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Abstract

Metastasis is the leading cause of mortality for human non-small cell lung cancer (NSCLC). However, it is
difficult to target tumor metastasis because the molecular mechanisms underlying NSCLC invasion and
migration remain unclear. Methods: GEO data analyses and IHC analyses were performed to identify
that the expression level of AKRIC1, a member of human aldo-keto reductase family, was highly elevated
in patients with metastasis or metastatic foci of NSCLC patients. Functional analyses (in vitro and in vivo)
and quantitative genomic analyses were preformed to confirm the pro-metastatic effects of AKRIC1 and
the underlying mechanisms. The correlation of AKRICI1 with the prognosis of NSCLC patients was
evaluated using Kaplan-Meier analyses. Results: in NSCLC patients, AKR1CI1 expression was closely
correlated with the metastatic potential of tumors. AKRICI] overexpression in nonmetastatic cancer
cells significantly promoted metastasis both in vitro and in vivo, whereas depletion of AKRICI in highly
metastatic tumors potently alleviated these effects. Quantitative genomic and functional analyses revealed
that AKRICI directly interacted with STAT3 and facilitated its phosphorylation—thus reinforcing the
binding of STAT3 to the promoter regions of target genes—and then transactivated these genes, which
ultimately promoted tumor metastasis. Further studies showed that AKRICI might facilitate the
interaction of STAT3 with its upstream kinase JAK2. Intriguingly, AKRICI exerted these pro-metastatic
effects in a catalytic-independent manner. In addition, a significant correlation between AKRICI and
STAT3 pathway was observed in the metastatic foci of NSCLC patients, and the AKRICI-STAT3 levels
were highly correlated with a poor prognosis in NSCLC patients. Conclusions: taken together, we
show that AKRICI is a potent inducer of NSCLC metastasis. Our study uncovers the active function of
AKRICI as a key component of the STAT3 pathway, which promotes lung cancer metastasis, and
highlights a candidate therapeutic target to potentially improve the survival of NSCLC patients with
metastatic disease.
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Introduction

Non-small cell lung cancer (NSCLC) is the
leading cause of cancer death worldwide [1],
accounting for ~80% of all lung cancer cases [2].
Despite remarkable advances in targeted therapy to
treat NSCLC patients, survival rates have not
improved. >79% of all lung cancer patients develop
metastases, and the 5-year survival rate of patients

with distant metastases is <5% [3], which means that
metastases account for fatal outcomes and high
mortality rates in NSCLC [4, 5]. Thus, there is an
urgent need to improve our understanding of the
molecular underpinnings that drive NSCLC
metastasis and to leverage that understanding toward
better therapeutic options.
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AKR1C1 (aldo-keto reductase 1, family member,
C1) is a member of the human aldo-keto reductase
family that is composed of four enzymes, AKR1CI-
AKR1C4, which catalyze NADPH-dependent
reductions [6, 7]. Mounting evidence reveals that
AKRI1C1 is upregulated in a variety of cancers,
including lung cancer, gastric cancer, and cervical
cancer [8-13], and the ectopic expression of AKR1C1
could lead to malignant transformations in NIH-3T3
cells [14]. The overexpression of AKR1C1 has been
found to be associated with cancer progression
[14-16]. For instance, AKR1C1 overexpression may
result in drug resistance in different cancer types,
including leukemia, NSCLC and bladder cancers, due
to its critical role in biosynthesis, intermediary
metabolism and detoxification [15]. In the bronchial
epithelial cells of tobacco smokers, AKRICI was
found to be overexpressed [17]. Since AKR1C1 and its
family are responsible for the metabolic activation of
polycyclic aromatic hydrocarbons, which are lung
carcinogens, the induction of AKRICl1 in
tobacco-exposed lung tissues might contribute to the
pathogenesis of smoking-related lung cancer [18].
However, the mechanism by which AKR1C1
promotes cancer metastasis remains to be fully
understood.

As the best known function of AKR1C1 is to
convert progesterone into its inactive form,
20-alpha-dihydroxyprogesterone [19, 20], AKR1Cl1
was found to be aberrantly expressed in endometrial
cancers [16, 20, 21] and contributed to the inhibition of
progestin receptor production in cells [16]. The loss of
progestin receptor was often found to be inversely
correlated to an invasive phenotype in endometrial
cancers [22]. These studies suggest a critical role for
the canonical function of AKR1C1 in the aggression of
hormone-related cancers. However, AKRIC1 is
extensively overexpressed in non-hormone-related
cancer, particularly in NSCLC, thus suggesting a non-
enzymatic role for AKR1C1 in NSCLC progression.

Recent evidence highlights the importance of
non-canonical functions of reductase because the
inhibition of enzymatic activities of AKR1Cs fail to
kill cancer cells efficiently [15]; and, some of the
family members, such as AKR1C3, exhibit a
catalytic-independent ability to bind and stabilize E3
ligase Siah2 by blocking its self-ubiquitination and
degradation [23], which may ultimately promote
tumor progression [24, 25]. In this context, it is
intriguing to ask whether and how AKR1C1 functions
as a pro-metastatic factor in NSCLC cells in a
non-canonical manner.

Here, we show that AKR1Cl1 promotes the
metastasis of NSCLC cells in vitro and in vivo in a
catalytic-independent manner because the loss of

reductase activity fails to impair the pro-metastatic
activity of AKRIC1. Quantitative genomic and
functional analyses indicate that AKR1C1 acts as a key
component of the STAT3 pathway, which promotes
NSCLC  metastasis, by facilitating STAT3
phosphorylation and reinforcing the transactivation
of STATS3 target genes.

Results

High AKRICI1 expression is associated with
metastasis and poor prognosis in NSCLC
patients

According to the GEO datasets (GDS2865 and
GDS3091) [26, 27], which display the expression
profiles of primary tumors vs. metastatic tumors, the
AKR1C1 mRNA levels were markedly upregulated in
metastatic tumor samples (Fig. S1A). This finding was
supported by our previous study, which showed that
AKRIC1 was significantly higher in a metastatic
subline established from a step-wise enrichment of
cancer cells with a higher capacity to migrate
(unpublished data). Thus, we were encouraged to
speculate that AKR1C1 might play critical roles in the
metastasis and progression of NSCLC.

To determine the clinical relevance of AKR1C1
expression in patients with NSCLC, we first analyzed
the expression of AKRICI in cancer patient tumor
samples [28]. It was found that most cancer samples
harbored a higher level of AKRICI than
corresponding normal tissues. Notably, among all
cancer types, NSCLC samples displayed the greatest
upregulation of AKR1C1 (Fig. 1A and Fig. S1B) [28]. In
particular, as shown in the Yamagata Lung Dataset
[29] (Fig. 1A, B), the AKRICI mRNA levels were
increased in cancer compared to normal tissues by
24.36-fold in squamous cell carcinoma (P = 7.7x107),
6.59-fold in large cell carcinoma (P = 0.018) and
4.95-fold in adenocarcinoma (P = 0.004). Similarly, we
found that the protein level of AKR1C1 was distinctly
high in 4 of 6 tested NSCLC cell lines (PC-9, A549,
SK-MES-1, NCI-H460), but that it was barely
detectable in BEAS-2B, a human bronchial epithelial
cell line (Fig. S2A), which suggests that AKR1C1 is
highly expressed in NSCLC.

NSCLC cells harboring higher levels of AKR1C1
traversed more efficiently into the lower chamber
than did those with lower AKR1C1 levels (Fig. S2B).
To further identify the relationship between AKR1C1
and NSCLC metastasis, we evaluated the expression
level of AKR1C1 in 40 primary NSCLC tumors with
corresponding lymph node metastatic tumors from
the same patients (6 small cell undifferentiated
carcinoma, 17 squamous cell carcinoma and 17
adenocarcinoma). Interestingly, AKR1C1 expression
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in metastatic tumors was significantly elevated
compared to the corresponding primary tumors (Fig.
1C), suggesting that high AKRIC1 expression is
associated with NSCLC metastasis.

Because there is a high degree of sequence
similarity shared between AKR1C1-3, we next
compared the pro-metastatic activity of AKR1C1 with
its family members AKR1C2 and AKR1C3. Using a
Kaplan-Meier plotter analysis [30], we found that the
expression level of AKRIC1 was inversely correlated
with reduced survival time in NSCLC patients (P <
0.01). In contrast, the expression levels of AKR1C2 and

A

AKR1C3 were not related to survival time (P > 0.05)
(Fig. 2A), indicating that the function of AKR1C1 in
metastasis is specific. In line with these findings,
AKR1C1 stood out among the three members of the
AKRIC family for its potent ability to promote the
invasion of NCI-H1299 cells (Fig. 2B, C). Collectively,
these findings suggest that compared to the other 2
members of the AKR1C family, AKRIC1 is closely
correlated with a poor prognosis in NSCLC patients
and may play important roles in the metastasis and
progression of NSCLC.

The mRNA fold change of AKR1CT in clinical samples*

Cancer types (P-value)
Squamous Cell Lung Carcinoma | (7.72x107) 24.36
Large Cell Lung Carcinoma | (0.018) 6.59
Lung Adenocarcinoma | (0.004) 4.95
Hairy Cell Leukemia (2.83x10°%) {1 887
Centroblastic Lymphoma | (8.73x109) {1 4.13
Burkitt's Lymphoma | (0.002) 41— 3.25
Diffuse Large B-Cell Lymphoma | (0.002) {1 2.22
Superficial Bladder Cancer (6.13x10®%) {1 4.77
Papillary Renal Cell Carcinoma I (0.025) {1 318
Chromophobe Renal Cell Carcinoma | (0.006) {1 2.70
Pancreatitis (0.038) {1 3.20
High Grade Cervical Squamous Intraepithelial Neoplasia (4.18x10°) {1 2.91
Barrett's Esophagus | (0.006) 111.36
Esophageal Adenocarcinoma | (8.12x10%) ] 2.33
Invasive Lobular Breast Carcinoma (0.049) 11206
Prostatic Intraepithelial Neoplasia (0.013) 11 167
Hepatocellular Carcinoma (0.008) 1 1.44
Familial Parathyroid Hyperplasia | (0.024) 1] 1.76
Parathyroid Gland Adenoma | (5.80x10°) {1 1.61
Oligoastrocytoma (0.034) 1] 1.56
Testicular Teratoma (0.027) {1 1.81
Ovarian Mucinous Adenocarcinoma (0.011) 11 1.76 Cancer vs. Normal
Tongue Squamous Cell Carcinoma  (0.002) {1 1.45 *:data collected from Oncomine
Fold change 0 5 10 15 20 25
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Figure 1. High expression levels of AKRICI were observed in NSCLC clinical samples, particularly in metastatic tumors. (A) NSCLC patient tumor samples displayed
the highest upregulation of AKRICI among different cancer types [28]. Gene: AKR1CI; Analysis Type: Cancer vs. Normal Analysis; Data Type: mRNA; Sample Type: Clinical
Specimen. (B) Box plot analysis of the AKRICI mRNA levels in NSCLC tissue samples [29]. Gene: AKRI1CI; Analysis Type: Cancer vs. Normal Analysis; Data Type: mRNA;
Sample Type: Clinical Specimen; Yamagata Lung. (C) Immunohistochemical staining showed that the expression levels of AKRICI were significantly upregulated in metastatic
tumors compared with corresponding primary tumors obtained from the same NSCLC patient (n = 40, P < 0.05). The expression scores of AKRICI in tissue microarrays were
analyzed by Image-Pro Plus. (Primary tumor tissue: n = 40; matched lymph node metastatic tumor tissue: n = 40). Statistical significance was determined by Student’s test. *, P <

0.05.
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Figure 2. AKRICI possesses more potential to promote NSCLC malignancy, compared with AKRIC2 and AKRI1C3. (A) The effects of AKRICI, AKRIC2

and AKR1C3 on the overall survival of NSCLC patients [30]. (B) A transwell ass:

ay was conducted to evaluate the motility of NCI-H1299 overexpressing AKRICI,

AKRI1C2 or AKRIC3, respectively. AKRICI stood out for its superior potential to promote cell migration. (C) Statistical significance of cell migration in (B) was

determined by a two-tailed, Student's test. *, P < 0.05.

AKRICI1 drives NSCLC cell metastatic
potential both in vitro and in vivo

To further address the effect of AKR1C1 on
NSCLC cell metastasis, we evaluated the effects of
manipulating the AKRIC1 expression levels. The
exogenous introduction of wide-type (wt) AKR1C1
into those non-metastatic cells harboring low AKR1C1
expression levels (Fig. S2A) conferred NCI-H1650 and
NCI-H1299 cells with significantly —enhanced
metastatic potential as indicated by their enhanced
invasive ability (Fig. 3A). In contrast, the depletion of
AKR1C1 using specific siRNA without silencing effect
on AKR1C2 or AKR1C3 (Fig. S3) greatly reduced the
invasive abilities of metastatic PC-9 and NCI-H460
cells (Fig. 3A) harboring higher AKR1C1 expression
(Fig. S2A). Similar results were also achieved in A549
cells, which are other NSCLC cells with high AKR1C1
expression (Fig. S2C, D). The results obtained from
migration assay and wound-healing assay further
supported the potent metastatic driving function of
AKR1C1 (Fig. S2E, F). Therefore, AKR1C1 may
promote the metastatic ability of NSCLC cells in vitro.

Since transcriptional regulation is an essential

component of tumor metastasis, the mRNA levels of
metastasis-related genes, including Fibronectin and
N-cadherin, were monitored. As expected, the
exogenous introduction of AKR1C1 in NCI-H1650
cells increased the mRNA levels of Fibronectin and
N-cadherin, whereas these genes in PC-9 cells were
downregulated by AKR1C1 depletion (Fig. 3B). These
data suggest that AKR1C1 might reprogram the
transcription profiles of metastasis-related genes in
NSCLC cells.

To extend our in vitro observations concerning
AKR1C1’s role in promoting NSCLC metastasis, we
evaluated whether AKR1C1 could regulate metastasis
in vivo. First, we stably overexpressed AKRI1C1 in
NCI-H1299 cells (cells harboring low AKR1C1
expression), which conferred NCI-H1299 cells with an
invasive phenotype (Fig. S4A). Subsequently, these
cells were intravenously injected into nude mice.
Compared with the parental NCI-H1299 cells,
AKR1C1 transfectants produced significantly
increased metastatic foci in the livers of nude mice, as
detected by PET-CT (Fig. 3C, D). Intriguingly, on lung
tissues, minimal difference was observed in the foci
numbers between the vector- and AKR1Cl-groups
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(Fig. S5A), whereas the total foci numbers from both  suggested that AKR1Cl overexpression promotes
lung and liver were greatly increased by AKR1C1  metastasis of NSCLC in vivo, while imposing little
transfectants (Fig. S5B). Taken together, these data  effect on the lung homing.
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Figure 3. AKRICI promotes NSCLC invasion both in vitro and in vivo. (A) The invasion assay showed different cell motilities in AKR1C1 ectopically expressed
or silenced NSCLC cells. The ectopic expression of AKR1C1 promoted the invasion of NCI-1650 and NCI-H1299 cells. Conversely, the depletion of AKR1CI1 clearly
inhibited the invasion of PC-9 and NCI-H460 cells. The relative numbers of invasive cells were counted and presented as the mean + SD from three independent
experiments. (B) The mRNA expression of metastasis-related genes with AKRIC1 ectopic expression or depletion was evaluated by qRT-PCR. (C-D) Stably
over-expressed AKRICI1 in NCI-H1299 cells promoted liver metastasis in nude mice models. (E-F) Stable silencing of AKR1CI reduced the capacity of NCI-H460
cells to form liver metastases. Micro PET-CT was utilized to assess metastatic potential (C&E). Representative micrographs with metastatic nodules were shown by
hematoxylin and eosin staining, and the number of metastatic nodules was counted under a microscope (D&F). Statistical significance was determined by Student’s
t-test. ¥, P < 0.05; **, P < 0.01, ***, P < 0.001.
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We further assessed the metastatic potential of
AKR1C1-depleted NCI-H460 cells (cells harboring
higher AKR1C1 expression) in nude mice. As
expected, compared to the scramble group, there was
a significant reduction in liver metastasis detected in
the AKR1C1-depleted cell group in nude mice (Fig.
3E, F). Similarly, the cell mobility of NCI-H460 cells
was also impaired by depleting AKRIC1 using
shRNA (Fig. S4B) in vitro. In addition, neither the
overexpression of AKR1C1 in NCI-H1299 cells nor the
depletion of AKR1C1 in NCI-H460 cells imposed any
effects on cell proliferation under our experimental
conditions (Fig. S4A, B). These data indicate that
AKRI1C1 is important for the aggressive, metastatic
phenotype of NSCLC cells in vivo. Taken together, the
AKR1C1 overexpression or depletion results obtained
from in vitro and in vivo studies and the findings from
NSCLC patient biopsies demonstrate the sufficient
and necessary roles of AKRIC1 in driving the
metastatic potential of NSCLC cells; further, the
transcription profile of metastasis-related genes was
reprogrammed by AKR1C1 manipulation.

AKRICI1 increases the transcriptional activity
of STAT3 by reinforcing its phosphorylation
levels

The data reveal that AKR1C1 may modulate the
mRNA levels of metastasis-related genes (Fig. 3B);
therefore, it is interesting to know how AKR1Cl1
reprograms the transcription profile of these genes. A
microarray analysis was conducted to gain specific
insight into the AKR1Cl-modulated signaling
pathway(s), which led to the shift in the
transcriptional profiles and facilitated NSCLC cells to
metastasize. Annotation cluster analyses showed that
when AKR1C1 was depleted by siRNAs, those genes
associated with nucleus function, transcription
regulation and DNA binding were significantly
downregulated with an enrichment score of 4.63 (Fig.
S6A);  simultaneously, = phosphoprotein  was
highlighted by functional annotation analyses with a
p-value of 3.8x10# (Fig. S6B). More interestingly,
Signal Transducer and Activator of Transcription 3
(STAT3) was among the 35 most significantly
downregulated transcription factors and one of the
top decreased genes belonging to phosphoproteins
following overlay analysis (Fig. S6C). As a
transcriptional factor, STAT3 controls the invasive
and aggressive phenotype of cancer cells [31-33], and
we consistently found that a large number of
metastasis-related genes that were downregulated by
AKR1C1 siRNA were tightly regulated by STAT3
(Fig. 4A). qRT-PCR analyses were further utilized to
confirm the reduction of the mRNA levels of a variety
of STAT3 target genes, including ZEB1, CCND1 and

MCL1 [34], in AKR1C1-depleted cells (Fig. 4B).

To further identify the effects of AKR1C1 on
STAT3 target genes, particularly those that are closely
related to tumor metastasis [34], we monitored the
mRNA levels of several metastasis-related STAT3
target genes, such as MMP2, TWIST, and SOX2.
AKR1C1 knockdown greatly impeded the mRNA
expression of these genes in metastatic PC-9 and
NCI-H460 (Fig. 4C). In contrast, the ectopic expression
of AKRIC1 could markedly upregulate MMP2,
TWIST, and SOX2 in non-metastatic NCI-H1650 and
NCI-H1299 cells (Fig. 4D), suggesting that AKR1C1
increased the transcriptional activity of STAT3.

We next asked whether AKR1C1 could affect
STAT3 phosphorylation levels because
phosphorylation modification is indispensable for the
transcriptional activity of this factor [35]. Fig. 4E
shows that constitutive p-STAT3 was markedly
impaired by AKR1C1 knockdown in a variety of
NSCLC cells harboring higher levels of AKRI1CI,
including in the NCI-H460, A549, PC-9 and SK-MES-1
cell lines. Moreover, the inducible phosphorylation of
STAT3 by IL-6 stimulation was attenuated by
AKR1C1 depletion (Fig. 4F). Inversely, an enhanced
induction of p-STAT3 by IL-6 was also achieved in
NCI-H1299 cells with stably overexpressed AKR1C1
(Fig. S4C). These findings indicate AKR1C1 plays an
indispensable role in the hyperactivation of the
STAT3 pathway and is frequently observed in
aggressive NSCLC cells.

AKRICI enhances the association of STAT3 to
its target genes by directly interacting with
STAT3

As a transcription factor, the nuclear
accumulation of phosphorylated STATS3 is critical for
its activity. Consequently, we analyzed the p-STAT3
levels in nuclear and cytoplasmic sub-fractions, and
found that ectopic AKRIC1 in NCI-H1299 cells
greatly reinforces the nuclear p-STAT3 levels upon
IL-6 treatment (Fig. 5A and Fig. S7); but that depletion
of AKRIC1 in NCI-H460 cells markedly impaired
nuclear STAT3 phosphorylation, as evidenced by both

cell fraction (Fig. 5B) and immunofluorescence
analyses (Fig. 5C).
We considered potential scenarios

for AKR1C1-activated STAT3 signaling, including
whether AKR1C1 could enhanced the association of
STATS3 at the promoter regions of its target genes. To
answer this question, we performed ChIP assay, and
amplified the DNA fragments pulled down by STAT3
using ChIP-PCR primers for MMP2, TWIST and
SOX2, respectively [36-38]. Consistent with previous
studies, STAT3 binding to the promoter regions of
these tested genes (MMP2, TWIST, SOX2) was
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increased by 1L-6 stimulation (Fig. 5D, E).
Importantly, the association of STAT3 with its
consensus binding elements locating in the promoter
regions of these target genes was greatly enhanced by
AKR1C1 overexpression. These findings further
unravel the mechanism by which AKR1C1 modulates
the function of STATS3, that is, AKR1C1 may induce
strong binding of STAT3 to its consensus binding
elements and lead to high expression of target genes
leading to NSCLC metastasis.
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IL-6 for 30 min after starving overnight. Cytoplasmic and nuclear fractions from NCI-H1299 cells were separated and subjected to western blot as indicated. The nuclear marker Lamin B and
the cytoplasmic marker GAPDH were used to demonstrate the purity of the fractions. (B) AKRICI1 knockdown decreased endogenous p-STAT3 nuclear translocation. NCI-H460 cells were
starved overnight with AKRICI interference. Cytoplasmic and nuclear proteins from NCI-H460 cells were collected and subjected to western blot as indicated. (C) NCI-H460-scramble and
NCI-H460-shAKRICI1 cells were treated with IL-6 (20 ng/mL) for 30 min after overnight starvation, and then the expression and localization of p-STAT3 and AKRIC1 was detected using
immunofluorescence staining with antibodies against p-STAT3 and AKRICI. (D-E) Twenty-four hours post-transfection, ChIP assay was carried out using anti-HA antibody, and irrelevant
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as control for the PCR reaction; IgG lane, negative control. (E) Upper: map of the primers used for amplifying STAT3-binding regions of MMP2, TWIST and SOX2; tss: transcription starting
site. Bottom: ChIP-qPCR analysis of 293FT cells transfected with STAT3 or/and AKRICI, using anti-HA antibody and PCR primers. IgG was used as a negative control. Enrichment of
HA-STAT3 on the promoter regions of the target genes was calculated. Data are mean = SD. (F) Immunoblotting analysis of lysates after immunoprecipitation from NCI-H1299 cells
transfected with Flag-AKRICI and HA-STAT3. (G) Cucurbitacin | potently suppress the migration promoted by AKRICI. (H) STAT3 inhibitor, Cucurbitacin | imposed little impact on the
viability of NCI-H1299 (low AKRICI1 expression) and NCI-H460 (high AKRICI expression). (I) qRT-PCR analysis was used to assess the function of STAT3 upon exposure to Cucurbitacin
1. (J) STAT3 knockdown suppressed the motility of NCI-H460 (high AKRICI expression). Statistical significance was determined by Student's t-test. ¥, P < 0.05; *¥, P < 0.01, *** P < 0.001.
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Given the observed interaction of AKR1C1 and
STAT3, we sought to test whether the activation of
STAT3 is largely responsible for AKR1Cl-promoted
metastasis. To this end, a specific inhibitor of STAT3,
Cucurbitacin I, was employed [39-41]. Fig. 5H shows
that minimal loss of cell viability was observed in the
presence of Cucurbitacin I. However, under these
experimental conditions, Cucurbitacin I exerted
robust suppressing effects on the invasion caused by
exogenous AKR1C1 in NCI-H1299 cells as well as
endogenous AKR1C1 in NCI-H460 cells (Fig. 5G) and
reduced the mRNA levels of STAT3 target genes such
as MMP2, Twist and Sox2 (Fig. 5I). Furthermore, the
employment of 2 different siRNA sequences targeting
STAT3 could significantly abolish the invasive
capacity of metastatic NCI-H460 cells (Fig. 5]) with
high AKR1C1 expression (Fig. S2A). These findings
suggest that AKRICI interacts with STAT3 to

facilitate its phosphorylation and that STAT3
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activation plays an indispensable role in
AKR1C1-promoted metastasis of NSCLC cells.

AKRICI1 modulates JAK2-STAT3 interaction
to drive the metastasis in NSCLC

To explore the mechanisms through which
AKR1C1 induced STAT3 phosphorylation, we firstly
employed an in vitro kinase assay to test whether
AKR1C1 was a protein kinase and recognized STAT3
as a substrate. Human recombinant AKR1C1 was
purified and incubated with recombinant STAT3 in a
cell-free kinase-reaction system; human recombinant
JAK?2, the canonical kinase of STAT3, was introduced
as a positive control. Figure 6A showed that JAK2
could phosphorylate STAT3 in the cell-free system; in
contrast, AKR1C1 (and the other 2 family members)
failed to directly phosphorylate recombinant STATS3,
excluding the possibility that AKR1C1 functioned as
an upstream protein kinase of STAT3.
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Figure 6. AKRICI facilitates the interaction of STAT3 and JAK2 in NSCLC. (A) AKRICI1/2/3 possessed no kinase activity. Purified proteins including His-JAK2, GST-AKRICI,
GST-AKRI1C2, GST-AKRIC3 with GST-STAT3 were subjected to in vitro kinase assay, and the phosphorylation level of STAT3 was examined. (B) EGFR deletion had no effect on the p-STAT3
level induced by IL-6 and AKRICI1 in NCI-H1299 cells. (C) JAK2 was required for p-STAT3 induction by AKRIC1 in NCI-H1299 cells. (D) JAK2 depletion suppressed the invasive ability of
AKRICl-overexpressed NCI-H1299 cells. (E) Western blot analysis of the p-JAK2 and JAK2 expression in NSCLC cells with AKRICI depletion. (F) AKRICI silence abolished the
interaction of STAT3 and JAK2 proteins in NCI-H460 cells. NCI-H460-scramble and NCI-H460-shAKRICI cells were transfected with STAT3-Flag and JAK2, then harvested for
immunoprecipitation using anti-Flag beads, the precipitated JAK2 was detected to indicate the JAK2-STAT3 interaction.
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In this context, we then focused on EGFR and
JAK2, two of the most important upstream kinases of
STAT3 [42, 43], by asking whether AKR1C1-enhanced
p-STAT3 would be affected by the suppression of
these two kinases. It appeared that EGFR depletion
imposed minimal impact on the inducible STAT3
phosphorylation by IL-6 and AKR1C1 (Fig. 6B),
whereas the deletion of JAK2 could significantly
impair the ability of AKRIC1 to trigger STAT3
phosphorylation (Fig. 6C). In line with this, the
invasive  ability @ of = AKR1Cl-overexpressed
NCI-H1299 cells was greatly suppressed by JAK2
depletion (Fig. 6D). These findings indicate that JAK2,
but not EGEFR, is required for AKR1Cl-promoted
STATS3 activation and cell migration.

Furthermore, we examined the phosphorylation
levels of JAK2, and found that AKR1C1 showed
minimal influence on p-JAK2 levels (Fig. 6E). Since
JAK2 phosphorylates STAT3 by direct interaction [44,
45], we were thus inspired to ask whether AKR1C1
could affect this interaction. As shown in Fig. 6F,
JAK2 could be precipitated by STAT3 in
AKRI1Cl-intact cells, while this JAK2-STAT3
interaction was greatly abrogated by AKR1C1
depletion, implying that AKR1C1 was critical for the
interaction of JAK2 and STAT3. Taken together, these
results underline the crucial role of JAK2 in
AKR1C1-provoked STAT3 activation and metastasis,
and suggest that AKR1C1 may facilitate the activation
of STAT3 by JAK2 via modulating their interaction.

AKRICI promotes NSCLC metastasis in a
canonical reductase activity-independent
manner

Since AKR1C1 is best known for its aldo-keto
reductase activity, we were interested in determining
whether the ability to promote metastasis is
dependent on its canonical reductase activity.
Therefore, we introduced 3-bromo-5-phenylsalicylic
acid (5-BPSA), the most potent inhibitor of AKR1C1
enzyme activity [15], and 3 AKR1C1 mutants, E127D,
H222I and R304L, with a significant loss of reductase
activity [46]. Consistent with a previous study [15],
5-BPSA imposed a potent inhibitory effect against the
reductase activity of recombinant AKR1C1 (Fig. 7A).
However, the invasion in ectopic
AKR1Cl-overexpressing ~ NCI-H1299  cells or
NCI-H460 cells with high endogenous AKR1C1 was
minimally suppressed by 5-BPSA (Fig. 7B, C). Similar
to wild-type AKR1CI, the loss of enzymatic activities
by AKRICl1 mutants (Fig. 7A) still processed
prominent pro-metastatic effects on NSCLC cells (Fig.
7D), suggesting that the enzymatic activity of
AKR1IC1 is dispensable for its pro-metastatic
capability.

In line with the abovementioned findings,
AKR1C1 mutants showed a comparable ability to
induce STAT3 target genes with that of wild-type
AKR1C1 (Fig. 7E). STAT3 transactivates downstream
target genes by directly binding the APRE sequence in
the promoter region. Therefore, we introduced an
APRE-responsive luciferase reporter system to
compare the effects on STAT3 transcriptional
activities by using AKR1C1 depletion or enzymatic
activity inhibition. As displayed in Fig. 7F, AKR1C1
knock-down greatly reduced the luciferase activity
induced by STAT3, which remained undisturbed in
the 5-BPSA-exposed groups (Fig. 7F). Similar
observations were achieved in the STAT3
phosphorylation levels, and 5-BPSA could not reduce
the p-STAT3 protein levels as the siAKR1C1 did (Fig.
7G). Thus, these results indicate that the inhibitor of
AKR1C1’s enzymatic activity did not interfere with
STAT?3's transcriptional activities.

To further confirm the dispensable roles of the
canonical reductase activity in an AKR1Cl-driven
metastasis, we next examined the interaction of
AKR1C1 mutants with STAT3. As shown in Fig. 7H,
the ectopically expressed mutants of AKR1C1 (E127D,
H222I and R304L) could be precipitated by STAT3
from NCI-H1299 cells, which implies that despite the
loss of their enzymatic activities, these mutants could
interact with STAT3 and exert similar pro-metastatic
effects as the wt AKR1C1. The catalytic-independent
roles in STAT3 signaling by AKRIC1 were also
supported by the following evidences: 1) the other
two family members, AKR1C2 and AKR1C3, share
similar catalytic activities [47], but show minimal
binding affinity with STAT3 (Fig. 7I); 2) the depletion
of AKR1C2 and AKR1C3 impose little effect on
STAT3 phosphorylation (Fig. 7]). These results were
in line with the above-mentioned data that AKR1C2
and AKRIC3 could not induce the invasive
phenotype of NSCLC (Fig. 2), and also support the
notion that AKRICIl-primed metastasis is not
dependent on canonical enzymatic activity.

AKRICI-STATS3 signaling pathway is
associated with progression and poor
prognosis in patients with NSCLC

To determine whether AKR1C1 and STAT3
coordinate to promote NSCLC metastasis in patients,
we analyzed the potential correlation between the
expression levels of AKR1C1 and the risk factors of
NSCLC patients (GSE30219) [48, 49]. The mRNA
levels of AKRIC1 and STAT3 target genes (Sox2,
MMP9, MMP2 and Twistl), were highly correlated
with high risk NSCLC patients (Fig. 8A, B). Those
NSCLC  patients  with  hyperactivation  of
AKR1C1-STATS3 signaling had a significantly shorter
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survival time (P < 0.01) (Fig. 8C). In addition, we  correlated with AKRIC1 expression in metastatic
performed an immunohistochemical analysis of the = NSCLC tumor tissues (R = 0.52, P < 0.001). These data
AKRI1C1 and p-STATS3 levels on the metastatic tumor ~ suggest that an activated AKR1IC1-STAT3 signaling
tissue samples collected from 40 NSCLC patients. The  pathway correlates with a poor prognosis in NSCLC
results in Fig. 8D show that p-STAT3 positively  patients.

A B C

: \?\ﬁnk NCI-H1299 NCI-H460

035 A R304L - UL TRIA _oé"hé" ,,,"-?*:.-‘
® 5BPSA 0.5 uM ‘E’ 1'_.“ .. e E;;.-,.','{ :ﬁa}":‘.u
o 030 + 5BPSA 1M S 1wk S P %

o = 5BPSA 2 uM .l e T

025 $:% y g BT

< -9 A et ¢ o <C ".'»-5; & o
e W W i&- -,ﬂgﬁ
0.20% 6 B ;E"",. Q’!l;i. S A
0.15 C e ‘éﬁ%ﬂ@?ﬂ T Segan

Vector AKR1C1

Time ( min)

o

mRNA
(Fold Change)

o N A

AKR1C1

] Vector

R W
W i
R

1 il T,
H222I R304L

F STAT3 transcriptional activity G H

*

s EINC _ AKRICT

- SAKRICT - + - Lo
EsiAkR1C1 T = o o Flag-AKRICT - Pl

p-STAT3 HA-STAT3  + + + L +
v o-Flag [ e - |

sTAT3 [ IP: HA

e -
. -FI | g e

00 B-Actin [ —] input| " *9

5-BPSA - + -+ NCI-H460 a-HA|m|

NCI-H460

1.2

0.8

04

Luciferase activity
(Fold Change)

J

STAT3-Flag + + + + oo ooy
AKRICsHA - 1 2 3 —111 LT L
.| e T p-sTaT3 [ |
STAT3 | |
e
5 AKRTCT [ - -
>
4 F'BQE B-Actin | S—————————
NCI-H1299 NCI-H460
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in the tissue microarrays that were analyzed by Image-Pro Plus. (E) The working

model for the pro-metastatic effects by AKR1C1 through activating STAT3 in NSCLC cells.

Discussion

Interference from metastases may be a promising
alternative to conventional chemotherapy for NSCLC,
as most patients diagnosed with distant metastasis

succumb to a severely decreased survival rate.
Increasing evidence has shown that AKRIC1 is
frequently expressed in many cancer types including
cervical cancer [10], gastric cancer [11], and
endometrial cancer [50]; NSCLC harbors the most
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overexpression of AKR1C1 among all cancer types
(Fig. 1A). Liu found that exposure to PM2.5 extract on
bronchial epithelial cells resulted in the aberrant
upregulation of AKR1C1 and may lead to malignant
transformation [51]. In addition, AKR1C1/1C2 in
NSCLC cells induced chemoresistance through the
protein-kinase-C ~ pathway [52]. However, a
comprehensive mechanism for AKR1Cl-mediated
NSCLC progression has remained largely elusive; in
particular, whether AKR1C1 can promote NSCLC
metastasis has yet to be explored. In the present study,
we found that NSCLC cells that harbor higher levels
of AKR1C1 are conferred with an enhanced invasive
ability in wvitro, resulting in significantly increased
metastatic foci in vivo. Conversely, the depletion of
AKR1C1 by siRNA/shRNA impeded in vitro invasion
and ameliorated in vivo metastasis in NSCLC cells
(Fig. 3). In addition, the expression of AKR1C1 in
NSCLC tumors was positively correlated with
increased metastasis and reduced survival time in
NSCLC patients (Fig. 1, 2 and 8). Thus, our findings
establish, for the first time, a causal link between
AKR1C1 and NSCLC metastasis, which may provide
a potential target that interferes with malignant
metastases.

We were particularly interested in exploring the
potential pro-metastatic roles of AKR1C1 because this
gene was highly overexpressed in our previously
enriched metastatic subline. In addition, according to
the GEO dataset displaying the expression profiling of
primary tumors vs. metastatic tumors, AKR1C1 was
significantly upregulated in metastatic samples (Fig.
S1A). When we were preparing the current
manuscript, Matsumoto reported a  similar
phenomenon that AKRIC1 is enhanced in three
metastatic bladder tumor sublines compared with a
primary UM-UC-3-bladder cell line [53]. And Tian Hu
et al. found that high expression of AKRIC1 is
associated with proliferation and migration of
small-cell lung cancer cells, another type of lung
cancer that makes up 15-20% of all lung cancer cases
[54]. Thus, our finding that AKR1C1 may play
indispensable roles in NSCLC metastasis was also
supported by these two studies. Nevertheless, our
present study provides mechanistic insights that
AKR1C1 mediates metastasis specifically and rules
out the involvement of catalytic activities, and
importantly, NSCLC not only represents 80-85% of
lung cancer cases, but also accounts for the first
leading cause of cancer-related deaths worldwide.

Previous studies linking AKR1C1 with cancer
have mostly implicated its catalytic role as a
reductase. Although several lines of evidence have
revealed the employment of AKR1C1 inhibitors to
interfere with malignant disease, the efficacy of these

inhibitors against cancer cells have been limited and
even 5-BPSA, one of the most potent inhibitors of
AKR1C1’s enzymatic activity, fails to suppress or kill
cancer cells effectively [15]. Therefore, the strong link
between the overexpression of AKR1C1 and the poor
prognosis of cancer patients indicate a non-catalytic
biological function exerted by AKR1C1 in malignant
progression. It has been revealed that the other family
members, AKR1C2 and AKRIC3, possess
catalytic-independent roles in tumor progression.
AKR1C3 can function as an androgen
receptor-selective coactivator [55]. AKRIC2 is
involved in apoptosis induced by Panax ginseng
polysaccharide [56]. In line with these reports, our
present study found that AKRIC1 promoted
metastasis of NSCLC in a catalytic-independent
manner. The loss of AKR1C1 catalytic activities, either
by treatment with 5-BPSA [15] or the introduction of
AKR1C1 mutants [46], imposed little effect on
invasion (Fig. 7). Thus, our study reveals a novel
biological role of AKR1C1 in cancer progression and
highlights the demand for exploring interactive
pathways to develop potent strategies to interfere
with AKR1Cl-induced metastasis.

A large number of studies have provided strong
evidence that STAT3 is critical for metastasis in
different cancer models, including NSCLC, by
participating in multiple steps of metastasis [57].
STATS3 is tightly regulated by phosphorylation and
transduces signals from a variety of signaling
pathways, such as by transactivating the target genes
mediating metastasis and proliferation [34].
According to our microarray data, STAT3 was among
the most significantly downregulated 35 transcription
factors and among the top decreased genes belonging
to phosphoproteins following overlay analysis on
AKR1C1 siRNA vs. N.C. siRNA samples (Fig. S6).
Importantly, we found that the mRNA levels of most
STAT3 target genes involved in metastasis were
distinctly reduced by AKR1C1 depletion (Fig. 4A-C).
In addition, the prohibition of STAT3 greatly
attenuated the invasion caused by exogenous
AKRI1C1 in NCI-H1299 cells, as well as endogenous
AKR1C1 in NCI-H460 cells (Fig. 5G-]). In addition, we
found that AKR1C1 may facilitate the interaction of
STAT3 with its upstream kinase JAK2, thereby
activating STAT3 pathway and inducing cell
migration (Fig. 6). These data explained the
mechanism underlying AKR1C1-promoted
metastasis, by which the STAT3 pathway was
regulated by AKR1C1 and played an indispensable
role in this process.

In summary, our present study identified
AKR1C1 as a new pro-metastatic factor in NSCLC.
AKRIC1 interacts with STAT3 to facilitate its
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phosphorylation, leading to the activation of target
genes and the enhancement of cell motility (Fig. 8E). A
significant correlation between AKR1C1 and p-STAT3
was observed in metastatic NSCLC tissues; the
co-expression of AKR1C1 and STAT3 target genes in
NSCLC patients correlated with reduced survival
time and poor prognosis. With these newly acquired
insights, the present study not only provided this
newly identified AKRIC1-STAT3 pathway as
promising predictions and therapeutic targets for
NSCLC treatment, but it also directed us toward the
future exploration of AKR1C1-STAT3 inhibitors, thus
shedding light on the design of new anti-metastatic
therapies against NSCLC.

Materials and Methods

Cell culture

The NCI-H1650, NCI-H1299, PC-9 and
NCI-H460 cell lines were maintained in RPMI 1640
medium. A549 was maintained in F12 medium.
SK-MES-1 was maintained in MEM medium.
BEAS-2B was maintained in DMEM. All the culture
medium was supplemented with 10% (v/v) fetal
bovine serum (FBS, Gibco, Grand Island, NY, USA).
Cells were maintained at 37°C in a humidified 5% CO;
incubator. All the cell lines were purchased from the
Cell Bank of the Chinese Academy of Sciences
(Shanghai, China).

Transwell assay

A Boyden chamber system (Costar Corp.,
Cambridge, MA, USA) was used for transwell
migration assays. A total of 2x10* NSCLC cells
(serum-starved overnight) were seeded into each
insert (with Matrigel for invasion assay and without
Matrigel for migration assay) in serum-free media,
while 600 pL media supplemented with 10% FBS was
placed in the wells below. Matrigel (BD, 356234) was
diluted at 1:10. After incubation for 24 h, cells that had
migrated onto the lower surface of the porous
membrane were photographed and counted with an
inverted microscope (Leica DMI 4000 B, Wetzlar,
Germany) after crystal violet staining,.

Microarray analysis

Total RNA was extracted from NCI-H460 with
AKR1C1 siRNA and N.C. siRNA samples. Microarray
analysis was performed using SurePrint G3 Human
Gene Expression 8 x 60K v2 (Agilent Array®). Gene
expression was analyzed by Cluster 3.0 and TreeView
software.

Transfection

Cells were transfected with the indicated
plasmids or short hairpin RNA using jetPRIME®

(Polyplus, NY, USA), according to the manufacturer’s
instructions. Human AKR1C1 and STAT3 siRNA and
control siRNA were obtained from GenePharma Co.
Ltd (Shanghai, China). For shRNA experiments,
NCI-H460 cells were transfected with pLKO.1 vector

expressing shRNA for AKR1C1 knockdown
(pLKO.1-shAKR1C1). Cells expressing AKR1C1 were
generated by transfection of

pLenti-CMV-AKR1C1-HA-P2A-EGFP-T2A-Puro into
NCI-H1299 cells. Stable cells were selected by 4
mg/mL puromycin after infection. Positive clones
were then selected and amplified for further analyses.
Human short RNA target sequences are provided in
Supplementary Material (Table S1).

Luciferase assay

Relative luciferase activity was determined in
NCI-H460 cells. An APRE luciferase reporter was
co-transfected with indicated vectors in the presence
or absence of siAKR1Cl1. Following treatment, cells
were harvested and lysates were assayed for
luciferase activity using the Luciferase assay kit
(Promega, Madison, WI, USA) in accordance with the
manufacturer’s instructions.

Western blotting

Protein samples were size-fractionated by
SDS-PAGE and transferred to PVDF membranes
(Millipore, Bedford, UK). Blots were blocked for 1 h in
5% milk/0.1% Tween 20 in phosphate buffered saline
(PBS-T) and then incubated with primary antibodies
(1: 1000) at 4°C overnight. Blots were then washed
three times for 25 min in PBS-T, followed by
incubation with secondary antibody (according to
different primary antibodies, HRP-conjugated goat
anti-mouse, anti-rabbit, and rabbit anti-goat IgG were
used (1: 5000, Santa Cruz, Dallas, TX) in 5%
milk/PBS-T for 1 h, and then washed three times for
15 min in PBS-T. The membranes were briefly
incubated with ECL detection reagent (Amersham
Biosciences, Castle Hill, Australia) to visualize the
proteins and were then exposed on X-ray film.
Primary antibodies used were as follows: p-STAT3
(Cell Signaling Technology, 9145S), STAT3 (Cell
Signaling Technology, 9139S), p-JAK2 (Cell Signaling
Technology, 3776S), JAK2 (Cell Signaling Technology,
3230S), p-EGFR (Cell Signaling Technology, 2236),
EGFR (Cell Signaling Technology, 4267), GAPDH
(Santa Cruz, sc-25778), LaminB (Santa Cruz, sc-6216),
B-Actin (Santa Cruz, sc-1615), HA (Santa Cruz,
sc-805), AKR1C1 (GeneTex, GTX105620), flag (Sigma,
7425), GST (Santa Cruz, sc-138).

Immunofluorescence

Cells were plated at a confluence of 30%. After
starving overnight, cells were treated with IL-6 (20
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ng/mL, Novus, NBP2-34901) for 30 min and then
fixed with paraformaldehyde. The antibodies used
were as follows: p-STAT3 (1:50, Signaling Technology,
4113), AKR1C1 (1:400, GeneTex, GTX105620), Donkey
anti-Mouse IgG (H+L) Highly Cross-Adsorbed
Secondary Antibody, Alexa Fluor 488 (Invitrogen,
A21202), Donkey anti-Rabbit IgG (H+L) Highly
Cross-Adsorbed Secondary Antibody, Alexa Fluor
568 (Invitrogen, A10042). Nuclei were stained with
DAPI (DOJINDO, Kumamoto, Japan).

Immunoprecipitation

Cells were lysed in lysis buffer (25 mM Tris (pH
8.0), 150 mM NaCl, 10% Glycerol, 1% NP40)
supplemented with protease inhibitor cocktail.
Whole-cell lysates were incubated with the indicated
tag-beads for 2 h. The beads were washed using wash
buffer (25 mM Tris (pH 8.0), 150 mM NaCl, 0.2%
NP40) at least five times, and then boiled in SDS
loading  buffer.  Immunoprecipitated  protein
complexes were detected using Western blotting.
Anti-HA magnetic beads were bought from Biotool
(B26202) and anti-FLAG Tag Agarose Resin were
from Genscript (L00425).

RNA extraction and qRT-PCR

Total RNA was prepared using the EasyPure
RNA Kit (Cat# H30828; TransGen Biotech, Beijing,
China). Single-strand cDNA was prepared from the
purified RNA using oligo (dT) priming (Thermoscript
RT kit; Invitrogen, Carlsbad, CA, USA), followed by
SYBR-Green real-time PCR (Qiagen, Hilden,
Germany). RT-PCR reactions were performed
according to the manufacturer’s instructions. Data
quantitation was performed by the relative standard
curve method with those genes normalized to
GAPDH mRNA levels. The sequences of
oligonucleotide primers were synthesized by Sangon
(Shanghai, China) and are provided in
Supplementary Material (Table S2).

Chromatin Immunoprecipitation (ChlP assay)

293FT cells were transfected with indicated
plasmids and then cultured for 30 h. After starving for
12 h, the cells were treated with 20 ng/mL human IL-6
for 1 h. The Chromatin Immunoprecipitation (ChIP)
assay was conducted according to the protocol of
Millipore ChIP kit (#17-371, Millipore Corp, Billerica,
MA, USA). Soluble chromatin was sheared to yield
fragments of 400-500 base pairs with a Bioruptor Pico
sonicator (Diagenode, Denville, NJ, USA). The
antibodies utilized for ChIP assay were normal rabbit
IgG (Cell Signaling Technology, #2729), HA-Tag
(C29F4) rabbit mAb (Cell Signaling Technology,
#3724). For standard end-point PCR, KOD-PLUS-
NEO kit (KOD-401, TOYOBO, Osaka, JAPAN) was

used for amplifications. For real-time quantitative
PCR, i Taq Unibersal SYBR Green Supermix
(172-5124, BIO-RAD, Hercules, CA, USA) and a
CFX96 Touch™ Real-Time PCR Detection System
(BIO-RAD, Hercules, CA, USA) were used. The
sequences of the ChIP PCR primers are: human
MMP2 promoter: forward 5-TGTTCCCTAAAACAT
TCCCC-3" and reverse 5-GTCTCTGAGGAATGTCTT
CT-3" (amplicon: -1340 to -1120 bp in the promoter)
[37];, and human TWIST promoter: forward
5-AGTCTCCTCCGACCGCTTCCTG-3" and reverse
5-CTCCGTGCAGGCGGAAAGTTTGG-3" (amplicon:
-364 to -33 bp in the promoter) [36]; and human SOX2
promoter: forward 5-AGAATGGTTTGTGAGTGGTT
AAA-3" and reverse 5-AGCAGAGTTTGACGACCA
CC-3" (amplicon: -3913 to -3851 bp in the promoter)
[38].

Cell proliferation/viability assay

The protocols and reagents used for the
sulforhodamine B assay (detection of cell
proliferation/viability) were all according to the
document [58].

PET-CT

Every nude mouse (4-5 weeks of age) was
injected with 300x104 cells in 200 pL medium via tail
vein. After 40 days, nude mice were photographed by
micro PET-CT to assess the ability of metastasis. For
analysis of liver metastases, livers were removed and
fixed in paraformaldehyde for five parts, cut in 3 pm
sections, and stained for hematoxylin and eosin. One
section every 200 pm throughout the liver was
screened histologically, and the number of metastases
was counted (diameter > 100 pm).

Statements of Ethical Approval: The protocols
for the animal study were approved by the Animal
Research Committee at Zhejiang University, with
ethical approval number IACUC-15003, and all
experimental protocols were conducted in accordance
with institutional guidelines.

Immunohistochemical assay

Tissue microarray slides were obtained from US
Biomax (LC814a, Alenabio, Xian, China).
Paraffin-embedded tissue microarrays were dewaxed,
rehydrated, and subjected to microwaving with
sodium citrate buffer (pH 6.0) for AKR1C1 (GeneTex,
GTX105620), staining and tris-EDTA buffer (pH 9.0)
for p-STAT3 (CST, 9145S). Then, an SP Kit (KIT 9710)
was used according to the manufacturer’s
recommendations. The expression scores of AKR1C1
and p-STATS3 in the tissue microarrays were analysed
by Image-Pro Plus. (Primary tumour tissue: n=40;
matched lymph node metastatic tumor tissue: n = 40).
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In vitro kinase assay

Kinase reaction mixture (pH=7.5) was composed
of 20 mM Tris-HCl, 100 pM ATP, 50 mM MgCl, 1 pg
GST-STAT3 and 250 ng corresponding purified
protein (His-JAK2, GST-AKR1C1l, GST-AKRI1C2,
GST-AKR1C3) in 30 pL volume. All samples were
incubated at 37°C for 10 min and the same volume of
SDS loading buffer was added to stop reactions. The
samples were boiled for 15 min, then tested by using
Western blotting. GST-STAT3 was bought from
Rockland (009-001-T53). His-JAK2 was bought from
Abcam (42619). Human recombinant AKR1C1/2/3
was transfected in Escherichia coli BL21, and purified
for kinase assay in vitro.

Enzyme activity assay

Human recombinant AKR1C1/2/3  was
transfected in Escherichia coli BL21, and purified for
enzyme activity assay. The NADP+-linked
5-(+)-1,2,3,4-tetrahydro-1-naphthol (S-tetralol)
dehydrogenase activity of the enzymes was assayed
by measuring the rate of change in NADPH
absorbance (at 340 nm) at room temperature. The
inhibitor, 3-bromo-5-phenylsalicylic acid (5-BPSA)
was dissolved in dimethyl sulphoxide (DMSO). In the
reaction mixture, the concentration of DMSO was
<1.5%. The reaction mixture consisted of 0.1 M
potassium phosphate (pH 6.7), 1 mM S-tetralol, 0.1
mM NADPH and enzyme [6, 59].

Statistical analysis

Experiments were performed at least three times
or as indicated. Data are presented as mean * SD from
three independent experiments. Statistical analyses
were performed using two-tailed Student’s t-test. P
values less than 0.05 were considered significant (* P <
0.05, ** P < 0.01 and *** P < 0.001).
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