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Introduction
The inflammatory response in the lung is a critical response to infection and for maintaining pulmonary 
homeostasis. Pathogen sensing by the host initiates inflammation via cytokine signaling cascades (1), which 
facilitates the activation of  the immune system and recruitment of  leukocytes to the afflicted area. Howev-
er, uncontrolled pulmonary inflammation can be deleterious, as several acute pathologies including acute 
respiratory distress syndrome (ARDS) are associated with high proinflammatory cytokine levels (2). In the 
case of  ARDS, dysregulated pulmonary inflammation results in capillary damage, disruption of  the alveolar 
epithelium, alveolar damage caused by leukocytes, and the influx of  edema fluid rich in connective tissue 
and protein (3). ARDS annually affects almost 0.25 million patients, with greater than 40% mortality (3–5).

Pulmonary inflammation is directly associated with proinflammatory cytokines such as IL-1, IL-6, and 
TNF (6, 7). Alveolar macrophages from ARDS patients show more activated NF-κB (8), and subsequent 
research has shown that the NF-κB signaling pathway promotes the transcription of  cytokines involved in 
ARDS pathogenesis (8–11). Several families of  proteins are tasked with suppressing cytokine signal trans-
duction, including the SOCS proteins (12, 13). The protein SOCS2 regulates the fate of  many key signal 
transduction proteins, such as the protein kinases FLT3 and p38, the growth hormone receptor, and even 
other SOCS proteins (14–17). Research suggests that SOCS2 suppresses the NF-κB pathway, similarly to 
other SOCS family members such as SOCS1 and SOCS3 (18). Further, SOCS2 was observed to mediate 
the degradation of  the kinase STK38, which is known to enhance the activity of  NF-κB signaling (19). 
Indeed, SOCS2 expression directly blunted NF-κB transactivation (20). In addition, SOCS2 was observed 
to regulate the stability of  TRAF6, leading to inhibition of  NF-κB pathways (21). Deletion of  SOCS2 in 
mice leads to rampant systemic proinflammatory cytokine production following challenge with Toxoplas-
ma gondii or LPS (22). Despite these studies, there is little research into the role of  SOCS2 in pulmonary 

Dysregulated proinflammatory cytokine release has been implicated in the pathogenesis of several 
life-threatening acute lung illnesses such as pneumonia, sepsis, and acute respiratory distress 
syndrome. Suppressors of cytokine signaling proteins, particularly SOCS2, have recently been 
described as antiinflammatory mediators. However, the regulation of SOCS2 protein has not been 
described. Here we describe a mechanism of SOCS2 regulation by the action of the ubiquitin E3 
ligase KIAA0317. KIAA0317-mediated degradation of SOCS2 exacerbated inflammation in vitro, 
and depletion of KIAA0317 in vivo ameliorated pulmonary inflammation. KIAA0317-knockout 
mice exhibited resistance to LPS-induced pulmonary inflammation, while KIAA03017 reexpression 
mitigated this effect. We uncovered a small molecule inhibitor of KIAA0317 protein (BC-1365) that 
prevented SOCS2 degradation and attenuated LPS- and P. aeruginosa–induced lung inflammation 
in vivo. These studies show KIAA0317 to be a critical mediator of pulmonary inflammation through 
its degradation of SOCS2 and a potential candidate target for therapeutic inhibition.
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inflammation and injury. Previous research suggests that the stability of  key proteins that regulate pulmo-
nary inflammation influences lung pathology, such as the ubiquitin proteasome–dependent degradation of  
TLR2, PIAS1, and FBXL2 (23–25). To better understand the role of  SOCS2 in pulmonary inflammation, 
we investigated the regulation of  SOCS2 protein stability and its effects on pulmonary inflammation.

Here we report the ubiquitin-mediated degradation of  SOCS2 protein and its effect on pulmonary 
inflammation. We characterized SOCS2 ubiquitination, which was dependent on PKCα-mediated phos-
phorylation and stimulated by LPS exposure, leading to SOCS2 protein degradation through the protea-
some. Through affinity mass spectrometry, we identified the ubiquitin E3 ligase KIAA0317 (also known as 
AREL1) as an interacting partner with SOCS2 and elucidated a mechanism by which KIAA0317 potent-
ly regulated SOCS2 protein stability and signaling. Kiaa0317 knockdown in vivo increased SOCS2 pro-
tein level and lessened the severity of  bacterially induced lung inflammation. Subsequently, we developed 
CRISPR/Cas9 Kiaa0317-knockout mice, which were resistant to LPS-induced pulmonary inflammation. 
Lentivirus rescue experiments with Kiaa0317-knockout mice ablated the protection from LPS-induced 
inflammation, which supported this putative mechanism. Finally, we screened and developed a small mol-
ecule inhibitor of  KIAA0317, which showed efficacy in vitro and in vivo in preserving SOCS2 protein and 
ameliorating pulmonary inflammation in both bacterial and LPS-driven models of  lung inflammation. 
Taken together, these experiments describe a mechanism controlling pulmonary inflammation and a poten-
tial avenue for therapeutic intervention.

Results
SOCS2 is downregulated during pulmonary distress. To test the in vivo significance of  SOCS2 in pulmonary 
inflammation, we analyzed its protein expression by immunoblotting lysate from circulating white blood 
cells from 7 control subjects and 10 patients with ARDS, as defined by Berlin criteria and agreed upon by 
a minimum of  3 members of  an expert clinical panel (Table 1). Deidentified human plasma samples were 
obtained from the University of  Pittsburgh Acute Lung Injury Biospecimen Repository. Following immu-
noblotting, we observed that patients with ARDS had significantly less immunoreactive SOCS2 in leuko-
cyte lysate versus control subjects, suggesting SOCS2 protein is depleted during pulmonary inflammation 
(Figure 1A). We next sought to explore the role of  SOCS2 in lung tissue types. We conducted single-cell 
RNA sequencing of  normal human tissue to characterize SOCS2 cellular expression. Normal control lung 
tissue was obtained from organ donors, after rejection of  the lungs for transplant prior to processing for 
RNA sequencing (data deposited in the NCBI’s Gene Expression Omnibus [GEO], GSE128169) (26). We 
observed SOCS2 to be predominantly expressed in pulmonary epithelia cells, specifically type II pneumo-
cytes (Figure 1B). Lung epithelia play a critical role in pathogen detection and the initiation of  inflamma-
tion during lung infection and stress (27, 28). We hypothesized that SOCS2 protein may be decreased in 
these cells in response to inflammatory stimuli such as LPS. We observed that SOCS2 protein had a half-
life between 2 and 4 hours in murine lung epithelial (MLE) cells, which was prolonged with proteasomal 
inhibitor MG132 treatment (Figure 1C). Further, Socs2 protein showed a dose-dependent decrease upon 
expression of  ubiquitin in MLE cells (Figure 1D), suggesting that Socs2 protein stability is regulated via 
the ubiquitin-proteasome system. We performed UbiCRest analysis to characterize Socs2 ubiquitination 
and observed that Socs2 predominantly assembled ubiquitin chains with K48 linkages (29) (Figure 1E). 
Further, we expressed several ubiquitin constructs with all lysines mutated except for a specific one, thus 
impairing linkage-specific polyubiquitin chains. We observed that ubiquitin with K48 alone was the only 
construct sufficient to generate high-molecular-weight Socs2 polyubiquitination protein signal (Figure 1F). 
Finally, treatment of  MLE cells with LPS led to decreased Socs2 protein signal and an increase in polyubiq-
uitinated Socs2, suggesting that SOCS2 ubiquitination and degradation are stimulated by LPS (Figure 1G). 
LPS treatment of  MLE cells did not result in a significant change in Socs2 mRNA (Figure 1H).

KIAA0317 targets SOCS2 for ubiquitination. The process of  substrate ubiquitination is facilitated by sub-
strate-engaging ubiquitin E3 ligases. We utilized recombinant GST-tagged SOCS2 as bait during incuba-
tion with epithelial cell BEAS-2B lysate prior to SOCS2 pull-down (PD) (Figure 2A). Following PD, we 
subjected the eluate to mass spectrometry analysis through MS BioWorks services. Analysis uncovered 
several differentially detected peptides among SOCS2 PD relative to control GST PD. Among these, we 
observed the protein KIAA0317 (79 peptides detected), which has been previously described as homol-
ogous to the E6-AP carboxyl terminus (HECT) domain ubiquitin E3 ligase (30–33). Expression of  
KIAA0317 in MLE cells accelerated SOCS2 degradation in half-life studies, while shRNA silencing of  
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Kiaa0317 prolonged SOCS2 stability (Figure 2, B–E). KIAA0317 overexpression specifically decreased 
SOCS2 in a dose-dependent manner; a randomly selected HECT E3 ligase, UBE3B, was also tested as a 
negative control (Figure 2, F and G). KIAA0317 enhanced SOCS2 polyubiquitination in an in vivo ubiq-
uitination assay (Figure 2H), and this effect was also observed through in vitro ubiquitination assays (Fig-
ure 2I). Expression of  His-tagged SOCS2 in addition to LPS exposure led to an increased polyubiquiti-
nation signal upon His-SOCS2 PD. This signal was enhanced upon coexpression of  KIAA0317 (Figure 2J), 
suggesting that LPS enhances KIAA0317-induced polyubiquitination of  SOCS2. As SOCS2 is suggested to 
suppress NF-κB signaling (20), we tested the role of  KIAA0317 in this signaling. Silencing of  Kiaa0317 signifi-
cantly reduced NF-κB promoter activity following stimulation with LPS or TNF (Figure 2, K and L). These 
data suggested that KIAA0317 is a candidate E3 ligase regulating SOCS2 ubiquitination and degradation.

LPS stimulates site-specific SOCS2 phosphorylation and KIAA0317-mediated ubiquitination and degradation. 
Substrates are ubiquitinated often by conjugation to critical lysine sites. We mapped the putative ubiquitin 
acceptor site and the KIAA0317 binding site within SOCS2 (Figure 3A). To uncover the critical ubiqui-
tin acceptor site within SOCS2, we constructed several SOCS2 lysine-to-arginine mutants and assayed 
their protein half-lives (Figure 3B). Of  the SOCS2 point mutants tested, only SOCS2 K173R exhibited an 
extended half-life (Figure 3B). We also probed the KIAA0317 binding site within SOCS2. KIAA0317 pro-
tein was first immunoprecipitated from cell lysates and coupled to protein A/G resin. We then incubated 
KIAA0317 resin with in vitro synthesized SOCS2-V5 mutants. After washing and elution, we analyzed 
via immunoblotting. We determined that KIAA0317 binds within the N-terminus of  SOCS2 (Figure 3C).

We hypothesized that this binding region within SOCS2 contained a critical moiety for recognition by 
KIAA0317. Ubiquitinated substrates are often posttranslationally modified (e.g., phosphorylation), and 
these sites function as “degrons” for E3 ligase targeting (34). Thus, we set out to determine whether there 
existed a key phosphodegron within SOCS2 for KIAA0317 recognition. Database analysis indicated that 
SOCS2 S52 is a candidate phosphorylation site within its N-terminus (NetPhos 2.0 software prediction [ref. 
35]). Additionally, there is a naturally occurring missense polymorphism (S52N) (rs3741676) within this 
codon, and the SOCS2 S52N mutant exhibited an extended half-life (Figure 3D) and displayed lessened 
binding to KIAA0317 (Figure 3E). Finally, we observed that SOCS2 S52N as well as the K173R mutant 
were resistant to degradation when coexpressed with KIAA0317 (Figure 3F).

We sought to determine the kinase responsible for SOCS2 phosphorylation at S52. We screened for 
kinases via SOCS2 immunoprecipitation and immunoblot analysis. Of  the kinases probed, only PKCα 
was detected in the SOCS2 immunoprecipitate (Supplemental Figure 1A; supplemental material avail-
able online with this article; https://doi.org/10.1172/jci.insight.129110DS1). We further observed that 
PKCα directly phosphorylated SOCS2 in an in vitro kinase assay (Supplemental Figure 1B). PKCα affects 
SOCS2 protein stability, as PKCα expression decreased the protein half-life of  SOCS2 in a cycloheximide 
(CHX) chase (Supplemental Figure 1, C and D). Similarly, silencing of  Pkca drastically stabilized SOCS2 
protein (Supplemental Figure 1, E and F). Increasing duration and dose of  LPS treatment promoted 

Table 1. Clinical parameters of ARDS patients

Age (yr) Sex Primary etiology WBCs 
(x109/L)

Vasopressor 
use

LIPS score FiO2 (%) PEEP (cm H2O) Duration of mechanical 
ventilation (d)

30-day 
mortality

71 Male Pneumonia 15.1 Yes 6.5 80 12 25 No
43 Female Aspiration 9.5 Yes 7 50 8 20 No
36 Female Pneumonia 7.5 No 4.5 60 14 12 No
18 Female Nonpulmonary 

sepsis
12.1 Yes 5 40 10 61 No

43 Female Nonpulmonary 
sepsis

23.3 Yes 6 100 15 4 No

73 Male Aspiration 19.1 Yes 7.5 60 5 3 Yes
45 Female Pneumonia 15.1 Yes 6.5 40 5 9 No
72 Female Pneumonia 10.2 No 3.5 90 14 36 No
51 Male Pneumonia 10.8 Yes 7.5 50 8 15 No
59 Female Pneumonia 13.9 Yes 7.5 60 10 25 No

LIPS, lung injury prediction score; PEEP, positive end-expiratory pressure. 
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SOCS2 association with PKCα and KIAA0317, as well as the emergence of  a phosphoserine signal cor-
responding to the predicted size of  SOCS2 (~25 kDa) (Supplemental Figure 1, G and H). This signal was 
reduced when Pkca was silenced (Supplemental Figure 1I). Further, LPS increased KIAA0317 protein 
levels and decreased SOCS2 protein levels in both a time- and dose-dependent manner, as well as increas-
ing the association between the 2 proteins (Supplemental Figure 1, G and H). To better understand the 
mechanism of  KIAA0317 targeting of  SOCS2, we embarked on a candidate mapping approach to iden-
tify the critical site within KIAA0317 for SOCS2 binding (Figure 3G). Through in vitro protein binding 
assays, we determined that KIAA0317 binds to SOCS2 through the KIAA0317 C-terminus (Figure 3, H 
and I). Interestingly, previous mapping studies have suggested that KIAA0317 binds to substrates through 
specific C-terminal residues (such as P779) (33). Additionally, KIAA0317 P779 contains a naturally  

Figure 1. SOCS2 protein is ubiquitinated and degraded during pulmonary inflammation. (A) Immunoblot analysis of leukocyte pellets from ARDS 
patients or control serum samples. Data represent mean ± SEM, (n = 7–10; ***P < 0.001 compared with control, Mann-Whitney U test). (B) Cell type 
clustering results of control lung tissue cells from single-cell RNA sequencing of SOCS2 transcript. (C) Immunoblotting following CHX (50 μg/mL), 
MG132 (20 μM), or leupeptin (50 μg/mL) treatment for the indicated times with ectopic expression of V5-tagged SOCS2 in MLE cells. (D) Immu-
noblotting following overexpression of ubiquitin (Ubi) in MLE cells. (E) UbiCRest analysis of SOCS2 ubiquitination following immunoprecipitation 
from MLE cells; digestion supernatant is shown below, with deubiquitinase enzymes indicated by asterisks. Ctrl, control; CD, catalytic domain. (F) 
Immunoblot analysis following expression of SOCS2-V5 and ubiquitin lysine-to-arginine mutants. (G) Immunoblotting analysis of MLE cells following 
SOCS2-HIS and HA-ubiquitin expression. Following HIS PD, eluate was immunoblotted for HA ubiquitin signal. (H) qPCR analysis of MLE cells treated 
with LPS for the indicated times. Data represent mean values ± SEM (n = 3; NS, P > 0.05 compared with 0 hours; Student’s 2-tailed unpaired t test). 
(C–G) Data are representative of n = 2–3 independent experiments.
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occurring polymorphism (rs371610162) resulting in P779L missense mutation. We observed that 
KIAA0317 P779L mutant protein has weakened binding with SOCS2 (Figure 3J), as does a peptide cor-
responding to the P779L sequence (Figure 3K). Finally, SOCS2 protein is insensitive to dose-dependent 
overexpression of  P779L relative to WT (Figure 3L). Together, these results suggest that in response to 
LPS exposure, KIAA0317 facilitates the ubiquitination and degradation of  SOCS2 protein, mediated 
by PKCα-mediated phosphorylation. This is consistent with the results of  previous studies that suggest-
ed PKCα plays a role in inducing proinflammatory signaling, specifically through the NF-κB pathway 
(36–39). We hypothesized that this interaction plays a role in mechanisms of  pulmonary inflammation.

Figure 2. KIAA0317 ubiquitinates and degrades SOCS2 in response to bacterial insult. (A) Protein staining of eluate from control GST and SOCS2-
GST bait and capture of BEAS-2B lysate prior to mass spectrometry analysis. (B) Immunoblotting following CHX treatment (50 μg/mL) for the indi-
cated times with ectopic expression of empty plasmid or V5-tagged KIAA0317 in MLE cells. (C) SOCS2 protein densitometry (normalized to actin) for 
B (n = 2). (D) Immunoblotting following CHX treatment (50 μg/mL) for the indicated times with ectopic expression of Ctrl shRNA or Kiaa0317 shRNA 
in MLE cells. (E) SOCS2 protein densitometry (normalized to actin) for D (n = 2). (F and G) SOCS2 immunoblotting following (F) KIAA0317 and (G) 
UBE3B expression in MLE cells. (H) In vivo ubiquitination assay and SOCS2 immunoprecipitation following coexpression with KIAA0317 and ubiquitin. 
(I) In vitro ubiquitination assay of SOCS2 protein. (J) Immunoblot analysis of SOCS2 PD following KIAA0317 expression and LPS exposure. (K and L) 
NF-κB promoter activity assays in 293T cells transfected with control shRNA (CON) or KIAA0317 shRNA and exposed to (K) LPS (10 μg/mL) or (L) 
TNF (10 ng/mL) treatment for the indicated times. Data represent mean values ± SEM (n = 4; *P < 0.05; ****P < 0.0001; NS, P > 0.05 compared with 
the indicated treatment, with control shRNA 6-hour treatment (†), or with control shRNA 18-hour treatment (#). Two-way ANOVA with Bonferroni’s 
multiple-comparisons test. (F–J) Data are representative of n = 2–3 independent experiments.
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Figure 3. KIAA0317 targets SOCS2 phosphodegron for binding and ubiquitination. (A) Schematic of SOCS2 deletional or point mutants used in mecha-
nistic studies. (B) Immunoblot analysis of MLE cells expressing SOCS2 lysine mutants followed by CHX (50 μg/mL) treatment for the indicated times. (C) 
Deletion mapping of SOCS2 site for binding KIAA0317. (D) Immunoblot analysis of MLE cells expressing SOCS2 S52N followed by CHX (50 μg/mL) treat-
ment for the indicated times. (E) Immunoblot analysis of SOCS2 S52N binding KIAA0317. (F) Immunoblotting of MLE cells cotransfected with WT SOCS2 or 
the S52N or K173R mutant without or with KIAA0317. The lanes were run on the same gel but were noncontiguous. (G) Schematic of KIAA0317 deletional 
or point mutants used in mechanistic studies. (H and I) Deletion and point mapping of KIAA0317 site for binding SOCS2. (J) KIAA0317 P779L binding assay 
with SOCS2. (K) KIAA0317 Peptide binding assay. (L) Immunoblot analysis of MLE cells expressing KIAA0317 WT and P779L at increasing doses. In B–F and 
H–L, data are representative of n = 2 independent experiments.
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Kiaa0317 knockdown ameliorates Pseudomonas-induced lung injury in vivo. To explore the role of  
Kiaa0317 in pulmonary inflammation, we pursued in vivo knockdown studies. Mice were first infected 
with lentivirus encoding empty shRNA or Kiaa0317 shRNA for 144 hours (1 × 107 PFU/mouse, intra-
tracheally [i.t.]) and then challenged with PA103 (1 × 104 CFU/mouse, i.t.) for an additional 18 hours 
(Figure 4A). Mice were sacrificed and samples were processed for metrics of  pulmonary inflammation. 
Kiaa0317 knockdown significantly decreased lavage protein concentrations, lavage cell counts, and cell 
infiltrates without affecting bacterial load (Figure 4, B, C, D, and I). Further, Kiaa0317 knockdown 
significantly decreased lavage cytokine levels of  IL-6 and TNF (Figure 4, E and F), and improved sur-
vival (Figure 4G). Pulmonary parenchymal tissue from Kiaa0317-silenced mice showed higher SOCS2 
protein levels (Figure 4H) and fewer inflammatory infiltrates (Figure 4I).

Kiaa0317–/– mice are resistant to LPS-induced lung inflammation. As transient silencing of  KIAA0317 in 
C57BL6/J mice conferred a protective phenotype against PA103-induced pulmonary inflammation, we 
extended these studies by generating Kiaa0317-deficient mice. Kiaa0317-knockout mice were generated 
using CRISPR/Cas9 technology using previously described techniques (40). An sgRNA targeting exon 

Figure 4. Kiaa0317 knockdown ameliorates Pseudomonas-induced lung injury in vivo. (A) Treatment strategy for lentiviral infection (1 × 107 PFU/mouse) and 
PA103 exposure (1 × 104 CFU/mouse). Mice were euthanized, and lungs were lavaged with saline and harvested. Con, control. (B–D) Protein concentration, cell 
count, and bacterial count measurements in BALF from treated mice (n = 6–8 mice per group). In D, box represents interquartile range; line, median; and whis-
kers, highest and lowest values. (E and F) ELISA analysis of BALF cytokines IL-6 and TNF. (G) Survival studies of mice exposed to PA103 (i.t. 1 × 105 CFU/mouse, 
n = 8 mice per group). Mice were monitored over time; moribund, preterminal animals were immediately euthanized and recorded as deceased. Kaplan-Meier 
survival curves were generated and compared; data represent mean values (n = 8 mice per group). (H) Immunoblot analysis from representative murine lung 
homogenate; n = 4 per group. (I) Histology of murine lungs following H&E staining; scale bar: 100 μm. **P < 0.01, ***P < 0.001, ****P < 0.0001, NS: P > 0.05 
compared with control shRNA, 2-tailed unpaired Student’s t test (B–F) or compared with control shRNA, log-rank (Mantel-Cox) test (G).
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13 of  KIAA0317 introduced a double-stranded break, and subsequent NHEJ repair resulted in a 91-bp 
deletion in the genomic DNA sequence, with no effects in mouse morphology or the predicted off-targeting 
regions (Supplemental Figure 2, A–D). Sequencing of  the cDNA of  the generated knockout revealed that 
the genomic DNA deletion produces a cDNA transcript missing exon 13. Splicing of  exon 12–14 generates 
a frameshift in exon 14 at amino acid 500 resulting in the introduction of  a stop codon at position 503 of  
the knockout transcript (Supplemental Figure 2, A and B).

We next sought to explore the role of  Kiaa0317 genetic deletion in experimental pulmonary inflam-
mation. We observed decreased Kiaa0317 transcript signal from Kiaa0317+/– mice and transcript depletion 
in Kiaa0317–/– mice (Figure 5, A and B). To test the role of  Kiaa0317 knockout in pulmonary inflamma-
tion, we challenged Kiaa0317+/+, Kiaa0317+/–, and Kiaa0317–/– mice with LPS (3 mg/kg) for 18 hours. Mice 
were euthanized prior to analysis of  parameters of  inflammatory injury. Relative to WT, Kiaa0317+/– and 
Kiaa0317–/– mice showed significant and stepwise decreases in indicators of  inflammatory injury, such as 
bronchoalveolar lavage fluid (BALF) protein concentration (Figure 5C) and cell count (Figure 5D), as well 
as decreases in proinflammatory cytokine release (Figure 5, E–G). Histological analysis revealed fewer 
inflammatory infiltrates among Kiaa0317+/– and Kiaa0317–/– mice (Figure 5H). These data suggest that 
Kiaa0317 deletion confers protection against experimental pulmonary inflammation.

KIAA0317 reexpression sensitizes Kiaa0317–/– to LPS-induced pulmonary inflammation. To further validate the 
role of  Kiaa0317 in pulmonary inflammation, we conducted a series of  lentiviral rescue experiments utilizing 

Figure 5. Kiaa0317 knockout confers protection from LPS-induced lung inflammation. (A) sgRNA target site amplification from Kiaa0317+/+, Kiaa0317+/–, 
and Kiaa0317–/– mice. (B) Kiaa0317 transcript levels among Kiaa0317+/+, Kiaa0317+/–, and Kiaa0317–/– mice. Data represent mean values ± SEM (n = 3 mice). 
(C–G) Kiaa0317+/+, Kiaa0317+/–, and Kiaa0317–/– mice were i.t. inoculated with LPS (3 mg/kg) for 18 hours. Data represent mean values ± SEM (n = 3 mice per 
group). (C and D) Protein concentration and cell count from BALF. (E) BALF IL-6 concentration. (F) BALF TNF concentration. (G) BALF IL-1β concentration. 
(H) Histology of murine lungs following H&E staining; scale bar: 100 μm. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001 compared with the indicated 
group or to sex-specific +/+ group; 1-way ANOVA with Tukey’s multiple-comparisons (B) or 1-way ANOVA with Dunnett’s multiple-comparisons test (C–G).
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WT KIAA0317 and the binding-deficient P779L mutant, and with LPS challenge (Figure 6). Kiaa0317–/– mice 
with empty lentivirus showed lower BALF protein concentration, cell counts, and cytokine release relative to 
Kiaa0317+/+ mice (Figure 6, A–E). However, an inflammatory phenotype was observed upon lentiviral expres-
sion of  WT KIAA0317 in Kiaa0317–/– mice. Interestingly, KIAA0317 P779L Kiaa0317–/– mice phenocopied 
control Kiaa0317–/– mice. Further, the distinct effect of  expression of  KIAA0317 WT and P779L was observed 
in BALF leukocyte differential counts (Figure 6, F–H). BALF from both Kiaa0317+/+ and Kiaa0317–/– mice 

Figure 6. Reexpression of KIAA0317 in Kiaa0317–/– mice ablates resistance to inflammation. Mice were infected i.t. with empty lentivirus or lentivirus 
encoding KIAA0317 WT or KIAA0317 P779L (1 × 107 PFU/mouse) prior to LPS exposure (3 mg/kg). Following exposure, mice were euthanized, and lungs 
were lavaged with saline and harvested. (A and B) Protein concentration and cell count measurements from BALF. (C–E) BALF cytokine concentrations. 
(F–H) BALF leukocyte differential. (A–H) Data represent mean values ± SEM (n = 4–7 mice; *P < 0.05; **P < 0.01; ***P < 0.001 compared with Kiaa0317+/+ 
mice, 1-way ANOVA with Dunnett’s multiple comparisons). (I) Histology of murine lungs following H&E staining; scale bar: 200 μm. *P < 0.05, **P < 0.01, 
***P < 0.001 compared with Kiaa0317+/+ mice; 1-way ANOVA with Dunnett’s multiple-comparisons test (A–H).
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Figure 7. Protected phenotype of Kiaa0317–/– mice requires SOCS2. Mice were infected i.t. with lentivirus encoding control shRNA or Socs2 shRNA  
(1 × 107 PFU/mouse) prior to LPS exposure (3 mg/kg). Following exposure, mice were euthanized, and lungs were lavaged with saline and harvested.  
(A and B) Protein concentration and cell count measurements from BALF. (C–E) BALF cytokine concentrations. (F–H) BALF leukocyte differential. In A–H, 
data represent mean values ± SEM (n = 5–6 mice). (I) Histology of murine lungs following H&E staining; scale bar: 200 μm. *P < 0.05, **P < 0.01, ***P < 
0.001,****P < 0.0001 compared with control shRNA-Kiaa0317+/+ mice or as indicated; 1-way ANOVA with Tukey’s multiple-comparisons test.
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expressing KIAA0317 showed a large count and proportion of  neutrophils. However, BALF from Kiaa0317–/– 
mice expressing empty or P779L-encoded lentivirus contained fewer leukocytes and a smaller proportion of  
neutrophils (Figure 6G). Histological staining showed less inflammatory infiltration among Kiaa0317–/– mice 
expressing empty and KIAA0317 P779L–encoding lentivirus (Figure 6I). From these data, we conclude that 
the resistance to pulmonary inflammation by Kiaa0317–/– mice is due to KIAA0317.

Resistance of  Kiaa0317–/– mice to pulmonary inflammation is ablated upon depletion of  SOCS2. Next, we want-
ed to explore the role of SOCS2 in Kiaa0317–/– mice. To study this, we conducted lentiviral SOCS2 silencing 
experiments and LPS challenge with Kiaa0317+/+ and Kiaa0317–/– mice (Figure 7). We recapitulated previous 
results showing the susceptibility of SOCS2-silenced WT (Kiaa0317+/+) mice to LPS-induced inflammation and 
extended these observations to a lung inflammation model (22). BALF from these SOCS2-silenced Kiaa0317+/+ 
mice showed higher protein and cell concentrations, cytokine secretion, and leukocyte recruitment relative to 
control shRNA–infected mice (Figure 7, A–H). Similar to the observations described above (Figure 5), con-
trol Kiaa0317–/– mice showed resistance to LPS-induced pulmonary inflammation. However, SOCS2-silenced 
Kiaa0317–/– mice phenocopied SOCS2-silenced WT (Kiaa0317+/+) mice. We hypothesize that silencing of the 
putative substrate of KIAA0317, SOCS2, removes the protection of KIAA0317 knockout. Finally, histological 
analysis showed enhanced inflammatory infiltration among both SOCS2-silenced Kiaa0317+/+ and Kiaa0317–/– 
mice (Figure 7I). These rescue experiments suggest that Kiaa0317 is both necessary and sufficient for LPS-in-
duced pulmonary inflammation. Further, this inflammatory phenotype operates through a KIAA0317/SOCS2 
axis, as depletion of SOCS2 enhances inflammation, even in the background of Kiaa0317 genetic knockout. 
Collectively, the above studies suggest that Kiaa0317 plays an integral role in mediating cytokine-driven inflam-
mation via the SOCS2/cytokine axis.

KIAA0317 domain analysis and inhibitor screening. KIAA0317 harbors a conserved HECT domain within 
its C-terminus (41, 42). Since the HECT domain carries out the E3 ligase activity of  transferring ubiqui-
tin to the substrate, we hypothesized that small molecule inhibition of  the HECT domain would disrupt 
KIAA0317 substrate targeting. We constructed an in silico homology model using the NEDD4 HECT 
domain (43, 44) (2XBF.pdb) (Figure 8A) to assay potential ligands on the KIAA0317-HECT domain 3D 
structure (Figure 8B). We used molecular docking analysis and score-ranking operations through the Lib-
Dock program (Discovery Studio 3.5) to virtually screen 5 × 105 small molecules. The 10 highest-scoring 
molecules were selected and evaluated further using in vitro experiments (data not shown). In this model, 
the inhibitors interacted with distinct residues within the HECT domain (Figure 8C). We tested one of  the 
selected compounds, termed BC-1365, in an in vitro binding assay, which resulted in potent inhibition of  
the KIAA0317-SOCS2 interaction (Figure 8D). We also tested this compound in MLE cells and observed 

Table 2. HECT E3 ligase homology to KIAA0317

E3 ligase Homology ranking Characterized substrate Reference
KIAA0317/AREL1 0

NEDD4L 1 SMAD2 58
NEDD4 2 GRB10 59
HACE1 3 Rac1 (1/2/3) 60
ITCH 4 CXCR4 61

WWP2 5 Oct-3/4 62
HUWE1 6 Mcl-1 63
HECW1 7 DVL 64

SMURF1 8 SMAD1 65
HECW2 9 Hp1a 66

SMURF2 10 SMAD2 (same as for 
NEDD4L)

67

WWP1 11 TGFBR1 68
UBE3C 12 IRF-7 69
UBE3B 13 BCKDK 70
UBE3A 14 P27 71

HECTD2 15 PIAS1 25
HERC3 16 P65 72
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increased SOCS2 protein levels, while KIAA0317 protein was unaffected (Figure 8E). BC-1365 titration 
also did not alter mRNA levels of  Socs2 (Figure 8F). To probe the effect of  BC-1365 on the activity of  other 
HECT E3 ligases, we treated MLE and BEAS-2B cells with BC-1365 and immunoblotted for known HECT 
E3 ligase substrate protein levels (Table 2). We did not observe increases in any other HECT E3 ligase sub-
strate relative to the increase in SOCS2 (Supplemental Figure 3, A and B). Additionally, we conducted target 
validation studies using RNAi knockdown of  Kiaa0317 prior to treatment with BC-1365 and LPS (Supple-
mental Figure 3, C–E). We observed that BC-1365 treatment of  MLE cells increased SOCS2 protein levels, 
but not to a greater extent in the background of  Kiaa0317 silencing (Supplemental Figure 3C). We also tested 
the supernatant of  these cells for proinflammatory cytokine release and observed decreased IL-6 and CXCL-
1 during Kiaa0317 depletion compared with control; however, we observed no difference upon BC-1365 

Figure 8. Chemical inhibition of KIAA0317 prevents SOCS2 degradation and inflammation in vitro. (A) Structural analysis of the KIAA0317 HECT domain 
revealed a major cavity within the C-terminus of the HECT domain. (B and C) Docking study of the candidate inhibitor BC-1365 with the KIAA0317-HECT 
domain. (D) BC-1365 competition assay. SOCS2 protein was incubated with KIAA0317-bound resin and a titration of BC-1365 prior to immunoblot analysis. 
The relative amounts of SOCS2 detected in the PDs was normalized to vehicle and quantified. Data represent mean values ± SEM (n = 3). (E) Immunoblot 
analysis of MLE cells following exposure to a titration of BC-1365. Data represent mean values ± SEM (n = 4). (F) MLE cells were exposed to a titration of 
BC-1365 for 18 hours before qPCR analysis. Data represent mean values ± SEM (n = 4). NS: P > 0.05, *P < 0.05, **P < 0.01 compared with vehicle treatment; 
1-way ANOVA with Dunnett’s multiple-comparisons test (E and F).
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treatment among Kiaa0317-depleted cells (Supplemental Figure 3, D and E). Finally, we assayed the effect 
of  BC-1365 on primary human PBMCs. We observed a dose-dependent effect of  BC-1365 in decreasing the 
secretion of  the proinflammatory cytokines IL-6, TNF, and IL-1β from human primary PBMCs exposed to 
LPS (Supplemental Figure 4, A–C). These data suggest that chemically inhibiting KIAA0317 protein pre-
vents SOCS2 degradation and dampens proinflammatory signaling.

Antiinflammatory activity of  a KIAA0317 small molecule inhibitor in vivo. To assess in vivo antiinflamma-
tory activity of  BC-1365, we exposed C57BL/6J mice to Pseudomonas aeruginosa (PA103) and BC-1365. 
Briefly, PA103 was administered i.t. (1 × 104 CFU), which was immediately followed by BC-1365 delivery 
i.p. (10 mg/kg) for 18-hour exposure. BC-1365 did not affect BALF bacterial counts (Figure 9A); however, 
BC-1365–treated mice displayed significantly decreased lavage protein concentrations, cell counts, and cell 
infiltrates relative to vehicle-treated mice (Figure 9, B, C, and H). Further, BC-1365 significantly decreased 
lavage cytokine levels (Figure 9, D–F), increased SOCS2 protein levels (Figure 9G), and reduced histo-
logical infiltrates (Figure 9H). As an alternative approach, we tested BC-1365 in vivo using an LPS model 

Figure 9. KIAA0317 small molecule inhibitor is antiinflammatory in vivo. (A–E) C57BL/6J mice were exposed to PA103 and treated with BC-1365 for 18 
hours. Following exposure, mice were sacrificed, and lungs were lavaged with saline and harvested. Box represents the interquartile range; line, the medi-
an; and whiskers, highest and lowest values. (A–C) Bacterial count, protein concentration, and cell count measurements from BALF. (D–F) BALF cytokine 
concentrations. Veh, vehicle. In A–F, data represent mean values ± SEM; n = 4–8 mice. NS: P > 0.05, *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001 
compared with control mice or as indicated; 1-way ANOVA with Tukey’s multiple-comparisons test. (G) Immunoblotting of mouse lung homogenate for 
Kiaa0317 and Socs2 protein signal; n = 3 mice per treatment. (H) Representative histology of murine lungs following H&E staining; scale bar: 100 μm.
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(Supplemental Figure 4, D–H). Briefly, LPS (3 mg/kg, i.t.) and BC-1365 (10 mg/kg, i.p.) were coadminis-
tered to C57BL/6J mice. Following 18 hours, mice were euthanized, and lungs were lavaged with saline. 
BC-1365 treatment led to significantly decreased lavage protein concentrations and cell counts, as well as a 
reduction in cell infiltrates in LPS-stimulated mice (Supplemental Figure 4, D, E, and H). Further, BC-1365 
treatment significantly decreased lavage cytokine levels (Supplemental Figure 4, F and G). Hence, small 
molecule targeting of  the KIAA0317/SOCS2 pathway reduced the severity of  cytokine-driven lung inflam-
mation (Supplemental Figure 5).

Discussion
These studies have established a mechanism of  SOCS2 protein regulation leading to the control of  pulmo-
nary inflammation. We showed that the ubiquitin E3 ligase KIAA0317 targets SOCS2 for ubiquitination 
and degradation by the proteasome and modulates proinflammatory signaling. In mouse models of  LPS 
and PA-103 exposure, KIAA0317 depletion and deletion reduced markers of  pulmonary inflammation and 
rescued SOCS2 protein. Reintroduction of  KIAA0317 protein into these models removed any protective 
phenotype; however, reintroduction of  a binding-deficient KIAA0317 mutant preserved the protection from 
experimental inflammation. We also uncovered a small molecule inhibitor of  KIAA0317 activity, BC-1365, 
that preserved SOCS2 protein from degradation in vitro and lessened cytokine release from primary tissue 
samples. BC-1365–treated mice also displayed resistance to experimental pulmonary inflammation.

SOCS2 mediates the degradation of  a variety of  proteins and functions as a feedback inhibitor to cyto-
kine signaling (44). While SOCS2 has been shown to regulate several cytokine-related pathways (22, 45), 
recently SOCS2 has been observed to directly regulate NF-κB signaling (20, 21). Similarly, the silencing of  
KIAA0317 weakened LPS- and TNF-induced NF-κB promoter activity in HEK293 cells (Figure 2, K and 
L). LPS has been shown to induce cellular ubiquitination (46, 47), and we have previously observed E3 
ligase induction and substrate association by such insult (23, 25). We observed that LPS exposure promot-
ed SOCS2 association with KIAA0317, and accelerated SOCS2 protein ubiquitination and degradation 
(Supplemental Figure 1, H and I). LPS also increased SOCS2 polyubiquitin signal, which was further 
increased by coexpression with KIAA0317 (Figure 2J). These data show that KIAA0317 functions as a 
proinflammatory E3 ligase.

Mapping studies elucidated the critical regions of  SOCS2-KIAA0317 binding. We observed that SOCS2 
requires S52 for binding with KIAA0317, potentially functioning as a phosphodegron (Figure 3, C–F). 
Interestingly, there exists a naturally occurring polymorphism causing an S52N mutation (rs3741676). 
S52N SOCS2 protein was unable to bind KIAA0317 and resisted KIAA0317-mediated degradation (Fig-
ure 3, D–F). PKCA was found to associate with SOCS2, facilitate its phosphorylation, and regulate its pro-
tein stability (Supplemental Figure 1). This finding is interesting given that previous research showed that 
PKCA upregulates NF-κB signaling (38, 48), potentially through the regulation of  SOCS2 protein stability. 
Further, we observed that the C-terminal region, and P779, within KIAA0317 was critical for SOCS2 bind-
ing (Figure 3, G–L). This residue itself  is part of  a naturally occurring polymorphism resulting in P779L 
mutation (rs371610162). KIAA0317 with P779L mutation was unable to degrade SOCS2 protein (Figure 
3L). Additionally, P779L-expressing Kiaa0317–/– mice were resistant to LPS-induced pulmonary inflamma-
tion, compared with WT KIAA0317–expressed Kiaa0317–/– mice (Figure 6). These data further underscore 
the protective phenotype conferred by P779L mutation, potentially through the inability to degrade SOCS2 
protein. Studies into the prevalence of  these polymorphisms among populations and patient cohorts are 
needed to investigate the pathological implications in humans.

Inflammatory lung diseases such as ARDS are often triggered by opportunistic infection, including 
Gram-negative bacteria such as P. aeruginosa, leading to runaway inflammation and cytokine storm. We 
showed that shRNA knockdown of Kiaa0317 in a P. aeruginosa mouse model led to reduced lung inflam-
mation and less cytokines and immune infiltrates compared with control, without changing P. aeruginosa 
bacteria levels in a mouse model. We further explored this relationship through CRISPR/Cas9-mediated 
deletion of  Kiaa0317 in C57BL/6 mice (Figure 5). Kiaa0317+/– and Kiaa0317–/– mice showed increasing pro-
tection from pulmonary inflammation relative to WT mice. This effect could be due to the difference in effec-
tor protein abundance, as we observed depletion in KIAA0317 transcript through quantitative PCR (qPCR) 
analysis (Figure 5B). Cytokine signal transduction pathways related to inflammation and innate immunity 
undergo significant cross-talk and pleiotropy, which impairs the generalizability of  reductionist studies. To 
address this, we reexpressed our deleted KIAA0317 protein in Kiaa0317–/– mice (Figure 6). As we observed 
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a similar proinflammatory phenotype among KIAA0317-rescued compared with WT mice, we hypothesize 
that KIAA0317 protein is the driving effector in this model. Additionally, E3 ligases often regulate multiple 
substrates, specifically seen in the fellow HECT E3 ligase ITCH (49). To test the link between SOCS2 and 
KIAA0317, we silenced SOCS2 in Kiaa0317–/– mice prior to LPS challenge (Figure 7). By silencing SOCS2 
expression in the background of  KIAA0317, we questioned whether the protection conferred by KIAA0317 
deletion occurred in the absence of  SOCS2. However, SOCS2-silenced Kiaa0317–/– mice were susceptible 
to LPS-induced pulmonary inflammation and phenocopied SOCS2-silenced WT mice. This shows that the 
protective effect of  KIAA0317 silencing is dependent on SOCS2. This interplay suggests the criticality of  the 
2 proteins in experimental lung inflammation. We suspect that this KIAA0317/SOCS2 axis plays an essential 
role in regulating pulmonary innate immunity.

There are limited therapeutic options for treating diseases of pulmonary inflammation. Previous efforts 
utilized systemic corticosteroids or inhibition of immune cell surface receptors or secreted cytokines (50–2). 
These broad-spectrum agents such as corticosteroids have shown adverse effects in clinical trials that outweigh 
any potential benefit (53). Chemical inhibition of ubiquitin E3 ligases has been shown to alleviate experimental 
lung inflammation (25, 54). We screened a chemical library in silico against the C-terminus of KIAA0317 
and uncovered a chemical that we termed BC-1365 (Figure 8, A–C). BC-1365 abrogated SOCS2-KIAA0317 
binding in vitro, restored SOCS2 protein levels in cells (Figure 8, D–F), and reduced the abundance of proin-
flammatory cytokines secreted from PBMCs (Supplemental Figure 4, A–C). Based on these data, we tested 
BC-1365 in both P. aeruginosa– and LPS-induced murine models of ARDS. BC-1365 was also effective in 
vivo, as BAL protein concentrations, BAL cell counts, lavage cytokine levels, and histological evidence of lung 
injury were all decreased in both models upon BC-1365 treatment (Figure 9). Small molecule inhibition of the 
KIAA0317-SOCS2 interaction reduced the severity of NF-κB–driven, cytokine-induced lung inflammation by 
modifying the abundance of SOCS2. These results suggest that KIAA0317 may be a promising new therapeu-
tic target in the treatment of pulmonary inflammation. Future studies focusing on evaluating the safety profile, 
distribution, elimination, and metabolism of this antagonist are needed to fully understand the effects of this 
treatment, but the discovery of a therapy specific to a critical mechanism of pulmonary inflammation would 
be a crucial advancement in this field.

Methods
Further information can be found in Supplemental Methods, available online with this article.

Reagents and materials
Rabbit polyclonal anti-SOCS2 (catalog ab3692, RRID:AB_304007) and recombinant human PKCα pro-
tein (ab55672) were from Abcam. Recombinant human SOCS-2 protein (H00008835-P01) was from 
Abnova. WesternBright Sirius HRP substrate (K-12043) was from Advansta. QuikChange II XL Site-Di-
rected Mutagenesis Kit (catalog 200521) was from Agilent Technologies. AnaSed (xylazine sterile solu-
tion) (catalog 59399-110-20) was from Akorn. PureLink RNA Mini Kit (catalog 12183025) was from 
Ambion. High-Capacity RNA-to-cDNA Kit (catalog 4387406) and SYBR Select Master Mix for CFX 
(catalog 4472942) were from Applied Biosystems. PA-103 (catalog 29260), MLE-12 (catalog CRL-2110, 
RRID:CVCL_3751), HEK293T (catalog CCL-2, RRID:CVCL_0030), and BEAS2-B (catalog CRL-9609, 
RRID:CVCL_0168) cells were from ATCC. Life ECO Thermal Cycler (BYQ6078) was from BIOER. Goat 
anti-rabbit HRP (Bio-Rad, catalog 170-6515, RRID:AB_11125142), goat anti-mouse HRP (catalog 170-
6516, RRID:AB_11125547), rabbit anti-goat HRP (catalog 172-1034, RRID:AB_11125144), DC Protein 
Assay Kit (catalog 5000111), CFX96 Touch Real-Time PCR Detection System (catalog 1855196), Person-
al Molecular Imager (PMI) System (catalog 1709400), ChemiDoc XRS+ System (catalog 1708265), and 
TC20 Automated Cell Counter (catalog 1450102) were from Bio-Rad. UbiCRest assay kit (K-400) was 
from Boston Biochem. Mouse monoclonal anti–HA Tag (clone 6E2) (2367S, RRID:AB_10691311), rab-
bit polyclonal anti-SOCS1 (clone A156) (3950S, RRID:AB_2192983), and mouse monoclonal anti-phos-
phothreonine (9386S, RRID:AB_331239) were from Cell Signaling Technology. Lenti-X Packaging 
System (catalog 631276) was from Clontech. Human TNF-α recombinant protein (catalog 14-8329-81) 
and Mouse IL-6 ELISA Ready-SET-Go! (88-7064-22, RRID:AB_2574986) were from eBioscience. LPS,  
E. coli O111:B4 (LPS25) was from EMD Millipore. CHX (BML-GR310) and ubiquitinylation kit (BML-
UW9920-0001) were from Enzo. TNF alpha Mouse ELISA Kit (BMS607-3TEN), IL-1 beta Mouse ELI-
SA Kit (KMC0011), pcDNA3.1D-V5-HIS-TOPO (K490001), and pcDNA3.1D-V5-HIS-Empty (K490001) 
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were from Invitrogen. C57BL/6J Mus musculus (RRID:IMSR_JAX:000664) mice were from JAX. Mouse 
monoclonal anti-ubiquitin (VU-1) (VU101) was from Life Sensors. ATP, [γ-32P]- 3000Ci/mmol 10mCi/ml 
(BLU002A) was from PerkinElmer. Streptavidin Magnetic Beads (catalog 88816) were from Pierce. TnT 
T7 Quick Coupled Transcription/Translation (L1170) was from Promega. Cignal NFkB Pathway Reporter 
Assay Kit (LUC) (CCS-013L) was from QIAGEN. X-tremeGENE 9 (XTG9-RO) (XTG9-RO) was from 
Roche. Rabbit polyclonal anti-SOCS3 (clone H-103) (sc-9023, RRID:AB_2193305), mouse monoclonal 
anti-CaMKI (clone H-8) (sc-137225, RRID:AB_2069999), rabbit polyclonal anti-ERK1 (clone C-16) (sc-93 
RRID:AB_631453), rabbit polyclonal anti-MAPK14 (p38α) (clone C-20) (sc-535, RRID:AB_632138), mouse 
monoclonal anti-PKCα (clone H-7) (sc-8393, RRID:AB_628142), goat polyclonal anti–p-PKCα (S657) (sc-
12356, RRID:AB_2168557), mouse monoclonal anti-phosphoserine (sc-81516, RRID:AB_1128626), and 
mouse monoclonal anti-PKCζ (sc-17781, RRID:AB_628148) were from Santa Cruz Biotechnology. Leu-
peptin (L2884), ATP (A2383), mouse monoclonal anti–β-actin (clone AC-15) (A5441, RRID:AB_476744), 
and rabbit polyclonal anti-KIAA0317 (SAB2108763) were from Sigma-Aldrich. Recombinant glutathione 
S-transferase protein (11213-HNAB) was from SinoBiological. Mouse monoclonal anti–V5 Tag (R960-25, 
RRID:AB_2556564), Protein A/G Magnetic Beads (catalog 88802), E. coli One Shot TOP10 (C404003), 
and pcDNA3.1 Directional TOPO Expression Kit (K490001) were from Thermo Fisher Scientific. pRK5-
HA-Ubiquitin-WT (17608, RRID:Addgene17608) was a gift from Ted Dawson (55).

Contact for reagent and resource sharing
Further information and requests for reagents may be directed to and will be fulfilled by the corresponding 
author.

Experimental model and subject details
Human studies (ARDS). Adults aged 18–90 years admitted to the Medical ICU in UPMC Presbyterian Hos-
pital with acute respiratory failure requiring mechanical ventilation via endotracheal tube were enrolled as 
patients if  the onset of  acute respiratory failure was associated with established risk factors for developing 
acute lung injury (sepsis, pneumonia, aspiration, blood transfusion, pancreatitis, or trauma) or if  intubation 
was performed for airway protection in the setting of  nonpulmonary critical illness. Enrollment took place 
within 48 hours of  the initiation of  mechanical ventilation. After enrollment, patients were retrospectively 
subclassified by an expert clinical panel into categories: (i) “ARDS,” according to the Berlin Definition and 
agreed upon by a minimum of  3 members of  a clinical panel, or (ii) “ventilated control,” as defined by 
intubation and mechanical ventilation for nonpulmonary critical illness without risk factor for ARDS. Cells 
were purified from whole blood, and white cells were pelleted for further study. The panel consisted of  
pulmonary faculty members and fellows at the University of  Pittsburgh (JE, BM, and several others) who 
met semimonthly to classify subjects. Participation was voluntary among pulmonary faculty and fellows. 
Subclassifications were assigned if  at least 5 faculty/fellows were present and 3 were in agreement about 
the subclassification (ARDS or airway control). For more details, see ref. 56.

Mouse experiments. Mice were from the Jackson Laboratory. For lentiviral studies, mice were confirmed 
as anesthetized prior to i.t. instillation of  0.1 % (w/v) lysophosphatidylcholine (LysoPC) (specifically pal-
mitoyl:stearoyl C16:C18) as an adjuvant. Following 1 hour, mice were i.t. administered empty VSV-G–
pseudotyped lentivirus or encoding KIAA0317 WT or KIAA0317 P779L (pLVX); or control shRNA or 
Kiaa0317 shRNA (pLKO.1) (1 × 107 PFU/mouse). Plasmid was expressed for 144 hours prior to treatment. 
Mice were i.t. inoculated with LPS (3 mg/kg) or given P. aeruginosa (strain PA103, 1 × 104 CFU) for 18 
hours. Following exposure, mice were euthanized, and lungs were lavaged with saline and harvested and 
subjected to analysis. Survival studies were performed on mice that were given P. aeruginosa (strain PA103, 
1 × 105 CFU per mouse, i.t.). For drug studies, mice were deeply anesthetized as above. PA103 (1 × 104 
CFU), or LPS (3 mg/kg) was administered i.t. before BC-1382 (10 mg/kg) was administered to the mice 
through i.p. injection. Eighteen hours later, animals were euthanized and analyzed as above.

Details of methods
Plasmid transfection. For protein overexpression in MLE-12 and BEAS-2B cells, cells were nucleofected 
using Nucleofector 2B (Amaxa), program T-13. For protein overexpression in HEK293T cells, X-treme-
GENE transfection reagents were used following the manufacturer’s protocol (Sigma-Aldrich). Expression 
was confirmed via Western blotting.
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Immunoblotting. Cell sample lysates were collected and digested in buffer A (150 mM NaCl, 50 mM 
Tris, 1.0 mM EDTA, 2 mM DTT, 0.025% sodium azide, and 1 mM phenylmethylsulfonyl fluoride) on ice. 
Lysates were prepared by brief  sonication at 4°C. Insoluble cellular debris was precipitated through cen-
trifugation at 15,000 g for 10 minutes at 4°C. Lysate supernatant was normalized for protein concentration 
and diluted in denaturing loading buffer, with a final 1× formulation of  50 mM Tris HCl pH 6.8, 2% SDS, 
10% glycerol, and 100 mM DTT. Protein concentration was determined by Lowry assay, and samples were 
normalized for content. Samples were resolved via SDS-PAGE prior to immunoblotting. Signal was detect-
ed via chemiluminescence on a Kodak Imaging Station.

Chemical and compound treatment. MLE-12 and other cell lines were seeded to a density of  0.20 × 106 
cells/mL in polystyrene 6-wells dishes treated by vacuum gas plasma in media supplemented with 2% FBS 
for 18 hours. LPS, MG-132 (10 μM), leupeptin (10 μM), CHX (50 μg/mL), or BC compound was added to 
cells at the indicated doses for the indicated time periods prior to analysis.

In vitro ubiquitin conjugation assays. The assay was performed in a volume of  20 μL containing 50 mM 
Tris, pH 7.6, 5 mM MgCl2, 0.6 mM DTT, 2 mM ATP, 400 μM MG132, 50 nM Ubiquitin activating enzyme, 
0.5 μM UbcH5, 0.5 μM UbcH7, 2 μM ubiquitin, and 1 μM ubiquitin aldehyde. TnT-coupled (Promega) 
reticulocyte in vitro–synthesized tagless KIAA0317 and SOCS2-V5 proteins were purified via HisPur Resin 
(Thermo Fisher Scientific), and reaction products were processed for V5 immunoblotting.

Promoter assays. HEK293 cells were cotransfected with Cignal NFkB luciferase reporter assay plasmids 
and empty, KIAA0317, SOCS2, control, or KIAA0317 shRNA for 24–48 hours before exposure to LPS (10 
μg/mL) and TNF (10 ng/mL) for an additional 6 or 18 hours. Cells were then collected and assayed for 
luciferase activity according to the manufacturer’s instructions.

In vitro protein binding assays. KIAA0317 protein was immunoprecipitated from 1 mg MLE cell lysate 
using a 1:100 dilution of  KIAA0317 antibody (rabbit) for 4 hours at 25°C in IP buffer (50 mM Tris HCl 
pH 7.6, 150 mM NaCl, 0.25 % v/v Triton X-100) and coupled to protein A/G agarose resin for an addi-
tional hour. V5-tagged SOCS2 deletion and point mutants (50 μL) were in vitro synthesized using TnT 
translation kits for 90 minutes at 30°C. KIAA0317-bound resin was then incubated with the in vitro syn-
thesized bait protein for 18 hours at 4°C. Following binding, resin was washed with IP buffer and eluted 
in 1× Laemmli buffer at 88°C for 5 minutes prior to immunoblot analysis. Similarly, SOCS2 protein was 
immunoprecipitated from MLE cell lysate subjected to binding against V5-tagged KIAA0317 mutants 
prior to immunoblot analysis, as described above.

Immunoprecipitation assays. MLE cells were cultured and treated as indicated prior to collection. Cell 
pellets were lysed with IP buffer (0.25% Triton X-100 in 1× PBS, pH 7.6, 0.025% sodium azide, and 1 mM 
phenylmethylsulfonyl fluoride) on ice. Lysates were prepared by brief  sonication at 4°C. Insoluble cellu-
lar debris were precipitated through centrifugation at 15,000 g for 10 minutes at 4°C. Lysate supernatant 
was normalized for protein concentration. Supernatants were exposed to a 1:50 dilution of  the indicated 
antibody for 3 hours at 25°C. Immunoprecipitated protein was captured with 10 μL magnetic protein A/G 
resin per 1 mL lysate for 1 hour prior to 2 rounds of  washing with IP buffer (1 mL). Protein was eluted by 
dilution in denaturing loading buffer, with a final 1× formulation of  50 mM Tris HCl pH 6.8, 2% SDS, 10% 
glycerol, and 100 mM DTT and boiling for 5 minutes. Eluted samples were resolved via SDS-PAGE and 
subjected to immunoblotting.

shRNA knockdown. For gene silencing studies in cells, shRNAs were derived from the RNAi Consor-
tium (TRC-Hs1.0, human) and purchased from GE Dharmacon. pLKO.1 plasmids encoding control or 
gene-specific shRNA were transfected using the plasmid transfection protocol described above. Following 
24 hours, medium was exchanged for 0% serum–containing medium. After another 24 hours, cells were 
collected for subsequent analysis.

UbiCRest assay. UbiCRest Assay was performed on immunoprecipitated SOCS2 protein according to 
the manufacturer’s instructions (Boston Biochem) prior to immunoblot analysis.

ELISA. ELISAs were conducted on BALF samples from treated mice. BALF IL-1, IL-6, and TNF was 
detected by following the manufacturer’s instructions, and absorbance read using a microplate reader.

Tissue staining. Murine lung samples were fixed in 10% neutral buffered formalin, embedded in paraf-
fin, and sectioned. Sections were stained with H&E. Images were acquired from 20× lens from random 
fields from each section.

Molecular docking studies. The docking experiments were carried out using Discovery Studio 3.5 (BIOVIA). 
KIAA0317 domain structural analysis revealed a major drug binding cavity within the C-terminal region.  

https://doi.org/10.1172/jci.insight.129110


1 8insight.jci.org   https://doi.org/10.1172/jci.insight.129110

R E S E A R C H  A R T I C L E

The binding cavity was adopted into the LibDock algorithm to screen for the optimal inhibitor. A library 
containing 3 million approved or experimental drugs was first used to screen potential ligands for KIAA0317. 
Based on the docking score and best-fit analysis of  suitable ligands, 10 compounds were selected and tested.

In vitro drug-binding assays. KIAA0317 protein was His purified from KIAA0317 expressed in 
293T cells using TALON metal affinity resin. Resins were then extensively washed before exposure 
to BC-1365 at the indicated concentrations. Purified recombinant SOCS2 protein was then incubat-
ed with drug-bound KIAA0317 resins overnight. Resins were washed, and proteins were eluted and 
resolved on SDS-PAGE. The relative amounts of  SOCS2 detected in the PDs were normalized to 
loading and quantified.

GST bait and PD. Recombinant GST-SOCS2 protein was used as bait for BEAS-2B lysate incubation 
prior to PD and analysis, as previously described (57). Briefly, 1 μg GST-SOCS2 protein or recombinant 
GST protein was immobilized onto 0.5 mL Glutathione Sepharose 4B resin in binding buffer (1× PBS + 
0.2% v/v Triton X-100) for 2 hours at 4°C with agitation. Following capture, the bait and resin were incu-
bated with 1 mg BEAS-2B cell lysate for 4 hours at 4°C. The resin was washed 5 times (1 mL) with binding 
buffer prior to freezing of  resin and shipment to MS Bioworks for analysis.

Statistics
Protein signal densitometry was quantified via ImageJ (NIH). Statistical comparisons were performed 
through Prism (GraphPad) utilizing 2-tailed t tests, Mann-Whitney U test, or 1-way ANOVA with Tukey’s 
or Dunnett’s multiple-comparisons test where described or by tests as described in the text, and with P < 
0.05 indicative of  significance.

Study approval
The University of  Pittsburgh Institutional Review Board approved procedures involving human 
samples. Normal control lung tissue was obtained from organ donors, after rejection of  the lungs 
for transplant. All procedures were approved by the University of  Pittsburgh Institutional Animal 
Care and Use Committee (protocols 17030095 and 18114128). C57BL/6J males aged 8–10 weeks 
were acclimated to new housing for at least 3 days following shipping. Each house contained 4–5 
mice with access to food and drink ad libitum in a room with a 12-hour light/12-hour dark cycle. We 
confirmed that mice were between 25 and 30 g before initiating any procedures. Mice were deeply 
anesthetized using a ketamine/xylazine mixture (80–100 mg/kg i.p.) prior to experimentation. Mice 
were carefully monitored over time; moribund, preterminal animals were immediately euthanized 
and recorded as deceased. Deidentified human plasma samples were obtained from the University 
of  Pittsburgh Acute Lung Injury Biospecimen Repository (IRB PRO10110387). Written informed 
consent was provided by all participants or their surrogates in accordance with the Declaration of  
Helsinki. Leukocytes were obtained from patient blood according to a protocol approved by the 
University of  Pittsburgh Investigational Review Board.
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