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Abstract

Bitter taste receptors (TAS2Rs) and their signaling elements are detected throughout the body, and
bitter tastants induce a wide variety of biological responses in tissues and organs outside the
mouth. However, the roles of TAS2Rs in these responses remain to be tested and established
genetically. Here we employed the CRISPR/Cas9 gene-editing technique to delete three bitter taste
receptors- 7as2r143/Tas2r135/Tas2r126 (i.e., 7Tas2r TKO) in mice. The fidelity and effectiveness of
the 7asZrdeletions were validated genetically at DNA and mRNA levels and functionally based on
the tasting of TAS2R135 and TAS2R126 agonists. Bitter tastants are known to relax airways
completely. However, TAS2R135 or TAS2R126 agonists either failed to induce relaxation of pre-
contracted airways in wild type mice and 7as2r TKO mice or relaxed them dose-dependently, but
to the same extent in both types of mice. These results indicate that TAS2Rs are not required for
bitter tastant-induced bronchodilation. The 7as2r TKO mice also provide a valuable model to
resolve whether TAS2Rs mediate bitter tastant-induced responses in many other extraoral tissues.
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INTRODUCTION

Living organisms have evolved complex and multimodal systems to sense external and
internal environmental cues and respond accordingly. Bitter taste, one of five basic taste
qualities, is one essential component of the complicated sensing systems. Primarily this taste
quality guides organisms to avoid harmful toxins and noxious substances and is critical to
animal and human survival. In higher vertebrates and mammals (Chandrashekar et al., 2000;
Mueller et al., 2005; Wong, Gannon, & Margolskee, 1996), bitter sensation initiates in
specialized epithelial cells in the taste buds of the tongue when bitter tastants bind with type
Il taste receptors (TAS2Rs), a type-A G protein-coupled receptor. Activation of TAS2Rs
induces a gustatory G protein to dissociate and release a.-gustducin (GNAT3) and p/y
subunits. The latter subsequently triggers the phospholipase Cp2 (PLCB2)-inositol 1,4,5-
trisphosphate receptor (IP3R)-Ca?* release cascade, leading to a rise in cytosolic Ca2",
which in turn activates transient receptor potential cation channel subfamily M member 5
(TRPM5). The influx of Na* via the TRPM5 channel turns on voltage-dependent sodium
channels depolarizing the membrane and causing a release of adenosine triphosphate (ATP)
through calcium homeostasis modulators 1 and 3 (Finger et al., 2005; Huang & Roper, 2010;
Taruno et al., 2013; Ma et al., 2018). ATP finally acts on ionotropic purinergic receptors
(P2X2 and P2X3) on gustatory afferent nerves, which carry impulses to the primary
gustatory cortex, and bitterness is perceived (Peng et al., 2015).

The aforementioned bitter taste signaling was initially thought to function only in the oral
cavity for bitter perception. However, over the last two and a half decades, this canonical
bitter taste signaling pathway has been increasingly detected in cells, tissues, or organs
outside the oral cavity. For example, multiple elements of the bitter taste signaling cascade
are expressed in the gastrointestinal tract (Hofer, Puschel, & Drenckhahn, 1996; Janssen et
al., 2011; Kaji, Karaki, Fukami, Terasaki, & Kuwahara, 2009; Luo et al., 2019; S. V. Wu et
al., 2002), respiratory system (Deshpande et al., 2010; Shah, Ben-Shahar, Moninger, Kline,
& Welsh, 2009; C.-H. Zhang et al., 2013), cardiovascular system (Foster et al., 2013),
urogenital organs (Deckmann et al., 2014; X. Liu, Gu, Jiang, Chen, & Li, 2015; Rajkumar,
Aisenberg, Acres, Protzko, & Pluznick, 2014; K. Zheng et al., 2017), brain (Dehkordi et al.,
2012; Duarte et al., 2020; Garcia-Esparcia et al., 2013; Singh, Vrontakis, Parkinson, &
Chelikani, 2011), sperm (Governini et al., 2020; Xu, Cao, Iguchi, Riethmacher, & Huang,
2013), adipocytes (Avau et al., 2015), immune cells (Grassin-Delyle et al., 2019; Malki et
al., 2015; Tran, Herz, Ruf, Stetter, & Lamy, 2018), and endocrine cells (Tran et al., 2018).
Moreover, bitter tastants can initiate a vast array of diverse biological functions, including
innate and type 2 immune responses (Howitt et al., 2016; Lee et al., 2012; von Moltke, Ji,
Liang, & Locksley, 2016), hormone secretion (Tran et al., 2018), muscle contraction, and
relaxation (Deshpande et al., 2010; Manson et al., 2014; C.-H. Zhang et al., 2013), cilia
beating (Shah et al., 2009), and urination reflex (Deckmann et al., 2014). Some of the
activities initiated by bitter tastants are markedly reduced in gnat3knockout and 7rpm5
knockout mice (Cui et al., 2019; Hollenhorst et al., 2020; Howitt et al., 2016; X. Zheng et
al., 2019), highlighting the potentially pivotal roles of the bitter taste signaling cascade in
mediating bitter tastant-induced responses. This possibility is further substantiated by the
finding that the expression of some 7asZrsis either up-regulated or down-regulated upon
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different stressor stimuli such as viral infection and food starvation and that people with
TAS2R mutations are prone to chronic sinusitis, asthma, and cancers (Choi & Kim, 2019;
Dotson, Wallace, Bartoshuk, & Logan, 2012; Foster et al., 2013; Lee et al., 2012; Martin et
al., 2019; Orsmark-Pietras et al., 2013; Quinton et al., 2012; Schembre, Cheng, Wilkens,
Albright, & Marchand le, 2013; Yamaki et al., 2017). Therefore, the bitter taste signaling is
required for bitter perception and may also initiate many diverse biological functions outside
the oral cavity.

However, whether TAS2Rs actually do participate in any functions of these systems has yet
to be genetically established. To date, their roles are mainly inferred from non-specific
TAS2R agonists or the knockout of TAS2R downstream elements such as GNAT3 and
TRPMS5. As a result, it remains uncertain whether bitter tastants activate TAS2Rs to produce
different biological responses in extraoral systems. To address this fundamental question, we
took a genetic approach to delete TAS2Rs in mice and study the physiological consequence
of this in airway smooth muscle. We focus on the airway smooth muscle for at least two
reasons. First, bitter tastants paradoxically relax pre-contracted airway smooth muscle
(Deshpande et al., 2010; C.-H. Zhang et al., 2013). In principle, activation of the canonical
TAS2R signaling cascade by bitter tastants raises cytosolic CaZ*, which in turn should cause
airway smooth muscle contraction. It is thus of biological significance to understand the
molecular mechanism underlying this paradoxical relaxation. Second, bitter tastants relax
airways more completely than current commonly used bronchodilators for asthma (An et al.,
2012; Deshpande et al., 2010; Pulkkinen, Manson, Safholm, Adner, & Dahlen, 2012; Tan &
Sanderson, 2014; C.-H. Zhang et al., 2013). This effective response has motivated
developing TAS2R agonists as bronchodilators for managing asthma and chronic obstructive
pulmonary disease. Hence it is paramount to determine whether TAS2Rs are the targets of
bitter tastants in airway smooth muscle.

To achieve our objectives, we first determined the expression of the 7as2rgene family in
mouse airways and lungs. Of 35 mouse 7asZrs, we found nine transcripts (7as2r108, 117,
119, 126, 135, 136, 137, 138, and 143) in the airways and four ( 7as2r126, 135, 137 and 143)
in the lungs. As 7as2r126, 135, and 143form a cluster without any other genes in between
them in the mouse genome, we designed a unique set of sgRNAs targeting each of them and
successfully deleted all of them at once (i.e., 7as2r TKO) with CRISPR/Cas9 gene-editing
technology. 7as2r TKO mice have an impaired ability to avoid the ligands of TAS2R135 or
TAS2R126 that are currently available, confirming the deletion of these 7as2rs functionally.
However, surprisingly, TAS2R135 and TAS2R126 ligands either failed to relax airways or
generated the relaxation independently of whether TAS2R143, TAS2R135, and TAS2R126
were deleted. These unexpected results question the involvement of TAS2Rs in bitter tastant-
induced bronchodilation and argue for the need to re-examine the roles of TAS2Rs in many
other systems using genetic approaches.

MATERIALS AND METHODS

All animal procedures were approved by the Institutional Animal Care and Use Committees
at the University of Massachusetts Medical School (UMMS) (protocol number A1473)
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following the National Research Council Publication Guide for the Care and Use of
Laboratory Animals and NIH Guide for the Care and Use of Laboratory Animal. Mice were
maintained under a standard 12 h light/dark cycle (lights on at 07:00 AM) with food and
water ad libitum (room temperature 22+2.0°C). All mice used in this study were C57BL/6
background.

Reagents

Methacholine and bitter-tasting compounds were purchased from Sigma-Aldrich in St.
Louis, MO, USA (Methacholine, Cat # A2251; Chloroquine, Cat # C6628; Acesulfame K,
Cat # 04054; Allylisothiocyanate, Cat #377430; Phenanthroline, Cat# 131377; Saccharin,
Cat# 240931; Helicin, Cat#851671; Epicatechin, Cat# E1753; D-Salicin, Cat# S0625;
Quinine, Cat# 22620).

Generation of Tas2r143/135/126 triple knockout mice

SgRNAS targeting 7as2ri43, Tas2r135, and 7as2r126 were designed by an online algorithm
described in http://crispr.mit.edu/. For each gene, two sgRNAs with the highest scores were
selected. As truncated sgRNAs improve CRISPR/Cas9 nuclease specificity (Fu, Sander,
Reyon, Cascio, & Joung, 2014), two nucleotides (nts) from the end far from PAM were
deleted. All the guide RNAs were 18 nts long in length (Fig. 1B) and cloned to
pSpCas9(BB)-2A-PuroA (Plasmid #62988, Addgene, Watertown, MA, USA) following the
protocol as described by Ran and his colleagues (Ran et al., 2013). After validation of their
genomic editing in NIH3T3 cell lines, the T7 promoter was added to sgRNA templates by
PCR amplification using primer pairs as listed in Table 1. T7-sgRNA PCR products were gel
purified and used as the templates for /n7 vitro transcription (IVT) using the
MEGAshortscript T7 kit (Cat# AM1354, Life Technologies, Carlsbad, CA, USA). The
sgRNA-RNAs were purified using the MEGAclear kit (Cat# AM1098, Life Technologies,
Carlsbad, CA, USA) and eluted in RNase-free water. Subsequently, a 4x mixture of Cas9-
MRNA (200ug/ul, Cat# CAS500A-1, System Biosciences, Palo Alto, CA, USA) and six
sgRNA-RNAs (80ug/ul for each) was generated and sent to the UMMS Transgenic Animal
Modeling Core for zygote injection. The mixture was injected into inbred C57BL/6 oocytes
at the pronuclei stage. The injected zygotes were cultured in KSOM media with amino acids
at 37 °C under 5% CO5 in the air for 3.5 days until they reached the blastocyst stage. After
that, ten blastocysts were transferred into the uterus of pseudo-pregnant ICR females at 2.5
days post coitum. Mouse offspring were genotyped for mutations in 7as2r143, Tas2r135and
Tas2r126 by genomic PCR and confirmed by sequencing. The 7as2r1437~, Tas2ri35™";
Tas2r126~~ mice are named 7as2r TKO mice.

Reverse transcription-PCR and quantitative real-time PCR

Trachea, two mainstem bronchi and left lung lobes from mice were carefully isolated and
quickly cleaned by removing connective tissues. Subsequently, the airways (i.e., a mixture of
the trachea and bronchi) and the lung lobes were frozen separately and ground to
homogeneity in liquid nitrogen. Total cellular RNAs were isolated using Trizol (Cat#
15596018, Life Technologies, Carlsbad, CA, USA), as described in the manufacturer’s
instructions. Baseline-ZERO™ DNase (Cat# DB0711K, Epicentre, Madison, WI, USA) was
deployed to digest the residual genome (following the manufacturer’s manual). In each
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assay, 2 ug of isolated RNAs from each sample was reverse-transcribed into cDNA using
SuperScript® 111 reverse transcriptase (Cat# 18064-022, Life Technologies, Carlsbad, CA,
USA).

Quantitative real-time PCRs (QRT-PCR) were carried out to determine the mRNA levels of
7as2rs with iTaqTM Universal SYBR® Green Supermix (Cat# 172-5121, Bio-rad, Hercules,
CA, USA) following the manufacturer’s protocols. As the expressions of 7as2rswere
relatively low, input RNA (cDNA) for each well was 10 ng. The PCR consisted of a 45-cycle
amplification of the template cDNA with primers annealing at 60°C. The expression level of
each targeted gene was calculated using the 272Ct method and normalized against the
housekeeping gene B-actin. Those with Ct values >35 were considered low precision and
counted as no expression since a 35-cycle PCR reaction should amplify even a single
transcript to a measurable level. All the primers for mouse 7as2rs were the same as
described in our previous study (K. Zheng et al., 2017).

Surveyor assay

The Surveyor assay was performed as described by Ran et a/. (Ran et al., 2013). Briefly,
NIH3T3 cells transfected with or without sgRNA-containing pSpCas9(BB)-2A-PuroA were
harvested, and genomic DNAS were extracted. Primers 143SY-F1 and 143SY-R were used
for Surveyor assay sgRNAL related surveyor PCR; 143SY-F2 and 143SY-R for sgRNAZ2;
135SY-F1 and 135SY-R1 for sgRNAS3; 135SY-F2 and 135SY-R2 for sgRNA4; and 126SY-F
and 126SY-R for either sgRNA5 or sgRNAG6 (Table 1). All the amplicons were separately
denatured by heating to 95°C and slowly reannealed using a heat block to randomly
rehybridize wild-type and mutant DNA strands. Samples were then incubated with
SURVEYOR nuclease S (Cat# 706020, Surveyor Kit; Transgenomic, Omaha, NE, USA) for
1 hr at 42°C. The SURVEYOR nuclease S recognizes and cleaves DNA helices containing
mismatches (e.g., where mutant sequences do not hybridize with wild type sequences).
Digestion products were separated on a 1.5% agarose gel and visualized by staining with
SYBR Safe (Cat# S33102, Life Technologies, Carlsbad, CA, USA). For the sgRNAL
surveyor assay, expected cleaved bands are ~210 bp and ~500 bp, and the surveyor PCR
product is 707 bp in length. For the SgRNAZ2 related test, expected bands after cleavage are
around 230 bp and 390 bp, and the surveyor PCR product is 621 bp. For sgRNA3, expected
cleavage products are about 250 bp and 400 bp, and the surveyor PCR product is 653 bp.
The sgRNAA4 assay should yield ~220 bp and 750 bp bands and a surveyor PCR product of
966 bp. For sgRNADS, cleaved products are about 270 bp and 400 bp, and the surveyor
product is 672 bp. For sgRNAGB, the surveyor PCR products are the same as sgRNA5, while
expected cleaved bands are ~200 bp and ~470 bp.

Southern blot

Southern blotting was carried out as described previously (He & Jacobson, 1995). Briefly,
genomic DNAs, digested by enzymes as indicated in Fig 2A, were separated on a 1%
agarose gel, transferred onto a nylon membrane (Cat# GERPN203B, Sigma-Aldrich in St.
Louis, MO, USA), and hybridized with respective probes as indicated in Fig 2A. [a-32P]-
dCTP (Perkin Elmer, Blu513Z) and a random primed DNA labeling kit (Roche, #11—
004-760-001) was used to generate probes. Signals from southern blots were detected by
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phosphorimaging using a Fujifilm bio-imaging analyzer (BAS-2500). The primers for
generating probes are listed in Table 1.

Mouse taste preference test

To determine whether the deletion of 7as2rs affects bitter taste preference, we performed
two-bottle preference tests using the protocol described in Ruiz et al. (Ruiz, Wray, Delay,
Margolskee, & Kinnamon, 2003). Experiments were conducted in plastic cages with
stainless steel wire lids. Two inverted bottles were placed on either side of a cage lid, and
each had a neoprene stopper with a straight stainless-steel sipper tube that protrudes into the
cage at a comfortable distance from the cage floor. Mice were housed individually, and food
was available ad libitum. One bottle contained a proper concentration of bitter compound
dissolved in distilled water, whereas the other was filled with distilled water only. The test
lasted 48 hours. Twenty-four hours after the test initiation, two bottles’ positions were
switched to avoid side bias. Amounts consumed were recorded at 48 hours, and a preference
ratio (PR) [(amount of chemical solution consumed)/(amount of chemical solution
consumed + amount of water consumed)] for each mouse was calculated.

Pulmonary mechanical measurements

Pulmonary mechanics were measured using forced oscillometry (FlexiVent system;
SCIREQ, Montreal, Canada) in wild type mice and 7as2r TKO mice. Mice were
anesthetized with an intraperitoneal injection of a ketamine (90 mg/kg; Animal Health
International, Westlake, TX, USA) and xylazine (4.5 mg/kg; Propharma, Tokyo, Japan)
mixture. Upon establishing an adequate anesthesia level (i.e., loss of withdrawal to toe
pinch), a tracheotomy was performed, and a precalibrated cannula was introduced into the
trachea. The mouse was then placed on a computer-controlled piston-ventilator FlexiVent
system (SCIREQ) and ventilated at a tidal volume of 10 ml/kg, with a rate of 150
breaths/min and a positive end-expiratory pressure of 3 mmHg. Neuromuscular blockade
with pancuronium bromide (2.5 mg/kg; Hospira, Lake Forest, IL, USA) was given to prevent
spontaneous respiratory effort. Respiratory mechanics were obtained and calculated using
FlexiWare software (SCIREQ) as previously described (Keeler et al., 2017; McGovern,
Robichaud, Fereydoonzad, Schuessler, & Martin, 2013). In brief, measurements were
obtained by analyzing pressure and volume signals acquired in reaction to predefined
oscillatory airflow waveforms (perturbations) applied to the subject’s airways. After an
initial mechanical scan protocol, animals were subjected to incremental doses (1.5, 3.125,
6.25, 12.5, 25, 50, and 100 mg/ml) of nebulized Mch. Respiratory system resistance (Rrs)
was obtained by assessing the mouse’s response to a single frequency forced oscillation
maneuver (McGovern et al., 2013). Central airway resistance (Rn) and small airway and
tissue resistance (G) were measured using broadband low-frequency forced oscillation
maneuvers over a range of frequencies (Quick Prime-3) (McGovern et al., 2013). These
maneuvers were performed every 15 seconds for a total of 12 automated measurements per
dose. Between each challenge, the mouse’s lungs were subjected to two deep lung inflations.
To ensure that mice were alive during these /7 vivo pulmonary mechanical scans and dose-
response, we monitored the heartbeat visually between each dose, during deep inflations,
and at the end of the study.
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Mouse airway smooth muscle isometric contraction bioassay

Mice were sacrificed, and entire respiratory trees were rapidly removed and immersed in
Krebs physiologic solution containing (in mM) 118.07 NaCl, 4.69 KClI, 2.52 CaCls, 1.16
MgSOy, 1.01 NaH,POy4, 25 NaHCO3, and 11.10 glucose. Trachea and mainstem bronchi
were isolated and cut into rings (4 mm in length). The rings were mounted on a force
transducer of a myograph system (610-M, Danish Myo Technology, Aarhus, Denmark). The
rings with zero tension were immersed in 5 ml of Krebs physiologic solution, bubbled with
95% O, and 5% CO, at 37°C. After 40 min equilibration, the rings were subjected to three
stretches (each 2.5 mN) at 5 min intervals. After these stretches, the rings usually settled
with a tone of approximately 2 mN. To test the contractile response, each ring was then
stimulated twice with KCI (60 mM) for 5min, separated by 10 min, before proceeding to
other treatments (e.g., Mch). To assess the dose-dependent contraction (Fig. 4A) induced by
Mch, eight levels (in M: 1078, 10775, 1077, 10765, 1076, 10725, 1075, 1045, and 107%) of
Mch were applied cumulatively. The contraction (%) was calculated as the tension generated
by Mch divided by that caused by the second KCI stimulation, x100. To test relaxation
effects by bitter tastants, airway contraction was induced by 1 pM Mch. Once the
contraction reached a plateau, usually 30 min after Mch administration, each bitter tastant
was added cumulatively. The order and treatment time of agonists are indicated in Figure 5.
Bitter tastant-induced relaxation (%) was calculated as tension decrease due to bitter tastant
divided by tension increase due to Mch, x100. The tension decrease at each concentration of
bitter tastant was measured once the tension stabilized. The tension decrease at each
increased level was always measured relative to the peak tension ((i.e., it is a total decrease,
not the incremental decrease due to the additional bitter tastant added).

Preparation of precision precision-cut lung slice (PCLS)

The detailed protocol was described previously (Perez & Sanderson, 2005). Briefly, mice
were killed by cervical dislocation. After opening the thoracic cavity, lungs were inflated
with ~1 ml of 1.8% agarose in SHBSS [i.e., Hanks’ balanced salt solution (HBSS, Cat#
1387, Sigma-Aldrich, St Louis, USA) was supplemented with 20 mM Hepes buffer and
adjusted to pH 7.4 (so named as SHBSS)] at ~37°C via an intratracheal catheter.
Subsequently, ~0.3 ml of air was injected to flush the agarose within the airways into the
distal alveoli. After the agarose was gelled by cooling the lungs with ~4°C sHBSS, lung
lobes were removed and sectioned into ~180 pm thick slices with a vibratome (VF-300;
Precisionary Instruments, Greenville, NC, USA). PCLSes were maintained in Dulbecco’s
modified Eagle’s medium with antibiotics at 37°C and 10% CO, for up to 3 days. All
experiments were performed at 37°C with constant perfusion using a custom-made,
temperature-controlled microscope enclosure as described previously (Perez & Sanderson,
2005).

Measurement of airway contraction and relaxation in PCLS

The measurement was performed as detailed previously (Perez & Sanderson, 2005). Briefly,
PCLSes were placed on a cover-glass mounted in a custom-made Plexiglas support and held
down by a 200 pm nylon mesh with a hole aligned over a selected airway. A perfusion
chamber was created by placing another smaller cover-glass on the nylon mesh’s top and
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sealing the edges with silicone grease. Airway contraction and relaxation in response to
different compounds were monitored with an inverted microscope (Diaphot; Nikon, Tokyo,
Japan; or 1X71; Olympus, Tokyo, Japan) with a 10X objective. Phase-contrast images were
collected at a rate of 0.5Hz with a CCD camera controlled by custom-programmed software
based on Video Savant 4 (10 Industries, Montreal, Canada). The change in the lumen area of
a selected airway was analyzed using ImageJ (http://imagesj.nih.gov; NIH, Bethesda, MD,
USA) as described previously (Tan & Sanderson, 2014). After selecting an appropriate
grayscale threshold to distinguish the lumen from the surrounding area, the lumen area of
the PCLSes was calculated, with respect to time, by pixel summing. The summed area
values were normalized to the initial pre-stimulation value, which was set as 100. To obtain
the dose-response curve of Mch in small airways (Fig. 4B), the contraction was calculated as
(100-Areapych), where Areapch Was the lumen area after 5 min perfusion of Mch. Bitter
tastant-induced relaxation (%) in Fig. 6 was calculated as (Areagt-Areapch)/(100- Areapch)
x 100, where AreagT was the lumen area after 5 min of bitter tastant treatment, and Areapch
the lumen area after 5 min of Mch perfusion.

Statistical analysis

Data are presented as means + standard error of the mean (SEM). Sample sizes are indicated
in each figure. Statistical analyses were performed using GraphPad Prism8. For groups with
treatments of one or two doses, comparisons between groups were determined by an
unpaired Student’s t-test. For groups with treatments of three or more doses, comparisons
were made using a two-way analysis of variance (ANOVA) with the Bonferroni multiple
comparison test for significant differences. The probability value was noted in the respective
figure legends. The significance levels were set as follows: N.S. P>0.05, *P<0.05, **P<0.01,
****P<0.0001, and indicated in the respective figure legends.

RESULTS

Tas2r143/Tas2r135/ Tas2r126 cluster is expressed in mouse airways and lungs.

The airway has been used as a phenotypical tissue to explore the pathophysiology of
extraoral TAS2Rs. As the first step to examine the role of TAS2Rs in airways genetically, we
profiled the expression of this gene family (i.e., 35 7as2rs) in large airways (i.e., trachea and
mainstem bronchi) and lungs in mice. To do so, we employed gPCR because specific
antibodies for mouse TAS2Rs are not available. Given that Tas2r genes do not have introns
and the expression level of Tas2rs in extra-oral tissues is generally very low, we took extra
care to prevent genome DNA contamination in our quantification. We found that commonly
used genomic DNA elimination approaches, e.g., purification of mMRNA with poly(T)-tag
(Raz et al., 2011), digestion by DNase or genome-specific binding column filtering, could
not yield satisfactory results (Supplementary Figure 1). After several rounds of experimental
strategy optimization, we found that Baseline-ZERO™ DNase from Epicentre utilized for
the sample preparation for RNA sequencing can more completely digest DNA than other
commonly used commercial DNases and produces more convincing data (Supplementary
Figure 1). With this methodology, we detected nine mMRNA transcripts for 7as2r108, 117,
119, 126, 135, 136, 137, 138, and 143in mouse airways (Fig. 1A). We also detected four
transcripts for 7as2r 126, 135, 137, and 143 in mouse lungs (Fig. 1A). Interestingly,
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Tas2rs143, Tas2r135, and Tas2r126 are located near each other on chromosome 6 without
any other known genes or coding sequences within this region. Their expression in both
airways and lungs and their unique location in the genome prompted us to explore the
possibility of genetically deleting these three 7as2rs.

Generation of Tas2r143, Tas2r135, and Tas2r126 triple knockout (Tas2r TKO) mice

The CRISPR/Cas9 gene-editing technology can precisely and efficiently modify the
genomic DNA in various cells and organisms. Hence, we chose this technique to generate
7as2rknockout mice. We designed sgRNAS for T7as2r143, Tas2r135, and Tas2r126 with the
algorithm as described at http://crispr.mit.edu/ and selected two specific SgRNAs for each
gene (i.e., six in total for three 7asZrs) (Fig. 1B) for further testing. After validating the
editing efficiency of each sgRNA in NIH3T3 cell lines (Fig 1C), we injected oocytes with a
mixture of Cas9-mRNA and the six sgRNAs-RNAs. The blastocysts were then implanted
into five foster mothers, and a total of 5 pups were born from 50 embryos transferred (i.e.,
10% live-birth rate). Upon genotyping and sequencing, we identified three mice containing
genomic editing at the cluster locus. These founders were backcrossed with wild type
C57BL/6, giving rise to five lines of 7as2r(s) modified mice. Among them, two lines were
triple-edited, and the remaining three lines were double-edited. In line with our goal of
generating 7as2rtriple knockout mice, we characterized the two triple-edited lines further.

Our sequencing results showed that the first triple-edited line had a 120 bp deletion in
Tas2r143locus between its two SgRNA locations and a massive (27 kb) deletion between the
first sgRNA location of 7as2r135and second sgRNA location of 7as2r126 (Fig. 2A, B and
C). As a result, in this triple-edited line, TAS2R143 was missing 40-amino acids (from 39t
to 78t in amino acid sequence) in the coded protein, TAS2R135 contained only the first
seven amino acids, and TAS2R126 was missing the 15t to 451" amino acids that are coded by
the first 135 bp coding sequence. A 40-amino acid deletion in 7as2r143 might only lead to
an in-frame shift of the protein sequence; structure modeling, however, indicated that it
removes half of the first intracellular loop, the second transmembrane a-helix and most of
the first extracellular loop (Supplementary Fig. 2). Hence this 40-amino acid deletion may
disrupt the function of TAS2R143. The 27 kb deletion between 7as2r135and 7as2r126 joins
the remaining 20 bp of 7as2r135and the remaining part of 7as2r126, causing a frame-shift
and early termination of translation (Supplementary Fig. 3) and thus disrupting both
TAS2R135 and TAS2R126 protein sequences.

The second triple-edited line showed a 9 bp deletion in 7as2ri43around its first SgRNA
location, an 11 bp deletion in 7as2r135inside the second sgRNA location, and a 2 bp
deletion in 7as2r126 (one base pair inside its second sgRNA location, and the other base pair
in the PAM sequence). We named this line 7as2r143A9;Tas2r135A11,Tas2r126A2 mice
(Supplementary Figs. 4-6). The 9 bp deletion in 7as2ri43results in a short in-frame shift, so
TAS2R143 may still be functional. Both the 11 bp deletion in 7as2r135and 2 bp deletion in
Tas2r126 cause frame-shift, consequently disrupting their function.

Using the above analysis, we concluded that the first triple-edited line was better suited for
further functional studies, and we named those mice 7as2r TKO mice. We then backcrossed
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Tas2r TKO mice with wild type C57BL/6 for eight generations to eliminate possible off-
target mutants.

We performed Southern blotting to analyze further the targeted genomic regions in 7as2r
TKO mice (Fig. 2D). To probe the 7as2r143locus, genomic DNAs digested by Afel and
Sphl were hybridized with probe 1. The expected bands were detected, i.e., 804 bp in wild
type, 684 bp in the triple knockout, and both bands in heterologous mice (Fig. 2D, panel a).
To verify the 7as2r135locus, genomic DNAs digested by BamHI and EcoRI were
hybridized with probe 2. A band of 1,917 bp was detected in wild type, and heterologous
knockout mice, and no band could be detected in the TKO mice as expected (Fig. 2D, panel
b). To confirm the 7as2r126locus, genomic DNAs digested by BamHI and EcoRI were
hybridized with probe 3. We detected a 1473 bp band in wild type and heterologous TKO
mice and no band in the TKO mice, as expected (Fig. 2D, panel ¢). To confirm the ~27 kb
deletion, genomic DNAs digested by Xbal were hybridized with probe 4. A 2357 bp
fragment was detected in wild type mice, a 1246 bp fragment was detected in 7as2r TKO
mice, and both bands were detected in heterologous TKO mice (Fig. 2D, panel d).
Therefore, our Southern blotting results confirm the triple editing event in 7as2r TKO mice.

To assess the fidelity of 7as2r143, 135, and 126 deletions and the potential resultant
compensation of other 7as2rs, we examined 7as2rtranscripts in the large airways and lungs
in 7as2r TKO mice (Fig. 2E). There were no expressions of 7as2r143, Tas2r135or Tas2ri26
in either large airways or lungs from TKO mice. 7as2r108, 117, 119, and 138 were
expressed at the same level in large airways from wild type mice and TKO mice. However,
compared to wild type mice, the 7as2r136 and 137 expressions in large airways from TKO
mice were decreased by 88% and 67%, respectively. In the lungs, 7as2r137 expression
showed no difference between wild type and TKO mice. These data demonstrated that the
three targeted 7as2rgenes were effectively deleted in airways and lungs and that there was
altered expression for two other 7as2rgenes in airways in 7as2r TKO mice.

3.3 | Tas2r TKO mice have impaired detection of TAS2R135 and TAS2R126 ligands in the

tongue.

Tas2ri143, Tas2r135, and Tas2r126 were initially found to express in the tongue, responsible
for sensing bitter compounds that activate them (Adler et al., 2000). Therefore, we first
examined whether the deletion of these 7asZrsalters the mice’s ability to recognize their
corresponding bitter ligands with a standard 2-bottle taste preference assay (Ruiz et al.,
2003). Only the ligands for mouse TAS2R135 and TAS2R126, but not for TAS2R143, have
been reliably identified (Lossow et al., 2016). To avoid the complication of bitter ligands’
non-specific effects, we selected ligands that only activate TAS2R126 or TAS2R135 (among
the 35 TAS2Rs) for testing. Doing so also minimizes any impact of altered 7as2rexpression
on these ligands’ responses in large airways from TKO mice. D-salicin, an agonist of
TAS2R126, and acesulfame potassium, an agonist of TAS2R135, met the criteria for this
line of experiments. Figure 3A shows that the preference ratios (PR) (i.e., consumed agonist
solution divided by total liquid consumed) of D-salicin. At 10 mM, wild type mice (with a
PR of 0.27 + 0.05) displayed a strong avoidance of this bitter compound, while 7as2r TKO
animals (with a PR of 0.50 £ 0.08) showed no avoidance. At 31 mM, wild type mice
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exhibited further avoidance with a PR of 0.12 £ 0.01, and 7as2r TKO mice also showed mild
avoidance with a PR of 0.34 + 0.09. However, compared to wild type mice, the TKO mice
were less aversive to 31 mM D-salicin (p<0.05). For acesulfame potassium, both wild type
mice and 7as2r TKO mice showed similar PRs at lower doses (i.e., 10 mM and 31 mM). It is
worth noting that the PR to acesulfame potassium was greater than 0.5 because this bitter
compound is also an agonist of sweet taste receptors (Damak et al., 2003; Nelson et al.,
2001). However, as acesulfame potassium concentrations were raised to 100 mM and 310
mM, although the PRs in the TKO mice were decreased, it was by an amount significantly
less than that in wild type (At 200 mM, 0.71 + 0.05 in wild type vs. 0.96 + 0.004 in TKO
mice, p<0.01; at 310 mM, 0.23 £ 0.02 in wild type and 0.70 £ 0.08 in TKO mice, p<0.0001).
These data are consistent with the finding that mice possess an intrinsic lingering bitter
aftertaste to concentrated acesulfame (Kuhn et al., 2004). More importantly, they
demonstrate that the 7as2r TKO mice have an impairment in detecting TAS2R135 and
TAS2R143 ligands. The similar preference ratios of acesulfame potassium between wild
type mice and 7as2r TKO mice at lower doses also indicate that the 7as2rdeletion does not
interfere with the sweet taste in 7as2r TKO mice. In sum, our taste preference test results
strongly argue for the effectiveness and fidelity of the TAS2R ablation in 7as2r TKO mice.

The TAS2R143, TAS2R135, and TAS2R126 triple deletions exert no long-term effect

on the airway smooth muscle’s intrinsic contractile responses.

Having established genetically and functionally the deletion of TAS2R143, TAS2R135, and
TAS2R126 in 7as2r TKO mice, we went on to delineate the physiological role of these
TAS2Rs in airway smooth muscle. We studied whether their deletion exerts a long-term
effect that changes the airway smooth muscle’s contractile properties. We first examined this
potential long-term effect using isolated trachea and mainstem bronchi, the two most
commonly used airways in contraction assays. Fig. 4A shows that Mch produced the same
dose-dependent contraction in isolated airways from both wild type and TKO mice (ECsgg
0.639 uM in WT vs. ECs 0.645 uM in TKO). Small airways have been increasingly
recognized as a critical component of lung resistance and a key contributor to asthma
pathogenesis (Carpaij, Burgess, Kerstjens, Nawijn, & van den Berge, 2019; Santus et al.,
2020; Zinellu et al., 2019). Therefore, we investigated the potential long-term change in the
contractile responses in small airways with precision-cut lung slices (Perez & Sanderson,
2005). Fig. 4B shows that Mch induced small airways to shorten to a similar extent in both
WT and TKO mice at concentrations from 0.1 uM to 1.2 uM. To further evaluate the triple
TAS2R deletion’s long-term effect, we compared Mch-induced lung mechanics changes /n
vivo between wild type and TKO mice with forced oscillometry. A significant advantage of
the forced oscillometry is that lung mechanics can be assessed /17 vivo, and total respiratory
system resistance, central airway resistance, and tissue resistance can be measured. As
shown in Fig. 4C-E, no differences were detected in all three lung mechanics parameters
between TKO mice and wild type mice. Hence, our analyses of airway contractility /n vitro
and /n vivoreveal that the TAS2R143, TAS2R135, and TAS2R126 triple deletions do not
alter intrinsic contractile properties of airway smooth muscle upon Mch stimulation.
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3.5| The TAS2R143, TAS2R135, and TAS2R126 triple deletions do not affect bitter tastant-
induced tracheal and main bronchial relaxation.

We next determined whether the triple TAS2R deletion impairs bitter tastant-induced airway
relaxation. A commonly used protocol to test this is to contract airways followed by bitter
tastant administration. Clinically, this paradigm mimics the rescue response by
bronchodilators during an asthma attack. As no alteration in the Mch-induced airway
contraction was detected in 7as2r TKO mice, we used Mch as the contractile agonist. 1 UM
Mch (Fig. 5A and Fig. 5B) was chosen because at this level, Mch can induce a sustained
contraction that lasts more than 1 hour. This time window is needed to test dose-response
curves for bitter tastants. As a negative control, chloroquine, a mouse TAS2R115 agonist,
dose-dependently reversed Mch-induced sustained contraction in wild type mice (Fig. 5A,
left panel; Fig. 5C), and this relaxation did not show any difference in 7as2r TKO mice (Fig.
5A, right panel; Fig. 5C). To our surprise, acesulfame potassium at 3.1 mM and 31 mM
contracted the airways up to 15%, and at higher concentrations it relaxed them up to ~25%.
However, no differences in responses to acesulfame between wild type mice and TKO mice
were detected (Fig. 5B and 5D). TAS2R135 agonists allylisothiocyanate (Fig. 5E) and
phenanthroline (Fig. 5F) produced dose-dependent airway relaxations, and another
TAS2R135 agonist saccharin (Fig. 5G) only slightly relaxed airways at 1 mM. However, all
these TAS2R135 agonists yielded no differences in the relaxation between wild type mice
and 7as2r TKO mice.

Both helicin and D-salicin activate only TAS2R126 (Lossow et al., 2016). At concentrations
higher than 1 mM, helicin marginally relaxed Mch-precontracted airways from wild type
mice and 7as2r TKO mice (Fig. 5H). D-salicin at concentrations less than 3.1 mM did not
induce any relaxation of airways pre-contracted by Mch, but at 31 mM, it relaxed the
airways by 21% in both wild-type mice and 7as2r TKO mice (Fig.5l). Epitcatechin, an
agonist for TAS2R126 and TAS2R144 (Lossow et al., 2016), dose-dependently reversed
Mch-induced contraction of airways from wild type mice and 7as2r TKO mice. However,
this relaxation remained the same in the TKO mice (Supplementary Fig. 7A). The same
relaxation pattern occurred with another TAS2R126 agonist, quinine (Fig. 5J). These
findings suggest that TAS2R135 and TAS2R126 may not be functional in mediating bitter
tastant-induced bronchodilation in mice.

3.6 | The TAS2R143, TAS2R135, and TAS2R126 triple deletions do not change bitter
tastant-induced relaxation of pre-contracted small airways by Mch.

Recent studies revealed that the trachea and mainstem bronchi display significant differences
in contractile responses compared to small airways (Carpaij et al., 2019; Santus et al., 2020;
Zinellu et al., 2019). Moreover, the small airway is a primary anatomic site of asthma
pathogenesis (Bjermer, 2014; Carr, Altisheh, & Zitt, 2017). Therefore, we explored whether
the triple TAS2R deletion causes any impairment in the relaxation of contracted small
airways in response to bitter tastants. 400 nM Mch was chosen for this set of experiments as
this concentration is around its ECsq (Fig. 4E). Fig 6A shows that 400 nM MCh induced
airway contraction, decreasing lumen area by ~60% within 2 min of administration and
maintaining it at ~50% of the initial size. Under continuous perfusion of 400 nM Mch,
chloroquine reversed Mch-induced contraction dose-dependently (Fig. 6A and 6B). Upon
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removing Mch and chloroquine and recovery for 5 mins, airways contracted again in
response to 400 nM Mch; this showed no toxic effect of chloroquine on the lung slices.
However, chloroquine caused relaxation to the same extent in small airways from wild type
mice and 7asZr TKO mice (Fig. 6B). Under the same experimental paradigm as for
chloroquine, TAS2R135 agonist acesulfame potassium at concentrations below 1.0 mM
produced almost no relaxation in Mch-induced contraction in small airways from wild type
mice and TKO mice. However, at higher concentrations (3.1 mM — 310 mM) it contracted
them dose-dependently in both wild type mice and TKO mice (Fig. 6C). Another three
TAS2R135 agonists, allylisothiocyanate, phenanthroline and saccharin, all markedly relaxed
small airways pre-contracted by Mch, but these relaxations were not significantly different
in small airways from wild type mice and 7as2r TKO mice (Fig. 6D-6F). Both helicin and
D-salicin partially reversed Mch-induced small airway contractions to the same extent in
wild type mice and 7as2r TKO mice (Fig. 6G and 6H). Another two TAS2R135 agonists,
quinine (Fig. 61) and epitcatechin (supplementary Fig. 7B), relaxed Mch-induced small
airway contraction to a greater extent than helicin, but no difference was detected between
wild type mice and 7as2r TKO mice. These results are consistent with the findings from the
isolated trachea and mainstem bronchi and reinforce that TAS2R135 and TAS2R126 may
play no role in bitter tastant-induced relaxation of airways pre-contracted by Mch.

DISCUSSION

In this study, we gain insight into a long-standing question regarding the role of TAS2Rs in
bitter-tastant-mediated biological responses in extraoral tissues. Since the discovery by
Hofer et al. in 1996 that the gustatory G protein a-gustducin is expressed in brush cells of
the stomach and duodenum in rats (Hofer et al., 1996), the idea that bitter taste signaling is
involved in biological functions in extraoral tissues has been substantiated repeatedly. An
astonishing number of tissues and organs express bitter taste signaling elements. Bitter
tastants elicit diverse biological processes ranging from type 2 immune responses against
bacterial and parasitic infection to innate immune responses against allergens, gut and
thyroid hormone release, and sperm biology. Whether TAS2Rs contribute to any of the bitter
tastant-induced responses in these extraoral tissues remained to be tested genetically. In this
study, we took a genetic approach fo examine the potential roles of TAS2Rs in extraoral
biology unequivocally. We selected airway smooth muscle to test this hypothesis as bitter
tastants fully reverse airway smooth muscle contraction in animals and humans from healthy
and diseased conditions. However, to our surprise, the deletion of three TAS2Rs expressed in
mouse airway smooth muscle exerted no effect on relaxation induced by the agonists of
these TAS2Rs. This negative observation cannot be due to the ineffective disruption of these
genes, as we confirmed and validated their deletion at the genomic and transcription levels
(Figs. 1 and 2). More importantly, 7as2r TKO mice show marked defects in their ability to
taste bitter ligands activating these receptors. Therefore, our results indicate that TAS2Rs
may not play detectable roles in mediating bitter agonist-induced bronchodilation, at least in
mice. These results underscore the necessity to re-examine the many other roles in extraoral
tissues and organs where bitter taste signaling has been asserted to be functional.

Chloroquine and quinine used in the current study are two common bitter compounds for
studying bitter tastant-induced bronchodilation. In mice, chloroquine only activates
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TAS2R115 among 35 mouse 7asZrgenes (Lossow et al., 2016). We found no expression of
this gene in mouse airway smooth muscle, so, likely, chloroquine does not activate TAS2Rs
to relax mouse airway smooth muscle. Strikingly, chloroquine inhibits several ion channels,
such as store-operated Ca?* channels, IP3Rs, L-type voltage-dependent Ca2* channels, and
voltage-dependent Na* channels (Baba, Dun, & Boyden, 2004; Capel et al., 2015;
Ikhinmwin, Sofola, & Elebute, 1981; Y. F. Wu et al., 2017). In theory, inhibiting one of them
could lead to airway smooth muscle relaxation. Thus chloroquine could act on one of these
channels, independent of TAS2Rs, to relax mouse airways.

On the other hand, quinine is a broadly tuned TAS2R agonist that can activate mouse
TAS2R105, TAS2R108, TAS2R115, TAS2R126, TAS2R137, TAS2R140 and TAS2R144
(Lossow et al., 2016). The fact that quinine relaxes airways in 7as2r TKO mice to the same
level as in wild type mice could be simply due to the activation of TAS2R108 and
TAS2R137, which are present in airway smooth muscle. However, just like chloroquine,
quinine can inhibit several ion channels (Gees et al., 2014; Ikhinmwin et al., 1981; Michel,
Wegener, & Nawrath, 2002; Wrighton, Muench, & Lippiat, 2015; Yang et al., 2014), so
quinine may suppress one of these channels to cause airway relaxation in 7as2r TKO mice.

The results from 7as2r TKO mice do not favor the idea that TAS2Rs are involved in bitter
tastant-mediated bronchodilation. However, previous studies targeting the downstream
elements of the TAS2R signaling pathway suggested the contribution of TAS2Rs in
bronchodilation. For example, in both mouse and human airway smooth muscle cells, GBy
inhibition can partially prevent bitter tastant-induced Ca?* responses (Deshpande et al.,
2010; C.-H. Zhang et al., 2013). What might cause this discrepancy? One possibility is that
downstream signaling components of TAS2Rs may be shared with non-gustatory GPCRs
upon stimulation with bitter tastants. We found that Gnat3 deletion produces a marginal
effect on chloroquine-induced myometrial relaxation (K. Zheng et al., 2017). In human
airway smooth muscle cells, Kim et al. showed that bitter tastants activate several Gi
members much more effectively than a-gustducin (Kim, Woo, Geffken, An, & Liggett,
2017). Hence bitter tastants may activate non-TAS2Rs that share the downstream elements
of TAS2Rs. Interestingly, GPCR MrgprA3 can be activated directly by chloroquine (Q. Liu
et al., 2009), but these receptors are only expressed in peripheral sensory neurons. It would
be highly significant and useful to identify other extraoral receptors activated by chloroquine
and other bitter tastants.

Many bitter compounds like quinine are broadly tuned TAS2R agonists, posing a challenge
when studying the function of TAS2Rs in extraoral tissues in which multiple 7as2rgenes are
expressed. One strategy to overcome this challenge is to generate and use TAS2RIless mice.
Mice possess 35 7asZrgenes, so it would be an extremely labor-intensive task to generate
TAS2Rless mice. However, the advance in the CRISPR/Cas9 gene-editing technology and
our successful deletion of three 7as2rsat once suggest it is feasible to accomplish this task.
Of the 35 TasZrgenes, 7as2ri119and 7as2r134 locate on chromosome 15 and chromosome
2, while the remaining 33 members reside on chromosome 6 grouped into eight loci (Foster
etal., 2013; S. V. Wu, Chen, & Rozengurt, 2005). Interestingly, beside Tas2r133, Tas2r118
and Tas2r138, which are single gene loci, the other thirty 7as2rgenes form five clusters
without any other functional genes within those clusters- except the longest one (~388.5 kb
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in length, covering 18 7as2rgenes), which has a single long non-coding RNA near one end.
With this genomic organization of mouse 7as2rgenes, one may be able to generate
TAS2RIess mice by a series of step-wise applications of a dual-sgRNAs system targeting the
five clusters followed by multiple sgRNAs targeting the other five separate individual

7asZrs. The major challenge of this approach lies in effectively deleting the most massive
cluster with 18 7asZrgenes. In our study, we successfully deleted ~27 kb between two
SgRNAs of 7as2ri135and Tas2r126. Others have used a combination of Cas9 and dual-
targeting sgRNAS to recognize both ends of a target locus to make large somatic and
heritable deletions of genomic fragments. For example, Essletzbichler et al. (2014)
successfully deleted a 30 megabase (Mb) genome fragment, the largest deletion reported so
far, in near-haploid human cell lines with the dual-sgRNAs system (Essletzbichler et al.,
2014). In mice, several groups have generated up to 5SMb-deletion mutants by injecting two
sgRNASs and Cas9 into a zygote with or without donor plasmid containing homology arms or
donor single-stranded oligodeoxynucleotide containing a breakpoint sequence (Boroviak,
Doe, Banerjee, Yang, & Bradley, 2016; Kato et al., 2017; Mizuno et al., 2015; L. Zhang et
al., 2015). Therefore, our success in generating 7as2r TKO mutants and others’ similar
endeavors suggests it is possible to generate TAS2RIess mice. These mice would be highly
informative for understanding the roles of TAS2Rs in extraoral tissues.

The 7as2r TKO mice reveal that the 7as2r143, Tas2r135, and Tas2r126 cluster may not be
required for bitter tastant-induced bronchodilation. However, their deletion changes the
expressions of 7as2ri36and 137but not that of 7as2r108, 117, 119, and 138in large
airways. This surprising finding implies that the three knocked out 7as2rs may play
undiscovered roles regulating the expression of other 7asZrsin a receptor type-dependent
manner in the airways. Potentially this regulation may be mediated via a paracrine or
autocrine process because the triple 7as2rdeletion alters 7as2r137expression in large
extrapulmonary airways but not in small intrapulmonary airways. The 7as2r TKO mice
should be valuable in uncovering the underlying mechanisms of this regulation in the future.
This mice line should also help understand this 7as2rcluster’s roles in bitter taste in the oral
cavity and bitter tastant-induced biological responses in many other extraoral tissues and
organs under physiological and diseased conditions. It is worth noting that 7as2r143,
Tas2r135, and Tas2r126 are often expressed together in various extraoral tissues (Avau et al.,
2015; Foster et al., 2013; Lund et al., 2013; K. Zheng et al., 2017). Moreover, their
expression is up-regulated in rodent hearts under starvation, indicating that a common
element could regulate these genes (Foster et al., 2013). Indeed, /n silico analysis by
detecting overlaps of histone marks and DNase-I hypersensitivity regions suggested a shared
cis-regulatory area upstream of 7as2r143 (Foster et al., 2015). In addition, 7as2r TKO mice
should be an attractive tool to establish the role of individual 7as2rin this cluster. For
example, 7as2r126is the only one expressed in brush cells from the murine airway and
mouse stomach (S. Liu et al., 2017; Tizzano, Cristofoletti, Sharbati, & Finger, 2011);
Tas2r135was in the top six up-regulated genes in anti-LIF-treated mice compared with
control mice with pneumonia (Quinton et al., 2012); And 7as2ri143was up-regulated in the
gut’s tuft cells upon 7richinella spiralis infection or by IL-13 treatment in the intestinal
organoids (Luo et al., 2019). 7as2r TKO mice would allow us to test whether these three
types of TAS2Rs are indeed required for biological changes under these conditions.
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In conclusion, we used the CRISPR/Cas9 gene-editing technique to effectively delete at
once three major TAS2Rs expressed in airway smooth muscle and several other tissues.
However, the TASZ2R triple deletion does not impact the bronchodilation induced by TAS2R
agonists of these receptors. These results indicate that TAS2Rs may not play a physiological
role in airway smooth muscle, and novel yet unknown mechanisms may be involved in bitter
tastant-induced bronchodilation. Our results further underscore the necessity and importance
of using genetic approaches to re-evaluate the asserted roles of bitter taste signaling in other
extraoral tissues and organs in health and disease.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. The expression profiles of Tas2rs in the mouse respiratory system and the design of
sgRNAs for Tas2rs.

(A) Mouse trachea and main bronchi express nine 7as2rsand the lungs four, as quantified by
gPCR. The expression level of each 7as2rwas calculated using the 2-2Ct method and was
normalized against B-actin. Note that the remaining 26 7asZrs (i.e., 7as2r102, 103, 104, 105,
106, 107, 109, 110, 113, 114, 115, 116, 118, 120, 121, 122, 123, 124, 125, 129, 130, 131,
134, 139, 140, and 144) were not detected in mouse airways or lungs. (B) The locations and
target region sequences of sgRNAs for 7as2r143, Tas2r135, and Tas2r126. The pairs of
01/g2, g3/g4, and g5/g6 depict sgRNAs locations for 7as2r143, Tas2r135, and Tas2r126,
respectively; their corresponding target DNA sequences are shown below the schematic
diagram and marked as pairs of #1/#2, #3/#4 and #5/#6. In the DNA sequences, blue letters
are CRISPR/Cas9 target sequences, and those in red are the protospacer adjacent motif
(PAM). (C) The Surveyor mutation detection assay validates the function of sgRNAs in
NIH3T3 cells. Two repeats for each sgRNA were carried out. Red arrowheads indicate
cleaved DNA fragments as expected.
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Figure 2. Generation of Tas2r143~/~;Tas2r135~/~; Tas2r126 '~ mice with CRISPR/Cas9
technology.

(A) Schematic diagram showing PCR primers and Southern blot probes’ design for
genotyping 7asZrsin wild type and null mice. (B) Nucleotide sequences covering the
modified sites. From upper to lower, four blue highlighted are sgRNAL, sgRNA2, sgRNA3,
and sgRNAG target regions, respectively, and those with red are PAM sites. (C) Genotyping
of triple-targeted six mouse clones by PCR analysis. (a) 7as2r143PCR analysis with primers
P1 and P2: WT=527 bp, TKO=407 bp, and heterologous with both bands; (b) 7as2r135PCR
analysis with primers P3 and P4: WT or heterologous=546 bp, and TKO=no band; (c)
Tas2r126 PCR analysis with primers P5 and P6: WT or heterologous=397 bp, and TKO=no
band; (d) PCR analysis for the ~27 kb deletion with primers P3 and P6: WT=no band,
heterologous or TKO=327 bp. Genotypes: 1: wild type mouse; 2: heterozygote TKO mouse;
3: TKO mouse. (D) Southern blot analysis of triple-targeted 7as2rs. (a) 7as2r143locus; (b)
Tas2ri351ocus; (¢) TasZr126\ocus; and (d) the ~27 kb deletion detection. (E) 7as2r
expression profiles in airways and lungs from 7as2r TKO mice.
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Figure 3. Thetriple deletion of TAS2R143, TAS2R135, and TAS2R126 impair s bitter tastant
intakein mice.

(A) TAS2R126 agonist D-salicin intake was significantly higher in 7as2r TKO mice. The
intake preference was tested and measured by the two-bottle taste preference assay. (B)
TAS2R135 agonist acesulfame potassium intake was higher in 7as2r TKO mice. Results are
presented as mean £ SEM with n = 5 mice in both A and B; Statistical significances between
wild type mice and 7as2r TKO mice were analyzed using two-tailed Student’s #test (A) or
two-way ANOVA with the Bonferroni test (B). N.S., no statistical significance; **P<0.01;
**%%P<0.0001.
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Figure4. Thetriple deletion of TAS2R143, TAS2R135, and TAS2R126 does not change airway
contractile responses to methacholine (M ch).

(A) Mch induced airway ring contraction in the same dose-dependent manner in wild type
mice and 7as2r TKO mice. n=9 for WT and 8 for KO, p=0.97. (B) Mch caused small airway
shortening to the same extent in PCLSes from wild type mice and 7as2r TKO mice. n=5 for
each group, p=0.84. (C-E) Mch produced the same effect on overall respiratory resistance
(Rrs, p=0.90), central airway resistance (Rn, p=0.70), and tissue damping (G, p=0.75) as
assessed by Flexivent. n=10 for WT and 11 for KO. Results are presented as mean + SEM,
and statistical significances between wild type and 7as2r TKO mice were assessed using a
two-way ANOVA with the Bonferroni post-hoc test.
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Figure5. Thetriple deletion of TAS2R143, TAS2R135, and TAS2R126 exerts no effect on bitter

tastant-induced relaxation of the trachea and main bronchi.

(A) Chloroquine dose-dependently reversed Mch-induced contraction of the trachea and
main bronchi from wild type (left) and 7as2r TKO mice (right). Arrowheads indicate times
when chloroquine (left to right (in mM): 0.001, 0.003, 0.01, 0.03, 0.1, 0.3 and 1) was added.
(B) Acesulfame potassium produced no effect on Mch-induced airway contraction in wild
type (left panel) and 7as2r TKO mice (right panel). Arrowheads mark the time when
different doses of Acesulfame were applied (left to right (in mM) 0.3, 1, 3.1, 10, 31, 100 and
310). (C-J) The summarized results of TAS2R135 or TAS2R126 ligand-induced relaxation
of airways pre-contracted by Mch in wild type mice and 7as2r TKO mice. Data are mean *
SEM. (C) ChQ: chloroquine, n=8 for each group, p=0.91. (D) Ace: acesulfame potassium,
n=8 for each group, p=0.49. (E) Alley: allylisothiocyanate, n=13 for each group, p=0.78. (F)
Phen: phenanthroline, n=8 for each group, p=0.92. (G) Sacch: saccharin, n=6 for each
group, p=0.85. (H) Helicin, n=8 for each group, n=0.86. (I) D-salicin: n=6 for each group,
p=0.73. (J) Quin: quinine, n=8 for each group, p=0.57. No statistical significance between
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wild type mice and 7as2r TKO mice was detected for all the panels using a two-way
ANOVA with the Bonferroni post-hoc test.
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Figure 6. Thetriple deletion of TAS2R143, TAS2R135, and TAS2R126 does not change the bitter
tastant-induced relaxation of small airways.

(A) Experimental paradigm: A PCLS was treated with 400 nM Mch followed by
chloroquine. The trace shows the airway lumen area (a proxy of contraction) in response to
Mch and chloroquine. The PCLS viability and chloroquine’s effect on airway shortening
were confirmed by washout and a repeat stimulation with Mch in the trace’s 2nd part. The x-
axis unit: second (S). Images above the trace were taken at the times as labeled. (B-I) The
summarized results from the experiments as in panel A with chloroquine show that
TAS2R135 or TAS2R126 ligands induce relaxation of small airways pre-contracted by 400
nM Mch in wild type mice and 7as2r TKO mice. Data are mean £ SEM. (B) ChQ:
chloroquine, n=15 for WT and 8 for KO, p=0.84 at 10 uM and 0.48 at 100 uM WT vs KO.
(C) Ace: acesulfame potassium, The x-axis unit: mM, n=5 for each group, p=0.68. (D)
Alley: allylisothiocyanate, n=8 for WT and 9 for KO, p=0.81 at 0.1 mM and 0.71 at 1 mM
WT vs KO. (E) Phen: phenanthroline, n=7 for WT and 12 for KO, p=0.89. (F) Sacch:
saccharin, n=4 for WT and 5 for KO, p=0.2. (G) Helicin, n=5 for each group, p=0.39 at 1
mM and 0.51 at 10 mM WT vs KO. (H) D-salicin: n=3 for WT and 4 for KO, p=0.72. ()
Quin: quinine, n=7 for each group, p=0.18 at 20 uM, and 0.59 at 200 uM WT vs. KO. No
statistical significance between wild type and 7as2r TKO mice was detected for all the
panels using a two-tailed Student’s #test (B, D, G and 1) or two-way ANOVA with the
Bonferroni post-hoc test (C, E, F and H).
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Primer sequences for genotyping, surveyor assay, Southern blotting probe cloning, and /n vitro transcription.

Name Sequence Function
Tas2r143F  ATGCCCTCCACACCCACATTGAT genotyping
Tas2r143R  TAGTACCGATAGAAGTCCAGTG genotyping
Tas2r135F  AGACTTTGGAAACTTAGCCTTGG genotyping
Tas2r135R  AGAAACCTAGCAAAGAACAGAGC genotyping
Tas2r126F TGGCTCACATGCAGAATCCAACC genotyping
Tas2r126R  AAGTCCCAGTGAAGACTAATGAG genotyping
143SY-F1  AGTGGTTTGGCTGTAGATTCTGT surveyor assay
143SY-F2  ATGCCCTCCACACCCACATTGAT surveyor assay
143SY-R CACATGCTGGTACAGTGAGAAC surveyor assay
135SY-F1  TGGATGTTGACAATGGGTAGGGGAT surveyor assay
135SY-R1  GACAAAGACAGGATGGGTTAAGG surveyor assay
135SY-F2  ATGGGACCCATCATGTCCACAG surveyor assay
135S5Y-R2  TCAGCAGCAGCCCCTCTTTATC surveyor assay
126SY-F GATGGGATAAGAATGATGGAACTC surveyor assay
126SY-R AATCTTGATACAGAACAGGACGCT surveyor assay
143-Pbl-F CCTCTGGGATTTCACTAACACTC Probe 1 clone
143-Pb1-R  GATGAAGAAGAAGGTAAGGGAT Probe 1 clone
135-Pb2-F  TTTGTGCCTGGTGGCAGTGGTAG Probe 2 clone
135-Pb2-R  AAGATGCTGAAGACAACAGTGGG Probe 2 clone
126-Pb3-F  ACGTGGCAAATACTGATGATAGC Probe 3 clone
126-Pb3-R  CATGTGAGCCAGAACTTCAATGT Probe 3 clone
126-Pb4-F  GGTTCTTGTTGGGCTCTATCTT Probe 4 clone
126-Pb4-R  AGGAGTAGCTGCCTGAAGGTG Probe 4 clone
143-T7-F1  TTAATACGACTCACTATAGGTGAGGAACCGGACACTAC IVT
143-T7-F2 TTAATACGACTCACTATAGGATGCCAATAAGGTTCGCT VT
135-T7-F1  TTAATACGACTCACTATAGGGGGACCCATCATGTCCA IVT
135-T7-F2 TTAATACGACTCACTATAGGATTGGAGACAGAATCGAG IVT
126-T7-F1 TTAATACGACTCACTATAGGACAATGAAGCCGTTGGCC IVT
126-T7-F2  TTAATACGACTCACTATAGGGAAGAGGATCATGTCCGA IVT

T7-R AAAAGCACCGACTCGGTGCC IVT
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