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Introduction

In its initial stages prostate cancer depends on androgen signaling, with androgen
ablation therapy inducing tumor regression. The disease becomes extremely difficult to treat
when it progresses to a hormone refractory state (androgen-independent prostate cancer or
AICaP), therefore making it the second leading cause of cancer related death among men in the
United States. Dissecting the molecular mechanisms underlying prostate cancer initiation and
progression to AlICaP will allow us to develop more efficient therapeutics and reduce the
mortality rates of patients. Recent studies from our laboratory have shown that a constitutively
active form of the intracellular tyrosine kinase Ackl (activated cdc42-associated tyrosine kinase)
directly binds and tyrosine phosphorylates the androgen receptor (AR), resulting in ligand-
independent AR activity [1-2]. Constitutive activation was achieved by introducing a mutation
that relieves kinase auto-inhibition (L487F) and by COOH-terminal truncation (amino acids 788-
1,036) [3]. Moreover, caAckl transforms poorly tumorigenic LNCaP cells into androgen-
independent and highly invasive tumors in nude mice [1]. However, the role of Ack-1 in
prostate cancer initiation and progression within the context of a complex organ remains poorly
understood. To address this question, transgenic mice were generated expressing a myc-tagged
truncated caAckl transgene in the prostate epithelium, driven by a modified rat probasin
promoter which contains two copies of the androgen response region (ARR2PB promoter).
Characterization of these transgenic (Pb-Ackl) mice would allow us to understand the
mechanisms through which this novel tyrosine kinase maybe drive the progression of prostate
cancer in vivo as well as to further understand its potential role in AlCaP. Furthermore, Pb-Ackl

mice were crossed to genetically engineered mice (Pten*”” and TgAP-Ty,1) that develop high-



grade prostate intraepithelial neoplasias (PIN) or adenocarcinoma at known rates in order to
understand how Ackl activity, in combination with other lesions, will result in invasive and
metastatic adenocarcinomas, thus reflecting the pathophysiology of human AICaP. Pten*” and
TgAP-T1,; were chosen for the relevance of PTEN and Rb mutations in human prostate cancer as
well as for the defined kinetics of cancer initiation and progression in these genetically

engineered mice model of prostate cancer [4-5].



Body

The Statement of Work of the present study aimed at: 1) determining if prostate-specific
expression of caAckl resulted in the formation of metastatic adenocarcinomas through increased
growth and survival of prostate epithelial cells, 2) determining if prostate-specific expression of
caAckl resulted in androgen-independence growth and survival, 3) examining if the expression
of caAckl in established mouse models of prostate cancer resulted in accelerated tumor
formation and metastasis and 4) determining if prostate-specific expression of caAckl resulted in
androgen- independence growth and survival when crossed to Pten™ and TgAP-Ty1 mice. In
order to address these tasks, transgenic mice were generated by expressing a myc-tagged
constitutively activated Ackl transgene in the prostate epithelium, driven by a modified rat
probasin promoter which contains two copies of the androgen response region (ARR2PB
promoter). Furthermore, Pb-Ackl mice were crossed to genetically engineered mice Pten*"-and
TgAP-T121. These mice constructs were chosen for the relevance of PTEN and Rb mutations in
human prostate cancer as well as for the defined kinetics of cancer initiation and progression in

these genetically engineered mice model of prostate cancer [4-5].

Task 1

For task 1, prostates from Pb-Ackl mice and non-transgenic littermates were collected at
multiple time points (12, 16, 24, 36, 48 and 72 weeks of age). Histopathological analysis of
hematoxylin and eosin (H&E) stained paraffin sections showed that Pb-Ackl prostates presented
focal hyperplasia accompanied by nuclear atypia as early as 16 weeks of age. These prostatic
lesions appeared to progress as evidenced by the presence of murine prostatic intraepithelial

neoplasia (MPIN) and microinvasive carcinoma by 49 weeks of age (Appendix Fig. 1). This
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later phenotype was detected in one mouse and was determined by the extension of small acini
of cytologically atypical cells into the fibromuscular layer (Appendix Fig. 1). mPIN lesions were
multifocal in this specimen and displayed a cribiform pattern which resulted from further
stratification of the epithelial layer and were accompanied by further cellular atypia (spindle-like
shaped cells) and nuclear atypia (nuclear elongation and hyperchromatia) as well as
hypercellularity of the stromal layer (Appendix Fig. 1). Desmoplasia (a disruption of the
fibromuscular layer often seen in microinvasive adenocarcinoma) was detected by smooth
muscle-actin immunohistochemistry on paraffin sections (Appendix Fig. 2).  Double
immunofluorescence detection of Ki67 (a proliferation marker) and cytokeratin 8 (a luminal
epithelial marker) on paraffin sections showed increased cell proliferation in the Pb-Ackl
prostate epithelium when compared to WT (Appendix Fig. 3). The histopathological phenotype

of Pb-Ackl was published in PLoS ONE (see Appendix).

Task 3

For task 3, Pb-Ackl mice were crossed to TJAPT12; mice. These transgenic mice were
generated in the laboratory of our collaborator Dr. Terry Van Dyke and are a mouse model of
prostate cancer in which T121 (a portion of the large T antigen) exclusively targets and
inactivates all members of the pRb family [4]. Transgenic expression of T121 to prostate
epithelial cells (TQAP-T12; mice) results in rapid formation of neoplasias that are derived from
luminal epithelial cells. mPIN in TgAP-T1,; mice develop by 12 weeks of age and progress to
micro-invasive adenocarcinomas by 30 weeks of age. Metastasis has not been reported in these
mice [4]. Expression of caAckl in the TgAP-T1,1 background resulted in accelerated onset of the

adeno-progressive phenotype which was detected as early as 24 weeks of age and determined by
.



H&E staining of paraffin slides (Appendix Fig. 4). Although the adeno-progressive phenotype
was also observed some single TgAP-T121 prostates within our cohort, it was not as penetrant
(30%) as in the PbAckl;TgAP-T1,; bi-transgenic (86%). Furthermore, the apoptotic index was
reduced in PbAckl;TgAP-Ti,1 bi-transgenic prostates when compared to single TgAPTi2;
prostates at 16 and 24 weeks of age (Appendix Fig. 5). Apoptotic cells were detected in situ by
TUNEL (Terminal dUTP Nick End Labeling) analysis on paraffin sections from 3 WT, PbAck1,
TgAP-T121, and Pb-Ackl; TgAP-Ti2; prostates at 16 and 24 weeks of age. Apoptotic indexes were
calculated by counting TUNEL-positive cells (brown, arrows) as a percentage of total cells
(hematoxylin). Data were analyzed by Wilcoxon test (P<0.05 is considered statistically
significant). In addition, an increase in NFxB activation was observed in the bi-transgenic
prostates as early as 16 weeks of age (p=0.025) when compared to the TgAPT,; prostates
(Appendix Fig. 6). NFxB activation was detected in situ by serine-phospho-p65
immunohistochemistry on paraffin slides from at least 3 WT, PbAckl, TgAP-Ti,;, and Pb-
Ackl;TgAP-Ti,1 prostates at 16 and 24 weeks of age and analyzed as described above.

The microarray analysis proposed in this task is currently underway. RNA was isolated
from anterior prostates of WT, PbAckl, TgAP-T1,1 and PbAckl;TgAP-Ti2; mice. RNA from
three mice per genotype at 16 and 24 weeks of age were submitted for microarray analysis to the
UNC Lineberger Comprehensive Cancer Center Genomics and Bioinformatics Core. A
universal mouse reference comprised of total mouse embryonic RNA Universal mouse reference
RNA was used as control. Data will be analyzed using the Signifance Analysis of Microarrays
(SAM) freeware.

Pb-Ackl mice were also crossed to Pten*” mice as proposed in task 3. Formation of

mPIN from secretory prostate epithelial cells, progression to prostate cancer (CaP), and
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formation of metastasis has been observed in mice with prostate-specific PTEN disruption [2].
Heterozygotic loss of PTEN causes prostate cancer at known rates, with most Pten*”” mice
developing LGPIN at around 6 months of age, and homozygote conditional ablation of PTEN in
the mouse prostate resulting in mPIN at 6 weeks of age, CaP at 9 weeks of age, and metastasis at
12 weeks of age [2, 5]. This mouse model is highly relevant to the human disease given that the
PTEN gene is often subject to loss of heterozygosity (LOH) in human prostate cancer [6]. Our
preliminary data showed that Pb-Ack1;Pten*” mice present mPIN lesions as early as 16 weeks of
age as determined by H&E staining of paraffin sections (Fig. 7). The onset of the mPIN
phenotype is accelerated in Pb-Ackl;Pten*” prostates by approximately 32 weeks when
compared to Pb-Ackl and Pten™ prostates. These mPIN lesions present abnormal tufting
glandular patterns with multiple cellular atypia including nuclear enlargement, inversion of
nuclear to cytoplasmic ratio and hyperchromatism. The detection of Ki67 showed that these
mPIN lesions were highly comprised of proliferating cells (Appendix Fig. 8). Ki67 was detected
in situ by Ki67 immunohistochemistry on paraffin slides. Furthermore, abnormal cells within
these mPIN lesions were positive for phosphorylated (activated) Akt, suggesting PTEN LOH
(Appendix Fig. 9). Activated Akt was detected in situ by serine-phospho-Akt
immunohistochemistry on paraffin slides. PTEN LOH is further suggested by the loss of PTEN
staining in phospho-Akt positive cells, detected by immunohistochemistry of sequential slides
from Pb-Ackl;Pten*” prostates (Appendix Fig. 10). Despite the acceleration of the mPIN
phenotype in the Pb-Ackl;Pten*”” as compared to the single Pb-Ackl or Pten*", progression to
adenocarcinoma was not observed in these compound mice by 48 weeks of age as determined
by H&E staining of paraffin slides (Appendix Fig. 7). To date, at least 3 Pb-Ackl and 3 Pb-

Ack1:Pten*’ mice have been characterized.



Task 2, 4
I expect to conduct the androgen-ablation experiments described in Aim 1, Part 3 and
Aim 2, Part 5 later in 2010. This will be done on WT, Pb-Ackl, Pten* and Pb-Ackl:Pten*"

animals and | will follow the methodology previously described in the fellowship.
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Key Research Accomplishments

Provided evidence showing that expression of truncated caAckl is sufficient to cause to a
prostatic phenotype when expressed in the prostate epithelium in vivo.

Provided evidence showing that truncated caAckl can lead to accelerated onset of
prostatic phenotype when co-expressed in murine models of prostate cancer TgAP-T12;
and Pten*"”,

Provided evidence showing that expression of truncated caAckl signals a cell survival
pathway in vivo which rescues the apoptotic phenotype when co-expressed in TQAP-T12;
mice.

Provided evidence showing that expression of truncated caAckl leads to increased

activation of NFxB when co-expressed in TgAP-T1,; mice.

Reportable Outcomes
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Mahajan, K., Coppola, D., Challa, S., Fang, B., Chen, Y.A., Zhu, W., Lopez, A.S.,
Koomen, J., Engelman, R.W., Rivera, C., Muraoka-Cook, R.S., Cheng, J.Q.,
Schonbrunn, E., Sebti, S.M., Earp, H.S., and Mahajan, N.P. Ackl Mediated AKT/PKB

Tyrosine 176 Phosphorylation Regulates Its Activity. PLoS ONE 2010;5(3):e9646

Conclusions
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| assessed the effect of Ackl activity in vivo by directing cell-specific expression of
caAckl to the murine prostate epithelium. The data present evidence for caAck-1 expression to
be sufficient to deregulate proper cell cycle of luminal epithelial cells. This deregulation led to a
hyperplastic phenotype that progressed to mPIN and in one case to adenocarcinoma.
Furthermore, caAckl activity was shown to accelerate the onset of the prostatic phenotype when
crossed to both Pten*’” and TgAP-T121 mice, thus supporting our hypothesis that Ackl activity in
the murine prostate epithelium, in combination with precursor lesions, would result in a more
aggressive phenotype.

The TgAP-T12; mice were generated by our collaborator Dr. Terry Van Dyke. | initially
focused on this transgenic construct given that complete inactivation of pRb function was shown
to initiate and progress prostate tumorigenesis at well characterized rates. When crossed to the
TgAP-T12; mice, caAckl was able to accelerate the onset of the prostate adeno-progressive
phenotype from 30 weeks in the single TgAP-T;,; transgenic to 24 weeks in the PbAk1; TgAP-
T121 bi-transgenic construct. This acceleration correlated with caAckl’s ability to induce a pro-
survival signal in these bi-transgenic prostates, which may explain the reduction in apoptosis
observed in the PbAk1; TgAP-Ti,; bi-transgenic prostates. A pro-survival role for Ackl has
already been reported in NIH 3T3 cells [7]. Ackl was shown to be required for the survival of
v-Ras-transformed cells, although the cell survival signal remains to be elucidated [7]. Here |
showed that the reduction of apoptosis in PbAkl; TgAP-T1,; bi-transgenic directly correlated
with an increased in activation and nuclear localization of NFxB, thus providing a molecular
mechanism through which Ackl1 may be elucidating its cell survival signal.

In addition, PbAk1 mice were also crossed to Pten*’” mice in order to assess the effects of

Ackl activity along with reduction of Pten gene dosage. This construct was chosen given the
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high frequency of Pten mutation or reduced gene expression observed in human prostate cancer
[6]. It has been previously reported that Pten*’” male mice develop prostate hyperplasia or mPIN
at around 9-14 months of age [2, 5]. Here, | observed that the compound PbAk1; Pten™ male
mice develop mPIN as early as 16 weeks, whereas this prostatic phenotype is not seen until
approximately 32 weeks in the PbAK1 or Pten*” male mice in the same experimental cohort.
Furthermore, the activation of Akt within these mPIN lesions suggests Ackl activity may be
providing the selective pressure needed for inactivation of Pten through LOH. Despite the
accelerated mPIN phenotype in PbAk1; Pten*” male mice, the phenotype fails to progress to
adenocarcinoma or metastasis. Addressing the experiments proposed in tasks 2 and 4 will allow
me to address whether an additional selective pressure such as lost of androgen will be needed to
progress the phenotype.

In summary, | have shown that Ackl activity is sufficient to cause hyperplasia or mPIN
when overexpressed in the murine prostate epithelium in vivo. Furthermore, Ackl activity is
able accelerate the onset of the prostatic phenotype when present in combination with other

lesions, thus reflecting the pathophysiology of human prostate cancer.
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Appendix

16 weeks of age

49 weeks of age

200X

400X |

Figure 1. Histopathology of PbAckl prostates. Normal -vs- hyperplastic epithelia in WT

(AE) and PbAckl (B,F) prostates.

mPIN (C,G) and microinvasive adenocarcinoma (D,H)

phenotype in PbAckl prostate at 49 weeks of age. Hematoxylin and Eosin staining. 200X and

400X magnifications.
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Figure 2 Desmoplastic phenotype in PbAckl prostate. Intact fibromuscular layer in
normal WT (A) and hyperplastic PbAckl (B) prostates at 24 weeks of age. (C) Disruption of the
fibromuscular layer (star) is evident in 49 weeks old PbAck1 prostate displaying a microinvasive
adenocarcinoma phenotype. Smooth muscle actin immunohistochemistry. 400X magnification.

CK8 Kie7 Merged

Figure 3 Hyperproliferation of luminal epithelium in PbAckl prostates. 49 weeks old
prostate from PbAckl immunostained for the luminal marker cytokeratin 8 ( ) and the
proliferation marker Ki67 (red). Double immunofluorescence. 400X magnification.
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WT PbAck1 TgAPT121 PbAck1,TgAPT121

48 weeks . r;’\

Figure 4 Histopathology of single and bi-transgenic prostates. Normal WT prostate
phenotype compared to the progression from hyperplasia to mPIN to CaP in PbAckl, TgAP-Ti2
and PbAckl;TgAP-Ti prostates at 12, 16, 24 and 48 weeks of age. Hematoxylin and Eosin. 400X

magnification.
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Figure 5 Decreased apoptosis in PbAck1; TgAP-T1,; prostates. Prostates from 16 weeks old
(A,C) and 24 weeks old (B,D) WT, PbAckl, TgAP-T12; and PbAckl;TgAP-Ti,1 animals were
analyzed for apoptotic levels. Apoptosis (C,D) was quantified by calculating the number of
TUNEL-positive cells (brown, arrows) as a percentage of the total cells. TUNEL assay. 400X
magnification. n>3 for each genotype.
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Figure 6 Increased NFkB activation in PbAckl;TgAP-T,; prostates. Prostates from 16
weeks old (A,C) and 24 weeks old (B,D) WT, PbAckl, TgAP-T12; and PbAckl;TgAP-T12; animals
were analyzed for phospho-p65 levels. NFxB activation (C,D) was quantified by calculating the
number of phosphor-p65-positive cells (brown, arrows) as a percentage of the total cells. Phospho-
p65 immunohistochemistry. 400X magnification. n>3 for each genotype.
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Figure 7 Histopathology of PbAck1, Pten*” and PbAckl;Pten*" prostates. Normal WT
prostate phenotype is indistinguishable from Pten*” at 16 weeks of age. PbAck1 prostate presents
hyperplasia at 16 weeks of age while PbAckl, Pten*” prostate presents mPIN at same time point.
Both Pten*” and PbAckl, Pten*" prostatic phenotype present mPIN at 48 weeks of age and
phenotypes are indistinguishable at this point. Hematoxylin and Eosin. 100X and 400X
magnification.

Figure 8 High localization of proliferating cells within mPIN of PbAck1, Pten*" prostates.
Proliferating cells (brown) were visualized by Ki67 immunohistochemistry. Proliferating cells
were exclusively localized within the mPIN lesions in 16 week old PbAckl, Pten*" prostates. Ki67
immunohistochemistry. 400X magnification.
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H&E Phospho-Akt

Figure 9 Akt activation within mPIN lesions of PbAckl, Pten*" prostates. H&E shows
atypical cells mPIN lesion in 16 weeks old PbAckl, Pten*” prostate. Immunostaining for phosphor-
Akt detects the presence of activated Akt (brown) within atypical cells in 16 weeks old PbAck1,
Pten*”" prostates. Hematoxylin and Eosin and phosphor-Akt immunohistochemistry. 200X (H&E)

and 100X (phosphor-Akt) magnifications.

Figure 10 Correlation between loss of PTEN and activation of Akt in PbAckl, Pten
prostate. Sequential slides from 16 weeks old PbAckl, Pten* prostates were immunostained for
active (phosphorylated) Akt (brown, arrow) and PTEN. PTEN is lost (arrow head) in cells positive
for phospho-Akt. PTEN and phospho-Akt immunohistochemistry. 400X magnification.
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Abstract

The AKT/PKB kinase is a key signaling component of one of the most frequently activated pathways in cancer and is a major
target of cancer drug development. Mast studies have focused on its activation by Receptor Tyrosine Kinase (RTK) mediated
Phosphatidylinositol-3-OH kinase (PI3K) activation or loss of Phosphatase and Tensin homolog (PTEN). We have uncovered
that growth factors binding to RTKs lead to activation of a non-receptor tyrosine kinase, Ack] (also known as ACK or TNK2),
which directly phosphorylates AKT at an evolutionarily conserved tyrosine 176 in the kinase domain. Tyr176-phosphorylated
AKT lacalizes to the plasma membrane and promates Thr308/Serd73-phospharylation leading to AKT activation. Mice
expressing activated Ackl specifically in the prostate exhibit AKT Tyr176-phospharylation and develop murine prostatic
intraepithelial neoplasia (mPINs). Further, expression levels of Tyri76-phosphorylated-AKT and Tyr284-phosphorylated-Acki
were positively correlated with the severity of disease progression, and inversely correlated with the survival of breast
cancer patients, Thus, RTK/Ack1/AKT pathway provides a novel target for drug discovery,
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Introduction

Protein kinase AKT plays a central role in growth, proliferation
and cell yurvival [1,2,3]. AKT activation occurs when ligand
binding o KUK facllitates wanslocation of AKT w the plasma
membrane [1,5.6,7] where it is phosphorylared ar Thr308 hy
phosphicinositide-dependent  prowin knase-1 (PDKL] and
Serd73 by the 'PDK2", a class of about 10 diflerent kinases [8)
incliding the mTORC? complex [3]. Phosphorylation of AKT at
T'he308 and Serd73 leads 1o #s kinase activation [10]. Upon
activation, AKT phosphorylares its substrates to transduce survival
signaly [1,3,11,12], During AKT activation, the first step is the
production of phosphatidylinositol 3,45 trisphosphate (PIP3) by
PI3K. PDK | and AKT hind the phospholipid PIPS via their PH
domains aned are recruited to the plasma membrane. While RTK/
PI3K mediated recruitment of AKT to the plasma membrane is a
well characterized mechanism, mounting evidence indicate that
AKT activation can occur b @ F[3K-i||(1r||ﬂld?ﬂl Tashion
[13,14,15,16,17,18). About a thivd of the breast and prostare
tumors and majority of the pancreatic tumors that exhibie AKT
activation, retain normal PTEN and PI3K acrivity [15] [19,20].
Interestingly, normal FIEN expression was also seen in breast,
mvarian and prostate tumors that exhibit actvared AKT [15].

"f@_: PLOS ONE | www.plosoneorg

While RTEs are suggested 1w be mvolverdd [21], the molecular
mechanisms regulating RTK wediated AKT activation in canvers
with normal PTEN and PI3K activity 13 poordy understood [22],
Further, AIEZCA activating mutaion has recently heen shown 1o
bie neither necesary nor sufficient for full AKT activation in situ
[23]. Thus, collectively these dam suggest the existence of
addiional pathways that regulate ART activation in response 1o
growth factors,

Ackl, a nonreceptor tyrosine kinase has emerged as a critoal
early trnsducer of variery of extracellular growth Factor stimuli
induding  heregulin,  insulin, EGF  and PDGF  signaling
[24,25,26,27,28]. Ackl s ubiquitonsly expressed and primarily
phicsphorylatec at Tye284 leading o its Knase activation |25,27].
Our earlier stodies demonstrated that Ackl regulates prostate
rancer progression to androgen independence by positively
regulating androgen receptor (AR) and negatively regulbiting the
tumor suppressor, Wwox [25,26,29]. Ackl gene 1= also shown to
be amplified in primary long, ovarian and prostate rumoers which
correlated with poor prognosis |30). In this report, we have
identified a novel mechanism of Ackl mediated AKT activation
wherein phosphorylation of Tyrosine 176 in the AKT kinase
domain results o s bansd
suhsequent kinase activation,

ation o the pl membrane ancd
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Figure 1. Tyr176 phosphorylation precedes AKT activation. (A) MEF2KO cells were serum starved (24 h) and treated with EGT (10 ng/ml). The
lysatos were immunoprecipitated or (P with anti-Ackl {top panel), anti-AKT {second panel) and antl-EGFR (fourth panel) antibodies followed by
immunoblotting or 18 with antl-pTyr antibodies, Remaining panel represents (B with antibodies as snown. (B) MEFs were serum starved (24 h) and
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Figure 4, Tyr176 phosphorylated AKT suppresses FoxO gene tr iption and p cell cycle progression. (A] MEF1&2KO
cells were transfected with cafck and HA-tagged AKT or Y176F, serum starved l24 h) and hnrvested Tatal RNA was prepared and quantitative RT-
PCR was performed, Data are representative of three independent experiments. *p=0,05; **p=0.03; ***p=002; ***"p=0.02. (B) MEF2KQ cells
were transfected with contral or Ackl-specific siRNAs (40 nM) for 48 h and treated with EGF for 30 mins. Total RNA was prepared and
quantitative RT-PCR was performad. "p=0.01; **p=0.05; ***p=0.06; ****p=0.05. (€) Schematic representation of myr-AKT and myr-Y1/6F point
mutants. SOM of myr-AKT was performed to generate the Y176F mutation. PH, Pleckstrin homology domain; Kinase, Kinase domain and CT,
Carboxy Terminal ragulatory region. (D) AKT MEF1&2 KO cells were transfected with HA-tagged myr-AKT or myr-Y1/6F mutant and harvested
24 h and 48 h post-transfection, Cells were fixed and stained with anti-HA antibodies conjugated with Alexa 488 and anti-pSerinel0-Histone3
conjugated with Alexa 647, a marker used to distinguish cells In late G2 and early M phase, and analyzed by flow cytametry, HA-myrAKT
expressing cells showed /5% increase in the number of cells undergning mitasis (upper right quadrant), while, HA-myrY1/6F-AKT expressing
mitatic cells remain unchanged.

doi10.1371/|joumnal pone.0009646.g004

in LNMM were significantly bigher than those of all the earlier
mmor stages; the expression levels were significantly lower m the
normal samples when compared to these of all the later stages
except for hyperplasia [Tables 2 and 31 Kaplan-Meir analyses
revealed that patients with high expression of pTyr284+-Ack] and
pIyrl76-AKT are ar a higher risk for cancer-related deaths
(Fig. 6D, E and Table 4). Furthermore, expression of pTyr284-
Ackl was significantly corvelated with pTyrl76-AKT st
(Spearman  rank  correlation  coefficient p =043, p<0.0001;
Fig. $100.

@ PLoS ONE | www.plosone org 7

Discussion

Our siudy mdicates that cells empley muliiple and possibly
mutually exclusive mechanisms to activate AKT (Fig. 7). The
reasons why RTKs would employ two distiner modes of AKT
activaton are not enteely clear. However, a fraction of AKT
appears to utilize this alternative mode of activation in normal and
prominenty in cancerous cells. Our studies showed that even in
the presence of PI3K inhibitor, ligand bound HER2/ErbB-2 or
EGFR activated Ackl which in twm Tyr-phosphorylated and
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Figure 5. Pr -Ack1 genic mice display pTyr176-AKT and develop mPINs. (A) Transgenic construct (Prob-Ackl) is shown. (B) A
25 wk old Probasin-Ack] transgenic (TG) and wild type [21] male mice prostate lysates were subjected to |P using anti-Myc antibodies followed by 1B
with pTyr antibodies {top panel). For bottom panels, lysates were subjected to 1B with indicated antibodies. (C) Prostate lysates from 21 and 25 wk
old TG and the WT siblings were |8 with respective antibodies. The bottom 2 panels represent tail-PCR of these mice. IL-2 was an internal control for
PCR. {D-L) Haematoxylin and eosin (H&E) stained WT and TG mice prostates. Histological appearance of the prostate lateral lobe from a 22 wk old
WT maouse (D), and corresponding lobe from age-matched TG mice with intragpithelial hyperplasia (£). The lateral prostate from 49 wk old TG mice
exhibiting mPIN (F) is shown. Contrasting histological appearance of the lateral, ventral and dorsal lobes of the prostate glands from a WT mouse (G-
1), and correspanding lobes from TG mice (49 week old) are shown (J-L).

doi:10.1371/journal.pone.0009646.9005
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Figure 6. pTyr284-Ack1 and pTyr176-AKT expression in breast cancer. (A) TMA sections representing different breast cancer stages stained
with pTyr284-Ackl and pTyr] 76-AKT antibodies, (B) Box plats to summarize distributions of staining intensities for pTyr284-Ack in different stages of
breast cancer. A significant increasing trend of intensity across progression stages was detacted (Mantel-Haenszel 1” test, p=0.02). The box has lines
at the lower quartile (25%), median (5046}, and upper quartile values {75%) while 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. The data with values
beyond the ends of the whiskers, displayed with black circles, are potential outliers. {€) Box plots to summarize distributions of staining intensities for
pTyr176-AKT in different stages of breast cancer. A significant increasing trend of intensity acrass progression stages was detected (Mantel-Haenszel
¥ test, p=0.0001). (D) Kaplan -Meier analysis shows that individuals with breast cancer that have moderate to strong staining (=4) of pTyr284-Acki
have & lawer probability of survival {log rank test, p=0.08). (E) Kaplan-Meier analysis of the breast cancer patients that have moderate to strang
staining {=4) of pTyr176-AKT have significantly lower probability of survival {log rank test, p= 0.02).

doi:10.1371fjournal pane 0008646.9006

activated AKT. AKT is frequently activated in pancreatic cancer  noma and breast tumars of MMTV-na mice exhibit significantly
which has been shown to be highly correlated 10 HER-2/ner higher levels of pTyr284-Ack] and pTyrl 76-AKT (unpublished
overexpression [34]. Moreover, many of the pancreatic cell lines data), Taken collectively, our data may explain AKT activation in
and twmors expressing activated AKT had retained wild-type  those tmors that display amplification/activation of RTKs but
PTEN [35,36). We noticed that PanIN, pancreatic adenocarei- have normal PIZ3K/PTEN levels. We propose that other timors
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Table 3. Pvalues of Tukey-Kramer multiple comparisons
(simultaneous inference) af pTyri76-AKT intensity levels
between all pairs of stages for breast cancer,

Table 1. The intensities of Tyr284-phosphorylated-Ack] and
Tyr176-phaspharylated-AKT for the trend analysis of breast
cancer,
Protein Statistics  Normal ADH Dcis  IBC LNMM
pTyr2sd- I 52 El 3 O
Ack1
Mean 7 78 755 94 38T
Median 7 4 7 7 3
st D74 i3 iz |4 2
SE 0 023 020 03 032
O low 18 743 FAT 7 322
OlUpper 22 338 2896 21 457
pTyri176- N 45 39 5 e -1
AKT
Mean 235 29 2oy EwE - haz
Madiary 2 3 4 4 &
Sidd 0.8 079 198 27 193
SE 012 013 03z 0z 037
d Low 21 264 322 36 466
O Upper 26 kEH 451 435 537
doi 10,0371/ ol pore 09645400 1

that possess somatie autcactivating murmtons or amplification in
nonsreceptor tyrosine Knases could use sinilar mechasms for
AKT activation [$7],

Are there conditions svhen Tyr] 76 modification i not needed
for AKT activation? Some of the conditions wlen Tyrl76
phospliorylaton of AKT &5 not eequired e AR activation
rould he; 1) Presence of constitutively active PTAYCA mutations,
olserved i colorectal, ghoblastormas, gastre beeast and  long
cancers [38]. ¥} Loss of mumor suppressor PTEN resuling in
increased levels of cellular PIP3, occur commonly in prostate
cancer, endomerrial cancer, and glioblastorna, among others [3].
3] A rare somatic activating mutation, BEITK in the pH domain
which faciliates AKT recruitment to the membrane in PIP3-
independent manner [| 3]

We have used the term ART ‘tnslocation” o indicate
emergence of (cytosalic) AKT in the plasma membrane in response
tn growth factors. Our data (Fig. 2B and 2C) demonseeate that
ART in the plasma membrane i phosphorylated at Tye 176 and
mutation of this site in AKT abmgates appearance of AKT m the

Table 2. Pvalues of Tukey-Kramer multiple comparisons
[simultaneous Inference) of pTyr284-Ackl intensity levels
between all pairs of stages for breast cancer.

PTyr284-
Ack Normal  ADH pas iDC Liam
Normal 003400 4434 0993 “O.0001*
ADH 08313 00055* 03324
DOs 01234 0.0004*
ioc SO00 1
LM

“indicate significance at 0.05 level
doi:10,1371/Journal pone BI0S645, (002
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PTyr176-AKT Normal  ADH pas =] Lmm
Normal 06434 gpmst <0000t =0.0001%
ADH 01276 00342* <0001
pais 10000 o.004a"
([>14 0.0002"
Livim

tindicate significance ar 0.0 level.
i 10,1371/ oumal pone 00096461003

plasma membrane (Fig. 2DY, Based on the evidence, ome model
(Fig, 7) suggests that as Ackl signaling pathway is initiated ar che
plasma membrmne by RTKs Ackl associates with growth factor-
bound RTKs (via Migh homology domain in Ackl carboxy
terminal prolioe dch ceglon) and 5 actvated [25,26,39] Ackl
constitutively bound to AKT (Fig. 1B and G, Actvated Ackl
directly phosphorylaws AKT al Tyel76, thus faciliadng aceuto-
lation of Tyrl76-phosphorylated AT at the plasma membranc,
Fyrl T6-phosphorylated AKT preferentially binds PA, a plaans
membrane phospholipid as opposed to unphosphorylated AKT
(refer (o Fig. 88 for dewils). PH dowain in AKT is a Epid binding
domain and thus might be involved in the membrane binding of
1 'yr]?ﬁ—|1llﬂts'p]unrv|a!e:1 AKT. Collectively, our data suggests that
Ackl mediated AKT Tyrl76-phosphorylation is driving  this
translocution process, Thus, although AKT Tyl 76-phwsphorylation
and its migration to the plasma membrane s PIP2 independent, the
recruitment of Tyel 76 AKT in the plasma membmne may roguive
& functional PH domain

In corrast to AKT, pTyrl76-AKT specifically binds the
plasma membrane anionie phospholipid, PA (Fig. $8) Tyrl76-
phospharylation conld induce conformational changes in the ART
PH domain to enable binding 1o PA. The PH domain of Son of
sevenless (SOS) and PX domains of pd7"" have previously been
shown o passess a phosphoinositide-binding pocket and a second
wrtion: binding pocket which enables them 1o interact with PA
facilitating plasma membrane recruitment [40,41]. We speculate
that AKT too might possess a masked anion binding pocker, and
Tyr-phosphorylation  induced  conformational changes  could
intnask this pocket allowing it 1o hind PA

In endogenous systerns Ack] associates with AKT2 albeit
weikly as compared to AKT1 (Fig. 1B} AKT isoforms are
diflerentially distributed among different cellular compartiments
[42] with majority of AKTI in the cytosol, and AKT? in the
mitochondria. Additionally AKT? protein appears o be vat as

Table 4. kaplan-Meier survival estimates by Tyr284-
phospharylated Ackl and Tyr176-phospharylated AKT
intensities for breast cancer TMA samples,

Protein i No. of subj Event Censared
pTyriBd-Acki  ==4 133 143 (19) 8506 (114)
plyr2Bd-Ackl =4 11 6% (4) 543 (7)
T i76-AKT <=4 04 1% (11} 599k {93)
Pl 76-AK] =4 £ 5% (9 5% (27}

dol 10,1371 oumal pone 00995461004
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Detection System (Applied Biosysteny). All standards, (he no
template conol (HaO), the No RNA control, the no Beverse
Transeriprase control, and the no amplification control (Bhiescrip
plasinld) were tested Tnsbe wells per gene (2 wells/ plate x 3 plates/
gene). All samples were tested in miplicate wells each for the 10 ng
aned 0.8 ng concentradions, The no BT controls were tested in
duplicate wells, POR. was carded out with SYBR Green PCR
Master Mix (Applicd Biosystems) using 2 {1 of ¢DNA and the
primers (Tahle 5) in a 204 foal ceaction mixtare: Aefi 300/
300 aM; p25: 5007300 oM, p27E5p!-1:300/300 oMy p2785p1-2:
300/300 nM; FASZ-2: 300/500 oM, GADDY5-10 300/300 aM;
GADDES5-2: 3007300 nM; BAL 1007100 ab; HERTT 100/
100 oM. Afier Z-min incubation at 5070, AmpliTag Gold was
actvated by a 10-min incubarion ar 95°C, followed by 4 PGR
eyeles consisting of 15 4 of devaturation at 95°Coand bybridization
of primers for 1 min at 35°0. Dissociation curves were generated
for each plate o verfy the integrity of the primers, Dam were
analyzed psing SDS cofbware version 222 and exported into un
Exccel spreadsheet, The aetin data were nsed for normalizing the
gene values; Le., ng gene/ug actin per well,

Fluorescence Microscopy

For tellular localization studies, NIFAT3 cell: grown on
coversips were transtected at 50% confloency. Cells were freed
with 4% pamlbepaldetyde in PBS [or 10 min, washed with PBS.
Coverslips with fixed cells were monnted on slides in Vertashield
mounting medivm with DAPL (Vectnr Laboratores), anmd e
(dsRed?-NIAKT) or green (EGFP-346K ) fluorescence was detected
using a Zeiss Automated Upright Fluorescent Microscope and
charge-coupled device (COD) camers with appropriate e, Zeiss
Azaovision software was used for image viewing and processing.

Ack1 Transgenic (TG) Mice

For w pinn expression of Ackl, Myc-epitope-tagged constnict
was generated in two steps. First, PCR was performed using
ARRZPB promoter tegion (provided by UNC Mouse Core
Facilities) as the reroplate, which was subclimed in pTG vector,
In the second step, u PCR product was gencrated using activated
Ackl{L4BTF) mutant (Mabajan, 2005 £13) as the template and
the reverse primer encoding & Myc-tag, The caAck POR product
(1 %0 78T aa) was digested and was mserted into the pTG | vector
downstrenm of a sequence coding Globin inwon and upsiresm ol u

Table 5. Primer sequences for gRT-PCR.
Primer Sequence

p27Ript Fwd TEAMACGTGAGAGTGTCTAACG
p27Kip1 Rey COGGGUOGANGAGATTTCTG
g2t Twel TEITCCGCACAGGAGEAA
727 ey IGAGEGCATCEOAATTA

i Pwel CCERGAGATACGGAT IGCAT
Bim Rey GCCTCOCGGTAATEATTTGE
Garld45 Fyeed AGACCOAANGGATGEACACE
Garldd5 Rev TGACTCOGAGCCTTGETGA
HERT Fwd CACAGGACTAGAACACTIGE
HPRT Rev GCIGGIGAARAGGACCTCT
ACTE Fwd GTGGGCATGEETCAGAAG
ACTE Rey TCCATCACGATGCCAGTE
dois18.1371 fjournal pone OIK9646,:005

@ PLoS ONE | www.plosone.org
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SVAD polyA site (the schematic is shown in Fige 5A) The
consiruct was sequenced. The ARRIPE-Ackl plasmid was
digested with Hind[ll and BamHI and a 4Kb linear DNA
fragment was gel purified and microinjected into fertilized CH7B6
mouse eugs, which weee then surgically tmnsplanied nto a
pseudo-pregnant female, Transgenic founders were screened by
PCR using genomic DNA fzolated from tail snips. The prostute
specific expression was assessed by immunoprecipitation with
Myc-antibodies fallowed by immunoblotting swith pTyr-antbodies
(Fig. 5B}, TG and W mice were sacrificed at various time points
for removal of prostate followed by lysate preparation and
immunoblotting (Fig. 5C). Prostates from transgenic mice were
disserted wsing a dissertion microscope, fixed in 10% boffered
formalin and embedded in paraffin. Sections were stained with
laematoxylin and eosin and stained slides were evaluated by

pathologist (R.W.E and A.S.L.L

Flow Cytometry Analysis

AKT 1&YKO MEF: transfected with either the AKT WT or
L76 mntant consteucts were serum starved 24 b post-transfection,
Cells were either untreated or treated with EGF for 15 minutes
and harvested. Clells were singly or doubly stafned wit antibodies;
AKT Serd73 conjugated 1o Alexs 647 and HA tag conjugated 1o
Adexa 488 according to the manufacturer’s protocol (Cell
Signaling). Brefly, cells were rvesuspended in 1X Phosphate
Buffered Saline (PBS) to which paraformaldebyde was added o
a final concentration of %, Cells were [xed ar 37°C Tor 10 mnin
and chillleed on dce for 1 omine The Oxative was vemoved afler
centrifugation at 1500 rpm for 3 min. Cells were resuspended in
ice cald 100% methanol and incubated on ice for 30 min and
stored at -20C in 90% methanol. One million cells from each
sample were rinsed with 2 ml of IXPBS containing 0.5% BSA by
cenirifugation and resospended 1 90 pl of meubation bufler per
assay be for 10 min 0 pl ol conjugated anibody was adided 10
the assay mbe and incohated for 60 min in the dark ar room
temperature. The cells were rinsed twice with the Incubation
butfer by centrifugation and resnspended o 0.5 wl PBS and
acoquired on FACS calibur and analyzed by the Flow]o software.

Tissue Microarray (TMA) Analysis

For assessment of pTyr284-Ack! and pTyrl 76-AKT expression
in breast cancer, immuonohistochemistry was carried oul on two
high-density TMAs (n =476 cores) containing samples of normal
breast tssue, atypical ductal by perplasia (ADH), ductal carcinoma
an st (DCTS), invasive doetal carcinoma (IDC), lymph node macro
metastasis (LNMM). Four pm sections were cot with Leiea
mierotome  (Leica Microsystemns Ine, Bannockburn, 1L and
wransferred 0 adhesive-coated slides, The tissue array slides (1
slides including 2 test duplicate slides, and positive and negative
conteols) were stained for pTyr?Rd-Ack | and pTyrl 76-AKT nsing
respective rabbit polyclonal antbodies. The slides were dewased
by heating at 55 Celsius for 30 min and by three washes, 5 win
eacl, with sylene. Tissues were rehydiated Ty sedes of 5 win
washes in 100%, 95%, and B0% ethanol and distilled warer,
Antigen retrieval was performed by heating the samples at 957
Cielsiug for 30 min in 1 mmol/L sodinm cirare (pH 600 After
blocking with universal blocking serum (DAKO  Diagnostic,
Mississauga, Ontario, Canada) for 30 min, the samples were then
incubated with rabbit polyclonal pTyr284-Ack| anthody (1:300
dilution; Milipore} and rabbit polyclonal phospho-AKT antibody
(1225 dilution) a3+ Celsing overnight, The sections were inculated
with biotm-labeled secondary and sweptavidin-peroxidase for
30 min each (DAKO Diamostc). The sunples were developed
with 3,3 -diaminshenzidine substrate (Vector Laboratories, Bur-
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