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Pancreatic cancer is a significant cause of cancer
mortality worldwide as the disease has advanced
significantly in patients before symptoms are evident. The signal transduction pathways that promote this rapid progression are not well understood. Ack1 or TNK2, an ubiquitously expressed
oncogenic non–receptor tyrosine kinase, integrates
signals from ligand-activated receptor tyrosine kinases to modulate intracellular signaling cascades.
In the present study, we investigated the Ack1 activation profile in a pancreatic cancer tumor microarray, and observed that expression levels of
activated Ack1 and pTyr284-Ack1 positively correlated with the severity of disease progression and
inversely correlated with the survival of patients
with pancreatic cancer. To explore the mechanisms
by which Ack1 promotes tumor progression, we
investigated the role of AKT/PKB, an oncogene and
Ack1-interacting protein. Ack1 activates AKT directly in pancreatic and other cancer cell lines by
phosphorylating AKT at Tyr176 to promote cell survival. In addition, the Ack1 inhibitor AIM-100 not
only inhibited Ack1 activation but also suppressed
AKT tyrosine phosphorylation, leading to cell cycle
arrest in the G1 phase. This effect resulted in a
significant decrease in the proliferation of pancreatic cancer cells and induction of apoptosis. Collectively, our data indicate that activated Ack1 could be
a prognostic marker for ascertaining early or advanced pancreatic cancer. Thus, Ack1 inhibitors
hold promise for therapeutic intervention to inhibit pancreatic tumor growth. (Am J Pathol 2012,
180:1386 –1393; DOI: 10.1016/j.ajpath.2011.12.028)
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Pancreatic cancer is the fourth most common cause of
cancer-related deaths in the United States.1 Median
overall survival for patients with pancreatic cancer after
resection of the tumor ranges from 15 to 20 months.
Pancreatic carcinomas often exhibit resistance to conventional cytotoxic agents, and few effective chemotherapeutic agents are currently available for the treatment of
advanced disease. New therapeutic strategies are urgently needed to improve survival outcomes. Protein kinases have emerged as a major therapeutic target for
various cancers including pancreatic cancer.2 Most pancreatic cancers (⬃90%) express epidermal growth factor
receptor (EGFR).3 However, the phase III trial of the
EGFR inhibitor erlotinib (Tarceva) with gemcitabine reported a marginal increase in the median survival of
patients: 6.4 months compared with 5.9 months for patients treated with gemcitabine alone.4 Therefore, inhibition of EGFR alone may not be sufficient for improving
survival outcomes. Inhibition of additional tyrosine kinases and their signaling networks is also needed to
overcome the compensatory pathways that confer drug
resistance in pancreatic cancer.
A key downstream effector of receptor tyrosine kinase
(RTK) signaling is AKT/PKB kinase, which is required for
the growth of normal cells and is frequently activated in
many cancer types.5–7 Because of its ability to relay prosurvival signals, AKT has emerged as a major hallmark of
tumor progression.5,7–9 AKT is frequently activated in pancreatic cancer, which is highly correlated with HER-2/neu
Supported by the Chemical Biology, Tissue and Analytical Microscopy
Cores at the Moffitt Cancer Center. N.P.M. is a recipient of NIH grant
1R01CA135328, a Donald A. Adam Comprehensive Melanoma Research
Center Award, a Miles for Moffitt award, and Career Development Awards
in Lung Cancer.
Accepted for publication December 22, 2011.
Disclosure: K.M. and N.P.M. are named inventors on patent application
No. 13/205,171, titled “AKT Tyrosine 176 Phosphorylation as Cancer
Biomarker.”
Supplemental material for this article can be found on http://ajp.
amjpathol.org or at doi: 10.1016/j.ajpath.2011.12.028.
Address reprint requests to Nupam P. Mahajan, Ph.D., Moffitt Cancer
Center, 12902 USD Magnolia Dr, SRB 22041, Tampa, FL 33612. E-mail:
nupam.mahajan@moffitt.org.

Ack1/AKT Activation in Pancreatic Cancer
1387
AJP April 2012, Vol. 180, No. 4

overexpression.10 Although regulation of AKT activity by
PI3K and negatively by PTEN (phosphatase and tensin
homolog) is well studied, many of the pancreatic cell lines
and tumors expressing activated AKT had retained wildtype PTEN.11,12 However, the precise mechanistic details of
tyrosine kinase–mediated AKT activation in cancers with
normal PTEN and PI3K activity is poorly understood.13,14
Recent studies have established alternative modes of AKT
activation, and one such kinase is Ack1.15
Ack1, also known as TNK2, is an ubiquitously expressed tyrosine kinase that is rapidly activated by a
number of activated RTKs including those mediated by
epidermal growth factor (EGF), platelet-derived growth
factor, and insulin signaling.16 –19 Robust Ack1 activation
in a variety of cancer cells by multiple RTKs has been
reported; however, the role of Ack1 signaling in pancreatic cancer has not been explored. Ack1 is primarily
phosphorylated at Tyr284, leading to its kinase activation.16,17 The Ack1 gene is also amplified in primary lung,
ovarian, and prostate tumors, which correlates with poor
prognosis.20,21 Auto-activating mutations in Ack1 have
been reported in lung (W75R), ovarian (R99Q, E346K),
and stomach (M409I) cancers.15,16 Our earlier studies
have shown that Ack1 regulates prostate cancer progression to androgen independence by regulating the androgen receptor.17–19 We have also recently uncovered another major effector of Ack1, the oncogene AKT/PKB.
Ack1-mediated phosphorylation of Tyr176 in the AKT kinase domain resulted in its activation, primarily assessed
by Ser473 phosphorylation, in a PI3K/PTEN-independent
manner promoting mitotic progression of the cells.15
In the present study, we demonstrated that activated
Ack1 expression monitored by Tyr284 phosphorylation is
significantly up-regulated in pancreatic intraepithelial
neoplasia (PanIN) and in biopsy specimens of advanced
metastatic pancreatic cancer. AKT Tyr176 phosphorylation gains prominence in late-stage pancreatic adenocarcinomas and is indicative of the severity of the disease.
Moreover, higher levels of activated Ack1 correlates with
poor survival outcomes, which suggests that Ack1/AKT
signaling may have an important role in progression of
pancreatic cancer. Toward the goal of understanding the
role of Ack1/AKT signaling on the growth of pancreatic
cells, we performed four sets of experiments. First, we
developed pancreatic TMA and performed immunohistochemistry staining of pTyr284-Ack1 and pTyr176-AKT antibodies. Second, we developed pTyr176-AKT monoclonal
antibodies and performed extensive characterization. Third,
we undertook large-scale synthesis of Ack1 inhibitor AIM100 to evaluate cytotoxicity. Fourth, we assessed suppression of pTyr284-Ack1, pTyr176-AKT, and pSer473AKT levels in pancreatic and other tumor-derived cells
treated with AIM-100.

Materials and Methods
Cell Lines and Materials
Panc-1, CD18, HEK293, MCF-7, H292, A2780-CP, OV90,
and MDA-MB-468 cells were obtained from the American

Type Tissue Culture Collection (Manassas, VA). Cells
were grown in DMEM (Panc-1, CD18, HEK293 and MDAMB-468) supplemented with 10% fetal bovine serum and
penicillin or streptomycin. H292, A2780-CP, and OV90
cells were grown in RPMI 1640, and MCF-7 cells were
grown in minimal essential medium supplemented with
10% fetal bovine serum and penicillin or streptomycin.
HPNE cells were grown in DMEM (Dulbecco’s modified
Eagle’s medium; Invitrogen Corp., Carlsbad, CA) supplemented with 25% M3F base medium, 10% fetal bovine
serum, and penicillin or streptomycin. ␣-Tubulin (TU-O2)
antibody (Santa Cruz Biotechnology, Inc., Santa Cruz,
CA), anti-phospho-Ack1 (Tyr284 [Upstate]; Millipore
Corp., Billerica, MA); AKT (Cell Signaling Technology,
Inc., Beverly, MA), and actin monoclonal antibody (Abcam, Inc., Cambridge, MA) were purchased commercially. AIM-100 was synthesized as described earlier.19
Recombinant insulin and EGF were purchased from Invitrogen Corp. Control and Ack1 small-interfering RNAs
(siRNAs) were custom synthesized from Qiagen GmbH
(Hilden, Germany); the siRNA sequence information has
been described previously.15

Generation and Purification of pTyr176-AKT
Monoclonal Antibody
Two AKT peptides coupled to immunogenic carrier proteins were synthesized: the phosphopeptide Ac-ATGRY[pY]AMKIL-Ahx-C-amide and the non-phosphopeptide
Ac-ATGRYYAMKIL-Ahx-C-amide. Two rabbits were immunized twice with phosphopeptide, several weeks
apart, and an enzyme-linked immunosorbent assay was
performed to determine the relative titer of serum samples against phosphorylated and non-phosphorylated
peptides. For generation of monoclonal antibodies, rabbits
were sacrificed, and splenocytes were isolated. Rabbit
monoclonal antibodies expressing clones were custom
generated by Epitomics, Inc. (Burlingame, CA). Several
clones were assessed for specificity, and one clone, 96.3,
was used for large-scale production. The cell supernatant
was used for antibody purification using a protein-A sepharose column (Montage Kit; Millipore Corp.).

TMA Analysis
A pancreatic TMA was used in the present study, which
was exempt from institutional review board approval because no personal information about patients was
sought. Four-micrometer sections were transferred to adhesive-coated slides. The tissue array slides (four slides
including two test duplicate slides, and positive and negative controls) were stained for pTyr284-Ack1 and
pTyr176-AKT using respective rabbit polyclonal antibodies. The specificity of pTyr284-Ack1 and pTyr176-AKT
antibodies for detection of activated Ack1 and Tyr-phosphorylated AKT, respectively, by immunohistochemistry
(TMA) staining have been previously validated in biopsy
specimens of breast and prostate tumors.15,19 The slides
were dewaxed, tissues were rehydrated, and antigen
retrieval was performed. After blocking, the samples
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were incubated with rabbit polyclonal pTyr284-Ack1 antibody (1:300 dilution; Millipore Corp.) and rabbit polyclonal pTyr176-AKT antibody (1:25 dilution) at 4°C overnight. The sections were incubated with biotin-labeled
secondary and streptavidin-peroxidase for 30 minutes
each (Dako A/S, Glostrop, Denmark). The samples were
developed using 3,3=-diaminobenzidine substrate (Vector Laboratories, Inc., Burlingame, CA), and counterstained with hematoxylin. Negative controls were included by omitting pTyr284-Ack1/pTyr176-AKT antibody
during primary antibody incubation. The stainings were
examined in a blinded fashion by two independent pathologists (D.C. and A.L). Positive reactions were scored
into four grades according to the intensity of staining: 0,
1⫹, 2⫹, and 3⫹. The percentages of positive cells were
also scored into four categories: 0 (0%), 1⫹ (1% to 33%),
2⫹ (34% to 66%), and 3⫹ (more than 66%). The product
of the intensity and percentage scores was used as a
final staining score.

Statistical Analysis
Spearman’s correlation coefficient was estimated to examine whether there was an increasing trend for
pTyr284-Ack1 and pTyr176-AKT insofar as various
stages of pancreatic cancer progression. Analysis of
variance was performed to examine whether the expression levels differed among various progression stages.
Boxplots were used to summarize the intensity distribution at each stage. When differences were detected, the
Tukey-Kramer method was performed to examine in
which pairs of stages the expression levels were different. This post hoc procedure adjusts for all pairwise comparisons and simultaneous inference. Correlation between pTyr284-Ack1 and pTyr176-AKT was examined
using Spearman’s ranked correlation analysis. The association of the expression levels of pTyr284-Ack1 and
pTyr176-AKT and the overall survival of patients were
assessed using the Kaplan-Meier method. When more
than one sample was obtained from a patient, the intensity of the most advanced stage was used for the survival
analysis. For pancreatic cancer data, there were 85 individuals with available pTyr284-Ack1 staining and survival
information, and 78 individuals with available pTyr176-AKT
staining and survival information. Survival differences between the groups were determined using the log-rank test,
with P ⫽ 0.05 considered statistically significant.

Cell Proliferation, Drug Sensitivity, and
Apoptosis Assays
CD18, Panc-1, HPNE, OV90, MCF-7, MDA-MB466, and
MEF (mouse embryonic fibroblast) cells were untreated
or treated with 2 to 10 mol/L AIM-100 for 48 hours, and
an MTT assay was performed as previously described.19
A WST-1 cell proliferation assay was performed per the
manufacturer’s protocol (Clontech Laboratories, Inc.,
Mountain View, CA). The cell death assay was performed
using CellEvent Caspase-3/7 Green Detection Reagent
(Invitrogen Corp.).

Results
To examine the role of activated Ack1 in pancreatic tumor
progression, we performed TMA analysis of clinically annotated pancreatic tumor samples (n ⫽ 281 for pTyr284Ack1; n ⫽ 293 for pTyr176-AKT). Tyr284 is the primary
autophosphorylation site in Ack1; hence, pTyr284-Ack1
antibodies were used to assess Ack1 activation. Earlier,
we had characterized the specificity of pTyr284-Ack1
and pTyr176-AKT polyclonal antibodies for immunohistochemical detection.15 Immunohistochemical staining of
pancreatic TMA was performed using total Ack1,
pTyr284-Ack1, and pTyr176-AKT polyclonal antibodies.
The total Ack1 levels remained unchanged between normal and pancreatic carcinoma samples (Figure 1, A and
B). In contrast to normal tissue, a significant increase in
pTyr284-Ack1 expression was evident in the samples of
pancreatic carcinoma (compare Figures 1C and D).
Tyr176-phosphorylated AKT expression was also up-regulated, specifically in pancreatic carcinoma compared
with normal cells, and seemed to accumulate in the nuclear compartment of the cancer cell. It is consistent with
the nuclear translocation of AKT and its role in export of
the pro-apoptotic FoxO proteins for cell survival8,9 (Figure 1, E and F).
Of the 281 samples with pTyr284-Ack1 expression,
there were 114 normal, 13 PanIN, and 154 carcinomas
samples. Further, of the 293 samples with pTyr176-AKT
expression, there were 137 normal, 11 PanIN, and 145
carcinomas samples. The expression levels of these
samples were used to generate boxplots (Figure 1, G and
H). A statistically significant increase in expression of
activated Ack1 (pTyr284-Ack1) was observed, from normal to PanIN to carcinoma ( ⫽ 0.51, P ⬍ 0.0001; Figure
1G). Similarly, AKT Tyr176 phosphorylation showed an
increasing trend among stages of progression ( ⫽ 0.41,
P ⬍ 0.0001; Figure 1H). Analysis of variance indicated
that expression levels of both pTyr284-Ack1 and
pTyr176-AKT differed significantly between stages of
progression (P ⬍ 0.0001 for each protein) (see Supplemental Figure S1 at http://ajp.amjpathol.org). The TukeyKramer method was used to examine pairwise differences between stages, and the expression levels of
pTyr284-Ack1 were significantly lower in the normal samples compared with the PanIN (P ⬍ 0.0001) and carcinoma
(P ⬍ 0.0001) samples. Expression levels of pTyr176-AKT
were also significantly lower in the normal samples when
compared with the carcinoma samples (P ⬍ 0.0001) (see
Supplemental Table S1 at http://ajp.amjpathol.org).
Statistical analysis showed that patients with pancreatic cancer with higher pTyr284-Ack1 expression levels
(with staining intensity ⬎4) had significantly worse overall
survival outcome than did those with lower expression
levels, with staining intensity ⱕ4 (P ⫽ 0.02 for log-rank
test; Figure 2, A and B;see also Supplemental Table S2 at
http://ajp.amjpathol.org). We also performed survival
analysis excluding the panIN samples; the conclusion for
the log-rank test results remained the same with minor P
difference: P ⫽ 0.02 for pTyr284-Ack1 and P ⫽ 0.15 for
pTyr176-AKT (see Supplemental Figure S2 at http://
ajp.amjpathol.org). No significant association was observed
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Figure 1. pTyr284-Ack1 and pTyr176-AKT expressions correlate with disease progression in pancreatic cancer. Shown are TMA sections representing normal and
pancreatic cancer stages stained with Ack1 (A and B), pTyr284-Ack1 (C and D) and pTyr176-AKT antibodies (E and F). G and H: Significant increase in
pTyr284-Ack1 (G) and pTyr176-AKT (H) expression was seen in PanIN and pancreatic carcinoma as compared with normal pancreatic tissue samples. Spearman’s
correlation analysis showed that expression levels of both pTyr284-Ack1 and pTyr176-AKT increased significantly from normal to carcinoma (P ⬍ 0.0001 for each
protein). Boxplots were used to summarize the intensity distribution at each stage. The boxplots have boxes with lines at the lower quartile (25%), median (50%),
and upper quartile (75%) values, whereas the red cross within the circle marks the mean value. Whiskers extend from each end of the box to the most extreme
values within 1.5 times the interquartile range from the ends of the box. Data with values beyond the ends of the whiskers, indicated with black open circles,
are potential outliers.

between pTyr176-AKT expression levels and overall survival (P ⫽ 0.16; Figure 2B). However, expression of
pTyr284-Ack1 significantly correlated with pTyr176-AKT in
situ (Spearman rank correlation coefficient  ⫽ 0.40, P ⬍
0.0001; Figure 2C), suggesting that in addition to AKT, Ack1
may require additional proteins to promote survival.
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Immunohistochemistry analysis of pancreatic TMA revealed a role of Ack1/AKT signaling nexus in pancreatic
cancer for the first time (Figures 1 and 2). This presented
the possibility that AIM-100, a small molecule inhibitor of
Ack1, could potentially inhibit pancreatic cancer cell
growth. AIM-100, a 4-amino-5,6-biaryl-furo[2,3-d]pyrimi-
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Figure 2. pTyr284-Ack1 expression correlated negatively with survival in patients with pancreatic cancer. A: Kaplan-Meier analysis shows that patients with
pancreatic cancer have higher pTyr284-Ack1 expression levels (with staining intensity ⬎4) and significantly worse overall survival outcome when compared with
those with lower expression levels (with staining intensity ⱕ4) (log-rank test, P ⫽ 0.02). B: Kaplan-Meier analysis in patients with pancreatic cancer shows that
no significant association was observed between pTyr176-AKT levels and overall survival (log-rank test, P ⫽ 0.16). C: Expression of pTyr284-Ack1 was also
significantly correlated with that of pTyr176-AKT in pancreatic cancer (Spearman’s rank correlation coefficient,  ⫽ 0.40, P ⬍ 0.0001).
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Figure 3. AIM-100 inhibited pTyr284-Ack1 and
pTyr176-AKT expression in insulin-treated cells.
A: Serum-depleted CD18 cells were untreated or
were treated with 0.8 g/mL insulin for 30 minutes and with 10 mol/L AIM-100 overnight, and
lysates were immunoblotted using pTyr284Ack1, pSer473-AKT, pTyr-IR, panAKT, and tubulin antibodies. The lysates were also immunoprecipitated using pTyr176-AKT antibodies,
followed by immunoblotting using AKT antibodies. B: Serum-depleted Panc-1 cells were untreated or were treated with 10 ng/mL EGF for 10
minutes and with 5 and 10 mol/L AIM-100
overnight, and lysates were immunoblotted using pTyr284-Ack1, pSer473-AKT, panAKT, and
tubulin antibodies. The lysates were also immunoprecipitated using pTyr176-AKT antibodies,
followed by immunoblotting using AKT antibodies. C–E: Serum-depleted MCF-7 (C), H292 (D),
and A2780-CP (E) cells were untreated or were
treated with 0.8 g/mL insulin for 30 minutes or
10 ng/mL EGF for 10 minutes and with 0.8
mol/L AIM-100 overnight, and lysates were immunoblotted using pTyr284-Ack1, pSer473-AKT,
pThr308-AKT, PanAKT, Ack1, and tubulin antibodies. The lysates were also immunoprecipitated using pTyr176-AKT antibodies, followed
by immunoblotting using AKT antibodies (top
panels).
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dine derivatives,22 was identified as a potent Ack1 inhibitor, and has been shown to inhibit prostate cancer cell
proliferation.19 We established the specificity of AIM-100
by performing kinase assays in the presence of increasing concentrations of AIM-100. This revealed that AIM100 specifically inhibits Ack1 with an IC50 (half maximal
inhibitory concentration) of 22 nmol/L, but not the other 30
kinases including PI 3-kinase subfamily members and the
three known AKT isoforms (submitted for publication).
Because of the limited availability of polyclonal antibodies, we generated and characterized pTyr176-AKT
monoclonal antibodies (detailed in Materials and Methods). To test the specificity of the antibodies, HEK293
cells were transfected with constitutively active Ack1
(caAck or L487F mutant) or kinase dead Ack1 (kdAck or
K158R mutant).18 Cells were harvested, and immunoblot
analysis was performed. caAck phosphorylated AKT at
Tyr176; however, kdAck failed to phosphorylate AKT (see
Supplemental Figure S3A at http://ajp.amjpathol.org). Further, we have reported characterization of four somatic
mutations in Ack1: R34L, R99Q, E346K, and M409I.15 We
observed that E346K mutant undergoes robust auto-activation and causes AKT Tyr176-phosphorylation; in contrast, phosphorylation of Tyr176 to Phe mutant of AKT (or
Y176F) was not detected (see Supplemental Figure S3B
at http://ajp.amjpathol.org). These data indicate that the
AKT-specific rabbit monoclonal antibodies can be used
to specifically detect Tyr176-phosphorylated AKT.
Ack1 integrates signals from a variety of RTKs including EGFR and insulin receptor.15,16 Insulin treatment of

human pancreatic cells CD18 led to Tyr-phosphorylation
of insulin receptor and Tyr284-phosphorylation of Ack1
(Figure 3A). Similarly, EGF treatment of Panc-1 cells
showed Ack1 activation (Figure 3B). These data are consistent with our earlier observation that Ack1 can be activated on stimulation of more than one RTK.16 EGF- and
insulin-stimulated pancreatic cells also exhibited Tyr176phosphorylation of AKT (Figure 3A and B, panel 2).
pTyr284-Ack1 and pTyr176-AKT expression was also
significantly elevated in insulin-treated breast (MCF-7)
and EGF-stimulated lung (H292) and ovarian (A2780-CP)
cancer cells (Figure 3, C–E, top two panels). On treatment with the Ack1 inhibitor AIM-100, Ack1 Tyr284-phosphorylation was abrogated, which led to a concomitant
decrease in AKT Tyr176-phosphorylation (Figure 3, A–E;
compare lanes 2 and 3). Previously, we have demonstrated that Ack1-mediated AKT Tyr176-phosphorylation
resulted in AKT activation, as noted by AKT Ser473- and
Thr308-phosphorylations.15 We observed that inhibition
of Ack1 activation by AIM-100 not only suppressed AKT
Tyr176-phosphorylation but also inhibited AKT activation,
as noted by a significant decrease in AKT Ser473- and
Thr308-phosphorylations (Figure 3, C–E). Collectively,
these data suggest that AIM-100 not only inhibits phosphorylation of Ack1 Tyr-284 but also suppresses activation of AKT.
AKT Tyr176-phosphorylation is important for mitotic
progression,15 which suggests that the loss of Ack1/AKT
Tyr-phosphorylation may lead to decreased cell proliferation. To determine whether Ack1 inhibition affects pan-
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Figure 4. AIM-100 inhibited growth of pancreatic cancer cells. A: CD18 cells were untreated or were treated with 10 mol/L AIM-100 for 48 hours, and cells were
photographed at 10⫻ magnification using differential interference contrast imaging. AIM-100 treatment significantly inhibited the growth of cells. B: CD18, Panc-1,
HPNE, OV90, MCF-7, MDA-MB-468, and MEF cells were untreated or were treated with 2 to 10 mol/L AIM-100 for 48 hours, and an MTT assay was performed.
The experiment was performed twice with eight replicates; a representative data set is shown. C: CD18 cells were electroporated (Lonza) with control and Ack1
siRNA, and cell lysates were immunoblotted using Ack1 and actin antibodies. D: CD18 cells were transfected with Ack1 or control siRNA, and cells were
photographed at 10⫻ magnification using differential interference contrast imaging. E: CD18 cells were transfected with Ack1 or control siRNA, and a WST-1 cell
proliferation assay was performed. F: Cell cycle analysis was performed using flow cytometry. Panc-1 cells were untreated or were treated with 6 mol/L AIM-100
for 48 hours. Cells were stained with propidium iodide, and DNA content was measured. The experiment was performed three times, and a representative data
set is shown. G: Panc-1 cells were untreated or were treated with 10 mol/L AIM-100 for 48 hours. The cell death/caspase reagent (Invitrogen Corp.) was added,
and caspase activity was assessed by monitoring green fluorescence using a microscope. H: The number of cells positive for green fluorescence was counted in
multiple fields, and the mean number per field is plotted.

creatic cell proliferation, CD18 cells were treated with 10
mol/L AIM-100 for 48 hours. Phase contrast imaging
revealed that AIM-100 treatment significantly inhibited
the growth of pancreatic cells (Figure 4A). To obtain
quantitative measurement of cell growth, an MTT assay
was performed. Pancreatic (CD18 and Panc-1), ovarian

(OV90), and breast (MCF-7 and MDA-MB-468) cancer
cells were treated with increasing concentrations of AIM100 (2 to 10 mol/L) for 48 hours. Normal human pancreatic ductal epithelial (HPNE) cells were also included
as normal control, and MEF cells as “nonmalignant” control. A significant decrease in pancreatic, ovarian, and
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breast cancer cell growth is evident on AIM-100 treatment with GI50 (absolute IC50) of approximately 7 to 8
mol/L (Figure 4B). A similar decrease in cell proliferation
was observed in two lung cancer cell lines, H292 and
H1975, on AIM-100 treatment (see Supplemental Figure
S4, A and B, at http://ajp.amjpathol.org). MEF and HPNE
cells were significantly less sensitive to AIM-100 treatment with GI50 of approximately 14 to 15 mol/L.
Further, to complement inhibitor studies, CD18 cells
were transfected with Ack1 or control siRNA followed by
cell proliferation assay. Ack1 siRNA-transfected cells exhibited a significant decrease in cell number as compared with control siRNA-transfected cells (Figure 4, C
and D). Further, a WST-1 cell proliferation assay was
performed. In contrast to control siRNA-transfected CD18
cells, Ack1 siRNA-transfected cells exhibited a significant decrease in cell proliferation (Figure 4E). To determine whether this decrease in cell proliferation was due
to cell cycle arrest, we performed cell cycle analysis.
Cells were untreated or treated with 5 mol/L AIM-100
and stained with propidium iodide. DNA content was
measured using flow cytometry. In contrast to untreated
cells, AIM-100 treatment increased the percentage of
cells in the G1 phase of the cell cycle by 13% and
concurrently decreased cells in the S phase by 10%
(Figure 4F), which suggests that AIM-100 treatment results in cell cycle arrest in the G1 phase.
To determine whether AIM-100 treatment induces
apoptosis, a cell death assay was performed using CellEvent Caspase-3/7 Green Detection Reagent (Invitrogen
Corp.), which consists of the DEVD peptide sequence
conjugated to a nucleic acid– binding dye. On initiation of
apoptosis and caspase-3/7 activation, the dye is cleaved
from the DEVD peptide and binds DNA, producing fluorescence emission that can be detected at 520 nm. In
contrast to untreated cells, Panc-1 cells treated with 10
mol/L AIM-100 for 48 hours exhibited significant increase in green fluorescence–producing cells (Figure 4,
G and H). Collectively, these data suggest that AIM-100
treatment arrests cells in the G1 phase, causes apoptosis, and, thus, inhibits pancreatic cancer cell growth.

Discussion
Recent studies underscore the oncogenic role of Ack1/
TNK2 in breast and prostate cancer.16 Of importance in
biopsy samples of human primary breast and prostate
cancer, Ack1 activation positively correlates with breast
cancer progression, and negatively with patient survival.15,19 Consistent with these data, Ewing’s sarcomas
cells seem to require Tnk2/Ack1 for growth and survival.23 In the present study, we demonstrated for the first
time that PanIN and pancreatic adenocarcinomas also
exhibit significantly higher levels of pTyr284-Ack1 or activated Ack1, which correlate with poor prognosis. The
substantial activation of Ack1 in these tumors is likely the
consequence of more than one growth factor–activated
RTK signaling pathway feeding into Ack1, as is evident in
that Ack1 can be activated by more than one ligand, for
example, EGF and insulin. In addition to these, other

mechanisms of Ack1 activation could also be operational
in pancreatic cancer. Ack1 gene amplification, another
mechanism of Ack1 activation, has been reported in lung
and prostate cancers.20 Also, Ack1 may be activated by
somatic auto-activating mutations. Second-generation
sequencing from our laboratory and those of others has
identified more than a dozen auto-activating mutations in
lung, ovarian, and stomach cancers (four of eight mutations have been published15). Whether somatic auto-activating mutations occur in Ack1/Tnk2 in pancreatic cancer is not known. We are currently sequencing pancreatic
primary tumor biopsy samples for Ack1 auto-activating
mutations and gene amplifications.
We observed high levels of pTyr284-Ack1 but significantly lower levels of pTyr176-AKT in PanIN. PanIN is an
early precancerous lesion. Inasmuch as Ack1 kinase is a
“driver,” high pTyr284-Ack1 levels can be detected in
PanIN because of its early activation. However, optimal
Tyr176-phosphorylation of AKT has not yet been
achieved in PanIN, which could be why significantly
lower levels of pTyr176-AKT were observed.
While AKT is active in many pancreatic tumors, direct
nucleotide sequencing of AKT2, PIK3CA, RPS6K1,
STK11, PDPK1, and FRAP1-mTOR, which are six key
genes of the AKT/mTOR (mammalian target of rapamycin) pathway, revealed no mutations in 36 primary pancreatic endocrine tumors.24 Whether these tumor biopsy
samples harbor Ack1-activating mutations is not known.
We found it striking that 96% of the pancreatic endocrine
tumors (135 of 140) were immunopositive for PDGFR-␣,
another RTK that activates Ack1.16 Our immunohistochemistry analysis has revealed significant expression of
Tyr176-phosphorylated AKT in carcinomas, which suggests the possibility that the Ack1/AKT signaling nexus
may be operational in pancreatic cancers. Because activated Ack1 maintains active AKT pools even in the presence of PI3K inhibitors,15 the present study highlights the
importance of PI3K-independent pathways in AKT activation in pancreatic tumors and may explain the resistance of pancreatic cancers to PI3K inhibitors.
Our data suggest that in addition to AKT, Ack1 may
require additional proteins to promote survival. One of the
major downstream effecters of Ack1 is tumor-suppressor
Wwox (WW domain-containing oxidoreductase).17,25,26
We have demonstrated that Ack1 phosphorylates Wwox
at Tyr 287, leading to its polyubiquitination and degradation.17 Thus, Ack1 could stimulate pancreatic cancer progression by positively regulating oncogenic kinase AKT
and negatively regulating the pro-apoptotic tumor suppressor Wwox. Further studies will be needed to assess
the precise contributions of these two signaling events.
In conclusion, we have demonstrated for the first time
a functional role for the Ack1/AKT signaling nexus in
progression of pancreatic cancer. Further, we have generated rabbit monoclonal antibodies that specifically recognize pTyr176-AKT. Availability of this important research resource enabled us to assess loss of AKT
Tyr176-phosphorylation on treatment with the Ack1 inhibitor AIM-100. AIM-100 not only inhibited Ack1/AKT Tyrphosphorylation but also suppressed growth of cell lines
derived from pancreatic, breast, and lung tumors. Con-
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sidered together, these data highlight the clinical relevance of targeted inhibition of Ack1 signaling for suppression of pancreatic cancer. Results of this study have
clinical implications because they offer a new drug target
for therapeutic intervention in pancreatic cancer.
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