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Introduction

Tuft cells (TCs) are minor scattered components in the 
mammalian gastrointestinal tract, originally described 
in 19561 as spool-shaped epithelial cells with “tuft”-like 
bristles. The definition of TCs (or brush cells) is largely 
dependent on their morphology.2 Regardless of their 
resident organ (digestive tract or respiratory tract),1,3,4 
TCs share common characteristics, including (1) spo-
radic distribution, (2) spool-shaped somas,5 and (3) 

long and thick microvilli extending to the supra-nuclear 
region to form rootlets without forming a terminal web 
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Summary 
Tuft cells (TCs) are minor components of gastrointestinal epithelia, characterized by apical tufts and spool-shaped somas. 
The lack of reliable TC-markers has hindered the elucidation of its role. We developed site-specific and phosphorylation-
status–specific antibodies against Girdin at tyrosine-1798 (pY1798) and found pY1798 immunostaining of mouse jejunum 
clearly depicted epithelial cells closely resembling TCs. This study aimed to validate pY1798 as a TC-marker. Double-
fluorescence staining of intestines was performed with pY1798 and known TC-markers, for example, hematopoietic-
prostaglandin-D-synthase (HPGDS), or doublecortin-like kinase 1 (DCLK1). Odds ratios (ORs) were calculated from 
cell counts to determine whether two markers were attracting (OR<1) or repelling (OR>1). In consequence, pY1798 
signals strongly attracted those of known TC-markers. ORs for HPGDS in mouse stomach, small intestine, and colon 
were 0 for all, and 0.08 for DCLK1 in human small intestine. pY1798-positive cells in jejunum were distinct from other 
minor epithelial cells, including goblet, Paneth, and neuroendocrine cells. Thus, pY1798 was validated as a TC-marker. 
Interestingly, apoptosis inducers significantly increased relative TC frequencies despite the absence of proliferation at 
baseline. In conclusion, pY1798 is a novel TC-marker. Selective tyrosine phosphorylation and possible resistance to 
apoptosis inducers implied the activation of certain kinase(s) in TCs, which may become a clue to elucidate the enigmatic 
roles of TCs. (J Histochem Cytochem 65:347–366, 2017)
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at the lumenal surface, unlike enterocytes in the small 
intestine. Little is currently known, however, about the 
primary causes of such morphological characteristics.

Several molecular markers of TCs are also known, 
for example, villin, F-actin–reactive phalloidin, glycoca-
lyx-reactive lectins, cyclooxygenase-1/2 (Cox1/2), 
doublecortin-like kinase 1 (DCLK1), and hematopoi-
etic-prostaglandin-D-synthase (HPGDS).6,7 However, 
these known TC-markers are less than optimal. For 
example, some TC-markers (e.g., villin, phalloidin) 
only stain limited subcellular regions of TCs, whereas 
other markers (e.g., lectin Ulex europaeus agglutinin-1 
[UEA-1]) also show reactivity in epithelial cells other 
than TCs, such as neuroendocrine cells, goblet cells, 
and Paneth cells.7 To the best of our knowledge, there 
is no TC-marker, which can universally mark TCs in 
multiple organs of multiple species with high contrast. 
Given this limitation, it has been difficult to elucidate 
the enigmatic role of TCs in multiple tissues. Even 
though TCs account for a considerable proportion of 
epithelial cells in certain organs (7% of rat salivary 
glands2 and 30% of rat common bile duct8), until 
recently there have been very few functional studies 
on TCs.6 A series of reports has recently identified a 
possible role for TCs in protection against parasitic 
infection in the gut.9,10 However, these reports did not 
identify a broader role for TCs within organs other than 
the small intestine.

In 2005, our group identified the Girdin/CCDC88A 
gene product as an F-actin–binding protein containing a 
coiled-coil domain, which has putative roles in cell 
migration via the modulation of the actin cytoskeleton.11 
Other groups also identified that Girdin interacts with 
several key cellular elements and proteins, including 
microtubules, heterotrimeric G proteins, and early endo-
somes.12,13 Global Girdin knockout mice exhibited com-
plete preweaning lethality due to malnutrition, as well as 
the developmental abnormalities in brain.14–17 Lin et al.18 
discovered that on ligand stimulation of various recep-
tors, Girdin is phosphorylated at tyrosine-1798 of Girdin 
(Y1798), eventually triggering cell migration. As the 
amino-acid sequence of human Girdin around Y1798 
(KDSNPYATLPRAS) is highly conserved among mam-
malian species, we generated site-specific and phos-
phorylation-status–specific antibodies against 
phosphorylated tyrosine-1798 (pY1798) in human 
Girdin.19 We applied this antibody for immunohisto-
chemical analysis of mammalian gut, and observed 
specific staining of epithelial cells closely resembling 
TCs. The aims of this study were to validate pY1798 as 
an authentic TC-marker, and to open up a new field in 
TC research using pY1798 antibodies as a novel tool.

Materials and Methods

Ethics Statement

The animal experiments were approved by the Animal 
Care and Use Committee (26323) and by the 
Recombinant DNA Safety Committee (09-73) of the 
Nagoya University Graduate School of Medicine. 
Paraffin blocks of human tissues were obtained under 
the approval of ethical committee of Nagoya University 
Graduate School of Medicine. This article does not 
contain any individual person’s data.

Mouse Strains

All mice were housed in cages with woodchip-bedding 
at 23C on a 12-hr light/dark cycle. For apoptosis induc-
tion tests and age-dependent expression analysis, 
DDY mice were obtained from Japan SLC (Shizuoka, 
Japan). The construction of the gene-targeting vector 
for global Girdin knockout mice has been previously 
described.14 The following PCR primers were used: 
5′-GCCGGAATGAACTTTCATTGATTCCGTC-3′ and 
5′-CAGCCAGAGGTCCAAACGTTTTAACC-3′ to detect 
wild-type alleles (amplicon 293-bp) and 5′-CGCGG 
ATTGGCCTGAACTGC-3′ and 5′-CCAGGAGTCGTC 
GCCACCAA-3′ to detect LacZ alleles (352-bp).

Human Tissues

Normal regions of surgically resected or endoscopi-
cally obtained tissues were collected in Nagoya 
University Hospital.

Paraffin Sections and Free-Floating Cryosections

Anesthetized mice were perfused with a 10% buffered 
neutral formalin solution. Collected tissues were 
immersed in ethanol, xylene, and molten paraffin. 
Paraffin-embedded tissues were sectioned at 4 µm, 
and were mounted on MAS-coated glass slides 
(S9441; Matsunami, Osaka, Japan). For free-floating 
sections, tissues were cryoprotected with 15% 
sucrose in formalin solution overnight, and were snap-
frozen in liquid isopentane cooled with liquid nitrogen. 
Frozen tissues were sectioned at 30 µm at −20C 
using a cryostat (CM3050S; Leica Microsystems, 
Wetzlar, Germany).

Antibodies

The sources of antibodies and staining reagents are 
listed in Supplemental Fig. 6. Site-specific and 
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phosphorylation-status–specific anti-Girdin rabbit 
polyclonal antibodies were collectively developed with 
IBL, Co., Ltd. (Gunma, Japan).20

Immunohistochemistry

Deparaffinized sections were boiled for target retrieval 
at each optimal pH (6, 7, or 9) at 98C for 30 min. 
Sections were serially treated with 3% hydrogen per-
oxide in methanol, protein block serum-free (X0909; 
Dako, Glostrup, Denmark), and primary antibodies at 
4C overnight. After washing in phosphate buffered 
saline (PBS), sections were incubated with secondary 
antibodies. When the host species of primary antibod-
ies were rabbit or mouse, EnVision System HRP-
labeled polymer (rabbit, K4003, or mouse, K4001; 
Dako) was used. For primary antibodies from goat, 
donkey polyclonal anti-MTR antibody (705-065-147; 
Jackson-Immunoresearch, West Grove, PA) and strep-
tavidin–horseradish peroxidase (426062; Nichirei, 
Tokyo, Japan) were utilized. After color reaction with 
diaminobenzidine (liquid DAB substrate, K3468; 
Dako), slides were counterstained with hematoxylin, 
hematoxylin–eosin, or alcian blue (8GX, 010-08921; 
Wako Pure Chemical, Osaka, Japan)/nuclear fast red 
(H-3403; Vector-Laboratories, Burlingame, CA). Brains 
from wild-type mice or Girdin knockout mice were 
used for positive or negative controls of Girdin pY1798 
immunohistochemistry (IHC), respectively. For IHC 
using commercially available antibodies, validations of 
the staining results were performed according to the 
manufacturer’s instructions.

Fluorescence Staining

All fluorescence staining using phalloidin or UEA-I was 
performed on free-floating cryosections. Other fluores-
cence staining was done using paraffin sections. After 
primary-antibody–bound sections were washed with 
PBS, fluorescent-secondary antibodies were applied. 
For double-fluorescence staining using two rabbit 
polyclonal antibodies, individual antibodies were sep-
arately labeled using the Zenon Alexa Fluor 488 (or 
594) rabbit IgG labeling kit (Z25302 or Z25307; 
Invitrogen, Carlsbad, CA). Sections were counter-
stained with 1:1000–diluted 4,6-diamidino-2-phenylin-
dole (DAPI; D1306; Life Technologies, Carlsbad, CA). 
Coverslips were mounted with crystal/mount (Biomeda, 
Foster City, CA). TdT-mediated dUTP nick end labeling 
(TUNEL) was performed using the DeadEnd 
Fluorometric TUNEL System (G3250; Promega, 
Fitchburg, WI). Fluorescence images were acquired 

with excitation wavelengths of 405, 488, and 555 nm 
using a confocal laser-scanning microscope (LSM700; 
Zeiss, Jena, Germany).

Apoptosis Induction Test by Cisplatin

Cisplatin [cis-diamminedichloroplatinum (CDDP), 
Briplatin, 10 mg/20 mL] was purchased from Bristol 
Myers Squibb (New York, NY). Seven-week-old male 
DDY mice (n=32) were divided into four groups: (1) 
control (n=8), (2) low-dose (CDDP 0.2 mg/body, n=8), 
(3) middle-dose (0.4 mg/body, n=8), and (4) high-dose 
(0.8 mg/body, n=8). The indicated dose of cisplatin 
was administered in a single intraperitoneal injection. 
Mice were euthanized for tissue collection 24 or 48 hr 
after administration.

Apoptosis Induction Test by X-Ray

Seven-week-old male DDY mice (n=16) were divided 
into four groups: (1) control (0 Gy, n=4), (2) low-dose 
(0.5 Gy, n=4), (3) middle-dose (5 Gy, n=4), and (4) 
high-dose (15 Gy, n=4). Four awake mice from each 
group in a divided cage were placed in an X-ray irra-
diation device (MBR-1520R-3; Hitachi, Tokyo, Japan), 
and were subjected to the indicated dose of total-body 
irradiation. Metallic filters of 0.5-mm aluminum and 
0.3-mm copper were attached to minimize low-energy 
X-rays. Mice were euthanized for tissue collection 24 
hr after irradiation.

Transmission Electron Microscopy With  
Pre-Embedding Immunostaining

Paraffin sections (10 µm thick) of mouse small intes-
tine were deparaffinized, and were immunostained 
with pY1798 anti-Girdin antibodies as per the stated 
procedure up to DAB color reaction. Sections were 
post-fixed with 2.5% glutaraldehyde (073-00536; Wako 
Pure Chemical) in 0.1 M phosphate buffer (pH 7.2) for 
2 hr at 4C, and with 2% osmium tetroxide (TAAB; 
Berks, UK) for 2 hr at 4C. Sections were dehydrated in 
a graded series of ethanol, and 100% propylene oxide 
(165-05026; Wako Pure Chemical). Liquid epoxy was 
prepared by mixing 12.65 mL of epon 812 resin (T023), 
5.575 mL of dodecenylsuccinic anhydride (D026), 6.8 
mL of methyl nadic anhydride (M012), and 0.375 mL of 
2,4,6-tris(dimethylaminomethyl)phenol (D035), all 
from TAAB. Inverted embedding capsules (C063/J; 
TAAB) filled with liquid epoxy were set on stained sec-
tions on MAS-coated glass slides (Matsunami), solidi-
fied at 60C for 48 hr, and were cooled at room 
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temperature. Solidified epoxy and underlying tissues 
together with embedding capsules were popped off 
the glass slide. Tissue on the surface of the epoxy was 
trimmed and was submitted to ultrathin sections at 60 
nm using an ultramicrotome (UC7; Leica Microsystems). 
Ultrathin sections were stained with uranyl acetate 
(73943; Sigma-Aldrich, St. Louis, MO) for 10 min and 
lead citrate (L018; TAAB) for 3 min, and were observed 
under a transmission electron microscope (JEM1400; 
JEOL, Tokyo, Japan).

Statistical Analysis

Two-tailed Fisher’s exact test, t-test, and one-way 
analysis of variance with a Bonferroni’s post hoc test 
were performed mainly using SPSS Statistics, Version 
22 (IBM; Armonk, New York). Bar graphs of averaged 
values are shown as means ± standard errors. p val-
ues of less than 0.05 were considered significant.

Results

pY1798 Revealed Epithelial Cells Closely 
Resembling TCs in the Mammalian Gut

We first attempted IHC of mouse jejunum using newly 
developed site-specific and phosphorylation-status–
specific antibodies against human Girdin tyro-
sine-1798 (pY1798 antibodies).20 We previously 
verified the specificity of the pY1798 antibodies using 
(1) dot-blot assay with phospho/unphosphorylated 
peptides, (2) western blot of HEK293FT cells trans-
fected with a Girdin expression vector with/without the 
tyrosine-phenylalanine substitution at 1798 (Y1798F), 
(3) immunofluorescence of kinase-stimulated cell-
lines, and (4) IHC of Girdin wild-type/knockout mouse 
brains.20 These pY1798 antibodies identified sporadic 
strongly stained epithelial cells with unusual morpho-
logical characteristics, including spool-shaped somas 
with a single mass of signal condensation at each 
lumenal tip (Fig. 1A, upper). pY1798-positive epithe-
lial cells were (1) found throughout the entire small 
intestine, (2) widely scattered from crypt to villus tip, 
and (3) never adjacent to each other. pY1798-positive 
cells accounted for about 1% of the entire epithelium 
in the mouse jejunum, in which the percentage 
showed regional variation as well as individual animal 
variability. Regarding the subcellular localization, the 
pY1798 staining was not restricted to the apical micro-
villi, but was also present in all over the cytoplasm, 
including the apical cytoplasm (above and around the 
nucleus) and the sub-membranous area. pY1798 

staining was barely seen within the nuclei. Besides 
the epithelium, pY1798-positive cells were sporadi-
cally observed in the lamina propria. The appearance 
of pY1798-positive epithelial cells in the mouse jeju-
num was indistinguishable from previously reported 
TCs labeled with Cox2 (Fig. 1A, lower). In contrast to 
the clear staining obtained with pY1798 (post-
absorbed with unphosphorylated Y1798 peptide), pre-
absorbed pY1798 antibodies did not specify TC-like 
epithelial cells, and instead labeled a broad spectrum 
of cells, indicating the widespread presence of 
unphosphorylated Girdin at Y1798 in enterocytes of 
the mouse jejunum (Fig. 1B).

IHC of multiple organs (stomach, duodenum, jeju-
num, ileum, colon, and gallbladder) from mouse and 
human for pY1798 also revealed sporadic epithelial 
cells with similar morphological characteristics of 
TCs (Fig. 1C and D). pY1798 signals were not 
observed in the esophagus, suggesting the specific 
distribution of pY1798-positive epithelial cells within 
columnar epithelia.

In previous publications, intestinal TCs were often 
drawn in illustrations as epithelial cells with somas 
slightly deviated toward the lumen.5 TCs double-posi-
tive for pY1798 and villin had a similar deviation ten-
dency in all tested tissues in human and mouse to a 
varying degree (Fig. 1C and D, Supplemental Fig. 3).

Even in the small intestine of global Girdin knockout 
mice, TCs were labeled with known TC-markers (lectin 
UEA-I, or Cox2; Supplemental Fig. 1A). In contrast, 
pY1798-positive epithelial cells were completely invis-
ible in knockout mouse organs (duodenum, jejunum, 
ileum, and gallbladder; Supplemental Fig. 1B), clearly 
indicating that the pY1798 antibody specifically recog-
nizes mouse Girdin gene products.

Validation of pY1798 as a TC-Marker by 
Transmission Electron Microscopy

Despite the lack of consensus molecular markers to 
define TCs, the earliest TC researchers described the 
morphological characteristics of TCs using transmis-
sion electron microscopy (TEM).4 The most character-
istic morphological features of TCs include 
spool-shaped somas, long and blunt microvilli with 
prominent rootlets, and a well-developed tubulovesic-
ular system in the supra-nuclear cytoplasm.2 To vali-
date pY1798 as a novel TC-marker, we performed 
TEM of mouse jejunum sections, which underwent 
pre-embedding immunostaining for pY1798. TEM 
results showed that all pY1798-positive epithelial cells 
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had spool-shaped somas with thick microvilli that no 
longer formed a terminal web at the basal portion of 
the microvilli; instead, they formed rootlets that 
extended deep into the cytoplasm of the supra-nuclear 
region of pY1798-positive cells (Fig. 2A and B). The 
TEM images of pY1798-positive epithelial cells were 
very similar to previously reported TC images.21 All 
pY1798-positive epithelial cells possessed the charac-
teristic morphology of TCs, and all cells with TC mor-
phology were pY1798 positive, indicating that the 
pY1798 antibody efficiently labeled all TCs. TC micro-
villi were more “blunt” than those of surrounding 
enterocytes, as previously described.21 These findings 
confirmed that the signal condensation at the lumenal 
tips of pY1798 epithelial cells is a collective entity con-
sisting of TC microvilli, which are thicker than those in 
normal enterocytes, which form the brush border of 
the small intestine. Thus, pY1798 was validated as a 
novel TC-marker based on ultrastructure.

Validation of pY1798 as a TC-Marker by 
Double-Staining

We further continued the validation of pY1798 as a 
TC-marker by double-fluorescence staining using 
pY1798 and known TC-markers. For objective interpre-
tation of the staining results, cell counts from double-
fluorescence staining were arranged in 2 × 2 
contingency tables, and odds ratios (ORs; bc/ad) were 
calculated to determine if pY1798 positivity (reference) 
and known TC-marker positivity (target) were attracting 
(OR<1) or repelling (OR>1). Simultaneously, the p val-
ues for two-tailed Fisher’s exact tests were calculated 
to determine if the odds of a target marker’s positivity 
were significantly different between the pY1798-posi-
tive and pY1798-negative groups (Fig. 3A).

Actual fluorescence staining showed that pY1798-
positive epithelial cells and known TC-marker–positive 
epithelial cells (labeled with HPGDS, phalloidin, Cox1/2, 
lectin UEA-I, villin, DCLK1, SH2-containing inositol 
phosphatase, growth factor independent 1B transcrip-
tional repressor, and POU domain class 2 transcription 
factor 3) highly overlapped in multiple organs from both 
mouse (Fig. 3B–E, Supplemental Fig. 2A and B) and 
human (Fig. 3F–H, Supplemental Fig. 3). The possibility 

of autofluorescence detection in double-fluorescence 
staining was rigorously excluded by confirming the 
presence of distinct subcellular distributions of signals 
for pY1798 and known TC-markers. The columnar side 
of the squamocolumnar junction of mouse stomach fre-
quently contained TCs (Fig. 3B). Phalloidin–pY1798 
double-fluorescence staining exhibited perfect associa-
tion between epithelial cells with a thickened brush bor-
der (a signature of TCs) and pY1798-positive cells (Fig. 
3C). The thickness of the brush border in pY1798-posi-
tive epithelial cells was typically 3-fold that of the brush 
border in pY1798-negative cells.

Calculated ORs, p values, and total counts 
(=a+b+c+d) for HPGDS versus pY1798 in mouse 
stomach, small intestine, and colon were 0, <0.0001, 
84; 0, <0.0001, and 548, and 0, <0.0001, and 277, 
respectively, and for DCLK1 versus pY1798 in human 
small intestine were 0.08, <0.0001, and 353, respec-
tively (Fig. 3B and E). The odds of each known marker 
were significantly different depending on pY1798 
positivity (p<0.05), due to the strong attracting ten-
dency of the two markers (OR<1). Further compari-
son between pY1798 and villin, another known 
TC-marker, was conducted using double-fluores-
cence staining of human biopsy sections followed by 
hematoxylin–eosin staining (post-immunofluores-
cence hematoxylin–eosin staining [post-IF-HE]) to 
clearly visualize the structures surrounding TCs. In 
the human stomach, some TCs were present in fun-
dic epithelia, whereas some were in foveolar epithelia 
(Supplemental Fig. 3). Although background villin 
staining was broadly observed on the lumenal sur-
face of tested tissues, condensed villin signals were 
found in a strict association with the supra-nuclear 
regions of pY1798-positive epithelial cells.

We then tried to confirm the absence of an overlap 
between TCs and other epithelial populations  
(goblet cells, Paneth cells, neuroendocrine cells, or 
enterocytes). IHC of mouse small intestine for pY1798 
counterstained with alcian blue or with hematoxylin–
eosin showed the absence of overlap between TCs 
and goblet cells, or between TCs and Paneth cells 
(Fig. 4A and B, Supplemental Fig. 4A). Double-
fluorescence staining of mouse small intestine for 
pY1798 (n=24) and insulinoma-associated protein 1, 

Figure 1. pY1798 reveals epithelial cells closely resembling tuft cells (TCs) in the mammalian gut. (A) Immunohistochemistry of mouse 
jejunum with anti-Girdin phospho-Y1798 (pY1798) antibodies or with cyclooxygenase-2 (Cox2) antibodies. The boxed areas in the low-
magnification images (scale bar, 100 µm) were magnified, rotated, and shown on each right side. Red dots represent positive epithelial 
cells. Immunohistochemistry of mouse jejunum with pY1798 antibodies pre-absorption (B, upper), or post-absorption (B, lower) using 
unphosphorylated Y1798 peptides (scale bars, 10 µm). Immunohistochemistry of mouse (C) and human (D) gastrointestinal tracts with 
pY1798 antibodies (scale bars, 10 µm).
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Figure 2. Validation of pY1798 as a tuft cell (TC)-marker by transmission electron microscopy (TEM). TEM of pY1798-immunostained 
jejunum (A and B). Boxed regions are shown magnified in the right panels. (A) A positive epithelial cell (arrowhead) protrudes beyond 
the brush border. (B) The signal condensation at the lumenal tip (asterisk) of a pY1798-positive epithelial cell comprises thick microvilli 
accompanied by rootlets (open arrowheads; scale bars in A, left, 10 µm; A, right, 5 µm; B, left, 1 µm; and B, right, 0.5 µm).

a pan-neuroendocrine marker (n=36) also showed 
mutually exclusive distributions (Fig. 4C). Using dou-
ble-fluorescence staining of mouse small intestine for 
pY1798 and sodium glucose transporter–1 (SGLT1, 
an enterocyte marker), we found that all pY1798-
labeled TCs preserved cytosolic SGLT1. All epithelial 
cells with cytosolic SGLT1 were pY1798 positive 
(n=4), and all epithelial cells with SGLT1-positive 

brush borders were pY1798 negative (n=48; Fig. 4D), 
indicating that TCs in mouse small intestine express 
SGLT1, and that the subcellular distribution of SGLT1 
is distinctly different between TCs and enterocytes. 
We next performed double-fluorescence staining for 
proliferating cell nuclear antigen (PCNA) or Ki67 
combined with pY1798 to investigate the proliferation 
profiles of TCs, as TCs are generally considered as 
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Figure 3. Validation of pY1798 by co-staining with known tuft cells (TC)–markers. (A) The resultant counts of immunofluorescent cells 
were arranged in a 2 × 2 contingency table. Odds ratios (ORs; bc/ad) were calculated from these cell counts. Representative results 
of immunofluorescence using a reference marker (pY1798) and one or two target markers including hematopoietic-prostaglandin-D-
synthase (HPGDS; B and E), phalloidin (C and D), cyclooxygenase-2 (Cox2; D), lectin UEA-I (D), and villin (F–H), in tissue sections from 
multiple organs, including stomach (B and F), small intestine (C, D, and G), and colon (E and H) from mouse (B–E) and human (F–H). 
The columnar side of the squamocolumnar junction (SCJ) of mouse stomach frequently contained pY1798–HPGDS double-positive TCs 
(B). Focal thickenings of the brush border (white arrowheads) consistently colocalized with pY1798 (C; scale bars, upper panels, 20 µm; 
lower panels, 5 µm in B and E–H). In Panel C, the boxed region in the left panel (scale bar, 20 µm) is shown magnified and rotated in the 
four panels at right (scale bar, 10 µm; Panel D, 10 µm). Abbreviation: DAPI, 4,6-diamidino-2-phenylindole.

post-mitotic, fully differentiated cells.6 As expected, 
this staining demonstrated that each proliferation 
marker strongly repelled pY1798 (Fig. 4E). Of note, 
we observed no epithelial cell double-positive for 
Ki67/pY1798 or PCNA/pY1798, indicating that 
pY1798-labeled TCs are non-proliferating epithelial 
cells. The postnatal appearance of TCs in rat salivary 
glands, rat common bile ducts, and mouse small 
intestine, during the ontogenic stage, has been previ-
ously reported.3,6,8 In harmony with these reports, 
pY1798-labeled TCs with their spool-shaped somas 
appeared at around postnatal day 7, whereas corre-
sponding cells were not observed before postnatal 
day 5 (Supplemental Fig. 4B).

Thus, by TEM and by double-staining, pY1798 was 
finally validated as a TC-marker in multiple gastroin-
testinal organs in mouse and human. More importantly, 
pY1798 antibodies exceeded any of the known 
TC-markers in staining intensity, staining specificity, 

and staining versatility (ability to stain multiple organs 
in multiple species), besides whole-cell visualization 
of the spool-shaped somas with characteristic signal 
condensation at each lumenal tip, representing the 
signature “tuft.”

Lack of Apoptosis in TCs

The intestinal epithelium is highly dynamic tissue with 
continuous proliferation, migration, differentiation, and 
apoptosis, resulting in a complete renewal every 2 to 7 
days.6 To understand how a TC eventually ends its life 
is an important question to fully elucidate the roles of 
TCs. In the villi of the mammalian small intestine, 
apoptosis of epithelial cells is known to occur at the 
villus tip.22 We therefore investigated if TCs were apop-
totic using double-fluorescence staining for pY1798 
and apoptotic markers, including TUNEL or cleaved 
caspase 3. Results showed that pY1798-labeled TCs 
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Figure 4. pY1798-positive cells are distinct from other minor epithelial cells. Immunohistochemistry of mouse jejunum with pY1798 
antibodies, counterstained with alcian blue (A, left, low magnification, scale bar, 50 µm; right, high magnification of the boxed region, 
scale bar, 20 µm) or with hematoxylin–eosin (B, left, low magnification, scale bar, 100 µm; right, high magnification of the boxed region, 
scale bar, 20 µm). Neither goblet cells (black arrowheads) nor Paneth cells (red dotted circle) were pY1798 positive (open arrow-
heads). (C) Immunofluorescence of mouse jejunum with pY1798 antibodies and Insm1 (pan-neuroendocrine markers). pY1798-positive 
cells (white open arrowheads) and Insm1-positive cells (white closed arrowheads) were mutually exclusive (scale bars, 20 µm). (D) 
Immunohistochemistry (left) and immunofluorescence (right) of mouse jejunum with sodium glucose transporter 1 (SGLT1) antibodies. 
SGLT1 was found at the apical surfaces (black arrows) except for at the surface of goblet cells (red arrowhead). One cell (yellow arrow-
head) is shown with a pY1798-positive signal in the cytoplasm (left). Cytoplasmic SGLT consistently colocalized with pY1798, whereas 
surface SGLT1 (white arrows) never did (right; scale bars, 10 µm). (E) Immunofluorescence of mouse jejunum with pY1798 antibodies 
and proliferation markers [Ki67 and proliferating cell nuclear antigen (PCNA)]. From the left are shown pY1798 antibodies, prolifera-
tion marker (upper, Ki67, and lower, PCNA), and digitally merged images with DAPI (4,6-diamidino-2-phenylindole; scale bars, 20 µm).

and both apoptotic markers were consistently exclu-
sive (Fig. 5A and B). The ORs, p values, and total 
counts for TUNEL and cleaved caspase 3 in mouse 
small intestine were infinity, 1, 136 and infinity, 1, 81, 
respectively. After we confirmed that no TCs were 
apoptotic in the basal state, we further tested the 
mutual exclusivity between pY1798 and cleaved cas-
pase 3 under forced apoptotic conditions using mice 
treated with apoptotic inducers (cisplatin or X-ray irra-
diation). Surprisingly, lethal dose of cisplatin (0.8 mg/
body) increased TC frequency within 24 hr by 3-fold 
(p<0.05) (Fig. 5C). Likewise, lethal dose of X-rays (15 
Gy) increased TC frequency within 24 h by two-fold 
(p<0.05; Supplemental Fig. 5A). The sporadic distribu-
tion of TCs was maintained under forced apoptotic 
conditions; in other words, there were no TCs adjacent 
to each other. Despite the increase in apoptotic epithe-
lial cells labeled with cleaved caspase 3 in mice treated 
with high-dose (0.8 mg/body) cisplatin, pY1798-
labeled TCs consistently repelled apoptotic epithelial 
cells (Fig. 5D). Similarly, pY1798-labeled TCs consis-
tently repelled apoptotic epithelial cells under 15 Gy 
X-rays (Supplemental Fig. 5B). Importantly, no epithe-
lial cells double-positive for TUNEL/pY1798 nor for 
cleaved caspase 3/pY1798 were observed in any 
experiments. These observations revealed an unac-
counted mutual exclusivity between TCs and 
apoptosis.

Discussion

By TEM and histological techniques with quantitative 
statistical analyses, we found phosphorylated Girdin at 
tyrosine-1798 (pY1798) to be a novel TC-marker in 
mammalian gastrointestinal tracts. The TEM image of 
pY1798-positive cells exhibited typical shapes of TCs. 
pY1798 and a known TC-marker co-existed in TCs. 
pY1798-positive TCs were non-proliferating cells, 
which were distinct from other minor epithelial cells, 
such as goblet, Paneth, and neuroendocrine cells. As 
far as we know, this is the first demonstration of 

characteristic phosphorylation in TCs. Moreover, this 
marker exceeded any previously known TC-marker in 
staining quality.7 For example, whole-cell visualization 
of TCs with pY1798 exceeded villin or phalloidin, which 
stains only the apexes of TCs, and pY1798 exceeded 
Cox2, DCLK1, and lectin UEA-I in staining contrast. 
Furthermore, pY1798 antibodies equally stained TCs 
across multiple organs in multiple species with charac-
teristic morphological signatures, which authenticated 
pY1798-stained cells as TCs. We believe that pY1798 
will serve future studies in the world by refining the 
analysis of TCs.

Using pY1798, we also revealed an unaccounted 
mutual exclusivity between TCs and apoptosis, both at 
baseline and under lethal doses of apoptosis inducers 
(cisplatin, or X-ray). Apoptosis inducers unexpectedly 
caused a large increase in the relative frequency of 
TCs in the mouse small intestine. This was a startling 
finding as TCs were completely non-proliferative (Ki67-
negative and PCNA-negative) at baseline, and lethal 
doses of apoptosis inducers should have hindered TC 
proliferation. Of note, the sporadic distribution of TCs 
was maintained even under such forced apoptotic con-
ditions, further suggesting that the proliferation of TCs 
was unlikely to account for the large increase in the 
relative frequency of TCs. One possible explanation is 
that TCs are resistant to apoptosis. In other words, the 
other epithelial cell types may be more sensitive to 
apoptosis inducers than TCs and therefore are reduced 
in number after 24 or 48 hr. However, even if we 
assume the resistance to apoptosis in TCs, it is still 
unknown whether it is sufficient to fully explain the 
large increase in the relative frequencies of TCs. We 
observed cytoplasmic SGLT1 in TCs, which suggests 
the role of enterocyte in explaining the increase in the 
relative TC frequencies (e.g., enterocyte to TC conver-
sion by an unknown mechanism).

Our identification of the pY1798-specific labeling of 
TCs has substantially more scientific value than just 
as a novel TC-marker. It actually provided us with a 
good question about why Girdin is phosphorylated 
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Figure 5. Lack of apoptosis in tuft cells (TCs). (A) Double-fluorescence staining of mouse jejunum with TdT-mediated dUTP nick end 
labeling (TUNEL) and pY1798. TUNEL-positive cells (white dotted circles) at the villus tip and TCs (white closed arrowheads) were 
mutually exclusive (scale bars, 20 µm). (B) Immunofluorescence of mouse jejunum for pY1798 (left) and cleaved caspase 3 (C-caspase 3; 
right). C-Caspase 3–positive epithelial cells (white open arrowheads) and TCs (white closed arrowheads) were mutually exclusive (scale 
bars, 20 µm). (C) Apoptosis induction test using cisplatin (cis-diamminedichloroplatinum or CDDP). Mice were divided into four groups 
(n=8 each): control, low-dose (0.2 mg/body), middle-dose (0.4 mg/body), and high-dose (0.8 mg/body), and euthanized for 24 or 48 hr 
after administration. Jejunum sections were stained for C-caspase 3, pY1798, or cyclooxygenase-2 (Cox2). The percentages of positive 
epithelial cells (red arrowheads) are summarized in bar graphs (24 hr, filled bars; 48 hr, open bars). *p<0.05 (scale bars, 50 µm). (D) 
Immunofluorescence of mouse jejunum for pY1798 and C-caspase 3 from the high-dose group. Boxed regions in the upper row (scale 
bars, 20 µm) are shown magnified below (scale bars, 5 µm). C-Caspase 3–positive epithelial cells (white open arrowheads) and TCs 
(white closed arrowheads) were mutually exclusive. Abbreviation: DAPI, 4,6-diamidino-2-phenylindole.

only in TCs and not in the neighboring enterocytes, 
which also seem to express Girdin. As shown in our 
previous study, tyrosine kinases (such as src, or 
ligand-activated EGF receptor) dynamically phosphor-
ylated Girdin at Y1798 in vitro.20 We can therefore 
assume the activation of certain tyrosine kinases spe-
cifically in TC. Although the responsible tyrosine kinase 
for the phosphorylation of Y1798 is not known yet, it 
may not be ligand-activated receptor tyrosine kinase. 
Because any ligand usually forms a concentration gra-
dient, that is inconsistent with the truly binary staining 
contrast (all or none) between TCs and non-TCs.

Besides this binary phosphorylation pattern and the 
non-apoptotic nature, there are many things that remain 
unaccounted around TCs. For example, first, it is well 
known that the nuclei of TCs are typically located closer 
to the lumen than those of enterocytes (deviation ten-
dency). Second, we have never seen two TCs lying 
next to each other through this study (sporadic distribu-
tion). Third, TCs share spool-shaped somas by defini-
tion, and when viewed from the lumenal surface, TCs 
consistently possess small apical surfaces but are 

surrounded by cells with larger apical surface areas.7 
Interestingly, Luciano and Reale23 described that the 
high frequencies of TCs in some organs were observed 
in regions close to sphincters (such as the esophageal 
sphincter for the gastric cardia, and the sphincter Oddi 
for the distal region of choledochus duct), and the 
authors attributed the biased distribution of TCs to the 
pressure variation across the intraluminal epithelium. 
Meanwhile, two groups independently revealed the 
existence of phosphorylated Girdin in focal adhesions 
in cultured cell-lines,20,24 which implied the relationship 
between the mechanical force and the phosphorylation 
of Girdin. If we assume the mechanical force acting on 
a TC is the primary cause of the kinase activation, it 
may have the potential to account nicely for these mys-
teries around TCs (non-apoptotic nature, binary 
pY1798 pattern, deviation tendency, sporadic distribu-
tion, and small apical surface). However, so far, it has 
been difficult to prove or disprove our hypothesis due to 
the technical limitations.

As a promising new area of TC research pertaining 
to human health, we are interested in a recent work in 



Girdin Phosphorylation Marks Tuft Cells 365

which the authors suggest that long-lived intestinal 
TCs serve as colon-cancer initiating cells.25 Colon-
cancer initiation and the phosphorylation mechanism 
of Girdin Y1798 may have common kinases in TCs. 
Technical innovations, such as long-term imaging of a 
single intestinal epithelial cell in vivo, or rigorously 
TC-specific Cre-recombinase expressing mouse lines, 
are required for a much deeper understanding of TCs.

In conclusion, pY1798 is a novel TC-marker 
enabling visualization of characteristic morphology. 
Selective tyrosine phosphorylation and possible resis-
tance to apoptosis inducers implied the activation of 
certain kinase(s) in TCs, which may become a clue to 
elucidate the enigmatic roles of TCs.
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