANOVA and post hoc 

Tukey’s test. (C and D) MLE12 cells were transfected with Cont shRNA or usp14 shRNA. 

(C) Seventy-two hours later, cell lysates were analyzed by Western blotting with antibodies 

against the indicated proteins. (D) Determination of relative CBP protein abundance by 

densitometric analysis of Western blots with ImageJ software. Data are means ± SEM of 

three independent experiments. P values were calculated by unpaired Student’s t test. (E and 

F) MLE12 cells were treated with IU1 (0, 10, 20, or 50 μM). (E) Twenty-four hours later, 

cell lysates were analyzed by Western blotting with antibodies against CBP and β-actin. (F) 

Determination of relative CBP protein abundance by densitometric analysis of Western blots 

with ImageJ software. Data are means ± SEM of three independent experiments. P values 

were calculated by one-way ANOVA and post hoc Tukey’s test. (G and H) MLE12 cells 

were treated with increasing concentrations of IU1 for 16 hours before they were treated 

with LPS for a further 9 hours. (G) Cell lysates were analyzed by Western blotting with 

antibodies against CBP and β-actin. (H) Determination of relative CBP protein abundance 

by densitometric analysis of Western blots with ImageJ software. Data are means ± SEM of 

three independent experiments. P values were calculated by one-way ANOVA and post hoc 
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Tukey’s test. (I and J) MLE12 cells were transfected with Usp14-ha plasmid for 48 hours or 

were pretreated with IU1 (50 μM) for 4 hours. (I) Cells were then subjected to 

immunoprecipitation with an anti-CBP antibody and Western blotting analysis with 

antibodies against ubiquitin and CBP. Veh, vehicle. (J) The relative amounts of ubiquitylated 

CBP were determined by densitometric analysis with ImageJ software. Data are means ± 

SEM of three independent experiments. P values were calculated by one-way ANOVA and 

post hoc Tukey’s test. (K) Top: MLE12 cell lysates were subjected to immunoprecipitation 

with control IgG or an anti-CBP antibody, followed by Western blotting with antibodies 

against USP14 and CBP. Middle: MLE12 cells were subjected to immunoprecipitation with 

control IgG or an anti-USP14 antibody, followed by Western blotting with antibodies against 

CBP and USP14. Bottom: Input lysates were analyzed by Western blotting with antibodies 

against CBP, USP14, and β-actin. (L) HBEpCs were treated with LPS (10 μg/ml, 6 hours), 

and cell lysates were subjected to immunoprecipitation with an anti-CBP antibody, followed 

by Western blotting with antibodies against CBP and USP14. Input lysates were analyzed by 

Western blotting with antibodies against CBP, USP14, and β-actin. All Western blots are 

representative of at least three independent experiments.
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Fig. 7. Inhibition of USP14 impairs histone acetylation
(A) MLE12 cells were transfected with Usp14-ha plasmid. Forty-eight hours later, cells 

were treated with LPS (10 μg/ml, 1 hour). USP14-HA (hemagglutinin) was 

immunoprecipitated with an anti-HA antibody, and then the immunoprecipitated complex 

was incubated with or without IU1. A deubiquitylation assay was performed according to 

the manufacturer’s instructions. Deubiquitylating activity was normalized by the control. 

Data are means ± SEM of three independent experiments. P values were calculated by two-

way ANOVA and post hoc Tukey’s test. (B and C) MLE12 cells were transfected with 

Usp14-ha plasmid. (B) Forty-eight hours later, cells were treated with LPS (10 μg/ml, 3 

hours). Isolated histone lysates were analyzed by Western blotting with antibodies against 

histone H4K8ac and histone H4. (C) Determination of relative H4K8ac protein abundance 

by densitometric analysis of Western blots with ImageJ software. Data are means ± SEM of 

three independent experiments. P values were calculated by two-way ANOVA and post hoc 

Tukey’s test. (D and E) MLE12 cells were transfected with usp14 shRNA plasmid. (D) 

Seventy-two hours later, cells were treated with LPS (10 μg/ml, 3 hours). Isolated histone 

lysates were analyzed by Western blotting with antibodies against histone H4K8ac and 

histone H4. (E) Determination of relative H4K8ac protein abundance by densitometric 

analysis of Western blots with ImageJ software. Data are means ± SEM of three independent 

experiments. P values were calculated by two-way ANOVA and post hoc Tukey’s test. All 

Western blots are representative of at least three independent experiments.

Wei et al. Page 24

Sci Signal. Author manuscript; available in PMC 2018 March 22.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Fig. 8. Inhibition of USP14 reduces cytokine release in vitro and in vivo
(A) MLE12 cells were transfected with Cont shRNA or usp14 shRNA before they were 

treated with LPS (10 μg/ml) for 6 hours. KC release was measured by ELISA. Data are 

means ± SEM of three independent experiments. P values were calculated by two-way 

ANOVA and post hoc Tukey’s test. Cell lysates were analyzed by Western blotting with 

antibodies against USP14 and β-actin. (B) Raw264.7 cells were treated with IU1 (50 μM) 

for 16 hours before they were treated with LPS (200 ng/ml) for 3 hours. The relative 

abundance of kc mRNA was analyzed by real-time PCR. Data are means ± SEM of three 

independent experiments. P values were calculated by two-way ANOVA and post hoc 

Tukey’s test. (C) C57/BL6 mice were subjected to CLP, which was followed by 

intraperitoneal injection of IU1 (10 mg/kg body weight). Survival rates were determined for 

up to 100 hours (n = 13 mice per group), and P values were calculated by Mantel-Cox log-

rank test. (D to G) C57/BL6 mice were subjected to CLP, which was followed by 

intraperitoneal (i.p.) injection of IU1 (10 mg/kg body weight). Twenty-four hours later, the 

concentrations of plasma IL-6 (D), BAL IL-6 (E), plasma KC (F), and BAL KC (G) were 

analyzed by ELISA. Data are means ± SEM of five to seven samples per group. P values 

were calculated by two-way ANOVA and post hoc Tukey’s test. (H) C57/BL6 mice were 

subjected to intratracheal injection of LPS (5 mg/kg body weight), followed by intratracheal 

injection of IU1 (10 mg/kg body weight). Twenty-four hours later, the concentration of IL-6 

in the BAL was measured by ELISA. Data are means ± SEM of six to eight samples per 

group. P values were calculated by two-way ANOVA and post hoc Tukey’s test. (I) Lung 
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tissues from the experiments depicted in (H) were stained with hematoxylin and eosin. Scale 

bars, 20 μm. Images are representative of lung tissues from six to eight mice.
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