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p63+Krt5+ basal cells are increased in the
squamous metaplastic epithelium of
patients with radiation-induced chronic
Rhinosinusitis
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Abstract

Background: Squamous metaplasia (SM) is an irreversible form of airway epithelial remodeling. Hyperproliferation
of basal cells was observed in squamous metaplastic epithelium of chronically inflamed airway. However, the
association of such aberrant proliferation of basal cells with SM in the nasal epithelium after radiation damage
remains unclear. The aim of this study was to investigate SM and accompanying levels of p63+Krt5+ (basal cell
markers) cells in the nasal epithelium of patients with radiation-induced chronic rhinosinusitis (CRSr) and patients
with chronic rhinosinusitis without nasal polyps (CRSsNP) compared to healthy controls.

Methods: We assessed the prevalence of SM and the expression of p63+, Krt5+, p63+Krt5+, and Ki67+ cells through
immunofluorescence(IF) staining of the inferior turbinate (IT) tissues from patients with CRSr (n = 36), CRSsNP (n =
33) and controls (n = 28).

Results: The prevalence of SM and the number of p63+Krt5+ cells were both significantly increased in patients with
CRSr compared to patients with CRSsNP and controls. The number of Ki67+ cells were both significantly increased
in patients with CRSr and CRSsNP compared to controls, but the ratio of Ki67+ cells to p63+Krt5+ cells was
significantly lower in patients with CRSr compared to patients with CRSsNP. In patients with CRSr, an increased
number of p63+Krt5+ basal cells was observed in SM epithelium compared to non-SM epithelium.

Conclusion: SM is increased in the nasal epithelium of patients with CRSr, in which aberrant levels of p63+Krt5+

basal cells serves as an important pathologic feature in the squamous metaplastic epithelium.
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Introduction
Nasopharyngeal carcinoma (NPC) is one of the most
common cancers in the head and neck region, and the
incidence of NPC is remarkably high in Southern China
at up to 25 per 100,000 [1]. NPC is highly radiosensitive,
and radiotherapy (RT) is the mainstay for its treatment
[2]. While RT is effective, chronic rhinosinusitis (CRS)
often arise as one of the most common side-effect of the
treatment in NPC patients. The incidence of radiation-
induced CRS (CRSr) in NPC patients after RT ranged
from 43.2 to 73.5% [3, 4]. Abnormal ciliary ultrastruc-
ture and mucociliary function were widely found in the
nasal epithelium of NPC patients after RT, which is the
leading cause of CRSr [5–7]. Unlike conventional CRS,
the treatment of CRSr remains a challenge on account
of the lack of effective method to restore the structure
and function of irradiated nasal epithelium.
Epithelial remodeling is a crucial pathological feature

of chronic airway inflammatory diseases, including three
main forms: epithelial hyperplasia, goblet cell hyperpla-
sia, and squamous metaplasia (SM) [8, 9]. SM is a severe
and irreversible form of epithelial remodeling, charac-
terized by the replacement of normal columnar epithe-
lium by squamous epithelium [10]. SM represents a
transition from the normal ciliated pseudostratified col-
umnar epithelium of the respiratory mucosa to a non-
keratinized squamous epithelium [11]. SM are
commonly presented in chronic upper airway disease, at
about 18% in routine CRS and 44.6% in nasal polyps
(NPs) specimens [11, 12]. The SM areas are character-
ized with absence of normal ciliated cell and goblet cell
structure, resulting in dysfunctions in ciliary clearance
and secretions in the nasal epithelium [12]. However, so
far few studies have focused on the epithelial remodeling
in patients with CRSr.
A healthy nasal epithelium is composed of four intrin-

sic cell types: basal cells, goblet cells, ciliated cells and
non-ciliated columnar cells [13]. Basal cells, which have
a high proliferative and differentiation capacity, are
regarded as the stem/progenitor cells of airway epithe-
lium and play a critical role in epithelial repair [14]. In
response to the injury of the airway epithelium, basal
cells can proliferate and migrate to the damaged site de-
nuded of differentiated epithelial cells and subsequently
differentiate to restore a healthy epithelial cell layer (col-
umnar or goblet cells) [15]. A comprehensive set of
markers was established to access the morphology and
function of nasal epithelial cells, including p63 (basal
cell), Krt5(basal cell), MUC5AC(goblet cell), acetylated
alpha-tubulin (ciliated cell) and Ki67 (proliferating cell)
in the nasal epithelium [14]. In a recent study, we found
an increase of poorly proliferated p63+/Ki67+ basal cells
in squamous metaplastic epithelium from patients with
NPs, suggesting that pathologic proliferation of basal

cells may play an important role in remodeled epithe-
lium from NPs [16]. On the other hand, the etiology and
mechanism of epithelial remodeling in CRSr epithelium
after RT remains understudied.
In this study, we sought to investigate the preva-

lence of epithelial remodeling in nasal epithelium
from patients with CRSr and explore the similarities
and differences in the aberrant proliferation of basal
cells involved in the remodeling process of nasal epi-
thelium after RT. The objective of the study is to as-
sess the difference in treatment needs for CRSr
compared to conventional CRS treatments. It is hoped
that the results of this study will provide new insights
into the molecular mechanism underlying epithelial
remodeling in CRSr, which may be helpful for clinical
treatment of CRSr.

Materials and methods
Patient recruitment and ethics statement
This study was approved by the institutional review
boards of the Guangdong Provincial People’s Hospital
(China), the Zhujiang Hospital of Southern Medical Uni-
versity (China), and the National Healthcare Group
Domain-Specific Review Board of Singapore (Singapore).
Healthy controls(n = 28) were recruited from subjects
undergoing septoplasty due to deviation of nasal septum;
while patients with CRS without nasal polyps (CRSsNP)
(n = 33) and patients with CRSr (n = 36) were recruited
from subjects undergoing functional endoscopic sinus
surgery (FEES) in these participating hospitals. The pa-
tients with CRSr in this study were all recruited from
NPC patients who underwent a standard-course of
intensity-modulated radiotherapy (IMRT). All the NPC
patients were restaged according to the 7th edition of
the Union International Centre le Cancer /American
Joint Committee on Cancer (UICC/AJCC) system [17].
The primary tumor received standard-course radiother-
apy to a dose of 66 to 70 Gy in 33 to 35 fractions, 2 Gy
per fraction. The neck was treated to a dose of 60 Gy in
30 fractions, 2 Gy per fraction. All fields were treated
once daily, 5 times a week. The total radiation dose re-
ceived at the middle of the IT was approximately
5000GY. The diagnosis of CRSsNP and CRSr was made
according to the current European position paper
(EPOS) on rhinosinusitis and nasal polyps (EPOS 2012)
[18], based on medical history, electronic nasopharyngo-
scopy and computed tomography (CT) scans, and con-
firmed by the postoperative histopathological report.
NPC patients who had CRS before RT were excluded
from the study. Biopsies of the middle of inferior turbin-
ate (IT) mucosa were taken from all the recruited sub-
jects during surgery. The details of the subjects are
presented in Table 1.
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Hematoxylin and eosin(H&E) staining and IF staining
All IT biopsy specimens were fixed in formalin and em-
bedded in paraffin. Paraffin sections were sectioned at
4 μm thickness using Leica microtome (Leica, Wetzlar,
Germany). We performed H&E staining to assess the
epithelium of all specimens. Subjects without epithelium
in specimens were excluded from this study.
Specimens were also assessed by IF staining for ciliated

cell marker (acet. α-tubulin), goblet cell marker
(MUC5AC), basal cell markers (p63 and Krt5) and cell
proliferation marker (Ki67). The details of the primary
antibodies for IF staining were described in Table 2.
Briefly, the sections were dewaxed, blocked, and then in-
cubated with the primary antibody overnight at 4 °C.
Specimens were then incubated with Alexa Fluor 488-
or 594-conjugated secondary antibody (Life Technolo-
gies, Carlsbad, CA, USA) in the dark at room
temperature for 1 h. Coverslips were mounted on the
slides using Slow Fade Gold antifade reagent with 4′6-
diamidino-2-phenylindole (Life Technologies, Carlsbad,

CA). For negative controls, the primary antibodies were
substituted with species- and subtype-matched anti-
bodies at the same concentration. The slides were exam-
ined with a fluorescent microscopy (Olympus IX51,
Tokyo, Japan).

Histologic evaluation
Evaluation of epithelial remodeling
The assessment of epithelial remodeling was performed
by H&E and IF staining. Epithelial hyperplasia was de-
fined as epithelium with more than 4 layers of cells.
Goblet cell hyperplasia was defined as 2 or more layers
of goblet cells in the epithelium. Squamous metaplasia
was identified in specimens where the epithelium had
lost its pseudostratified columnar epithelial structure
with absence of goblet cells and cilia, and was replaced
by squamous epithelium [12]. All Specimens were evalu-
ated by 2 independent examiners following the same
protocol, which had achieved consistent results.

Table 1 Summary of patient characteristics and the methods

Controls CRSsNP CRSr p-value*

Sample size 28 33 36 –

Age, years[mean ± SD] 45.2 ± 12.5 48.8 ± 15.2 49.7 ± 11.9 n.s

Male/female 22/6 20/13 27/9 n.s

smoker/nonsmoker 8/20 11/22 15/21 n.s

Methodology used

Paraffin specimens 28 33 36 –

H&E 28 33 36 –

IF 28 33 36 –

qRT-PCR 6 0 20

Epithelial remodeling [No. (%)]a

Epithelial hyperplasia 0(0) 7(21.2) 10(27.8)

Goblet cell hyperplasia 0(0) 3(9.1) 5(13.9)

Squamous metaplasia 0(0) 2(6.1) 13(36.1)

n.s not signficant
Values are n or mean ± SD
H&E Hematoxylin and eosin, IF immunofluorescence
*The level of significance was evaluated using T test or Fisher exact test. P < 0.05 was considered statistically significant
aEpithelial hyperplasia was defined as epithelium with more than 4 layers of cells. Goblet cell hyperplasia was defined as 2 or more layers of goblet cells in the
epithelium. Squamous metaplasia was identified in specimens where the epithelium had lost its pseudostratified columnar epithelial structure with absence of
goblet cells and cilia and was replaced by squamous epithelium

Table 2 Primary antibodies for IF staining

Primary antibody Description Supplier Dilution rate

acet.α-tubulin Rabbit monoclonal [EP1332Y] to alpha Tubulin (ab 52,866) Abcam,Cambridge, UK 1:1000

MUC5AC Mouse monoclonal[2-11 M1] to MUC5AC (ab 24,071) Abcam,Cambridge, UK 1:600

p63 Mouse monoclonal [4A4] to p63 (ab 735) Abcam,Cambridge, UK 1:100

Krt5 Rabbit monoclonal [EP1601Y] to Krt5 (ab 52,635) Abcam,Cambridge, UK 1:600

Ki67 Rabbit monoclonal [SP6] to Ki67 (ab 1667) Abcam,Cambridge, UK 1:400
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Evaluation of IF staining for epithelial cell markers
Two researchers independently assessed all cases in a
blinded manner to have a standardized histologic
evaluation of the IF staining. Three areas from the
tissue sections were randomly selected at × 400 mag-
nification with a fluorescence microscope. Expression
of epithelial cell markers were quantified with ImageJ
software.
Cilia and goblet cell in nasal epithelium were evaluated

by assessing the positive staining area of acet. α-tubulin
and MUC5AC, respectively. The mean value of three
areas was calculated for each paraffin-embedded section.
The p63+, Krt5+, p63+Krt5+, and Ki67+ cells within the

epithelial region were counted in three individual fields,
respectively. Expression levels of p63+Krt5+ and Ki67+

cells were calculated as an average of the positive cells.
The ratio of Ki67+ cells to p63+Krt5+ cells and p63+ cells
to Krt5+ cells were then calculated. As we observed
asynchronous expression of p63+ and Krt5+ cells in SM,
we further classified SM into four patterns based on the
ratio of p63+ cells to Krt5+ cells in nasal epithelium: (1)
Pattern A, the ratio of p63+ cells to Krt5+ cells ≥80%; (2)
Pattern B, the ratio of p63+ cells to Krt5+ cells < 80%
and ≥ 40%; (3) Pattern C, the ratio of p63+ cells to Krt5+

cells < 40%; and (4) Pattern D, both p63+ and Krt5+ cells
are absent in nasal epithelium.

Quantitative real-time polymerase chain reaction (qRT-
PCR)
Total RNA was extracted from frozen IT tissues using
the mirVana miRNA Isolation Kit (Life Technologies).
Then, 1 μg of total RNA was reverse transcribed into
cDNA using the Maxima Reverse Transcriptase Kit
(Thermo Fisher Scientific) according to manufacturer’s
protocol. Acet.α-tubulin, MUC5AC, p63, Krt5, and Ki67
mRNA levels were detected by qRT-PCR (SYBR Green,
Promega, Madison, WI, USA). Relative gene expression
was calculated using the comparative 2–ΔΔCt method,
normalized against the housekeeping gene glyceralde-
hyde 3-phosphate dehydrogenase (GAPDH). Acet.α-
tubulin, MUC5AC, p63, Krt5, Ki67, and GAPDH ampli-
fication was performed with the following primers:
Acet.α-tubulin forward (5′- CTTTGTATTTGGTCAG
TCTGG-3′), Acet.α-tubulin reverse (5′- ATCTTG
CTGATAAGGAGAGTG -3′); MUC5AC forward (5′-
AATGGTGGAGATTT-TGACAC-3′), MUC5AC re-
verse (5′-TTCTTGTTCAGGCAAATCAG-3′); p63 for-
ward (5′-CAGC- CTATATGTTCAGTTCAG-3′), p63
reverse (5′-CAGTCCATGCTAATCTCAATC-3′); Krt5
for-ward (5′- TGGAAGACTTCAAGAACAAG-3′),
Krt5 reverse (5′-ATGTAGGCAGCATCTACATC-3′);
Ki67 forward (5′-AATGGTGGAGATTT-TGACAC-3′),
Ki67 reverse (5′-TTCTTGTTCAGG- CAAATCAG-3′).

Statistical analysis
GraphPad Prism 7.0 (GraphPad Inc., USA) were
employed for statistical analyses and figures. A Kruskal-
Wallis test, followed by a Dunn’s multiple comparisons
test were used to compare the expression levels of
p63+Krt5+ and Ki67+ cells, and the ratio of The ratio of
Ki67+ cells to p63+Krt5+ cells and p63+ cells to Krt5+

cells among the three groups (all variables were not nor-
mally distributed). A Mann-Whitney test was used to
compare the expression levels of p63+Krt5+ and Ki67+

cells, and the ratio of Ki67+ cells to p63+Krt5+ cells and
p63+ cells to Krt5+ cells between SM epithelium and
non-SM epithelium in patients with CRSr. The Mann-
Whitney 2-tailed nonparametric test was used to com-
pare Acet.α-tubulin, MUC5AC, p63, Krt5, and Ki67
mRNA expression between control and CRSr, and be-
tween SM epithelium and non-SM epithelium in pa-
tients with CRSr, respectively.

Results
Clinical characteristics of subject
The clinical characteristics of controls, patients with
CRSsNP and patients with CRSr are summarized in
Table 1. The median time interval between RT and sam-
ple collection was 3 years (range of 1 to 17 years). Of the
36 NPC patients with CRSr, 2 cases (5.6%), 5 cases
(13.9%), 16 cases (44.4%), and 13 cases (36.1%) were re-
classified as stage I, II, III, and Iva, respectively according
to the 7th edition AJCC/UICC staging system. All of the
biopsies from controls showed healthy nasal epithelium.
Epithelial hyperplasia was present in 21.2% of patients
with CRSsNP and in 27.8% of patients with CRSr, and
goblet cell hyperplasia was found in 9.1% of patients with
CRSsNP and in 13.9% of patients with CRSr. The preva-
lence of epithelial hyperplasia and goblet cell hyperplasia
both showed no significant difference between patients
with CRSsNP and patients with CRSr (P = 0.585; P =
0.711). Nevertheless, The prevalence of SM was was sig-
nificantly higher in patients with CRSr (36.1%) as com-
pared to patients with CRSsNP (6.1%, P = 0.003).

Cilia and goblet cell were both decreased in nasal
epithelium of CRSr
Double IF staining of acet. α-tubulin and MUC5AC was
performed to assess cilia and goblet cell in nasal epithe-
lium (Fig. 1a). The acet. α-tubulin area and MUC5AC
area in nasal epithelium both showed significant differ-
ence among the three groups (both P < 0.001). The acet.
α-tubulin area was decreased significantly in the nasal
epithelium from patients with CRSr (190.1 μm2, 0–
703.9 μm2) compared to both patients with CRSsNP
(517.1 μm2, 0–749.5 μm2, P < 0.001) and controls
(488.8 μm2, 411.6–772.8 μm2, P < 0.001), and showed no
significant difference between patients with CRSsNP and
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controls (P > 0.999) (Fig. 1b). The MUC5AC area was de-
creased significantly in nasal epithelium from patients with
CRSr (425.6 μm2, 0–2162.0 μm2, P < 0.001) and was in-
creased significantly in nasal epithelium from patients with
CRSsNP (1821.0 μm2, 40.58–3632.0 μm2, P < 0.001) com-
pared to controls (1216.0 μm2, 655.9–1800.0 μm2) (Fig. 1c).
Additionally, Acet. α-tubulin and MUC5AC mRNA expres-
sion were consistent with protein data where both were de-
creased significantly in IT tissue from patients with CRSr
(n = 20) compared with that from control subjects (n = 6)
(P = 0.030, P = 0.013) (Fig. S1A and B).

p63+Krt5+ cells were increased in nasal epithelium of CRSr
Double IF staining of p63 and Krt5 was performed to as-
sess the expression levels of p63+Krt5+ cells in nasal

epithelium from all subjects (Fig. 2a). The total number
of p63+Krt5+ cells in nasal epithelium showed significant
difference among the three groups (P = 0.002). The total
number of p63+Krt5+ cells was increased significantly in
the nasal epithelium from patients with CRSr (31.67, 0–
235.7) compared to both patients with CRSsNP (23.0,
11.67–53.33, P = 0.004) and controls (25.17, 16.0–33.0,
P = 0.017), and showed no significant difference between
patients with CRSsNP and controls (P > 0.999) (Fig. 2b).
Interestingly, p63 mRNA expression was decreased sig-
nificantly and Krt5 mRNA expression show no differ-
ence in IT tissue from patients with CRSr (n = 20)
compared with that from control subjects (n = 6) (P =
0.013, P = 0.196) (Fig. S1C and E), potentially due to
feedback against the increased positive cell numbers. In

Fig. 1 a. Double IF staining of acet. α-tubulin (green) and MUC5AC (red) in nasal epithelium (× 400 magnification; nucleus stained in blue; scale
bar = 20 μm). Negative control staining was performed using secondary antibody only. b. The expression levels of acet. α-tubulin compared
among the three groups. c. The expression levels of MUC5AC compared among the three groups
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Fig. 2 a. Double IF staining of p63 (red) and Krt5 (green) in nasal epithelium from controls, CRSsNP, CRSr. (× 400 magnification; nucleus stained in
blue; scale bar = 20 μm). Negative control staining was performed using secondary antibody only. b. The expression levels of p63+Krt5+ cells
compared among the three groups. c. The expression levels of p63+Krt5+ cells compared between SM cases and non-SM cases in CRSr group

Fig. 3 a. IF staining of Ki67 (green) in nasal epithelium from controls, CRSsNP, and CRSr. (× 400 magnification; nucleus stained in blue; scale bar =
20 μm). Negative control staining was performed using secondary antibody only. b. The expression levels of Ki67+ cells compared among the three
groups. c. The expression levels of Ki67+ cells compared between SM cases and non-SM cases in CRSr group. d. The ratio of Ki67+ cells to p63+Krt5+

cells compared among the three groups. e. The ratio of Ki67+ cells to p63+Krt5+ cells compared between SM cases and non-SM cases in CRSr group
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patients with CRSr, the total number of p63+Krt5+ cells
were higher in SM epithelium (53.0, 0–244.30) com-
pared to non-SM epithelium (29.33, 23.0–67.67, P =
0.137) (Fig. 2c); while p63 and Krt5 mRNA expression
both showed no significant difference between non-SM
cases (n = 14) and SM cases (n = 6) (P = 0.312, P = 0.494)
(Fig. S1D and F).

Ki67+ cells were increased in nasal epithelium of CRSr and
CRSsNP
The total number of Ki67+ cells (Fig. 3a) in nasal epithe-
lium showed significant difference among the three
groups (P < 0.001). The total number of The Ki67+ cells
was increased significantly in nasal epithelium from both
patients with CRSr (6.50, 0–17.33, P = 0.002) and pa-
tients with CRSsNP (5.0, 1.0–41.33, P = 0.004) compared
to controls (3.0, 1.0–6.0), but showed no significant dif-
ference between patients with CRSr and patients with
CRSsNP (P > 0.999) (Fig. 3b). Conversely, Ki67 mRNA
expression was decreased significantly in IT tissue from
patients with CRSr (n = 20) compared with that from
control subjects (n = 6) (P = 0.011) (Fig. S1G). In pa-
tients with CRSr, the total number of Ki67+ cells showed
no significant difference between SM epithelium(7.30,
0–17.33) and non-SM epithelium (6.10, 1.0–9.50, P =
0.112) (Fig. 3c); Ki67 mRNA expression also showed no

significant difference between non-SM cases (n = 14)
and SM cases (n = 6) (P = 0.312) (Fig. S1H).

The ratio of Ki67+ cells to p63+Krt5+ cells was decreased
in nasal epithelium of CRSr
The ratio of Ki67+ cells to p63+Krt5+ cells was calculated
to assess the proliferative capacity of basal cells in nasal
epithelium, which showed significant difference among
the three groups (P < 0.001). The ratio of Ki67+ cells to
p63+Krt5+ cells was significantly higher in nasal epithe-
lium from patients with CRSsNP(21.43%, 3.85–78.47%)
compared to both patients with CRSr (13.78%, 0–48.0%,
P = 0.004) and controls (12.61%, 3.53–24.66%, P < 0.001),
and showed no significant difference between patients
with CRSr and controls (P = 0.822) (Fig. 3d). In patients
with CRSr, the ratio of Ki67+ cells to p63+Krt5+ cells
was slightly lower in SM epithelium (10.35%, 0–43.91%)
compared to non-SM epithelium(16.67%, 3.23–28.68%,
P = 0.643) (Fig. 3e).

The ratio of p63+ cells to Krt5+ cells was decreased in SM
epithelium
The ratio of p63+ cells to Krt5+ cells in nasal epithelium
from controls(88.01%, 80.71–98.98%), patients with
CRSsNP (87.50%, 43.30–97.56%), and patients with CRSr
(88.89%, 0–99.35%) showed no significant difference
(P = 0.548) (Fig. 4a). However, in patients with CRSr, the

Fig. 4 a. The ratio of p63+ cells to Krt5+ cells compared among the three groups. b. The ratio of p63+ cells to Krt5+ cells compared between SM
cases and non-SM cases in CRSr group. c. SM patterns based on the ratio of p63+ cells to Krt5+ cells: (1) Pattern A, the ratio≥ 80%; (2) Pattern B,
the ratio < 80% and≥ 40%; (3) Pattern C, the ratio < 40%; and (4) Pattern D, both p63+ and Krt5+ cells are absent in nasal epithelium. Negative
control staining was performed using secondary antibody only
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ratio of p63+ cells to Krt5+ cells were significantly lower
in SM epithelium (55.35%, 0–96.57%) compared to non-
SM epithelium (91.10%, 68.14–99.35%, P = 0.027)
(Fig. 4b). A total of 13 cases in patients with CRSr repre-
sented SM in nasal epithelium. In these 13 cases, SM
pattern A, B, C, and D (Fig. 4c) were found in 6 cases
(46.1%), 2 cases (15.4%), 3 cases (23.1%), and 2 cases
(15.4%) according to our classification system.

Discussion
Extensive damage and secondary SM in nasal epithelium
were common pathological features in patients with
CRSr. Epithelial sloughing, ciliary loss, intercellular and
intracellular vacuolization, and ciliary dysmorphism were
present in histologic examination of nasal epithelium
after RT. Greater SM was also observed in histologic
examination of nasal biopsied tissue from patients with
CRSr compared to CRS patients without RT [19]. In this
study, we demonstrated for the first time that increased
SM and expression of p63+Krt5+ basal cells, together
with loss of cilia and goblet cells, in nasal epithelium
from patients with CRSr compared to both patients with
CRSsNP and healthy controls. Furthermore, in patients
with CRSr, increased expression of p63+Krt5+ basal cells
were present in SM epithelium rather than non-SM epi-
thelium. Together these data suggest that aberrant pro-
liferation of basal cells may contribute to SM in nasal
epithelium from patients with CRSr. The results of this
study provide new insights into the molecular mechan-
ism underlying epithelial remodeling in CRSr, which
may be helpful to develop novel candidate targets for
preventing SM process and restoring epithelial barrier
function.
Squamous differentiation is an aberrant biological

process in a number of tissues (e.g., trachea, bronchus,
uterus, and bladder), and toxic and mechanical injury
have been reported to induce SM in these tissues [20].
Previous studies have identified that smoking is an inde-
pendent risk factor for SM in nasal polyps and Chronic
obstructive pulmonary disease, and oxidative stress in-
duce by cigarette smoke had been postulated as cause
[12, 21]. Radiotherapy is cytotoxic to rapidly multiplying
cancer cells but also affects proliferating normal cells in
the mucosa. Radiation-induced mucositis is initiated by
direct injury to epithelial cells and the underlying sub-
mucosal tissue [22]. Histologic examination of post radi-
ation nasal tissue has shown increased fibrosis in the
lamina propria, epithelial sloughing, ciliary loss, and
intercellular and intracellular vacuolization, resulting in
destruction of nasal epithelial barrier and subsequent
epithelial remodeling [19]. In the present study, SM oc-
curred more frequently in nasal epithelium from CRSr
patients compared to CRSsNP patients without RT.
Therefore, radiotherapy may induce direct damage to

epithelial cells and increase the likelihood of subsequent
SM process in the nasal epithelium from patients with
CRSr.
Basal cells in airway epithelium are considered to have

stem/progenitor properties, which can self-renew and
differentiate into other nasal epithelial cell types, such as
goblet cells and columnar ciliated and non-ciliated cells
[23]. In normal airway epithelium, p63 proteins are situ-
ated in the nuclei of basal cells, Krt5 protein are pre-
sented in the cytoskeleton of basal cells, and p63+Krt5+

basal cells are usually regarded as the stem cells [24–27].
The balance between the rate of proliferation and differ-
entiation of basal cells is necessary to maintain the nor-
mal structure of the epithelium [28]. However, basal
cells appear to undergo hyperproliferation and show in-
creased squamous differentiation in chronic inflamma-
tory situations [29]. In this study, hyperproliferation of
p63+Krt5+ basal cells were observed in nasal epithelium
(especially in SM areas) from patients with CRSr but not
in nasal epithelium from patients with CRSsNP. The re-
sults indicate that aberrant proliferation of p63+Krt5+

basal cells is an important histopathologic characteristic
of squamous metaplastic epithelium from patients with
CRSr, and the mechanism of nasal epithelial remodeling
in response to radiation damage may be different from
that only caused by infection and inflammation. Instead,
toxic injury from radiation was postulated to be more
similar to damage arising from inhalant exposures such
as cigarette smoking, where both initiated a multistage
process of metaplastic transformation in the epithelium
[19]. Hence, radiation damage may similarly promotes
basal cells within the pseudostratified epithelium to re-
enter the cell cycle, resulting in hyperproliferative cells
that drive the increase of basal cells in squamous meta-
plastic epithelium [21]. Shaykhiev et al. further showed
that the transition of the epithelium towards SM may be
via the activation of the epidermal growth factor (EGF) /
EGF receptor (EGFR) pathway due to oxidative stress in-
duce by cigarette smoke damage [30], which may also be
applied to radiation damage.
Ki-67 is a nuclear protein present during all active

phases of the cell cycle (G1, S, G2, and M), but is absent
in resting cells (G0) [31]. Ki67+ cells are mainly located
along the basal layer of nasal epithelium and specifically
located in basal cells, indicating that cell proliferation in
nasal epithelium mainly occurred in basal cells [16].
Ki67+ cells and S-phase cells were both increased signifi-
cantly in epithelium from NPs, suggesting cell prolifera-
tion is increased in epithelium from NPs caused by
inflammatory mediators via repair processes of epithelial
damage [32, 33]. In this study, Ki67+ cells were both in-
creased significantly in nasal epithelium from patients
with CRSr and CRSsNP compared to controls, but it
showed no significant difference between patients with
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CRSr and CRSsNP. Furthermore, the ratio of Ki67+ cells
to p63+Krt5+ cells were significantly lower in nasal epi-
thelium from patients with CRSr compared to patients
with CRSsNP, indicating that more proliferating basal
cells in nasal epithelium after radiation have lost their
regenerative property. The proliferating basal cells tend
to differentiate into squamous metaplastic cells but not
normal nasal epithelial cells after radiation damage.
Hence, it is likely that the absence of normal epithelium
resulted in the constant activation of repair signals,
which in turn further aggravate hyperproliferation of
basal cells [20, 28]. Interestingly, suppressed mRNA
levels of p63 and Ki67 further suggest inherent abnor-
mality basal and proliferative gene expression in CRSr
tissues that may further contribute to the SM pathogen-
esis. It may also indicate a feedback loop to reverse the
process, but may have been rendered ineffective due to
other post translational modifications which results in
the retention of damaged and abnormal basal cells. In
addition, the aberrant levels of basal cell and prolifera-
tive markers then in turn affected the expression of
Acet.α-tubulin and MUC5AC, which then resulted in
the reduction of normal epithelial differentiation, con-
tributing to the epithelial damage and absence of fully
differentiated epithelium. This vicious cycle of radiation
damage and aberrant repair process may result in basal
cells depletion and full formation of SM in nasal epithe-
lium, which warrant future investigation to elucidate the
actual mechanisms that resulted in the aberrant levels of
gene and protein expression that may contribute to the
pathology and SM process of CRSr.
Furthermore, our study found that p63+ cells number

was slightly more than Krt5+ cells number in healthy
nasal epithelium, and the ratio of p63+ cells to Krt5+

cells was generally more than 80%. Interestingly, the ra-
tio of p63+ cells to Krt5+ cells tended to significantly de-
cline in the SM process, and p63+ cells and Krt5+ cells
both depleted in fully SM epithelium. This phenomenon
suggested an asynchronous degeneration of basal cells
structures in the SM process, which developed from the
inside(nuclei) to the outside(cytoskeleton). Different SM
patterns based on the ratio of p63+ cells to Krt5+ cells
may represent different stages of SM process in nasal
epithelium, but the intrinsic mechanism remains unclear
and further studies are needed to verify this relationship.
There are still some limitations of this study. Firstly,

the mRNA expression levels of p63, Krt5 and Ki67 be-
tween the three groups were obtained from a fraction of
the subjects and were compared only between controls
and CRSr patients. Nevertheless, the mRNA levels com-
parison does indicate potential CRSr SM process mech-
anism at the post translational level. Secondly, we did
not record the total symptom score or the visual
analogue scale of chronic rhinosinusitis, which would be

useful for assessing symptom severity in patients with
CRSsNP and CRSr. Lastly, we did not manage to elimin-
ate the effect of chemotherapy on epithelial damage in
the patients with CRSr recruited in this study, because
most of these patients underwent concurrent chemo-
therapy during RT.
The results of this study showed that aberrant prolifer-

ation and differentiation of stem/progenitor cells were
implicated in the SM process in nasal epithelium after
RT, and early detection of these morphological changes
is important to facilitate early intervention to better
manage the pathology. In addition, it is also important
to ascertain in the future if the dosage of radiation is dir-
ectly correlated to degree of epithelial damage in order
to improve treatment prognosis. Recently, reconstructed
tissue with basal cells has been applied to treat a patient
with airway stenosis [34]. Whether stem/progenitor cells
regeneration therapy is an effective way to restore the
structure and function of nasal epithelium from patients
with CRSr still requires more experimental evidence. In
further studies, it is important to explore the molecular
mechanisms, pathways and dose-dependent effect of the
RT in contributing to SM in patients with CRSr, which
will serve as a foundation for the development of stem/
progenitor cells mediated epithelial regeneration therapy
in CRSr patients.

Conclusions
In conclusion, SM is increased in the nasal epithelium
from patients with CRSr, potentially due to aberrant
proliferation of p63+Krt5+ basal cells are important his-
topathologic features in squamous metaplastic epithe-
lium after radiation.

Supplementary information
Supplementary information accompanies this paper at https://doi.org/10.
1186/s13014-020-01656-7.

Additional file 1: Figure S1. A. The mRNA level of acet. α-tubulin
between controls and patients with CRSr. B. The mRNA level of MUC5AC
between controls and patients with CRSr. C. The mRNA level of p63
between controls and patients with CRSr. D. The mRNA level of p63
between SM cases and non-SM cases in CRSr group. E. The mRNA level
of Krt5 between controls and patients with CRSr. F. The mRNA level of
Krt5 between SM cases and non-SM cases in CRSr group. G. The mRNA
level of Ki67 between controls and patients with CRSr. H. The mRNA level
of Ki67 between SM cases and non-SM cases in CRSr group.

Abbreviations
NPC: Nasopharyngeal carcinoma; RT: radiotherapy; CRS: Chronic
rhinosinusitis; CRSr: radiation-induced chronic rhinosinusitis; SM: Squamous
metaplasia; NPs: nasal polyps; IF: Immunofluoresence; CRSsNP: CRS without
nasal polyps; IMRT: intensity-modulated radiotherapy; IT: Inferior turbinate

Acknowledgements
Not applicable.

Huang et al. Radiation Oncology          (2020) 15:222 Page 9 of 10

https://doi.org/10.1186/s13014-020-01656-7
https://doi.org/10.1186/s13014-020-01656-7


Authors’ contributions
HH, KST, and SZ performed the experiments, analyzed the data, and wrote
the manuscript. TY, JL and HHO analyzed the data and wrote the
manuscript. QC, JG, MX, and ZZ collected the samples. QQ and DW designed
the experiments, analyzed the data, and wrote the manuscript. All authors
read and approved the final manuscript.

Funding
This study was supported by grants from the National Nature Science
Foundation of China (81873690), China (to Prof. Qiu).

Availability of data and materials
All data generated or analyzed during this study are included in this
published article.

Ethics approval and consent to participate
The study was approved by the institutional review boards of the
Guangdong Provincial People’s Hospital (China), the Zhujiang Hospital of
Southern Medical University (China), and the National Healthcare Group
Domain-Specific Review Board of Singapore (Singapore). Informed consent
was obtained from all participants.

Consent for publication
Not applicable.

Competing interests
The authors declared no potential conflicts of interest with respect to the
research, authorship, and/or publication of this article.

Author details
1Department of Otolaryngology, Guangdong Provincial People’s Hospital and
Guangdong Academy of Medical Sciences, Guangzhou, China. 2Department
of Otolaryngology, National University of Singapore, 1E Kent Ridge Rd,
Singapore 119228, Singapore. 3Department of Otolaryngology, Zhujiang
Hospital, Southern Medical University, Guangzhou 510282, China.
4Department of Otolaryngology, The Third Affiliated Hospital of Sun Yat-Sen
University, Guangzhou, China.

Received: 18 June 2020 Accepted: 31 August 2020

References
1. Chan AT. Nasopharyngeal carcinoma. Ann Oncol. 2010;21(Suppl 7):308–12.
2. Lee AW, Lin JC, Ng WT. Current management of nasopharyngeal cancer.

Semin Radiat Oncol. 2012;22(3):233–44.
3. Su YX, Liu LP, Li L, et al. Factors influencing the incidence of sinusitis in

nasopharyngeal carcinoma patients after intensity-modulated radiation
therapy. Eur Arch Otorhinolaryngol. 2014;271(12):3195–201.

4. Huang CC, Huang SF, Lee TJ, et al. Postirradiation sinus mucosa disease in
nasopharyngeal carcinoma patients. Laryngoscope. 2007;117(4):737–42.

5. Lou PJ, Chen WP, Tai CC. Delayed irradiation effects on nasal epithelium in
patients with nasopharyngeal carcinoma. An ultrastructural study. Ann Otol
Rhinol Laryngol. 1999;108(5):474–80.

6. Yin GD, Xiong GX, Zhao C, et al. Damage of nasal mucociliary movement
after intensity-modulated radiation therapy of nasopharyngeal carcinoma.
Chin J Cancer. 2010;29(9):824–9.

7. Surico G, Muggeo P, Mappa L, et al. Impairment of nasal mucociliary
clearance after radiotherapy for children head cancer. Head Neck. 2001;
23(6):461–6.

8. Pawankar R, Nonaka M. Inflammatory mechanisms and remodeling in
chronic rhinosinusitis and nasal polyps. Curr Allergy Asthma Rep. 2007;7(3):
202–8.

9. Rock JR, Randell SH, Hogan BLM. Airway basal stem cells: a perspective on
their roles in epithelial homeostasis and remodeling. Dis Model Mech. 2010;
3(9):546–56.

10. Puchelle E, Zahm JM, Tournier JM, et al. Airway epithelial repair,
regeneration, and remodeling after injury in chronic obstructive pulmonary
disease. Proc Am Thorac Soc. 2006;3(8):726–33.

11. Mynatt RG, Do J, Janney C, et al. Squamous metaplasia and chronic
rhinosinusitis: A clinicopathological study. Am J Rhinol. 2008;22(6):602–5.

12. Gao T, Ng CL, Li C, et al. Smoking is an independent association of
squamous metaplasia in Chinese nasal polyps. Int Forum Allergy Rhinol.
2016;6(1):66–74.

13. Watelet JB, Van Zele T, Gjomarkaj M, et al. Tissue remodelling in upper
airways: where is the link with lower airway remodelling? Allergy. 2006;
61(11):1249–58.

14. Wang DY, Li Y, Yan Y, et al. Upper airway stem cells: understanding the
nose and role for future cell therapy. Curr Allergy Asthma Rep. 2015;15(1):
490.

15. Li CW, Shi L, Zhang KK, et al. Role of p63/p73 in epithelial remodeling and
their response to steroid treatment in nasal polyposis. J Allergy Clin
Immunol. 2011;127(3):765–72.

16. Zhao L, Li YY, Li CW, et al. Increase of poorly proliferated p63+/Ki67+ basal
cells forming multiple layers in the aberrant remodeled epithelium in nasal
polyps. Allergy. 2016;72(6):975–84.

17. Edge SB, Compton CC. The American Joint Committee on Cancer: the 7th
edition of the AJCC cancer staging manual and the future of TNM. Ann
Surg Oncol. 2010;17(6):1471–4.

18. Fokkens WJ, Lund VJ, Mullol J, et al. EPOS 2012: European position paper on
rhinosinusitis and nasal polyps 2012. A summary for otorhinolaryngologists.
Rhinol. 2012;50(1):1–12.

19. Kuhar HN, Tajudeen BA. Heilingoetter, et al. Distinct histopathologic features
of radiation-induced chronic sinusitis. Int Forum Allergy Rhinol. 2017;7(10):
990–8.

20. Jetten AM, Harvat BL. Epidermal differentiation and squamous metaplasia:
from stem cell to cell death. J Dermatol. 1997;24(11):711–25.

21. Rigden HM, Alias A, Havelock T, et al. Squamous metaplasia is increased in
the bronchial epithelium of smokers with chronic obstructive pulmonary
disease. PLoS One. 2016;11(5):e0156009.

22. Reiter R, Deutschle T, Wiegel T, et al. Absence of inflammatory response
from upper airway epithelial cells after X irradiation. Radiat Res. 2009;171(3):
274–82.

23. Yu XM, Li CW, Chao SS, et al. Reduced growth and proliferation dynamics of
nasal epithelial stem/progenitor cells in nasal polyps in vitro. Sci Rep. 2014;
4:4619.

24. Kaneko Y, Kohno T, Kakuki T, et al. The role of transcriptional factor p63 in
regulation of epithelial barrier and ciliogenesis of human nasal epithelial
cells. Sci Rep. 2017;7(1):10935.

25. Vasca V, Vasca E, Freiman P, et al. Keratin 5 expression in squamocellular
carcinoma of the head and neck. Oncol Lett. 2014;8(6):2501–4.

26. Zuo W, Zhang T, Wu DZ, et al. p63(+)Krt5(+) distal airway stem cells are
essential for lung regeneration. Nature. 2015;517(7536):616–20.

27. Kumar PA, Hu Y, Yamamoto Y, et al. Distal airway stem cells yield alveoli in
vitro and during lung regeneration following H1N1 influenza infection. Cell.
2011;147(3):525–38.

28. Holgate ST. Epithelial damage and response. Clin Exp Allergy. 2000;30(Suppl
1):37–41.

29. Tam A, Wadsworth S, Dorscheid D, et al. The airway epithelium: more than
just a structural barrier. Ther Adv Respir Dis. 2011;5(4):255–73.

30. Shaykhiev R, Zuo W-L, Chao I, et al. EGF shifts human airway basal cell fate
toward a smoking-associated airway epithelial phenotype. PNAS. 2013;
110(29):12102–7.

31. Takkem A, Barakat C, Zakaraia S, et al. Ki-67 Prognostic value in different
histological grades of oral epithelial dysplasia and oral squamous cell
carcinoma. Asian Pac J Cancer Prev. 2018;19(11):3279–86.

32. Coste A, Rateau JG, Roudot-Thoraval F, et al. Increased epithelial cell
proliferation in nasal polyps. Arch Otolaryngol Head Neck Surg. 1996;122(4):
432–6.

33. Hsu MC, Shun CT, Liu CM. Increased epithelial cell proliferation in nasal
polyps. J Formos Med Assoc. 2002;101(3):227–9.

34. Macchiarini P, Jungebluth P, Go T, et al. Clinical transplantation of a
tissueengineered airway. Lancet. 2008;372(9655):2023–30.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Huang et al. Radiation Oncology          (2020) 15:222 Page 10 of 10


	Abstract
	Background
	Methods
	Results
	Conclusion

	Introduction
	Materials and methods
	Patient recruitment and ethics statement
	Hematoxylin and eosin(H&E) staining and IF staining
	Histologic evaluation
	Evaluation of epithelial remodeling
	Evaluation of IF staining for epithelial cell markers

	Quantitative real-time polymerase chain reaction (qRT-PCR)
	Statistical analysis

	Results
	Clinical characteristics of subject
	Cilia and goblet cell were both decreased in nasal epithelium of CRSr
	p63+Krt5+ cells were increased in nasal epithelium of CRSr
	Ki67+ cells were increased in nasal epithelium of CRSr and CRSsNP
	The ratio of Ki67+ cells to p63+Krt5+ cells was decreased in nasal epithelium of CRSr
	The ratio of p63+ cells to Krt5+ cells was decreased in SM epithelium

	Discussion
	Conclusions
	Supplementary information
	Abbreviations
	Acknowledgements
	Authors’ contributions
	Funding
	Availability of data and materials
	Ethics approval and consent to participate
	Consent for publication
	Competing interests
	Author details
	References
	Publisher’s Note

