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SUMMARY The dipeptidyl peptidase IV (DPIV) enzyme family contains both potential and
proven therapeutic targets. Recent reports indicate the presence of DP8 and DP9 in periph-
eral blood lymphocytes, testis, lung, and brain. For a more comprehensive understanding of
DP8 and DP9 tissue and cellular expression, mRNA and enzyme activity were examined.
Many organs from C57BL/6 wild-type and DPIV gene-knockout mice were examined; DP8/
9 enzyme activity was detected in the immune system, brain, testis, muscle, and epithelia.
In situ hybridization localized DP8 and DP9 mRNA to lymphocytes and epithelial cells in liver,
gastrointestinal tract, lymph node, spleen, and lung. DP8 and DP9 mRNA was detected in
baboon and mouse testis, and DP9 expression was elevated in human testicular cancers.
DP8 and DP9 mRNA were ubiquitous in day 17 mouse embryo, with greatest expression in
epithelium (skin and gastrointestinal tract) and brain. Thus, DP8 and DP9 are widely ex-
pressed enzymes. Their expression in lymphocytes and epithelia indicates potential for roles
in the digestive and immune systems. This manuscript contains online supplemental material
at http://www.jhc.org. Please visit this article online to view these materials.

(J Histochem Cytochem 57:1025–1040, 2009)
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DIPEPTIDYL PEPTIDASE IV (DPIV) family enzymes have
emerged as clinically important in recent years, with
DPIVa therapeutic target for type 2 diabetes and fibro-
blast activation protein (FAP) a potential cancer thera-
peutic target (Wang et al. 2008; LeBeau et al. 2009;
Kirby et al. in press). DPIV (CD26) is a ubiquitous
aminopeptidase and has a variety of roles in the fields
of metabolism, immunology, endocrinology, and cancer
biology (Gorrell 2005). These advances and the discov-
ery of the related enzymes DP8 and DP9 (Abbott et al.
2000; Qi et al. 2003; Ajami et al. 2004; Pitman et al.
2009) highlight a need to re-examine the tissue ex-
pression of this peptidase family, particularly the newer
peptidases DP8 and DP9.

Little is known about the functions of the cytoplas-
mic enzymes DP8 and DP9. Both are ubiquitously ex-
pressed at the mRNA level in humans and rodents
(Abbott et al. 2000; Ajami et al. 2004; Gorrell and Yu
2005). DP8 mRNA levels are elevated in activated and
transformed human lymphocytes (Abbott et al. 2000),
and a DP8 splice variant is upregulated in human adult
testis compared with fetal testis (Zhu et al. 2005). DP8/9
enzymatic activity has been reported in human leuko-
cytes (Maes et al. 2007), rat brain (Frerker et al. 2007),
bovine testis (Dubois et al. 2009), and mouse lung
(Schade et al. 2008). DP8 and DP9 are able to cleave
some known DPIV substrates, including neuropeptide
Y (NPY) and CXCL12 (Bjelke et al. 2006; Ajami et al.
2008). DP8 and DP9 overexpression can downregulate
cell adhesion and migration and increase apoptosis, but
these effects are independent of their enzyme activity (Yu
et al. 2006). Studies that used isoleucyl thiazolidine as a
DPIV inhibitor, which we now know primarily inhibits
DP8 and DP9 (Lankas et al. 2005), suggest that inhibi-
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tion of DP8 and DP9 suppresses inflammation in the
DPIV-deficient rat (Tanaka et al. 1997; von Bonin
et al. 1998). This is supported by a recent report that
a DP8/9-selective inhibitor suppresses DNA synthesis
in mitogen-stimulated splenocytes from wild-type and
DPIV gene-knockout (gko) mice (Reinhold et al. in
press). Thus, DP8 and DP9 are likely to have functions
in leukocytes.

DPIV gko mice generally have a normal, healthy phe-
notype. Furthermore, in metabolism studies, DPIV gko
mice have increased glucose clearance after a glucose
challenge, in comparison to wild-type mice (Marguet
et al. 2000) and are resistant to high-fat diet–induced
obesity and associated insulin resistance (Conarello
et al. 2003). DPIV gko mice have altered inflammatory
responses, with more knee joint inflammation in experi-
mental arthritis (Busso et al. 2005) and increased experi-
mental autoimmune encephalomyelitis severity (Preller
et al. 2007), but whether these roles relate to DPIV en-
zyme activity or extra-enzymatic activities (Wang et al.
2005) is unknown. Moreover, these phenomena in the
DPIV gko mouse might relate to compensatory DP8
and DP9 overexpression.

Before the discovery of DP8 and DP9, DPIV-like en-
zyme activity in cells and organs was attributed solely to
DPIV (Gossrau 1979; Hartel et al. 1988; Gorrell et al.
1991,2001). However, in the DPIV-deficient Fischer
rat substrain, a non-DPIV–derived residual DPIV-like
enzyme activity remains in certain organs (Smith et al.
1992), which might include activity derived from DP8
or DP9. FAP mRNA distribution has been reported as
ubiquitous at very low levels (Dolznig et al. 2005), but
FAP protein is not detected in normal tissue (Wang et al.
2008). Here we provide further insight into the distri-
bution of the newer DPIV gene family members, DP8
and DP9. An ex vivo enzymatic approach was under-
taken using the DP8/DP9 inhibitor N-ethylmaleimide
(NEM) (Park et al. 2008) on C57BL/6 wild-type and
DPIV gko animals. Because DPIV is widely expressed
and often masks the presence of other DPs, the DPIV
gko mouse was particularly useful in detecting DP8

and DP9 enzyme activity. DP8 and DP9 mRNAwas lo-
calized in cell types by in situ hybridization (ISH).

Materials and Methods

Tissue and Cell Samples

Human liver transplant recipient paraffin sections (Ta-
ble 1) were obtained in accordance with National Health
and Medical Research Council (NHMRC) guidelines
under Royal Prince Alfred Hospital Human Ethics Com-
mittee approvals. Human liver, lymph node, and colon
samples were obtained under a single protocol. Human
testicular tumor samples were obtained from juvenile
male patients (aged 11–18) undergoing orchidectomy
for testicular cancer at Westmead Children’s Hospital
under institutional approvals. Tissue samples for RNA
preparation were snap frozen immediately after collec-
tion and stored at 280C.

Baboon (aged 8–13 years) and mouse organs were
collected after euthanasia. Baboon tissues for ISH (Ta-
ble 2) were fixed in 10% neutral-buffered formalin and
paraffin embedded. C57BL/6 wild-type and DPIV gko
mice have been described (Marguet et al. 2000; Wang
et al. 2002). Adult (8–16 weeks old) mouse organs were
collected onto ice and homogenized on ice in 1:10
wet weight/volume in 1 3 Tris-EDTA (TE) (pH 8.0)/
1%TritonX-114/2mMdithiothreitol (DTT)/10% glyc-
erol with the addition of protease inhibitors [20 mg/ml
phenylmethylsulfonyl fluoride (PMSF), 1mg/ml aprotinin,
1 mM leupeptin, 2 mMpepstatin, 2 mM 4-(2-aminoethyl)
benzenesulphonylfluoride] using a PT2100 Polytron
homogenizer (Kinematica; Lucerne, Switzerland) and
spun at 4C at 10,000 3 g for 5 min. Supernatants,
discarding lipid where possible, were stored at 220C.
Glycerol was necessary to preserve DP8/9 enzyme ac-
tivity (data not shown). Mouse blood (from tail or by
heart puncture after CO2 euthanasia) was collected
into EDTA tubes for plasma, and peripheral blood
mononuclear cells (PBMCs) were isolated by red blood
cell lysis then homogenized as above. Bone marrow was
collected from mouse femurs by flushing with PBS and

Table 1 Human tissues

Tissue Condition/diagnosis Histopathology

Liver (Patient 1) Alcoholic cirrhosis and HCC Established cirrhosis with nodules of regenerating hepatocytes, surrounded by
bands of fibrosis. Prominent bile ductular proliferation within fibrous bands.
Lymphoplasmacytic infiltrate within fibrous bands.

Liver (Patient 2) Cirrhosis; alcoholic, HCV, and HCC Established cirrhosis consistent with HCV. Well-differentiated HCC. Lymphoid
aggregates within portal tracts. Mild lobular inflammation with occasional
scattered apoptotic bodies.

Colon PSC and mild ulcerative colitis Mild mucosal crypt abnormalities: crypt shortening and focal branching.
Mild active mucosal inflammation with crypt abscesses.

Lymph node HCV cirrhosis and enlarged hilar lymph nodes Prominent sinus histiocytosis: massive lymphadenopathy with marked
proliferation of histiocytes within distended lymph node sinuses.

Gallbladder HBV Chronic cholecystitis

HCC, hepatocellular carcinoma; PSC, primary sclerosing cholangitis; HCV, hepatitis C virus; HBV, hepatitis B virus.
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washed in PBS before homogenization. Skin samples
were collagenase treated to obtain cell suspensions (Lynch
et al. 2003). Swiss mice were obtained from the Univer-
sity of Newcastle Central Animal Facility and killed
by decapitation (juveniles) or CO2 asphyxiation (adults)
before tissue removal. All investigations conformed to
the NHMRC regulations and were approved by the
University of Sydney or University of Newcastle Animal
Care and Ethics Committees.

Cell lines were grown in RPMI (Jurkat and Raji) or
DMEM [293T, human hepatoma lines Huh-7 and
HepG2, human skin squamous carcinoma line Colo-
16, human skin fibroblast line, mouse fibroblast 3T3,
and Chinese hamster ovary (CHO)] with 10% fetal calf
serum. The human skin fibroblast line was a gift from
Ian Frazer, and was derived from a human punch biopsy
(with consent) immortalized with an E6/E7 retrovirus
(Xiong et al. 1996). Cells were harvested with trypsin
because DPIV is trypsin resistant.

Labeling of Riboprobes

Anti-sense and sense digoxigenin (DIG)-labeled RNA
probes were synthesized by transcribing 0.5 mg of a
PCR product that contained artificially introduced T7
phage promoter sequences. Human 332 bp DP8 (578–
910 bp, accession number AF221634) and 288 bp DP9
(2152–2439 bp, accession number AY374518) tem-
plates were produced under standard PCR conditions
using AmpliTaq-Gold (Applied Biosystems; Foster City,
CA). To produce templates for anti-sense probes, the
T7_DP8_Reverse (5′-TATGCATAATACGACTCACTA-
TAGGGAGAGGTTGTTGCGTAAATCCTTGTGG-3′)
and the T7_DP9_Reverse (5′-TATGCATAATACGACT-
CACTATAGGGAGAAGGACCAGCCATGGATGG-
CAACTC-3′) primers were paired with standard
DP8_Forward (5′-CCAGATGGACCTCATTCAGA-
CAG-3′) and DP9_Forward (5′-AGAAGCACCCCACC-
GTCCTCTTTG-3′) primers. To produce templates
for sense probes, the T7_DP8_Forward (5′-gcctt-
ctaatacgactcactatagggagaCCAGATGGACCT-

CATTCAGACAG-3′) and the T7_DP9_Forward
(5′-gccttctaatacgactcactatagggagaAGAAGCACCCCAC-
CGTCCTCTTTG-3′) primers were paired with DP8_
Reverse (5′-GGTTGTTGCGTAAATCCTTGTGG-3′)
and DP9_Reverse (5′-AGGACCAGCCATGGATGG-
CAACTC-3′) primers. In vitro transcription of the am-
plified DNA template used the DIG system RNA labeling
kit (Roche Applied Science; Mannheim, Germany).

ISH

Serial 5-mm paraffin sections were dewaxed in histolene
and re-hydrated. Sections were postfixed in 4% para-
formaldehyde, then serially treated with 0.3% Triton
X-100, 18 ng/ml proteinase K (37C for 30 min), and
0.1 M triethanolamine/0.25% acetic anhydride. Prehy-
bridization and hybridization buffers included 50%
deionized formamide. The 2-hr prehybridization and
overnight hybridization were at 37C and 58C for DP8
and DP9, respectively. Anti-sense and sense probes were
at 1 and 2 ng/ml for DP8 and DP9, respectively. Slides
were then washed twice in 2 3 saline-sodium citrate
(SSC) for 15 min, 1 3 SSC for 15 min, and 0.1 3
SSC for 30 min. DIG-labeled RNA was detected using
anti-DIG antibody (Roche Applied Science) and 4-nitro
blue tetrazolium chloride/5-bromo-4-chloro-3-indolyl-
phosphate (Roche Applied Science) chromogenic sub-
strate. The probes were sequenced, and their specificity
was verified using Southern blotting with DIG detec-
tion (Figures 1A and 1B).

Enzyme Assays

To differentiate DPs, assays were designed considering
inhibitor and substrate specificity, and optimum tem-
perature and pH. DP8 and DP9, but not DPIV and
FAP, are non-competitively inhibited by the thiol reagent
NEM, due to alkylation of cysteine residues (Park et al.
2008). The non-selective dipeptidyl peptidase (DP)
inhibitor ValboroPro (PT100) and the DPIV selective
inhibitor sitagliptin (MK-0431) have been described
(Flentke et al. 1991; Kim et al. 2005). The substrates
H-GlyPro-p-nitroanilide (H-GlyPro-pNA) and H-
AlaPro-p-nitroanilide (H-AlaPro-pNA) are efficiently
cleaved by DPIV, DP8, and DP9, but FAP poorly hydro-
lyses H-GlyPro substrates (Rettig et al. 1994; Aertgeerts
et al. 2005). To exclude DPII activity, all assays were per-
formed at pH 8.0 (Maes et al. 2005). Whereas DPIV-
derived enzyme activity is detectable immediately at room
temperature, DP8- and DP9-mediated hydrolysis is more
efficient at 37C (Abbott et al. 2000; Ajami et al. 2004).

Each assay used 10 ml of homogenized sample in trip-
licate in the presence/absence of inhibitor (5 mM NEM
or 10 mM sitagliptin or ValboroPro), in a total of 50 ml
TE buffer, pH 8.0, and was preincubated for 10 min
at room temperature. Following the time zero 405-nm
absorbance measurement, 50 ml of 1 mM substrate,
1 mM DTT in TE was added. Enzyme activity calcula-

Table 2 Baboon tissues

Baboon Tissue condition and histopathology

G Chronic respiratory wheeze, enlarged spleen and
lymph nodes.

Histology: liver, mild hepatitis and steatosis, mild lobular
inflammation; lung, lymphoid infiltrate.

S Chronic respiratory infection, enlarged liver and spleen.
Histology: lung, focal congestion and edema; spleen,

reactive follicular hyperplasia in white pulp.
M Chronic elevated white blood cell count.

Histology: lung, chronic inflammation in bronchial mucosa.
J Chronic respiratory wheeze, type 1 diabetic animal

(Birrell et al. 2002).
Histology: lung, chronic inflammatory infiltrate in the

small bronchi walls.
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tions were made following subtraction of lysis buffer
control (or TE buffer for plasma) and converted to en-
zyme units, where one enzyme unit catalyses the release
of 1 mmol pNA from the substrate per minute.

To discriminate between DPIV and DP8/9, three
types of assays were used. Assay types 1 and 2 employed
NEM and sitagliptin as inhibitors and were applied to
two substrates, H-GlyPro-pNA and H-AlaPro-pNA. As-
say types 1 and 2 were performed with time zero at room
temperature, then the assay was gradually warmed to
37C in the plate reader during the assay. Two time inter-
vals were analyzed: the first at 20 min (assay type 1) for
detecting predominantly DPIV, and the second at 15–
35 min (assay type 2), when the assay is warm, for de-
tecting predominantly DP8/9. Assay type 1 recorded high
backgrounds while the lysis buffer warmed from room
temperature to 37C. This was overcome by using assay
type 3, described below. Assay type 2 measurements
were above the instrument limit on wild-type organs
that exhibited very high DPIV activity, but in these or-
gans, DPIV gko mouse organs generated readable data.

Assay type 3 was designed to mainly detect DPIV,
and used NEM, sitagliptin, and ValboroPro as inhib-

itors. Assays were performed at room temperature
(where DPIV is more active than DP8/9) with the sub-
strate H-GlyPro-pNA (this substrate excludes FAP).
The absorbance change at 405 nm from 5–15 min
was measured, and background absorbance (lysis
buffer–derived absorbance) at 572 nm was subtracted.

Immunohistochemistry

Immunohistochemistry was performed as previously de-
scribed (McCaughan et al. 1990). Briefly, 5-mm human
or baboon paraffin sections underwent deparaffiniza-
tion and rehydration. Antigen retrieval was performed
using a pressure cooker and Universal Decloaker solu-
tion (Biocare Medical; Concord, CA). Sections were
treated with 3% H2O2 for 10 min, rinsed in PBS, then
treated with 1% human or baboon serum/1% goat
serum/1% BSA for 10 min to minimize nonspecific
binding. Sections were incubated for 1 hr each with
a rabbit polyclonal antibody against DP9 human/
mouse peptide (Abcam; Cambridge, UK, #ab42080,
1:50) with 0.2% saponin and 1% BSA in PBS, fol-
lowed by goat anti-rabbit conjugated to horseradish per-
oxidase (HRPO) (Dako; Glostrup, Denmark, #P0448,
1:100). The chromogenic reaction utilized either 3,3-
diaminobenzidine (DAB)/H2O2 or NovaRed substrate
kit (Vector Laboratories; Burlingame, CA).

Immunoblot

Tissue homogenates were prepared from samples stored
at 270C, 1:10 wet weight/volume in 1 3 TE, pH 7.6/
0.15 M NaCl/1% Triton X-114/2 mM DTT, with pro-
tease inhibitors added. Homogenates were DNase I
treated at 10 mg/ml for 10 min at room temperature.
A further incubation of 10 min on ice allowed clumps
to settle and be removed before centrifugation at 4C,
10,000 3 g for 15 min. SDS-PAGE and Western blot
were performed using standard techniques in reducing
conditions (McCaughan et al. 1990), with samples pre-
heated at 70C for 8 min. Blots were stained with a rabbit
anti-DP8 anti-serum diluted 1:500, generated to the hu-
man/mouse DP8 peptides TGYTERYMGHPDQNEQG
and GKPYDLQIYPQERHS or control normal rabbit
serum. These antigenic peptides were chosen using the
MacVector software (Accelrys Software Inc.; San Diego,
CA) and were conjugated to diphtheria toxin using
added N- and C-terminal cysteines (Auspep; Melbourne,
Australia). The secondary antibody was goat anti-rabbit
immunoglobulin-HRPO (Dako) diluted 1:500 to 1:800.
Using dot immunoblot and Western blot, the DP8 anti-
serum was shown to contain detectable antibodies to
both of the immunizing DP8 peptides and not bind
to DPIV (data not shown). The anti-DP8 polyclonal
antibody bound to recombinant human DP8 protein,
made as described previously (Ajami et al. 2008; Park
et al. 2008), in Western blot (Figure 1C) and binding to

Figure 1 In situ hybridization (ISH) probe specificity Southern blots
(A,B). Digoxigenin-labeled dipeptidyl peptidase 8 (DP8) and DP9 ribo-
probes were hybridized onto full-length human DP8 and DP9 cDNAs
on Southern blots. The DP8 probe bound only to DP8 (A), and the
DP9 probe bound only to DP9 (B), thus showing their specificity.West-
ern blot using the rabbit anti-DP8 antibody on 0.1 to 1 mg of recom-
binant human DP8 (C).
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DP8, was completely ablated by blocking with purified
recombinant DP8 (not shown).

Germ Cell Isolation

For isolation of spermatogonia, testes from 20 8-day-
old Swiss mice were pooled, whereas for pachytene
spermatocytes and round spermatids, mice 8 or more
weeks old were used. Testes were isolated, decapsulated,
and incubated for 15 min each in 0.5 mg/ml collagenase/
DMEM with agitation and then in 0.25% trypsin/
EDTA in DMEM. Tubules were dissociated manually
by pipetting and washed in 0.5% BSA in DMEM by
centrifugation. Cell pellets were resuspended in DMEM
and filtered twice through a 70-mm membrane, then
separated over a BSA gradient. Purified germ cells
were identified by GCNA1 staining for spermatogonia
and Arachis hypogaea lectin staining of the developing
acrosome for spermatocytes and spermatids (Baleato
et al. 2005).

CodeLink Microarrays

Gene expression analysis was performed utilizing Code-
Link mouse whole-genome array slides (GE Healthcare;
Chalfont St Giles, UK) according to the manufacturer’s
instructions. Briefly, cDNA was generated from ?2 mg
of total RNA from neonatal isolated mouse germ cells
and testes. In vitro transcription was performed, in-
corporating biotinylated uridine 5′-triphosphate in the
resulting amplified RNA (aRNA). Ten micrograms of
aRNA were hybridized with the mouse whole-genome
slide, and detection of hybridization was carried out
by probing with Cy5-streptavidin. Slides were scanned
in an Axon scanner, and data were analyzed with pro-
prietary CodeLink Expression Analysis Software (GE
Healthcare) (Holt et al. 2006). Relative signals of the
following mRNAs were compared: DPIV (NM_
010074), DP8 (NM_028906), DP9 (NM_172624),
and the unrelated enzymes, carboxypeptidase DPII
(NM_031843) and metalloproteinase DP3 (NM_
133803). In addition, a DPIV-like expressed sequence
tag (EST; RIKEN BB005242) was analyzed; this EST
had greatest identity (84%) with the 3′ non-coding
region of mouse DPIV mRNA (NM_010074).

Total RNA was extracted from human testicular
tumor samples and subjected to DNase treatment,
(6 units RQ DNase I; Promega, Madison, WI) at 37C
for 60 min. The RNA was precipitated, resuspended,
and then reverse transcribed using M-MLV reverse
transcriptase (200 units, Promega) for 60 min at 42C.
Quantitative PCR was conducted twice in triplicate
using the resulting cDNA and the RT control with
DP9 PCR primer pair 5′-AAGTACTCGGGCCTCATT-
3′, 3′-TCTTGGGAATCTCAGAGTAG-5′ (product of
155 bp). The quantitative PCR (qPCR) parameters
were: 1 cycle at 95C (15 min), and 35 cycles at 95C

(30 sec), 55C (30 sec), and 72C (40 sec) on an Opticon
2 (Baleato et al. 2005).

Statistical Methods

Results are expressed as mean 6 standard error. Dif-
ferences among groups were analyzed using Student’s
t-test. P values ,0.05 were considered significant.

Results

DP Distribution in Mouse Organs

Immune System (Thymus, Lymph Node, Spleen,
PBMCs). ISH for DP8 and DP9 revealed positive stain-
ing for lymphocytes in mantle and paracortical zones of
human lymph node and baboon spleen (Figures 2A–
2D). In baboon spleen, marginal zone small lymphocytes
were also positive (Figure 2E). Large lymphoid cells
in red pulp sinusoids were strongly positive, whereas si-
nusoidal endothelium was negative (Figures 2E–2J).

DP8/9 activity was detected in all immune system
tissues examined using assay type 2 and the DP8/9 in-
hibitor NEM, in lymph node, PBMCs, thymus, and
spleen. In H-GlyPro assays, NEM inhibition was signif-
icant in wild-type PBMCs and in DPIV gko lymph node,
thymus, and spleen (Table 3). Using H-AlaPro, NEM
inhibition was significant in wild-type lymph node
and PBMC, and in DPIV gko lymph node and thymus
(Table 4). Assay type 1 did not detect NEM inhibition
(see supplementary Tables ST1 and ST2).

DPIV activity was also detected in all immune sys-
tem tissues examined using the DPIV-specific inhibitor
sitagliptin, using assay type 3 in lymph node, PBMCs,
thymus, and spleen, with strong sitagliptin inhibition of
H-GlyPro hydrolysis in wild type (see supplementary
Table ST3). The DP non-selective inhibitor ValboroPro
almost completely inhibited all activity in all immune
samples tested. DPIV activity levels were generally far
less in DPIV gko mouse samples, compared with wild
type, except in pancreas (Tables 3 and 4; see supple-
mentary Tables ST1–ST3).

Epithelial Organs (Colon, Small Intestine, Stomach,
Liver, Lung, Skin, Tongue, Kidney). DP8 ISH stained
goblet cells as well as enterocytes of both the apical and
crypt epithelium of human and baboon colon (Fig-
ures 3A–3D) and small intestine. Lymphocytes in
lamina propria were also positive for DP8, as were
capillary endothelial cells in the intervening vessels.
Muscularis propria (smooth muscle) cells were DP8
negative. The baboon liver showed signs of mild lobu-
lar and interface hepatitis, and DP8 staining was de-
tected in all hepatocytes, with the most-intense signals
in periportal hepatocytes (Figure 3M). Bile ducts and
portal lymphocytes were negative. In human cirrhotic
liver, hepatocytes were DP8 positive, especially in the
periseptal area of regenerative nodules (Figures 3H–
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3J). Bile duct epithelium was negative, and lymphocytes
were positive for DP8 in the portal tracts. In inflamed
baboon lung, bronchiolar lymphocytes and endothelium
in small vessels were positive, and it is likely that alve-
olar pneumocytes were DP8 positive (Figure 2K). In ba-
boon skin, epidermal basal keratinocytes and dermal
lymphoid cells were DP8 positive (Figure 2P). In baboon
tongue, the basal cells in the squamous epithelium of the

tongue were strongly DP8 positive, whereas stromal
cells and lymphocytes in lamina propria were negative
(Figures 2R and 2S). DP9 ISH patterns were similar to
those of DP8 on human colon (Figures 3F and 3G), ba-
boon and human liver (Figures 3K and 3L), baboon
lung (Figures 3M and 3N), and baboon tongue (Fig-
ure 2T). The anti-DP9 antibody showed staining pat-
terns similar to those of ISH in human colon (goblet

Figure 2 DP8 and DP9 mRNA ex-
pression in leukocytes and epithelium
detected by ISH. Human lymph node
follicular lymphocytes (f) were DP8-
ISH (A) and DP9-ISH (C) positive com-
pared with the sense controls [(B) DP8
with hematoxylin and eosin (H and E)
stain inset; (D) DP9]. Baboon spleen:
intense DP8-specific (E,G,H) and DP9-
specific (I) staining in white pulp (wp)
follicular lymphocytes and red pulp
(rp) inter-follicular lymphocytes (Ta-
ble 2, Animal S). DP8 (F) and DP9 (J)
baboon spleen sense control and H
and E staining in inset. DP8-positive
(K) and DP9-positive (M,N) staining
in lymphoid aggregates (white arrow),
blood vessel (bv) endothelium (black
arrow), and epithelial cells (green ar-
row) in pneumonic baboon lung (Ani-
mal S). Lung DP8 (L) and DP9 (O) sense
control and H and E staining inset
showing interstitial pneumonia. DP8
in squamous epithelial cells (keratino-
cytes; black arrow) and dermis (white
arrow) of baboon skin (Animal S) (P).
Negative, sense control, and H and E
staining, inset (Q). DP8 (R,S) and DP9
(T) positivity in stratified squamous
epithelium of baboon tongue (white
arrow) (Animal G). DP8 (R) and DP9
(T) insets are negative controls. Magni-
fied area of R with H and E stain, inset
(S). Bars: A,B,E,F,J,R,T, and all insets 5
50 mm; C,D,G–I,K–Q,S 5 10 mm.
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cells, enterocytes, lymphocytes) (Figures 3U and 3V). In
human cirrhotic liver, hepatocytes and bile ducts, in-
cluding ductular reactions (Figure 3T), were DP9 im-
munopositive. In human gallbladder, epithelial cell
cytoplasm was DP9 immunopositive (Figure 4W).

DP8/9 enzyme activity was detected in colon, lung,
and liver using assay type 2. NEM inhibition was sig-
nificant in wild-type and DPIV gko colon, in DPIV gko
lung and liver with H-GlyPro (Table 3), and in DPIV
gko colon and lung with H-AlaPro (Table 4).

DPIVenzyme activity was detected in all epithelial or-
gans using assay type 3 (see supplementary Table ST3).
All wild-type organs demonstrated strong sitagliptin
inhibition, with some H-GlyPro hydrolysis remaining,
particularly in colon, lung, liver, and kidney that could
be attributed, at least in part, to DP8/9. ValboroPro al-
most completely inhibited H-GlyPro activity.

Central Nervous System (Brain, Midbrain/hindbrain).
In baboon brain, DP8 ISH staining was in Purkinje
cells and neuronal cells in the granular layer, as well
as neurites in the molecular layer, but not in cortex,

forebrain, or midbrain (Figure 4S). DP9 immunostain-
ing revealed a similar pattern (Figure 4V). Both DP8
and DP9 were detected in fetal mouse brain; cerebellar
neural cells and neural tube epithelium were intensely
ISH positive, whereas weaker staining was observed in
glial and neuronal cells of cerebral cortex (Figure 5).

DP8/9 enzyme activity was detected in cortical and
pooled midbrain/hindbrain homogenates using assay
type 2 (Tables 3 and 4). DPIV gko and wild-type sam-
ples had similar levels of activity with both H-GlyPro
and H-AlaPro. DPIV enzyme activity was detected in
wild-type cortical samples using assay type 3, with a
small but significant sitagliptin inhibition in H-GlyPro
activity (see supplementary Table ST3). ValboroPro in-
hibition completely ablated activity. Taken together,
this suggests that a large proportion of enzyme activity
in brain was derived from DP8 and/or DP9, as has been
reported by others (Frerker et al. 2007; Stremenova
et al. 2007).

Muscle (Skeletal, Heart, Uterus). Baboon skeletal
muscle was DP8 ISH positive between individual mus-

Table 3 Assay type 2, H-GlyPro hydrolysis expressed as enzyme activity (mU/g, or mU/ml for plasma) at OD405 (mean6 SE) on five to
eight animals

Wild type DPIV gko

N-ethylmaleimide 2 1 2 1

Immune system
Lymph node 581.6 25 502.6 29 209 6 11 116.6 4.3a

PBMCs 97.2 6 14 52.8 6 6.0a 44.7 6 14 17.0 6 5.4
Thymus 502.6 56 444.6 47 130 6 17 61.5 6 8.2a

Spleen X X 132 6 24 71.0 6 8.2a

Epithelial organs
Colon 245.6 15 178.6 11a 132 6 4.1 66.3 6 6.8a

Small intestine 444.6 52 391.6 43 96.7 6 12 98.6 6 13
Skin 357.6 29 336.6 22 45.1 6 8.7 33.3 6 5.6
Lung X X 171 6 20.6 96.0 6 12a

Liver X X 442 6 20 315.6 15a

Kidney X X 190 6 11 163.6 8.3
Central nervous system
Brain 162.6 7.7 79.9 6 4.4a 121 6 7.0 55.0 6 3.1a

Midbrain and hindbrain 141.6 6.0 82.4 6 6.1a 119 6 15 61.0 6 4.3a

Muscle
Skeletal 125.6 7.5 105.6 8.2 77.8 6 4.9 57.1 6 3.7a

Heart 153.6 9.4 127.6 9.4a 87.6 6 8.5 64.1 6 10
Uterus 305.6 16 216.6 21a 201 6 24 119.6 17a

Reproductive/endocrine/other
Testis 148.6 11 82.8 6 16a 139 6 7.3 77.8 6 6.8a

Bone marrow 87.2 6 7.7 86.7 6 9.7 32.9 6 8.7 34.5 6 7.8
Plasma 11.0 6 1.5 9.82 6 1.4 1.7 6 0.6 2.73 6 0.74
Pancreas 440.6 27 381.6 23.7 387 6 28 295.6 19a

Adipose 131.6 11 101.6 12 22.8 6 3.8 3.60 6 1.5a

Adrenal 166.6 12 147.6 12 137 6 7.9 104.6 10a

Ovary 257.6 51 242.6 50 177 6 9.8 160.6 20
Prostate 327.6 39 283.6 33 89.5 6 9.8 71.3 6 14
Submaxillary gland X X 97.9 6 8.6 92.9 6 7.2

aN-ethylmaleimide (NEM) inhibition is significant compared to no inhibitor, indicating the detection of DP8/9 activity.
1, presence of NEM inhibitor; 2, absence of NEM inhibitor; gko, gene knockout; X, exceeded the maximum measurable optical density (OD). PBMCs, peripheral
blood mononuclear cells.
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cle cells (endothelium) (Figure 4C). DP9 muscle immu-
nohistochemistry showed strong positivity in nuclei,
whereas cytoplasm was negative (Figure 4E). No DP8
or DP9 ISH staining was detected in baboon heart mus-
cle (data not shown).

DP8/9 enzyme activity was detected in mouse skele-
tal, heart, and uterine muscle using assay type 2 (Tables 3
and 4). With H-GlyPro, significant NEM inhibition
was found in DPIV gko samples for skeletal and uter-
ine muscle, and in wild-type heart and uterine muscle
(Table 3). Similar data emerged from DPIV gko skeletal
muscle and heart and wild-type heart using H-AlaPro
and NEM (Table 4). Thus, DP8/9 activity was more
readily detected using H-GlyPro than H-AlaPro.

DPIVenzyme activity was detected in all muscle types
using assay type 3, with significant sitagliptin inhibition
in wild type (see supplementary Table ST3). ValboroPro
ablated enzyme activity.

Reproductive/endocrine/other (Testis, Pancreas, Adre-
nal, Ovary, Adipose Tissue, Submaxillary Gland,
Bone Marrow, Plasma). Baboon testis was DP8 ISH
positive in spermatogonia and spermatids, whereas
Sertoli cells were negative (Figure 4N). The nonspecific
stain on spermatocytes appeared to be an artifact of
underfixation. DP9 immunopositivity was intense in
spermatids, weak in spermatocytes, and negative in
spermatogonia and stroma (Figure 4P). Testis has been

'

Figure 3 DP8 and DP9 expression in leukocytes, enterocytes, hepatocytes, and pancreatic acinar cells. Epithelium, goblet cell, and leukocyte
DP8 ISH positivity in human colonic crypt; low- (A,B) and high-power (C,D) views. DP8 sense control with H and E staining in inset (E). DP9 ISH
of human colon (F,G). The most-intense DP8 and DP9 staining was in plasma cells (yellow arrow), goblet cells (red arrow), and enterocytes
(green arrow). DP8 (H,J) (Table 1, Patient 1) and DP9 (K,L) (Patient 2) ISH positivity in human hepatocytes (green arrow) at the periphery of
cirrhotic nodules (cn) and in some septal cells. L is high-power view of boxed area in K. Negative control sense probe with H and E stain, inset
(I). The small septal DP81 cells (yellow arrow) are probably lymphocytes. DP8 ISH in baboon liver (Table 2, Animal G) showing positivity in
hepatocytes (M) compared with negative sense control (N; inset is H and E stain). PT, portal tract. Baboon pancreas showing acinar cells (ac),
DP8- (O,Q) and DP9-positive (R) and islets of Langerhans (IL), negative (Table 2, Animal M). DP8 sense control with H and E stain inset (P).
DP9 sense control (S). DP9-immunostained human cirrhotic liver showing staining in hepatocytes (green arrow), bile ducts (red arrow) and
ductular reactions (blue arrow) (T) (Table 1, Patient 1). DP9-immunostained human colon showed staining similar to that of DP9 ISH in epi-
thelia and lymphocytes, including lymphoid follicles (f) (U,V); negative control, inset (U). Bars: A,B,E,H,I,K,M–P,R,S, and all H and E insets 5
50 mm; C,D,F,G,J,L,Q,T–V 5 10 mm.

Table 4 Assay type 2, H-AlaPro hydrolysis expressed as enzyme activity (mU/g, or mU/ml for plasma) at OD405

Wild type DPIV gko

NEM 2 1 2 1

Immune system
Lymph node 605.6 20 581.6 24a 377.6 16 286.6 16a

PBMCs 109.6 7.7 68.7 6 5.0a 55.4 6 10 36.2 6 6.9
Thymus 523.6 28 471.6 32 235.6 21 135.6 12a

Spleen X X 252.6 32 225.6 23
Epithelial organs
Colon 362.6 18 312.6 14 278.6 20 213.6 20a

Small intestine 471.6 25 476.6 16 233.6 27 257.6 33
Skin 329.6 35 324.6 33 86.0 6 18 71.0 6 19
Lung X X 290.6 21 216.6 20a

Liver X X 670.6 34 632.6 29
Kidney X X 391.6 7.7 406.6 7.5

Central nervous system
Brain 240.6 12 159.6 8.2a 201.6 13 128.6 10a

Midbrain and hindbrain 201.6 4.8 161.6 6.9a 183.6 10 157.6 6.2a

Muscle
Skeletal 156.6 13 141.6 11 129.6 7.9 105.6 6.3a

Heart 161.6 9.4 129.6 7.4a 129.6 11 82.4 6 6.5a

Uterus 411.6 26 374.6 29 341.6 39 305.6 39
Reproductive/endocrine/other
Testis 189.6 14 139.6 14a 202.6 9.9 155.6 9.1a

Bone marrow 104.6 5.8 108.6 13 70.3 6 11 83.5 6 12
Plasma 8.59 6 0.8 13.1 6 0.9 2.16 6 0.5 5.48 6 0.6
Pancreas 578.6 16 559.6 16 595.6 8.2 557.6 16
Adipose 94.1 6 19 75.2 6 20 29.3 6 10 24.2 6 8.9
Submaxillary gland X X 194.6 8.7 214.6 11

aNEM inhibition is significant compared to no inhibitor, indicating the detection of DP8/9 activity.
Mean 6 SE on five to eight animals. 1, presence of NEM inhibitor; 2, absence of NEM inhibitor. X, exceeded the maximum measurable OD.
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'

Figure 4 DP8 and DP9 expression in the 293T cell line, human gallbladder, and baboon muscle, adrenal, testis, and brain detected by ISH and
immunohistochemistry. ISH of DP8 mRNA on the cell line 293T showed intense perinuclear staining from the antisense probe (A). Sense
control (B). DP8 ISH staining in baboon muscle (Table 2, Animal M) (C), sense control (D), H and E stain (G). DP9 immunopositivity in baboon
muscle (E). Immunostain control (F). DP8 ISH (H) and DP9 immunostain (K,L) in adrenal gland showing staining in zona glomerulosa (ZG), zona
fasciculata (ZF), zona reticularis (ZR), and medulla (m). DP8 ISH negative (I), DP9 immunostain control (J), H and E stain (M). DP8 ISH staining in
baboon spermatogonia (red arrow) and spermatids (black arrow) (N) compared with negative control (O) (Table 2, Animal J). DP9 immuno-
staining in baboon spermatids (P). DP9 immunostain control (Q); cross-section of a seminiferous tubule (R, H and E stain). DP8 ISH (S) and DP9
immunostain (V) in baboon cerebellum (Table 2, Animal G) showing immunopositivity in Purkinje cells and neuronal cells in the granular
layer, DP8 sense control (T), DP9 immunostain control (Y), H and E stain (U). DP9 immunopositivity in the cytoplasm of epithelial cells of
human gallbladder (red arrow); lamina propria negative (W); H and E stain (X). Bars: H,I,K–O 5 50 mm; A–G,J,P–R,S–Y 5 10 mm.

Figure 5 DP8 and DP9 ISH of C57BL/6
mouse at embryonic day 17. DP8 ISH
in mouth (A), abdomen (C), brain (E),
leg (G), whole embryo (H), and sense
controls (B,D,F). DP9 ISH in whole em-
bryo (I). Positive staining in many or-
gans, including intestine (a), brain (b),
liver and kidney (k), thymus and lips (l),
tongue (t), and skin. Heart and pan-
creas (p) are negative. Bars: A–G 5
50 mm; H–I 51 mm.
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reported to express DP8 and splice variant mRNA
(Abbott et al. 2000; Zhu et al. 2005). In pancreas, acini
were intensely DP8 and DP9 mRNA positive, whereas
islets of Langerhans were negative (Figures 3O–3S).
Adrenal medulla and cortex were DP8 ISH positive
and DP9 immunopositive (Figures 4H–4M). Ovary
was ISH negative (data not shown).

DP8/9 enzyme activity was detected in mouse testis,
pancreas, visceral non-omental adipose tissue, and adre-
nal gland using assay type 2 (Tables 3 and 4). In testis,
significant NEM inhibition was detected consistently,
and DPIV gko testis had levels of activity similar to
those of wild type. This suggests that DPIV enzyme
activity is predominantly derived from DP8 and/or
DP9 in testis. In assays using H-GlyPro (Table 3), sig-
nificant NEM inhibition was detected in DPIV gko
pancreas, adipose tissue, and adrenal gland. No DP8/
9 activity was detected in plasma, ovary, bone marrow,
or prostate.

DPIVenzyme activity was generally detected in all or-
gans in this category using assay types 1 and 3 (see sup-
plementary Tables ST1–ST3), with significant sitagliptin
inhibition in all wild-type organs. ValboroPro ablated
activity except in pancreas, where some residual activity
remained (see supplementary Table ST3).

Mouse Embryo ISH. DP8 and DP9 mRNA was de-
tected in 17-day-old wild-type mouse embryo (Fig-
ure 5). The most-intense staining was observed in skin,
gastrointestinal tract, liver, and some brain regions
(Figure 5H). Intense staining occurred in the basal re-
gion of gut where enterocytes proliferate (Figure 5C),
in proliferating keratinocytes around hair follicles (Fig-
ure 5A), and in maturing/ossifying chondrocytes in the
developing limbs (Figure 5G). The renal tubules in the
kidney, hepatocytes and lung, tongue and skin epithe-
lium were ISH positive, whereas heart and pancreas
were negative (Figure 5).

Immunoblot. A selection of mouse organs was screened
by immunoblot for DP8 protein expression. A 90-kDa
band was detected in C57BL/6 submaxillary gland,
thymus, colon, spleen, and kidney, and DPIV gko kid-
ney (Figure 6). Bands of 125 kDa and 110 kDa were
seen in spinal cord and lymph node, respectively. None
of these bands appeared on blots probed with control
rabbit serum.

DP Distribution in Testis. To gain a greater under-
standing of the distribution of DPs in various stages
of testis development, microarray data from both in-
tact testes and isolated germ cells pooled from multiple
animals were analyzed. DP8 and DP9 mRNA predomi-
nated over DPIV in all samples (Figure 7A). Examina-
tion of isolated mouse germ cells revealed that DPII
was abundant in premeiotic spermatogonia (Figure 7A).

Interestingly, qPCR showed that DP9 was upregulated
in human testicular tumors (Figure 7B).

Cell Lines. DP8 ISH on the epithelial cell line 293T
showed intense specific staining in the perinuclear re-
gion (Figures 4A and 4B).

Figure 6 Western blot of anti-DP8 antiserum on mouse tissue ho-
mogenates (1.2 mg tissue wet weight per lane). C57BL/6 or DPIV
gene-knockout (gko) mouse. DP8 bands at 85–90 kDa are arrowed.
Representative data from four animals.

Figure 7 Dipeptidyl peptidase (DP) mRNA expression in testis. (A)
DNA microarray intensities of mouse testis samples: d8T, postnatal
day 8 neonatal testis; Spg, spermatogonia; PS, pachytene spermato-
cytes; RS, round spermatids; AT, adult testis. Representative data
from four animals. (B) DP9 in normal human testes (pooled from
23 individuals) and four human testicular tumors; real-time PCR
data (mean 6 SE) as multiples of the b-actin signal.
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DP8/9 activity was detected in cell lines using assay
type 2 in the cell lines Jurkat, Raji, 293T, Huh7, and
HepG2 (see supplementary Table ST4). Jurkat, Raji,
and 293T cells had the greatest proportions of DP8/9
activity. Jurkat cells have been reported to contain
DP8/9 activity (Maes et al. 2007), and to be DPIV neg-
ative (Tanaka et al. 1992; Hegen et al. 1993; Tanaka
et al. 1993; Aytac et al. 2001). The human skin fibro-
blast line had the greatest amount of activity of all
cell lines in assay 1 and assay 2 (see supplementary Ta-
ble ST4), and this activity was not significantly inhib-
ited by NEM. This suggested that DPIV predominates
in the skin fibroblast line. DP8/9 activity was also de-
tected in cell lines Colo-16, 3T3, and CHO (see sup-
plementary Table ST4).

To further examine the proportion of DPIV-derived
activity, assay type 2 was applied to some cell lines in
the presence of sitagliptin using H-GlyPro (see supple-
mentary Table ST5). In Jurkat and 293T cells, there was
significant NEM but not sitagliptin inhibition, and the
sitagliptin-resistant activity was further inhibited by
NEM, suggesting that DP8/9 but not DPIV activity
was present. In contrast, the human skin fibroblast line
had significant inhibition by sitagliptin but not NEM,
and NEM did not significantly decrease the residual
sitagliptin-resistant activity, suggesting that DPIV but
not DP8/9 activity was detected. In Huh-7 cells, both
NEM and sitagliptin significantly inhibited activity, sug-
gesting that both DPIVand DP8/9 activity were present.

Discussion
DP8 and DP9 were shown to be predominantly ex-
pressed in lymphoid and epithelial cells. Some other
lymphoid molecules, CD75, CD138, and CD167a, have
a similar distribution. Several approaches were applied
to the question of DP8 and DP9 in vivo expression, and
a high level of concordance was obtained. Enzyme assay
and ISH were the two central complementary ap-
proaches. Most organs were found to have detectable
DP8/9 with both approaches, and included immune
organs (lymph node, thymus, spleen, and PBMC), lym-
phocytes within lymphocyte-rich organs such as gut
and liver, epithelial organs (lung, liver, and intestine),
muscle (skeletal muscle and uterus), testis, brain, and
pancreas. The ISH data showed that DP8 and DP9
mRNA expression generally includes immune cells, pro-
liferating cells (colonic mucosa and goblet cells, testis,
embryo), epithelial cells (skin, lung, tongue, stomach,
small intestine, colon, bile duct cells, hepatocytes), some
endothelial cells, and some brain and testis cells. Large
amounts of DP8/9 enzyme activity were detected in tes-
tis, brain, uterus, and muscle. No differences between
DP8 and DP9 distribution were observed. These data
are consistent with previous Northern blots (Abbott
et al. 2000; Ajami et al. 2004; Zhu et al. 2005).

ISH localized DP8 and DP9 mRNA expression to
specific cell types within organs. Detecting mRNA
would include enzyme inactive forms and splice var-
iants that may be present (Abbott et al. 2000). ISH
staining is less readily detected when mRNA density
is low within a cell or organ, such as in muscle, which
could explain the absence of ISH signals in heart
muscle. In contrast, enzyme assays in the presence of
the DP8/9 inhibitor NEM indicated the average rela-
tive abundance of DP8/9 activity in homogenized tis-
sue (Figure 8). A limitation to this method of DP8/9
detection was the large abundance of DPIV in some
organs. Assaying samples from DPIV gko mice over-
came this limitation.

Two organs, small intestine and skin, were detect-
ably positive for DP8 ISH but not DP8/9 enzyme activ-
ity. As well as the possibility of enzyme inactive forms,
the heterogeneity of cell types in these two organs may
make it more difficult to detect enzyme activity in tissue
homogenates, compared with cell-specific detection in
ISH. However, ISH is more technically difficult, depen-
dent on tissue quality and postmortem degradation,
and is prone to false positives and negatives. The ba-
boon genome is 96% identical to human, and mouse
DP8 and DP9 cDNA are 89.2% and 84.1%, respec-
tively, identical to human. Consequently, the two meth-
ods complemented well across species, suggesting that
for DP8 and DP9, mRNA expression generally, but not
always, correlates with enzyme activity detection.

DP8/9 activity in human PBMCs has been previously
reported (Maes et al. 2007). In our studies, DP8/9 ac-
tivity was present in all major immunological organs,
including thymus, PBMC, spleen, and lymph node,
and ISH indicated that lymphocyte subpopulations
within these organs express DP8 and DP9. In baboon
spleen, DP8 was localized to both B cell–rich follicles
and the red pulp, which contains mature T cells. These
data concur with an enzymology study of DPIV-
deficient Fischer rats (Smith et al. 1992), which found
that DPIV-deficient immunological organs retain some
H-AlaPro hydrolytic activity (thymus 17%, spleen 13–
14%, and peripheral mononuclear cells 45–50% of
wild-type levels) that may be DP8 and/or DP9 derived.
In our ISH, DP8 and DP9 mRNAwas localized to lym-
phoid cells within colon, lung, small intestine, stomach,
and cirrhotic liver. This range of locations of lymphoid
cells expressing DP8/9 suggests a general role for DP8/
9 in many immune cells.

DPs are abundant in epithelia, including gut and
liver. Our previous report suggested non-DPIV DP ex-
pression in DPIV gko mouse liver (Wang et al. 2002).
We now show that DP8 and DP9 are expressed in he-
patocytes and hepatoma cell lines. In kidney, DP8/9 ac-
tivity was not detected, but DP8 protein was detected
by Western blot. DPIV-deficient rat kidney contains
only 1% the H-AlaPro hydrolytic activity of control
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rats (Smith et al. 1992), so little DP8/9 activity may be
present in kidney. Our studies indicate that colon is a
rich source of DP8 and DP9. Pancreatic acinar cells
appear to express DP8 and DP9; however, the residual
activity remaining in DPIV gko mouse pancreas in the
presence of ValboroPro, which inhibits DPIV, DP8,
DP9, and DPII, suggests the presence of additional un-
known enzymes that have DP activity.

In agreement with our findings, other studies using
DP8/9 inhibitors have indicated that DP8/9 activity
is greater than that of DPIV in normal brain (Frerker
et al. 2007; Stremenova et al. 2007) and in testis
(Dubois et al. 2009). NPY is a potential DP8 and/or
DP9 substrate within brain (Frerker et al. 2007). Our
ISH data localized DP8 to Purkinje cells and granular
layer in cerebellum, whereas DPIV is found in vascular
endothelial structures (Hartel et al. 1988; McCaughan
et al. 1990). DP8 and DP9 mRNA and protein in testis
have previously been reported by our group and others
(Abbott et al. 2000; Zhu et al. 2005; Dubois et al.
2009). We showed that in testis at various stages of
spermatogenesis, DP8 and DP9 mRNA and enzyme
activity predominate among the DP molecules. Thus,
both DP8 and DP9 might have functions in spermato-
genesis. DP8 and DP9 have a redox-sensing ability
(Park et al. 2008) and may respond to the presence
of reactive oxygen species in the testis, to which sper-
matozoa are highly sensitive. Peptidase expression by
germ cells may be linked to the activity of target sub-
strates in both embryonic and postnatal mouse testis

(Holt et al. 2006) and human testis and testicular tu-
mors (Gilbert et al. 2009).

We found that the distribution of DP8 and DP9 is
similar overall to DPIV expression. This agrees with
previous studies comparing DPIV immunostaining
with H-AlaPro enzyme histochemistry that have found
generally corresponding patterns (Heike et al. 1988;
Hegen et al. 1990; McCaughan et al. 1990; Gorrell
et al. 1991). Our finding that freezing depletes DP8/9
activity suggests a reason for our observation that DP8
and DP9 are difficult to detect by enzyme cytochemis-
try on frozen sections (D. Yu, M. Gall, S. Chowdhury,
unpublished data). A recent report on testis similarly
detected DP8 and DP9 by immunohistochemistry and
by enzyme assay on tissue homogenates but not by en-
zyme cytochemistry on frozen sections (Dubois et al.
2009). Therefore, enzyme cytochemistry probably de-
tects DPIV rather than related enzymes.

The phenomenon of compensation (upregulation of
a compensatory enzyme in a gko mouse) can occur
when enzymes have overlapping roles. No evidence
of DP8/9 upregulation in the absence of DPIV was
seen in these unchallenged mice. This could suggest
that DP8 and DP9 roles have little overlap with
DPIV, consistent with DPIV roles being extracellular
whereas DP8 and DP9 roles are cytoplasmic (Kirby
et al. in press), but this question should be examined
in disease models.

DP8 enzyme inactive forms as well as active forms
may be detected on immunoblots. Human DP8 has a

Figure 8 Summary of DP8/9 enzy-
matic activity in wild-type and DPIV
gko mouse organs using assay type 2
presented as percentage inhibition
by N-ethylmaleimide (NEM) (mean 6
SE). H-GlyPro (A) and H-AlaPro (B).
For lung, liver, spleen, kidney, and
submaxillary gland, inhibition by
NEM was measurable only in the DPIV
gko. Representative data from five to
eight animals.
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range of mRNA splice variant forms, some of which
lack catalytically vital components, predicted to pro-
duce enzymatically inactive protein (Abbott et al. 2000;
Zhu et al. 2005). In the immunoblots, it is not known
how the observed sizes relate to the potential DP8
mRNA splice variants (Abbott et al. 2000). In addition,
the larger protein sizes detected in some tissues could
be oligomers or DP8 associated with other proteins,
as occurs with DPIV (Ajami et al. 2003).

In conclusion, DP8 and DP9 are widely expressed in
lymphocytes and epithelial cells of many organs, and
so may have functions in the immune system and in
epithelia, possibly in proliferation. Because the multi-
functional DPs are known to have both enzymatic and
extra-enzymatic properties (Wang et al. 2005; Yu et al.
2006), DP8 and DP9 are likely to have diverse roles
depending on tissue and cell type and biological and
pathological processes.
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