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Regulators of G protein signaling (RGS) proteins constrain G
protein-coupled receptor (GPCR)-mediated and other responses
throughout the body primarily, but not exclusively, through their
GTPase-activating protein activity. Asthma is a highly prevalent
condition characterized by airway hyper-responsiveness (AHR) to
environmental stimuli resulting in part from amplified GPCR-
mediated airway smooth muscle contraction. Rgs2 or Rgs5 gene
deletion in mice enhances AHR and airway smooth muscle
contraction, whereas RGS4 KO mice unexpectedly have
decreased AHR because of increased production of the bron-
chodilator prostaglandin E2 (PGE2) by lung epithelial cells. Here,
we found that knockin mice harboring Rgs4 alleles encoding a
point mutation (N128A) that sharply curtails RGS4 GTPase-
activating protein activity had increased AHR, reduced airway
PGE2levels, and augmented GPCR-induced bronchoconstriction
compared with either RGS4 KO mice or WT controls. RGS4
interacted with the p85a subunit of PI3K and inhibited PI3K-
dependent PGE2 secretion elicited by transforming growth fac-
tor beta in airway epithelial cells. Together, these findings suggest
that RGS4 affects asthma severity in part by regulating the airway
inflammatory milieu in a G protein-independent manner.

Patients with asthma experience wheezing, cough, and
shortness of breath resulting from intermittent and reversible
airway obstruction (1). In more than half of the cases, envi-
ronmental allergen exposure induces a specific immunoglob-
ulin E antibody response, activation of lung-resident cells,
including epithelial cells, mast cells, and innate lymphoid type
2 cells, production of type 2 cytokines (e.g., interleukin [IL]-4,
5, 13), and infiltration of type 2 CD4" T lymphocytes and
eosinophils (2). This leads to chronic airway inflammation and
lung tissue remodeling, which contribute to the development
of airway hyper-responsiveness (AHR) (3).

G protein-coupled receptors (GPCRs) mediate several aspects
of the asthma phenotype. Muscarinic acetylcholine (ACh) re-
ceptors in the airways induce airway smooth muscle (ASM)
contraction, whereas chemokine receptors mediate leukocyte
trafficking to and within inflamed lung tissue (4). We and others
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have investigated the role of regulator of G protein signaling
(RGS) proteins expressed in lung to control these and other
processes. Within the lung compartment, RGS2 and 4 are
expressed in airway epithelial cells (AECs) and ASMs, whereas
RGS5 expression is limited to ASM (5-8). RGS4 expression in
human bronchial epithelium increases with asthma severity, and
our experimental findings support the hypothesis that RGS4
promotes AHR by suppressing prostaglandin E2 (PGE2) biosyn-
thesis in the human respiratory epithelium (7). Although RGS4
inhibits protease-activated receptor 2—mediated PGE2 secretion
by AECs in vitro, the importance of this or other pathways
involved in PGE2 production in the airways remains unknown.
All RGS proteins contain a signature RGS domain that in
most but not all cases confers GTPase-activating protein (GAP)
activity on alpha subunits of the heterotrimeric G protein
complex, which is thought to reduce the pool of activated
(GTP-bound) Ga and thereby limit GPCR activation (9, 10).
There are four RGS subfamilies based on sequence homology
(A/RZ, B/R4, C/R7, and D/R12). Several of the larger RGS
proteins contain additional domains that mediate scaffolding
functions. RGS14 (in the R12 family) binds diverse intracellular
signaling proteins including Ras and Rap monomeric G pro-
teins, CaM-dependent kinase II, and Raf kinase (11). Although
RGS4, which is a member of the R4 subfamily, does not contain
known additional protein-binding domains, it has documented
interactions with several proteins other than Ga including
calmodulin (12), ErbB3 receptors (13), and the vesicle protein
p'-COP (14). Previously, we found that several R4 RGS proteins
including RGS4 associate with the regulatory p85a subunit of
PI3K only in its phosphorylated state and constrain PI3K-
mediated signaling by interfering with its binding to receptors
(15, 16). In human ASM cells, RGS4 coimmunoprecipitates
with p85a and controls proliferation induced by platelet-derived
growth factor (17). Here, we set out to determine the relative
importance of RGS4 GAP-mediated and GAP-independent
functions for AHR in an experimental model of asthma.

Results
Characterization of RGS4 mutant mice

To determine the role of RGS4 GAP activity in AHR, we
focused on a highly conserved asparagine residue (N128A in
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GAP-deficient RGS4 mouse model

RGS4) present in all R4, R7, and R12 RGS proteins (Fig. 1A)
(18, 19). Mutation of this residue nearly abolishes RGS4 and
related R4 RGS protein GAP activity on Gai/o in vitro (18, 20).
To create a suitable animal model for these studies, we applied
CRISPR-Cas9 technology by microinjecting a single guide
RNA (sgRNA), oligonucleotide donor, and Cas9 mRNA into
mouse zygotes to establish lines harboring alleles encoding
RGS4(N128A) (subsequently referred to as “NA” mice)
(Fig. S1). Sanger resequencing of genomic DNA confirmed
germline transmission of the mutation (Fig. 1B). These mice
developed normally and were born at the expected Mendelian
frequencies. Rgs4 transcript abundance in several organs from
NA mice, including those with the highest RGS4 expression,
such as heart, lung, and brain, was similar to that in WT
controls (Fig. 1C). RGS4 protein expression in brain tissue
detected by immunoblotting was similar in tissue from WT
and NA mice (Fig. 1, D and E). Within the lung tissue, Rgs2
expression in NA mice was equivalent to that seen in WT or
RGS4 KO mice, whereas Rgs5 expression was significantly
lower in lungs from NA mice than in WT controls (Fig. 1F).
Fluorescence microscopy of GFP-RGS4 expressed in human
embryonic kidney 293T (HEK293T) cells revealed similar
diffuse cytosolic localization of either the WT or N128A
variant RGS4 proteins (Fig. 1G).

Homozygous RGS4 NA mice exhibited no gross phenotypic
abnormalities and had normal body weights. Histological
analysis of major organs, including brain, heart, and lung,
revealed no obvious abnormalities (Fig. 2A4). However, like

RGS4 KO mice (21), liver sections from NA mice were vacu-
olated, suggestive of parenchymal lipid deposits and hepatic
steatosis (Fig. 2B). Blood examination revealed that levels of
hemoglobin and various leukocyte numbers were similar in
NA mice and WT controls, indicating normal hematopoiesis
(Fig. 2, C-E).

AHR in RGS4(N128A) mice

To examine AHR in an experimental model of asthma, we
sensitized and challenged mice with extracts of Aspergillus
fumigatus (Af), a ubiquitous allergenic mold associated with
severe asthma (22), and measured airway resistance in live
mice by plethysmography. Total lung resistance was signifi-
cantly higher in NA mice than in RGS4 KO mice or WT
controls (Fig. 3A4) after challenge with various doses of the
bronchoconstrictor methacholine (MCh, an ACh analog).
Consistent with our previous studies (7), Newtonian resistance
(R,), which primarily reflects contraction of the larger and
smooth muscle—layered airways not involved in gas exchange
(23), was markedly lower in Af-challenged RGS4 KO mice than
in NA mice or WT controls (Fig. 3B).

Collectively, these findings suggested that RGS4 exerts
complex control over lung physiology through both GAP-
dependent and GAP-independent mechanisms. To delineate
the pathways involved, we first examined allergic airway
inflammation. Neither total leukocyte counts nor leukocyte
composition of bronchoalveolar lavage fluid (BALF) (e.g,
percentage of eosinophils) differed significantly in NA and WT
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Figure 1. Generation of RGS4(N128A) mice. A, alignment of several R4 RGS proteins. Arrow indicates the highly conserved Asn residue located in the RGS
domain that is critical for GAP activity. B, chromatographs of the N128A mutation from sequencing of genomic DNA from homozygous RGS4(N128A) or WT
mice; chromosomal coordinates (GRCm39) are indicated above. C, Rgs4 expression in various tissues determined by quantitative PCR. Means + SEM from n =
8 to 14 mice/group. D and E, RGS4 expression in brain tissue determined by IP/WB; representative blot (D); quantification of RGS4/actin (E); means + SEM
from n = 3 mice/group. F, Rgs2 and Rgs5 expression in lung tissue determined by quantitative PCR. Means + SEM from n = 4 mice/group; **p = 0.009, two-
way ANOVA test, Tukey’s multiple comparisons test. G, fluorescence microscopy images of GFP-RGS4 (WT or N128A) in transfected HEK293T cells. Scale bar
represents 10 um. GAP, GTPase-activating protein; HEK293T, human embryonic kidney 293T cell line; IP, immunoprecipitation; RGS, regulator of G protein

signaling; WB, Western blot.
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Figure 2. NA mice exhibit fatty liver at homeostasis. A and B, histology of brain, heart, lung, and liver (B) from WT and NA mice detected by H&E staining.
Images representative of n = 3 mice/group. Scale bar represents 250 pm. C-£, blood examination from WT and NA mice including hemoglobin (C), total
white blood cells (D), and differential leukocyte counts (E); means £ SEM from n = 5 to 6 mice/group.
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Figure 3. RGS4(N128A) mice have increased AHR in an experimental model of asthma. A and B, lung resistance (R, A or Ry, B) in live Af-challenged
mice determined by plethysmography. Means + SEM from n = 4 to 8 mice/group, **p < 0.004, *** p = 0.0002, WT versus NA, two-way ANOVA test, Tukey’s
multiple comparisons test. C and D, BALF total leukocyte counts (C) and composition (D) from PBS (naive) or Af-challenged WT or NA mice. Means + SEM
from eight mice/group. E, H&E-stained lung sections from WT or NA mice. Images representative of four mice/group. Scale bar represents 100 pm. Af,
Aspergillus fumigatus, AHR, airway hyper-responsiveness; BALF, bronchoalveolar lavage; RGS, regulator of G protein signaling.
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controls (Fig. 3, C and D). Histological examination of lung
sections demonstrated comparable inflammation (peribron-
chial “cuffing” predominantly with eosinophils) in WT and NA
mice (Fig. 3E).

Levels of asthma-associated cytokines in BALF including IL-
1B, IL-4, 5, 10, 13, 17, and eotaxin were also comparable in Af-
challenged NA and WT mice but were significantly lower than
in RGS4 KO mice (Figs. 4, A-D and S2, A-C). Allergic
proinflammatory mediators including IL-13 induce goblet cell
hyperplasia in the respiratory epithelium, increased mucin
expression, and mucous secretion into the lumen, which also
contribute to increased airway resistance (24). The bronchial
epithelium of RGS4 NA mice had significantly more mucin
expression than WT controls, as indicated by periodic acid
Schiff (PAS) staining (Fig. 4, E and F). Thus, while RGS4 GAP
activity is not critical for regulation of cytokine production in
the airways, it may inhibit G protein-mediated mucin
expression within the respiratory epithelium.

RGS4 inhibits airway contraction through its GAP activity

Chronic inflammation and airway remodeling increase
airway luminal resistance through several mechanisms
including ASM hyperproliferation, increased deposition of
extracellular matrix components, and mucous plugging (25).

To determine the effect of the N128A mutation on ASM
contractility, we examined airway mechanics in naive mice.
Both R, and R, were significantly higher in naive NA mice
than in WT or RGS4 KO mice after exposure to MCh (Fig. 5, A
and B), suggesting ASM hypercontraction. To visualize ASM
contraction directly, we quantified airway diameter in preci-
sion cut lung slices (PCLSs) from naive mice ex vivo in
response to stimulation with various concentrations of
carbachol (CCh, an ACh analog). CCh-treated airways from
NA mice contracted significantly more than those from either
WT or RGS4 KO mice (Fig. 5, C and D). Consistent with our
previous studies, contraction of PCLS from RGS4 KO mice did
not differ from WT (7). Collectively, these results suggested
that RGS4 inhibits cholinergic-dependent airway contraction
through its GAP activity.

RGS4 suppresses GPCR-independent PGE2 production in lung

Previously, we determined that RGS4 KO mice had less
AHR because of increased airway PGE2 levels (7). Unexpect-
edly, PGE2 levels in BALF from Af-challenged NA mice were
significantly lower than that from either WT controls or RGS4
KO mice (Fig. 6A). This result suggested that RGS4 may
inhibit airway PGE2 biosynthesis independently of its GAP
activity. Given the interaction of RGS4 with p85a, we
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Figure 4. Airway inflammatory milieu in RGS4(N128A) mice. A-D, allergy-associated cytokines IL-4 (A), IL-5 (B), IL-13 (C), and IL-17A (D) in BALF. Means +
SEM from four mice/group, **p = 0.006, ***p = 0.0002, ****p < 0.0001, two-way ANOVA test, Tukey’s multiple comparisons test. E, periodic acid Schiff (PAS)-
stained lung sections from Af-challenged mice. Scale bar represents 100 um. F, quantification of airway PAS staining; means + SEM from n = 4 to 9 mice/
group. **p = 0.005, two-way ANOVA test, Sidak’s multiple comparisons test. Af, Aspergillus fumigatus; BALF, bronchoalveolar lavage; IL, interleukin; RGS,

regulator of G protein signaling.
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Figure 5. Airway mechanics in RGS4(N128A) mice. A and B, lung resistance (R, A) or (R,,, B) in naive (PBS challenged) mice. n = 4 to 8 mice/group. **p <
0.008, ****p < 0.0001, NA mice versus WT, two-way ANOVA test, Tukey's multiple comparisons test. C and D, representative images of airway contraction in
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Figure 6. RGS4 regulates PGE2 biosynthesis in lung. A, PGE2 levels in BALF. Means = SEM from n = 7 to 14 mice/group; *p < 0.04, ****p < 0.0001, NA
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biological replicates from two to three independent experiments; **p = 0.008 versus no treatment (NT), one-way ANOVA test, Dunnett’'s multiple com-
parisons test. C, **p = 0.005, ***p < 0.007, one-way ANOVA test, Tukey’s multiple comparisons test. BALF, bronchoalveolar lavage fluid; NHBE, normal human
bronchial epithelial; PGE2,prostaglandin E2; RGS, regulator of G protein signaling.
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considered the possibility that it regulates PI3K-dependent
PGE2 secretion. To identify potential G protein-independent
mediators involved, we stimulated normal human bronchial
epithelial (NHBE) cells with several asthma-associated cyto-
kines linked to PGE2 biosynthesis (26—-30). Although tumor
necrosis factor alpha (TNFa), epidermal growth factor (EGF),
IL-1p, or lipopolysaccharide (LPS) had modest or no effects on
PGE2 secretion, transforming growth factor beta (TGEFp)
significantly increased PGE2 content in NHBE cell superna-
tants, and this response was strongly inhibited by pretreatment
with the PI3K inhibitor LY294002 (Fig. 6, B and C). To
determine the importance of RGS4 GAP activity for PGE2
secretion, we transduced NHBE cells with a tat-GFP-
RGS4(N128A) fusion protein (31). Pretreatment of cells with
tat-RGS4(N128A) significantly decreased TGEB-evoked PGE2
secretion in these cells (Fig. 6C) but had no effect on the G
protein-dependent response to a peptide agonist (SLIGRL) of
protease-activated receptor 2.

Mapping the RGS4-PI3K interaction

Although these findings suggested that RGS4 inhibits TGFp-
mediated PGE2 secretion independently of its GAP activity, the
mechanism(s) involved remained unclear. Considering our
previous findings that RGS4 coimmunoprecipitates specifically
with the phosphorylated p85a subunit of PI3K in human ASM
cells (17), we hypothesized that it reduces TFGpB-induced PGE2
synthesis by interfering with PI3K activation. To further
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characterize the RGS4—p85a association, we mixed recombi-
nant 6His-RGS4 (full length and truncated mutants) with re-
combinant p85a preincubated with Lyn kinase to induce Tyr
phosphorylation and collected protein complexes with nickel-
coupled agarose beads. Consistent with our previous studies
of RGS13 and 16 (15, 16), full-length and N-terminal RGS4
(amino acids [aa] 1-130) but not its C terminus (aa 131-250)
bound p-p85a (Fig. 7A). Coimmunoprecipitation of GFP-RGS4
and myc-GFP-p85a in transfected HEK293T cells revealed that
RGS4 truncations containing aa 1 to 58 and aa 1 to 90 but not
the N terminus (aa 1-30) coprecipitated with p85a (Fig. 7B).
Considering our prior mapping studies of RGS16—p85« in-
teractions (16), these data suggested that aa 30 to 90 in RGS4
mediated its binding to p85a. To pinpoint the specific residues
involved, we introduced point substitutions into a region of
RGS4 that is highly conserved in R4 RGS proteins (aa 53-62)
(Fig. 7C) and evaluated binding of cell lysates from transfected
HEK293T cells with recombinant 6His-p85a coupled to nickel
beads. These studies demonstrated that the E54A and S62A
mutations significantly reduced binding to p85« (Fig. 7, D and
E). Likewise, tat GFP-RGS4 (E54A/N128A) and tat GFP-
RGS4(S62A/N128A) proteins from transduced HEK293T ly-
sates bound poorly to p85a in vitro (Fig. S3).

RGS4 regulates PI3K signaling

Our studies thus far suggested that RGS4 inhibits TGFf{-
induced PGE2 secretion in the airways. To determine whether
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Figure 7. PI3BK-RGS4 interactions. A, complexes of recombinant p85a pretreated with Lyn kinase and then mixed with 6His-RGS4 were collected with
nickel-coated beads. Reactions were immunoblotted as indicated. B, lysates from HEK293T cells transfected with plasmids encoding myc-GFP p85aq,
constitutively active Src(Y529F) and GFP-RGS4 were immunoprecipitated with Myc antibody, and reactions were immunoblotted with GFP. Blots in A and B
represent three similar experiments. C, alignment of residues in R4 RGS proteins. Boxed area delineates conserved residues previously implicated in RGS13
and RGS16 binding to p85a. D, representative blot of 6His-p85a and GFP-RGS4 in lysates of transfected HEK293T cells collected with nickel-coupled agarose
and immunoblotted as indicated. GFP-RGS4 expression in total cell lysates is shown in the lower panel. E, RGS4/p85a band intensities quantified using
ImageJ. Means + SEM from n = 5 to 7 independent experiments; *p = 0.02, **p = 0.007, Kruskal-Wallis ANOVA test, Dunnett’'s multiple comparisons test.
HEK293T, human embryonic kidney 293T cell line; RGS, regulator of G protein signaling.
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this occurred through regulation of PI3K, we evaluated the
effects of RGS4 overexpression in COS-7 cells on a canonical
PI3K signaling pathway (Akt phosphorylation) induced by EGF
stimulation. EGF elicited robust Akt phosphorylation at 5 min
or 15 min poststimulation. While overexpression of
RGS4(N128A) or (E54A/N128A) significantly inhibited this
response, expression of RGS4(S62A/N128A) had little to no
effect (Fig. 8, A and B). Likewise, transduction of NHBE cells
with N128A or E54A/N128A tat fusion proteins reduced
TGFpB-evoked PGE2 production, whereas transduction of the
S62A/N128A mutant had no impact (Fig. 8C). Because E54A
mutant appeared to regulate these processes even more
effectively than N128A, these findings suggest that the E54—
p85a interaction may negatively regulate the ability of RGS4 to
inhibit p85a-dependent functions. In contrast, the S62 residue,
which is highly conserved in nearly all R4 RGS proteins
(Fig. 7C), appears to be critical for RGS4’s regulation of PI3K
signaling.

PI3K target gene expression in NA mice

An RNA-Seq study done on lung tissues from WT and
RGS4 KO mice revealed several relevant PI3K-regulated tar-
gets among the 417 genes in naive mice and 28 genes in
allergen-challenged mice that were significantly differentially
expressed between these strains (full results in Table S1); top
hits in Af-challenged mice are shown in Fig. 9A. Secondary
analysis of these results demonstrated enrichment of genes

A

kDa GFP N128A E54A

S62A

GAP-deficient RGS4 mouse model

involved in class I PI3K-dependent processes, including heat
shock (32), B-cell receptor (33), epidermal growth factor re-
ceptor (34), and Ephrin B (35) signaling pathways (Fig. 9B).
Among the top differentially regulated genes, Cdknla encodes
the checkpoint protein p21VAFY<P1 which is regulated by
both TGFB and PI3K signaling (36-38). Cdknla expression
was significantly higher in RGS4 KO mice than in either NA
mice or WT controls (Fig. 9C). These results provide further
evidence of RGS4’s regulation of PI3K signaling, which is
preserved in NA mice.

Discussion

RGS proteins are expressed in all tissues, and many cell
types express closely related paralogs with similar GAP activity
profiles on individual Ga subunits in vitro (18). A challenge in
the field is to determine whether individual RGS proteins have
overlapping or redundant physiological functions. Confound-
ing these attempts are results suggesting that RGS proteins
also exert control over G protein signaling through in-
teractions with other proteins including GCPRs (39) or
downstream G protein effectors such as phospholipase Cf or
adenylyl cyclase (40, 41). Despite these challenges, recent
studies done in living systems have established sequence-level
differences in individual RGS proteins that are involved in Ga
recognition and may confer selective functions (19).

At the organismal level, studies of mice-harboring alleles in
Gnai2 (encoding G148S in Gai2) that abolish interactions with
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Figure 8. Mechanisms of PI3K regulation by RGS4. A, representative blot of phospho- and total Akt in lysates from COS-7 cells transfected with GFP or
GFP-RGS4 (WT and mutants) left untreated or stimulated with EGF (30 ng/ml) for the indicated times. B, quantification of pAkt/Akt. Means + SEM from n = 4
to 5 experiments; *p = 0.02, ***p = 0.009 versus GFP, two-way ANOVA test, Tukey’'s multiple comparisons test. C, PGE2 levels in NHBE cells treated as
indicated. Means + SEM from 4 to 12 biological replicates from two independent experiments; **p = 0.002, ****p < 0.0001 one-way ANOVA test, Tukey's
multiple comparisons test. EGF, epidermal growth factor; NHBE, normal human bronchial epithelial; PGE2, prostaglandin E2; RGS, regulator of G protein

signaling.
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Figure 9. Gene expression patterns in RGS4 KO and N128A mice. A, heat map of gene expression patterns in lung tissue from WT and RGS4 KO mice as
determined by RNA-Seq (n = 3/group). B, enriched pathways in differentially expressed gene sets determined by KEGG, Reactome, Panther analysis,
together with Benjamini-Hochberg-corrected p values. C, relative expression of Cdknla (normalized by Actb) in lung tissue; means + SEM from n = 8 to 12
mice/group; *p = 0.04, **p = 0.008, one-way ANOVA test, Holm-Sidak multiple comparisons test. KEGG, Kyoto Encyclopedia of Genes and Genomes; RGS,

regulator of G protein signaling.

all RGS proteins have revealed important roles for RGS GAP
activity on Gai2 in myocardial injury, opioid tolerance, and
growth hormone secretion among others (42, 43). However,
studies of these mice do not allow identification of the specific
RGS protein involved in these processes. Here, we have shown
that NA mice expressing GAP-deficient RGS4 have increased
allergen-associated AHR compared with animals completely
devoid of RGS4. Our mechanistic studies suggest that RGS4
has distinct GAP-mediated and GAP-independent functions in
the lung.

The phenotypic similarities between NA and RGS4 KO
mice reveal the importance of RGS4 GAP activity in the
pathways involved. Both strains exhibit signs of fatty liver,
previously suggested to be a consequence of dysregulated
ACh-induced catecholamine secretion in adrenal glands of
RGS4 KO mice, which in turn leads to increased circulating
free fatty acids (21). Also consistent with the role of RGS4
GAP activity in ACh responses is the finding that airways from
NA mice exhibited hypercontraction to muscarinic receptor
stimulation ex vivo. Reduced Rgs5 expression in lung tissue
from NA mice might also contribute to this phenotype since
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Rgs5—-/—- mice have spontaneous AHR in the absence of allergic
lung inflammation (6). Airway mucus was also increased in
allergen-challenged NA mice relative to controls, suggesting
that RGS4 GAP activity inhibits GPCR-evoked mucin
expression in AECs. These results are consistent with pub-
lished studies demonstrating that RGS4 dampens P2Y,
receptor—induced MUCSAC expression induced by ATP (44).

By contrast, the airway inflammatory milieu in allergen-
challenged NA mice differed significantly from either WT or
RGS4 KO mice, suggesting GAP-independent functions of
RGS4. Levels of allergy-related cytokines were significantly
lower in the airways of NA mice than in RGS4 KO mice. We
hypothesized previously that increased airway levels of IL-5
and IL-13 in RGS4 KO mice resulted from an expanded
innate lymphoid cell type 2 (ILC2) population in lungs; taken
together, these findings suggest that RGS4 may influence ILC2
development/expansion through GAP-independent mecha-
nisms (7). Levels of PGE2, an airway mediator with both
bronchodilatory and anti-inflammatory actions (45), were
significantly lower in NA mice relative to RGS4 KO mice or
controls. Since PGE2 inhibits ILC2-mediated cytokine
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production (46), these results suggest one potential mecha-
nism for decreased cytokine levels in lungs of RGS4 NA mice.

Our previous studies suggested that increased airway PGE2
is critical to reducing AHR in RGS4 KO mice (7). Although the
stimuli for differential PGE2 biosynthesis in NA and RGS4 KO
mice are not fully clear, we focused here on TGEp in light of
earlier studies linking it to increased expression of cyclo-
oxygenase 2 (a critical enzyme for PGE2 biosynthesis) through
PI3K signaling and the known interaction of RGS4 with PI3K
(17, 47). While treatment of NHBE cells with a PI3K inhibitor
or GAP-deficient RGS4(N128A) reduced TGFp-induced PGE2
production, transduction with a RGS4 mutant unable to bind
p85a (S62A) had no effect on the response. These results
suggest that TGFf induces PGE2 biosynthesis in part through
the PI3K pathway in an RGS4-dependent manner.

The detailed molecular mechanism(s) by which RGS4
modulates TGFB-evoked PGE2 secretion require further study.
Although RGS6 suppresses TGFp signaling in fibroblasts by
interacting with SMAD4 and preventing dimerization with
other SMADs, this interaction requires the Gy-like (GGL)
domain of RGS6, which is not present in RGS4 (48). Previ-
ously, we demonstrated that RGS16 binds to p85a through its
amino-terminal SH2 and inter-SH2 domains, which are critical
for its interactions with receptors through adapter proteins
such as Gabl (16). Since RGS16 inhibits p85a—Gabl in-
teractions, RGS4 might likewise interfere with formation of the
complex between the TGFp type I receptor and p85a (49).

Also consistent with the capacity of RGS4 to regulate PI3K
signaling is the finding of differential PI3K target gene
expression in the lungs of NA mice relative to the other strains
(WT or RGS4 KO), which may contribute to AHR. Increased
p21WAFICIPL oypression is commonly found in ASM from
patients with chronic asthma and allergen-challenged mice
(50). p21YAFYCIPL hromotes permanent cell cycle arrest
(senescence). ASM cell senescence increases ASM mass, a
prominent feature of established asthma thought to promote
airway obstruction. Senescent ASM cells secrete more cyto-
kines, proteases, growth factors, and extracellular matrix
proteins, which may also contribute to airway remodeling (50).
Our preliminary findings warrant examination of these pa-
rameters in NA mice using models of chronic asthma elicited
by long-term and repetitive allergen challenge.

The RGS domain of R4 RGS proteins contains three stretches
of highly conserved residues (E82-N88, A123-R134, and
K154-S171 in RGS4) that provide essential contributions to
GAP activity (18). Although N128 variants have not been
detected in humans, ultrarare and predicted LOF variants at
critical residues within these regions have been reported in
gnomAD (www.gnomad.broadinstitute.org), including Y84H,
D130G, R134W, D163N, D163G, and R167H. These findings
are compatible with our results showing that RGS4 GAP activity
is not essential for survival. Our RGS4 GAP-deficient model
provides a new tool to dissect the G protein-dependent and
-independent actions of RGS4 on intracellular signaling path-
ways in asthma and other diseases linked to this RGS protein.
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Experimental procedures
Mouse strains

Rgs4~'~ mice were generated as described previously (7).
Balb/cJ control mice were purchased from The Jackson Labo-
ratories. Rgs4 (N128A) knockin mouse line was generated using
the CRISPR-Cas9 method (51). Briefly, an sgRNA (5'-
CTTTGCACTTCAGGTGAACC-3') designed to cut near the
N128 site of mouse Rgs4 genomic DNA was made by Synthego,
and a single-stranded oligonucleotide donor (GCCTCCTC
TCTTCAACAGGGCACTAGATCTAATGCAACCTTGGTC
TTTGCACTTCAGGTGGCTCTCGACTCTTGCACCAGAG
AGGAGACAAGCCGGAACATGTTACAGCCCACAATAAC
CTGTTTTG) was purchased from IDT. The first three bolded
deoxyribonucleotides encode the desired mutation, whereas the
downstream bolded deoxyribonucleotide encodes a synony-
mous mutation to prevent off target Cas9 cutting. The sgRNA
(20 pg/ml) and donor oligonucleotides (100 pg/ml) were
comicroinjected into the cytoplasm of zygotes collected from
C57Bl/6N mice (Charles River Laboratories) together with
synthetic Cas9 mRNA (50 pg/ml; TriLink BioTechnologies).
Injected embryos were cultured overnight in KSOM medium
(MilliporeSigma) in a 37 °C incubator with 6% CO,. The next
day morning, embryos that had reached the two-cell stage of
development were implanted into the oviducts of pseudo-
pregnant surrogate mothers (CD1 strain from Charles River
Laboratory). Offspring born to the foster mothers were geno-
typed using PCR (forward primer: CAGCCACTCCTTGTT-
CATTCC; reverse primer: GGTCAGGTCAAGATAGA
ATCQG) followed by Sanger sequencing. Founder mice with the
desired amino acid change were bred with WT C57BL/6N mice
to establish the N128A knockin mouse line. NA mice were
subsequently backcrossed onto the Balb/c] background for four
to five generations. All studies were performed in accordance
with the institutional guidelines provided by the National
Institute of Allergy and Infectious Diseases Animal Use and
Care Committee under approved studies (Animal Study Pro-
tocols LAD3e and NHLBI protocol H-0125R5).

Reagents, cells, and antibodies

Primary human bronchial epithelial cells were obtained
from American Type Culture Collection and cultured in
airway epithelial medium (American Type Culture Collection).
HEK293T and COS-7 cells were cultured in complete Dul-
becco’s modified Eagle’s medium supplemented with 10% fetal
calf serum and antibiotics (ThermoFisher). CCh, MCh,
vecuronium, SLIGRL, and LPS were purchased from Sigma.
Recombinant EGF, IL-1B, TGFpB, and TNFa were from R&D
Systems. Antibodies were purchased from the following
sources: RGS4 (catalog no.: ABT17) and P-actin were from
Sigma Millipore; p85a (Cell Signaling Technology); and Myc
(clone 9E10) and GFP were from Santa Cruz Biotechnology.
Recombinant 6His-p85a was purchased from MyBioSource,
and 6His-lyn kinase was from Sigma.
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Plasmids, recombinant proteins, and transfections

Plasmids encoding active Src(Y529F), myc-GFP p85a were
the gift of J. Silvio Gutkind (UC San Diego School of Medi-
cine). HEK293T cells were transfected with plasmids encoding
GFP-RGS4 (WT and mutants) and myc-GFP p85a using
Lipofectamine 2000 (ThermoFisher). Full-length GFP-RGS4
was subcloned into pTAT-6His-HA (the gift of Stephen
Dowdy, University of California, San Diego School of Medi-
cine). Recombinant TAT proteins were expressed in Escher-
ichia coli and purified using Ni** —nitrilotriacetic acid—coupled
agarose beads (Roche) as described previously (52). Point
mutations were introduced into GFP-RGS4 using the Quik-
Change XL kit (Agilent Biotechnologies). TAT fusion proteins
were added directly to the culture medium (final concentration
of 200 nM) 1 h prior to cell stimulation.

6His-RGS4 WT and 6His-Thioredoxin-RGS4 truncation
mutants were prepared as described previously (14). All RGS4
constructs were based on the sequence of isoform 2
(NP_005604.1).

RNA isolation and quantitative RT-PCR

RNA was isolated using the RNeasy kit (Qiagen) according
to the manufacturer’s instructions. Total RNA (500 ng) was
reverse transcribed into complementary DNA using Super-
Script IV VILO Master Mix (Thermo Fisher) according to the
manufacturer’s protocol. Quantitative PCR was performed
using gene-specific TagMan probes (ThermoFisher) according
to the manufacturer’s guidelines. TagMan probes were as
follows: Rgs2, Mm00501385_ml; Rgs4, Mm00501389_ml;
Rgs5, Mm00654112_m]1; Actb, Mm01205647_gl; and Cdknla,
Mm00432448_m]1.

Immunoprecipitation/pulldown, immunoblotting, and
fluorescence microscopy

Cells were lysed in radioimmunoprecipitation (RIPA) lysis
buffer (Sigma) containing protease and phosphatase inhibitors
(cOmplete protease inhibitor mixture and PhosSTOP tablets;
Roche Applied Science) and sodium orthovanadate (1 pm).
Tissues were flash frozen in LN, and resuspended in RIPA
buffer prior to homogenization with a BeadBlaster 24 ho-
mogenizer (Benchmark Scientific). Cell lysates were incubated
with 2 pg of mouse monoclonal RGS4 antibody (D-1) (Santa
Cruz; catalog no. sc-398658) and protein A/G-coupled
agarose beads for 3 h at 4 °C. Immunoprecipitates were
washed three times with RIPA buffer prior to addition of
NuPAGE SDS sample buffer (ThermoFisher), boiling at 95 °C
for 5 min, and brief centrifugation. Clarified lysates were
electrophoresed on 12% NuPAGE Tris—glycine gels and
immunoblotted with the indicated antibodies. In pull-down
experiments, 6Hisp85a (250 ng; MyBioSource) was incu-
bated with 6His-Lyn (50 ng; Sigma) in buffer containing
60 mM Hepes (pH 7.5), 3 mM MgCl,, 3 mM MnCl,, 1 mM
ATP, and 3 mM NazVO, for 30 min at 30 °C. Phosphorylated
6His-p85a was incubated with lysates from GFP-RGS4-
transfected HEK293T cells, and complexes were collected
with nickel-coupled agarose beads in binding buffer containing
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50 mM Hepes (pH 7.5), 150 mM NaCl, 5 mM MgCl,, 5%
glycerol, 0.04% Triton X, and 10 mM imidazole for 1 h at 4 °C.
Beads were washed three times with binding buffer prior to
addition of SDS sample buffer and immunoblotting. For
pulldowns of recombinant proteins, RGS4 WT was cloned into
pET15b; truncations (aa 1-130 or 131-205) were cloned into
pET-TRXHis6 (Novagen). Proteins were expressed in E. coli
and purified as aforementioned. Untagged p85a (Jena Biosci-
ence) was incubated with 6His-RGS4 WT or 6His-thioredoxin
RGS4 fusion proteins, collected with nickel-coupled agarose,
and processed as aforementioned. For visualization of GFP-
RGS4 localization, cells were plated into Chamberwell slides
for transfection. About 24 h after transfection, cells were fixed
with 4% paraformaldehyde in PBS for 10 min at room tem-
perature. Nuclei were counterstained with 4/,6-diamidino-2-
phenylindole (Sigma; 1 pg/ml) and examined with a Leica
DMI4000B fluorescence microscope.

Complete blood counts

Leukocyte counts and hematological parameters were
determined using the Hemavet 950 Multispecies Analyzer
(Drew Scientific/Erba Diagnostics).

Allergic airway inflammation model

About 8-12-week-old female mice were sensitized with a
mixture of one part alum and one part PBS containing Af
extract (25 ug protein; HollisterStier Allergy), by i.p. injection
on days 0 and 14. Two weeks later, mice were then challenged
intranasally with either PBS or Af (20 pg) daily for 3 consec-
utive days. For assessment of lung inflammatory cells, we
collected BALF by injection and collection of PBS-1 mM
EDTA (1 ml) through a tracheal cannula. Red blood cells were
lysed with ACK lysis buffer, and clarified BALF supernatants
were frozen and stored at —80 °C. Cell pellets were resus-
pended in PBS-EDTA counted by hemocytometry and
dispersed on glass microscope slides by cytospin.

Diff-Quik-stained slides were used to determine cell
composition by microscopy (n = 500 cells/slide). Left lungs
were fixed in 10% neutral-buffered formalin for generation of
paraffin-embedded sections. Sections were stained with he-
matoxylin and eosin and PAS. The PAS" area of epithelium
was quantified using Image] (NIH) and divided by the airway
diameter to calculate the percentage of positively stained
airway.

Lung resistance measurements

About 24 h after the last challenge, mice were anesthetized
with a mixture of ketamine (100 mg/kg) and xylazine (10 mg/
kg) via i.p. injection. Mice tracheas were dissected and can-
nulated with a 20-gauge catheter. Mice were then paralyzed
with vecuronium bromide (200 ug via i.p. injection) and me-
chanically ventilated using the FlexiVent FX1 respirator
(SCIREQ). Lung resistance was measured by the pulse oscill-
ometry technique at baseline and after inhalation of increasing
doses of MCh.
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PGE2 and cytokine measurements

PGE2 levels in BALF and cell culture supernatants were
measured by ELISA (Cayman Chemical). NHBE cells were
stimulated with TGFB (5 ng/ml), TNFa (10 ng/ml), EGF
(50 ng/ml), IL-1B (1 ng/ml), or LPS (100 ng/ml) for 6 h at 37
°C. Cytokines in BALF supernatants were analyzed using a
customized MultiPlex bead array (Bio-Rad) as previously
described (7).

Measurement of airway mechanics in PCLS

Mice were euthanized, and the trachea was cannulated with
a blunt-end stub adapter secured with a suture. Lungs were
inflated with 2% SeaPlaque low melting point temperature
agarose in PBS without Ca®* and Mg>* using a syringe. Mice
were then placed on ice for 1 h to solidify agarose. The left lobe
was excised and embedded in a mold using low melting point
agarose. Lung slices (210 pm) were prepared using the
Krumdieck Tissue Slicer MD4000 (Alabama Research and
Development). They were washed once with serum-free Dul-
becco’s modified Eagle’s medium and incubated overnight at
37 °C in a tissue culture incubator (5% CO,). Intact slices were
anchored by platinum weights containing nylon threads and
stimulated with increasing concentration of CCh (10™° to
10™* mol). Images of the airway were taken before and at ¢ =
5 min poststimulation. Images were analyzed using Image],
and contraction of the airway was calculated by measuring the
luminal area after stimulation as a percentage of the baseline
luminal area. Airways not contracting (<10%) in response to
agonist were excluded from the analysis.

Statistical analysis

Values are reported as mean = SEM unless otherwise
specified. Normally distributed data were analyzed by ¢ test
(two groups) or one- or two-way ANOVA test (multiple
groups). For non-normally distributed data, nonparametric
Mann—Whitney U test or Kruskal-Wallis tests were used. p
Values <0.05 were considered to be significant.

Data and materials availability

All data are available in the main text or supporting infor-
mation. RNA-Seq results have been deposited into Gene
Expression Omnibus (accession no.. GSE242546).
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