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Abstract: Human aldo-keto reductase family 1 member C3 (AKR1C3) was initially identified as an enzyme in reduc-
ing ba-dihydrotestosterone (5a-DHT) to 5a-androstane-3a, 17f-diol (3a-diol) and oxidizing 3a-diol to androsterone.
It was subsequently demonstrated to possess ketosteroid reductase activity in metabolizing other steroids including
estrogen and progesterone, 11-ketoprostaglandin reductase activity in metabolizing prostaglandins, and dihydrodiol
dehydrogenase x (DDx) activity in metabolizing xenobiotics. AKR1C3 was demonstrated in sex hormone-dependent
tissues including testis, breast, endometrium, and prostate; in sex hormone-independent tissues including kidney
and urothelium. Our previous study described the expression of AKR1C3 in squamous cell carcinoma and ad-
enocarcinoma but not in small cell carcinoma. In this report, we studied the expression of AKR1C3 in normal tis-
sue, adenocarcinomas (43 cases) and neuroendocrine (NE) tumors (40 cases) arising from the aerodigestive tract
and pancreas. We demonstrated wide expression of AKR1C3 in superficially located mucosal cells, but not in NE
cells. AKR1C3-positive immunoreactivity was detected in 38 cases (88.4%) of adenocarcinoma, but only in 7 cases
(17.5%) of NE tumors in all cases. All NE tumors arising from the pancreas and appendix and most tumors from
the colon and lung were negative. The highest ratio of positive AKR1C3 in NE tumors was found in tumors arising
from the small intestine (50%). These results raise the question of AKR1C3'’s role in the biology of normal mucosal
epithelia and tumors. In addition, AKR1C3 may be a useful adjunct marker for the exclusion of the NE phenotype in
diagnostic pathology.
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Introduction cloned and characterized; they are known as
AKR1C1 [20a(3a)-hydroxysteroid dehydroge-
nase (HSD)] [4], AKR1C2 (type 3 3a-HSD) [5, 6],
AKR1C3 (type 2 3a/type 5 17B3-HSD) [7, 8], and

AKR1C4 (type 1 3a-HSD) [6].

The aldo-keto reductases (AKRs) comprise of
functionally diverse 15 gene families [1].
Members of the AKR superfamily are generally
monomeric (37 kD), cytosolic, NAD(P) (H)-

dependent oxidoreductases, and multifunc-
tional in that they convert carbonyl groups to
primary or secondary alcohols (www.med.
upenn.eud/akr) [2]. Substrates of AKR super-
family members include steroids, prostaglan-
dins (PGs), and lipid aldehydes as substrates
[3]. Four human AKRA1C isoforms have been

AKR1C3 was originally cloned from human
prostate [8] and placental cDNA libraries [9].
Based on enzyme kinetics, AKR1C3 possess-
es 3a-hydroxysteroid dehydrogenase (HSD),
3B-HSD, 17B-HSD, and 11-ketoprostaglandin
reductase activities, and catalyzes androgen,
estrogen, progesterone, and prostaglandin (PG)
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Table 1. Expression of AKR1C3 in tumors of pancreas, gastrointestinal tract, and lung

Case No. Diagnosis Grade Location Score
Pancreatic Ductal Adenocarcinoma

1 Ductal adenocarcinoma- Rs WD Tail XYYy
2 Ductal adenocarcinoma- Rs PD Head XYY Y
3 Ductal adenocarcinoma- Rs MD Head XYY Y)
4 Ductal adenocarcinoma- Rs MD Head XYYy
5 Ductal adenocarcinoma- Rs PD Head XYY Y]
6 Ductal adenocarcinoma- Rs MD Tail Yy
7 Ductal adenocarcinoma- Rs PD Head XYY Y)
8 Ductal adenocarcinoma- Rs PD Head XYY Y)
9 Ductal adenocarcinoma- Rs MD Head ecocoe
10 Ductal adenocarcinoma- Rs PD Body (YYYY}
11 Ductal adenocarcinoma- Rs MD Tail ececoeo
12 Ductal adenocarcinoma- Rs MD Head Yy Y
13 Ductal adenocarcinoma- Rs MD Head XYY Y
14 Ductal adenocarcinoma- Rs MD Head eocecoo
15 Ductal adenocarcinoma- Rs PD Head

16 Ductal adenocarcinoma- Rs MD Head eoe
17 Ductal adenocarcinoma- Rs PD Tail

18 Ductal adenocarcinoma- Rs MD Tail oo
19 Ductal adenocarcinoma- Rs MD Tail oo
20 Ductal adenocarcinoma- Rs MD Head

21 Ductal adenocarcinoma- Rs MD Head

22 Ductal adenocarcinoma- Rs MD Head

23 Ductal adenocarcinoma- Rs MD Head

Pancreatic NE Neoplasm

1 NE neoplasm- Rs PD Head -

2 NE neoplasm- Rs MD Head -

3 NE neoplasm- Rs WD Head -

4 NE neoplasm- Rs WD Head -

5 NE neoplasm- Rs WD Tail -

6 NE neoplasm- Rs WD Tail -

7 NE neoplasm- Rs PD Head -

8 NE neoplasm- Bx WD Head -

9 NE neoplasm- Bx WD Not specified -
Stomach Adenocarcinoma

1 Adenocarcinoma- Rs PD Cardia (LYY T
2 Adenocarcinoma- Rs PD Fundus XYY Y
3 Adenocarcinoma- Rs PD Antrum XYY Y)
4 Adenocarcinoma- Rs MD GE Junction XYY Y]
5 Adenocarcinoma- Rs PD Antrum eeooe
6 Adenocarcinoma- Rs PD Body XYY}
7 Adenocarcinoma- Rs PD Antrum

8 Adenocarcinoma- Rs PD Not specified eoe
9 Adenocarcinoma- Rs PD Body (1)

Small Intestinal Adenocarcinoma
1 Adenocarcinoma- Rs WD Small intestine -
Small Intestinal well-differentiated NE tumor (Carcinoid)

2420 Int J Clin Exp Pathol 2013;6(11):2419-2429



AKR1C3 in neuroendocrine and non-neuroendocrine tumor

1 NE neoplasm- Bx WD Duodenum (XYY Y
2 NE neoplasm- Rs WD Duodenum

3 NE neoplasm- Rs WD Duodenum oo
4 NE neoplasm- Rs WD lleum -
5 NE neoplasm- Bx WD Duodenum -
6 NE neoplasm- Rs WD lleum -
Appendix Adenocarcinoma

1 Mucinous cystadenocarcinoma- Rs WD 1 -
2 Mucinous appendiceal neoplasm- Rs WD 1 -
Appendix well-differentiated NE tumor (Carcinoid)

1 NE neoplasm- Rs WD Tip of appendix -
2 NE neoplasm- Rs WD 2 -
3 NE neoplasm- Rs WD 2 -
4 NE neoplasm- Rs WD Tip of appendix -
5 NE neoplasm- Rs WD Tip of appendix -
6 NE neoplasm- Rs WD 2 -
7 NE neoplasm- Rs WD 2 -
Colon Adenocarcinoma

1 Adenocarcinoma- Rs MD Right colon (XYY )
2 Adenocarcinoma- Rs MD Cecum

3 Adenocarcinoma- Rs WD Cecum (YY)
4 Adenocarcinoma- Rs WD Right colon

5 Adenocarcinoma- Rs WD Rectosigmoid oo
6 Adenocarcinoma- Rs MD Sigmoid

7 Adenocarcinoma- Rs WD Rectum -
8 Adenocarcinoma- Rs WD Left colon -
Colon well-differentiated NE tumor (Carcinoid)

1 NE neoplasm- Bx WD Rectum

2 NE neoplasm- Bx WD Rectum -
3 NE neoplasm- Bx WD Rectum -
4 NE neoplasm- Bx WD Rectum -
5 NE neoplasm- Bx WD Rectum -
6 NE neoplasm- RS WD Right colon -
Lung well-differentiated NE tumor (Carcinoid)

1 NE neoplasm- Rs WD Right upper lobe eeoe
2 NE neoplasm- Rs WD Left lower lobe oo
3 NE neoplasm- Rs WD Left lower lobe °
4 NE neoplasm- Rs WD Right lower lobe -
5 NE neoplasm- Rs WD Left upper lobe -
6 NE neoplasm- Rs WD Right middle lobe -
7 NE neoplasm- Rs WD Right upper lobe -
8 NE neoplasm- Rs WD Left lower lobe -
9 NE neoplasm- Rs WD Right lower lobe -
10 NE neoplasm- Rs WD Right lower lobe -
11 NE neoplasm- Rs WD Right upper lobe -
12 NE neoplasm- Rs WD Left main bronchus -

Total number of tumor: 83. Total number of adenocarcinomas: 43. Total number of neuroendocrine tumors: 40. Total number
of adenocarcinomas positive for AKR1C3: 38 (88.4%). Total number of neuroendocrine tumors positive for AKR1C3: 7 (17.5%).
Key for interpretation: Intensity of Immunoreactivity: ®: 3+; «: 2+; : 1+; ‘Entire appendix is involved; 2Location not further
specified; Bx- Biopsy, RS- Resection. Percentage of Positive Cells: eeeee: 100%; e0e0e: > 75 < 100%; eee: > 25 < 75%; ee: >
5 < 25%; o: > 1 < 5%; - : Completely negative in neoplastic cells.
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metabolism [8, 10-12]. As a result, AKR1C3 is
capable of indirectly governing ligand access to
various nuclear receptors, including androgen
receptor (AR), estrogen receptor (ER), proges-
terone receptor (PR), and peroxisome prolifera-
tor-activated receptor (PPAR) [13], and regulat-
ing trans-activation activities of these nuclear
receptors through intracrine actions [13].

AKR1C3 expression has been detected in nor-
mal tissues including steroid hormone-depen-
dent cells such as breast cells [14], endometri-
al cells [15], prostate cells [16], and Leydig cells
[17], as well as hormone-independent cells
such as urothelial epithelium [16] and epitheli-
um of the renal tubules [18]. We and others
also demonstrated that AKR1C3 is abnormally
expressed in multiple malignant tumors includ-
ing hormone-related cancers such as breast
cancer [19], endometrial cancer [15, 20], and
prostate cancer [16, 21-23], as well as non-hor-
mone-related cancers such as myelodysplastic
syndrome (MDS, refractory anemia) [24], non-
small cell carcinoma of the lung [25, 26], Wilms’
tumor [27], and brain tumor [28].

Neuroendocrine (NE) epithelial cells are widely
distributed in the aerodigestive tract and have
the unique capability of synthesizing and
secreting neuropeptides and hormones. These
NE cells are most commonly found in the stom-
ach, small intestine, appendix, colon, pancreas
and bronchial mucosa in the aerodigestive
tract. These NE epithelial cells are believed to
be the origin of neuroendocrine tumor and
small cell carcinoma. In fact, NE tumor is one of
the most common tumors of the appendix [29].
Small cell carcinoma of the lung is a common
tumor and highly aggressive NE carcinoma. In
contrast, well-differentiated NE tumor (also
known as carcinoid) and moderately-differenti-
ated NE tumor (also known as atypical carci-
noid) are less commonly found in the lung and
far less aggressive. Interestingly, these tumors
tend to occur in younger patients.

Although the expression of AKR1C3 mRNA has
been demonstrated in the gastrointestinal tract
and pancreas [8, 12], the topographical distri-
bution in different cell types and tumors arising
from these organs have never been described.
This study focuses on the expression of AKR1C3
in normal epithelial cells, NE tumors, and carci-
nomas arising in the pancreas, gastrointestinal
tract, and lung.
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Materials and methods
Human normal and neoplastic tissue

A total of 83 separate cases of archival, forma-
lin fixed, paraffin embedded biopsy or resection
specimens were retrieved. All specimens were
obtained through the Department of Pathology
at the University of Oklahoma Health Sciences
Center with Institutional Review Board (IRB)
approval. Cases were limited to those with
indisputable diagnostic features, containing
sufficient amount of tissues, and free of exces-
sive cauterization or processing artifacts. All
tumors were primary and untreated tumors.
Normal tissue sections were obtained from his-
tological normal areas within these cases. This
consortium included 23 cases of invasive duc-
tal carcinoma of the pancreas, 9 cases of NE
tumor of the pancreas, 9 cases of gastric ade-
nocarcinoma, 1 case of adenocarcinoma of
small intestine, 6 cases of NE tumor of the
small intestine, 2 cases of adenocarcinoma of
the appendix, 7 cases of NE tumors of the
appendix, 8 cases of colonic adenocarcinoma,
6 cases of colonic NE tumors, and 12 cases of
well-differentiated NE tumors (not small cell
carcinoma) of the lung (Table 1). NE differentia-
tion was confirmed by immunohistochemistry
for synaptophysin. The diagnoses were recon-
firmed by a pathologist in this study (KMF).

Antibody and Immunohistochemistry

Monospecific mouse anti-AKR1C3 monoclonal
antibody was produced and characterized in
our laboratory as described [14]. Paraffin sec-
tions were cut at 5 ym thick, deparaffinized and
rehydrated. Single immunohistochemistry for
AKR1C3 was performed by an automated stain-
ing machine (Benchmark, Ventana; Tucson, AZ)
with a CC1-medium antigen retrieval protocol
described by the manufacturer. Primary anti-
body was applied at 1:200 dilution and incu-
bated for 90 min. Diaminobenzidine (DAB) and
hematoxylin were used as chromogen and
counter stain, respectively.

Double immunohistochemistry was performed
first by peroxidase-DAB technique for AKR1C3
as mentioned above, followed by manual immu-
nohistochemistry for rabbit anti-synaptophysin
monoclonal antibody (clone SP11; Thermo sci-
entific, Rockford, IL) at a dilution of 1:100 using
alkaline phosphatase-fast red technique.

Int J Clin Exp Pathol 2013;6(11):2419-2429
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Figure 1. Expression of AKR1C3 in normal pancreas. Immunoreactivity for AKR1C3 in normal pancreas is limited
to the ducts (A and B). The acini and islets of Langerhans (between arrows) are negative. C: ARK1C3 is strongly
expressed in the duodenal epithelial cells but only weakly in Brunner’s gland (b). D: AKR1C3 is more strongly ex-
pressed in the superficially located mucosal epithelial cells in the colon but not expressed by the deeply located
epithelial cells. Original maghnification for (A) and (D) is 20x, (B) and (C) is 60x respectively.

Subtraction of synaptophysin staining was per-
formed by first taking an image from the double
immunohistochemistry. Fast red was washed
out with alcohol; and another image was then
taken at the same location.

Immunohistochemical evaluation and scoring

The stained tissue sections were evaluated
with a conventional light microscope by two of
the authors (TSC and KMF) independently. The
percentage of positive cells within each tumor
was evaluated and allocated to one of the fol-
lowing categories: completely negative, < 5%
positive immunoreactivity, > 5% but < 25% pos-
itive immunoreactivity, > 25% but < 75% posi-
tive immunoreactivity, > 75% but < 100% posi-
tive immunoreactivity, and 100% positive
immunoreactivity. The intensity of staining was
also scored as weak, moderate, or strong for
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every case. In cases with more than one level of
intensity, the staining intensity with the largest
area was considered the final score.

Results
Normal tissue

AKR1C3 was strongly expressed in the pancre-
atic ductules but not the acini or islets of
Langerhans (Figure 1A and 1B). In gastric and
duodenal mucosa, AKR1C3 was widely
expressed in the superficially located mucosal
cells (close to the luminal surface) but weakly
expressed or not expressed in the deeply locat-
ed epithelial cells such as those in the gastric
pits (Figure 2) and Brunner’s gland (Figure 1C).
In the terminal ileum and colon, the superficial-
ly located mucosal cells closer to the lumen
were more AKR1C3-positive immunoreactive
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Figure 2. Expression of AKR1C3 and NE marker (synaptophysin) in pancreas and gastrointestinal tract. Double im-
munohistochemistry (AKR1C3- brown, synaptophysin- red) in duodenum demonstrates widespread expression of
AKR1C3 in mucosal cells but not in NE cells (A and B). The red staining in (B) is removed by alcohol wash (C) and
the underlying NE cells are negative for AKR1C3 (arrows in B and C). In the stomach, only the more superficially
located mucosal cells are immunoreactive for AKR1C3. NE cells (arrow in D) are found in the deeper parts of the
mucosa where AKR1C3 is not expressed (D and E). In the bronchial respiratory mucosa, the ciliated mucosal cells
are strongly positive for AKR1C3 but NE cells are negative. Original magnification for (A) and (D) is 10x, for (B), (C).

(E), and (F) is 60x.

than the deeper mucosal epithelial cells (Figure
1D).

Double immunohistochemistry for AKR1C3
(brown) and synaptophysin (red) demonstrated
mutually exclusive expression of the two mole-
cules in different cell populations in distal duo-
denum (Figure 2A, 2B). Subtraction of synapto-
physin revealed that normal NE cells did not
express AKR1C3 (arrows in Figure 2C). In oxyn-
tic mucosa of stomach, NE cells were identified
in deeply located glands that did not express
AKR1C3 (Figure 2D, 2E). Expression of AKR1C3
and synaptophysin was also identified in two
distinct populations of cells in the bronchial
mucosa (Figure 2F). The pulmonary alveoli
were negative for both AKR1C3 and synap-
tophysin.

Pancreatic tumors

Positive, often strong and diffusely distributed,
AKR1C3 immunoreactivity was detected in all
23 cases of invasive ductal carcinoma of the
pancreas (Table 1) and (Figure 3A-H), whereas
all of 9 pancreatic NE tumor cases were nega-
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tive for AKR1C3 (Table 1, Figure 3I-P). Among
these 9 cases, 6 cases were well-differentiated
NE tumor (carcinoid), with one moderately dif-
ferentiated and two poorly differentiated NE
tumors.

Gastric adenocarcinomas

Strong and diffusely distributed AKR1C3-
positive immunoreactivities were demonstrat-
ed in all 9 cases of gastric adenocarcinomas
(Figure 4A).

Small intestinal tumors

The only adenocarcinoma of small intestine in
this study was negative for AKR1C3. Immuno-
reactivity for AKR1C3 was demonstrated in 3
out of 6 cases (50%) of small intestinal well-
differentiated NE tumors (Figure 4B).

Appendiceal tumors

No AKR1C3 expression was noted in the two
mucinous adenocarcinoma of the appendix
(Figure 4C). The 7 well-differentiated NE tumor
cases of the appendix were all negative.

Int J Clin Exp Pathol 2013;6(11):2419-2429
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Figure 3. Expression of AKR1C3 in pancreatic tumors. (A) to (D), (E) to (G) are two different cases of invasive pan-
creatic ductal carcinoma of pancreas with hematoxylin-eosin stain and immunohistochemistry for AKR1C3 respec-
tively. Note the wide spread expression of AKR1C3 with occasional negative tumors (arrow). (I) to (L), (M) to (P) are
two different cases of pancreatic NE tumors. Note the negative results and entrapped ducts which act as internal
positive control in (K). Original magnification for (A), (C), (E), (G), (I), (K), (M), and (O) is 20x, for (B), (D), (F), (H), (J),

(L), (N), (P) is 60x.

Colonic tumors

Positive immunoreactivity for AKR1C3 was
demonstrated in 6 out of 8 (75%) cases of
colonic adenocarcinoma. One out of the 6
cases (16.7%) of well-differentiated NE tumors
was weakly positive for AKR1C3 (Figure 4D).

Pulmonary well-differentiated NE tumor (car-
cinoid)

Patchy expression of AKR1C3 was demonstrat-
ed in 3 out of 12 cases (25%).

Discussion

In this communication, we describe spatial
distributions of AKR1C3, a multi-functional
enzyme, in normal NE and non-NE epithelial
cells as well as neoplastic NE and non-NE

2425

malignancies of the pancreas, stomach, small
intestine, appendix, colon, and lung. This is the
first report describing normal and abnormal
expressions of AKR1C3 in these tissues. Our
results raise the possibility that AKR1C3 may
play a significant role for physiological activity
and pathological development of these organs.

We demonstrated a strong expression of
AKR1C3 in normal mucosal cells in pancreatic
ductules, but not the acini which are anatomi-
cally more proximal than the ductal epithelium.
Similar observations are demonstrated in the
gastric mucosa and duodenum where the sur-
face lining epithelial cells close to the lumen
are strongly positive, but epithelial cells deep in
the gastric pits and Brunner’s glands in duode-
num are either weakly positive or negative. In
the appendix and colon, expression of AKR1C3
is stronger in the superficially located epithelial

Int J Clin Exp Pathol 2013;6(11):2419-2429
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Figure 4. Expression of AKR1C3 in tumors of gastrointestinal tract. Strong expression of AKR1C3 is demonstrated
in this case of gastric adenocarcinoma (A), NE tumor of small intestine (B), adenocarcinoma of colon (C) but not NE
tumor of colon (D). Original magnification of (A), and (D) is 60x, for (B) and (C) is 20x.

cells close to the lumen as compared to cells in
deeper histological locations. These observa-
tions corroborate our early finding of strong and
widespread expression of AKR1C3 in urothelial
epithelium, which line the most distal portion of
the urinary system, but only a subset of renal
tubules, which is anatomically located proximal
to the urothelium [16]. The biological implica-
tion of AKR1C3 identified in more superficially
and/or distally located epithelial cells observed
in the current study is unknown. Physiologically,
these distally located epithelial cells protect
the interface of the aerodigestive tract from
luminal contents, just as the urethelium pro-
tects the urinary bladder from urine. In addition
to the known diversified biological functions of
AKR1C3, we speculate that AKR1C3 may func-
tion as part of a chemical barrier in these epi-
thelial cells to defend the body from intrusion of
toxic chemicals. The physiological functions of
AKR1C3 in superficial mucosal epithelium
require further investigation.
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In the present study, we also demonstrated
that NE cells in the pancreas, gastrointestinal
tract, and lung do not express AKR1C3. NE
cells have the capability of producing, storing,
and secreting peptides and biogenic amines
[30]. AKR1C3 is known to regulate the conver-
sion of steroid hormones, PGs, xenobiotics,
and chemical carcinogens. The biological sig-
nificance of the absence of AKR1C3 in NE cells
is uncertain. It should be noted that NE cells
are found in locations superficial to the lumen
of the organ and are surrounded by AKR1C3
expressing non-NE epithelial cells. One specu-
lation is that the diversified function of AKR1C3
breaks down the newly synthesized substances
in NE cells and, therefore, AKR1C3 is down-
regulated or absent in NE cells.

In one of our previous studies, we demonstrat-
ed strong expression of AKR1C3 in squamous
cell carcinomas and adenocarcinomas of the
lung and gastroesophageal junction, but no
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expression in small cell carcinomas, a highly
aggressive NE tumor, of the lung [26]. In the
current study, we extend our study and demon-
strate expression of AKR1C3 in 88.4% of ade-
nocarcinoma arising from the pancreas and
stomach to colon, but only 17.5% of NE tumors
arising from the pancreas, small intestine to
colon, and lung. Of note, no gastric NE tumors
are available in the current study, and the num-
ber of cases of adenocarcinoma of the appen-
dix and small intestine is low due to their rarity.
In addition, the highest ratio of positive AKR1C3
in NE tumors is found in those arising from the
small intestine (50%). All NE tumors of the
appendix and pancreas are negative for
AKR1C3. AKR1C3 has been demonstrated to
be widely expressed in other non-NE carcino-
mas including those arising from the prostate
[16], endometrium [31], urothelium and kidney
[27], and breast [19, 32]. With the diversified
functions of AKR1C3 taken into consideration,
AKR1C3 may play an important role in the ther-
apeutic effects of chemotherapy and radiation
therapy on these tumors. It may be possible
that AKR1C3 can be related to resistance or
responsiveness to chemotherapy.

Last but not least, the low expression rate of
AKR1C3 in NE tumors and high expression rate
in adenocarcinoma and squamous cell carci-
noma, as demonstrated in this investigation
and our former studies [16, 27, 28], may pro-
vide an adjunct marker in differential diagnosis
between NE and non-NE epithelium-derived
tumors.
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