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The identification of novel biomarkers for early prostate cancer diagnosis is highly important because early detection 
and treatment are critical for the medical management of patients. Disruption in the continuity of both the basal cell 
layer and basement membrane is essential for the progression of high-grade prostatic intraepithelial neoplasia (HGPIN) 
to invasive adenocarcinoma in human prostate. The molecules involved in the conversion to an invasive phenotype are 
the subject of intense scrutiny. We have previously reported that matrix metalloproteinase-26 (MMP-26) promotes the 
invasion of human prostate cancer cells via the cleavage of basement membrane proteins and by activating the zymogen 
form of MMP-9. Furthermore, we have found that tissue inhibitor of metalloproteinases-4 (TIMP-4) is the most potent 
endogenous inhibitor of MMP-26. Here we demonstrate higher (p<0.0001) MMP-26 and TIMP-4 expression in HGPIN 
and cancer, compared to non-neoplastic acini. Their expression levels are highest in HGPIN, but decline in invasive cancer 
(p<0.001 for each) in the same tissues. Immunohistochemical staining of serial prostate cancer tissue sections suggests 
colocalization of MMP-26 and TIMP-4. The present study indicates that MMP-26 and TIMP-4 may play an integral role 
during the conversion of HGPIN to invasive cancer and may also serve as markers for early prostate cancer diagnosis.
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Introduction

The defining phenotype of malignancy is the cells’ abili
ty to invade the surrounding stroma and metastasize. This 

requires the degradation of several components of the extra-
cellular matrix (ECM). Matrix metalloproteinases (MMPs) 
are a family of zinc-catalyzed proteolytic enzymes known 
to digest the basement membrane, ECM components, and 
cell surface proteins [1]. MMPs have been linked with 
cancer cell invasion, growth, angiogenesis, inflammation, 
and metastasis [1-5]. In addition, MMPs have been shown 
to play a role in the release of growth factors that can in turn 
contribute to the invasiveness and growth of tumors [6].

Endometase/matrilysin-2 (MMP-26) is a member of the 
MMP family recently cloned by our group and others [7-
10]. MMP-26 is one of the two smallest members of this 
family, exhibiting minimal domain structure consisting of 
a catalytic domain and a prodomain, which maintains the 
enzyme in a latent form prior to its activation. Once active, 
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MMP-26 has been shown to cleave multiple components 
of the ECM, including fibronectin, type IV collagen, vi-
tronectin, gelatins, and fibrinogen, as well as nonECM 
proteins such as insulin-like growth factor-binding protein-
1 and α-1 protease inhibitor [7-11]. MMP-26 is also able 
to activate progelatinase B (pro-MMP-9), an enzyme that 
plays a critical role in ECM remodeling [12]. 

MMP-26 mRNA is primarily expressed in epithelial 
cancers, such as lung, breast, endometrial, and prostate 
carcinomas [7-10]. Our previous studies have shown 
that MMP-26 expression in human prostate carcinoma is 
significantly higher than that in prostatitis, benign pros-
tate hyperplasia (BPH), and normal prostate tissue [12]. 
In addition, our group has shown that the expression of 
MMP26 in human breast tissue is significantly higher 
during preinvasive ductal carcinoma in situ (DCIS) when 
compared to infiltrating ductal carcinoma (IDC), atypical 
intraductal hyperplasia (AIDH), and normal breast epithelia 
adjacent to DCIS and IDC [13]. These results suggest that 
MMP-26 plays an important role in the early stage prior to 
the development of invasive breast and prostate cancers. 

The activity of MMPs is regulated locally by specific 
tissue inhibitors of metalloproteinases (TIMPs). Four mem-
bers of the human TIMP family have been identified as 
follows: TIMP-1, TIMP-2, TIMP-3, and TIMP-4 [14-17]. 
The cleavage of synthetic peptides in vitro by MMP-26 is 
inhibited by TIMP-1, TIMP-2, and TIMP-4, with TIMP-4 
displaying the greatest inhibitory potency [7, 13]. TIMP-4 
is a tight-binding and slow-binding inhibitor of MMP-26, 
with an apparent Ki value of 0.62 nM [13]. TIMP-4 mRNA 
has been detected in a variety of normal tissues, including 
those of the heart, kidney, pancreas, colon, testis, endo-
metrium, and placenta [17-19]. Under normal conditions, 
MMPs and TIMPs are expressed at low levels in most adult 
tissues, but may become upregulated in pathophysiologic 
conditions such as wound healing and tumor progression. 
Mimicking the expression pattern of MMP-26, TIMP-4 
expression in human breast DCIS is significantly higher 
than that detected in IDC, AIDH, and in normal breast 
epithelium adjacent to DCIS and IDC [13]. The thera-
peutic potential of TIMP-4 in the treatment of malignant 
progression has been examined, and the transfection of 
TIMP-4 cDNA into human MDA-MB-435 breast cancer 
cells inhibited tumor cell invasion across Matrigel, a bar-
rier of reconstituted basement membrane components [20]. 
Incubation of these same cells with recombinant TIMP-4 
protein displayed a similar inhibitory effect [21]. 

Much of the cumulative data relating to TIMPs and 
MMPs in prostate cancer indicate that TIMP expression 
decreases in cancer, while the ratio of MMPs to TIMPs 
increases. TIMP-1, -2, and -3 mRNA molecules and pro-
teins were detected in human prostate cancer specimens 

[22, 23], and TIMP-1 has been shown in various studies 
to be downregulated in prostate cancer as compared to 
normal prostate [22, 24]. A study of TIMP-1, -2, and -3 
mRNA showed significant reduction of TIMP2 and 3 
in prostate cancer, as well as significant increases in the 
ratios of MMP-9 to TIMP-1, -2, and -3, and in the ratio of 
MMP-14 to TIMP-3 [23]. 

Here, we explore the expression of MMP-26 and TIMP-
4 in human prostate tissue. We show that the expression 
of MMP-26 and its most potent endogenous inhibitor, 
TIMP-4, are highest in preinvasive high-grade prostatic 
intraepithelial neoplasia (HGPIN), and that levels of the two 
proteins decline significantly in adjacent areas of cancer in 
the same tissues. Moreover, immunohistochemical stain-
ing of serially sectioned prostate cancer tissues suggests 
colocalization of MMP-26 and TIMP-4. These results are 
analogous to our previous findings in human breast cancer 
showing that MMP-26 is closely coordinated with TIMP-4, 
with both proteins showing maximal expression in prein-
vasive DCIS. The combined data from these investigations 
indicate that MMP-26 and TIMP-4 may be involved in 
early carcinoma development and the transformation to 
an invasive phenotype.

Materials and Methods

Specificity of antibodies
The two MMP-26 antibodies utilized for this study are directed 

against either the human MMP-26 prodomain sequence of Thr50-
Gln-Glu-Thr-Gln-Thr-Gln-Leu-Leu-Gln-Gln-Phe-His-Arg-Asn-
Gly-Thr-Asp67-NH2 or the C-terminal sequence of Gln246-Arg-Ile-
Gln-His-Leu-Tyr-Gly-Glu-Lys-Cys-Ser-Ser-Asp259-NH2. No peptide 
with >45% level of identity to these selected sequences was found 
as determined using the BLAST search method at the National 
Center for Biotechnology Information website (http://ncbi.nih.gov/
BLAST/). These rabbit polyclonal and monospecific antibodies were 
tested and verified to be highly specific for MMP26 [12]. A goat 
polyclonal antibody against the C-terminal sequence region of MMP-
26 (E-14) was obtained from Santa Cruz Biotechnology, and was 
utilized for the detection of MMP-26 following immunoprecipitation. 
A mouse monoclonal antibody against MMP-9 (Ab-1) was obtained 
from Calbiochem (San Diego, CA, USA). The TIMP-4 antibody 
was directed against the sequence Ser61-Ala-Asp-Pro-Ala-Asp-Thr-
Glu-Lys-Met-Leu-Arg-Tyr-Glu74-NH2. This sequence also shares 
less than 45% homology with any other known peptide. This rabbit 
polyclonal and monospecific antibody was purified, characterized, 
and its specificity validated as described previously [25]. 

Western blot
Proteins were extracted from human malignant prostate tissue 

using T-PER (Pierce, Rockford, IL, USA). Tissue samples were 
homogenized with T-PER (2 ml per 0.1 g of tissue), and after 
centrifugation (10 000 × g, 5 min), the supernatant was collected. 
Tissue extracts were subjected to SDS-PAGE, and then blotted onto 
nitrocellulose blotting membranes (Pall Life Sciences, Pensacola, 
FL, USA). Membranes were blocked in Tris-buffered saline (TBS) 
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solution containing 0.25% Tween 20 and 5% bovine serum albumin 
prior to incubation with primary antibodies. For the detection 
of MMP-26 directly from tissue extracts, rabbit anti-MMP-26 
antibodies were used. For the detection of MMP-26 following im-
munoprecipitation, a goat anti-MMP-26 antibody (E-14) was used. 
Membranes were incubated with alkaline phosphatase-conjugated 
secondary antibodies for 30 min at room temperature, and positive 
bands were visualized using NBT/BCIP substrates (Fisher Biotech, 
Fairlawn, NJ, USA).

Co-immunoprecipitation (co-IP)
To examine the interaction between MMP-26 and TIMP-4, prior to 

treatment of prostate cancer tissue extract with anti-TIMP-4 antibody, 
preimmune IgG was treated with prostate cancer tissue extract to 
minimize nonspecific interactions as follows. One milliliter of tissue 
extract was incubated with 1 mg of rabbit preimmune IgG and 20 ml 
of resuspended protein A/G plus agarose beads (Santa Cruz Biotech-
nology, Santa Cruz, CA, USA) at 4 °C for 1 h. After centrifugation 
(1 000 × g, 5 min), the precleared supernatant was collected and 
the precipitate was used for the detection of MMP-26 as a negative 
control. Collected supernatant was mixed with 1.5 mg of rabbit anti-
TIMP-4 antibody and 20 ml of resuspended protein A/G plus agarose 
beads at 4°C for 4 h. After centrifugation (1 000 × g, 5 min), the 
supernatant was collected and this precipitate was also used for the 
detection of MMP-26. Each precipitate was washed four times with 
phosphate-buffered saline (pH 7.4) followed by centrifugation (1 000 
× g, 5 min). Separated samples were subjected to further analyses by 
Western blot and zymography. To examine the interaction between 
TIMP-4 and MMP-9 or MMP-26 and MMP-9, complexes of rabbit 
anti-TIMP-4 antibody and protein A/G agarose beads or complexes 
of rabbit anti-MMP-26 antibody and protein A/G agarose beads were 
used to draw down TIMP-4 or MMP-26, respectively.

Gelatin zymography
Gelatin zymography was performed for MMP-9 detection. For 

this, 0.5 mg/ml gelatin was co-polymerized into a 10% polyacryl-
amide resolving gel at the time of casting. Complexes of rabbit 
anti-TIMP-4 antibody and protein A/G agarose beads or complexes 
of rabbit anti-MMP-26 antibody and protein A/G agarose beads 
or supernatant during immunoprecipitation were then subjected 
to separation by gelatin-SDS-PAGE. Following electrophoresis, 
the gel was immersed in buffer containing 0.01% Brij-35, 10 mM 
HEPES/NaOH, 10 mM NaCl, 10 mM CaCl2, 0.1 mM ZnSO4, pH 7.5, 
at 4 °C for 12 h six times to remove SDS and allow enzymatic gelatin 
substrate hydrolysis. The gel was stained in 0.025% Coomassie blue 
in methanol:acetic acid:water (volume ratio of 5:1:4) for 4 h. Finally, 
the gel was destained with ethanol:acetic acid:water (volume ratio 
of 1:1:8) for 2 days.

Immunohistochemistry
Formalinfixed, paraffinembedded human prostate cancer tissues 

serially sectioned and fixed on slides were obtained from Mayo Clinic 
(Jacksonville, FL, USA). All the tissue sections are of the same thick-
ness of 4 mm. The sections were dewaxed with xylene and rehydrated 
successively in 100% ethanol, 95% ethanol, and distilled water. The 
slides were then subjected to antigen retrieval by boiling in 0.1 mM 
citric acid (pH 6.0) for 12 min. The samples were then incubated 
with primary antibody diluted to 25 mg/ml in blocking buffer (0.2% 
Triton X-100, 5% normal goat serum, and 3% bovine serum albumin 

in TBS) for 1 h at room temperature. The primary antibodies used 
were affinitypurified polyclonal rabbit antihuman proMMP26 
and TIMP-4 [12, 25], or were obtained from commercial sources 
and derived from different species. Purified preimmune IgG from 
rabbit was used as a negative control. After the primary antibody 
was rinsed off with TBS, the tissue sections were incubated with an 
alkaline phosphatase-conjugated secondary antibody (Sigma) diluted 
1:1000 in blocking buffer. Signals were detected by adding Fast Red 
(Sigma). The sections were counterstained lightly with hematoxylin 
for viewing of nonreactive cells.

Evaluation and statistical analysis
Each slide was examined at 400× using a Nikon Eclipse 50i 

microscope with a QImaging 1394 QICAM camera system. With 
the QcapturePro program v. 5.0, images of the most representative 
areas of non-neoplastic acini, HGPIN (if present), and cancer were 
photographed, obtaining three separate JPEG images of each. The im-
ages were analyzed on a Windows 2000 PC using the public domain 
NIH Image program, ImageJ, developed at the National Institutes of 
Health and available on the Internet (http://rsb.info.nih.gov/nih-im-
age/). For each picture, three spatially separate epithelial cytoplasmic 
areas, excluding the nuclei, were measured. After an outline had been 
traced around the area using the freehand spline, the Analyze/Mea-
sure function was used to record the mean color intensity within the 
selected area. The mean intensity of at least three separate areas from 
each patient sample (n; Table 1) was then calculated and normalized 
to correct for background intensity, and one-way between-subjects 
analysis of variance was performed for each sample type (Benign, 
HGPIN, Cancer). Statistical analysis of low-grade prostatic intraepi-
thelial neoplasia (LGPIN) was not feasible because of its insufficient 
occurrence in the examined tissues. 

Table 1 Study population and staining analysis

Pathology n Mean  Standard  Standard error
  intensity deviation
(a) Statistical analysis for MMP-26 reactivity 
Benign 32 34.92 9.85 1.74 
HGPIN 27 82.01 14.81 2.85 
Cancer 33 61.47 12.61 2.19
(b) Statistical analysis for TIMP-4 reactivity
Benign 36 31.25 11.11 1.85 
HGPIN 28 79.48 15.53 2.93 
Cancer 38 57.72 10.39 1.69 

The mean color intensity and variation in immunohistochemical 
staining from a population of 41 patient specimens as described in 
Materials and Methods (see Immunohistochemistry and evaluation 
and statistical analysis).  n, sample size (number of patient samples, 
out of the original 41, in which the designated pathology was ob-
served). Mean intensity represents the mean of the means, while the 
standard deviation and standard error values are representative of the 
mean intensity derived from each individual patient sample for any 
given pathology/category. Please see Results (Study population) for 
more detailed description.
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Results

Study population
The initial study population consisted of 41 patient 

samples of prostate cancer that had been serially sectioned. 
The specimens had Gleason scores ranging from 2 to 10, 
exclusive of Gleason score 3. As only one patient sample 
representative of Gleason scores 2 or 10 was available, 
these samples were excluded from the study and subse-
quent statistical analyses. Some slides had cancer but not 
benign tissue, or vice versa. Not every case had HGPIN. 
Some pathology was not clearly interpretable. In addition, 
during the immunostaining process some of the tissue 
sections were dislodged from the slides, and not every 
sample contained all three types of epithelium, resulting 
in small fluctuations in the total number of patient samples 
evaluated in each category. After immunostaining the tis-
sues with antibodies against MMP-26 or TIMP-4, three 
categories of epithelium were scored based upon staining 
intensity, showing significant differences (p<0.0001) in 
paired comparisons of non-neoplastic (benign), HGPIN, 
and cancer. The characteristics of the specimens evaluated, 
the resultant mean scores of their normalized values, and 
their deviations are detailed in Table 1.

Detection of pro- and active forms of MMP-26 by Western 
blotting

Unlike other MMPs, pro-MMP-26 proceeds to auto-
activation via cleavage sites that are upstream of the cys-
teine-switch motif [11, 26], and N-terminal sequencing of 
auto-activated MMP-26 reveals several cleavage sites at 
Leu49↓Thr50 [11], Gln59↓Gln60 [26], and Ala75↓Leu76 [11]. 
Comparison of the antigen peptide sequence designed for 
the prodomain of MMP-26 (Thr50-Gln-Glu-Thr-Gln-Thr-
Gln-Leu-Leu-Gln-Gln-Phe-His-Arg-Asn-Gly-Thr-Asp67) 
with the N-terminal sequences of auto-activated MMP-26 
reveals that the anti-prodomain MMP-26 antibody can 
detect both the zymogen and activated forms of MMP-26. 
Figure 1 demonstrates that both the anti-prodomain and 
anti-C-terminal MMP-26 antibodies can recognize both 
the proform and the activated form of bacterially expressed 
MMP-26. For reasons that are not clear, the anti-C-terminal 
MMP-26 antibody is more sensitive than the anti-prodo-
main antibody. Prostate cancer tissue extracts reveal the 
presence of both pro- and activated MMP-26. The anti-
prodomain MMP-26 antibody is capable of detecting many 
forms of activated MMP-26 in the prostate cancer tissue 
extracts, whereas the anti-C-terminal MMP-26 antibody 
is able to detect only one form of activated MMP-26. The 
molecular weights of the activated forms in the tissue 
extract show little variation from the positive bands for 
bacterially expressed MMP-26. 

Detection of MMP-26 and TIMP-4 complex by co-IP
Complexes of the rabbit anti-TIMP-4 antibody and 

protein A/G agarose beads were used to pull down TIMP-
4 from prostate cancer tissue extracts. To examine the 
possibility of complex formation between MMP-26 and 
TIMP-4 in these extracts, a goat anti-MMP-26 antibody 
was used to probe for MMP-26 within the immunopre-
cipitates and in the retained supernatant. Figure 2 shows 
positive signals for MMP-26 in the supernatant fraction 
and perhaps in the anti-TIMP-4 immunoprecipitate. The 
majority of MMP-26 was found in the supernatant, and 
a very small fraction of MMP-26 was complexed with 
TIMP-4, as a very faint MMP-26 band was detected in the 
anti-TIMP-4 fraction (IP_anti-TIMP-4) when compared 
to the immunoprecipitates recovered from the preclearing 
phase (IP_rabbit IgG). A goat polyclonal antibody (E-14, 
Santa Cruz Biotechnology) against near the C-terminal 
sequence region of MMP-26 reveals a band similar to that 
observed with the rabbit anti-C-terminal MMP-26 antibody. 
Although antibodies from different species were utilized, a 
mouse alkaline phosphatase-conjugated anti-goat second-
ary antibody interacted with the rabbit antibody, resulting 
in the detection of the heavy (above 48 kDa) and light (27 
kDa) chains of rabbit IgG.

Detection of pro- and active MMP-9 by gelatin zymography
Expression of MMP-9 from prostate cancer tissue ex-
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Figure 1  Western blot MMP-26 detection from human prostate can-
cer tissue extracts using rabbit anti-prodomain and anti-C-terminal 
MMP-26 antibodies. Bacterially expressed MMP-26 was used as a 
control. Sequence comparisons between the MMP-26 prodomain epi-
tope and N-terminal analyses of activated MMP-26 shows overlap of 
those peptide sequences. As a result, the anti-pro-MMP-26 antibody 
recognizes both the pro- and activated (act-) forms of MMP-26. The 
anti-C-terminal MMP-26 antibody demonstrates a higher sensitivity 
for MMP-26 than the anti-pro-MMP-26 antibody, but recognizes 
only a single active form in the tissue extract.
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tracts was not detected by Western blot analysis perhaps due 
to its low concentration or low antibody sensitivity (data 
not shown). Precipitated TIMP-4/antibody/protein A/G 
complexes or MMP-26/antibody/protein A/G complexes 
were used for zymography. MMP-9 was not detected in 
either the TIMP-4 precipitate (IP_anti-TIMP-4) or the 
MMP-26 precipitate (IP_anti-MMP-26). Pro- and active 
MMP-9 remained in the supernatants (TIMP-4 superna-
tant, MMP-26 supernatant) (Figure 3). Expression levels 
of MMP-9 were very low in these prostate cancer tissues. 
The majority of MMP-9 presented as the proform with very 
little activated MMP-9 detected.

Immunohistochemistry to detect MMP-26, TIMP-4, and 
MMP-9

Immunohistochemical analysis revealed that MMP-26 
was present in the prostatic epithelium as well as in the 
surrounding stroma (Figure 4A–C). The data showed 
that MMP-26 expression in HGPIN and cancer was sig-
nificantly higher than that seen in nonneoplastic epithelia 
(p<0.0001). Furthermore, the expression of MMP-26 was 
maximal in HGPIN, and was found to be expressed at 
significantly lower levels (p<0.001) in cancer within the 
same tissue specimens (Figure 5A). MMP-26 expression 
in cancer displayed no correlation with Gleason score dur-
ing this study (data not shown). The expression of TIMP-4 
was also detected in the prostatic epithelium as well as in 

the surrounding stroma (Figure 4D–F), in a pattern that 
mimicked that of MMP-26. TIMP-4 expression in HGPIN 
and cancer was again significantly higher than that seen in 
non-neoplastic epithelium (p<0.0001), and furthermore, the 
expression of TIMP4 was highest in HGPIN, with signifi-
cantly reduced expression (p<0.0001) in cancer within the 
same tissue specimen (Figure 5B). As before, the expres-
sion of TIMP-4 in HGPIN and cancer was not correlated 
with Gleason score (data not shown). Prostate cancer tissue 
revealed no positive signals for the expression of MMP-9 
using a mouse monoclonal antibody against MMP-9 (Ab-1) 
from Calbiochem (data not shown), in accordance with the 
low levels of MMP-9 expression seen during the gelatin 
zymography assays.

Semi-colocalization between TIMP-4 and MMP-26
Serial sections of prostate cancer tissue were used to 

determine if any areas of colocalization exist between 
MMP-26 and TIMP-4. Figure 6 shows areas of high TIMP-
4 expression that correspond to areas of high MMP-26 
expression, suggesting colocalization between these en-
zymes, while adjacent control sections stained with rabbit 
preimmune IgG produced no positive signals. 

Discussion

MMPs and TIMPs have been associated with invasion 
and metastasis in many human cancers, and evidence is 
growing that MMP-26 and TIMP-4 are important factors 
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Figure 2  Western blot (WB) of immunoprecipitates (IP). TIMP-4 
was drawn down using rabbit anti-TIMP-4 antibodies, and the pre-
cipitates were then probed with a goat anti-MMP-26 antibody against 
the C-terminal. A strong MMP-26 band was detected in the retained 
supernatant fraction (supernatant), while a very weak band was de-
tected in the precipitate (IP_anti-TIMP-4). Blotting of the precipitates 
from preclearing with rabbit preimmune IgG were completely clear 
(IP_rabbit IgG). In both cases, light (27 kDa) and heavy (48 kDa) 
IgG chains, i.e. IgG (L) and IgG (H), were also visualized.

Figure 3 Gelatin zymography of TIMP-4 immunoprecipitate 
from prostate cancer tissue extracts to detect MMP-9. Gelatin (0.5 
mg/mL) was co-polymerized into a 10 % polyacrylamide resolv-
ing gel. IP_anti-TIMP-4 and IP_anti-pro-MMP-26 designate the 
precipitates following immunoprecipitation with anti-TIMP-4 and 
anti-pro-MMP-26 antibodies, respectively, in the presence of protein 
A/G agarose beads. TIMP-4 supernatant and MMP-26 supernatant 
designate the retained supernatant following the procedures detailed 
above. MMP-9 was detected only in the supernatant, and failed to 
form a complex with either the TIMP-4 or MMP-26 antibodies. 
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during prostate cancer progression. The epithelium of 
normal and preinvasive human prostate tissues is physi-
cally separated from the stroma by two continuous layers: 
first by basal cells, and second, by a basement membrane. 
Disruption of both the basal cell layer and the basement 

membrane are prerequisites for carcinoma cell invasion. In 
this study, we show that the levels of MMP-26 and TIMP-4 
in human prostate tissues are significantly higher in HGPIN 
than either non-neoplastic epithelium or cancer. In addition, 
we show that the levels of MMP-26 and TIMP-4 reach their 

A B

C D

E F

Figure 4  MMP-26 and TIMP-4 immunohistochemical staining in non-neoplastic epithelium (arrowhead), HGPIN (thin arrow), 
and cancer (thick arrow). (A–C) MMP-26 immunostaining. (A) HGPIN is stained more intensely than the adjacent non-neoplastic 
epithelium. The areas left and above the region of HGPIN are non-neoplastic tissues representing partial glandular involvement of 
a benign acinus; (B) another example of intense HGPIN staining; and (C) positive staining in cancer tissues. (D–F) TIMP-4 immu-
nostaining. (D) HGPIN is stained more intensely than non-neoplastic epithelium; (E) a second example of intense HGPIN staining; 
and (F) regions of cancer exhibit more intense staining than non-neoplastic epithelium. All pathologic diagnoses were performed by 
KAI in accordance with established criteria [27].
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maximum in HGPIN, then decline significantly as a duct 
or acinus progresses from HGPIN to cancer. Furthermore, 
the parallel expression patterns of MMP-26 and TIMP-4 
indicate that they are highly coordinated throughout ma-
lignant transformation.

MMP-26 is a multifaceted enzyme with many direct 
ECM targets as well as non-ECM protein targets includ-
ing insulin-like growth factor-binding protein-1 and α-1 
protease inhibitor [7-10]. Previous results from our group 
revealed that MMP-26 promoted the invasion of human 
prostate cancer cells through both type IV collagen and 
fibronectin, not only through the direct proteolytic cleav-
age of these proteins but also through the activation of 
pro-MMP-9, a highly efficient enzyme with multiple 
targets in the ECM [12]. While these current results show 
that the expression of MMP-9 in prostate cancer tissues 
was not detectable by Western blot, low levels of MMP-9 
expression were detected by zymography, primarily in the 
zymogen form. 

TIMP-4 is a potent inhibitor of MMP-26 [7, 13], and 
transfection of human breast cancer cells with TIMP-4 
cDNA showed that TIMP4 could significantly inhibit 
cancer cell invasion across a Matrigel barrier [20]. Further-
more, our group has shown that MMP-26 and TIMP-4 are 
colocalized in human breast carcinoma tissue [13]. While 
our current co-IP studies show only scant evidence of 
TIMP-4/MMP-26 complex formation, immunostaining of 
serially sectioned prostate cancer tissues does reveal areas 
of possible colocalization between MMP-26 and TIMP-4. 
TIMP-4 is a tight-binding and slow-binding inhibitor of 
MMP-26 in vitro, with an apparent Ki value of 0.62 nM [13], 
but in vivo, and during the co-IP analyses, the presence of 
additional proteins might interfere with the formation of a 
TIMP4/MMP26 complex. Taken as a whole, these find-
ings combine to suggest that MMP-26 and TIMP-4 might 
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Figure 5  Analyses of MMP-26 and TIMP-4 immunostaining in 
non-neoplastic ducts and acini, HGPIN, and cancer. (A) MMP-26 
immunostaining. HGPIN stained more intensely than non-neoplastic 
epithelium (p<0.0001) or cancer (p<0.001) in the same tissues, with 
the least intense staining observed in benign acini. (B) TIMP-4 im-
munostaining. Findings mimicked those of MMP-26, with HGPIN 
staining more intensely than non-neoplastic epithelium (p<0.0001) 
or cancer (p<0.0001), and the least intense staining again found in 
benign acini. Notably, significant differences (p<0.0001) were found 
between every pair of tissue categories analyzed. Standard error 
values were of such small magnitude as to warrant their omission 
(see Table 1). 

Figure 6  Immunohistochemical staining of serially sectioned human prostate cancer tissues containing HGPIN reveals similar 
patterns of staining for TIMP-4 and MMP-26 on adjacent sections. Rabbit preimmune IgG control using another adjacent section 
was negative.
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participate in interactions that ultimately affect both the 
surrounding ECM and the activity of other proteins critical 
to the progression of in vivo tumor growth.

The finding that the levels of MMP26 and TIMP4 
are highest in HGPIN is significant because HGPIN is 
considered the preinvasive precursor of prostate cancer. 
HGPIN shares malignant cytologic features with cancer, 
but lacks the stromal invasion that characterizes cancer. 
The progression of HGPIN to cancer is associated with 
progressive disruption of the basal cell layer and focal 
loss of the basement membrane [27]. Our current findings 
are analogous to our previous studies in breast cancer that 
show the highest expression of MMP-26 and TIMP-4 in 
DCIS, with lower expression present in normal breast epi-
thelium and invasive cancer [13]. Prostatic HGPIN is the 
preinvasive analogue of DCIS. These data also correlate 
with studies of endometrial cancer, where MMP-26 and 
TIMP-4 expression was shown to decrease with the loss 
of histologic differentiation [18, 28]. Furthermore, our 
study can be correlated with an investigation of squamous 
cell cancer (SCC), which found the highest expression of 
MMP-26 in low-grade SCC and an absence of MMP-26 
expression in dedifferentiated high-grade SCC [29]. Taken 
together, these data indicate that MMP-26 and TIMP-4 may 
play important roles in facilitating the initial conversion to 
an invasive phenotype.

Disruption of the basement membrane is one of the 
final steps that allow pathologically transformed epithe-
lial cells to become invasive. The basement membrane or 
basal lamina that encircles a normal or preinvasive human 
prostate duct or acinus is composed of proteins that include 
laminin, type IV collagen, entactin, glycosaminoglycans, 
and heparin sulfate proteoglycans. MMP-26, in conjunction 
with one of its cleavage products, active MMP9, efficiently 
cleaves many components of the basement membrane 
[12]. MMP-26 may be able to gain access to cleavage sites 
within the basement membrane through focal disruptions 
in the basal cell layer. The maximal expression of MMP-
26 in HGPIN, with subsequent reduced levels in cancer, 
indicates that this enzyme may be temporally regulated. 
As MMP-26 expression is lost, invasive tumors may then 
begin expressing other enzymes better suited for late-stage 
invasion and metastasis.

The observed trend in TIMP-4 expression mimicked 
that of MMP-26, with its highest expression in HGPIN and 
significantly decreased expression in cancer. This parallel 
protein regulation differs from many previous studies that 
showed differential expression patterns between MMPs 
and TIMPs in human prostate cancer, and may indicate 
the existence of different regulatory mechanisms among 
the TIMPs. One hypothesis for the coordinated expression 
of MMP-26 and TIMP-4 is that as the expression of the 

weaker inhibitors of MMP-26 decline, TIMP-4 may be 
left as the sole compensatory mechanism to overcome the 
increased activity of MMP-26. The increase in the levels 
of MMP-26 may correlate with the increased expression of 
TIMP-4 in a positive feedback manner so that the patho-
logically upregulated activity of MMP-26 might require 
a higher set-point of TIMP-4. We have recently reported 
a similar coordinated expression pattern of MMP-26 and 
TIMP-4 in human breast cancer [13], and co-regulation 
between MMP-26 and TIMP-4 in cycling endometrium 
and in endometrial cancer has also been reported [18, 28, 
30]. Progression to invasive cancer may occur when the 
upregulation of TIMP-4 in response to increased levels 
MMP-26 is no longer able to counteract the proinvasive 
influence of MMP26. Once the basement membrane has 
been ruptured, however, cancer cells may become less 
dependent upon the activity of MMP-26, resulting in a 
decline in the expression of this enzyme along with that 
of its highly coordinated inhibitor, TIMP-4. 

The present study indicates that MMP-26 and TIMP-
4 may play important roles in the initial conversion of 
prostate cancer cells to an invasive phenotype, and that 
these two proteins are highly coordinated throughout this 
transformation. The high levels of MMP-26 and TIMP-4 
in HGPIN suggest their use as biomarkers for the early 
diagnosis of a subset of patients with HGPIN before there 
is invasive tumor and metastasis. The timely identification 
of early-stage prostate tumor might lead to novel strategies 
for treatment that would halt or delay the progression of 
the disease. Although the implications of the coordinately 
high expression of MMP-26 and TIMP-4 in human HGPIN 
are not completely understood, this study reveals the im-
portance and necessity of future studies into the complex 
roles and interactions of MMP-26 and TIMP-4 in human 
prostate cancer.
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