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Introduction

Matrix metalloproteinases (MMPs) are notable for their 
proteolytic activities on a wide variety of proteins that 
include those of extracellular matrix (ECM).1 Currently, 
there are at least 28 family members of these zinc-
dependent enzymes, and it is anticipated that new 
members of the family will continue to add to this num-
ber as they are discovered.1 Secreted as inactive pro-
enzymes (pro-MMPs), the classical dogma for 
conversion to active MMPs requires cleaving of the 
propeptide domain to generate active MMP.2 About a 
decade ago, however, reported results of in vitro bio-
chemical experiments showed that three members of 

the small integrin-binding ligand N-linked glycoproteins 
(SIBLINGs) family bind and activate specific pro-MMPs 
without the necessity to cleave the propeptides.3 It was 
further shown that resultant SIBLING/MMP pairs 
exhibit substantial resistance to the inhibitory activities 
of the tissue inhibitors of MMPs (TIMPs).3
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Summary
We recently reported the expression of matrix metalloproteinase 20 (MMP20), hitherto thought to be tooth specific, in 
the metabolically active ductal epithelial cells of human salivary glands. Furthermore, our report indicated that MMP20 co-
expressed and potentially interacts with dentin sialophosphoprotein (DSPP), a member of the small integrin-binding ligand 
N-linked glycoproteins (SIBLINGs). Our earlier reports have shown the co-expression of three MMPs, MMP2, MMP3, 
and MMP9, with specific members of the SIBLING family: bone sialoprotein, osteopontin, and dentin matrix protein 1, 
respectively. This study investigated the expression of MMP20 and verified its co-expression with DSPP in human and 
monkey kidney sections and human mixed renal cells by IHC, in situ proximity ligation assay, and immunofluorescence. 
Our results show that MMP20 is expressed in all segments of the human and monkey nephron with marked intensity in 
the proximal and distal tubules, and was absent in the glomeruli. Furthermore, MMP20 co-expressed with DSPP in the 
proximal, distal, and collecting tubules, and in mixed renal cells. Consistent with other SIBLING–MMP pairs, the DSPP–
MMP20 pair may play a role in the normal turnover of cell surface proteins and/or repair of pericellular matrix proteins 
of the basement membranes in the metabolically active duct epithelial system of the nephrons. (J Histochem Cytochem 
64:623–636, 2016)
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The roles of MMPs in normal physiological as well 
as pathological processes are well documented and 
include their role in organ involution during develop-
ment, wound healing, invasion, and metastasis of can-
cers.4 Their role in kidney development also has been 
reported.5 About a decade ago, we identified MMP2, 
MMP3, and MMP9 as the cognate MMP partners of 
bone sialoprotein (BSP), osteopontin (OPN), and den-
tin matrix protein 1 (DMP1), respectively, and reported 
their co-expression in specific segments of the neph-
ron and other metabolically active ductal epithelia of 
the salivary glands and eccrine sweat gland.6–8 
However, the MMP partners of the two other SIBLINGs, 
dentin sialophosphoprotein (DSPP) and matrix extra-
cellular phosphoglycoprotein (MEPE), remained 
unknown until our very recent reports of the co-expres-
sion and interaction of MMP20 with DSPP in human 
oral squamous cell carcinoma (OSCC), and in normal 
human major salivary glands.9,10 Significantly, all the 
SIBLINGs with known MMP partners invariably have 
been co-expressed with their cognate MMP partners 
in all tissues and cells studied so far.6–11

Until our recent reports,9,10 the expression of 
MMP20 was deemed tooth specific.12–17 Because 
DSPP is expressed in human and monkey nephrons,7 
we hypothesized in the present study that MMP20 is 
also expressed, and co-expresses with DSPP, in adult 
human and monkey kidneys. We investigated this 
hypothesis in tissue sections of normal adult human 
and monkey nephrons, and a mixed renal cell line, 
using IHC, immunofluorescence (IF), and in situ prox-
imity ligation assay (iPLA) techniques.

Materials and Methods

Tissue and Cells, Culture Conditions, and 
Antibodies

Fresh surgical waste kidneys of monkey (Macaca fas-
cicularis) were obtained from the Tissue Distribution 
Program of the National Primate Research Center 
(University of Washington, Seattle, WA) and routinely 
processed for IHC and other histological procedures 
as reported previously.7 Normal human kidney paraffin 
blocks without patient identifiers were obtained from 
the Mid-Atlantic Division of the Cooperative Human 
Tissue Network (Charlottesville, VA) under a National 
Institutes of Health–approved (exempt) protocol as 
previously reported.7 The normal human primary renal 
mixed epithelial cells (cat# PCS-400-012) were pur-
chased from ATCC (Manassas, VA). Immortalized 
human oral keratinocyte, HOK16B,18 used as a nega-
tive cell control was a kind gift from Dr. Nadarajah 
Vigneswaran (University of Texas School of Dentistry 

at Houston). Human oral keratinocytes (HOKs) whole 
cell lysates (cat #2616) were purchased from ScienCell 
Research Laboratories (Carlsbad, CA); OSC2 cell 
line19 was a kind gift from Dr. Stephen Hsu (Georgia 
Regents University, GA). De-identified archived paraf-
fin sections of human OSCC were used as positive 
controls for MMP20 expression.9 Renal cells were cul-
tured in renal epithelial cell basal medium (cat# PCS-
400-030; ATCC) supplemented with a renal epithelial 
cell growth kit (cat# PCS-400-040; ATCC) containing 
growth supplements. Culture conditions for HOK16B 
and OSC2 cells have been published earlier in detail.9 
Antibodies used in this study have been published.10

Immunohistochemistry

Approximately 4- to 5-µm sections of paraffin-embed-
ded, normal human and monkey kidney sections 
were used for IHC and iPLAs. Antibodies for the 
MMP20 (bs-5788R, rabbit polyclonal) and DSPP 
(LFMb-21, sc-73632, mouse monoclonal) were pur-
chased from Bioss Inc. (Woburn, MA) and Santa 
Cruz Biotechnology (Dallas, TX), respectively. IHC 
was carried out on formalin-fixed paraffin-embedded 
normal human and monkey kidney sections with 
MACH 2 AP-Polymer Detection Kit (Mouse MALP521/
Rabbit RALP525; Biocare Medical, Concord, CA) as 
recently described.9,10

Briefly, sections were warmed 15 min at 64C using a 
slide warmer before deparaffinizing in three washes of 
xylene (5 min each), and rehydrating through series of 
ethanol (100%, 95%, and 75%, 5 min each) and deion-
ized water. Antigen retrieval was performed with 
decloaking chamber (Biocare Medical) using DIVA 
Decloaker solution (DV2004; Biocare Medical). 
Endogenous peroxidase activity was quenched by 
treating sections for 10 min with peroxidase blocking 
reagent, Peroxidase 1 (PX968; Biocare Medical), fol-
lowed by Background Punisher (BP974; Biocare 
Medical) for 20 min to reduce nonspecific background 
staining. Sections were then incubated with DSPP 
(1:100), and MMP20 (1:100) diluted in Da Vinci Green 
diluent (PD900; Biocare Medical) overnight at 4C. 
Thereafter, sections were treated with mouse or rabbit 
AP polymer for DSPP and MMP20, respectively, for 30 
min at room temperature before incubating with Warp 
Red chromogen (WR806; Biocare Medical) for 5 min 
and counterstaining with hematoxylin (SH26-500D; 
Fisher Scientific, Pittsburg, PA). Tris-buffered saline 
(BP2471; Fisher Scientific) with 0.05% Tween-20 (TBS-
T) was used as washing buffer during the IHC protocol. 
For negative controls, similar protocol was performed 
except primary antibodies were replaced with Universal 
Negative Control Serum (NC498; Biocare Medical).
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Multiple-label IHC was performed on consecutive 
normal human and monkey kidney sections using the 
MACH 2 Double Stain 2, Mouse-HRP + Rabbit-AP Kit 
(MRCT525; Biocare Medical) manually. Slides were 
deparaffinized, rehydrated, and antigen retrieved as 
described above. Endogenous peroxidase activity to 
reduce nonspecific background staining was accom-
plished as described above for single staining. 
Sections were then incubated for 1 hr with an anti-
body cocktail of DSPP (1:100), and MMP20 (1:100) 
diluted in Da Vinci Green diluent at room tempera-
ture, and with MACH 2 polymer for 30 min before 
treatment with DAB (3,3′-Diaminobenzidine; 
BDB2004; Biocare Medical) for 5 min and Warp Red 
for 7 min (Biocare Medical), or Deep Space Black 
(BRI4015; Biocare Medical) for 5 min. Counterstaining 
with hematoxylin was for 5 sec. All sections were 
washed with TBS-T buffer during the IHC protocol. 
For negative controls, similar steps were carried out 
except that Universal Negative Control Serum 
(Biocare Medical) substituted for primary antibodies. 
Photographs of representative results were captured 
using the Eclipse Ni-E microscope with Nikon DS-U3 
digital camera and NIS-Elements Advanced Research 
software (Nikon, Melville, NY).

Immunofluorescence

Primary mixed renal cells, OSC2 cells (positive con-
trol), and HOK16B cells (negative controls) were 
plated on coverslips in a 6-well dish overnight before 
washing three times with 1× PBS and fixed in 3% 
paraformaldehyde for 20 min. Thereafter, cells were 
permeabilized in 0.1% Triton X-100 for 10 min and 
treated with blocking buffer (1× PBS, 3% goat serum) 
for 1 hr at room temperature, followed by overnight 
incubation at 4C with primary antibodies to MMP20 
and DSPP diluted in blocking buffer. Coverslips were 
washed three times with 1× PBS before incubating 
with secondary antibodies for 1 hr. Cells were then 
mounted with Prolong Gold anti fade reagent with 
4′,6-diamidino-2-phenylindole, dilactate (DAPI; cat# 
P36931; Life Technologies, Grand Island, NY).

In Situ Proximity Ligation Assay

iPLA was used to investigate the proximity and poten-
tial specific cellular interactions of MMP20 with DSPP 
in human and monkey kidney tissue sections. Before 
iPLA, fixed, paraffin-embedded human and monkey 
kidney tissue sections were deparaffinized and anti-
gen retrieved. iPLA was carried out using the HRP/
NovaRed detection kit from Olink Bioscience accord-
ing to the manufacturer’s protocol (cat# DUO92012; 

Sigma-Aldrich, St. Louis, MO). Briefly, tissue sections 
were incubated with primary anti-MMP20 polyclonal 
(rabbit) antibody and anti-DSPP monoclonal (mouse) 
antibody, or with normal rabbit/mouse IgG before 
incubation with corresponding secondary antibodies 
conjugated to oligonucleotides (PLA probes; MINUS 
and PLUS) at 37C for 1 hr. T4-DNA ligase (Olink 
Bioscience), rolling circle amplification (RCA) was 
accomplished following the manufacturer’s instruc-
tion. Thereafter, HRP/NovaRed oligonucleotide 
(Sigma-Aldrich) was used to detect RCA products on 
sections. Protein–protein interaction was evidenced 
as brownish-red punctate, dust-like signals. Images 
were captured using the Nikon Eclipse Ni-E micro-
scope and NIS-Elements Advanced Research soft-
ware (Nikon).

Results

IHC Analysis of MMP20 and DSPP Co-
expression in Normal Kidney Tissues and Cells

IHC on normal human and monkey kidney sections 
and IF on primary mixed renal cells were analyzed 
for the expression of MMP20 and its co-localization 
with DSPP. Immunoreactivity for MMP20 was 
observed in all segments of the nephron with more 
intense expression in the proximal and distal tubules 
in both human (Fig. 1A) and monkey (Fig. 1D) kid-
neys, whereas the glomeruli showed negative immu-
noreactivity for MMP20. Consistent with previous 
reports,7 DSPP immunoreactivity was observed in 
the proximal and distal tubules as well as the collect-
ing ducts (Fig. 1B and E). Double immunolabeling 
showed co-localization of MMP20 with DSPP at the 
proximal, distal, and collecting tubules of the neph-
ron on serial sections (Fig. 1C and F). The positive 
control consisted of tissue section of human OSCC 
(Fig. 1G),9 whereas normal human mucosa was used 
as the negative control (Fig. 1H).9 Figure 1I repre-
sents preimmune IgG negative controls on monkey 
kidney tissue sections.

IF Analysis of MMP20–DSPP Co-expression in 
Human Mixed Renal Cells

We used IF to investigate the co-localization of MMP20 
and DSPP in normal human mixed renal cells. As 
shown in Fig. 2A to C, MMP20, DSPP, and MMP20 co-
localized with DSPP in normal human primary renal 
mixed epithelial cells. Preimmune IgG negative control 
is shown in Fig. 1D, whereas HOK16B and OSC2 cells 
served as negative (Fig. 1E) and positive (Fig. 1F) cell 
controls, respectively.9,10
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iPLA Analyses of MMP20–DSPP Interaction in 
Human and Monkey Kidneys

The recently described iPLA was developed as a means 
of visualizing pairs of proteins in sufficient proximity to 
indicate interacting pairs represented as dot signals in 
conventional fluorescent light microscopy (see also 
“Materials and Methods” section).9,10 To determine any 
potential MMP20–DSPP interaction, we performed 
iPLA in normal human and monkey kidney tissue sec-
tions. As shown in Fig. 3, iPLA on human (Fig. 3A–D) 
and monkey (Fig. 3G–J) kidney tissue sections con-
firmed perinuclear and nuclear duct signals (intense 
brown dusts and dots), indicating MMP20 and DSPP 
co-localization and interaction. iPLA showed MMP20–
DSPP interaction to be specific in both human (Fig. 3A) 
and monkey (Fig. 3G) kidney sections, and precluded 
MMP20 pairing with the other SIBLINGs, BSP (Fig. 3B 
and H), OPN (Fig. 3C and I), and DMP1 (Fig. 3D and J) 
with known specific MMP partners, MMP2, MMP3, and 

MMP9, respectively. iPLA on sections of human OSCC 
known to co-express MMP20 and DSPP served as the 
tissue positive control (Fig. 3F), whereas normal oral 
mucosa known to express neither MMP20 nor DSPP 
was used as the tissue negative control (Fig. 3L). 
Preimmune IgG negative controls for human and mon-
key kidneys are shown in Fig. 3E and K.

Discussion

To our knowledge, this is the first report of in situ 
expression of MMP20 in tissues and cell lines of nor-
mal adult kidneys by IHC, iPLA, and IF. MMP20 
expression has, until our very recent reports, been 
assumed to be tooth specific.12–17,21 Results of stud-
ies suggesting a possible role for MMP20 in renal 
function in the context of aging,22–24 and a recent 
report of the presence of MMP20 mRNA in the human 
retina and human retinal pigment epithelium (RPE)/
choroid, have been published.25

Figure 1. MMP20 and DSPP co-localize in normal human and monkey kidney tissue. IHC on normal human kidney sections showed 
immunoreactivity of MMP20 (A, red, alkaline phosphatase chromogen), DSPP (B, black, HRP chromogen), and their co-localization (C, 
reddish black) in proximal, distal, and collecting tubules. Similar to human kidneys, IHC on monkey kidney sections showed immunore-
activity of MMP20 (D, red, alkaline phosphatase chromogen), DSPP (E, brown, HRP chromogen), and their co-localization (F, reddish 
brown) in proximal, distal, and collecting tubules. Double-labeled IHC of OSCC served as positive (G, reddish black; MMP20, red alkaline 
phosphatase chromogen; and DSPP, black HRP chromogen) control. Normal human oral mucosa served as tissue negative control (H), 
whereas preimmune IgG negative control on monkey sections is shown in panel I. Abbreviations: MMP20, matrix metalloproteinase 20; 
DSPP, dentin sialophosphoprotein; OSCC, oral squamous cell carcinoma. Scale bars = 100 µm.
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Figure 3. Interaction of MMP20 and DSPP in normal human and monkey kidneys. In situ proximity ligation assay shows matrix metal-
loproteinase interactions (brown dusty dots) with DSPP in human (A) and monkey (G) kidney tissue sections. There was no interaction 
of MMP20 with BSP (B, H), osteopontin (OPN; C, I), or DMP1 (D, J), validating the specificity of the MMP20–DSPP interaction previously 
reported.9,20 Sections of OSCC served as tissue positive control (F), whereas normal oral mucosa served as tissue negative control (L). 
IgG negative controls for human and monkey sections are shown in panels E and K, respectively. Abbreviations: MMP20, matrix metal-
loproteinase 20; DSPP, dentin sialophosphoprotein; BSP, bone sialoprotein; OPN, osteopontin; DMP1, dentin matrix protein 1; OSCC, 
oral squamous cell carcinoma. Scale bars = 100 µm.

Editor’s Highlight

Figure 2. MMP20 and DSPP co-localization in human mixed renal cells. Immunofluorescence for MMP20 (red; A), DSPP (green; B), and 
their co-localization (yellow hue; C) in mixed renal cells is shown. IgG negative control is shown in panel D. Immortalized human oral 
keratinocytes, keratinocyte (HOK16B) cells, known to be negative for MMP20 and DSPP were used as cell negative control for MMP20–
DSPP (E), whereas OSC2 cells known to co-localize MMP20–DSPP were used as cell positive control (F). Abbreviations: MMP20, matrix 
metalloproteinase 20; DSPP, dentin sialophosphoprotein. Scale bars = 100 µm.
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Following reports that three pro-MMPs, pro-
MMP2, pro-MMP3, and pro-MMP9, each bind with 
high affinity (nM) to specific SIBLINGs: BSP, OPN, 
and DMP1, respectively, and are activated in the pro-
cess in the in vitro biochemical system,3 we reported 
the possible biological relevance of the SIBLING–
MMP pairings in duct epithelial systems of the sali-
vary glands and nephrons.6,7 Our most recent reports 
of the expression of MMP20 in the duct systems of 
human major salivary glands and its co-expression 
with DSPP established MMP20 as the cognate MMP 
partner of DSPP.10 This finding prompted us to inves-
tigate the expression of MMP20 in the kidney. As 
anticipated, MMP20 co-expressed with DSPP whose 
expression in the kidney was reported over 8 years 
ago,7 thereby presenting additional confirmation of 
the MMP20–DSPP cognate pairing in a third biologi-
cal system.

As indicated in our earlier report, the expressions 
of BSP, OPN, and DMP1 (three SIBLINGs with known 
cognate MMPs) were localized to specific segments 
of the duct epithelial cells of the normal human and 
monkey nephrons.7 Although SIBLINGs always co-
expressed with their respective cognate MMP part-
ners, the MMPs also occasionally expressed at 
segments where a SIBLING partner is absent. We 
postulated that the segmental localization of 
SIBLING–MMP pairs may reflect their relevance to 
metabolic function characteristics of such segment.7 
The co-expression of BSP–MMP2 was confined to 
the proximal and distal tubules, whereas OPN–MMP3 
co-expression was distinctly confined to distal tubules. 
MMP3 also was expressed in both the proximal and 
distal tubules.7 DMP1–MMP9 co-expressed through-
out the nephron, including the parietal cells of 
Bowman’s capsule and the thin limb of the loop of 
Henle.7 MEPE expression was distinctly confined the 
proximal tubule.7

Earlier reports of the localization of MMP2 and 
MMP9 in the collecting ducts in the normal rabbit kid-
ney, using sheep polyclonal antisera made against the 
corresponding human proteins, led the authors to sug-
gest MMP2 as a specific marker for the collecting 
tubules.26 However, our subsequent investigations 
using more robustly sensitive MMP2 antibody showed 
localization of MMP2 at both the proximal and distal 
tubules, indicating that MMP2 could not be specific for 
normal collecting ducts.7 There also are reports of in 
vitro studies of MMP expressions by cells designated 
as distinct segments of the nephron27–31 during 
nephrogenesis, and in specific pathologies of the  
kidney.27,30,32–35 The generally assumed roles of MMPs 
in other tissues and organ systems—breakdown of 
ECM in normal physiological processes such as 

embryonic development, reproduction, tissue remod-
eling, and in metastatic processes—also have been 
ascribed to these kidney conditions and pathologies.

Consistent with our previous reports regarding the 
three MMPs (MMP2, MMP3, and MMP9) with known 
cognate SIBLING partners,7 our current results also 
show that MMP20 was expressed in nephron seg-
ments where its cognate SIBLING, DSPP, was not 
localized. However, the SIBLINGs continue to localize 
with their known cognate MMPs in the kidney as in 
other biological systems thus far studied.6–8,11 This 
observation remains a very compelling evidence of a 
potential critical role for the SIBLING–MMP interaction 
in physiological and pathological conditions. In duct 
epithelia such as those of the salivary glands, neph-
ron, and eccrine sweat ducts, this role is postulated to 
be that of repairing pericellular matrix proteins of the 
basement membranes damaged in the course of the 
activities of these highly metabolically active duct sys-
tems.6–8 It is noteworthy that, in contrast, the SIBLINGs 
(except for MEPE) are not expressed in such a pas-
sive duct system as that of the normal lacrimal duct.8

Activation of these MMPs classically has required 
the removal of their inhibitory propeptides. However, it 
was demonstrated, over a decade ago, that the three 
SIBLINGs, BSP, OPN, and DMP1, bind and activate 
their respective MMP partners without removal of the 
propeptides.3 With respect to the nephrons, this fact 
shows that every time a nephron cell produces a spe-
cific SIBLING, it also invariably made its cognate 
MMP partner, reinforcing earlier notion that the  
active SIBLING–MMP complex is formed locally.7 
Furthermore, the differential expression of the four 
SIBLING–MMP complexes, including DSPP–MMP20, 
in the nephron suggests that there are different target 
proteins that each cell is modifying.

Reports of MMP20 gene mediating kidney aging is 
thought to be related to two single nucleotide polymor-
phisms seen in age-related decline in kidney func-
tions, notably, decline in glomerular filtration rate.22–24 
Given the general role of MMPs in ECM activities, the 
finding that MMP20 is involved in kidney aging aligns 
with this role as similar ECM changes—glomerular 
basement membrane thickening, increase in the vol-
ume of mesangial matrix, and interstitial fibrosis due to 
increase in matrix and fibrillar collagen accumulation 
in the subintimal space22,36,37—are also evident in 
aging kidney. Earlier reports, indeed, suggested that 
certain activities of MMP20 may contribute to the inter-
stitial fibrosis resulting from increased matrix in aging 
kidney.24–37 As speculated for other MMPs present in 
the kidney,7 MMP20 may be involved in the homeosta-
sis of normal tissue elements. Overall, a definitive role 
for MMP20 in renal function is yet to be described.
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In summary, our current report of the expression of 
MMP20, and its co-expression and potential interac-
tion with DSPP in the kidney, lays additional founda-
tion to investigate specific protein substrates for 
MMP20–DSPP partnering in physiological and vari-
ous pathological conditions of the kidney. In patho-
logical conditions, future findings may offer new 
opportunities for intervention and prevention of kid-
ney diseases. For example, in diseases in which both 
the MMP and its SIBLING partner are upregulated, 
any synthetic MMP protease inhibitor that may be 
proposed to be used to treat the disorder should first 
be shown to work in the presence of that MMP’s 
SIBLING partner.
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