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ABSTRACT inactive because it would otherwise complex with endogenous serurgl
» ) ) ) protease inhibitors. Free forms of PSA may include mature, inactive®
PrtOftate-Spemf'IDCCantlgetn. (I;’hSA) Its alﬁ{ldely th.sed serur?4m:ilgker /folr PSA (9) and various forms of clipped, inactivated PSA (10, 11) asg
brostate C.ancer( ..a.)’ utin the crifical diagnostic range of =20 ngimta) 55 precursor or zymogen forms of PSA (12). The moleculars
it has limited specificity for distinguishing early PCa from benign pros- N . . . =
forms comprising “free” PSA in the serum of prostate cancer patients

tatic hyperplasia (BPH). PSA in serum is comprised of a variety of both ) . - ! =
“free” and “complexed” forms that have been used to improve the spec- May differ from those in BPH patients. Previously, we reported that;

ificity of PSA for prostate cancer detection. We previously reported that Pro PSA (pPSA) was a component of the free PSA in PCa serum (122.
pro PSA (pPSA), the zymogen or precursor form of PSA, is a component ldentification of free PSA forms in the serum of BPH patients has note
of free PSA in the serum of PCa patients. In the current study, we been feasible because the lower levels of PSA are insufficient foé
examined prostate tissues to understand the origin and specificity of current analytical techniques. To determine whether specific molece
pPSA. PSA was immuno-affinity purified from matched sets of prostate ylar forms of pPSA or clipped PSA were preferentially associatedg
tissues including peripheral zone cancer (PZ-C); peripheral zone noncan- jth prostate cancer or BPH tissues, we examined matched sets gf
cer; and benign tissue from the transition zone (T2), the primary site of o 65 harvested from patients undergoing radical prostatectomg
BPH within the prostate. We found that pPSA is differentially elevated in . . =
. . . . From each patient samples of prostate cancer and adjacent noncap-
PZ-C, but is largely undetectable in TZ. N-terminal sequencing revealed . . .
cerous tissues from the peripheral zone (PZ-C and PZ-N, respectlvelﬁ

that the pPSA was comprised primarily of [-2]pPSA and minor levels of . ” ! 2
[—4]pPSA, containing pro leader peptides of 2 and 4 amino acids, respec- &S Well as a sample of benign transition zone tissue (TZ) were selected

tively. The median value of pPSA was 3% in PZ-C and 0% (undetectable) for analysis. Most cancers are localized to the peripheral zone (13):_
in TZ (P < 0.0026). No pPSA was detected in 13 of 18 transition zone Whereas pathological BPH occurs almost exclusively in the transitiorg
specimens (72%), but only 2 of the 18 matched cancer specimens (11%)zone of the prostate (14). We have previously reported that TZ tissue§
contained no measurable pPSA. These results demonstrate that pPSA isexhibiting nodular hyperplasia (pathological BPH) contain elevatedg
more highly correlated with prostate cancer than with BPH. The pPSAin  |evels of a specific, clipped form of PSA, called BPSA (BPH-asso- 3
serum may represent a more cancer-specific form of PSA that could help jated form of PSA), when compared with levels in both Cancerouso\:
distinguish prostate cancer from BPH. and noncancerous PZ tissues (15). We now report that pPSA i§

associated primarily with PZ prostate cancer tissues but not with3
INTRODUCTION benign TZ tissues, indicating that an assay specific for pPSA in serung

The measurement of serum PSi& widely used for the screening may help further distinguish PCa from BPH.

and early detection of prostate cancer (1-3). PSA is highly compart-

mentalized within the normal prostate gland, which contains PSAATERIALS AND METHODS
levels approximately one million-fold higher than in the serum (4). In
men W!th prostatic dlsease’_mcreaseq amo_ums of PSA enter _the_blqg} gram of Research Excellence in Prostate Cancer Tissue and Serum Barny,
mosj[ likely due to .dISI’UptI.OI’I Of_ this strict compartmental.lzatlor\Nhich is comprised of frozen tissue harvested at radical prostatectomy accords

leading to an elevation of circulating PSA. Serum PSA that is meagy to a previously described protocol (16). Matched TZ, PZ-N, and PZ-C -

urable by current clinical immunoassays exists primarily as either thigsue specimens were randomly selected from patients with either small (tote

“free” or “noncomplexed” form or in a complex with,-antichymo- gland mass<25 g) or large (total prostate gland mass0 g) prostatectomy

trypsin (ACT; “complexed PSA”) (5, 6). From 70 to 95% of thespecimens. Cancer specimens were comprised of at least 80% cancer as
measurable total serum PSA is complexed with ACT (4). In patierﬁgtermineq by analysis of hematpxylin gnd eosin-stained st_ections of Wh(_)lei

with a mildly elevated PSA, the ratio of free to total PSA in serum h4gount radical prostatectomy specimens in the area surrounding each specimen

been demonstrated to significantly improve the discrimination Gpre. Patients found to have transition zone cancer were excluded from thg
s[ery. The presence of nodular BPH in the TZ was determined in a blindeds

Erostate (t:.ancer (PlC?) frorrllthbenllgn prO.StIftl(; hypetrptIaSIa (BPH)7’ Washion by macroscopic and low-power magnification microscopic examina-:
'9 er. ra '95 correla '”9 with a °,""er, ns O, prostate cancer @, on of whole-mount tissue slides. In addition, eight transition zone specimenss
The biological mechanism resulting in the increased ratio of S€WBtained during transurethral resection of the prostate (TURP) at Brotman,

4pd '9620000€0"

ample Selection.Samples were obtained from the Baylor Specialized &

free PSA in patients with BPH is unknown. Medical Center (Culver City, CA) were analyzed. Samples were immediately”,
It is generally assumed that the free PSA in serum is enzymaticafityzen at—70°C and stored until analysis. ©
Isolation of PSA from Prostate Tissue.Prostate tissues were frozen in é

Received 8/5/99; accepted 12/2/99. liquid nitrogen, pulverized to a fine powder, and homogenized in PBS con-2

The costs of publication of this article were defrayed in part by the payment of patgining a protease inhibitor cocktail (Complete, Boehringer Mannheim, Indi-x
charges. This article must therefore be hereby maeldartisemenin accordance with  anapolis, IN). Samples were then centrifuged to remove cell debris, and th&
18 U.S.C. Section 1734 solely to indicate this fact. - :

1 To whom requests for reprints should be addressed, at Hybritech Incorporatec:s,U:Pe_matant solution was flltered.through ap‘_ﬁ membrane.. The §upernatant
subsidiary of Beckman Coulter, Inc., P.O. Box 269006, San Diego, CA 92196-90d#0lution was passed over two immunoaffinity columns in series, a column
Phone: (858) 621-4601; Fax: (858) 621-4610; E-mail: sdmikolajczyk@beckman.com.containing the hK2-specific mAb HK1G586.1, and the PSA-specific mAb,

# The abbreviations used are: PSA, prostate specific antigen; AGantichymotryp-  PSM773. HK1G586.1 has been shown to have no cross-reactivity with PSA

sin; PCa, prostate cancer; BPH, benign prostatic hyperplasia; pPSA, pro PSA; TZ, be . ~ - -
transition zone tissue; PZ-C, peripheral zone cancer; PZ-N, peripheral zone noncan e?" 18). PSM773 has been shown previously to have no cross-reactivity with

TURP, transurethral resection of the prostate; HIC-HPLC, high performance hydrophomé2 and to have specificity for mature, clipped, and precursor forms of PSA
interaction chromatography. (19-21). The columns were washed with 40 volumes of PBS containing 0.1%
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PRO PSA IS ELEVATED IN PROSTATE CANCER TISSUE

reduced Triton X-100 and bound protein eluted with 100 mM glycine (pH 2.5) Table 1 The percentage of pPSA and inactive PSA in matched prostate tissues

containing 200 mM sodium chloride. The eluant was immediately neutralized Peripheral zone  Peripheral zone Transition

with 10% vol/vd 1 M Tris (pH 8.0). Noncancer Cancer zone
Immunoassay of PSA.The concentration of PSA in the extracts was

determined by Tandem-MP PSA and Tandem-fW#fe PSA assays (Hybritech, No.

San Diego, CA). The percentage of inactive PSA was determined by meas-

Prostate pPSA Inactive pPSA Inactive pPSA Inactive
volume (%) PSA (%) (%) PSA (%) (%) PSA (%)

uring the level of noncomplexed PSA in the original extract and comparing it ; 1;3 221_5 gg 3;’_4 ii 3‘6 g;
to the level of noncomplexed PSA remaining after incubation with female 3 72 19 40 3.3 35 10 48
serum fo 3 h at37°C. Incubation with female serum allowed active PSAto 4 62 4 33 3.8 31 25 26 g
complex with serum proteins. The total protein in the extracts was determined 2 gg 8 ij 8-5 ;”g 8 gg 5
using the Bradford protein assay (Pierce, Rockford, IL) 7 54 0 a1 8 29 0 42 §
High Performance Hydrophobic Interaction Chromatography (HIC- 8 53 1 29 26 35 0 46 3
HPLC) of PSA. HIC-HPLC was performed using a polypropylaspartamide 9 53 3.5 29 1 40 0 32 T
column (PolyL.C, Western Analytical Products, Temecula, CA). The column 10 51 4 27 3 39 1 36 3
was 4.6X 250 mm in length with a 1000 A pore size. Samples were applied i; Sj 8 gg 1;_2 gg 8 g; =
in 1.5 M ammonium sulfate and eluted with a gradient. Buffer A contained 1.2 13 23 0 43 0 26 0 35 2
M sodium sulfate and 25 msodium phosphate (pH 6.3). Buffer B contained = 14 22 7 28 17 26 0 36 >
50 mv sodium phosphate and 5% v/v 2-propanol. The gradient was 0-35% B ig ié g4 i; 31-6 g% 8 g; §
for 1 min, 30—80% B for 12 min, and then isocratic at 80% B for 2 min before 17 6 a1 a 38 3 4 °
equilibration in Buffer A. High-sensitivity peak detection was obtained with a 18 17 1 39 4 33 0 38 é
Varian model 9070 scanning fluorescence detector using an excitation of 232ean 3.9 36.6 5.6 36.2 11 38.9 o
nm and emission of 334 nm to detect the tryptophan residues in protein. _Median 15 37.5 30 35 0 404 =
Amino Acid Sequencing of PSA.N-terminal sequence of the samples was <
performed through 9 cycles on a PE-Applied Biosystems model 492 amino §
acid sequencer (Perkin-Elmer, Applied Biosystems Division, Foster City, CAPSA-ACT complex eluted at 8 min and was clearly resolved from the2
Purified PSA and peaks collected by HIC-HPLC were applied directly tResidual, unreactive forms of PSA, which remained at 10 min. 3
polyvinylidene difluoride membranes using the Prosorb cartridges (PE-Ap- N-terminal sequencing of peak 4 revealed multiple PSA forms,?.
- : ) . o o g } -
ggzﬁe?jl(zzy;]tsr;sgagafgze(isqﬂgﬁ::e\;\.mh 0.1 ml 0.1% trifluoroacetic acid, arl]ﬂcludlng [~ 2]pPSA, [—4]pPSA, [+5]PSA, P.SA clipped at Lys:!.45 %
Statistical Analysis. All statistical analyses were performed using SA§nd Arg85, and mature unclipped PSA. Fi@ ghows the relative 8

software. The median percentages of pPSA in TZ, PZ-N, and PZ-C tissi@stion positions of these different forms of inactive PSA. The front =
were evaluated for statistical significance using the nonparametric KruskgPoulder of the inactive PSA peak contained primarily mature PSAS
Wallis test. PSA clipped at Lys145 and Arg85, and PSA clipped after Gly4. TheS
second half of the inactive PSA peak contained the majority of the%
[-2]pPSA. The small peak eluting at 12 min contained the&
[—4]pPSA. The retention time of{4]pPSA has been reported pre-

The Identification of Precursor Forms of PSA in Prostate Tis- Viously (12). The [-2] and [-4] forms of pPSA are truncated forms
sues. Total PSA was immunoaffinity purified from the tissue extractf PPSA. proPSA is normally expressed with a heptapeptide pr
using the PSA-specific mAb, PSM773. Fig. 1 shows the HIC-HPL{ader sequence consisting of APLILSR. The2]pPSA contains the
profile of the affinity-purified PSA from the PZ-C of patient #1 (TableSR pro dipeptide on the N-terminal isoleucine of mature PSA, andz
1). PSA typically elutes at 10 min under the conditions used. The4lPPSA contains an ILSR leader peptide. As indicated by theirg
identities of inactive forms of PSA in this peak were determined Hjpability to form a complex with ACT, each of these clipped or
performing HIC-HPLC after incubation of the purified PSA with ACTtruncated forms of pPSA was enzymatically inactive. Th@pPSA
(Fig. 2) and after sequencing individual fractions to confirm thefonstituted 65% of the inactive PSA in this sample, and]pPSA
identities. Peak 1 in Fig.2Ris the inactive, clipped ACT that is formed Was 6%. Other samples of purified PSA were incubated with ACT a
during complex formation with PSA (22). Peak 2 represents tslescribed above and showed varying percentages of the differerg
residual excess active ACT remaining after incubation. Peak 3 is th@ctive forms of PSA (data not shown). B
PSA-ACT complex, and peak 4 comprises a mixture of inactive forms The Distribution of pPSA in Prostate Tissues.The distribution

of PSA that failed to complex with ACT. Under these conditions, th@f the different percentages of clipped PSA and pPSA in the 18 set§
of matched tissues was determined by N-terminal sequencing

whole immuno-affinity purified PSA. The clips at-B]PSA, Lys145,
and Arg85 showed no significant trends in the PZ-N, PZ-C, and TZ<
; tissues (data not shown). However,Z]pPSA was elevated in almost
a 3 all of the PZ-C and in many of the PZ-N tissues but was largely _
: 3 undetectable in the TZ<0.2% pPSA). The{2] form of pPSAwas 2
the predominant form of pPSA observed in the purified PSA, although?
very minor levels of other proforms could be detected in somes
samples.

Table 1 shows the percentage of J]pPSA in the 18 sets of
matched tissue specimens. When grouped according to tissue typ
. ] levels of [-2]pPSA were significantly higher in PZ tissues than in TZ
T T T T T tissues (Fig. 3). Only 5 TZ samples showed measurable pPSA. Ten of

0 2 4 6 8 10 12 14 16 eighteen TZ were shown to have pathological nodular BPH (15), but
. . . they were not statistically different in their levels of pPSA from the
Retention Time (min) eight TZ tissues without nodules. The median value of pPSA in TZ
Fig. 1. HIC-HPLC profile of immunoaffinity-purified PSA isolated from PZ-C tissueswas 0, compared with 1.5% for PZ-N and 3.0% of the total PSA for
757
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PRO PSA IS ELEVATED IN PROSTATE CANCER TISSUE

T T T quantities of protein for sequence analysis to confirm the identity of
2 (ACT) A_: these species. Therefore, the analysis of serum PSA forms is limited

3 by the necessity of using serum with highly elevated levels of PSA,
3 (PSA-ACT) 3 typically from 100 to 1000 ng/ml or higher.

3 Because high PSA levels are found primarily in patients with
prostate cancer but not BPH, it remains unknown whether pPSA can
be detected in the serum of patients with BPH only. However, high
levels of PSA are released into the blood during TURP, and a rece
study analyzed the PSA in TURP serum and found no pPSA (23). Thig
is consistent with our finding that pPSA is largely absent in theg
PSA-ACT B 1 transition zone (Fig. 3). In the same study, attempts were made ta
detect pPSA in the PSA purified from PCa serum by probing Westerrs
blots with an antibody raised against the N-terminal propeptide moi-?r

4 (inactive PSA)

0 5 10 15 20

Fluorescence (232 ex /334 em)

- [-2]pPSA ] ety of pPSA. However, this aspect of those studies remains inconcIiji
[ 1 sive in light of our findings because the antibodies were not specific=
- PSA . for the [-2] and [-4] pPSA forms we have found in the tissues and §

serum (12). Comprehensive analysis of serum samples awaits the
[-4]pPSA 1 availability of immunoassays that can specifically detect th2][and
h [—4] pPSA forms.

The current study of prostate tissues provides some evidence for the
] origin of pPSA in serum. Because transition zone tissues contain littl&
P PR TS P TS PP s | or no pPSA, it is more likely that any pPSA found in the serum is 2
7 8 9 10 1 12 13 14 derived from cancerous prostate PZ tissue. This distinction betweeR
PZ and TZ becomes critical in the early stages of prostate cancer i&
which comparable levels of total serum PSA may be derived from2

Fig. 2. HIC-HPLC profile of the reaction mixture of PZ-C PSA incubated with excespoth cancer and BPH. In the diagnostic gray zone of 4-10 ng/m| the_a_'
ACT. A, Peak 1 is inactive ACT which has been cleaved by PSA at the P1 reactive site, !

Leu3s8. Peak 2 is the residual excess active ACT. Peak 3 is the covalent PSA-ABHEasurement of pPSA in serum may help distinguish PCa from BPH;;
complex. Peak 4 is the inactive PSA that did not react with ABTEnlargement ofA The reasons for the higher levels of these truncated pPSA forms i
showing the PSA-ACT and inactive PSA pea_Lks. Diﬁerent_fractioqs Qf the inactive P%e PZ are not known. PSA. like most tissue kallikreins. is secrete
peak were collected and analyzed by N-terminal sequencing, as indicated by the arrqws. ' ] w
from cells as the precursor form (21, 24, 25), but it has not beeny
established how or where it is converted to the enzymatically activeus1
PZ-C (p < 0.0026). The mean values for TZ, PZ-N, and PZ-C wertorm in vivo. The truncated forms of pPSA are likely to result from &
1.1, 3.9, and 5.6% of the total PSA, respectively. The mean valuespeiSt-translational proteolytic modification and may reflect an alteredg
total PSA in the three tissues, as determined by immunoassay, weigchemical pathway. An analysis of seminal plasma PSA, as in Fige
15.6, 12.4 and 9.Qug PSA per mg of total protein in the TZ, PZ-C,2, found no detectable pPSA forms (data not shown). Because thg
and PZ-N, respectively. Eight samples of transition zone tissue, dipmologous prostate kallikrein, hK2, has been shown to activates
tained during TURP for BPH, also revealed no detectable pPSA (d@faSAin vitro, it has been speculated that hK2 may be involved in theg
not shown). in vivo regulation of PSA activity (21, 26, 27). hK2 is currently the g
Table 1 also shows the percentage of total inactive PSA in easibject of studies to determine its relationship to prostate cancer (17},
sample as determined by immunoassay after incubation with femaldn these studies, we simultaneously purified the hK2 from the tissue,
serum (see “Materials and Methods”). The pPSA in PZ-N and T@xtracts by immunoaffinity chromatography using an hK2-specific £
showed no statistical correlation with the percentage of inactive PSA,
whereas the pPSA in PZ-C showed a mild correlatipr<(0.012).
The median percentages of inactive PSA for PZ-N, PZ-C, and TZ 40
were 38, 35, and 37%, respectively.

!

S [eu Ino;

Retention Time (min)

20 - )
DISCUSSION

These results show that truncated forms of pPSA were differentially
elevated in the peripheral zone of the prostate, the site where most
cancers are localized. By contrast, little or no pPSA was found in the
transition zone, which is the site of pathological BPH and the site

(o}
o

where prostatic enlargement occurs. Because both PCa and BPH —% ?
%0

ercentage pPSA

result in increased release of PSA into the serum (4), the detection of
pPSA in serum may add specificity to the diagnosis of prostate cancer Qo
in men with mildly elevated PSA. 0

These tissue studies add important new insight into our previous
work, in which we reported that pPSA is a component of the PSA in
PCa serum (12). In that work we identifiee 4]pPSA by HIC-HPLC
as a component of the free PSA in PCa serum. The serum may also
have contained{2]pPSA, the form we have found most abundantly ) )
in ti but{ 2]pPSA cannot be readily distinguished from matur Fig. 3. Box plots of [-2]pPSA in 18 matched sets of prostate tissues. The top and
Inussues, p ; y g - - Bottom of the box denote the 25th and 75th percentile values, the center bar denotes the
forms of PSA by HIC-HPLC (see Fig. 2) and requires sufficientedian, and the error bars show the 5th and 95th percentile values.
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PRO PSA IS ELEVATED IN PROSTATE CANCER TISSUE

mAb. hK2 was present at 2—4% of the PSA (data not shown) and B Zhang, W. M., Leinonen, J., Kalkkinen, N., Dowell, B., and Stenman, U. H. Purifi-

largely inactive in tissue extracts due to internal peptide bond cleav-
age, as shown previously (28). TheZ] form of pPSA contains the 1q.
same N-terminal amino acids as 2]phK2, SRIVGGWEC, whereas
the [—4] pro forms are different from each other. Any significant!
contamination by +2]phK2 was ruled out by the use of both hK2-

cation and characterization of different molecular forms of prostate-specific antigen
in human seminal fluid. Clin. Chen¥1: 1567-1573, 1995.

Chen, Z., Chen, H., and Stamey, T. A. Prostate specific antigen in benign prostatic
hyperplasia: purification and characterization. J. Urbh7: 2166-2170, 1997.

Noldus, J., Chen, Z., and Stamey, T. Isolation and characterization of free form
prostate specmc antigen (f-PSA) in sera of men with prostate cancer. J. Us6t.,
1606-1609, 1997.

specific and PSA-specific mAbs, together with the observation thet Mikolajczyk, S. D., Grauer, L. S, Millar, L. S., Hill, T. M., Kumar, A., Rittenhouse,

hK2 represents only a minor percentage of the PSA in these extracts.

Monoclonal antibodies specific for different pPSA forms are curg;.
rently under development. If the levels of pPSA in serum reflect the

presence of pPSA in prostate cancer PZ tissues but not in the trafgi- McNeal, J. Pathology of benign prostatic hyperplasia: insight into etiology. Urol.
tion zone, then an immunoassay that measures pPSA may'mPVOVelEh%kma,czyk S. D., Millar, L. S., Wang, T. J., Wolfert, R. L., Rittenhouse, H. R.,

discrimination of prostate cancer from BPH. The combination of an

assay for cancer-associated pPSA together with an assay for thénolecular form of free prostate specific antigen, is found predominantly in the

nodular BPH-associated form of PSA that we recently reported (1%),
may enhance our ability to distinguish cancer from BPH.

17.
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