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Abstract

Objectives/Hypothesis—A precise molecular schema for classifying the different cell types of 

the normal human vocal fold epithelium is lacking. We hypothesize that the true vocal fold 

epithelium has a cellular architecture and organization similar to that of other stratified squamous 

epithelia including the skin, cornea, oral mucosa, and esophagus. In analogy to disorders of the 

skin and gastrointestinal tract, a molecular definition of the normal cell types within the human 

vocal fold epithelium and a description of their geometric relationships should serve as a 

foundation for characterizing cellular changes associated with metaplasia, dysplasia, and cancer.

Study Design—Qualitative study with adult human larynges.

Methods—Histologic sections of normal human laryngeal tissue were analyzed for morphology 

(hematoxylin and eosin) and immunohistochemical protein expression profile, including 

cytokeratins (CK13 and CK14), cornified envelope proteins (involucrin), basal cells (NGFR/p75), 

and proliferation markers (Ki67).

Results—We demonstrated that three distinct cell strata with unique marker profiles are present 

within the stratified squamous epithelium of the true vocal fold. We used these definitions to 

establish that cell proliferation is restricted to certain cell types and layers within the epithelium. 

These distinct cell types are reproducible across five normal adult larynges.

Conclusion—We have established that three layers of cells are present within the normal adult 

stratified squamous epithelium of the true vocal fold. Furthermore, replicating cell populations are 

largely restricted to the parabasal strata within the epithelium. This delineation of distinct cell 

populations will facilitate future studies of vocal fold regeneration and cancer.

Send correspondence to Jayaraj Rajagopal, MD, Massachusetts General Hospital, Center for Regenerative Medicine-CPZN 4240, 185 
Cambridge Street, Boston MA 02114. jrajagopal@partners.org. 

The authors have no other funding, financial relationships, or conflicts of interest to disclose.

HHS Public Access
Author manuscript
Laryngoscope. Author manuscript; available in PMC 2016 June 16.

Published in final edited form as:
Laryngoscope. 2015 September ; 125(9): E313–E319. doi:10.1002/lary.25264.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Level of Evidence—N/A.

Keywords

Vocal fold; true vocal cord; epithelium; stratified squamous; biomarkers; cytokeratin; larynx; 
involucrin; proliferation; basal cell; differentiation; histology

INTRODUCTION

Epithelia have a characteristic cellular architecture composed of distinct protein expression 

profiles within different strata of cells.1 For example, the major cell types of the 

pseudostratified epithelium of the central airways have been well characterized.2 Unlike the 

normal central airway epithelium, the human true vocal fold epithelium contains regions of 

stratified squamous epithelium. The expression of various cellular markers has been 

observed in different cells of this epithelium; however, to date these cells have not been 

correlated to one another, and the topological arrangement of these cells has not been 

comprehensively scrutinized.3,4 Such a foundation has proven essential in classifying 

disorders of the epidermis.

We hypothesize that the true vocal fold epithelium has a cellular architecture and 

organization similar to the stratified squamous epithelia found in the skin,5 cornea,6 oral 

mucosa, and esophagus,7 where molecular markers and cellular function of distinct layers of 

the epithelium have been defined. For example, the cells that directly attach to the basement 

membrane, basal cells, have been shown to function as stem cells in multiple squamous 

epithelia.5,8,9 These basal stem cells are thought to produce daughter cells, which move 

toward the lumen and then differentiate, forming distinct epithelial layers. This classic 

paradigm for the organization of a stratified epithelium is evident in the early histologic 

descriptions of the layered cells of the epidermis.10

This report defines distinct layers within the true vocal fold epithelium. Recent attempts to 

bioengineer laryngeal tissue11,12 and increasing interest in characterizing the early stages of 

laryngeal cancer13 require a precise definition of distinct layers in the normal state in order 

to assess whether bioengineered tissues mimic the endogenous organ or similarly to assess 

how premalignant cells are ordered differently than normal ones. This study defines a 

molecular nomenclature of the cells of the true vocal fold and thus lays a foundation for the 

characterization of the physiological and pathological changes that occur within the 

epithelium during regeneration and disease.

MATERIALS AND METHODS

Human Samples

The Partners Human Research Committee and Massachusetts Eye and Ear Infirmary Human 

Subjects Committee approved the collection and use of cadaver specimens. Larynges were 

obtained from autopsy specimens. The specimens were fixed in formalin, embedded in 

paraffin, and sectioned at 5 μm. Cross sections were taken from the midportion of the 

membranous vocal folds of three adult male specimens and two adult female specimens.
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A serial section was stained with hematoxylin and eosin (H&E) and analyzed by a 

pathologist to confirm the absence of pathology.

Immunofluorescence

Immunofluorescence was performed on paraffin sections after deparaffinization and 

rehydration. Phosphate-buffered saline Tween (PBST) was applied prior to antigen retrieval 

in citrate buffer (pH 6.0). Nonspecific binding was blocked with goat serum (10%) for 10 

minutes. Primary antibodies were incubated overnight at 4 °C. Slides were washed with 

PBST, and secondary fluorescent antibodies were applied. DAPI Fluoromount-G mounting 

media (SouthernBiotech, Birmingham, AB) was used.

Images were visualized using an Olympus IX81 inverted fluorescence microscope or an 

Olympus FV10i Confocal Laser Microscope (Olympus, Tokyo, Japan). The primary 

antibodies used are summarized in Table I. The secondary antibodies were purchased from 

Invitrogen (conjugated to Alexa Fluor 488, Alexa Fluor 549, Alexa Fluor 647). Images were 

collected at 4×, 40×, and 60× and merged with cellSens digital imaging software (Olympus) 

and Fiji .14

The trachea was used as the positive control for respiratory markers and the negative control 

for squamous markers. The esophagus was the positive control for squamous markers and 

negative control for respiratory markers. Stains performed without primary antibodies were 

also used as negative controls.

RESULTS

Histology and Morphology

All H&E sections of true vocal fold tissue were analyzed by a head and neck pathologist 

(P.M.S.) to ensure that the samples were free of dysplasia or keratosis.

Molecularly Defining the Stratified Squamous Region of the Vocal Fold

In our samples, the stratified squamous epithelium of the human true vocal fold expresses 

cytokeratin 13 (CK13) in the absence of cytokeratin 8 (CK8) expression. In contrast, CK8 is 

expressed in the ciliated epithelium of the larynx in the laryngeal ventricle, supraglottis, and 

subglottis. Indeed, CK8 and CK13 staining are mutually exclusive and clearly delineate the 

region of stratified squamous epithelium in the human vocal fold (Fig. 1, left panels) and 

ciliated epithelium (Fig. 1, right panels). Of note, CK13 expression extends throughout the 

entire stratified epithelium, excepting the majority of basal cells that directly attach the 

basement membrane (Fig. 1, bottom left panel). Cytokeratin 13 is also expressed in 

intermediate epithelial cells flanking the supraglottic and infraglottic transition regions of 

the true vocal fold and regions of the false vocal fold (data not shown).

Defining Distinct Layers Within the CK13-Positive Stratified Squamous Epithelium

As noted above, the broad pattern of CK13 expression within the stratified squamous vocal 

fold epithelium includes all of the cell layers extending downward from the luminal surface, 

with the exception of the majority of the single cell layer thick basal cell stratum (Fig. 1, 
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bottom left panel and Fig. 2). Basal cells are defined by their close apposition to the 

basement membrane and the specific expression of nerve growth factor receptor (NGFR/

p75). There are occasional cells that are double-positive for both CK13 and NGFR (Fig. 2, 

arrow), which may represent transitional cells exiting from the basal cell layer and beginning 

to differentiate into a more superficial parabasal cell type. However, the vast majority of 

CK13 expressing cells do not express NGFR/p75 (Fig. 2).

Further strata of cells can be identified by using the expression pattern of involucrin and 

cytokeratin 14 (CK14) to distinguish cell types. Cytokeratin 14 is expressed in the bottom 

three to four layers of epithelial cells, including the single cell layer thick basal cell stratum, 

whereas involucrin is expressed in the upper layers of the epithelium. Interestingly, most 

cells expressing CK14 do not express involucrin, but together they account for nearly every 

cell type in the epithelium (Fig. 3). Thus, these two markers broadly distinguish cells in an 

involucrin+ upper strata (4–6 cell layers thick) and a CK14+ lower strata (3–4 cell layers 

thick). However, occasional cells double positive for CK14 and involucrin are observed 

(arrow) and again are hypothesized to represent transitional cells (Fig. 3). Of the multiple 

layers of CK14+ cells, the lowest layer represents the NGFR+ single-cell thick basal cell 

stratum, whereas the CK14+NGFR− cells above the basal cell layer are arranged in a two to 

three cell layers thick region, which we refer to as a parabasal strata. In aggregate, three 

distinct layers of cells are described by correlating the expression NGFR, CK14, and 

involucrin (Fig. 4). We refer to these layers as a basal layer, a parabasal layer, and a 

differentiated squamous cell layer.

We then attempted to categorize the proliferative behavior of the three strata of cells that we 

identified by staining for the proliferation marker Ki67. The Ki67+ cells were rare in the 

involucrin-positive uppermost layer of cells, consistent with the notion that these cells are 

postmitotic differentiated cells. Surprisingly, Ki67 is predominantly expressed in the 

NGFR−CK13+ parabasal cell layers (Fig. 5). Thus, the parabasal CK13+NGFR− cell 

population is the most replicative cell layer, whereas the NGFR+ putative stem cell 

population is largely quiescent, and the differentiated involucrin+ cell population appears 

postmitotic.

DISCUSSION

In this study, we aimed to present a molecular signature of newly identified distinct cell 

layers within the adult human stratified squamous epithelium of the true vocal fold. We first 

defined the region of stratified true vocal fold epithelium as an epithelium expressing CK13 

in order to distinguish it from CK8-expressing ciliated epithelium. This definition eliminates 

the possibility that we assess laryngeal intermediate epithelium, which has features of both 

squamous and ciliated epithelium and which frequently expresses both CK8 and CK13.15,16 

Intermediate epithelia, at various stages between columnar and squamous epithelium, have 

been described in the nasopharynx, the epiglottis, and in other parts of the larynx.17,18 

Interestingly, in addition to its expression in normal stratified squamous epithelia, CK13 is 

also expressed in tissue undergoing squamous metaplasia, whereas reduced CK13 

expression is associated with dysplasia and squamous cell cancer.19
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Because several studies have examined the expression patterns of CKs by 

immunofluorescence and by polymerase chain reaction in normal and precancerous 

laryngeal tissues,3,4,20,21 and have correlated changes in CK expression with malignant 

progression, we characterized a battery of CK antibodies to define strata in normal laryngeal 

tissue. Indeed, we find that CK13 and CK14 together reliably and reproducibly mark every 

one of the cells of the epithelium, but they overlap considerably. Within the CK13+ cell 

layers, however, the involucrin+ subset of layers occurs at the luminal surface of the 

epithelium and likely represents the most mature differentiated squamous cells.22,23 Indeed, 

involucrin is known to be expressed at the surface of stratified squamous epithelia of the 

epidermis, hard palate, and buccal mucosa.24 Of note, an association between involucrin 

expression and well-differentiated tumors has been demonstrated in several studies.25,26

Basal cells, on the other hand, are morphologically defined as those cells closest to the 

basement membrane and are often thought to represent the germinative stem cells of their 

respective tissues. Basal cells are generally known to express NGFR, CK14, and p63, in 

addition to other markers.13 After testing a battery of known basal cell markers within the 

true vocal fold stratified epithelium, we found that NGFR is the only reliable antibody that 

marks basal cells exclusively. Surprisingly, markers associated with the basal cells of other 

tissues (including p63) are normally detected in parabasal cells.

Several studies of various epithelia have identified stem cells within the basal cell 

population, suggesting that the basal cell layer contains the least mature germinative cells of 

the epithelium.2,8,13 However, no definitive proof of a stem cell can be proffered without 

lineage tracing, and this has yet to be performed within the vocal fold epithelium. In many 

respiratory and epidermal epithelia, basal stem cells are the replicating workhorses of the 

epithelium. In contrast, we find that the vast majority of Ki67+ cells lie within the 

NGFR-CK13+CK14+ parabasal layer of cells. Because basal cells are often thought to 

represent stem cells, we speculate that the stem cells of the vocal fold epithelium are 

quiescent in analogy to the stem cells of the hematopoietic system.27 Instead, we suggest 

that the vocal fold epithelium maintains itself largely through a transit-amplifying set of 

parabasal progenitor cells. Perhaps the stem cell compartment is necessary to regenerate the 

epithelium after injury or infection, but normally it may represent a reserve population of 

protected cells. Because we find only very rare Ki67+ cells within the uppermost involucrin+ 

layers, this lends credence to the notion that involucrin defines the most mature 

differentiated cells within the epithelium of the true vocal fold, which presumably subsume 

an epithelial barrier function and provide physical integrity to the epithelial surface.

In all, we have attempted to provide a molecular roadmap for distinct populations of cells 

that exist within strata within the adult stratified squamous epithelium of the human true 

vocal fold. The distribution of markers suggests a functional segregation of different cell 

types, as well as a gradient of differentiation from basal stem cells to the most mature 

differentiated luminal squamous cells (Fig. 6). Additional studies on pure distinct cell 

populations will be required to test their cellular and molecular function. Interestingly, the 

most replicative cells are often considered as cellular sources of malignancy. In this case, 

those cells are not putative basal stem cells, but are most likely transit-amplifying parabasal 

progenitors. We note, for example, that in the case of leukemia, although mutations can arise 
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in stem cells, the leukemogenic action of many oncogenes and tumor suppressors occurs at 

the level of transit-amplifying progenitors. Indeed, in a murine model, Leydon et. al 

demonstrated BrdU label-retaining cells that turn over slowly are largely quiescent stem/cell 

progenitors,28 whereas parabasal cells are rapidly replicating, which suggests that they act as 

transit-amplifying progenitor cells. However, determining which cell is the true cell of origin 

of laryngeal cancer requires some form of lineage tracing, or a computational reconstruction 

of the clonal evolution of cells within a cancer based on single-cell genomic or 

transcriptional data.29 That said, our newly presented molecular architecture offers a 

preliminary method for characterizing the cells types and their geometric aberrations in 

disorders of the laryngeal epithelium ranging from metaplasia to premalignancy to frank 

laryngeal cancer.

CONCLUSION

We established that three specific layers of cells exist within the normal adult stratified 

squamous true vocal fold epithelium and are defined by the expression patterns of NGFR, 

CK14, CK13, and involucrin. Infrequent double-positive cells were observed at the 

boundaries of strata and may represent transitional cell types. Furthermore, despite noting 

proliferating basal cells, we placed most of the proliferating cells within a transit-amplifying 

parabasal cell layer and demonstrated that Ki67 is excluded from the involucrin-positive 

differentiated luminal cell layers.
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Fig. 1. 
Stratified squamous epithelium of the adult human vocal fold (left panels) can be defined by 

the expression of CK13 (green) and the absence of CK8 (red). The ciliated laryngeal 

epithelium (right panels) displays the converse expression pattern. The bottom panels show 

markers overlaid on nuclei stained by DAPI. CK13 expression extends throughout the entire 

stratified epithelium, sparing some rare basal cells that directly attach the basement 

membrane. Scale bars 10 μm. CK = cytokeratin; H&E = hematoxylin and eosin. [Color 

figure can be viewed in the online issue, which is available at www.laryngoscope.com.]
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Fig. 2. 
Basal cells express NGFR/p75 in a single layer of cells sitting atop the basement membrane. 

In contrast, nonbasal cells express CK13. A rare cell expresses both NGFR and CK13 

(arrow) and may represent a differentiating transitional cell. Scale bars 5 μm. CK = 

cytokeratin; NGFR = nerve growth factor receptor. [Color figure can be viewed in the online 

issue, which is available at www.laryngoscope.com.]
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Fig. 3. 
CK14 labels the bottom three to four cell layer thick strata of epithelial cells, whereas 

involucrin labels the upper five to six layers of cells. Most CK14 expressing cells do not 

express involucrin. Very occasional cells coexpress CK14 and involucrin (arrow). Scale bars 

10 μm. CK = cytokeratin. [Color figure can be viewed in the online issue, which is available 

at www.laryngoscope.com.]
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Fig. 4. 
Three distinct layers of cells can be distinguished within the stratified squamous epithelium 

of the true vocal fold, as indicated by the expression of CK13 (green) and NGFR (red) on 

the top left panel and involucrin (magenta) and CK14 (cyan) on the top right panel. In the 

lower panels, CK13, CK14, and NGFR-staining demonstrate a population of NGFR−, 

CK13+, and CK14+ parabasal cells. The lower panels include CK13, CK14, and NFGR 

(left); NGFR and CK13 (center); and CK13 and CK14 (right). Scale bars 2 μm. CK = 

cytokeratin; NGFR = nerve growth factor receptor. [Color figure can be viewed in the online 

issue, which is available at www.laryngoscope.com.]
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Fig. 5. 
Proliferation is largely confined to suprabasal layers of the vocal fold epithelium. Left 

panels: The majority of Ki67 expression (yellow) is seen in involucrin− cells. Coexpression 

of Ki67 (yellow) and Involucrin (magenta) is rare. Right panels: Within the proliferative 

compartment, Ki67 positive cells (yellow) are predominantly found in cytokeratin 

13+NGFR− parabasal cells (arrows). NGFR (red) is expressed in basal cells. Scale bars left 

panels 10 μm; scale bars right panels 5 μm. CK = cytokeratin; Ki67 = proliferation marker; 

NGFR = nerve growth factor receptor. [Color figure can be viewed in the online issue, which 

is available at www.laryngoscope.com.]
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Fig. 6. 
Distinct layers within the stratified squamous epithelium of the true vocal fold. The cartoon 

depicts layers within the stratified squamous epithelium. Basal cells are characterized by 

NGFR/p75 expression (red). Ki67 expression (yellow) is noted to occur largely in the 

involucrin−CK14+ parabasal cell layers. Differentiated luminally biased involucrin-positive 

cells (magenta) are the most differentiated cells of the epithelium and are postmitotic 

functional barrier cells. CK = cytokeratin; Ki67 = proliferation marker; NGFR = nerve 

growth factor receptor. [Color figure can be viewed in the online issue, which is available at 

www.laryngoscope.com.]
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TABLE I

Antibodies for Paraffin Sections.

Antigen Host Source Catalogue No. Dilution

CK13 mouse Thermo 2D7 1:10

CK8 rat DSHB Troma-1 1:10

NGFR/p75 rabbit Abcam ab52987 1:25

Involucrin mouse Sigma SY5 1:100

CK 14 mouse Millipore LL022 1:50

NGFR/p75 rabbit Abcam ab52987 1:10

Ki67 rat eBioscience 14–5698 1:100

CK = cytokeratin; Ki67 = proliferation marker; NGFR = nerve growth factor receptor.
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