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EXPLANATION OF THE DISSERTATION FORMAT
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tested and the objectives which were set forth during this study. Chapter II contains a
review of the literature and explanation of the overall process of drug discovery. Chapter
III includes a summary of the results and conclusions of the manuscripts included in the
appendices. Chapter IV gives an overall conclusion of my work and the future
perspectives that my work has opened. Of the four appended manuscripts, two have been
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ABSTRACT
Pleckstrin homology (PH) domains are structurally conserved domains, which
generally bind to phosphatidylinositol phosphate (PtdInsP) lipids. They are present in a
variety of proteins, including those that are upregulated in cancer growth and metastasis,
and represent a crucial component of intracellular signaling cascades and membrane
translocation. As such, they may be considered as attractive targets for cancer drug
therapy.
AKT (protein kinase B), a pleckstrin homology lipid binding domain and a
serine/threonine kinase-containing protein, is a key component of the
phophatidylinositol-3-kinase (PI3K)/AKT cell survival signaling pathway which is
activated in a variety of cancers, including prostate, pancreatic, and skin cancers. In this
study, I report the finding of a novel inhibitor of AKT; PH-427. I describe its effects on
binding to the PH domain of AKT thus preventing its binding to PtdIns3-P at the plasma
membrane and subsequent activation. In vivo testing of the drug led to reduction of tumor
size and numbers in a mouse pancreatic cancer model. Additional testing of PH-427 on
squamous cell carcinomas revealed that the drug is able to reduce tumor burden and
multiplicity in vivo when topically applied. Thus, we demonstrate proof-of-principle in
targeting PH domains as a viable cancer drug therapy option.
The effects of PH-427 raised the intriguing possibility that targeting PH domains
may have beneficial effects in other signaling pathways with PH domain-containing
proteins. Guanine exchange factors (GEFs) contain a Dbl homology (DH) domain and a
PH domain and have been shown to be involved in the process of metastasis. More
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specifically, RacGEFs activate Rac1 GTPase by facilitating the exchange of GDP to
GTP. Over-expression of certain GEFs has been shown to contribute to increased
malignancy in a variety of cancers. T-lymphoma invasion and metastasis-inducing
protein-1 (Tiam1) is a highly conserved GEF and contains an N-terminal pleckstrin
homology domain (nPH) and a DH/C-terminal PH domain (cPH). Tiam1 has been found
to be over-expressed in several cancers, including breast, colon and prostate cancers. In
this study, I describe the identification, development, experimental testing, and potential
mechanism of action of novel small molecule inhibitors targeting the RacGEF Tiam1 to
inhibit prostate cancer bone metastasis.

16

CHAPTER I: EXPLANATION OF THE PROBLEM

Kinase inhibitors used to target and treat cancers with upregulated AKT are
effective yet suffer from selectivity problems resulting in a variety of undesired side
effects. Previous work on a lipid-based drug, 3-deoxy phosphatidylinositol ether lipid
(DPIEL), done in Dr. Meuillet’s lab revealed that targeting PH domains may be a viable
drug development strategy. However, lipid-based drugs posed problems in bioavailability
and solubility. Additionally, lipid-based drugs have a high cost to synthesize associated
with it which may make future large-scale testing cost-prohibitive. The hypothesis of our
research is that we can identify and develop non-lipid based small molecules targeting
PH domains of proteins, which represents an innovative approach to cancer therapy.
There are many other signaling pathways that harbor proteins containing PH
domains which are relevant in cancer. Increased levels of Tiam1, a Rac1-specific GEF
which harbors two PH domains, has been shown to be correlate with increasing
metastatic potential in a variety of cancers including prostate cancer (PCa), and has been
shown to be a prognostic indicator of disease-free survival rates in men diagnosed with
PCa. Thus, we also hypothesize that by developing small molecule inhibitors targeting
the PH domain of RacGEF Tiam1, we may be able to inhibit metastasis in prostate
cancer. To test our hypothesis, we designed the following specific aims:
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Specific Aim 1: To identify, develop, and test novel small molecules targeting the
PH domain of AKT. We will carry out in vitro and in vivo studies to establish the
validity of targeting AKT with novel non-lipid based small molecule inhibitors.
Modifications to the lead AKT compounds will be done to enhance effectiveness of
compounds. Binding affinity and selectivity of the compounds to the cloned and
expressed PH domain AKT vs. other PH domains, as well as competitive binding assays,
will be tested via surface plasmon resonance (SPR). We hypothesize that non-lipid based
small molecules will have better physico-chemical properties than previous lipid based
drugs. We also hypothesize that we will achieve at least the same, if not better, binding
characteristics and selectivity for the PH domain of AKT than our previous inhibitors, as
well as better in vitro reduction of pAKT ser473.
Specific Aim 2: Therapeutic application of our AKT PH domain inhibitors. We will
carry out in vitro and in vivo studies to establish the therapeutic application of our AKT
inhibitors. We will test the compounds’ ability to prevent UVB-induced AKT activation
in skin keratinocytes. Topical application of our compound in UVB-induced skin
carcinogenesis mouse model will be done to assess its effectiveness in preventing AKT
activation in vivo. We will also determine if the compound is effective in reducing skin
tumor volumes and multiplicity. We hypothesize that our lead compounds will have a
therapeutic effect of reducing UVB-induced skin carcinogenesis by inhibiting overactivation of pAKT ser473.
Specific Aim 3: Development of inhibitors targeting the PH domain of Rac-GEF
Tiam1. We will identify, develop and validate novel small molecule inhibitors targeting
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the cPH domain of Tiam1 by in silico and in vitro methods. To further validate lead
Tiam1 compounds, we will test whether treatment of Tiam1 shRNA knockdown cells
exhibit altered properties relevant to invasion and proliferation. We will assess invasion
and bone metastasis in vivo after treatment with our hit compound in a mouse bone
metastasis model. We hypothesize that small molecule inhibitors of Tiam1 will reduce
migration and invasion in vitro. We also hypothesize that our lead compounds will reduce
metastasis in a mouse bone metastasis model.
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CHAPTER II: INTRODUCTION
Background Information
2.1 Prostate cancer

2.1.1 Introduction to the disease

Prostate cancer (PCa) is the second most common cancer in the male population
(1). 1-in-6 men will get prostate cancer. PCa has been described as a disease of aging. ½
of all men in their 50’s will have cancerous cells within their prostate and 80% of men in
their 80’s will have PCa (2). Since the use of serum prostate-specific antigen (PSA) as a
means of screening for prostate cancer, many cases have been diagnosed early while the
cancer is in localized stages where the cancer may be cured by radiotherapy or surgery.
This has led to a 5-year survival rate of nearly 100% for prostate cancers found in
localized or regional stages (2). However, in patients diagnosed with late stage (Stage IV)
PCa, or patients with a relapse of PCa, the prognosis is not as optimistic; the 5-year
survival falls to 29%. This vast difference in survival rates is mainly due to recurrence
after initial treatments and the metastasis of PCa to distal sites (Table I).

Prostate cancers generally originate from malignancies of the prostatic glands.
Pre-malignancies begin as prostatic intraepithelial neoplasias (PIN) which have a distinct
basal layer and preservation of duct and gland cellular architecture. As PIN progression
continues, nuclear aberrations become apparent, as well as an increase in basal cell
disruption. PINs may then progress from low grade to high grade, which is associated
with PCa.
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Time (Year)

Localized

Distant

Unstaged

0

100.0%

100.0%

100.0%

1

100.0%

79.3%

95.9%

2

100.0%

59.4%

93.3%

3

100.0%

46.9%

90.9%

4

100.0%

38.9%

89.1%

5

100.0%

32.8%

86.6%

6

100.0%

27.8%

84.4%

7

99.1%

24.6%

82.3%

8

98.0%

21.7%

80.4%

9

96.7%

19.4%

78.8%

10

95.2%

17.2%

77.2%

Table I. 5-year survival rates for prostate cancer. Data compiled from NCI SEER
prostate cancer data set.
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2.1.2 Key genomic and signaling dysregulations in prostate cancer

Significant genomic aberrations have been found throughout the prostate
oncogenome. The phosphatase and tensin homolog (PTEN) tumor suppressor is an
enzyme that contains both lipid and protein phosphatase activity. Classically, it
antagonizes the PI3K/AKT pathway, which will be discussed later in the dissertation, by
converting PtdIns(3,4,5)P on the cellular membrane to PtdIns(4,5)P (3). PTEN has been
shown to have a variety of cytsolic functions (4-7) and nuclear functions as well (8-10).
The loss of PTEN increases the activity of the PI3K/AKT pathway leading to the
hyperactivation of AKT and phosphorylation of downstream targets, including GSK3-β.
When active, GSK3-β phosphorylates β-catenin which signals and targets it for
degradation by ubiquitin. However, when GSK3-β is itself phosphorylated by various
kinases such as integrin-linked kinase (ILK) (11) or AKT, the action of GSK3-β is
inhibited (12). Thus, cytoplasmic levels of β-catenin accumulate and translocate to the
nucleus (13) where it associates with both the T-cell factor (TCF) and lymphoid enhancer
factor (LCF) families of transcription factors (14). The β-catenin/TCF/LCF complex
stimulates the transcription of a variety of cancer associated genes including c-MYC (15),
C-jun, MMP-26, and cyclin D1 (16, 17). β-catenin is also a co-activator for human
androgen receptor (AR) by activating transcription when in complex with LEF1 and TCF
(18). β-catenin has also been shown to co-localize and interact with AR which suggests
crosstalk between the AR and WNT signaling pathways (19).
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The discovery of the gene fusion between androgen regulated TMPRSS2 gene
and the ETS gene family of transcription factors has been one of the most important
recent advances in the study of prostate cancer. The TMPRSS2 fusion with ETS family
members represents the most common genetic rearrangement in human malignancies
(20). It has been shown to functionally co-operate with PTEN loss (21). These gene
fusions occur in ~50-70% of prostate cancers (22). Harboring either a TMPRSS2-ERG
gene fusion or PTEN loss leads to high grade prostatic intraepithelial neoplasia (hgPIN)
but rarely progresses to prostate oncogenesis. However, several studies have indicated
harboring both defects leads is significantly associated with poor prognosis due to the
progression of hgPIN to prostate cancer. As such, it is clear that the loss of PTEN greatly
exacerbates the effects of a TMPRSS2-ERG gene fusion. The TMPRSS2-ERG fusion has
also been associated with a deletion at chromosome 3p14 that implicates FOXP1, RYBP,
and SHQ1 as potential cooperative tumor suppressors (23).
A recent study from the Memorial Sloan-Kettering Cancer Center sought to
genetically profile aberrations in PCa (23). Key pathways and associated genomic
aberrations found in primary vs. metastatic tissues are described in Figure 1.
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Figure 1: Alteration frequencies in the RB, PI3K/AKT, and RAS/RAF signaling.
Individual genes in the pathways are shown in primary and metastatic tumors. Alterations
are defined as those having outlier expression (significant up or down regulation)
compared with the distribution of expression in normal prostate sample. From Taylor et
al. 2010 (23).
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2.2 Prostate cancer therapeutic options

2.2.1 Hormone therapy
While initially effective, conventional treatment by radiotherapy and surgery
alone is not enough to fully control the disease. 20-40% of prostatectomy patients will
have a relapse measured by increased PSA levels, and 30-70% of them will progress to
metastatic PCa within 10 years following local treatment (24). Hormone therapy, which
is also called androgen suppression or chemical castration, involves reducing testosterone
levels and has been an effective and long-lasting treatment for advanced stage PCa.
Despite its success in managing PCa, some prostate cancers become resistant to androgen
suppression, and almost all patients with metastatic PCa have a type of PCa resistant to
androgen suppression therapies, called castration resistant prostate cancer (CR-PCa) (25).
At this stage, traditionally chemotherapies are largely ineffective, with a response rate of
10-20% and a median survival rate of one year (26).

2.2.2 Current therapies for castration-resistant prostate cancer
Due to the difficulties and ineffectiveness of traditional therapies to combat CRPCa, many different drugs and combinational therapies have been used. One of the first
to be used was mitoxantrone, a type II topoisomerase inhibitor which disrupts DNA
synthesis and repair (27). However, the TAX 327 PHASE III trials, reported in 2004,
showed that 12% of patients with androgen-independent metastatic PCa responded to
docetaxol treatments, compared to 7% for mitoxantrone. In addition, the patients’ quality
of life was better on docetaxol than mitoxantrone, and this effect was further bolstered
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when combined with predinisone. These observations led to the recommendation that
docetaxel be prescribed over mitoxantrone whenever possible for the treatment of
metastatic PCa (28). Currently, there is an unmet need for new therapies for CR-PCa, as
the only drugs approved for CR-PCa are mitoxantrone and docetaxel. Recent studies
stemming from the PHASE III trial TROPIC (Treatment for metastatic castrationresistant prostate cancer progressing after docetaxel) has established that a new drug,
cabazitaxel, has been shown to increase survival rate in patients with CR-PCa whose
cancer has progressed while on docetaxel (29). However, new stand-alone drugs for CRPCa have yet to be approved, but many new potential avenues of CR-PCa therapies are
being investigated, including new cytostatics, radioisotopes, and new hormonal
manipulations (30).
Hormone therapy frequently leads to bone loss and increased risk of osteoporotic
fractures (31). Drugs such as bisphosphonates have been shown to help with loss of bone
density by inhibiting osteoclast activity and have been tested in clinical trials as a
potential metastasis inhibitor. Early studies showed promising results of bisphosphonate
inhibition of prostate tumor growth in vitro (32), however, clinical results have shown
that there is no statically significant improvement in the outcomes of men with metastatic
PCa (33). Nonetheless, use of bisphosphonates has been shown to reduce skeletal-related
events (SREs), fractures, and osteoporosis in patients undergoing hormone therapy (34).
There is growing body of evidence indicating a role of the tyrosine-protein kinase
sarcoma (SRC) in prostate cancer (35-37). To date, four SRC inhibitors have undergone
clinical trials. Of these, the broadest range of in vitro prostate cancer data are available
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for dasatinib (38). While FDA PHASE I/II trials were initially very promising (39), very
recent results from the READY PHASE III trials presented at the 2013 ASCO
Genitourinary Cancers Symposium showed that dasatinib failed to improve survival and
most other clinical endpoints in men with metastatic CR-PCa. The reasons for failure in
PHASE III trials have yet to be elucidated.
There seems to be some very promising results from a new drug, cabozantinib, a
multi-tyrosine kinase inhibitor that targets mesenchymal-epithelial transition factor
(MET), VEGFR2, RET, KIT, AXL, and FLT3 (40). A PHASE II trial was recently
suspended after enrolled patients with CR-PCa displayed overall improvements in the
areas of progression-free survival and bone scans, and reductions in markers for bone
turnover, pain, and narcotics use (41). Current parallel PHASE III trials are ongoing;
COMET-1 with a primary endpoint of overall survival, and COMET-2 focusing on pain
and bone disease. Results from these trials have yet to be seen, as the end date for
COMET-1 and COMET-2 are March 2014 and June 2013, respectively.
Lastly, a recent clinical trial showed that patients with castration-resistant, nonmetastatic PCa remained metastasis-free for a significantly longer time when treated with
denosumab, a human monoclonal antibody which inhibits the osteoclast-stimulating
protein receptor activator of nuclear factor-B ligand (RANKL) (42). In November of
2010, the FDA has approved the use of denosumab in breast and prostate patients for
SREs.
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2.3 Prostate cancer bone metastasis

2.3.1 Overview
As previously mentioned, PCa can become hormone-independent and insensitive
to current therapies, which eventually leads to a stage of increased SREs. Metastasis, a
classic hallmark of cancer (43), is a complicated process by which cancer cells leave the
primary tumor to colonize and grow at a distal site (Figure 2) . In PCa, the bone is the
most frequent distal site of metastasis (44, 45). Additionally, 90% of patients that
succumb to prostate cancer have bone metastases (44, 46-49). Bone metastasis causes a
wide variety of complications that lead to severely impaired quality of life and shortened
lifespan. Complications frequently involve severe pain, pathologic fractures, and spinal
cord compression (50).
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Figure 2: Steps in prostate cancer metastasis to the bone. Successful metastasis is a
multi-step process that includes (1) growth and escape from a primary organ, (2)
intravasation, (3) survival in circulation, (4) chemoattraction and extravasation, (5) and
growth in bone through (6) cross-talks with osteoblasts and osteoclasts. These steps
require the ability of cancer cells to adhere to and migrate across the surrounding
extracellular matrix (ECM), actions mediated by the integrins. Adapted from Tantivejkul
et al., 2004 (51).
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2.3.2 The “Seed & Soil” theory of cancer metastasis
In 1889, Stephen Paget presented an explanation to the non-random pattern of
cancer metastasis (52). His theory proposes that factors within the distal tumor
microenvironment (the “Soil”) contribute to the growth and proliferation of the metastatic
cancer cell (the “Seed”). An updated version of the theory has been proposed by Isaiah
Fidler as three general principles as follows (53): 1) cancerous cells contain a
heterogeneous population of cells with differing angiogenic, invasive, and metastatic
properties; 2) the process of metastasis itself selects for cells which can travel to a distal
site; 3) successful metastasis depends on the cancer cells’ ability to grow in the new
microenvironment. The theory was again revised by Langely and Fidler in 2011 to
include how tumor-stromal interactions influence metastasis (54). Other theories of
metastasis exist such as clonal selection and the theory that metastatic dissemination
occurs purely as a result of anatomical structures and the vascular system. In yet another
theory, there are experimental and clinical evidence to suggest that cancer cells
disseminate earlier than expected in cancer progression, leading to angiogenic dormancy,
cellular dormancy, and immunosurveillance until certain factors awaken them from
latency, often years later (55). Despite this, the “Seed & Soil” theory is pertinent to PCa
bone metastasis as it describes distal metastases that are organ specific.
2.3.3 Epithelial-to-mesenchymal transition
During carcinogenesis, immotile, polarized epithelial cells acquire a highly
motile, non-polar, fibroblast-like phenotype through a phenomenon called epithelial-to-
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mesenchymal transition (EMT). In a normal cell, EMT is generally limited to tissue
development, tissue remodeling, and wound healing, however, when activated in cancer
it empowers cells with invasive and metastatic capabilities (56). Classic molecular
changes include loss of apical-basal polarity and loss of adherence to neighboring cells
(57, 58). In PCa, aberrant expression and localization of a variety of proteins have been
observed, including but not limited to E-Cadherin, Vimentin, PDGF-D, NF-κB, Notch-1
and ZEB1 (59). Prostate cancer undergoing EMT have been shown to downregulate Ecadherin expression and upregulate N-cadherin expression (60), a termed called the ENswitch, which also has been linked to PCa prognosis in patients (61). In addition,
integrins, through the focal adhesion-associated protein FAK, can initiate signaling
cascades leading to focal adhesions at cell-extracellular matrix (ECM) junctions (62). In
coordination with the actions of the RhoGTPases CDC42, Rac1, and Rho, which create
actin-rich lamellipodia and filopodia, and the actions of matrix metalloproteinases
(MMPs) which degrade the surrounding ECM, the cancerous cell can then begin to
embark on a journey to invade local tissue (Figure 3).
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Figure 3. Steps in the forward progression and invasion of the cell. Directed
movement requires a high level of coordination from a variety of signaling pathways. 1)
Protrusion of the leading edge is facilitated by actin polymerization; 2) Cell-matrix
interaction and formation of focal contacts through integrins; 3) Focalized proteolysis
degrades the ECM 4) Cell contraction by actomyosin; and 5) Detachment of the trailing
edge. Taken from Parri and Chiarugi, 2010 (63).
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2.3.4 Intravasation and hematogenous survival
In order to arrive at a distal site, tumor cells must first undergo intravasation, or
endothelial transmigration, into surrounding blood vessels or lymphatics. Whether or not
tumor cells actively migrate through the vasculature by external driving forces such as
growth factor gradients, or passively “crawl” into the lymph and blood vasculature
without the need for such gradients is a matter of debate (64). For example, it is known
that a variety of pathways related to movement and adhesion are dysregulated in
metastasizing cancer cells including, but not limited to, integrins, cadherins, and
cytoskeletal activity (62, 65-68) as well as abnormal mutations in metastasizing cancer
cell genes as reviewed in (69, 70). In addition, cancer cells are interactive with the tumor
microenvironment and can change depending on certain stimuli (71-73). However, there
is also evidence that tumors seemingly shed cells very easily into the vasculature (74-77),
and that the vasculature itself is leaky, lending to easy passage of cancer cells (78, 79).
Evidence and references supporting either case is summarized in Table II. Overall, both
active and passive intravasation seems to occur in tumors, but the preferred method of
early metastasis may depend on a variety of factors inducing tumor type, organ type,
and/or cancer stage.
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Active Intravasation
Evidence

Reference

Passive Intravasation
Evidence

Zetter, 1993
Active cytoskeletal rearrangements are
associated with
metastasis

Condeelis & Pollard,
2006
Condeelis et al, 2000

Reference
Bockhorn et al, 2004
Racila et al, 1998

Most shed cells are
non-viable indicating
that cells have easy
access to vasculature

Larson et al, 2004

Shed cells are not
clonogenic indicating
that they have low
metastatic potential

Swartz et al, 1999

Mehes et al, 2001

Fidler, 1973
Fidler et al, 2002
Active integrin
upregulation involved
in metastasis

Cells accumulate
mutations in genes
needed for metastasis

Cell interactions w/
microenvironment
induce changes in gene
profile

MMPs are actively
produced by metastatic
cells

Hood & Cheresh, 2002

Bernards & Weinberg,
2002
Ramaswamy et al,
2003

Shioda et al, 1997

Freije et al, 2003
Egeblad & Werb, 2002
Moses, 1997

Tumor
microenvironment
itself can induce
migration

Kopfstein &
Christifori, 2006
Ribatti et al, 2006

Blood vessels have
fragile walls leading to
easy leakage of cells

Solid stress (buildup of
pressure w/in tumors)
collapses vessels

Loss of cell-cell and
cell-matrix adhesion
leading to easy
shedding and
metastasis

Tumor
microenvironment
confers survival
advantages to random
cells

Chang et al, 2000
Hashizume et al, 2000

Helmlinger et al, 1997
Padera et al, 2004
Bockhorn et al, 2004
Cavallaro &
Christifori, 2001
F. de Amicus et al,
2006

Koike et al, 2002
Raghunand et al, 2003
Cardone et al, 2005

Table II. Evidence for active and passive mechanisms in cancer cell intravasation.
Adapted from Bockhorn et al., 2007 (64).
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TWIST, a highly conserved basic helix-loop-helix transcription factor, has also
been suggested to regulate EMT and promote entry of cancer cells into the bloodstream
in breast cancer cells by repressing E-cadherin expression (80). Studies of metastatic PCa
tumors also show that TWIST expression was highly expressed in the majority of
prostate cancer tissues, and knockdown of TWIST via siRNA suppressed migration and
invasion abilities of androgen-independent prostate cancer cells, which also induced Ecadherin expression as well as morphologic and molecular changes associated with
mesenchymal-to-epithelial transition (MET) (81).
After invasion into the circulating vasculature, the tumor cells must survive a
plethora of challenges, including attack from the immune system, survival of entrapmentby-size in capillaries, and turbulent hemodynamic shear forces. The first line of defense
for traveling cancer cells is by utilizing platelets, which bind to cancer cell integrins, as
shields against immune system detection and hemodynamic shear forces (82-84). In
addition, fibrin can be bound to cancer cell integrins and on activated platelets, producing
large tumor cell-fibrin-platelet aggregates which further bolster resilience to turbulent
shear forces, as well as effectively disguising the tumor cells from natural killer (NK)
immune cell attack (85-88).
2.3.5 Extravasation
In order to colonize a new distal site, tumor cells must exit the circulatory system.
Although the circulating vasculature may bring cancerous PCa cells into the bone
marrow, it does not completely explain the high frequency in which PCa metastasizes to

35

the bone. Studies have shown that PCa cells preferentially bind bone marrow endothelial
cells (BMECs) 3-5 fold over other endothelial cells (89, 90). Once bound, PCa cells
undergo tumor cell diapedesis across a barrier of BMECs to enter the bone
microenvironment (89-91). PCa cells express endothelial adhesion receptors which allow
them to roll on and adhere to BMECs. One possible method is through E-selectin, as PCa
cells express E-selectin ligands which can then bind to constitutively expressed E-selectin
on BMECs (92). Chemotaxis and motility of tumor cells to the bone are essential for
successful distal site colonization (93). Chemokine (C-C motif) ligand 2 (CCL2), a
member of the CCβ Chemokine family, is known to be secreted by BMEC cells and has
been demonstrated to be a potent chemoattractant (94-96). In addition, CCL2 has been
shown to stimulate cell motility and may recruit PCa cells to the bone microenvironment
(97, 98). This action involves Rac1 GTPase activation through a CCL2 activation of
nucleoporin 85kDa, an actin regulating protein (99). Other bone-derived chemokines
have also been implicated in trafficking PCa tumor cells to the bone, including
osteonectin, stromal-derived factor-1 (SDF-1), and chemokine (C-X-C motif) ligand 12
(CXCL12) (95, 100, 101).
2.3.6 Osteoblasts and osteoclasts in prostate cancer bone metastasis
There has been a great debate with regards to the role of bone-forming osteoblasts
and bone-destroying osteoclasts in PCa. The problem is complex as it involves an
interdependent and constant relationship between bone formation and bone destruction,
as well as the PCa cells themselves (Figure 4, p. 37). Unlike most other bone metastases,
PCa is unique in that initial skeletal metastases radiographically and histologically
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present as being osteoblastic, exhibiting increased osteoid surface, osteoid volume, and
mineralization (102, 103). This is supported by the fact that serum levels of bone-specific
alkaline phosphatase, a marker for osteoblast activity, are increased in patients with
metastatic PCa (104). However, formation of osteoblastic bone is often associated with
an osteolytic component which leads to a distinct type of bone remodeling (105, 106).
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Figure 4. Balance between osteoblast and osteoclast activity in bone formation. Bone
mass is maintained by a balance between the activity of osteoblasts (right), which form
bone, and osteoclasts (left), which break it down. Osteoblasts can regulate osteoclast
activity through expression of cytokines such as receptor activator of nuclear factor-B
ligand (RANKL), which activates osteoclast differentiation, and osteoprotegerin (OPG),
which inhibits RANKL. Factors that are known to stimulate osteoblast proliferation or
differentiation are bone morphogenetic protein (BMP), transforming growth factor-β
(TGFβ), insulin-like growth factor (IGF), fibroblast growth factor (FGF), platelet-derived
growth factor (PDGF), vascular endothelial growth factor (VEGF) and WNT. Taken
from Logothetis and Lin, 2005 (107).
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The severity and complexity of PCa bone metastasis arises from a phenomenon
referred to as the “viscous cycle” (107, 108) and is summarized as follows: 1) PCa cells
that have crossed the BMEC barrier secrete factors which stimulate both osteoblast and
osteoclast activity. 2) Stimulated osteoblasts then proliferate and promote formation of
new bone matrix. 3) Osteoblast activity then stimulates osteoclast activity. 4) Stimulated
osteoclasts, by PCa cells and/or osteoblast activity, leads to bone destruction which
releases growth factors into the bone microenvironment which stimulate growth and
proliferation of the PCa cells. 5) The cycle then repeats itself (Figure 5). Normal bone
structure consists of organized, tightly packed collagen bundles. However, as a result of
the vicious cycle, prostate bone metastases result in woven bone consisting of randomly
oriented collagen bundles leading to weak, fracture-prone bones (109, 110).
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Figure 5. The vicious cycle of prostate cancer bone metastasis. Prostate cancer cells
affect bone homeostasis by secreting factors including bone morphogenetic protein
(BMP), transforming growth factor-β (TGFβ), insulin-like growth factor (IGF), plateletderived growth factor (PDGF), vascular endothelial growth factor (VEGF), endothelin-1
(ET1), the bone metastasis factor MDA-BF-1, urokinase-type plasminogen activator
(uPA) and prostate-specific antigen (PSA). Factors BMP, TGF, IGF, PDGF, VEGF, ET1,
MDA-BF-1 have been shown to support osteoblast proliferation and bone formation
mainly through RUNX2 and WNT signaling. Factors uPA and PSA stimulate osteoblast
proliferation by modifying growth factors present in the bone microenvironment.
Osteoblast activation leads to the release of RANKL and M-CSF, which initiates
osteoclast differentiation and activation. Other osteoclast-stimulatory factors, including
PTHrP, TGF-β, and IL-11, are releases by PCa cells. Osteoclast activity releases bonederived growth factors such as TGF-β and IGFs, which lead to PCa cell growth and
proliferation. Resulting bone remodeling results in randomly oriented collagen bundles
resulting in fragile bones. Taken from Roodman, 2004 (111).
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2.4 Non-melanoma skin cancer
Non-melanoma skin cancers (NMSC), defined as basal cell carcinomas (BCC) or
squamous cell carcinomas (SCC), are the most frequent tumors. They represent a
significant and increasing health problem in the United States and worldwide (112).
While BCCs are believed to develop de novo, SCC development occurs primarily on sunexposed areas of the body and is strongly associated with chronic sun exposure.
Additionally, when compared to BCC, SCCs have a significant higher rate of metastasis
(0.3-3.7%) (113). SCC development and progression has been viewed as a multi-step
process beginning with early mutation events in the p53 gene (Figure 6) (114-116).
Other reported mutations for SCC include WNT, Ras, p16INK4, NF-κB and c-Myc (117,
118).
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Figure 6. Schematic representation of the potential developmental stages during
UV-induced skin carcinogenesis. Both UVB and UVA can contribute to skin cancer at
different developmental stages by directly inducing DNA damage (e.g. UVB-dependent
p53 mutations) or indirectly by UVA-induced oxidative stress generating genomic
instability. Genomic instability is likely to participate in early development to generate
the first chromosomal changes (relatively simple karyotype) as well as during later stages
(transition to a malignant SCC) to contribute to the highly complex karyotype. Taken
from Boukamp et al., 2005 (117).
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2.4.1 Human skin cancer progression cellular model
The spontaneously immortalized HaCat skin cancer cell line serves as one of the
premier models for functional studies in human skin cancer carcinogenesis (119). In
addition to harboring chromosomal aberrations typically seen in SCCs, they also contain
UV-type specific mutations in the p53 gene (120, 121). SCC has been shown to harbor
increased activity in the PI3K/AKT pathway signaling, leading to the activation of AKT2
specifically (122). Recent evidence suggests that this increased activation is not due to
mutations in hot-spot genetic loci or within the PTEN tumor suppressor (123, 124).
Mutations in the RAS gene, especially codon 12 changes, are known to stimulate the
PI3K ⁄AKT signaling pathway (125). Because RAS mutations have been identified in
nonmelanoma skin cancer (126-130) they may additionally contribute to the observed
activation of the PI3K ⁄AKT pathway. Variants of the HaCat line have been made which
harbor an H-ras mutation, thereby establishing both benign and malignant tumor variants
(131, 132). As such, these serve as a beneficial model for pre-cancerous and cancerous
SCC studies.

2.5 Pleckstrin homology domains

The PH domain is a 100 to 120 amino acids long consisting of a highly conserved
three dimensional superfold found in over 250 human proteins (133) and is the 11th most
common domain the human proteome (134). Crystal structures and nuclear magnetic
resonance (NMR) structures of several PH domains show a highly conserved three
dimensional organization although sequence identities are only 7% to 23%. PH domains
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can bind to phosphotyrosine and polyproline sequences, Gβγ subunits of heterotrimeric G
proteins and PtdInsP (134) Thus PH domains are capable of protein-protein interactions
and in some cases the protein interaction surface does not overlap with the lipid-binding
region within the PH domain (135, 136). Many PH domains have been shown to bind
Gβγ, some with dissociation constants on the order of 20 to 50 nM (137, 138).

2.5.1 Structure
Much of what is known about the structure of PH domains are derived from early
research on the following PH domain-containing proteins: pleckstrin, spectrin, dynamin,
phospholipase C δ-1 (PLCδ1), son of sevenless-1 (Sos1), β-adrenergic receptor kinase
(βArk), Bruton's tyrosine kinase (Btk), and insulin receptor substrate-1 (IRS-1). The PH
domain structure contains two orthogonal antiparallel β sheets of three and four strands
(Figure 7). The C-terminal end contains an α-helix. The β sheets curve in a tight barrellike conformation, while the C-terminal helix folds in to cover one end of the barrel. The
inter-strand loops are involved in ligand binding and vary substantially in sequence and
structure between PH domains, which allows for varied specificity for PtdInsP binding.
The membrane-binding face of the domain contains basic residues that assist in ligand
binding.
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A

B

Figure 7. The PH domain of AKT. A) The schematic drawing on the left clearly depicts
locations of the β-strands (yellow) and the α-helix (red).The space filling on the right
model shows positive (blue) and negative (red) charged areas. B) Composite of the
crystal structure of AKT1 in complex with InsP4. PH domain (yellow) and a modeled
linker region (magenta). Adapted from Rong et al., 2001, and Kumar and Madison, 2005
(139, 140).
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2.5.2 Phosphatidylinositide phosphate lipid specificity
Only a handful of studies have been done to examine PH domain binding to
different phosphoinositide polyphosphates (PtdInsP) and inositol polyphosphates (InsP)
(141-143), revealing a wide range of ligand affinity and specificity. In order to provide a
working classification of PH domains, Rameh et al. (143) subdivides PH domains into
four groups. Due to the overwhelming divergence of PH domains, sequence-based
classification or classification based on in vitro function may not be conclusive for every
case. Still, these groupings provide a useful reference by which PH domain-containing
proteins may be classified. Group 1 PH domains are PtdIns3P-binding and include
proteins such as Btk, Grp1, Sos, and the Tiam1 nPH domain. They are generally highly
specific for PtdIns(3,4,5)P, which they typically prefer over PtdIns(4,5)P by ~100-fold.
Their sequences have more positively charged residues in the β1/β2 strands and loop than
group 2. Positive charges predominate in the β1/β2 loop in group 1 PH domains. Subsite
IV of this group has fewer charged interactions with the 4-phosphate than in group 2,
consistent with the weaker binding of group 1 PH domains to PtdIns(4,5)P. The members
of the second group have high affinities for PtdIns(4,5)P and PtdIns(3,4,5)P and include
PLCδ1, βArk, β-spectrin, the N-terminal domain of pleckstrin, and IRS-1. Group 2
domains do not discriminate substantially between PtdIns(4,5)P and PtdIns(3,4,5)P in
vitro (142, 143). Preferential binding to PtdIns(4,5)P in vivo may be more a function of
the greater abundance of this lipid than discrimination against 3-phosphoinositides.
Although PLCδ1-PH binds PtdIns(4,5)P and PtdIns(3,4,5)P with high affinity compared
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with other acidic lipids, other group 2 PH domains are less specific. Generally, strong
binding to PtdIns(4,5)P may depend more on the high negative charge on this lipid than
on stereospecific recognition. This is consistent with the imperfect conservation of some
of the key PLCδ1-PH basic side chains in group 2 domains.
A third group, including AKT (PKB) and PDK1 binds PtdIns(4,5)P as well as
PtdIns(3,4,5)P. The only other reported member of this group is an expressed sequence
tag (EST)-encoded protein of unknown function (142). Group 3 PH domains vary
somewhat in their relative affinities for PtdIns(3,4,5)P vs PtdIns(4,5)P in different
reports. The β1/β2 loops of group 3 PH domains contain fewer basic residues than many
of the group 1 domains.
Group 4 members, which include dynamin and the C-terminal PH domain of
Tiam1, exhibit relatively low binding affinity for the ligands mentioned above. The highaffinity phosphate subsites are absent or incompletely formed in these PH domains.
Despite the low affinity of dynamin-PH monomers for PtdIns(4,5)P, the physiological
importance of this interaction for endocytosis is well established (144).

2.5.3 The PI3K/AKT pathway
Phosphatidylinositol-3 kinase (PI3K) is a heterodimer consisting of an 85kDa
regulatory subunit (p85) and a 110 kDa catalytic subunit (p110) and is activated by a
wide range of growth factor receptors and oncogenic protein-tyrosine kinases. Upon
activation, PI3Ks phosphorylate PtdIns(4,5)P to produce PtdIns(3,4,5)P, which
subsequently binds a subset of PH, FYVE, Phox (PX), C1, C2 and other lipid-binding

47

domains in downstream targets to recruit them to the membrane for activation. PTEN
dephosphorylates the 3′OH group phosphorylated by PI3K, thus returning PtdIns(3,4,5)P
to PtdIns(4,5)P. PTEN is frequently mutated in cancers, leading to over activity of AKT.
The PH domain in the N-terminal region of AKT interacts with 3′phosphoinositides, thus contributing to its recruitment to the cellular membrane for
activation. Recruitment to the membrane results in a conformational change that exposes
two crucial amino acids that are phosphorylated and necessary for activation: one in the
kinase domain (threonine 308 in AKT1) is phosphorylated by constitutively active
phosphoinositide-dependent kinase 1 (PDK1), stabilizing the activation loop, whereas
phosphorylation of the other in the hydrophobic C-terminal domain (ser473 in AKT1) by
PDK2 is necessary for full activation (Figure 8) (145, 146). Other kinases are also
known to phosphorylate AKT, including mammalian target of rapamycin complex 2
(mTORC2), DNA-dependent protein kinase (DNA-PK) and ataxia telangiectasia mutated
kinase (ATM) which can induce full kinase activity of AKT (147).
Phosphorylation of AKT specifically mediates a variety of downstream targets.
Pro-apoptotic promoters such as forkhead transcription factors FKHR and AFX, as well
as Bcl-2 family member Bad, are directly inhibited by phosphorylation via AKT (148,
149). AKT promotes survival by activating CREB (150), and promotes proliferation by
activating p70S and GSK-3β (151) which contributes to cyclin D accumulation of cell
cycle entry. AKT also acts as a mediator for VEGF production and angiogenesis by
phosphorylation of mTOR (152).
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Figure 8. The PI3K/AKT signaling pathway. Binding of extracellular ligand to the
receptor, a receptor tyrosine kinase (RTK), leads to downstream phosphorylation events.
Upon conversion of PtdIns(4,5)P to PtdIns(3,4,5)P, AKT is recruited to the membrane
where it is phosphorylated at two different sites, thr308 and ser473, by PDK1. Activation of
AKT by phosphorylation has important consequences for the cell. Adapted from
Hennessy et al., 2005 (153).
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2.5.4 Isoforms of AKT
Three genes encode for AKT within the mammalian species and give the proteins
AKT-1/α, AKT-2/β, and AKT-3/γ. These three AKT proteins, although encoded by
distinct genes localized on different chromosomes, have approximately 80% amino acid
identity and similar domain structures (Figure 9). The different isoforms of AKT share a
high degree of sequence homology within their N-terminal PH domains but diverge
within other regions (154). In addition, the different isoforms contain a central catalytic
domain and a C-terminal regulatory region. The PH domains of AKT and related kinases
such as BTK have a high affinity for PtdInsP, specifically PtdIns(3,4,5)P.
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Figure 9. Sequence alignment of AKTs. AKTs from various species are conserved
throughout evolution. Human AKT1/2/3 share 80% sequence homology (highlighted).
Common amino acid residues or similar characteristic amino acid residues are blackboxed or gray-boxed, respectively. AKTs of various species were cited from the NCBI
registered amino acid sequences. Adapted from Nagata et al., 2008 (155)

51

While AKT-1 and AKT-2 are expressed throughout the system, AKT-3 is
predominantly found within the brain, heart, and kidney (156, 157). Despite the location
of each isoform, they are thought to have a common mechanism of activation (158). To
date, no differences in substrate preference have been established and thus are currently
assumed to have identical or similar substrate specificity. Given the similarities of the
different AKTs, it comes as no surprise that the isoforms seem to have similar effects on
cellular growth and apoptosis. However, while many functions of the isoforms may
overlap, there are particular differences with regards to regulation of adipocyte
differentiation, glucose homeostasis, and tumor development (159).
Also, a recent report has shown that AKT-1 and AKT-2 are expressed in a wide
array of breast and prostate cancer cell lines but that AKT-3 expression is exclusive to the
more advanced, hormone-independent breast and prostate cancer cell lines (154). To
summarize, Table III shows the malignancies associated with the different isoforms of
AKT, as well as cancer types showing defects and mutations within the PI3K/AKT
signaling pathway (Table III).
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Table III. Abnormalities within the PI3K/AKT pathway. The PI3K/AKT pathway is
crucial to the survival of the cell. As a result, many of the different cancer malignancies
involve mutations within this pathway as a means of survival. Taken from Hennessy et
al., 2005 (153).
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2.6 RhoGEFs
Rho guanine nucleotide exchange factors (RhoGEFs) are activators of small
monomeric GTPases which, through the action of the activated GTPase, control many
aspects of cellular behavior including actin cytoskeleton dynamics, microtubule reorganization, cell polarity, cell-cycle progression, gene expression, and membrane
transport pathways (160-162). The Rho family of GTPases can be further broken down
into eight different sub families: Rho, Rnd, RhoD/F, RhoH, Rac, Cdc42, RhoU/V and
RhoBTB (163). Typical of all GTPases, Rho GTPases act as molecular switches by
cycling between an inactive-GDP bound state to an active GTP-bound configuration.
This action is facilitated through the action of GEFs (Figure 10). There have been 60-70
GEFs found within the human genome (164). Almost all RhoGEFs contain a C-terminal
PH domain flanked by an adjacent Dbl-homology (DH) domain. The DH/PH domain
serves as the catalytic site for the GDP-GTP exchange. Several GEFs appear to be highly
specific toward a single GTPase, for example, Tiam1/Rac1; Fgd1/Cdc42;
p115RhoGEF/Rho (165, 166), whereas others may activate several, for example,
Vav1/Cdc42, Rac1, Rho; Dbl/Rho, Cdc42 (167, 168).
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Figure 10. The Rho GTPase switch. Cycling between the inactive (GDP-bound) and
active (GTP-bound) forms is regulated by guanine nucleotide exchange factors (GEFs)
and GTPase-activating proteins (GAPs). Guanine-nucleotide dissociation inhibitors
(GDIs) inhibit nucleotide dissociation and control cycling of Rho GTPases between
membrane and cytosol. Active, GTP-bound GTPases interact with effector molecules to
mediate various cellular responses. Upstream activation of the GTPase switch occurs
through activation of GEFs. Taken from Schmidt & Hall, 2002 (169).
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2.6.1 Structure and function
DH domains, with the exception of three conserved regions (CR1, CR2, and
CR3), share little homology with each other, and GEFs with the same substrate
specificity often have <20% sequence identity. Regardless, crystallographic and NMR
analysis of the DH domains of βPIX, Sos1, Trio, and Tiam1 reveal a highly related threedimensional structure that is composed of a flattened, elongated bundle of 11 α-helices
(170-173). Two of these helices, CR1 and CR3, are exposed on the surface of the DH
domain and participate in the formation of the GTPase interaction pocket. GEFs bind to
the GDP-bound form and destabilize the GDP–GTPase complex and disrupting Mg2+
coordination in the nucleotide-binding pocket while stabilizing a nucleotide-free reaction
intermediate (174, 175). Due to the high intracellular ratio of GTP:GDP, the released
GDP is replaced with GTP, leading to activation of the GTPase.
GTPases harbor a low intrinsic ability to hydrolyze GTP to GDP. GTPases
activating proteins (GAPs) stimulate the GTPases’ hydrolytic activity, leading to rapid
turn off of the molecular switch. The action of guanine nucleotide dissociation inhibitors
(GDIs) can also prevent further nucleotide exchange or hydrolysis by locking up a
GTPase in its current conformation (176). As such, GEFs, GAPs, and GDIs are seen as
the traditional canonical regulators of monomeric GTPases (177). However, new
evidence suggests that regulation of GTPases is finely tuned by a multitude of different
mechanisms including post-translational modifications, protein degradation, and crosstalk mechanism between GTPases (178).
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2.6.2 Rac1-specific GEF Tiam1
Tiam1 (T-lymphoma invasion and metastasis-inducing protein-1) is involved in
the regulation of cell adhesion, migration and invasion in a number of human cancers
(179, 180). Tiam1 is a highly conserved GEF and contains a myristoylated N-terminus,
two N-terminal PEST domains, an N-terminal pleckstrin homology domain (nPH), a
coiled-coil (CC) region with adjacent extended (Ex) sequence, a Ras-binding domain
(RBD), a PSD-95/DlgA/ZO-1 domain (PDZ) and a catalytic Dbl homology (DH)/Cterminal PH domain (cPH). While a crystal structure with very low resolution (4.3Å) has
been available for the nPH of Tiam1 (181), the crystal structure of DH-cPH of Tiam1 in
complex with Rac-1 has been reported as well (173). Both PH domains of Tiam1 have
affinity for PtdIns(3,4,5)P but the nPH has been determined to have a significantly higher
affinity for PtdIns(3,4,5)P (182) and, in conjunction with the adjacent CC and EX
domains, is crucial for the translocation of Tiam1 to the cytosolic membrane (183). The
nPH domain of Tiam1 is a region that has been described to be mutated in cancer (184).
Indeed, a single point mutation (Ala441Gly) was reported to cause hyperactivity of the
protein, as assessed by colony formation assay. Whether this mutation affects localization
of Tiam1 by interfering with PtdIns(3,4,5)P binding is not clear. Although the cPH is not
critical for the translocation of Tiam1 to the membrane, it plays an important role in
stabilizing interactions at the membrane and/or regulating the DH catalytic domain by
lipid binding. Tiam1/Rac1 pathway has been implicated in cell migration, and invasion
and tumor metastasis (185). Membrane translocation of Tiam1 is crucial for its capacity
to bind Rac1 and to induce Rac1-mediated membrane ruffles (183). These complex
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processes are controlled in part by small G proteins of the Rho family, including Rac1.
Rac1, active when bound to GTP, in turn is regulated by GEFs and GAPs. Tiam1 possess
a GEF activity (186) and its expression correlates with grade of breast cancer in humans
(187) and metastatic potential of human breast carcinoma cell lines in nude mice (188,
189). Finally, Tiam1 is found in a wide variety of normal and tumor cells (185). Tiam1
expression in colon cancer cell lines has been shown to be closely related to their
metastatic potential (190) and cells which have been engineered to over-express Tiam1
show increased in metastasis and resistance to apoptosis (191). Tiam1 has been also
found to be over-expressed in prostate cancer where it is an independent predictor of
decreased disease-free survival (192). A summary of Tiam1 expression in various cancers
is provided in Table IV.
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Tumor Type

Correlations

Hepatocellular Carcinoma

M, IP, S

Papillary Thyroid Carcinoma
Renal Cell Carcinoma
Lung Carcinoma
Prostate Carcinoma
Breast Carcinoma
Gallbladder Carcinoma
Esophageal squamous cell Carcinoma
Colorectal Carcinoma
Gastric Carcinoma

References
Huang et al 2013
Yang et al 2010

S

Hsueh et al 2011

S

Engers et al 2000
Zhao et al 2011

M

Wang et al 2012

S, M

Engers et al 2006

S

Lane et al 2008

S, M

Du et al 2012

S, M

Liu et al 2011

M

Minard et al 2006

S, M

Shi et al 2013

Nasopharyngeal carcinoma

S, M

Ovarian Carcinoma

S

Liu et al 2013
Qi et al 2009
Wu et al 2003
Li et al 2012

Table IV: Tiam1 over-expression and correlations in cancers. Expression of Tiam1 in
various cancers is correlated with invasiveness properties (IP) and metastases (M) and
poor survival (S).
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2.6.3 PH domains of Tiam1
Tiam1 is unique in that it contains two PH domains: and nPH domain flanked by
a CC domain and EX region, and a cPH domain adjacent to a DH domain, as mentioned
previously. The nPH domain of Tiam1 in conjunction with the CC and EX regions has
been shown to be critical for cytosolic translocation of Tiam1 to the membrane (193). Its
importance is highlighted by the fact that the Drosophila homolog of Tiam1, SIF, is
highly conserved in the nPH-CC-EX domain (194). The nPH domain of Tiam1 has high
affinity for PtdInsP with a preference of PtdIns(3,4,5)P over PtdIns(3,4)P and
PtdIns(4,5)P (143, 195). The cPH domain has low affinity for PtdInsP (196), however, it
has been shown to regulate catalytic activity on the adjacent DH domain by inducing
conformational/orientational changes while at the cellular membrane (Figure 11) (197).
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Figure 11: The Tiam1 DH/PH domains and Rac1 complex. A) Rac1 is in green, and
the switch regions of Rac1 are red. Tiam11 DH and PH domains are yellow and blue,
respectively. B) View in a rotated 90° about the horizontal. Taken from Worthylake,
Rossman, and Sondek, 2000 (173).
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Tiam1 can participate as a scaffold and has been show to associate with JNK
interacting protein-2 and spinophilin to direct Rac1-mediated activation of specific
signaling pathways (198, 199). Additionally, Tiam1 has been shown to serve as an actin
nucleation site by associating with the p-21 subunit of Arp2/3 via its nPH and CC domain
(Figure 12) (200). Since Arp2/3 is activated by Wave or Pak1(201, 202), both of which
are downstream targets of active Rac1, it has been proposed a cooperative positive
feedback loop is created which leads to rapid actin filament formation (200).

62

Figure 12. Tiam1 regulates Rac1-mediated Arp2/3-controlled actin polymerization.
Localization of Tiam1 to actin-rich structures at the plasma membrane may be
accomplished by association of Tiam1 through the nPH-CC domain with the Arp2/3
complex (1). Tiam1 activates Rac1 (2) that influences the actin nucleation activity of
Arp2/3 by activating either Wave or Pak1. As a result, the activated Arp2/3 complex
associates with the actin cytoskeleton and induces actin polymerization (5). In this way
Tiam1 and the Arp2/3 complex may collaborate in a positive-feedback loop to induce
rapid and abundant actin polymerization at specific sites in cells. Reproduced with
permission, from Ten Klooter et al., (2006), Interaction between Tiam1 and the Arp2/3
complex links activation of Rac to actin polymerization. 397(1), 39-45. © The
Biochemical Society (200).
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2.6.4 Current inhibitors of Rho/RacGEFs
There are a few examples of inhibitors which either target GTPases specifically or
target downstream components of its signaling pathway. IPA-3, a selective non-ATPcompetitive inhibitor against Rac1/Cdc42 interaction with Pak1 (203) and Y27832, an
inhibitor of the RhoA effector ROCK (204), are examples of drugs which inhibit target
effectors of GTPases. Another drug, NSC23766 binds, directly to the GTPase Rac1
thereby disrupting its association with its activating GEF. The mode of binding has been
shown to be within the Rac1 junction site of switch I, switch II, and β1/β2/β3, (205)
which consequently is the binding surface for Tiam1 recognition (173). Brefeldin A, an
antibiotic produced from the fungus Eupenicillium brefeldianum, is a compound which
binds and inhibits GEF activity in Arf-GEF. Studies of the mechanism of action of
Brefeldin A have revealed that it binds to the interface between Arf-GDP and Arf-GEF
thereby locking the complex an abortive conformation which prevents GDP-to-GTP
exchange (206-209). The fact that Brefeldin A can discriminate between ARF1-GDP and
ARF6-GDP, which have similar structure, emphasizes the fact that in theory selective
inhibition of a specific GEF can be possible (210). Additionally, various aptamers
targeting TRIO have been found using high-throughput screening techniques, however,
the potency of such compounds have been shown to be limited (211, 212).
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2.7 The drug discovery process
Drug discovery and development is, by its nature, a multi-step, multi-disciplinary
process, involving the fields of computational molecular modeling, chemistry,
biochemistry, molecular and cellular biology, and pharmacology/toxicology. Delving into
the specifics of each discipline is beyond the scope of this dissertation and has been
thoroughly summarized in previous papers (213, 214). However, I will outline the key
features of the drug discovery and development process used to find our specific hit
compounds, and highlight the key concepts of the process.
The current process of drug design, development, and research has evolved from
the use of natural substances, generally used in traditional or folk medicine derived from
botanical sources, to the advances in medical microbiology leading to the advent of the
post WWII “miracle drugs” and subsequent modifications by advances in synthetic
chemistry, to de novo drug design by computer-assisted molecular modeling. Our current
method of drug design and development has arisen due to many different technological
and scientific advances including, but not limited to, X-ray crystallography and NMR,
mass spectrometry, protein cloning, molecular and genetic manipulations of cells and
organisms, combinatorial chemistry, high-throughput screening (HTS) techniques,
computer-assisted molecular modeling, and bioinformatics (215-218). In addition, the
drug discovery and development process is time and resource intensive, challenging, and
expensive, with an average 15-20 years in development and a cost of nearly $1 billion
dollars (219). The combination of these factors has led to a standard and structured
hierarchy of rational drug design to minimize costs, minimize off-target effects,
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maximize drug effectiveness and specificity, and reduce time to PHASE trials (Figure
13) (220, 221).
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Figure 13. Drug discovery and development flow diagram. The process usually starts
with an in silico screen, followed by in vitro and in vivo characteristic determination
rounds, then on to pre-clinical and clinical trials. At any point, drug design can be sent
back to a previous round for refinement or modifications until a suitable candidate drug is
produced.
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2.7.1 In silico drug screening
The drug discovery process begins with the identification of the target and its
validation as an anti-cancer target for drug therapy. With advances in protein structure
determination by X-ray crystallography or NMR and their readily-available structures
from sources such as the protein data bank (PDB), computer-assisted molecular modeling
can be used to find novel compounds which bind to very specific regions of the target
protein (222-225). The advances in combinatorial chemistry has made it possible to
synthesize thousands, even millions, of small molecules which are classically deposited
in various chemical public or private libraries such as Maybridge® or Chembridge®. The
in silico screening of these libraries against the target protein leads to the generation of a
potential list of hit compounds. The compounds are then scrutinized for a variety of
physico-chemical properties and characteristics including hydrophobicity and
lipophilicity, ADMET properties (absorption, distribution, metabolism, extraction, and
toxicology), biodegradation, and determination of products produced by metabolism and
biotransformation by quantitative structure-activity relationship (QSAR) and quantitative
structure-property relationship (QSPR); all of which can be predicted today using modern
computational tools and software or measured with classical biophysical techniques.

2.7.2 Solubility and permeability
In addition to determining the physico-chemical profile of the compounds, it is
also pertinent to address the drugs’ properties of solubility and permeability. In his
landmark paper, Christopher Lipinski, from the drug company Pfizer, and colleagues
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analyzed compounds to try to determine which properties of the drug led to success or
failure in clinical PHASE II trials(213). The authors rationalized that compounds which
were insoluble and poorly permeable could have been eliminated before entering PHASE
II trials, even though they survived PHASE I testing. The result of it was the creation of a
set of four parameters, a simple mnemonic dubbed “The Rule of Five”, which could be
used to weed-out potential problem compounds before they are tested in the clinic (213).
The rule states that a compound should have a molecular weight less than 500, a CLog
less than 5, no more than 5 hydrogen bonds, and no more than 10 hydrogen bond
acceptors. The “rule of five” is not without its critics, as some note that it only covers a
certain set of drugs, specifically antibiotics and fungicides, and would exclude some
blockbuster drugs currently in the market (226), which has led to a call for softening of
some of the rules (227). Nonetheless, the “rule of five” has become a standard starting
point for the evaluation of a compound and can be useful in predicting a compounds’
probability of success if applied correctly (228).

2.7.3 Hit-to-lead phase and optimization
Once in vitro and in vivo tests confirm possible hit drugs, attention is then
directed towards drug optimization. This work consists of intensive structure-activity
relationship (SAR) investigations where in silico molecular modeling is used again to
specifically detail protein-drug interactions at the molecular level, for example, to offer
possible groups substitutions/additions on the compound or find additional binding sites
on target proteins, all aiming toward improving binding characteristics and specificity.
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Additionally, compounds are scrutinized and modified to improve their
pharmacokinetic/pharmacodynamic (PK/PD) properties in order to improve their efficacy
in future in vivo models. Lastly, a more detailed profiling of physico-chemical and in
vitro ADMET properties of the hit drugs is carried out in order to improve drug solubility
and permeability. In essence, the steps required for optimization of the drug is quite
similar to the beginning process of finding the drug, as many of the same processes are
used only in a much more critical fashion to improve the overall ability for the drug to
succeed in the clinical phase.
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CHAPTER III: TARGETING PH DOMAINS
3.1 Introduction
Mutations and defects within the PI3K/AKT pathway in cancer rank only behind
p53 and Rb mutations in frequency (153). In early 2000, the only available drugs to
combat the upregulation of AKT were kinase inhibitors which bind to the ATP bindingpocket of kinases. While effective, they were toxic due to non-specific interactions with
other kinases (140). AKT translocates from the cytosol to the membrane where it
becomes activated. This action is dependent on the formation of PtdIns(3,4,5)P by PI3K
on the cellular membrane, to which AKT binds via its PH domain. Our hypothesis was
that we could prevent AKT translocation, and subsequent activation, by introducing
inhibitors which bind to the PH domain of AKT. Previous attempts to target the PH
domain of AKT, performed by Dr. Meuillet’s group, were successful in preventing
translocation, reducing AKT phosphorylation, and inducing cellular apoptosis (229, 230),
however, these drugs were lipid-based and had problems associated with potency,
bioavailability, and cost which hampered further development of these types of
compounds. The goals of my research were to identify and further develop non-lipid
based, novel small molecule inhibitors that target the PH domain of AKT.

3.2 Discovery of PH-427
Our initial research resulted in the discovery of a new class of AKT PH domain
inhibitors (222); non-lipid-based sulfonamide compounds which exhibited good binding
characteristics to the PH domain of AKT based on in silico and in vitro testing (KD = 0.8 -
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3.0 μmol/L and 0.4 to 3.6 μmol/L, respectively), good inhibition of phospho-Ser473AKT
and downstream targets in vitro, specificity and selectivity to the PH domain of AKT
over the PH domains of IRS-1 and PDK-1, and induction of 50% - 60% apoptosis at 20
μmol/L. However, the in vivo results were discouraging, as the lead compound failed to
achieve sufficient plasma concentrations to inhibit AKT and tumor formation HT-29
colon cancer xenograft mice. PK studies revealed that the compound was likely rapidly
metabolized and eliminated, due to an azo (-N=N-) linkage present on the compounds
(222).
In collaborative efforts with the company OpenEye Scientific Software, Inc.
(Santa Fe, NM), we utilized their new drug screening software to find non-lipid-based,
PH domain targeting AKT inhibitors with good physico-chemical properties while
exhibiting better in vitro and in vivo activity than our previous compounds. The result
was a new list of 22 compounds. I initiated the screen of these 22 compounds in the
pancreatic cancer cells MIA PaCa-2 and PANC-1. Two of the compounds, initially called
M3P-57 and M3P-76, out of the 22 identified in the in silico screen, exhibited the best
reduction of phospho-Ser473 AKT as determined by Western blot. Due to the similarity of
the active compounds, I also proposed that we had found a new chemical scaffold
(Figure 14).

72

M3P-57

M3P-76

Figure 14: Lead compounds M3P-57 and M3P-76. Both compounds share a common
benzenesulfonamide-thiodiazol group as indicated by the red box.
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The unique scaffold was found to be easily modifiable, and several additions were
made to the free amine group (-NH2) of M3P-57. The result was the creation of 47 new
compounds (Appendix A) (231). My experimental testing revealed that one of these
compounds, called PH-427, inhibited phospho-Ser473 AKT, having an IC50 of
6.3±0.9µmol/L in PANC-1 pancreatic cancer cells (Appendix B) (224). It also further
inhibited the activation of subsequent downstream targets of AKT, phospho-Ser9 GSK3β
and phospho-Thr389-p70S6K. While its direct binding to the PH domain of AKT was low
(KD=40.8±2.5µmol/L), it exhibited much better binding affinities when tested in a
competition binding assay using PtdIns3P (Ki=2.4±0.6µmol/L) which represents a more
physiologically relevant test. Tests using a 7-nitrobenzo-2-oxa-1,3-diazole (NBD)
fluorescent moiety attached to PH-427 revealed that while much of the compound resides
on the cellular membrane, a significant amount was also found within the cytoplasm,
which suggests that the drug’s mechanism of action is by preventing translocation of
AKT to the membrane. Finally, BxPC-3, which harbor WT-Ras, xenograft mice data
showed significant antitumor activity with cessation of tumor growth and even regression
during the course of treatment. However, tumor growth resumed at its original rate when
the drug was removed. Overall, the significance is that through several series of drug
development and modifications, PH-427 was found to bind to and inhibit activation of
AKT by binding to the PH domain, which lends proof-of-principle in developing nonlipid based compounds targeting the PH domain of AKT and perhaps other PH-domain
containing signaling proteins.
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3.3 Therapeutic application of PH-427 to prevent squamous cell carcinoma
Advances in our understanding of the molecular basis of carcinogenesis have led
to the identification of potential molecular targets that might be used to prevent the
progression of early skin cancer. Dysregulation of AKT signaling has been found to be
an important event in non-melanoma skin photocarcinogenesis, and that UVB light, a
major cause of non-melanoma skin cancer, induces PI3-K/AKT activity in cultured
human keratinocytes (232). Since AKT is activated upon UVB stimulation in skin cancer
cells, I tested the hypothesis that our novel AKT inhibitor, PH-427, could prevent UVBinduced AKT activation. My findings showed that PH-427 significantly reduced UVBinduced AKT activation and induced apoptosis in HaCat and HaCat II-4 skin
keratinocytes (Appendix C) (233). Additionally, due to the lipophilic nature of the
compound, it was able to penetrate through layers of mouse skin and inhibit S6
phosphorylation in SKH-1 mice skin as determined by immunohistochemistry (IHC).
Lastly, in collaboration with Dr. Erik R. Olson at the Arizona Cancer Center, PH-427 was
shown to significantly reduce tumor burden and tumor multiplicity in chronic UVBinduce skin carcinogenesis in SKH-1 mice. Taken together, the significance on this
project was that our lead compound, PH-427, was not only able to inhibit AKT activation
in a different cancer cell line (pancreatic vs. skin), it was also able confer benefits as a
preventative measure in protecting against UVB-induced skin carcinogenesis.
Our results have thus suggested a potential protective role in preventing cancer by
targeting PH domains using novel small molecule compounds as a topical agent. In
addition to protecting against UVB-induce skin carcinogenesis, unpublished data from
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our experiments showed a reduction of the metastases in orthotopic MiaPaCa-2 and
BxPC-3 tumor-bearing mice treated with PH427. We then surmised than targeting PH
domains may be beneficial in preventing cancer metastasis.

3.4 Targeting a novel PH domain: C-terminal PH domain of Tiam1 for the inhibition of
prostate cancer bone metastasis
As all RhoGEFs contain a catalytic DH/PH domain used to facilitate the GDP-toGTP switch, developing drugs against RhoGEFs proved to be an ideal class of proteins
to test my hypothesis that targeting the PH domain of RhoGEFs may be beneficial in
preventing cancer metastasis. While there are approximately 60-70 known RhoGEFs in
humans, we decided to choose to target Rac1-specific RhoGEF Tiam1 due to its known
role in cell motility and adhesion, and scientific literature citing its proportional
upregulation in increasingly metastatic cancers, including breast and colon cancers (187,
190). Because the role of Tiam1 in PCa remains to be elucidated, and because a literature
search only indicated that Tiam1 overexpression relative to the corresponding benign
epithelial cells may be a new and independent predictor of decreased disease-free
survival for patients with PCa (192), we embarked on the discovery and development of
novel compounds targeting the PH domain of Tiam1. Additionally, as mentioned above
in Chapter II, the only chemotherapeutic drugs currently available for prostate cancer are
mitoxantrone and docetaxel, which have marginal therapeutic effectiveness for
metastasized PCa . As such, there is clearly an unmet need to develop a new therapeutic

76

strategy for prostate cancer. Our aim was to create novel small molecule inhibitors of
RacGEF Tiam1 to inhibit prostate cancer metastasis.
Analysis of human PCa tissue samples by immunohistochemistry revealed that
Tiam1 expression correlates with recurrence and with PTEN loss. An in silico screen of
our internal library and Maybridge® library of chemical compounds revealed 9 inhibitors
predicted to bind to the cPH domain of Tiam1. I conducted a Rac1 activation assay,
which revealed a hit compound, TPH-9. My further analysis of the hit compound, TPH9, by a rhodamine phalloidin assay revealed that it significantly reduced the number of
filopodia, which reproduces the phenotype of PC-3 with knocked out Tiam1. I also found
that TPH-9 reduced the amount of active Rac1 in PC-3 prostate cancer cells (EC50 =
2.38±0.98 µM) by binding directly to the cPH Tiam1 with a KD of 2.7±0.2M as
measured by surface plasmon resonance spectroscopy. Analysis of invasion inhibition by
Matrigel assay showed that TPH-9 inhibited the invasion of PC-3 cells by 72.1%.
Finally, TPH-9 exhibited anti-tumor properties in a PC-3 mouse xenograft study
(%T/C~39.7) with a half-life of (T1/2 ~ 1 hour). Intra-cardiac injection of PC-3 cells in
SCID mice, a mouse model of bone metastasis, treated with TPH-9 developed
significantly less pelvic bone lesions (p≤0.02) than the untreated group (Appendix D)
(234).

3.5 Conclusions
To summarize, my work in drug discovery and development has contributed to
the proof-of-principle in targeting PH domains as a viable approach to anti-cancer
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strategies. My work has led to the identification of two separate novel non-lipid-based
compounds; one which bind specifically to the PH domain of AKT and another which
binds to the cPH domain of Tiam1. The compounds I have found have also been
demonstrated to provide protective benefits in preventing tumor formation and metastasis
in vivo. Through my research, I have contributed to the field of prostate cancer biology
by showing the significance of Tiam1 in PCa filopodia formation, migration, and
invasion. These drugs have laid a solid foundation to the next round of drug development
and possible clinical application, which may ultimately lead to new potential
chemotherapeutic cancer drugs.
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CHAPTER IV: OVERALL CONCLUSIONS AND PERSPECTIVES

While our small scale, academic setting cannot compete with the resources
available to large, for-profit pharmaceutical companies, our “hit rate” in finding potential
compounds using our small molecule screening, design, and development platform was
actually very good. Seemingly, through our established process of compound validation,
we were able to weed out potential chemical scaffolds that may have given us problems
before even testing them by taking to account their ADMET properties. Our streamlined
compound testing and validation procedures (Figure 13, pg. 66) helped to rapidly
identify hits, and subsequent modifications helped to produce compounds which
exhibited better efficacy than parent compounds towards the target.
In specific aim 1, we sought to develop non-lipid based drugs targeting the PH
domain of AKT. We also hypothesized that these drugs would have physico-chemical
properties that were at least as good, or better, that previous lipid-based drugs. We have
shown to have successfully developed a non-lipid based drugs that achieved most of
these goals. Our compound, PH-427, did not exhibit direct binding affinity, as measured
by KD, that was better that the previous lipid-based drug, DPIEL. However, a competition
assay revealed that PH-427 exhibited a good effect in displacing liposome-bound PH
domains of AKT. Additionally, PH-427 showed inhibition of tumor growth in a variety
of different cancers in xenograft mice, including lung, breast, ovarian, and pancreatic
cancers (225).
In specific aim 2, we hypothesized that our AKT inhibitors could have a
therapeutic effect of reducing UVB-induced skin carcinogenesis by inhibiting over-
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activation of pAKT ser473. SCC is mainly driven by the PI3K/AKT pathway. Our work in
the therapeutic application of PH-427 shows that inhibition of pAKT ser473 can prevent
skin carcinomas when topically applied. With the use of fluorescent NBD-derivatives of
PH-427, we have also shown that the potential mechanism of action of PH-427 is by
entering the cell cytoplasm, thereby inhibiting translocation of AKT to the cell
membrane.
In specific aim 3, we hypothesized that small molecule inhibitors of Tiam1 will
reduce migration and invasion in vitro. We also hypothesized that our lead compounds
will reduce metastasis in a mouse bone metastasis model. We have shown that our lead
compound, TPH-9, was able to reduce migration and invasion by reducing levels of
active Rac1, which has been shown to be critical for cytoskeletal events related to cell
motility. THP-9 was also able to successfully inhibit metastasis to the hip bone in a
mouse metastasis model. Furthermore, TPH-9 was able to delay tumor growth in PC-3
xenograft mice.
Our accomplishments have thus established proof-of-principle that rational drug
design targeting PH domains is a viable and worthwhile endeavor (Figure 15). Despite
the fact that PH domains have remarkably conserved tertiary structure, we proved that it
is still possible to achieve a high level of specificity for specific PH domains. Our
contribution, as such, shows that drug development in an academic setting can be
successfully utilized to target non-conventional domains to inhibit cancer growth and
metastasis.
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Figure 15: Small molecule inhibitors targeting different functions of PH domains.
PH domains can function to bring cytosolic proteins to the membrane or to have allosteric
control over an adjacent DH domain. We have designed two different small molecule
inhibitors, PH-427 (right) which inhibits activation of AKT, and TPH-9 (left) that has
been shown to inhibit the GEF function of Tiam1.
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The question of selectivity as it pertains to drug development is often asked. As
mentioned before, PH domains share remarkable structural similarity despite their
difference in amino acid sequence. Our data shows that we were able to design drugs that
are selective for their target, i.e. PH-427 for AKT, and THP-9 for Tiam1. However, we
also have evidence that some compounds may still bind to other PH domain-containing
proteins, although with less affinity. We have encountered situations where drugs
specifically identified in silico for a particular PH domain actually have a better binding
affinity to another PH domain. A potential source for this problem may come from the
crystal structures themselves when used in initial in silico modeling, docking, and
screening. Macromolecules are always in a state of motion, including vibrational motions
and transitions between different conformational states (235, 236). In addition, some
crystal structures or NMR data have poor resolutions and need to be “corrected” by
molecular modeling, whereby the crystal structure or NMR data from a different protein
with similar homology is used as a template to fix or solve the structure to create a
homology model. This process can sometimes lead to problems. For example, we
originally set out to design inhibitors targeting the nPH domain of Tiam1. However, the
available structure had a poor resolution of 4.3 Å (181). Our collaborator and molecular
modeler, Dr. Shuxing Zhang, then set out to create a homology model based on
ArgGAP9, a PH-domain containing protein with homology to Tiam1 nPH domain.
Unfortunately, the homology model still did not present a structure that could effectively
be used in in silico modeling.
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Despite achieving high selectivity in compounds, one may argue whether pan
inhibitors of classes of PH-domains may exhibit overall better efficacy then a single
target inhibitor. For example, proteins within the PI3K/AKT pathway which harbor PH
domains include IRS1, GAB1, AKT, and PDK1, all of which have specificity for PtdIns
(3,4,5)P. A pan inhibitor could be designed to bind to all of them to varying degrees.
Additionally, as stated earlier, the GTPase Rac1 is responsible for cell motility and
actin/cytoskeletal rearrangements. There are many different Rac-specific GEFs that have
been implicated and overexpressed in a variety of cancers leading to upregulated Rac1
activity, including Tiam1, TRIO, VAV1/2/3, PREX1/2, and ECT2 (177). As all known
GEFs contain a tandem DH/PH domain, a potential avenue of drug design may be to
develop pan inhibitors of GEFs in order to inactivate Rac1, thereby inhibiting cell
motility and potential cancer metastasis. However, testing would need to be done to
evaluate the side effects of such wide-spread inhibition.
In the future, it is pertinent to explore the possibility of invadopodia formation in
prostate cancer cells. Invadopodia, which are specifically found on invasive tumor cells,
are defined as unique protrusions with matrix-degrading activity and have an essential
role in invasion, migration and chemotaxis during metastasis (237). Initial formation of
invadopodia involves actin-cytoskeleton, filopodia, and lamellipodia-associated proteins,
but elongation is mostly dependent on filopodial actin machinery (238). Filopodia form
tight actin bundles which are sufficiently rigid enough to penetrate the substratum, and it
has been proposed that invasive cancer cells may exploit this mechanism to form
invadopodia to penetrate and invade basement membrane and stroma (239). Indeed, PC-3
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PCa cells form invadopodia and its formation and actin-polymerization has been shown
to involve the WASP-Arp2/3 complex pathway (240). Since the Arp2/3 complex has
been shown to co-localize with Tiam1 in driving actin-polymerization (200), it poses a
possibility that our lead drug, TPH-9, may be inhibiting invasion in PC-3 prostate cancer
cells by blocking the association between Tiam1 and the Arp2/3 complex. Whether or not
our Tiam1 inhibitors are blocking formation of these structures has yet to be seen. Since
the two best-described markers of invadopodia are cortactin and MT1-MMP (241-243),
an IHC stain for these markers in PCa cells non-treated and treated with TPH-9 could be
done to answer this question.
In many instances of cancer drug therapy, the efficacy of the drug is severely
minimalized after the cancer has metastasized. First-line treatments such as surgery and
radiotherapy are quite effective in eliminating most of the primary tumor. However, the
metastatic disease is largely incurable. In fact, cancer metastasis is responsible for as
much as 90% of cancer-related mortality (244). Unfortunately, FDA clinical trials are not
fully setup to include anti-metastatic drug testing. In her perspective article for Nature,
Dr. Patricia Steeg highlights this exact problem and offers a potential FDA trail design
which would tackle this situation (245). Hopefully, the FDA trial designs for these types
of drugs will be changing. Our research attempts to provide proof-of-principle in using
novel therapeutic drugs that inhibit cancer metastasis. It is our hope that one day antimetastatic drugs can be either in conjunction with established first-line therapies, or as a
second-line therapy to contain and prevent the metastasis of the primary tumor.
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CONTRIBUTIONS TO THE APPENDED PAPERS

Appendix A: Ali MA, Zhou LL, Moses SA, Zuohe S, Ghosh SC, Du-Cuny L, Lemos R,
Ihle N, Zhang S, Powis G, Meuillet EJ, Mash EA. (2011) Development of sulfonamide
Akt PH domain inhibitors. Bioorg. Med. Chem 19(6):2046-54

I performed the cellular assays as described in section 2.2.3 of the paper which
includes Cellular Proliferation, and Detection of pAKT. My data obtained from these
experiments are shown as Figure 2 and as the “Cell Survival IC50” column of Table 2.

Appendix B: Moses SA, Ali MA, Zuohe S, Du-Cuny L, Zhou LL, Lemos R, Ihle N,
Skillman AG, Zhang S, Mash EA, Powis G, Meuillet EJ. (2009) In vitro and in vivo
activity of novel small molecule inhibitors targeting the pleckstrin homology domain of
protein kinase B/AKT. Cancer Res 69(12):5073-5081.

I performed all cell culture and drug treatments, Western blots, cell proliferation
assays, and apoptosis assays described in the paper. My data is shown as figure 2C, figure
3, Table 2, the “Akt inhibition (IC50)” and “Cell Survival” columns in supplemental
Tables 1 and 2, and figures 1S and 2S. The paper was largely written by myself and Dr.
Emmanuelle J. Meuillet, with help in select sections and inputs from the co-authors with
expertise in their respective fields.
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Appendix C: Moses SA and Morgan SS, Zhou L, Sells E, Mash EA, Criswell PJ, Olson
ER, Meuillet EJ. The novel AKT Inhibitor, PH-427, Prevents UVB-induced Skin
Carcinogenesis. TO BE SUBMITTED TO EXPERIMENTAL DERMATOLOGY.

I performed all cell culture and drug treatments, detection and quantification of
target proteins by Western blot and Meso Scale Discovery (MSD) assays, and cell
cytotoxicity and apoptosis assays as described in the paper except as noted below. My
data is shown in figure 1B and 1C, figures 2A and 2B (pictures were taken by Dr.
Emmanuelle J. Meuillet), figures 3B-D, figures 6C and D (with help from co-author
Earlphia Sells), and figures 7C and 7D.

Co-first-author Dr. Sherif Morgan performed the Western blot and related cell
culture and treatments for figures 1A, 3A, 5A and 5B.

I, with co-first-author Dr. Sherif Morgan and advisor Dr. Emmanuelle J. Meuillet
had equal input in the analysis and writing of the paper, with help in select sections and
inputs from the co-authors with expertise in their respective fields.

Appendix D: Moses SA, Zuohe S, Du-Cuny L, Jandova J, Jeffrey JJ, Abril ER, Pagel M,
Nagle R, Zhang S, Mash EA, Meuillet EJ. Inhibition of Prostate Cancer Bone Metastases
by a Novel Inhibitor of Tiam1. TO BE SUBMITED TO MOLECULAR CANCER
THERAPEUTICS.

I performed all cell culture and drug treatments, lentiviral particle generation of
Tiam1 knockdown cell lines, rhodamine phalloidin staining, Rac1 GLISA assays,
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migration assays, cell cytotoxicity assays, colony formation assays, Matrigel invasion
assays, analysis of mouse bone metastases in CT scans, and cloning and expression of the
cPH domain of Tiam1 as described in the paper. My data is shown in figure 2, figures 3C
and 3D, figures 4A-C, figure 6C, and supplemental figures 3S-C, 4S-A-C, and the
“Inhibition of PC-3 Cells Proliferation (IC50)” column of table 1S.

The paper was largely written by myself and Dr. Emmanuelle J. Meuillet, with
help in select sections and inputs from the co-authors with expertise in their respective
fields.
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a b s t r a c t
Disruption of the phosphatidylinositol 3-kinase/AKT signaling pathway can lead to apoptosis in cancer
cells. Previously we identiﬁed a lead sulfonamide that selectively bound to the pleckstrin homology
(PH) domain of AKT and induced apoptosis when present at low micromolar concentrations. To examine
the effects of structural modiﬁcation, a set of sulfonamides related to the lead compound was designed,
synthesized, and tested for binding to the expressed PH domain of AKT using a surface plasmon resonance-based competitive binding assay. Cellular activity was determined by means of an assay for pAKT
production and a cell killing assay using BxPC-3 cells. The most active compounds in the set are lipophilic
and possess an aliphatic chain of the proper length. Results were interpreted with the aid of computational modeling. This paper represents the ﬁrst structure–activity relationship (SAR) study of a large family of AKT PH domain inhibitors. Information obtained will be used in the design of the next generation of
inhibitors of AKT PH domain function.
Ó 2011 Elsevier Ltd. All rights reserved.

1. Introduction
Pleckstrin homology (PH) domains containing 100–120 amino
acids, are found in over 500 human proteins,1 and are the 11th
most common domain in the human proteome.2 A subset of 40
PH domains are known to bind phosphorylated phosphatidylinositol (PI) lipids held in cell membranes. PI phosphorylation and the
subsequent binding of PH domain-containing proteins are vital
components of signal transduction pathways that regulate cell
growth and survival.3,4 For example, phosphorylation of PI(4,5)P2
to produce PI(3,4,5)P3 (see Fig. 1) by PI3K signals the recruitment
and binding of AKT to the inner leaﬂet of the plasma membrane
via recognition of the PH domain.5,6 This translocation allows phosphorylation of AKT at Thr308 by the plasma membrane-bound
Abbreviations: AKT, protein kinase B; b-ARK, b-adrenergic receptor kinase; CREB,
cAMP response element-binding; DMEM, Dulbecco’s modiﬁed Eagle medium;
DPIEL, deoxyphosphatidylinositol ether lipid; ELISA, enzyme-linked immunosorbent assay; ESI, electrospray ionization; FBS, fetal bovine serum; HRMS, high
resolution mass spectrum; ILK, integrin-linked kinase; IRS-1, insulin receptor
substrate-1; LRMS, low resolution mass spectrum; mSOS, mammalian son-ofsevenless; mTOR, mammalian target of rapamycin; PDPK1, 3-phosphoinositide
dependent protein kinase-1; PH, pleckstrin homology; PI, phosphoinositol; PI3K,
phosphatidylinositol 3-kinase; PI(4,5)P2, phosphatidylinositol (4,5)-bisphosphate;
PI(3,4,5)P3, phosphatidylinositol (3,4,5)-trisphosphate; RP HPLC, reversed phase
high performance liquid chromatography; SAR, structure–activity relationship; TLC,
thin-layer chromatography; VEGF, vascular endothelial growth factor.
⇑ Corresponding author. Tel.: +1 520 621 6321; fax +1 520 621 8407.
E-mail address: emash@u.arizona.edu (E.A. Mash).
0968-0896/$ - see front matter Ó 2011 Elsevier Ltd. All rights reserved.
doi:10.1016/j.bmc.2011.01.049

PDPK1.7 Phosphorylation at the Ser473 residue occurs either by
the ILK, by the kinase activity of AKT itself, or by rictor-mTOR.8
Once fully phosphorylated, AKT translocates through the cytosol
to the nucleus where it phosphorylates a variety of downstream
targets. AKT promotes cell survival by activating CREB,9 and promotes proliferation by activating p70S6 kinase10 and GSK-3b11
which contribute to cyclin D accumulation of cell cycle entry. Furthermore, AKT acts as a mediator for VEGF production and angiogenesis by phosphorylation of mTOR.12 Given its importance in
proliferation and survival signaling, AKT is an important target
for cancer drug discovery.13
Several previous attempts to develop AKT inhibitors have led to
compounds that bind to the ATP-binding pocket14 or behave as
allosteric inhibitors.15 Due to the similarity of this pocket among
serine/threonine kinases, achieving target speciﬁcity has been difﬁcult. Our previous studies involving a D-3-deoxyphosphatidylinositol ether lipid, DPIEL (Fig. 1),16,17 provided proof-of-principle
for using PH domains as drug targets.17–24 DPIEL exhibits a high
binding afﬁnity and selectivity for the PH domain of AKT. In addition, DPIEL does not bind to other PH domain-containing proteins,
including PDPK1, IRS-1, mSOS, and b-ARK. Although DPIEL exhibits
signiﬁcant antitumor activity, unfortunately it is not a useful drug
candidate because of its pharmacokinetic and pharmacodynamic
properties.16
Previously, we used a crystal structure of the PH domain of AKT
and in silico screening to cull from libraries compounds expected
to bind to the target domain.25,26 Compounds selected from these
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Figure 1. The structures of PI(3,4,5)P3 and DPIEL.

libraries were purchased or prepared, then tested for binding to
AKT and for inhibition of AKT function in several cancer cell lines.
Compound 1, a sulfonamide (see Table 1), was among the leads
identiﬁed, and so several analogs of 1 were prepared and tested
in vitro. The best analog, compound 29 herein, was then tested
in vivo where it exhibited good antitumor activity in a mouse
xenograft model of pancreatic cancer cells in immunocompromised mice.26,27 This work provided for the ﬁrst time proof-ofprinciple for further development of sulfonamides as drugs that
bind to the PH domain of AKT, inhibit its function, and as a result
exhibit antitumor activity. Presented herein are studies with compounds 2–47, derivatives of 1 that were synthesized and tested in
an effort to generate structure–activity relationships (SARs) to
guide further development of potential drug candidates.
2. Materials and methods
2.1. Chemical synthesis
2.1.1. General experimental
All commercial reagents were used without further puriﬁcation.
Analytical TLC was carried out on pre-coated Silica Gel F254 plates.
TLC plates were visualized with UV light (254 nm). 1H NMR spectra
were recorded at 250, 300, or 500 MHz and 13C NMR spectra at
62.5, 75, or 125 MHz. Chemical shifts (d) are expressed in ppm
and are internally referenced (7.26 ppm for 1H NMR and
77.00 ppm for 13C NMR in CDCl3, 2.50 ppm for 1H NMR and
39.50 ppm for 13C NMR in DMSO-d6). High resolution mass spectra
were obtained in the Mass Spectrometry Laboratory in the Department of Chemistry at the University of Arizona. Melting points are
uncorrected.
2.1.2. 4-Butyl-N-(1,3,4-thiadiazol-2-yl)benzenesulfonamide (26)
To a solution of butylbenzene (4.13 g, 30.8 mmol) in CHCl3
(50 mL) was added chlorosulfonic acid (17.0 mL, 29.8 g, 256
mmol).28 The mixture was stirred at rt for 20 h. The mixture was
poured on ice (200 mL) and extracted with EtOAc (3  100 mL).
The combined extracts were washed with water, aqueous NaHCO3,
and water, dried over anhydrous Na2SO4, and concentrated in
vacuo. The resulting yellow oily residue, crude p-butylbenzenesulfonyl chloride (ca 88% yield), was used without further puriﬁcation
in the next reaction; 1H NMR (300 MHz, CDCl3) d 0.94 (3, t, J =
7 Hz), 1.34–1.41 (2, m), 1.62–1.67 (2, m), 2.73 (2, t, J = 8 Hz), 7.41
(2, d, J = 8 Hz), 7.94 (2, d, J = 8 Hz).
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To a stirred solution of 2-amino-1,3,4-thiadiazole (2.0 g,
19.7 mmol) in pyridine (30 mL) under argon at 20 °C was added
crude p-butylbenzenesulfonyl chloride (4.89 g, ca. 21 mmol) over
10 min. The reaction mixture was allowed to attain rt and stirred
for 16 h. Water (300 mL) was added to quench the reaction. The
mixture was extracted with CH2Cl2, the organic extracts washed
with 2 N HCl (2  150 mL), brine, dried over anhydrous Na2SO4, ﬁltered, and concentrated in vacuo. The residue was subjected to
ﬂash chromatography on silica gel eluted with CH2Cl2/MeOH
33:1 to give the product 26 (3.46 g, 11.6 mmol, 59% yield) as a solid, mp 120–121 °C; RP HPLC tR 6.06 min (4.6  250 mm C18 column eluted with CH3CN, 0.5 mL/min); 1H NMR (300 MHz, CDCl3)
d 0.91 (3, t, J = 7 Hz), 1.29–1.37 (2, m), 1.56–1.61 (2, m), 2.65 (2,
t, J = 7 Hz), 7.27 (2, d, J = 8 Hz), 7.84 (2, d, J = 8 Hz), 8.25 (1, s); 13C
NMR (75 MHz, CDCl3) 13.9, 22.3, 33.2, 33.6, 126.5, 129.1, 138.1,
142.7, 148.6, 167.4; HRMS (Q-TOF) calcd for C12H16N3O2S2
298.0684, observed 298.0695 (M+H)+; calcd for C12H15N3NaO2S2
320.0503, observed 320.0361 (M+Na)+.
2.1.3. 4-Hexyl-N-(1,3,4-thiadiazol-2-yl)benzenesulfonamide
(27)
In a similar manner, hexylbenzene (5.00 g, 30.8 mmol) and
chlorosulfonic acid (17.0 mL, 29.8 g, 256 mmol) gave crude p-hexylbenzenesulfonyl chloride as a yellow oily residue (ca. 81% yield);
1
H NMR (300 MHz, CDCl3) d 0.88 (3, t, J = 7 Hz), 1.30–1.35 (6, m),
1.55–1.63 (2, m), 2.59 (2, t, J = 8 Hz), 7.38 (2, d, J = 8 Hz), 7.89 (2,
d, J = 8 Hz). Reaction of 2-amino-1,3,4-thiadiazole (2.0 g, 19.7
mmol) with p-hexylbenzenesulfonyl chloride (5.48 g, ca 21 mmol)
afforded the product 27 (3.72 g, 11.4 mmol, 58% yield) as a solid,
mp 125–126 °C, after ﬂash chromatography on silica gel eluted
with CH2Cl2/MeOH 33:1; RP HPLC tR 6.79 min (4.6  250 mm C18
column eluted with CH3CN, 0.5 mL/min); 1H NMR (300 MHz,
CDCl3) d 0.88 (3, t, J = 7 Hz), 1.28 (6, m), 1.58 (2, m), 2.63 (2, t,
J = 7 Hz), 7.27 (2, d, J = 8 Hz), 7.83 (2, d, J = 8 Hz), 8.24 (1, s); 13C
NMR (75 MHz, CDCl3) 14.1, 22.6, 28.9, 31.1, 31.6, 35.9, 126.5,
129.0, 138.1, 142.6, 148.6, 167.4; HRMS (Q-TOF) calcd for
C14H20N3O2S2 326.0997, observed 326.0931 (M+H)+; calcd for
C14H19N3NaO2S2 348.0816, observed 348.0816 (M+Na)+.
2.1.4. 4-Octyl-N-(1,3,4-thiadiazol-2-yl)benzenesulfonamide (28)
In a similar manner, 1-phenyloctane (5.86 g, 30.8 mmol) and
chlorosulfonic acid (17.0 mL, 29.8 g, 256 mmol) gave crude
p-octylbenzenesulfonyl chloride as a yellow oily residue (ca. 80%
yield); 1H NMR (300 MHz, CDCl3) d 0.87 (3, t, J = 7 Hz), 1.27–1.32
(10, m), 1.64–1.66 (2, m), 2.72 (2, t, J = 8 Hz), 7.42 (2, d, J = 8 Hz),
7.93 (2, d, J = 8 Hz). Reaction of 2-amino-1,3,4-thiadiazole (2.0 g,
19.7 mmol) with p-octylbenzenesulfonyl chloride (6.06 g, ca.
21 mmol) afforded the product 28 (3.83 g, 10.8 mmol, 55% yield)
as a solid, mp 123–124 °C, after ﬂash chromatography on silica
gel eluted with CH2Cl2/MeOH 33:1; RP HPLC tR 8.17 min (4.6 
250 mm C18 column eluted with CH3CN, 0.5 mL/min); 1H NMR
(300 MHz, CDCl3) d 0.87 (3, t, J = 7 Hz), 1.36 (10, m), 1.59 (2, m),
2.63 (2, t, J = 7 Hz), 7.27 (2, d, J = 8 Hz), 7.82 (2, d, J = 8 Hz), 8.23
(1, s); 13C NMR (75 MHz, CDCl3) 14.1, 22.6, 29.2, 29.3, 29.4, 31.1,
31.8, 35.9, 126.5, 129.0, 138.1, 142.6, 148.7, 167.3; HRMS (QTOF) calcd for C16H24N3O2S2 354.1310, observed 354.1211
(M+H)+; calcd for C16H23N3NaO2S2 376.1129, observed 376.1154
(M+Na)+.
2.1.5. 4-Dodecyl-N-(1,3,4-thiadiazol-2-yl)benzenesulfonamide
(29)
The syntheses of p-dodecylbenzenesulfonyl chloride and compound 29 have previously been described; see the supplementary
data associated with Ref. 26.

2048

112

A. Md. Ahad et al. / Bioorg. Med. Chem. 19 (2011) 2046–2054

Table 1
Structures, yields, and melting points of compounds 1–47
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2-aminothiadiazole
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O
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O
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sulfonamides
1-47
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Mp (°C)

1a
2
3
4
5
6
7
8a
9
10
11
12
13
14
15
16
17a
18
19
20
21
22
23
24
25
26
27
28
29a
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44a

H
CH3
CH2CH3
C(CH3)3
CH2CO2H
CH2OH
SO2NH2
H
CH3
CH2CH3
C(CH3)3
CH2CO2H
CH2CO2CH2CH3
CO2CH2CH3
CH2OH
SO2NH2
H
CH3
CH2CH3
C(CH3)3
CH2CO2H
CH2CO2CH2CH3
CO2CH2CH3
CH2OH
SO2NH2
H
H
H
H
H
H
H
CH3
CH2CH3
C(CH3)3
CH2CO2H
CH2CO2CH2CH3
CO2CH2CH3
CH2OH
SO2NH2
H
CH2CH3
CH2OH
H

H
H
H
H
H
H
H
H
H
H
H
H
H
H
H
H
H
H
H
H
H
H
H
H
H
H
H
H
H
H
H
H
H
H
H
H
H
H
H
H
H
H
H
H

H
H
H
H
H
H
H
H
H
H
H
H
H
H
H
H
H
H
H
H
H
H
H
H
H
H
H
H
H
H
H
H
H
H
H
H
H
H
H
H
H
H
H
H

NH2
NH2
NH2
NH2
NH2
NH2
NH2
NH(CO)CH3
NH(CO)CH3
NH(CO)CH3
NH(CO)CH3
NH(CO)CH3
NH(CO)CH3
NH(CO)CH3
NH(CO)CH3
NH(CO)CH3
NH(CO)(CH2)8CH3
NH(CO)(CH2)8CH3
NH(CO)(CH2)8CH3
NH(CO)(CH2)8CH3
NH(CO)(CH2)8CH3
NH(CO)(CH2)8CH3
NH(CO)(CH2)8CH3
NH(CO)(CH2)8CH3
NH(CO)(CH2)8CH3
(CH2)3CH3
(CH2)5CH3
(CH2)7CH3
(CH2)11CH3
(CH2)13CH3
(CH2)15CH3
(CH2)17CH3
(CH2)11CH3
(CH2)11CH3
(CH2)11CH3
(CH2)11CH3
(CH2)11CH3
(CH2)11CH3
(CH2)11CH3
(CH2)11CH3
C6H5
C6H5
C6H5
NH(CO)CH2O(CH2CH2O)2CH3

49b
72b
69b
74b
82c
68b
57b
95
97
70
84
88d
76
73
82
63
95e
95e
97e
98e
83d
63
65
73
60
59
58
55
51
47
46
51
84
59
87
86d
54
78
65
63
57
43
52
62

224–225
207–208
190–191
220–221
209–210
89–90
241–242
216–217
239–240
197–198
137–138
206–207
156–157
201–202
101–102
280–281
151–152
141–142
121–122
156–157
190–191
89–90
101–102
69–70
242–243
120–121
125–126
123–124
126–127
116–117
118–119
116–117
149–150
93–94
117–118
194–195
110–111
134–135
138–139
249–250
250–251
146–147
239–240
oil

68

54–55

13
91

159–161
98–99

O
H
N S
O

45
46
47

H
H

(CH2)11CH3
(CH2)11CH3
H

H
(CH2)11CH3

H
H

Details of the syntheses are given in the Section 2.1 (compounds 26–40) or in the Supplementary data (compounds 1–25 and 41–47).
a
Compound previously reported; see Ref. 26.
b
Yield of hydrolysis of the corresponding acetamide derivative.
c
Yield of hydrolysis of compound 13.
d
Yield of hydrolysis of the corresponding ethyl ester.
e
Yield of acylation of the corresponding aniline derivative.

2.1.6. 4-Tetradecyl-N-(1,3,4-thiadiazol-2-yl)benzenesulfonamide (30)
In a similar manner, 1-phenyltetradecane (0.69 g, 2.5 mmol)
and chlorosulfonic acid (0.50 mL, 7.5 mmol) gave p-tetradecylbenzenesulfonyl chloride as a white solid (0.63 g, 1.7 mmol,

68%), Rf 0.18 (50% EtOAc/hexanes), mp 32–33 °C, after chromatography on silica gel (70–230 mesh) with hexanes/EtOAc (49:1); 1H
NMR (300 MHz, CDCl3) d 0.88 (3, t, J = 7.2 Hz), 1.25 (22, m), 1.65
(2, m), 2.72 (2, t, J = 7.8 Hz), 7.42 (2, d, J = 8.4 Hz), 7.93 (2, d,
J = 8.4 Hz); 13C NMR (75 MHz, CDCl3) 14.1, 22.6, 29.1, 29.3, 29.5,
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29.6, 29.7, 30.9, 31.9, 36.0, 126.9, 129.5, 141.7, 151.6. Reaction of 2amino-1,3,4-thiadiazole (179 mg, 1.77 mmol) with p-tetradecylbenzenesulfonyl chloride (440 mg, 1.18 mmol) afforded the
product 30 (240 mg, 0.55 mmol, 47% yield), Rf 0.46 (5% MeOH/
CH2Cl2), as a solid, mp 116–117 °C, after chromatography on silica
gel (70–230 mesh) eluted with CH2Cl2/MeOH 19:1; 1H NMR
(300 MHz, CDCl3) d 0.88 (3, t, J = 6.9 Hz), 1.25 (22, m), 1.60 (2,
m), 2.64 (2, t, J = 7.2 Hz), 7.29 (2, d, J = 8.4 Hz), 7.84 (2, d,
J = 8.4 Hz), 8.23 (1, s); 13C NMR (75 MHz, CDCl3) 14.1, 22.6, 29.2,
29.3, 29.4, 29.5, 29.6, 31.1, 31.9, 35.9, 126.5, 128.9, 138.1, 142.6,
148.6, 167.4; HRMS (ESI+, m/z) calcd for C22H36N3O2S2 438.2243,
observed 438.2243 (M+H)+.
2.1.7. 4-Hexadecyl-N-(1,3,4-thiadiazol-2-yl)benzenesulfonamide (31)
In a similar manner, 1-phenylhexadecane (0.76 g, 2.5 mmol)
and chlorosulfonic acid (0.50 mL, 7.5 mmol) gave p-hexadecylbenzenesulfonyl chloride as a white solid (0.71 g, 1.8 mmol,
72%), mp 35–36 °C, after chromatography on silica gel eluted
with hexanes/EtOAc (49:1); 1H NMR (300 MHz, CDCl3) d 0.88
(3, t, J = 7.2 Hz), 1.25 (26, m), 1.62 (2, m), 2.72 (2, t, J = 7.8 Hz),
7.42 (2, d, J = 8.4 Hz), 7.95 (2, d, J = 8.4 Hz); 13C NMR (75 MHz,
CDCl3) 14.4, 22.9, 29.4, 29.64, 29.8, 29.9, 31.2, 32.2, 36.3,
127.3, 129.8, 142.0, 151.9. Reaction of 2-amino-1,3,4-thiadiazole
(228 mg, 2.25 mmol) with p-hexadecylbenzenesulfonyl chloride
(600 mg, 1.50 mmol) afforded the product 31 (320 mg,
0.69 mmol, 46% yield), Rf 0.46 (5% MeOH/CH2Cl2), as a solid,
mp 118–119 °C, after chromatography on silica gel (70–230
mesh) eluted with CH2Cl2:MeOH 19:1; 1H NMR (300 MHz,
CDCl3) d 0.88 (3, t, J = 6.9 Hz), 1.25 (26, m), 1.59 (2, m), 2.64
(2, t, J = 8.1 Hz), 7.29 (2, d, J = 7.8 Hz), 7.84 (2, d, J = 7.8 Hz),
8.23 (1, s); 13C NMR (75 MHz, CDCl3) 14.1, 22.7, 29.2, 29.3,
29.4, 29.6, 29.7, 31.1, 31.9, 35.9, 126.5, 128.9, 138.1, 142.5,
148.7, 167.5; HRMS (ESI+, m/z) calcd for C24H40N3O2S2
466.2556, observed 466.2558 (M+H)+.
2.1.8. 4-Octadecyl-N-(1,3,4-thiadiazol-2-yl)benzenesulfonamide
(32)
In a similar manner, 1-phenyloctadecane (0.84 g, 2.5 mmol) and
chlorosulfonic acid (0.50 mL, 7.5 mmol) gave p-octadecylbenzenesulfonyl chloride as a white solid (0.60 g, 1.4 mmol, 56%), mp
43–44 °C, after chromatography on silica gel eluted with hexanes/EtOAc (49:1); 1H NMR (300 MHz, CDCl3) d 0.86 (3, t,
J = 6.9 Hz), 1.25 (30, m), 1.65 (2, m), 2.72 (2, t, J = 7.8 Hz), 7.42 (2,
d, J = 8.4 Hz), 7.93 (2, d, J = 8.4 Hz); 13C NMR (75 MHz, CDCl3)
14.1, 22.7, 29.2, 29.4, 29.5, 29.7, 30.9, 31.9, 36.0, 127.1, 129.6,
141.8, 151.7. Reaction of 2-amino-1,3,4-thiadiazole (177 mg,
1.75 mmol) with p-octadecylbenzenesulfonyl chloride (500 mg,
1.17 mmol) afforded the product 32 (296 mg, 0.60 mmol, 51%
yield), Rf 0.46 (5% MeOH/CH2Cl2), as a solid, mp 116–117 °C, after
chromatography on silica gel (70–230 mesh) eluted with CH2Cl2/
MeOH 19:1; 1H NMR (300 MHz, CDCl3) d 0.86 (3, t, J = 6.9 Hz),
1.25 (30, m), 1.60 (2, m), 2.64 (2, t, J = 7.8 Hz), 7.29 (2, d,
J = 7.8 Hz), 7.82 (2, d, J = 7.8 Hz), 8.21 (1, s); 13C NMR (75 MHz,
CDCl3) 14.0, 22.7, 29.2, 29.3, 29.4, 29.5, 29.6, 29.7, 31.1, 31.9,
35.9, 126.5, 128.9, 138.1, 142.6, 148.6, 167.4; HRMS (ESI+, m/z)
calcd for C26H44N3O2S2 494.2869, observed 494.2869 (M+H)+.
2.1.9. 4-Dodecyl-N-(5-methyl-1,3,4-thiadiazol-2-yl)benzenesulfonamide (33)
A suspension of 2-amino-5-methyl-1,3,4-thiadiazole (150 mg,
1.3 mmol) in pyridine (0.5 mL) was stirred and cooled in an ice
bath
while
p-dodecylbenzenesulfonyl
chloride
(300 mg,
0.87 mmol) was added slowly. The reaction mixture was allowed
to attain rt, then heated in an oil bath at 95 °C for 1 h. The reaction mixture was then cooled, added to aqueous 10% HCl (5 mL),
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and the resulting mixture extracted with EtOAc (3  10 mL). The
organic extracts were washed with water, brine, dried over
anhydrous Na2SO4, ﬁltered, and volatiles evaporated in vacuo
to yield a solid mass. Chromatography on silica gel (70–230
mesh) eluted with CH2Cl2/MeOH 49:1 gave the product 33
(310 mg, 0.73 mmol, 84%), Rf 0.23 (50% EtOAc/hexanes). Recrystallization from EtOAc/hexanes 7:3 gave an analytical sample,
mp 149–150 °C; 1H NMR (500 MHz, CDCl3) d 0.88 (3, t,
J = 7.0 Hz), 1.20–1.36 (18, m), 1.54–1.63 (2, m), 2.51 (3, s), 2.63
(2, t, J = 7.5 Hz), 7.25 (2, d, J = 7.5 Hz), 7.82 (2, d, J = 7.5 Hz),
12.36 (1, br s); 13C NMR (125 MHz, CDCl3) d 14.1, 16.5, 22.7,
29.2, 29.3, 29.4, 29.5, 29.6, 31.1, 31.9, 35.9, 126.4, 128.8, 138.3,
148.3, 154.1, 168.6; HRMS (ESI+, m/z) calcd for C21H34N3O2S2
424.2092, observed 424.2085 (M + H)+.

2.1.10. 4-Dodecyl-N-(5-ethyl-1,3,4-thiadiazol-2-yl)benzenesulfonamide (34)
In a similar manner, reaction of 2-amino-5-ethyl-1,3,4-thiadiazole (169 mg, 1.3 mmol) and p-dodecylbenzenesulfonyl chloride (300 mg, 0.87 mmol) gave the product 34 (225 mg,
0.51 mmol, 59%), Rf 0.27 (50% EtOAc/hexanes), after chromatography on silica gel (70–230 mesh) eluted with CH2Cl2/MeOH
49:1. Recrystallization from EtOAc/hexanes 7:3 gave an analytical sample, mp 93–94 °C; 1H NMR (500 MHz, CDCl3) d 0.88 (3, t,
J = 6.5 Hz), 1.20–1.36 (18, m), 1.33 (3, t, J = 7.5 Hz), 1.54–1.63 (2,
m), 2.63 (2, t, J = 7.5 Hz), 2.84 (2, q, J = 7.5 Hz), 7.25 (2, d,
J = 8.5 Hz), 7.83 (2, d, J = 8.5 Hz), 12.30 (1, br s); 13C NMR
(125 MHz, CDCl3) d 12.6, 14.1, 22.7, 24.4, 29.2, 29.3, 29.4,
29.5, 29.6, 31.1, 31.9, 35.9, 126.5, 128.8, 138.4, 148.2, 160.1
168.2; HRMS (ESI+, m/z) calcd for C22H36N3O2S2 438.2249, observed 438.2247 (M+H)+.

2.1.11. N-(5-tert-Butyl-1,3,4-thiadiazol-2-yl)-4-dodecylbenzenesulfonamide (35)
In a similar manner, reaction of 2-amino-5-tert-butyl-1,3,4thiadiazole (204 mg, 1.3 mmol) and p-dodecylbenzenesulfonyl
chloride (300 mg, 0.87 mmol) gave the product 35 (350 mg,
0.75 mmol, 86%), Rf 0.45 (50% EtOAc/hexanes), after chromatography on silica gel (70–230 mesh) eluted with CH2Cl2/MeOH 49:1.
Recrystallization from EtOAc/hexanes 7:3 gave an analytical sample, mp 117–118 °C; 1H NMR (500 MHz, CDCl3) d 0.88 (3, t,
J = 6.5 Hz), 1.20–1.36 (18, m), 1.38 (9, s), 1.56–1.64 (2, m), 2.63
(2, t, J = 7.5 Hz), 7.25 (2, d, J = 8.0 Hz), 7.86 (2, d, J = 8.0 Hz), 12.24
(1, br s); 13C NMR (125 MHz, CDCl3) d 14.1, 22.7, 29.2, 29.3, 29.4,
29.5, 29.6, 29.7, 31.1, 31.8, 35.8, 36.5, 126.5, 128.7, 138.5, 148.1,
167.8, 168.0; HRMS (ESI+, m/z) calcd for C24H40N3O2S2 466.2562,
observed 466.2562 (M+H)+.
2.1.12. 2-(5-(4-Dodecylphenylsulfonamido)-1,3,4-thiadiazol-2yl)acetic Acid (36)
Distilled water (3.0 mL) and 10% aqueous NaOH (0.65 mL)
were added to compound 37 (200 mg, 0.40 mmol) and the mixture was heated under reﬂux for 2 h. The pH of the solution
was then adjusted to 4.0 by addition of 1.0 M HCl, the resulting
precipitate was isolated by ﬁltration, washed with cold water,
and dried to give the product 36 (161 mg, 0.34 mmol, 85%),
Rf 0.34 (20% MeOH/CH2Cl2), as a light yellow solid, mp 194–
195 °C; 1H NMR (300 MHz, DMSO-d6) d 0.85 (3, t, J = 6.6 Hz),
1.23 (18, m), 1.53 (2, m), 2.57 (2, t, J = 7.5 Hz), 3.74 (2, s),
7.24 (2, d, J = 8.1 Hz), 7.61 (2, d, J = 7.8 Hz); 13C NMR
(75 MHz, DMSO-d6) d 14.0, 22.1, 28.8, 28.9, 29.1, 30.7, 31.3,
34.9, 37.4, 125.8,128.4, 141.2, 146.0, 153.3, 168.9, 170.8; HRMS
(ESI+, m/z) calcd for C22H34N3O4S2 468.1991, observed 468.1977
(M+H)+.
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2.1.13. Ethyl 2-(5-(4-Dodecylphenylsulfonamido)-1,3,4thiadiazol-2-yl)acetate (37)
A suspension of ethyl 2-(5-amino-1,3,4-thiadiazol-2-yl)acetate29 (2.0 g, 11.2 mmol) in pyridine (50 mL) was stirred and
cooled in an ice bath while p-dodecylbenzenesulfonyl chloride
(4.7 g, 13.5 mmol) was added slowly. The mixture was stirred at
rt for 48 h, then heated in an oil bath at 90 °C for 15 min. The reaction mixture was then cooled to rt, poured into aqueous 10% HCl,
and extracted with EtOAc (3  75 mL). The combined extracts were
washed with water (2  50 mL), brine (2  50 mL), dried over
anhydrous Na2SO4, ﬁltered, and concentrated in vacuo. The residue
was subjected to chromatography on silica gel (70–230 mesh)
eluted with CH2Cl2/MeOH 95:5 to give the product 37 (2.9 g,
5.9 mmol, 53%), Rf 0.64 (10% MeOH/CH2Cl2). Recrystallization from
EtOAc/hexanes gave an analytical sample, mp 110–111 °C; 1H NMR
(500 MHz, CDCl3) d 0.88 (3, t, J = 7.0 Hz), 1.20–1.28 (18, m), 1.32 (3,
t, J = 7.0 Hz), 1.58–1.66 (2, m), 2.64 (2, t, J = 7.0 Hz), 3.87 (2, s), 4.25
(2, q, J = 7.0 Hz), 7.26 (2, d, J = 8.0 Hz), 7.82 (2, d, J = 8.0 Hz), 10.91
(1, br s); 13C NMR (125 MHz, CDCl3) d 14.0, 14.1, 22.6, 29.2, 29.3,
29.4, 29.5, 29.6, 31.1, 31.9, 35.9, 36.4, 62.2, 126.4, 128.8, 138.2,
148.3, 151.2, 167.3, 168.6; HRMS (ESI+, m/z) calcd for C24H38N3O4S3
496.2304, observed 496.2295 (M+H)+.
2.1.14. Ethyl 5-(4-Dodecylphenylsulfonamido)-1,3,4-thiadiazol2-carboxylate (38)
In a similar manner, reaction of ethyl 5-amino-1,3,4-thiadiazole-2-carboxylate30 (1.8 g, 10.4 mmol) with p-dodecylbenzenesulfonyl chloride (4.3 g, 12.5 mmol) gave the product 38 (3.9 g,
8.1 mmol, 78%), Rf 0.44 (10% MeOH/CH2Cl2), after chromatography
on silica gel (70–230 mesh) eluted with CH2Cl2/MeOH 9:1. Recrystallization from EtOAc/hexanes gave an analytical sample, mp
134–135 °C; 1H NMR (600 MHz, DMSO-d6) d 0.84 (3, t, J = 7.0 Hz),
1.17–1.30 (18, m), 1.31 (3, t, J = 7.0 Hz), 1.50–1.51 (2, m), 2.62 (2,
t, J = 7.0 Hz), 4.36 (2, q, J = 7.0 Hz), 7.38 (2, d, J = 8.0 Hz), 7.72 (2,
d, J = 8.0 Hz); 13C NMR (150 MHz, DMSO-d6) d 14.3, 22.6, 29.1,
29.2, 29.3, 29.4, 29.5, 31.1, 31.8, 35.4, 63.4, 126.4, 129.4, 139.1,
147.7, 148.3, 157.9, 168.1; HRMS (ESI+, m/z) calcd for C23H36N3O4S3
482.2140, observed 482.2134 (M+H)+.
2.1.15. 4-Dodecyl-N-(5-(hydroxymethyl)-1,3,4-thiadiazol-2yl)benzenesulfonamide (39)
In a similar manner, reaction of 2-amino-5-hydroxymethyl1,3,4-thiadiazole31 (4.0 g, 30.5 mmol) with p-dodecylbenzenesulfonyl chloride (11.6 g, 33.6 mmol) gave the product 39 (8.7 g,
19.8 mmol, 65% yield), Rf 0.58 (10% MeOH/CH2Cl2), as a solid, mp
138–139 °C, after chromatography on silica gel (70–230 mesh)
eluted with CH2Cl2/MeOH 19:1; 1H NMR (300 MHz, DMSO-d6) d
0.84 (3, t, J = 6.6 Hz), 1.22 (18, m), 1.54–1.57 (2, m), 2.64 (2, t,
J = 7.8 Hz), 4.57 (2, s), 6.05 (1, br s), 7.35 (2, d, J = 8.1 Hz), 7.67 (2,
d, J = 7.8 Hz); 13C NMR (75 MHz, DMSO-d6) d 13.9, 22.1, 28.6,
28.7, 28.8, 29.0, 30.6, 31.3, 34.9, 58.4, 125.8, 128.9, 139.2, 147.5,
161.1, 167.5; LRMS (ESI+) calcd for C21H34N3O3S2 440.2, observed
440.2 (M+H)+; HRMS (ESI+, m/z) calcd for C21H34N3O3S2 440.2042,
observed 440.2029 (M+H)+.
2.1.16. 5-(4-Dodecylphenylsulfonamido)-1,3,4-thiadiazole-2sulfonamide (40)
A suspension of 5-amino-1,3,4-thiadiazolo-2-sulfonamide32
(4.10 g, 22.8 mmol) in anhydrous acetonitrile (100 mL) was stirred
and cooled in an ice bath. Triethylamine (2.5 g, 25 mmol) and a
solution of p-dodecylbenzenesulfonyl chloride (8.6 g, 25 mmol) in
anhydrous acetonitrile (60 mL) were added, the reaction mixture
allowed to attain rt, and then stirred for 48 h. Volatiles were removed in vacuo and the residue was washed with 10% aqueous
HCl (100 mL) and water (100 mL) in order to eliminate salts. The
residue was subjected to chromatography on silica gel (70–230
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mesh) eluted with CH2Cl2/MeOH 19:1 to give the product 40
(7.0 g, 14.3 mmol, 63%), Rf 0.56 (10% MeOH/CH2Cl2). Recrystallization from absolute ethanol and a second chromatography gave an
analytical sample, mp 249–250 °C; 1H NMR (300 MHz, DMSO-d6) d
0.85 (3, t, J = 6.6 Hz), 1.23 (18, m), 1.55 (2, m), 2.58 (2, t, J = 7.2 Hz),
7.23 (2, d, J = 7.8 Hz), 7.34 (2, s), 7.59 (2, d, J = 8.1 Hz); 13C NMR
(75 MHz, DMSO-d6) d 13.9, 22.1, 28.7, 28.9, 29.0, 29.1, 30.8, 31.3,
34.9, 126.2, 127.8, 143.3, 145.1, 161.2, 170.9; HRMS (ESI , m/z)
calcd for C20H31N4O4S3 487.1513, observed 487.1514 (M H) .
2.2. Biological studies
2.2.1. Expression of recombinant AKT PH domain
Recombinant mouse AKT1 PH domain amino acids 1–111 (UBI/
Millipore, Charlottesville, VA) was cloned by PCR into EcoRI/XhoI
sites in pGEX-4T1 inducible bacterial expression plasmid (GeneStorm, InVitrogen, Carlsbad, CA) transformed into BL21(DE3)
Escherichia coli. Expression and puriﬁcation of the protein were
performed as previously described.15
2.2.2. Surface plasmon resonance (SPR) spectroscopy binding
assays
Competitive binding assays were performed with a Biacore
2000, using the Biacore 2000 Control Software v3.2 and BIAevaluation v4.1 analysis software (Biacore, Piscataway, NJ) as previously
described.26 Brieﬂy, PI-3,4,5-phosphates-biotin labeled liposomes
(Echelon Biosciences, Salt Lake City, UT) were immobilized on SA
chips (BR-1000-32) at a level of 600 response units (RUs). Small
molecule analytes at concentrations ranging from one tenth to
ten times the predicted KD were co-injected with 80nM PH domain
GST-fusion protein (AKT1) at a ﬂow rate of 30 lL/min. Dimethylsulfoxide (DMSO) concentrations in all samples and running buffer
were 1% (v/v) or less.
2.2.3. Cell assays
Cellular proliferation: A standard 96-well micro-cytotoxicity assay was performed by plating cells at 5000–10,000 cells per well
(depending on cell doubling time) for a growth period of 4 days.
Drugs were added directly to the media, dissolved in DMSO at various concentrations ranging from 1 to 50 lM. The endpoint was
spectrophotometric determination of the reduction of 3-(4,5dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide.
Detection of pAKT: Human BxPC-3 pancreatic cancer cells were
obtained from the American Type Culture Collection (Rockville,
MD). Cells were maintained in bulk culture in Dulbecco’s modiﬁed
Eagle medium (DMEM) supplemented with 10% heat-inactivated
fetal bovine serum (FBS), 4.5 g/L glucose, 100 U/mL penicillin and
100 lg/mL streptomycin in a 5% CO2 atmosphere. Cells were passaged using 0.25% trypsin and 0.02% EDTA. Cells were conﬁrmed
to be mycoplasma free by testing them with an ELISA kit (RocheBoehringer Mannheim, Indianapolis, IN). Drugs were freshly prepared in DMSO at a stock concentration of 10 mM and then added
at 10 lM ﬁnal concentration directly into the culture media of the
cells for 4 h. Following this treatment, cells were lysed as previously published26 and equal amounts of total cell lysate were
loaded on a pSer473-AKT/Total AKT Meso Scale Discovery plate.
The plate was read using a Sector™Imager 2400A instrument
(Meso Scale Discovery protein proﬁling system, Gaithersburg, MD).
2.3. Computational modeling
In a previous study33 GOLD docking and scoring34 was reported
as the best combination for the analysis of interactions between
the AKT PH domain and small molecules. Therefore, the GOLD
package was employed for molecular docking studies in this work.
During docking, the protein was kept as rigid while the ﬂexibility
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of the ligand was explored. Flipping of the ring corners in the ligands was considered, and carboxylic acids were deprotonated.
No early termination was allowed in docking. Other parameters
and procedures were applied as previously described.33

Table 2
Bioassay data and GOLD docking scores for compounds 1–47

3. Results
3.1. Chemistry
The structures, yields, and melting points of compounds 1–47
are given in Table 1. Compounds 1–4 and 8–10 are listed as being
commercially available, but only 2 is inexpensive. Compounds 1–5,
7–10, and 16 are known and were prepared for this study according to literature procedures. Most of the remaining compounds
were prepared by condensation of a 2-amino-1,3,4-thiadiazole
nucleophile with an arenesulfonyl chloride electrophile in the
presence of pyridine. The 2-amino-1,3,4-thiadiazoles and arenesulfonyl chlorides used were either obtained from commercial
sources or were prepared by known methods. Yields of these condensations were generally good to excellent. In some cases, substituent modiﬁcation followed condensation to produce additional
analogs (e.g., saponiﬁcation of esters 13, 22, and 37 gave acids
12, 21, and 36, respectively). Compounds were puriﬁed by column
chromatography and/or crystallization. Structures were conﬁrmed
by spectroscopic methods and purity ascertained to be P95% by
TLC analysis or by RP HPLC analysis. Details of the syntheses and
compound characterization for compounds 26–40 are given in
the Section 2.1. Details of the syntheses and compound characterization data for compounds 1–25 and 41–47 are given in the
Supplementary data that accompanies this paper.
3.2. Bioassays
Results from bioassays of compounds 1–47 are given in Table 2
and Figure 2. Compounds were tested for their ability to compete
with the binding of PI(3,4,5)P3 to the PH domain of AKT (reported
as Ki) using a previously described surface plasmon resonance
(SPR) competitive binding assay.26,27 Compounds 1 and 8 that bear
hydrogen atoms at positions R1, R2, and R3 and an amino or acetamido substituent at position R4, respectively, exhibited no ability
to block PI(3,4,5)P3 binding (Ki >50 lM). As a result, Ki values for
compounds 2–7 and 9–16 were not determined. Compounds 17–
24 that bear hydrogen atoms at positions R2 and R3 and a decamido
substituent at position R4, but vary at R1, were shown to compete
with the binding of PI(3,4,5)P3 with most Ki values near 10 lM.
Replacement of the hydrophobic decamido substituent of 17 with
a more hydrophilic PEG-containing amide in 44 reduced inhibition
of PI(3,4,5)P3 binding. Compounds 26–32 bear hydrogen atoms at
positions R1, R2, and R3 and a normal alkyl substituent of variable
length at position R4. As previously reported, an aliphatic chain
of the proper length (C12H25) is necessary for optimal inhibition
of PI(3,4,5)P3 binding.27 The Ki values for compounds 33–40 that
bear hydrogen atoms at positions R2 and R3, a C12H25 substituent
at position R4, and an additional substituent (R1) at position 5 of
the thiadiazole ring were unimproved relative to 29. Replacement
of the C12H25 chain at R4 with a phenyl (compare 29 with 41, 34
with 42, and 39 with 43) or replacement of the thiadiazole ring
with a phenyl (compare 29 with 45) was detrimental to inhibition
of PI(3,4,5)P3 binding. Movement of the C12H25 chain from the
para-position to the ortho- or meta-position relative to the sulfonamide (compare 29 with 46 and 47) also reduced inhibition of
PI(3,4,5)P3 binding.
Following binding experiments, cellular assays were conducted:
cellular proliferation (see Table 2, IC50 values) and inhibition of
AKT activation in BxPC-3 cells (Fig. 2) were measured in the pres-
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Compound

Ki  106a
(M)

pKia,b

Cell survivalc IC50d
(lM)

GOLD docking
score

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
PI(3,4,5)P3
DPIEL

>50e
ND
ND
ND
ND
ND
ND
>50e
ND
ND
ND
ND
ND
ND
ND
ND
22 ± 2e
11 ± 2
8±1
12 ± 3
10 ± 2
9±2
9±1
11 ± 1
>50
>50f
>50f
>50f
2.4 ± 0.6e
5.6 ± 0.4f
7.6 ± 0.3f
12 ± 1f
>50
7±1
>50
5.0 ± 0.4
4.3 ± 0.1
19 ± 2
7.5 ± 0.6
6±1
19 ± 2
17 ± 1
40 ± 8
41 ± 12
>50
18 ± 6
8±1
0.5 ± 0.1f
1.6 ± 0.2f

IA
ND
ND
ND
ND
ND
ND
IA
ND
ND
ND
ND
ND
ND
ND
ND
4.7
5.0
5.1
4.9
5.0
5.1
5.1
5.0
IA
IA
IA
IA
5.6
5.2
5.1
4.9
IA
5.2
IA
5.3
5.4
4.7
5.1
5.2
4.7
4.8
4.4
4.4
IA
4.8
5.1
6.3
5.8

>300
>300
>300
>300
>300
>300
>300
>300
>300
>300
>300
>300
176 ± 8
>300
>300
>300
180 ± 5
149 ± 7
146 ± 11
>300
>300
170 ± 12
117 ± 6
189 ± 28
>300
>300
266 ± 9
100 ± 4
57 ± 10
53 ± 8
41 ± 9
39 ± 11
51 ± 14
41 ± 1
41 ± 15
117 ± 7
63 ± 7
34 ± 3
33 ± 3
85 ± 9
>300
268 ± 5
>300
>300
38 ± 10
74 ± 8
71 ± 12
ND
ND

50
52
54
55
61
53
62
50
51
53
55
62
62
51
51
57
57
60
63
60
64
69
58
60
61
57
60
57
62
60
43
38
63
66
66
68
70
59
62
63
51
54
54
52
37
55
63
119
40

a
b
c
d

ND = not determined.
IA = inactive.
This assay employed BxPC-3 cells.
The IC50 is the concentration of compound required to cause 50% of the cells to

die.
e
f

Taken from Ref. 26.
Taken from Ref. 27.

ence of compounds 1–47. Cellular activity tracks reasonably well
with the Ki values. Compounds 1–16 with an amino or acetamido
substituent at R4 were inactive. Several compounds bearing a decanamido substituent at R4 showed some activity in one or both assays (e.g., 17, 19, 20, and 23). The best activities were exhibited by
compounds 29, 30, 33–35, and 37 that possess C12H25 or C14H29
substituents at R4 and in some cases an R1 substituent at position
5 of the thiadiazole ring. Replacement of the R4 alkyl substituent by
phenyl or a PEG-amide gave inactive compounds 41–44. Interestingly, compound 45, with a phenyl substituent in place of the thiadiazole ring, did not inhibit phosphorylation of AKT at Ser473 but
did inhibit BxPC-3 cell proliferation. The position of the aliphatic
chain also mattered, as compounds 46 and 47 with dodecyl groups
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Figure 2. Extent of AKT phosphorylation at Ser473 in the presence of compounds 1–47 at 10 lM.

ortho and meta to the sulfonamide did not greatly inhibit the production of pAKT but did inhibit BxPC-3 cell proliferation.
3.3. Computational modeling
Molecular docking was used to investigate the binding of compounds 1–47 to the AKT PH domain. The best docking pose of each
compound was selected according to the GOLD docking scores, the
populations of the pose clusters, and their interactions with the
binding pocket. For the purposes of this discussion, compounds
1, 17, 29, and 37 were selected to represent molecules in different
chemical subgroups based on the substituent present at position
R4. The best docking poses of these four molecules and of inositol(1,3,4,5)tetraphosphate (IP4) with the AKT PH domain are illustrated in Figure 3. In each case, the sulfonamide group interacts
with Arg23, Arg25, and Lys14 in a manner similar to the best pose
exhibited by compound 1.28 Compounds 2–7 and 8–16 bear amino
and acetamido groups at R4, respectively, and variable substitution
at R1. For the most part, these modiﬁcations did not result in large
changes in the GOLD docking scores (see Table 2). Increasing the
length of the carboxamide chain at R4 by replacement of the acetamido group with a decanamido group, as in compounds 17–25,
improved the GOLD docking scores by an average of 7. This is consistent with the greater activity of these compounds as evidenced
by the measured Ki values (Table 2).
Compound 29 is representative of the set of compounds 26–32
that possess alkyl substituents of varying length at R4. As depicted
in Figure 3, the nitrogen atoms of the thiadiazole ring of 29 form
hydrogen bonds with residue Glu17. The dodecyl chain extends
from the main binding pocket to the protein surface, where it appears to interact with the hydrophobic residue Phe55. Shorter
chains, as in 26, do not reach Phe55, thus weakening the binding.
Based on our docking studies, the presence of a too-long chain,
as in 31 and 32, changes the binding pose of the thiadiazole and
sulfonamide moieties (not depicted). Compounds 29 and 30 that
possess alkyl chains of optimal length (C12H25 and C14H29, respectively) exhibit stronger binding, as suggested by GOLD docking
scores and conﬁrmed by experimental observations (see Table 2).
As with 29, compounds 33–40 bear an optimal C12H25 chain at
R4, and in addition, a substituent R1 on the thiadiazole ring. The R1

Figure 3. The best GOLD docking poses for IP4 (green), 1 (magenta), 17 (blue), 29
(yellow), and 37 (salmon). The dashed lines represent hydrogen bonds, and the
electrostatic surface is for the protein. The circled regions are those with synthetic
modiﬁcations.

substituents range from nonpolar alkyl groups that vary in size, to
more polar substituents containing carboxylic acid, carboxylate
ester, and sulfonamide groups. The more polar groups were expected to mimic the phosphate at C-1 of PI(3,4,5)P3 and possibly
interact with Arg23. Most of the compounds in this series exhibited
relatively high GOLD docking scores (60–70) as well as measurable
to good Ki values in an SPR-based competitive binding assay. For
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example, compounds 36 and 37, which bear carboxymethyl and 2ethoxy-2-oxoethyl substituents at R1, possess two of the three
highest GOLD docking scores obtained and Ki values of 5.0 and
4.3 lM, respectively, indicative of relatively strong competitive
binding against PI(3,4,5)P3. The best binding poses of these compounds exhibit protein-small molecule interactions similar to
those of 29 and also interact with Arg23 via the carbonyl moiety
of the R1 substituent. The ethoxy group of 37 also exhibits hydrophobic interactions with Tyr18 and Ile19.
Structural modiﬁcations as in compounds 41–45 were detrimental to binding. Movement of the C12H25 chain from the paraposition (compound 29) to the ortho (46) or meta (47) positions
also decreased the GOLD docking scores and experimentally measured Ki values.
In order to improve our inhibitor design capabilities, the ﬂexibility of the PH domain is under study using molecular dynamics
and normal mode analysis.36 By examining both backbone and side
chain ﬂexibility, we have found that docking predictions using the
apo- structure produced results similar to those using more complex structures. In the present case of the AKT PH domain, 12 ns
molecular dynamics following rigid docking demonstrated that
accounting for protein ﬂexibility did not improve the docking results signiﬁcantly. The compound 29-PH domain complex was relatively stable, more or less staying bound in the original docked
conformation except for the very end of the alkyl tail (see Supplementary data for a dynamics movie). This suggests our approach to
virtual screening of targets for which complex crystal structures
are unavailable, that is, docking ligands into a rigid structure, has
validity, at least for the AKT PH domain and this series of compounds related to 29.37
The availability of the crystal structure of the AKT kinase-PH domain with allosteric inhibitors provides additional understanding
of this system.38 Structural alignment with the IP4-PH domain
complex indicates that only the far side of loop 3–4 showed a signiﬁcant difference and the kinase domain disrupts the phospholipid binding site of the PH domain (Fig. 4). Therefore our
inhibitors will not bind to this state of the PH domain.

Figure 4. Structural alignment of AKT kinase-PH domain (PDB code 3O96, see Ref.
38) and PH domain (PDB code 1UNQ, see Ref. 37). Blue Ribbons: 1UNQ. Green
sticks: PI(3,4,5)P3 from 1UNQ. Red Ribbons: 3O96. Grey sticks: inhibitor VIII from
3O96.

117

2053

4. Discussion
In recent years, we identiﬁed a family of sulfonamides as being
AKT inhibitors based on their direct binding to the PH domain and
their cellular and in vivo activities.16,25–27 Although there have
been other efforts to develop AKT PH domain inhibitors, few SAR
studies based on lead compounds and few studies where antitumor properties have been demonstrated in animals have appeared.18,23,39–42 The present study represents the ﬁrst large SAR
study on sulfonamide AKT PH domain inhibitors.
Based on docking of 1 to the PH domain of AKT, analogs 2–47
were designed, synthesized, tested for binding using an SPR-based
assay, and tested for cellular activity. Modeling suggested that
modiﬁcation at position R4 would not disturb the best binding
mode of 1 since R4 points away from the PI(3,4,5)P3 binding pocket
(Fig. 3). Compounds with small groups at R4, including 1–7 (R1 variable, R2 = R3 = H, R4 = NH2), 8–16 (R1 variable, R2 = R3 = H,
R4 = acetamido), and 26–28 (R1 = R2 = R3 = H, R4 = C4–C8 alkyl
chain) do not bind signiﬁcantly to the AKT PH domain as determined by SPR measurements of competitive binding against
PI(3,4,5)P3. Some compounds with longer amide-derived substituents at R4 (decanamides 17–24 and PEG-amide 44) exhibited the
ability to inhibit PI(3,4,5)P3 binding (Ki <50 lM), but at best weak
cellular activity. SAR analysis also suggested that compounds with
an aliphatic chain of the appropriate length at R4 (e.g., 29 and 30)
exhibited the ability to inhibit PI(3,4,5)P3 binding (Ki) and good cellular activity as measured by inhibition of AKT phosphorylation
and a cell survival assay using BxPC-3 cells. However, the need
to employ both binding and in vitro assays was underscored by
the observation that compounds 31 and 32 bearing C16H33 and
C18H37 chains, respectively, at R4, exhibited low lM values of Ki
and the lowest IC50 values in the cell survival assay, but had little
effect on AKT activity, as measured by the pAKT/AKT ratio. In addition, replacement of the thiadiazole ring of 29 with a phenyl ring
(compound 45) decreased the Ki value, and 45 did not inhibit the
production of pAKT, but did inhibit BxPC-3 cell proliferation. These
observations suggest that cell-based activities depend not only on
binding afﬁnity, but also on other properties, such as cell permeability and compound solubility. In addition, off-target effects
may occur and confound interpretation of the results. Off target effects of phosphatidylinositol ether lipid analogs (PIAs) led to the
discovery that such compounds can activate a single isoform of
p38, p38a, in vitro and in vivo.43 It was concluded that because
p38a activation occurs in cancer cells after chemotherapy and in
normal cells during inﬂammatory processes, activation of p38a
by PIAs could contribute to the efﬁcacy and/or toxicity of PIAs.
Modeling also suggested that the sulfonamide moieties of
strongly bound compounds, such as 29, mimic the phosphate
group at C-3 of PI(3,4,5)P3 by interacting with Arg23, Arg25, and
Lys14 (see Fig. 3). As PI(3,4,5)P3 also interacts with Tyr18, Ile19,
and Arg23 through the C-1 phosphate, substituents were introduced at position R1 to mimic the C-1 phosphate. Compounds
18–25, 33–40, and 42–43 were of most interest in this regard,
but exhibited Ki and IC50 values similar to those of the reference
compounds bearing H at R1 (17, 29, and 41, respectively). Thus,
substitution at R1 appears to be of lesser importance than was
expected.
Although studies have shown that most of the current scoring
functions in docking are of limited accuracy and the docking scores
usually are not well correlated with experimentally measured
binding afﬁnities,35 in the present study a correlation between
the GOLD docking scores and pKi (see Table 2) is apparent
(Fig. 5). Docking suggested that the two outliers, compounds 31
and 32, adopt alternate binding poses due to the steric problems
caused by the too-long alkyl chains. This agreement between the
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Figure 5. The correlation between experimental pKi values and GOLD scores.
Compounds 31 and 32 are outliers, suggesting their binding mode might be
different from the other compounds.

GOLD docking scores and the experimentally determined pKi values supports our previous assertion that the combination of GOLD
docking and GOLD scoring is appropriate for modeling this
system.33
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Abstract
The phosphatidylinositol 3-kinase/AKT signaling pathway
plays a critical role in activating survival and antiapoptotic
pathways within cancer cells. Several studies have shown that
this pathway is constitutively activated in many different cancer types. The goal of this study was to discover novel compounds that bind to the pleckstrin homology (PH) domain
of AKT, thereby inhibiting AKT activation. Using proprietary
docking software, 22 potential PH domain inhibitors were
identified. Surface plasmon resonance spectroscopy was used
to measure the binding of the compounds to the expressed PH
domain of AKT followed by an in vitro activity screen in Panc1 and MiaPaCa-2 pancreatic cancer cell lines. We identified a
novel chemical scaffold in several of the compounds that
binds selectively to the PH domain of AKT, inducing a
decrease in AKT activation and causing apoptosis at low
micromolar concentrations. Structural modifications of the
scaffold led to compounds with enhanced inhibitory activity
in cells. One compound, 4-dodecyl-N-(1,3,4-thiadiazol-2-yl)
benzenesulfonamide, inhibited AKT and its downstream targets in cells as well as in pancreatic cancer cell xenografts
in immunocompromised mice; it also exhibited good antitumor activity. In summary, a pharmacophore for PH domain
inhibitors targeting AKT function was developed. Computeraided modeling, synthesis, and testing produced novel AKT
PH domain inhibitors that exhibit promising preclinical properties. [Cancer Res 2009;69(12):5073–81]

Introduction
The pleckstrin homology (PH) domain is a region containing 100
to 120 amino acids found in more than 250 human proteins (1).
Although the amino acid sequence of PH domains is not universally conserved, the tertiary structure is remarkably conserved.
Although PH domains bind to a variety of different targets, a
unique property of a limited number of ∼40 PH domains is the
specificity with which they bind phosphorylated phosphatidylinositide (PtdIns) lipids within the biological cell membrane. PtdIns
phosphorylation and the subsequent binding of PH domain-

Note: Supplementary data for this article are available at Cancer Research Online
(http://cancerres.aacrjournals.org/).
Requests for reprints: Emmanuelle J. Meuillet, Department of Nutritional
Sciences, The University of Arizona, P. O. Box 210038, Tucson, AZ 85721-0038.
Phone: 520-626-5794; Fax: 520-621-9446; E-mail: emeuillet@azcc.arizona.edu.
©2009 American Association for Cancer Research.
doi:10.1158/0008-5472.CAN-08-3839
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containing proteins are vital components of signal transduction
pathways that regulate cell growth and survival and, thus, are
opportunistic targets for up-regulation and oncogenic determinism (2, 3).
The PtdIns 3-kinase (PtdIns 3-K)/AKT pathway is critical for cell
proliferation and survival (4). Phosphorylation of PtdIns(4,5)P2 to
produce PtdIns(3,4,5)P3 by PtdIns 3-K signals the recruitment and
binding of AKT to the inner leaflet of the plasma membrane via the
PH domain (5, 6). This translocation of AKT from the cytosol to the
membrane allows its phosphorylation on Thr308 by the plasma
membrane–bound PtdIns-dependent kinase 1 (PDK1; ref. 7). Phosphorylation on the Ser473 residue occurs either by integrin-linked
kinase, by the kinase activity of AKT itself, or by rictor-mammalian
target of rapamycin (mTOR; ref. 8). Once fully phosphorylated, AKT
translocates back to the cytosol and to the nucleus where it phosphorylates a variety of downstream targets, including proapoptotic
promoters such as forkhead transcription factors and AFX, as well
as the Bcl-2 family member Bad (4). AKT also promotes cell survival by activating cyclic AMP–responsive element binding protein
(9) and promotes proliferation by activating p70S6 kinase (p70S6K;
ref. 10) and glycogen synthase kinase 3β (GSK3β; ref. 11), which
contribute to cyclin D accumulation of cell cycle entry. Furthermore, AKT acts as a mediator for both vascular endothelial growth
factor production and angiogenesis by phosphorylation of mTOR
(12). Given the importance of AKT in proliferation and survival signaling, it has the potential to be an important target for cancer
drug discovery (13).
Three genes encode for AKT within mammalian species giving
AKT-1/α, AKT-2/β, and AKT-3/γ (5). The different isoforms of
AKT share a high degree of sequence homology within their PH
domains but diverge within other regions (14). Although AKT-1
and AKT-2 are expressed throughout the organism, AKT-3 is predominantly found within the brain, heart, and kidney (15, 16). AKT1 is more important for overall growth, AKT-3 is more critical for
brain development, and AKT-2 is mainly involved in glucose
metabolism. However, knockout studies in mice have strongly suggested that there are functional overlaps among the AKT isoforms
(17, 18). Thus, because of the highly homologous PH domains, the
AKT isoforms provide a fortuitous advantage in designing drugs
that inhibit all AKT activity in cells.
Defects in the PtdIns 3-K/AKT pathway are found in a variety of
cancers, with most abnormalities occurring through mutations or
loss of the mixed function lipid phosphatase PTEN (19) or through
mutations of PtdIns 3-K (20). Although overexpression of AKT
itself is not a determinant for cancer, AKT can be oncogenic if the
PH domain is mutated such that its affinity for PtdIns 3-phosphates
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Figure 1. Modeling of the interactions between compound 2 and 21 with the PH domain of AKT. A, two-dimensional interaction map for compound 2 and AKT PH
domain-binding site. Docking of the ligand Ins(1,3,4,5)P4 into the binding pocket with FlexX, GOLD, and Glide could reproduce the crystal structure very well, with
RMSD of 0.69 Å, 0.71 Å, and 0.69 Å, respectively. B, docking results of Ins(1,3,4,5)P4, compound 2, and compound 21 bound to the PH domain of AKT. Dashed line,
hydrogen-bonding interactions between the small molecules and the protein. Blue, positively charged protein surface; red, negatively charged surface; green, Ins
(1,3,4,5)P4; purple, compound 2; yellow, compound 21. C, docking results of 2, 24, 27, and 28. Dashed line, the hydrogen-bonding interactions between the small
molecules and the protein-binding site. Blue, positively charged electrostatic molecular surface of the protein; red, negatively charged surface; magenta, compound 2;
yellow, compound 24; green, compound 27. D, docking of 28 compared with its parent compound, 27. Compound 27 (purple) and its fluorescent-tagged analogue,
compound 28 (green), are docked in the PH domain of AKT.

increases, leading to its translocation and increased phosphorylation at the cellular membrane (21). In pancreatic cancers, >90% of
the tumors contain an activating upstream ras mutation and about
half of the surgically resected pancreatic cancer specimens have
mTOR activation, a downstream target of AKT (22–24).
Most attempts to develop AKT inhibitors have focused on
compounds that bind to the kinase ATP-binding pocket. Due
to the similarity of the ATP pocket among serine/threonine kinases, particularly ACG family kinases to which AKT belongs,
achieving target specificity has been extremely difficult. All the
reported AKT ATP pocket inhibitors also inhibit PKA, which
may account for the relatively high toxicity of this type of inhibitor observed in animals and in patients (13). Previous studies
involving D-3-deoxyphosphatidylinositol ether lipid (DPIEL) have
provided proof of principle for using PH domains as drug targets
(25). DPIEL exhibits a high binding affinity and selectivity for the

Cancer Res 2009; 69: (12). June 15, 2009

PH domain of AKT (25). In addition, previous studies have
shown that DPIEL does not inhibit other PH domain-containing
proteins, including PDK1, IRS-1, mSOS, and βARK (25). Unfortunately, DPIEL is not a useful drug candidate because of its pharmacokinetic and pharmacodynamic properties (26). In the
present study, we have used in silico screening to identify compounds that were expected to bind the PH domain of AKT. The
compounds were tested for direct binding and competitive inhibitory activities for the PH domain of AKT and for the inhibition of AKT function in pancreatic cancer cell lines. A lead
compound was identified, and modeling was used to design analogues. On testing, it was found that several analogues exhibited
good AKT PH domain-binding properties. The best analogue was
tested in vivo and exhibited antitumor activity in a mouse xenograft model of pancreatic cancer cells in immunocompromised
mice. This work provides proof of principle for the design of
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small-molecule inhibitors that bind to the PH domain of AKT
and that exhibit antitumor activity.

Materials and Methods
Virtual screening and structure-activity relationship of available
compounds. A three-dimensional pharmacophore search was carried
out based on the hydrogen-bonding pattern between the inositol(1,3,4,5)tetrakisphosphate ligand and the PH domain of AKT (1H10) using UNITY
(Tripos, L.P.; ref. 27). A virtual library of ∼300,000 compounds generated
from databases (the National Cancer Institute Chemical and Natural Products Library, the Maybridge Available Chemicals Directory, and the LeadQuest Chemical Library) was searched. Twenty compounds from each
database were selected, the compounds were pooled, and duplicates were
removed. This process led to the identification of the initial four hits (Supplementary Table S1, located in Supplementary Materials); each of the hits
was examined in the active site using hand modeling and structure-based
design. Unfortunately, because each of the four hits was negatively charged,
the binding site had several formal charges, and the protein-ligand interactions were solvent exposed, we determined that additional structureactivity relationship (SAR) would be necessary to develop reliable binding
models in this challenging system. Therefore, we sought additional available analogues of the initial four hits. A database of ∼2.3 million unique
available compounds was assembled from vendor databases. After an initial collection of several hundred analogues was identified, a subset of 46
compounds was selected manually using the following criteria: conservative analogues of the known hits, explore a range of new SAR, challenge
the need for an anion in the hits, and avoid nonmedicinal, toxic, reactive,
and unstable functional groups. Of these 46 compounds, 22 compounds
were commercially obtainable.
PH domain structure and small-molecule preparation for docking.
Computational docking was used to study the interactions between the
AKT-1 PH domain and its inhibitors. One of the high-resolution (0.98 Å)
complex AKT PH domain crystal structures (1UNQ; ref. 28) was retrieved
from Protein Data Bank for docking simulations. Based on structural analysis and literature (28–30), residues Lys14, Glu17, Arg23, and Arg86 around
the inositol-(1,3,4,5)-tetrakisphosphate [Ins(1,3,4,5)P4] ligand were found
to be essential for the protein-ligand interactions because they are involved
in hydrogen bonds and responsible for the protein conformational change
induced by the ligand binding. The detailed procedures for the PH domain
structure and small-molecule preparation for docking are located in Supplementary Materials that accompany this article.

Molecular docking. Three commercially available docking packages,
FlexX (FlexX 1.20.1, BioSolveIT GmbH), GOLD (GOLD 3.2), and Glide
(Glide 4.5, Schrodinger), were used to dock the original ligand Ins
(1,3,4,5)P4 into the binding pocket to evaluate the applicability of each
docking package to this target. Details on the molecular modeling software and the meaning of the related scores are provided in Supplementary Materials that accompany this article.
Absorption, distribution, metabolism, and toxicologic modeling.
The absorption, distribution, metabolism, and toxicologic (ADMET) properties, such as Caco-2 permeability and log P values, were calculated using
our own ADMET predictors and ADME Boxes (ADME Boxes 4.0, Pharma
Algorithms).
Expression of recombinant AKT PH and PDK PH domains. Expression and purification of the proteins were performed as already described
(27). More details for the sequence and expression for the PH domains are
given in Supplementary Materials that accompany this article.
Chemical compounds. Compounds 1 to 22 were obtained and the syntheses of compounds 2 and 24 to 28 are outlined in schemes 1 to 3 found in
Supplementary Materials. The detailed synthetic procedures and the characterization data for these compounds are given in Supplementary Materials that accompany this article.
Surface plasmon resonance spectroscopy binding assays. All interaction analyses were performed with a Biacore 2000 using Biacore 2000
Control Software v3.2 and BIAevaluation v4.1 analysis software (Biacore)
as already described (27). For the competitive binding assays and the Ki
determination, PtdIns(3,4,5)phosphate biotin-labeled liposomes (Echelon
Biosciences) and SA chips were used with increasing concentrations of
the compound tested.
Cell culture and drug treatments. Human MiaPaCa-2, BxPC-3, and
Panc-1 pancreatic cancer cells were obtained from the American Type Culture Collection. Cells were maintained and drug treated as described previously (27).
Confocal microscopy. BxPC-3 cells were grown on coverslips in DMEM
plus 10% fetal bovine serum medium. After 4 h of incubation with 10 μmol/
L of compound 28, the fluorescent NBD-labeled analogue of 27, or a DMSO
control, cells were washed twice in PBS and fixed using 4% paraformaldehyde. Coverslips were washed four times in PBS and mounted using
mounting medium containing 4′,6-diamidino-2-phenylindole obtained
from Molecular Probes Invitrogen. Slides were then visualized using a Nikon PCM2000 confocal microscope (Nikon Instruments, Inc.).
Western analysis. Inhibition of the phosphorylation of AKT and
its downstream targets was measured by Western blotting using rabbit

Table 1. Predicted in silico properties and ADME properties of analogues of compound 2
Compound number*

2
24
25
26
27

FlexX score

Glide score

GOLD fitness

X-score (pKD)

KD† (μmol/L)

Caco-2 permeability‡
(10−6 cm/s)

Log P

−26.43
−21.38
−27.12
−30.36
−14.05

−2.97
−2.52
−3.79
−3.31
−1.55

50.97
57.37
49.16
57.30
60.70

4.82
4.99
4.99
4.69
4.87

15.13
10.23
10.23
20.41
13.49

0.3
10.1
0.8
1.0
0.1

0.13
4.93
0.34
0.59
7.54

*

†

The KD was obtained from the X-score (pKD) in mol/L.
Caco-2 permeability is calculated for pH of 7.4 and rpm of 500.

‡

www.aacrjournals.org
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Figure 2. Biochemical properties of
compound 2 and its derivatives. A, direct
binding characteristics of 24 and 27. SPR
spectroscopy was used to determine the
direct binding affinity of the compounds.
The PH domain of AKT was flown through
and the compounds were injected. A
representative sensorgram is shown for
compounds 24 (left) and 27 (right). Increasing
concentrations (in μmol/L) were tested (low at
the bottom, increasing to the top). KDs were
calculated using a 1:1 Langmuir model.
B, graphs obtained during competition
binding assays with PtdIns(3,4,5)phosphatecontaining liposomes. Increasing
concentrations of the compounds reduced
the binding of the PH domain of AKT to the
bound liposome surface. The Ki was defined
as the concentration of compound tested
that inhibited 50% of the binding. C, inhibition
of phospho-Ser473-AKT by compounds 24,
25, 26, and 27 in Panc-1 cells as measured
by Western blotting analysis. V/C−, cells
treated with vehicle control, nonstimulated;
V/C+, cells treated with vehicle control,
stimulated with insulin-like growth factor-I
(IGF-I; 100 ng/mL for 20 min). Cells were
incubated with 20 or 50 μmol/L of compounds
24, 25, 26, or 27 and stimulated (+) before
lysis.

polyclonal antibodies to phospho-Ser473-AKT, phospho-Thr308-AKT, total
AKT, phospho-Ser9-GSK3β, phospho-Ser21-GSK3β, phospho-Ser241-PDK1,
and phospho-Thr389-p70S6K (New England Biolabs/Cell Signaling Technology, Inc.) as described previously (27). Bands corresponding to phosphoSer473-AKT and total AKT were quantified using Eagle Eye software (BioRad) and Kodak X-Omat Blue XB (NEN Life Science Products). β-Actin was
used as a loading control.

Cancer Res 2009; 69: (12). June 15, 2009

Cell assays. Cell growth inhibition was determined using a microcytotoxicity assay and apoptosis was measured as described previously (27, 31).
Antitumor activity. Approximately 1 × 107 BxPC-3 pancreatic cancer
cells in log cell growth suspended in 0.1 mL PBS were injected s.c. into
the flanks of female severe combined immunodeficient (scid) mice. When
the tumors reached volumes of ∼150 mm3, the mice were stratified into
groups of eight animals having approximately equal mean tumor volumes.
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Compound 27 was suspended in 0.2 mL of an aqueous solution containing
2.5% ethanol and 20% Trappsol (Cyclodextrin Technologies Development,
Inc.) by i.p. injection at a dose of 125 mg/kg twice a day for 5 d. The animals
were weighed weekly. Tumor diameters, measured twice weekly at right
angles (dshort and dlong) using electronic calipers, were converted to volume
by the following formula: volume = (dshort)2 × (dlong)/2 (32).
Pharmacodynamic and pharmacokinetic studies. Pancreatic cancer
cells (1 × 107 BxPC-3) were injected s.c. into the flanks of female scid
mice and allowed to grow to ∼300 mm3. Mice received a single i.p.
dose of compound 27 of 125 mg/kg suspended in 0.2 mL of 0.25% ethanol/20% Trappsol in water. Mice were killed after 1, 4, 6, 12, or 24 h;
blood was collected into heparinized tubes; and plasma was stored frozen. The tumors were removed and immediately frozen in liquid N2.
The tumors were then homogenized in 50 mmol/L HEPES buffer
(pH 7.5), 50 mmol/L NaCl, 1% NP40, and 0.25% sodium deoxycholate.
Western blotting was performed as described above. Plasma levels of
compound 27 were measured by reverse-phase high-pressure liquid
chromatography as previously described (27).

Results
Virtual screening. Four active compounds were identified from
among the 60 hits identified by the pharmacophore screen (7% hit
rate). The IC50 of these compounds ranged from 1 to 50 μmol/L in
a cellular AKT inhibition assay (Supplementary Table S1, located in
Supplementary Materials). It is noteworthy that for all of the compounds except the third, cellular AKT inhibition and cell cytotoxicity track one another. Each of the four compounds identified

represents a unique structural class with potential for further development. Although the first compound contains the undesirable
alkyl, aryl azo moiety, and the third compound has a fairly high
calculated log P (4.4), these four compounds provided a rich basis
for further development. The first compound was further developed but did not exhibit antitumor activity (27). Each compound
represents a unique molecular framework, yet they share some
striking similarities. Each of the four compounds is a weak acid
and will be an anion in typical intracellular compartments. This
is perhaps not surprising given that the natural ligand is a polyanionic strong acid and that the binding site of the PH domain is
strongly basic. These four molecules each contain a series of ring
structures connected by short flexible linker regions.
Identification of compounds that bind to the AKT PH domain. An in silico screen was then conducted to identify small molecules that would be expected to bind to the PH domain of AKT.
Twenty-two compounds were identified, obtained from commercial
sources, and tested for their ability to inhibit phospho-Ser473-AKT in
Panc-1 (Supplementary Fig. S1, black columns, located in Supplementary Materials) and MiaPaCa-2 (Supplementary Fig. S1, gray
columns) pancreatic cancer cells. Two compounds, 2 and 21 (9%
hit rate), were found to be active against AKT in MiaPaCa-2 cells
with IC50 values of 20 and 25 μmol/L, respectively. Interestingly,
these two compounds presented a similar chemical scaffold. Furthermore, they did not exhibit cytotoxicity in either cell line tested
(Supplementary Materials; Supplementary Table S2). To further

Figure 3. Mechanism of action of compound 27.
A, representative Western blot for 27 activity in BxPC-3
pancreatic cells. Cells were treated with the compound
at the indicated concentrations for 4 h. Cells were
then stimulated and total cell lysates were loaded
on 7.5% SDS-PAGE. B, quantification of
phospho-Ser473-AKT/β-actin in BxPC-3 cells.
Compound 27 exhibits an IC50 of 8.6 ± 0.8 μmol/L.
Columns, mean of at least three separate experiments
in triplicate; bars, SD. ***, P < 0.01; **, P < 0.05.
C, detection of 28 in BxPC-3 cells using confocal
microscopy (top) and Western blotting for
phospho-Ser473-AKT, AKT, and β-actin for the
determination of 28 activity in BxPC-3 cells (bottom).
V/C−, cells treated with vehicle control, nonstimulated;
V/C+, cells treated with vehicle control, stimulated
with IGF-I (100 ng/mL for 20 min).

www.aacrjournals.org

5077

Cancer Res 2009; 69: (12). June 15, 2009

Downloaded from cancerres.aacrjournals.org on April 24, 2013. © 2009 American Association for Cancer
Research.

Published OnlineFirst June 2, 2009; DOI: 10.1158/0008-5472.CAN-08-3839
Cancer Research

127

improve the potency of these two compounds, several computational approaches were used to study their binding to the PH domain of
AKT as well as their ADMET properties. According to the docking
studies using the GOLD algorithm, the sulfonyl moiety of compound
2 acts as a hydrogen bond acceptor interacting with residues Arg23,
Arg25, and Lys14, whereas hydrogen-bonding interactions were observed between the nitrogen atoms in the thiadiazolyl group and
residue Glu17 (Fig. 1A). The hydrogen-bonding interactions between
compound 2 and the protein are similar to those in the original
1UNQ complex (Fig. 1B; ref. 29). In particular, the sulfonyl group
interacts with the protein by mimicking the 3-position phosphate
of the Ins(1,3,4,5)P4 ligand (Fig. 1B). In contrast to 2, compound
21 possesses 2 sulfonyl fragments that mimic the 1- and 3-position
phosphate groups on the inositol ring and interact with Arg23, Arg25,
and Lys14 (data not shown). The positively charged guanidinium cation of Arg23 interacts with one of the benzyl rings of 2 by chargecharge interaction. Stacking interactions were observed between
the thiadiazole ring of 21 and the phenyl ring of Tyr18.
Optimization of the aniline moiety: hit-to-lead discovery.
Experimental cellular AKT inhibition analysis showed that compounds 2, 7, and 21 had approximately the same affinity, yet 2
had significantly better ligand efficiency (Supplementary Table
S2; Supplementary Figs. S1 and S2; ref. 33). The smaller size of 2
affords greater freedom for structural modification and optimization and therefore was selected for hit-to-lead optimization. Analysis of docking poses showed that the phenyl ring of 2 points away
from the binding site, and so modifications of the para-amino
group were not predicted to affect the binding (Fig. 1C). Our docking results indicated that 21 was a stronger binder than 2, so it was
thought that appropriate modification (e.g., attachment of a flexible hydrophobic group) would enhance the Caco-2 cell permeability of the molecule based on the ADMET predictions (Table 1).
Three analogues, 24 to 26, were suggested, computationally
docked into the PH domain of AKT, synthesized, and experimentally tested for AKT binding and inhibitory activity (Table 1). The

docking results and calculated ADMET properties for compounds
24 to 26 are summarized in Table 1; synthesis schemes 1 and 2,
experimental details, and compound characterization data are given in Supplementary Materials. The docking studies suggested that
compound 24 would be a better inhibitor than 2 with a higher log
P and Caco-2 permeability. The predictions were verified in cellular
assays of AKT inhibition (Table 2). Compound 24 inhibits AKT at
lower concentration than compound 2.
The measured KD using surface plasmon resonance (SPR) technology was 0.45 μmol/L for compound 2 and was 19.6 μmol/L for
compound 24. In comparison, we have previously shown that PtdIns
(3,4,5)P3 binds the PH domain of AKT with a KD of 3.08 ± 0.49 μmol/L
(27). Compound 24 was predicted to have better Caco-2 permeability than compound 2, which could explain its low IC50 value in the
cellular AKT inhibition assay. Interestingly, using a liposome displacement assay and SPR spectroscopy, which allowed calculation
of a Ki, compound 24 can displace PtdIns(3,4,5)phosphate liposomes
at lower concentrations than compound 2 (Fig. 2B; Table 2). To find
out whether compound 24 is a prodrug of 2, a nonamide analogue,
compound 27, was synthesized and experimentally evaluated. The
docking studies indicated that the modification did not change the
binding mode (Fig. 1C), and 27 showed a higher GOLD fitness of
the binding to the PH domain. A lower IC50 of 6.3 ± 0.9 μmol/L for
AKT inhibition was observed for this compound in Panc-1 cells
(Table 2). However, low Caco-2 cell permeability was predicted
for 27 with a high log P value compared with 24. Consistent with
the prediction, the Ki for compound 27 was significantly lower
than those of compounds 2 and 24. For comparison, the displacement of diC8-PtdIns(3,4,5)P3 exhibited a Ki of ∼0.3 μmol/L.
Biological activities of the lead compound and its derivatives. AKT inhibition leads to cellular apoptosis (4). We therefore
measured the ability of compounds 2 and 24 to 27 to induce cellular
apoptosis and correlated this with the inhibition of AKT phosphorylation measured by Western blot analysis of phospho-Ser473-AKT
(Supplementary Fig. S2; Fig. 2). Morphologic assays for the detection

Table 2. Biochemical and biological activities of compound 2 and its derivatives
Compound number

2
24
25
26
27

KD* and Ki*
(μmol/L)

pAKT inhibition†
(IC50, μmol/L)

Apoptosis‡ at
20 μmol/L (%)

Cell survival§
(IC50, μmol/L)

KD = 0.45 ± 0.1
Ki > 50.0
KD = 19.6 ± 4.9
Ki = 21.8 ± 1.8
KD = NB
Ki > 50
KD = NB
Ki > 50
KD = 40.8 ± 2.5
Ki = 2.4 ± 0.6

20/25

24.3 ± 3.2/25.7 ± 2.6

NI/NI

10/15

28.7 ± 0.3/20.0 ± 1.5

127/90

>50/>50

6.8 ± 0.9/10.3 ± 2.1

NI/NI

>50/>50

11.4 ± 0.5/18.7 ± 3.1

NI/NI

6.3 ± 0.9/10

40.0 ± 2.9/31.3 ± 1.6

65/30

NOTE: All biological tests were made in Panc-1 (numbers on the left) and MiaPaCa-2 (number on the right) pancreatic cell lines.
Abbreviations: NI, not inhibitory; NB, not binding.
*KD and Ki (μmol/L) were determined using purified AKT PH domain and SPR spectroscopy (Biacore 2000). The Ki for PtdIns(3,4,5)trisphosphate was
0.26 μmol/L.
†
Inhibition of AKT was measured by Western blots using specific antibodies against phospho-Ser473-AKT.
‡
Percentage of apoptosis was obtained by a morphologic assay at 20 μmol/L.
§
Cell survival was measured using a 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide assay.
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of apoptosis were also performed with compounds 2 and 21 (data
not shown; Supplementary Fig. S2). Apoptosis was directly correlated with the inhibition of AKT observed at 20 μmol/L by Western blot
for both initial hits, compounds 2 and 21 (data not shown; Supplementary Fig. S2). The four analogues of compound 2 were tested for
their ability to inhibit cellular AKT activity (Fig. 2C) and to induce
apoptosis (Table 2). All compounds (2 and 24–27) induced apoptosis and inhibited AKT phosphorylation. Finally, to directly determine the affinities of the lead compounds for the target PH
domain, in vitro binding assays were performed using SPR spectroscopy. Figure 2A shows representative sensorgrams obtained for the
direct binding of compounds 24 and 27 and KD was calculated
(Table 2). Compounds 25 and 26 did not seem to bind directly to
the PH domain of AKT. These results correlate with a very weak inhibition of cellular AKT and weak induction of apoptosis. On the
contrary, compound 27 exhibited all the characteristics of an AKT
inhibitor with an IC50 of 6.3 ± 0.9 μmol/L in Panc-1 cells, a strong
induction of apoptosis at 20 μmol/L, and some cellular cytotoxity.
These data correlate with a low KD for the compound to the PH domain as measured by SPR spectroscopy. Interestingly, again, the
measurement of the Ki seems to be the most reliable and predictive
assay for compound cellular efficacy. Finally, for selectivity purposes, we also tested the binding of 27 to the PH domain of
PDK1 and obtained a KD of 90.1 μmol/L and a Ki of 5.5 μmol/L
(data not shown). These values correlated well with the GOLD
score obtained for the compound to the PH domain of PDK, which
was found to be 53.5 compared with 60.7 for the PH domain of
AKT. These data suggest that compound 27 may represent a
selective compound for AKT with some activity on PDK1 at higher
concentrations.
Mechanism of action of compound 27. Our data strongly suggest that 27 is an active inhibitor of AKT function. Table 2 shows
its biochemical properties, and Fig. 3A and B summarizes the effects of 27 in BxPC-3 cells on AKT function (IC50, 8.6 ± 0.8 μmol/L)
and on its downstream targets. The compound was able to reduce
the phosphorylation of AKT mainly on its Ser473 residue and less
strongly on Thr308 residue without affecting total AKT protein expression, whereas GSK3β and p70S6K were inhibited in a dose-dependent manner by compound 27. The phosphorylation of PDK1
on Ser241 (34) was slightly affected by compound 27 at higher concentrations. Again, these data agreed with the SPR results and confirmed the possible selectivity of 27 for AKT at low concentrations.
To define the mechanism of action of 27, the fluorescent analogue
28 was used (scheme 3 and synthesis details are located in Supplementary Materials; ref. 35). The addition of the fluorescent NBD
moiety did not alter the binding of 28 to the protein (Fig. 1D),
and 28 inhibited AKT phosphorylation in a fashion similar to 27
in BxPC-3 cells (Fig. 3C). Finally, using confocal microscopy, compound 28 was found to be mainly located in the cytosol and/or
lipid vesicles, potentially trapping AKT in the cytosol (Fig. 3C).
In vivo activities of the lead compound 27. Preliminary studies showed no toxicity of single doses up to 250 mg/kg, which
was the maximum dose for compound 27 that could be conveniently administered i.p. Antitumor activity was measured against
BxPC-3 pancreatic cancer xenografts in scid mice with compound
27 administered at a dose of 125 mg/kg i.p., twice a day for 5
days (Fig. 4A). Compound 27 showed significant antitumor activity with cessation of tumor growth and even regression during
the course of treatment. Tumor growth resumed at its original
rate when the drug was removed (Fig. 4A). A single i.p. dose of
27 of 125 mg/kg caused significant inhibition of tumor AKT

www.aacrjournals.org

Figure 4. Antitumor activity and inhibition of tumor AKT by compound 27. A, scid
mice with 150 mm3 s.c. BxPC-3 pancreatic cancer xenografts were treated
with vehicle ( ) or with compound 27 ( ; 125 mg/kg in 2.5% ethanol, 20%
Trappsol in water) by i.p. injection twice a day for 5 d (arrows). Points, mean of
eight mice per group; bars, SE. **, P < 0.05, compared with vehicle control.
B, scid mice with 300 mm3 s.c. BxPC-3 pancreatic cancer xenografts
administered 27 (125 mg/kg in 2.5% ethanol, 20% Trappsol in water) as a single
dose and tumor phospho-Ser473-AKT, total AKT, phosphor-Ser21-GSK3β,
phospho-Ser9-GSK3β, and phospho-Thr389-p70S6K measured by Western
blotting at various times. C, plasma concentration for 27 was measured after the
same time after a single i.p. injection of 27 at 125 mg/kg.

▴

□

measured as phospho-Ser473-AKT. This dose produced up to
70% inhibition at 6 hours, and 50% inhibition at 12 hours, with
a return to untreated levels by 24 hours (Fig. 4B). These results
correlated well with the plasma concentrations of 27 after the
single dose (Fig. 4C). Indeed, between 1 and 6 hours, a peak
corresponding to compound 27 was detected in the plasma.

Discussion
Because of its roles in cellular apoptosis and survival pathways,
AKT has emerged as an attractive therapeutic target (2, 3). There
have been many attempts to inhibit AKT via its kinase domain
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(13). We and others have recently developed an alternative approach
targeting the PH domain of the protein (25, 36, 37). The PH domain is
essential for the binding of cytosolic AKT to PtdIns(3,4,5)P3, formed
by the activity of PtdIns 3-K, in the plasma membrane, thus allowing
the phosphorylation and activation of AKT. In this study, we have
identified a novel small-molecule compound that inhibits AKT at
low micromolar concentrations in pancreatic cell lines and exhibits
good antitumor activity in a mouse xenograft model.
The virtual screen gave an initial set of four active compounds
and directed two-dimensional searching yielded an additional 2
active compounds from a set of 22 commercially available analogues. Four of the 12 active molecules included a novel N-thiadiazole, aryl sulfonamide moiety, whereas 4 of the 5 compounds
in the set that contained this moiety were active in inhibiting
AKT in cells. To increase the delivery and potency of these hits,
four new derivatives were synthesized based on the ADMET predictions. The addition of an acetamide group at a position in the
molecule where modeling predicted there would be no direct interaction with the PH domain produced a small improvement in
activity measured by inhibition of phospho-Ser473-AKT in cells
over that of the parent compound. However, the addition of a
dodecanoylamide resulted in a considerably more potent compound (24) with an IC50 of 10 μmol/L in Panc-1 cells. Due to
its long aliphatic chain, it was proposed that the compound
may embed into the cellular membrane. Subsequent cleavage
of the amide bond would then allow for the release of the compound into the cytoplasm. To test this hypothesis, compound 27
was synthesized, harboring a noncleavable dodecyl tail. This
compound exhibited the most effective reduction of cell phospho-Ser473-AKT, with an IC50 of 6.8 μmol/L. These data strongly
suggest that 24 is not a prodrug for 2 and that the aliphatic chain
on 27 helps the compound to enter the cells despite the poor predicted ADMET properties (high log P and low Caco-2 permeability).
To probe the mechanism of action of 27, a fluorescence derivative, compound 28, containing a fluorescent NBD substituent was
studied in pancreatic cancer cells. The NBD fluorophore has previously been used for real-time reporting of cation transport in biological systems (38) and for understanding the mechanism of
action of viridins, such as wortmannin (39). Compound 28 bound
to the PH domain of AKT and was an inhibitor of cell phosphoSer473-AKT, albeit more weakly than compound 27. Confocal microscopic studies revealed that although some of the compounds
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Announcements
MEETING

OF THE RADIATION

The annual meeting of the Radiation Research Socie
ty will be held at the State University of Iowa, Iowa
City, on June 22â€”24,
1953. The Society will be the guest
of the University, and all meetings will be held on the
campus. The program will consist of: (1) Two symposia,
one on â€œTheEffects of Rwliation on Aqueous Solu
tions,â€• which includes
the following
speakers:
E. S. G.
Barren,
Edwin J. Hart, Warren
Garrison,
J. L. Magee,

and A. 0. Allen. The second is â€œPhysicalMeasurements

for Radiobiologyâ€•and companion talks by Ugo Fano,
Burton J. Moyer, G. Failla, L. D. Marinelli, and Payne

RESEARCH

S. Harris.

SOCIETY

(2) On Monday

night,

June

22, a lecture

by

Dr. L. W. Alvarez on meson physics has been tentative
ly scheduled. On Tuesday night, June 23, Dr. L. H.
Gray of the Hammersmith Hospital, London, will speak
on a topic to be announced. Dr. Gray's lecture is spon
sored by the Iowa Branch of the American Cancer Soci

ety. Those desiring to report original research in radia
tion effects, or interested in attending or desiring addi
tional information, please contact the Secretary of the
Society, Dr. A. Edelmann, Biology Department, Brook
haven National Laboratory, Upton, L.I., New York.

ERRATUM

The following correction should be made in the arti
cle by Beck and Valentine, â€œThe
Aerobic Carbohydrate
Metabolism
Glycolysis
substitute

of Leukocytes
in Health and Leukemia.
I.
and Respiration,â€•
November,
1952, page 821;
for the last paragraph:

The data in Table 3 permit several interesting calcu
lations.

If one compares

the amount

of glucose

actually

disappearing with the sum of the amount equivalent to
lactic

acid

produced

plus

that

equivalent

to 02 con

by the glucose utilized by 16 per cent in CLL. If the as
sumption is made that, in this respect, the myeloid and
lymphoid celLsof leukemia are similar to those of nor
ma! blood, it may be that the computed

normal figure

represents a summation of the myeloid (M) and
lymphoid (L) cells that make up the normal leukocyte
population.

Thus,

if M = +0.27

and

L = â€”0.16 and

the normal differential is 65 per cent M and So per cent
L, then

0.65 (+0.27)
+ 0.35 (â€”0.16) = +0.12
sumption, it is seen that the amount of glucose â€œcleav
age productsâ€•exceeds the amount of glucose utilized b
a figure identical to the observed +0.12 for normal
12 per cent in N and 27 per cent in CML and is exceeded leukocytes.
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Table 1. Structures, predicted in silico properties, ADME properties and biological activities of four
novel hits
Structures of the
compounds

FlexX Gold Glide
LogP
score fitness score

Caco-2
Pe*
(106
cm/s)

KD†
(µmol/L)

Cell
AKT
inhibition‡ survival§
(IC50,
(IC50,
µmol/L) µmol/L)

O

N

O
S

O

O

N
H

N

N
N

N

−34.84 60.94 −2.75

3.7

163.9

0.39 ± 0.04

24.0

25.0

−43.63 63.78 −3.80

0.7

0.1

1.79 ± 0.26
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Caco-2 permeability (Pe) is calculated for pH = 7.4 and rpm = 500.
The KD was obtained using SPR spectroscopy.
‡
Inhibition of AKT was measured by Western blots using specific antibodies against phospho-Ser473AKT in HT-29 lung cancer cells.
§
Cell survival was measured using an MTT assay in HT-29 lung cancer cells.
†
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Supplemental Table 2. Compound structures, modeling properties and biological activities
Compounds

pAKT
Cell viability‡
†
inhibition
(IC50, μmol/L)
(IC50, μmol/L)

Number

FlexX
score

G-score

X-score*
(pKd)
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N/I
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N/I
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*

Calculated pKd was obtained from the X-score.
†
Inhibition of AKT was measured by Western blotting using specific antibodies against phospho-Ser473AKT in MiaPaCa-2 cells; N/I, for no inhibition at the highest concentration tested.
‡
Inhibition of cell proliferation was estimated by viability assay as described in the Materials and
Methods; N/I, for no inhibition at the highest concentration tested.
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Appendix for Supplemental Material
Molecular docking and related scores. FlexX produced 100 different docking poses for
each ligand within the active site. No early determination was allowed in GOLD to terminate
docking on a given ligand. The flexibility of ligand was taken into account by GOLD via
flipping the ring corners and hydrogen atoms of the protonated carboxylic acids. Internal
hydrogen bonds were included to restrict the flexibility. Glide was set to permit the
conformational modification of amide bonds in order to consider the docking flexibility while
the protein was treated as a rigid body. The best poses (poses with best scores) from these
docking algorithms were re-evaluated using X-score to calculate their potential binding affinities.
Because all showed reasonable predictions (small RMSD) of the binding mode compared with
the crystal structure, all three programs were employed for all docking studies using default
parameters unless otherwise noted. Among them GOLD could reproduce the crystal structure
with the best predictions, and thus its docking results were used if there were any inconsistencies
from the three packages.
GOLD, FlexX and Glide algorithms were employed to dock the compounds into the binding
pocket of the AKT PH domain (see Table 2). The GOLD algorithm showed consistently better
predictability for the analogs of 2 than either the FlexX or the Glide algorithms and thus was
used to calculate the predicted binding affinities (KD values) by X-score (see Table 2). It is
known that docking programs and their related scoring functions cannot successfully rank
putative ligands by binding affinity. Instead, we explored whether these same functions could be
used to classify active and inactive ligands for the analog series in this system. The docking
values were directly compared to the measured binding affinities obtained using SPR
spectroscopy (See Table 2 and Fig. 4A). Examining Table 2, if compounds 2, 24 and 27 are
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considered to be active, then Glide and FlexX categorize the five compounds completely
incorrectly. While GOLD and X-score correctly place compound 25 as the least active, Glide
and FlexX place compound 26 as either most or among the most active. Likewise, the 95%
confidence interval of the mean FlexX, G-score or X-score for the inactive and active ligands
(compounds 2, 5, 7, 10, 11, 16, 21 and 22 using pAKT IC50, Supplementary Materials, Table 1)
have significant overlap. Therefore, we conclude that in this system, docking scores do not
successfully differentiate active from inactive ligands among the analog series represented.
Despite this negative affinity categorization, the binding modes predicted by the docking
experiments were helpful in the design of the most potent compounds.

Appendix for Experimental Section.
PH domain structure preparation for docking. Computational docking was employed to
study the interactions between the AKT1 PH domain and its inhibitors. One of the high
resolution (0.98Ǻ) complex AKT PH domain crystal structures (1UNQ, reference 28) was
retrieved from Protein Data Bank (PDB) for docking simulations. Based on structural analysis
and literature (28, 29), residues Lys14, Glu17, Arg23 and Arg86 around the inositol-(1,3,4,5)tetrakisphosphate (Ins(1,3,4,5)P4) ligand were found to be essential for the protein-ligand
interactions because they are involved in hydrogen bonds and responsible for the protein
conformational change induced by the ligand binding. The binding pocket was, therefore,
defined to include all residues within 6.5Ǻ around these four residues. Before docking, the
ligand and crystal waters were removed from the complex structure, and then hydrogen atoms
were added to the protein. The PDB 2PQR (30) was utilized to prepare the protein structures
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such as placing missing hydrogens, calculating the pKa values of protein residues, and so on.
Default parameters were applied unless stated otherwise.
Small molecule preparation. The bound (Ins(1,3,4,5)P4), ligand was extracted from the
complex with the AKT PH domain, its chemical structure was corrected and it was used as the
reference ligand during docking. Three dimensional conformations of the small molecule
inhibitors were generated by energy minimization with the MMFF94s force field in MOE using
default parameters unless otherwise stated. It was followed with formal charge assignment to
these small molecules.
Expression of recombinant AKT PH and PDK PH domains. Recombinant mouse AKT1
PH domain amino acids 1-111 (UBI/Millipore) and human PDK PH domain amino acids 407 to
549 (Origene, NM002613.3) were cloned by PCR into EcoRI/XhoI sites in pGEX-4T1 inducible
bacterial expression plasmid (GeneStorm, InVitrogen) transformed into BL21(DE3) E. Coli.
Chemical synthesis. All commercial reagents were used without further purification.
Analytical thin-layer chromatography (TLC) was carried out on pre-coated Silica Gel F254
plates. TLC plates were visualized with UV light (254 nm). 1H NMR spectra were recorded at
250, 300, or 500 MHz and 13C NMR at 62.5, 75, or 125 MHz. Chemical shifts (δ) are expressed
in ppm and are internally referenced (7.26 ppm for 1H NMR and 77.00 ppm for 13C NMR in
CDCl3, 2.50 ppm for 1H NMR and 39.50 ppm for 13C NMR in DMSO-d6). Mass spectra and
high resolution mass spectra were obtained in the Mass Spectrometry Laboratory in the
Department of Chemistry at The University of Arizona. Melting points are uncorrected.
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Scheme 1. Synthesis of compounds 24-26.
N-(4-(N-1,3,4-Thiadiazol-2-ylsulfamoyl)phenyl)acetamide (25). 2-Amino-1,3,4thiadiazole (500 mg, 4.95 mmol) was suspended in pyridine (1.26 mL). 4Acetamidobenzenesulfonyl chloride (1.2 g, 5.15 mmol) was added and the mixture was heated to
95°C for 1 h. The mixture was dissolved in 10% aqueous HCl and extracted with ethyl acetate.
The organic extracts were washed with water and dried over anhydrous Na2SO4. Evaporation of
the solvent yielded 25 (1.4 g, 4.7 mmol, 95%). Recrystallization from CH2Cl2/MeOH gave pure
product, mp 216-217°C (lit1 mp 214-215°C). 1H NMR (250 MHz, CDCl3) δ 2.07 (3, s), 7.73 (4,
s), 8.74 (1, s), 10.35 (1, s), 14.35 (1, br s); 13C NMR (62.5 MHz, DMSO) δ 24.2, 2 x 118.7, 2 x
127.0, 135.6, 143.0, 144.9, 167.2, 169.1
4-Amino-N-(1,3,4-thiadiazol-2-yl)benzenesulfonamide (2). Compound 25 (1.0 g, 3.6
mmol) was suspended in 3N HCl (10.0 mL) and heated to reflux for 30 min. The acidic mixture
was neutralized with Na2CO3 solution. The precipitated product was collected by filtration,
washed with water, and dried to yield 2 (450 mg, 1.8 mmol, 49%), mp 226°C (lit2 mp 221-
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222°C). 1H NMR (250 MHz, CDCl3) δ 5.95 (2, s), 6.57 (2, d, J = 6.5 Hz), 7.41 (2, d, J = 6.5
Hz), 8.68 (1, s), 14.03 (1, br s).
N-(4-(N-1,3,4-Thiadiazol-2-ylsulfamoyl)phenyl)decanamide (24). Compound 2 (50 mg,
0.20 mmol) was suspended in pyridine (0.3 mL). Decanoyl chloride (5, 39.1 mg, 0.21 mmol)
was added gradually over 15 min. The reaction mixture was heated to 95°C and stirred at this
temperature for 1 h, then poured into 10% aqueous HCl solution and extracted with EtOAc (3 X
0.5 mL). The combined organic extracts were washed with water, brine, and dried over
anhydrous Na2SO4. Evaporation of the solvent yielded 24 (80 mg, 0.20 mmol, 95%). It was
recrystallized from hexanes/ethyl acetate to yield an analytical sample, mp 151-152°C. 1H NMR
(250 MHz, CD3OD) δ 0.88 (3, t, J = 7.5 Hz), 1.24-1.45 (12, m), 1.68 (2, t, J = 7.5 Hz), 2.37 (2, t,
J = 7.5 Hz), 7.72 (2, d, J = 8.5 Hz), 7.79 (2, d, J = 8.5 Hz), 8.49 (1, S); 13C NMR (125 MHz,
CD3OD) δ 14.4, 23.7, 26.7, 30.3, 30.4, 30.5, 30.6, 33.0, 38.1, 102.4, 128.3, 137.5, 144.0, 145.0,
170.0, 174.9; HRMS (IonSpec. HiRES ESI+) calculated for C18H27N4O3S2 (M+H)+ 411.1525,
observed 411.1524.
2,5-Dioxopyrrolidin-1-yl 2-(2-(2-methoxyethoxy)ethoxy)acetate. To a solution of 2-[2(2-methoxyehoxy)ehoxy]acetic acid (1.0 g, 5.6 mmol) in DCM (20 mL) was added Nhydroxysuccinimide (775.0 mg, 6.73 mmol) and EDC (1.29 mg, 6.73 mmol) and the reaction
mixture was stirred overnight at room temperature. The mixture was then washed with water,
brine, and dried over anhydrous Na2SO4. Filtration and evaporation of the solvent yielded the
desired product (1.4 g, 5.0 mmol, 91%). 1H NMR (500 MHz, CDCl3) δ 2.85 (3, s), 3.82 (4, s),
3.56 (2, t, J = 5.0 Hz), 3.65(2, t, J = 5.0 Hz), 3.71 (2, t, J = 5.0 Hz), 3.81 (2, t, J = 5.0 Hz), 4.52
(2, s); 13C NMR (125 MHz, CDCl3) δ 25.3, 58.6, 58.7, 66.1, 70.0, 70.2, 71.0, 71.5, 165.7, 168.6.
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N-(4-(N-1,3,4-Thiadiazol-2-ylsulfamoyl)phenyl)-2-(2-(2methoxyethoxy)ethoxy)acetamide (26). A mixture of 2,5-dioxopyrrolidin-1-yl 2-(2-(2methoxyethoxy)ethoxy)acetate. (65 mg, 0.23 mml) and 2 (50 mg, 0.20 mmol) was heated to
100°C for 30 min. Product 26 was separated from the residue by flash column chromatography
on silica gel 60 (70-230 mesh) eluted with 2% EtOAc in hexanes to yield 26 (52.0 mg, 0.13
mmol, 62.5%) as a pale yellow oil. 1H NMR (250 MHz, DMSO) δ 3.22 (3, s), 3.42-3.44 (2, m),
3.53-3.56 (2, m), 3.58-3.60 (2, m), 3.64-3.67 (2, m), 4.11 (2, s), 7.34 (2, d, J = 8.5 Hz), 7.80 (2,
d, J = 8.5 Hz), 8.74 (1, s), 10.00 (1, s), 14.29 (1, s); 13C NMR (125 MHz, DMSO) δ 58.0, 69.5,
69.6, 70.1, 70.3, 71.2, 119.2, 126.8, 136.2, 141.8, 144.7, 167.1, 168.9; HRMS (IonSpec. HiRES
ESI+) calculated for C15H21N4O6S2 (M+H)+ 417.0903, observed 417.0909.

Scheme 2. Synthesis of compound 27.
p-Dodecylbenzenesulfonyl Chloride.3 A mixture of 1-phenyldodecane (7.5 g, 30.5 mmol)
and concentrated H2SO4 (8.4 mL) was stirred vigorously at 90°C for 1 h, cooled to room
temperature, and then gradually poured with stirring into 10% aqueous KOH solution (175 mL).
The resulting white precipitate was collected by filtration, washed with cold water (40 mL) and
dried to give potassium 4-dodecylbenzene sulfonate (10.6 g, 29.1 mmol, 84%). This salt (10.0 g,
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27.5 mmol) and POCl3 (4.2 g, 27.4 mmol) were stirred at room temperature and gradually heated
to 170°C. The hot reaction mixture was poured into cold water and extracted with CH2Cl2. The
organic layer was washed with water, dried over anhydrous Na2SO4, and filtered. Evaporation of
the volatiles yielded p-dodecylbenzenesulfonyl chloride as a pale yellow liquid (9.2 g, 26.5
mmol, 96%) which eventually became crystalline, mp 33°C. 1H NMR (300 MHz, CDCl3) δ 0.88
(t, 3, J = 6.5), 1.20-1.38 (m,18), 1.60-1.68 (m, 2), 2.72 (t, 2, J = 7.5 Hz), 7.40 (d, 2, J = 8.4 Hz),
7.79 (d, 2, J = 8.4 Hz); 13C NMR (75 MHz, CDCl3) δ 14.1, 22.6, 29.1, 29.3, 29.3, 29.5, 29.6,
30.9, 31.9, 36.0, 127.0, 129.6, 141.7, 151.6.
4-Dodecyl-N-(1,3,4-thiadiazol-2-yl)benzenesulfonamide (27). 2-Amino-1,3,4-thiadiazole
(439 mg, 4.3 mmol) was suspended in pyridine (1.5 mL). p-Dodecylbenzenesulfonyl chloride
(1.0 g, 2.9 mmol) was added slowly at 0°C. The reaction mixture was then heated to 95°C and
was stirred at this temperature for 1 h. The reaction mixture was then added to aqueous 10%
HCl (15 mL) and the resulting mixture extracted with ethyl acetate (3 × 30 mL). The organic
extracts were washed with water (3 × 50 mL), brine (3 × 50 mL), dried over anhydrous Na2SO4,
filtered, and volatiles evaporated to yield a solid mass. Chromatography on silica gel 60 (70-230
mesh) eluted with 2% MeOH in CH2Cl2 gave 27 (600 mg, 1.5 mmol, 51%). Recrystallization
from hexanes:ethyl acetate (3:7) gave an analytical sample, mp 126-127°C. 1H NMR (500 MHz,
CDCl3) δ 0.87 (3, t, J = 6.5 Hz), 1.20-1.36 (18, m), 1.54-1.63 (2, m), 2.62 (2, t, J = 7.5 Hz), 7.25
(2, d, J = 8.0 Hz), 7.83 (2, d, J = 8.0 Hz), 8.28 (1, s), 12.81 (1, br s); 13C NMR (125 MHz,
CDCl3) δ 14.0, 22.6, 29.2, 29.3, 29.4, 29.5, 29.6, 31.0, 31.8, 35.8, 126.4, 128.9, 138.0, 142.8,
148.5, 167.5; HRMS (ESI+, m/z) calculated C20H32N3O2S2 410.1936, observed 410.1932
(M+H)+.
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Scheme 3. Synthesis of compound 28.
5-(5-Bromopentyl)-1,3,4-thiadiazol-2-amine.4 6-Bromohexanoic acid (5.35 g, 27.4 mmol),
concentrated sulphuric acid (15 mL), and thiosemicarbazide (3.0 g, 32.9 mmol) were slowly
heated to 80-90°C for 12 h. After cooling, the content was poured onto crushed ice. The
mixture was neutralized with 10% aqueous ammonia and extracted with ethyl acetate (3 ×100
mL). The organic extracts were washed with 10% Na2CO3 (2 × 50 mL), water (100 mL), and
brine (100 mL), dried over Na2SO4, filtered, and concentrated. The residue was purified by
chromatography over silica gel 60 (70-230 mesh) eluted with CH2Cl2:MeOH 19:1 to give the
product as a solid, mp 128-130°C, in 59% yield (4.03 g, 16.2 mmol). 1H NMR (300 MHz,
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CDCl3) δ 1.51-1.60 (m, 2), 1.71-1.79 (m, 2), 1.81-1.92 (m, 2), 2.92 (t, 2, J = 7.5 Hz), 3.40 (t, 2, J
= 6.9 Hz), 5.33 (s, 2); 13C NMR (75 MHz, CDCl3) δ 26.9, 28.1, 29.3, 31.8, 35.0, 158.1, 168.2;
HRMS (ESI+, m/z) calculated for C7H13BrN3S 250.0014, observed 250.0005 (M+H) +.
N-(5-(5-Bromopentyl)-1,3,4-thiadiazol-2-yl)-4-dodecylbenzenesulfonamide. To a
solution of 4-dodecylbenzenesulfonyl chloride (1.53 g, 4.42 mmol) in pyridine (15 mL) was
added 5-(5-bromopentyl)-1,3,4-thiadiazol-2-amine. (1.00 g, 4.02 mmol). The reaction mixture
was stirred at room temperature for 5 h, then 2 mol/L HCl (25 mL) was added to quench the
reaction. The mixture was extracted with ethyl acetate (3 × 50 mL). The organic extracts were
washed with water (50 mL) and brine (50 mL), dried over Na2SO4, filtered, and concentrated.
The residue was purified by chromatography over silica gel 60 (70-230 mesh) eluted with
CH2Cl2:MeOH 49:1 to give 1.39 g of product as a solid contaminated with N-(5-(5chloropentyl)-1,3,4-thiadiazol-2-yl)-4-dodecyl benzenesulfonamide in about 60% yield. 1H
NMR (300 MHz, CDCl3) δ 0.87 (t, 3, J = 6.9 Hz), 1.25-1.30 (m, 18), 1.55-1.58 (m, 4), 1.73-1.88
(m, 4), 2.64 (t, 2, J = 7.8 Hz), 2.83 (t, 2, J = 7.8 Hz), 3.42 (t, 1, J = 6.6), 3.55 (t, 1, J = 6.3 Hz),
7.27 (d, 2, J = 8.1 Hz), 7.84 (d, 2, J = 8.1 Hz); 13C NMR (75 MHz, CDCl3) δ 14.1, 22.6, 26.0,
27.3, 27.4, 27.5, 29.3, 29.4, 29.5, 29.6, 29.7, 30.5, 31.1, 31.8, 31.9, 32.0, 33.2, 35.8, 44.5, 126.5,
128.9, 138.3, 148.3, 158.5, 168.2; HRMS (ESI+, m/z) calculated for C25H41BrN3O2S2 558.1824,
observed 558.1819 (M+H)+; HRMS (ESI+, m/z) calculated for C25H41ClN3O2S2 514.2329,
observed 514.2330 (M+H) +.
4-Dodecyl-N-(5-(5-(methylamino)pentyl)-1,3,4-thiadiazol-2-yl)benzenesulfonamide.5 A
mixture of N-(5-(5-bromopentyl)-1,3,4-thiadiazol-2-yl)-4-dodecylbenzenesulfonamide (100 mg,
0.18 mmol), CH3NH2 (0.42 mL, 40% solution in water, 5.4 mmol), K2CO3 (25 mg, 0.18 mmol),
and KI (30 mg, 0.18 mmol) was heated at reflux for 2 d. The reaction mixture was diluted with
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ether (50 mL), washed with brine (20 mL), dried over Na2SO4, filtered, and concentrated. The
crude product was purified by chromatography over silica gel 60 (70-230 mesh) eluted with
CH2Cl2:methanol 2:3 to give the product as a solid, mp 158-160°C, in 61% yield (56 mg, 0.11
mmol). 1H NMR (300 MHz, CDCl3) δ 0.87 (t, 3, J = 7.2 Hz), 1.25-1.36 (m, 18), 1.53-1.67 (m,
8), 2.57-2.61 (m, 5), 2.68 (t, 2, J = 7.2 Hz), 2.96 (t, 2, J = 6.9 Hz), 7.20 (d, 2, J = 8.4 Hz), 7.75 (d,
2, J = 8.1 Hz); 13C NMR (75 MHz, CDCl3) δ 14.1, 22.7, 25.5, 28.3, 29.3, 29.4, 29.5, 29.7, 30.5,
31.2, 31.9, 33.1, 35.8, 60.0, 126.1, 128.5, 140.7, 146.7, 163.7, 170.7; HRMS (ESI+, m/z)
calculated for C26H45N4O2S2 509.2984, observed 509.2972 (M+H) +.
4-Dodecyl-N-(5-(5-(methyl(7-nitrobenzo[c][1,2,5]oxadiazol-4-yl)amino)pentyl)-1,3,4thiadiazol-2-yl)benzenesulfonamide (28). 4-Chloro-7-nitro-2,1,3-benzoxadiazole (NBD–Cl)
(18 mg, 0.085 mmol) was dissolved in methanol (1 mL). After the addition of 4-dodecyl-N-(5(5-(methylamino)pentyl)-1,3,4-thiadiazol-2-yl)benzenesulfonamide (43 mg, 0.085 mmol) and
NaHCO3 (7 mg, 0.085 mmol) in methanol (2 mL), the solution was stirred for 2 h at 40°C. The
reaction mixture was evaporated to dryness under reduced pressure and the residue was
chromatographed on silica gel 60 (70-230 mesh) eluted with CH2Cl2:MeOH 49:1. Product 28
was obtained in 53% yield (30 mg, 0.045 mmol), mp 102-104°C. 1H NMR (300 MHz, CDCl3) δ
0.87 (t, 3, J = 7.2 Hz), 1.25 (m, 18), 1.51-1.57 (m, 4), 1.79-1.85 (m, 4), 2.63 (t, 2, J = 6.6 Hz),
2.84 (t, 2, J = 7.5 Hz), 3.45 (s, 3), 4.14 (s, 2), 6.11 (d, 1, J = 9.3 Hz), 7.27 (d, 2, J = 8.1 Hz), 7.79
(d, 2, J = 8.4 Hz), 8.44 (d, 1, J = 9.0 Hz); 13C NMR (75 MHz, CDCl3) δ 14.1, 22.6, 25.7, 27.7,
29.2, 29.3, 29.4, 29.5, 29.6, 30.4, 31.1, 31.9, 35.9, 55.6, 101.2, 126.5, 128.9, 135.4, 138.3, 145.3,
148.5, 154.7, 158.3, 163.8, 167.9; HRMS (ESI+, m/z) calculated for C32H46N7O5S2 672.3002,
observed 672.2996 (M+H) +.
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Legends
Figure 1S. In vitro screen of the available analog library. Panc-1 (black bars) and MiaPaCa-2
(grey bars) cells were incubated with compounds 1-22 for 4 h at 20 µmol/L. After the drug
treatment, cells were lysed and phospho-Ser473-AKT was detected as described in the Materials
and Methods section. The ratio phospho-Ser473-AKT/β-actin is represented as the Y axis.

Figure 2S: Biological activities of 2 in Panc-1 cells. Pancreatic cancer cells (Panc-1) were
incubated with the compound 2 at the indicated concentrations for 4 h. A, phospho-Ser473-AKT
was measured by Western blots. V/C-, for cells treated with vehicle control, non stimulated;
V/C+, for cells treated with vehicle control, stimulated with IGF-I (100 ng/mL for 20 min.).
Cells were incubated with increasing concentrations of compound 2 and stimulated (+) before
lysis. B, apoptosis was measured using a morphological assay. Data are the means ± SD from at
least two separate experiments in triplicate; **, for p < 0.05.
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Abstract
AKT (protein kinase B) is a pleckstrin homology (PH) lipid binding domain containing
serine/threonine kinase that is a key component of the phosphatidylinositol-3-kinase (PI3-K) cell
survival signaling pathway. The PI3-K/AKT pathway is activated in skin cancer by ultraviolet
(UV) light, particularly UVB (280-320 nm), and it plays a major role in skin carcinogenesis.
This study describes the effects of a novel inhibitor of AKT (PH-427) that binds to the PH
domain of AKT preventing AKT binding to PI(3,4,5)P3 at the plasma membrane and the
subsequent activation of AKT. PH-427 inhibits AKT activity at low micromolar concentrations
and induces apoptosis in HaCaT and HaCaT II-4 (c-Ha-ras-transformed HaCaT) human
keratinocyte cells. We demonstrate that PH-427 prevents acute UVB-induced AKT activation
and significantly reduces the phosphorylation of P70S6-K in HaCaT cells. PH-427 is lipophilic
and penetrates SKH-1 hairless mouse skin when applied topically, significantly decreasing the
phosphorylation of S6, a downstream target of the AKT/P70S6-K pathway. We show that
topical application of PH-427 prevents acute UVB-induced AKT activation in SKH-1 mouse
skins. Finally, PH-427 significantly reduces multiplicity, number and growth of chronic UVBinduced tumors in SKH-1 mice. Accordingly, UVB-induced AKT activation is significantly
reduced in PH-427 treated SKH-1 mice as compared to vehicle control alone. In conclusion, our
results indicate that PH-427, applied as a topical agent, may be useful for the prevention of
UVB-induced skin carcinogenesis.
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Introduction
Ultraviolet (UV) light exposure, particularly UVB, is involved in the process of skin
carcinogenesis (1). A number of signaling pathways are activated upon UVB stimulation but
arguably the most important being the phosphatidylinositol-3-kinase (PI3-K)/AKT signaling
pathway. The PI3-K/AKT pathway is of critical importance for cell proliferation and survival.
Phosphorylation of PI(4,5)P2 to produce PI(3,4,5)P3 by PI3-K signals the recruitment and
docking of AKT to the inner leaflet of the plasma membrane via its pleckstrin homology (PH)
domain. AKT is then phosphorylated at Thr308 by the plasma membrane bound
phosphatidylinositol dependent kinase-1 (PDK1) (2) and on Ser473 by potentially more than 50
candidate kinases including rictor-mTOR (3), DNA-PK (4) and AKT itself (5). Once fully
activated, AKT phosphorylates a variety of downstream targets (6). Promoters of apoptosis that
are inhibited by AKT include the forkhead transcription factor family members, FKHR,
FHHRL1 and AFX (6); the pro-apoptotic Bcl-2 family member Bad (7); the apoptosis signaling
kinase-1 (ASK-1) that transduces stress signals to the JNK and p38 MAP kinase pathways (8);
and procaspase-9, the initiator of the caspase cell death cascade (9). In addition, AKT promotes
cell survival by activating NF-B (10) and the cyclic AMP response element binding protein
(CREB) (11). AKT also induces the phosphorylation of phospho-Thr421/Ser424-P70S6Kinase
(pP70S6K) (12) and phospho-Ser9GSK3 (pGSK3) (13) contributing to cyclin D accumulation
of cell cycle entry (14). AKT also acts as a mediator for VEGF production and angiogenesis by
phosphorylation of mTOR (6).
Phosphorylation of AKT at Ser473 has been associated with poor prognosis in cancers of
the skin (15). Consequently, treatment with the PI3-K inhibitor LY294002 following initiation
with DMBA significantly inhibits the tumor promoting action of IGF-1 in BK5.IGF-1 transgenic
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mice epidermis (16). Topical treatment of UVB-treated SKH-1 mice with a specific inhibitor of
the PI3-K exhibited lower levels of activated AKT and thus counteracted UVB-induced AP-1
and COX-2 expression (17). AKT1 and AKT2 isoforms are both found in epidermal
keratinocytes, (18) where AKT activity has been linked with differentiation (18-20). The PI3K/AKT pathway has been suggested to be a more critical Ras effector function for skin
carcinogenesis than the Raf-ERK1/2 pathway (21). Up-regulation of AKT activity may lead to
suppression of ERK1/2 through the inhibition of Raf kinase (22). PTEN, the dual protein and
lipid phosphatase, negatively regulates the PI3-K/AKT pathway (23). However, somatic
mutations in PTEN have not been reported in human squamous cell carcinomas (24) and deletion
of 10q23, where PTEN is located, is also an infrequent event (25).
Inhibition of AKT signaling has been associated with the biological actions of a number
of chemopreventive compounds including curcumin (26), selenium (27), and the flavonoids
quercetin (28), genistein (29), apigenin (30), and silibinin (31). Nordihydroguaiaretic acid
(NDGA, masoprocol, Actinex) is an inhibitor of the UVB-induced PI3-K/AKT pathway and
NDGA has been shown to have chemopreventive activity, inhibiting DMBA-initiated, TPApromoted formation of mouse-skin tumors (32). However, NDGA treatment is highly irritating
to the skin and its effects are not selective for the PI3-K/AKT pathway. Treatment with silibinin
also inhibits UVB-induced AKT phosphorylation (33), although it hits many other targets (34).
As noted neither of these compounds is selective for the PI3-K/AKT pathway. They are
relatively toxic as well and are not specifically developed as molecular targeted inhibitors for
skin cancers. The small molecule compound, PH-427 that we have recently developed, is a
novel AKT PH domain inhibitor (35, 36). We investigated the use this compound for skin
cancer chemoprevention for several reasons. First, its molecular target, AKT, is important for
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skin tumorigenesis (37), showing increased expression in many early human tumors where it has
been linked to decreased patient survival. Second, PH-427 is well tolerated and when given
systemically to mice has very low toxicity (35). Third, we have shown that when administered
systemically to mice, PH-427 produces a marked decrease in tumor growth (35, 36). In this
study, we found that PH-427 prevents UVB-induced AKT activation in HaCaT keratinocyte
cancer cells and HaCaT II-4 ras-transformed keratinocyte cancer cells. The compound is
lipophilic with a logP of 7.54 and penetrates the epidermis when applied topically to the skin of
mice. We also show that PH-427 inhibits both acute and chronic UVB-induced AKT activation
in the SKH-1 mouse model.

Materials and Methods
Cell culture and drug treatments
The spontaneously immortalized human keratinocyte cell line HaCaT (38) and the c-Haras-transformed HaCaT II-4rt P9 (subsequently named HaCaT II-4) were kindly provided by Dr.
Fusenig (German Cancer Research Center, Heidelberg, Germany). Cells were tested for cell
lineage and were maintained in bulk culture in Dulbecco’s modified Eagle medium (DMEM)
supplemented with 10% heat-inactivated fetal bovine serum (FBS), 100 U/mL penicillin and 100
µg/mL streptomycin in a 5% CO2 atmosphere. Cells were passaged using 0.25% trypsin and
0.02% EDTA. Cells were confirmed to be mycoplasma free by testing them with an ELISA kit
(Roche-Boehringer Mannheim) once a month. It is important to note that normal morphogenesis
and differentiation features of skin keratinocytes are retained in the HaCaT cultures (38). HaCaT
II-4 cells have been transfected with H-ras (39). PH-427 was synthesized as described
previously (36). PH-70 is the fluorescent 7-nitroben-2-oxa-1,3-diazole (NBD) derivative of PH-
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427. The synthesis of this compound is described in the Supplemental Section. Drugs (PH-427
and PH-70) were prepared in DMSO at a stock concentration of 10 mM and then added at
different concentrations directly into the culture media of the cells.

Detection and quantification of phospho-Ser473-AKT, phospho-Thr421/Ser424-P70S6-K and
phospho-Ser9-GSK3β in cells
PH-427 and PH-70 were freshly prepared in DMSO at a stock concentration of 10 mM
and then added at 10µM final concentration directly into the culture media of HaCaT and HaCaT
II-4 cells for 4 hours. Cells were then UVB irradiated at 250 J/m2. Cells were lysed according to
previously described protocols (36). The inhibition of the phosphorylation of AKT and GSK3β
was detected by Western blotting using rabbit polyclonal antibodies to phospho-Ser473-AKT, or
phospho-Ser9-GSK3β (Cell Signaling Technology, Inc.) as described previously (36). Bands
corresponding to phospho-Ser473-AKT and β-actin were quantified using Eagle Eye software
(BioRad) and Kodak X-Omat Blue XB (NEN, Life Science Products). Anti-β-actin
antibodies (Sigma Aldrich) were used to assess the loading of total proteins in all Western blots.
Total AKT antibodies were also used (Cell Signaling Technology Inc). The quantifications of the
inhibition of phospho-Ser473-AKT, phospho-Thr421/Ser424-P70S6-K and phospho-Ser9-GSK3β
were performed using the Meso Scale Discovery (MSD) platform (MSD, Gaithersburg, MD).
Following the same treatment as described above, cells were lysed according to the MSD
manufacturer’s protocol and equal amounts of total cell lysates were loaded on a phospho-Ser473AKT MSD plate, a phospho-Ser473-AKT/ phospho-Thr421/Ser424-P70S6-K/phospho-Ser9-GSK3β
multiplexed plate or an AKT plate. The MSD plates were read using a Sector™ Imager 2400A
instrument (Meso Scale Discovery protein profiling system).
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Cell cytotoxicity and apoptosis assays
A standard 96-well micro-cytotoxicity assay was performed by plating cells at 5,00010,000 cells per well (depending on cell doubling time) for a growth period of 4 days. Drugs
were added directly to the media, dissolved in DMSO at various concentrations ranging from 1
to 50 µM. The endpoint was spectrophotometric determination of the reduction of 3-(4,5dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide. Apoptosis was measured as described
previously (40). PARP cleavage was also determined using the PARP MSD plate (Meso Scale
Discovery protein profiling system).

Mouse skin biopsies and detection of phospho-Ser473-AKT, total AKT (tAKT), phosphoThr421/Ser424-P70S6-K, phospho-Ser9-GSK3β, phospho-Ser2448-mTOR and tmTOR in
mouse samples
All animal studies were conducted in accordance with U.S. Public Health Service/U.S.
Department of Agriculture guidelines and experimental protocols were approved by The
University of Arizona Institutional Animal Care and Use Committee (IACUC). Female SKH-1
mice (6 weeks old) were purchased from Charles River Laboratories. For the acute studies,
SKH-1 mice were split into 4 groups (3 mice/group): acetone, acetone + UVB, acetone + PH-427
in acetone and PH-427 in acetone + UVB. Mice were treated with PH-427 or acetone 1 hour
prior UVB. One hour following irradiation with UVB at 250 J/m2, mice were sacrificed. For the
chronic UVB studies, mice were split into three groups of 20 each: Acetone + UVB, PH-427 in
acetone, and PH-427 in acetone + UVB. Mice were exposed to UVB using UVB lamps three
times weekly for 26 weeks. Fluence was determined using a UVX radiometer (Ultraviolet
Products). The UVB dose was initiated at 0.9kJ/m2 which was increased each week by 25% to a
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final dose of 2,75kJ/m2 UVB, which was continued for the duration of the experiment as
described previously (41). Skin tumors were counted and measured using digital calipers once
weekly. At the end of the experiment, the dorsal skin of the mice was removed and snap-frozen
in liquid nitrogen and stored at −80°C (as already described in reference (17). The epidermis
was removed by scraping on dry ice. Histology analysis determined that only epidermal layers
were removed by this method (17). The samples were immediately placed in lysis buffer [1%
Triton X-100, 10% glycerol, 137 mmol/L NaCl, 20 mmol/L Tris-HCl (pH 7.5), 1 μg/mL
aprotinin, 1 μg/mL leupeptin, 1 mmol/L phenylmethylsulfonylfluoride, 20 mmol/L NaF, 1
mmol/L disodium pyrophosphate, and 1 mmol/L Na3VO4 as described previously (17). Protein
was determined using BioRad Dc Protein Assay and all phospho-proteins, tmTOR and tAKT
levels were measured as described above using the corresponding MSD platform.

Phospho-S6, Ki67 and tAKT staining in SKH-1 mouse skin
Tissues were harvested as described above, fixed in 10% neutral buffered formalin for 24 hours,
processed and embedded in paraffin. Routine hematoxylin and eosin (H&E) stains were
performed on three micron sections of tissue cut from the formalin fixed, paraffin embedded
(FFPE) blocks. Immunohistochemistry (IHC) was performed using phospho-Ser240/244-S6
ribosomal rabbit polyclonal antibody (Spring Bioscience) diluted 1:50. Phospho-S6 was used as
a downstream marker for the activity of phospho-P70S6K (42). Human breast carcinoma was
used as a positive tissue assay control. For Ki67 staining, a rabbit polyclonal antibody (Leica)
was used at a dilution of 1:500 with human tonsil as a positive control. For tAkt staining, a
rabbit monoclonal antibody (Cell Signaling) was used at a dilution of 1:100 and normal human
tonsil was used for a positive control as well. Tissue sections were stained on a Discovery XT
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Automated Immunostainer (Ventana Medical Systems, Inc.). All steps were performed on this
instrument using VMSI validated reagents, including deparaffinization, cell conditioning
(antigen retrieval with a borate-EDTA buffer), primary antibody staining, detection and
amplification using a a biotinylated-streptavidin-HRP and DAB (diaminobenzidine) system and
hematoxylin counterstaining. S6 ribosomal antibody was detected using a biotyinylated goat
anti-rabbit secondary antibody. Following staining on the instrument, slides were dehydrated
through graded alcohols to xylene and coverslipped with mounting medium (Richard Allan
#4112). Images were captured using an Olympus BX50 and CellSens DP72 camera and imaging
system (Nikon LaboPhot-2 microscope with Paxcam 3 camera and PAX-it Digital Image
Management & Image Analysis). Images were standardized for light intensity. For
quantification, slides were scanned using a ScanScope FL image capture system (Aperio scanner,
Vista CA) and Ki67 staining analysis of 10 random areas per slide was performed using
ImageScope software (v11.2.0.780, Nuclear v9 algorithm).

Results
PH-427 induces apoptosis in HaCaT and HaCaT II-4 keratinocyte cancer cells
We have shown previously that PH-427 induces apoptosis in pancreatic cancer cells (36).
The effects of PH-427 in HaCaT and HaCaT II-4 on apoptosis are summarized in Fig. 1. PH427 induces PARP cleavage at 10 µM as detected by Western blotting in both HaCaT and
HaCaT II-4 cells (Fig. 1A). This observation is confirmed using the MSD platform (Meso Scale
Discovery system, see Materials and Methods) where PH-427 induces a 5-fold and 2-fold
increase in PARP cleavage in HaCaT and HaCaT II-4 cells, respectively (Fig. 1B). Of note,
HaCaT II-4 cells appear more resistant to PH-427 as compared to HaCaT cells, likely due to the
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ras-transformation in HaCaT II-4 and the subsequent constitutive activation of downstream
signaling. Finally, PH-427 induces 78.4 ± 3.0 % apoptosis in HaCaT cells and 57.5 ± 2.7 %
apoptosis in HaCaT II-4 cells as measured by a morphological assay (40) (Fig. 1C). Taken
together, PH-427 induces apoptosis in HaCaT and HaCaT II-4 cells.

PH-427 locates in the plasma membrane and cytosol and inhibits AKT activation
PH-427 is an AKT PH domain inhibitor (36). PH-427 is a small molecule (MW 409
g/mol) (Table 1) that binds the purified PH domain of AKT with a Ki of 2.4 ± 0.6 µM as
measured by surface plasmon resonance (SPR) (36). A fluorescent derivative of PH-427 (PH70, See Table 1S for characteristics of the compound and Supplemental Data Section for the
synthesis of PH-70 in Fig. 1S) was tested in HaCaT and HaCaT II-4 cells in order to better
characterize the mechanism of action and the cellular localization of this class of compound.
When HaCaT or HaCaT II-4 cells are exposed to PH-70, visualization under a fluorescent
microscope revealed that the compound entered the cells and is located in both the plasma
membrane and the cytosol (Fig. 2A). PH-70 and PH-427 exhibit similar effects on AKT activity
in cells (Fig. 2B). We demonstrate that both compounds inhibit AKT phosphorylation on Ser473
and the phosphorylation of its downstream target, pSer9-GSK3β in HaCaT and HaCaT II-4 cells.
Again, we also note that HaCaT II-4 cells appear more resistant to PH-427 as compared to
HaCaT cells, likely due to the ras-transformation in HaCaT II-4 and the subsequent constitutive
activation of downstream signaling. We also notice a strong reduction of total AKT (tAKT)
following 4 hours of treatment with PH-70 and to a lesser extend with PH-427.

PH-427 inhibits UVB-induced AKT activation in HaCaT and HaCaT II-4 cells
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Dysregulation of AKT signaling is an important event in non-melanoma skin
photocarcinogenesis (43). UVB light, a major cause of non-melanoma skin cancer, induces PI3K/AKT activity in cultured human keratinocytes (43). Because AKT is activated upon UVB
stimulation in skin cancer cells, we next tested the hypothesis that our novel AKT inhibitor could
prevent UVB-induced AKT activation. It has been shown that AKT activation occurs following
one hour of UVB exposure (17, 43, 44). In order to test the effects of PH-427 in UVBstimulated cells, both HaCaT cells and HaCaT II-4 cells (Fig. 3A) were pre-treated with 10 µM
of PH-427 or DMSO vehicle control for 4 hours, then irradiated with a single acute dose of UVB
(250 J/m2). Cells were lysed at the indicated times following irradiation. UVB induces a robust
increase in phospho-Ser473-AKT phosphorylation in both cell lines. As previously shown (17,
43, 44), UVB induced a rapid induction of AKT phosphorylation, peaking at one hour. The pretreatment of cells with PH-427 for 4 hours abolished this strong increase in phospho-Ser473-AKT
in both cell lines (Fig. 3A). In order to quantify these results and to evaluate the inhibition of
downstream targets of AKT, we used the multiplexed MSD platform for phospho-Ser473-AKT,
phospho-Ser9-GSK3β and phospho-Thr421/Ser424-P70S6-K. The results are summarized in Fig.
3B-D respectively. In both cell lines, PH-427 prevented UVB-induced phosphorylation of AKT.
Downstream of AKT inhibition was only observed in HaCaT for the phosphorylation of P70S6K and not GSK3β .

PH-427 inhibits acute UVB-induced AKT and S6 phosphorylation in SKH-1 mice
PH-427 and its fluorescent derivative NBD-tagged PH-427 (PH-70) are both highly
lipophilic (logP = 7.54 and 6.56, respectively; Table 1S). In order to test the effectiveness of
PH-427 as a topical agent, we examined whether PH-427 could penetrate the skin and evaluated
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its activity on the skin of SKH-1 hairless mice. Thus, a concentration of 20 mg/mL of PH-70 in
0.1 mL acetone was applied topically to the dorsal skin of SKH-1 mice (Fig. 4). The overall
architecture of the mouse skin is shown at 20X magnification and an enlargement of the basal
cells (40X) is represented in Fig. 4A. Treatment of SKH-1 mice with PH-70 showed penetration
of the compound following 4 hours of topical application on the dorsal skin (Fig. 4A). Finally,
inhibition of endogenous phosphorylation of the S6 protein (pS6), the substrate of P70S6-K, was
also observed following 4 hours with PH-70 in the skin of SKH-1 mice (Fig. 4B, panel D
compared to panel B).

In order to test the hypothesis that PH-427 inhibits acute UVB-induced AKT activation in
vivo, SKH-1 mice were pre-treated with a topical dose (20 mg/mL in 0.1 mL acetone) of PH-427
applied to the dorsal epidermis between the forelimbs and hind limbs. An acute UVB exposure
(250 J/m2) was performed 1 hour and 4 hours after treatment with the drug. Mice were then
sacrificed following 1 hour of the irradiation treatment, which was previously determined to be
the peak activation of AKT upon UVB stimulation (17). Three mice per group were used in this
experiment and detection of phospho-Ser473-AKT using Western blotting is shown in Fig. 5A.
Similarly to our in vitro results phospho-Ser473-AKT was up-regulated following UVB exposure
in the skin of the mice as compared to acetone only. Animals that were pre-treated for one hour
with PH-427 showed a marked decrease in UVB-induced phospho-Ser473-AKT, in agreement
with our previous in vitro observations. The pre-treatment for 4 hours with PH-427 did not show
any reduction of AKT phosphorylation (data not shown). Finally, we also noticed a decrease in
total AKT in PH-427 treated epidermis as we did in treated cells (see Figs. 2B). The
quantification of phospho-Ser473-AKT was performed using the MSD platform and the data are
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summarized in Fig. 5B. The results are in agreement with the Western blot presented in Fig. 5A
and demonstrate a statistically significant reduction of UVB-induced AKT phosphorylation in
PH-427 treated mice as compared to control.

PH-427 inhibits chronic UVB-induced skin carcinogenesis in SKH-1 mice
Female SKH-1 mice were exposed to chronic UVB carcinogenesis protocol (Fig. 6A) as
already described in reference (41). The appearance, size and location of the tumors were
tracked throughout the duration of the experiment (26 weeks). The results are summarized in
Fig. 6. The average tumor count by treatment and observation week is graphed in panel B (left
graph) and a statistically significant difference in tumor count between acetone + UVB and PH427 + UVB at week 25 (p=0.0465) is observed. The tumor burden (volume) is represented in the
right graph of panel B. Again, a statistical significance was also achieved at weeks 17-22 and
week 25 when comparing PH-427 + UVB to UVB alone. Interestingly, the time to first tumor
appearance was delayed by 3 weeks in PH-427 + UVB-treated mice when compared to UVB
alone treated-mice. Finally tumor-free survival was graphed (data not shown) and showed no
statistical differences between the two groups. During the duration of the experiment, mice were
healthy and did not exhibit any significant change in their weight (data not shown).
In order to molecularly characterize the UVB-induced skin tumors, pulverized dorsal
skins were analyzed for their content in phospho-AKT and total AKT levels using the MSD
platform (Fig. 6 C). As observed in the HaCaT cells (Fig. 2B) and the acute study (Fig. 5), PH427 reduced tAKT in PH-427-treated cell/mice. The ratio phospho-AKT/tAKT was
significantly reduced in PH-427+UVB as compared to UVB alone or PH-427 alone (Fig. 6C and
7C). Significant reduction of phospho-P70S6-K could only be observed in mice at week 16 (Fig.
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7 B; p=0.02) and not at the end of the study (data not shown). Similarly, mTOR phosphorylation
could be detected using the corresponding MSD plate and was statistically inhibited at 16 weeks
but not at the end of the study (Fig. 7C and Fig. 6D respectively). On the contrary, a significant
but weak activation of phospho-mTOR was observed at the end of the study in PH-427 + UVB
as compared to UVB alone tumor samples (Fig. 7 D), while a reduction in Ki67 positive nuclei
staining was observed in these same samples (Panels A and B).

Discussion
In the skin, a number of signaling pathways are activated upon UVB stimulation but
arguably the most important being the PI3-K/AKT signaling pathway (17, 43, 44) .
Phosphorylation of AKT at Ser473 has been associated with poor prognosis in cancers of the skin
(15). Hence, the development of targeted inhibitors is of great clinical relevance to skin cancer
prevention and treatment. We have developed a novel AKT inhibitor, herein named as PH-427
(36), which binds selectively the PH domain of AKT. Using a competitive binding assay and
SPR spectroscopy, we have demonstrated that the compound exhibits a Ki in the low micromolar
range (36). Anti-tumor activity was shown against several tumor xenografts in scid mice (35,
36). Because AKT has been shown to be induced by UVB (17, 43, 44), we investigated the
possibility whether PH-427 could counteract the effects of UVB thereby prevent UVB-induced
AKT activation.
A recent study by Ming et al., suggested that UVB down-regulates PTEN expression in
HaCaT cells which accounts for the increase in AKT phosphorylation on Ser473 (44). In our
study, the increase in AKT phosphorylation was observed within one hour following an acute
UVB stimulation with 250 J/m2, in agreement with other previously published studies (17). The
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differences between the recently published studies from Ming et al., reside in the amount of
UVB delivered to the cells as well as in the timing for which the phospho-proteins and PTEN
content were analyzed. These differences may explain the variability in the kinetics of AKT
activation. Moreover, in light of these studies, we also investigated the status of PTEN
expression in our cell lines and in our mouse studies and we did not observe any change in PTEN
expression in the experimental conditions described above which could have accounted for the
observed increase in AKT phosphorylation (data not shown).
In this study, we show that as early as 4 hours following the incubation of HaCaT cells
with PH-427 as well as chronic inhibition topical application of PH-427 lead to a decrease in
total AKT (tAKT) expression in keratinocyte cell lines and SKH-1 mouse skin respectively. At
this time, the mechanism(s) for the observed decrease in the expression of tAKT has yet to be
clarified. While there is no clear evidence for the role of dimerization and while crystal
structures of the PH domain of AKT did not reveal the existence of dimers of AKT (45), the
possible formation of dimers has been suggested in several studies (46, 47). The process of
dimerization in general plays a role in regulating the stability and/or activity of a protein. This
has been previously described for RhoA (ROCK) (48) and pleckstrin (49), two other PH-domain
containing proteins. Pertinently, we have obtained preliminary results that support the fact that
the PH domain of AKT is able to form dimers as well as hetero-dimers with the PH domain of
PDK1 in vitro using SPR spectroscopy (Meuillet, personal communication). Thus, we
hypothesize here that by binding to the PH domain of AKT PH-427 may prevent the
oligomerization of AKT and reduce the stability of the kinase, which may lead to a reduction of
total AKT amount in the cells and the mouse skins following PH-427 treatment.
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The phosphorylation at Thr421/Ser424 residues of P70S6-K has been shown by Zhang et al.
to be induced by UVA and this particular phosphorylation site was demonstrated to be a result of
a PI3-K independent pathway (50). The authors show in the same study that the phosphorylation
at Thr421/Ser424 residues of P70S6-K as well as the Thr389 and Ser411 sites are increased upon
UVA treatment in a rapamycin-sensitive manner, suggesting the involvement of mTOR in the
activation of P70S6-K upon UVA. In our study, we show that chronic inhibition of AKT leads
to the inhibition of mTOR and subsequently the reduction in the phosphorylation of P70S6-K
with the reduction of phospho-S6 as shown by IHC at an earlier time point in the SKH-1 mouse.
The significance was no longer observed for mTOR indicating the possibility of a resistance
mechanism, potentially involving IRS-1 as suggested in many reports (51). We hypothesize that
the negative feedback loop resulting from mTOR inhibition may account for the disease
progression after weeks 20-25 (52) . The overall delay in tumor incidence may reflect the
efficacy of the treatment at the earlier times of the study. These results could also suggest that
the combination at later time point of an AKT inhibitor with an mTOR inhibitor, such as
rapamycin, would alleviate the mechanism resistance observed at the end of our study.

In conclusion, PH-427 is a lipophilic AKT PH domain inhibitor that is able to decreased
significantly AKT activity when administered topically on the skin of SKH-1 mice. We have
identified, developed, and characterized a novel inhibitor of AKT that partially prevents acute
and chronic UVB-induced AKT activation in human keratinocytes and in the epidermis of SKH1 mice. Further studies will determine whether the combination studies of PH-427 with mTOR
inhibitors will increase the potency of PH-427 alone. Finally, pharmacokinetic studies were
performed and levels of PH-427 in the blood of the mice did not show significant presence of the
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compound following any of the entire duration of the treatment (data not shown). Ongoing
studies will determine whether a topical formulation of PH-427 is able to prevent overall skin
damage in humans.
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Figure Legends
Figure 1. PH-427 induces apoptosis in HaCaT and HaCaT II-4 cells. (A) Cells are
incubated with DMSO vehicle control (V/C) or 10 µM PH-427 for 4 hours. PARP cleavage is
noted in presence of PH-427, indicating apoptosis in both HaCaT and HaCaT II-4 cells. (B)
Quantification of PARP cleavage was obtained using the MSD PARP plate which recognizes
only cleaved PARP. Note that cleaved PARP is increased in the presence of PH-427 in both cell
types. (C) Apoptosis is measured by a morphological assay. A significant (p<0.001) increase in
apoptosis is noted in both cell lines in the presence of 5 and 10 µM of PH-427. Data are the
means ± SD of 3 separate experiments done with triplicate samples.

Figure 2. PH-427 locates in the cytosol, the perinuclear region, and the plasma membrane
of HaCaT and HaCaT II-4 cells. (A) A fluorescent 7-nitroben-2-oxa-1,3-diazole (NBD)
derivative of PH-427 (PH-70) was added to HaCaT and HaCaT II-4 cells for 4 hours. Cells were
fixed and visualized under a fluorescent microscope (FITC filters). The nuclear stain was
obtained using DAPI. (B) HaCaT and HaCaT II-4 cells were treated with either PH-427 or PH70 at the indicated concentrations (5, 10 and 20 M) for 4 hours. Cells were then stimulated
with IGF (100 ng/mL for 20 minutes) and then lysed. Cells lysates were probed for phosphoSer473-AKT and phospho-Ser9-GSK3β as well as total AKT and total GSK3β. β-Actin was used
as a loading control. PH-427 and PH-70 exhibit similar effects on AKT phosphorylation and the
phosphorylation of its downstream target, phospho-Ser9-GSK3β.

Figure 3. PH-427 inhibits UVB-induced AKT phosphorylation in HaCaT and HaCaT II-4
cells. (A) Representative Western blots obtained from HaCaT cells (left) and HaCaT II-4 (right)
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that were pre-treated for 4 hours with 10 M of PH-427 and then UVB irradiated (250 J/m2).
Cells were lysed after 0, 0.5, 1 or 6 hours following the irradiation. Note that PH-427
counteracts UVB-induced AKT Ser473 phosphorylation in both HaCaT and HaCaT II-4. Total
AKT was also down-regulated mostly in HaCaT cells. (B) Effects of PH-427 in UVB-treated
HaCaT (left) and HaCaT II-4 (right) cells over time on phospho-Ser473-AKT, phosphoThr421/Ser424-P70S6-K and phospho-Ser9-GSK3β. Data are the means ± SD of 2 separate
experiments done with duplicate samples.

Figure 4. PH-70 penetrates through the layers of the mouse skin and inhibits activity in
SKH-1 skin. (A) SKH-1 mouse skin architecture was visualized by a Zeiss microscope at 20X
and an enlargement of the basal layer is shown at 40X. PH-70, the NBD-tagged PH-427 was
applied topically in acetone for 4 hours and immunofluorescence of skin sections was performed.
Note that all skin layers are lighted up with PH-70 indicating the penetration of the compound
throughout the skin layers. (B) SKH-1 mice were treated for 4 hours with acetone (A and C) or
with PH-70 (B and D). Dorsal skins were mounted, and H&E stain (panels A and B) and IHC for
phospho-S6, the downstream target of p70S6-K (panels C and D), a downstream substrate for
AKT, were performed.

Figure 5. Effects of PH-427 on acute UVB-induced AKT activation in SKH-1 animal
model. (A) SKH-1 mice (3 mice/group) were treated and their skin analyzed for phospho-Ser473AKT, AKT and β-actin using Western blotting. Group 1: acetone (0.1 mL acetone); Group 2:
UVB + acetone (0.1 mL acetone); Group 3: PH-427 (20 mg/mL; 0.1 mL acetone) 1 hour prior
UVB exposure; and Group 4: PH-427 (10 mg/mL; 0.2 mL acetone) 4 hour prior to UVB
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exposure. (B) Quantification of phospho-Ser473-AKT/ total AKT using MSD plate. Data are the
means ± SD of 3 mice. The experiment was performed twice.

Figure 6. PH-427 inhibits chronic UVB-induced skin carcinogenesis in SKH-1 mice. (A)
SKH-1 mice (3 representative mice) were treated with UVB and acetone (top) and UVB + PH427 (20 mg/mL; 0.1 mL acetone). The pictures were taken at the end of the 26 weeks-long
experiment. (B) Average tumors count by treatment (left graph) and tumor burden (volume) by
treatment (right graph) are graphed. Data are the means ± SD of 20 mice/group. (C)
SKH-1 mice (20 mice/group) were treated as described in the Materials and Methods section and
their skin analyzed for phospho-Ser473-AKT and tAKT. Quantification of phospho-Ser473-AKT/
total AKT was performed using MSD plates. Data are the means ± SD of 20 mice/group. (D)
Quantification of phospho-Ser2448-mTOR/ total mTOR was performed using MSD plates. Data
are the means ± SD of 20 mice/group.

Figure 7. PH-427 inhibits UVB-induced AKT, P70S6-K, and mTOR activation as early as
16 weeks following chronic treatment. SKH-1 mice were treated with UVB and acetone, PH427 alone and UVB + PH-427 (20 mg/mL; 0.1 mL acetone). At week 16, 4 drop-out mice/group
were sacrificed and halves of the skins were embedded for staining (A) and slides were
quantified for the Ki67 nuclear staining (B). The other halves of the pulverized skins were
analyzed for phospho-AKT and phospho-P70S6-K (C) and phospho-mTOR (D) activation using
the corresponding MSD plates. Data are the means ± SD of 4 mice/group.
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Supplementary Figures and Tables

Figure 1S: Synthesis of PH-70

a

Reagents: (a) PhLi, THF; (b) ClSO3H, CHCl3; (c) 2-amino-1,3,4-thiadiazole, pyridine; (d) aq

CH3NH2, ethanol; (e) 4-chloro-7-nitro-2,1,3-benzoxadiazole, methanol.
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Table 1S. Structures and activities of PH-427 and PH-70
Compound

Structure
H
N

N

PH-427

N
S

Gold Score

LogP

CaCO2
(10−6 cm/s)

Ki
(µM)

pAKT /AKT
(%)

61.97

7.54

0.1

2.4 ± 0.6

41.1 ± 0.1

47.10

6.56

0.7

1.2 ± 0.2

31.5 ± 4.9

O
S

O
C12H25

N N

O

O

S
NH

S

PH-70

(CH2)12NCH3
N
O
N
NO2

Note: Gold score and ADME parameters were determined as described previously (35, 36). Binding
affinities (K) were measured using SPR spectrometry in a direct binding assay (KD) or competition
assay using PI(3,4,5)P3-enriched liposomes (36) (Ki). Phospho-Ser473-AKT inhibition using 10 µM of
the compound was measured as previously described (36).
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Abstract:
Tiam1 (T-lymphoma invasion and metastasis-inducing protein-1) is a highly conserved
guanine nucleotide exchange factor that is over-expressed in many cancers, including prostate
cancer (PCA). Increase in Tiam1 expression is associated with increased metastases and
correlates with poor PCA patient survival prognosis. Analysis of human PCA tissue samples by
immunohistochemistry revealed that Tiam1 expression correlates with recurrence and with
PTEN loss. We have identified 9 compounds that were predicted to bind to the c-terminal
pleckstrin homology (cPH) domain of Tiam1 by in silico screening of our in-house libraries. In
vitro assays revealed that compound TPH-9 significantly reduced the number of lamellipodia,
reproducing the phenotype of PC-3 with silenced Tiam1 expression. TPH-9 reduced the amount
of active Rac1 in PC-3 prostate cancer cells (EC50 = 2.38±0.98 µM) by binding directly to the
cPH Tiam1 with a KD of 2.7±0.2 M as measured by surface plasmon resonance spectroscopy.
TPH-9 prevented wound closure, formation of lamellipodia and invasion of PC-3 cells. Finally,
TPH-9 induced a tumor growth delay in a PC-3 mouse xenograft study (%T/C~39.7) with
acceptable pharmacokinetic properties (t1/2 ~ 1.1 hour and Cmax = 510 ng/ml). Intra-cardiac
injection of PC-3 cells in SCID mice treated with TPH-9 developed significantly less (p=0.02)
pelvic bone lesions than the untreated group.

In conclusion, we have identified a novel

compound, which reduces prostate cancer bone metastasis by binding to the cPH domain of
Tiam1 and inhibiting its cellular functions.

189

Introduction:
Prostate Cancer (PCA) is a heterogeneous disease and the 5-year survival rate for men
whose cancer has metastasized at the time of diagnosis being 27.8%. However, if the cancer is
detected prior to metastasis the 5-year survival rate increases to nearly 100% (1). Currently, it is
impossible to predict at the time of biopsy which tumors will prove fatal through metastatic
dissemination versus those that will remain organ confined for many years (2, 3). It is estimated
that about 20-30% of men in the U.S. develop biochemical recurrent cancer following
prostatectomy (4) and androgen-deprivation therapy (ADT) is the mainstay for systemic
treatment of newly diagnosed PCA. Although most patients respond to androgen suppression by
entering into clinical remission, they often develop more aggressive tumors that are castrationresistant metastatic PCA (CRPCA). PCA metastases to the bone are the major cause of patient
mortality (5). Different therapeutic strategies have been developed to inhibit the primary and
metastatic cancer cell as well as the bone microenvironment including biphosphonates and more
recently Src family kinase inhibitors (6-8). However, there is a major unmet need to develop
targeted drugs for CRPCA skeletal metastases.
PTEN loss is a common molecular event in PCA and CRPCA. The inactivation of the
tumor suppressor PTEN is the most frequent genetic alteration in this disease, and it has a critical
role in prostate oncogenesis, biochemical recurrence, and development of androgen
independence. Deletion or mutation of one PTEN allele occurs in 20-40% of localized cancers
and 60% of metastases (9-11). Loss of PTEN results in PhosphatidyI-Inositol-3-Kinase (PI3K)
activation of downstream pathways, such as Akt, Rac1-Guanine Exchange Factors (GEFs) and
p21-activated kinases (PAK), and the JNK pathways (12-14). Deregulated PI3K signaling
activates Rac1 through Rac-GEFs . PTEN-/- mouse embryonic fibroblasts were found to have
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increased cell migration with a significant increase in Rac1 activity underlying an important role
of GEFs (15).
T-lymphocyte invasion and metastasis (Tiam1) is a Rac1-GEF that is involved in cell
polarity, adhesion, migration, and invasion (15). The structure of Tiam1 is conserved between
vertebrates and the protein contains several structural motifs which are a myristoylated Nterminus, 2 N-terminal PEST domains, an N-terminal pleckstrin homology domain (nPH), a
coiled-coil region with adjacent sequence (CC-Ex), a Ras-binding domain (RBD), a PSD95/DlgA/ZO-1 domain (PDZ) and a catalytic Dbl homology (DH)/C-terminal PH domain (cPH).
Tiam1 is specific to the GTPase Rac1, whereby it can activate p21-activating kinase (PAK1).
Tiam1 also indirectly coordinates interactions with the WAVE2 scaffold (16) and interacts with
the p21-Arc subunit of the Arp2/3 complex leading to cell motility and morphological changes
via actin cytoskeleton rearrangements (17). Lastly, activation of Rac1 and the JNK pathway by
Tiam1 has been shown to promote migration in nuerotrophin-3 induced Schwann cells (18).
Tiam1 has been shown to be over-expressed in PCA where it is an independent predictor of
decreased disease free survival (19).

Finally, over-expression of Tiam1 is associated with

increased metastatic potential in PCA cell lines (15, 20). More recently, Tiam1 was suggested as
a potential therapeutic target for the treatment of metastatic diseases (ref).
Currently, the only known inhibitors for GEFs are Brefeldin A (21), various RNA
aptamers (22) and peptides, as well as NSC23766 (a weak non-specific Tiam1/Rac1 inhibitor)
(23). However, these compounds are limited by either high cytotoxicity or poor cell
permeability, which renders them unsuitable for clinical use. Hence, there is a clear need to
develop compounds targeting Tiam1 in order to impede tumor invasion and metastasis. In the
present study, we demonstrate the use of in silico modeling to identify compounds that bind to
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the cPH domain of Tiam1. The compounds found by this method were further tested by
conventional biochemical and morphological tests, including in vitro experiments on PCA cells
to confirm disruption of Tiam1 activity. The lead compound, TPH-9 was then subjected to a
mouse xenograft model and a metastasis model to validate its activity in vivo.

Materials and Methods
Human PCA tissue staining and cBio portal analysis. Staining for Tiam1 protein with antiTiam1 primary antibody (Santa Cruz Biotechnology, Inc., Dallas TX) was performed on a
Benchmark Ultra automater stainer (Ventana Medical Systems, Inc., Tucson, AZ; VMSI).
Briefly, 3 m thick unstained sections of each study case were cut onto electrostatically charged
glass slides (VWR superfrost slides). The Benchmark Ultra automated stainer includes on line
deparaffinization and antigen retrieval. Anti-Tiam1 Primary antibody was incubated for 32
minutes at 37C. Antigen detection was performed using an OPTIVIEW DAB IHC detection kit
(VMSI), a peroxidase labeled streptavidin-biotin method and a diaminobenzidine chromogen
step. Hematoxylin II (Ventana Medical Systems, Inc.) was used as a counterstain. All
immunohistochemistry scoring was performed using pathology long scores. Each stained tissue
section was then scored for intensity staining on a 0-3 + scale. Kaplan-Meir plots were obtained
from the Memorial Sloan-Kettering Cancer Center study (24) and analyzed using the cBIO portal
(25).

PH domain structure preparation for docking. Molecular docking was employed to study the
interactions between the cPH domain of Tiam1 and small molecule inhibitors. The target crystal
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structure (1FOE) (26)was retrieved from Protein Data Bank (PDB) for docking simulations.
SYBYL (27) was utilized to prepare the protein structures and default parameters were applied
unless stated otherwise. Based on the mutation analysis (28), loop β12 and β34 are involved in
the binding with phosphatidylinositol 3-phosphate (PtdInsP3); Lys-1286 and Arg-1330 are two
residues located on the β12 and β34 loop. In addition, Lys1286Glu mutation causes the loss
PtdInsP3 binding (29)Therefore, the binding site was defined as all residues within 10Å from the
centroid of Lys-1286 and Arg-1330.

Virtual Screening. HiPCDock (30, 31)was employed to screen our in-house database of 10
million compounds to identify novel small molecule inhibitors binding to the cPH domain of
Tiam1. The 3D structures of these small molecules were obtained using MOE (32) by adding
hydrogen atoms and calculating the protonation state of ionizable groups. The structures were
then subjected to energy minimization using the MMFF94s force field with 0.05 kcal/mol as the
threshold for the root mean square gradient.

Expression of recombinant cPH of Tiam1P. Recombinant mouse Tiam1 cPH domain amino
acids 1261-1397 (UBI/Millipore, Charlottesville, VA) was cloned by PCR into EcoRI/Not1 sites
in pET-30b+ inducible bacterial expression plasmid (Novagen, Gibbstown, NJ) and transformed
into BL21(DE3) E. Coli. Expression and purification of the protein was performed as described
in reference (33).
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Chemical synthesis of TPH-9. TPH-9 was synthesized as previously described in the
Supplemental Data that accompanies reference (34).

Surface plasmon resonance (SPR) spectroscopy binding assays. All interaction analyses
were performed with a Biacore 2000, using the Biacore 2000 Control Software v3.2 and
BIAevaluation v4.1 analysis software (Biacore, Piscataway, NJ) as described in reference (33).

Lentiviral Particle and Stable Cell Line Generation. PC-3 cells were transfected with Tiam-1
shRNA lentiviral transduction particles according to the manufacturer's instructions (SigmaAldrich, Saint Louis, MO). Two independent shRNA sequences in pLKO.1 expression vector
were used to transfect the cells resulting in creation of two cell lines called GS-1 and GS-2. The
GS-1

cell

line

was

created

from

construct

TRCN0000256946

(CCGGGTTGGTCGAATTGTCTTAGAACTCGAGTTCTAAGACAATTCGACCAACTTTTT
G)

and

the

GS-2

cell

line

from

construct

TRCN0000018357

(CCGGCCTGAGGATGCGGATATAGATCTCGAGATCTATATCCGCATCCTCAGGTTTTT
G). As a control, an empty pLKO.1 vector was used to transfect the PC-3 cells. All resulting
GS-1, GS-2 and control cells were selected from a single cell colony for each particular construct
and puromycin (2 µg/ml) was used as a selective agent since the pLKO.1 vector contains the
region for resistance to puromycin.

Cell culture and drug treatments. Human PC-3, LNCaP and DU145 prostate cancer cells were
obtained from the American Type Culture Collection (Rockville, MD). PC-3 cells were
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maintained in bulk culture in Dulbecco’s modified Eagle medium/F12 (DMEM/F12), LNCaP
were maintained in RPMI-1640, and DU145 maintained in DMEM. Each respective complete
media was supplemented with 10% heat-inactivated fetal bovine serum (FBS), 4.5 g/L glucose,
100 U/mL penicillin and 100 g/mL streptomycin in a 5% CO2 atmosphere. Cells were passaged
using 0.25% trypsin and 0.02% EDTA. Cells were confirmed to be mycoplasma free by testing
them with an ELISA kit (Roche-Boehringer Mannheim, Indianapolis, IN). The cell lines were
authenticated by our Shared Core Facility. Drugs were freshly prepared in DMSO at a stock
concentration of 20 mM and then added at various concentrations (as indicated in the figures
and/or figure legends) directly into the culture media of the cells.

Lamellipodia forming assay. Glass coverslips were sterilized with 100% EtOH and placed in
6-well plates. PC-3 cells, pKLO.1, GS-1 and GS-2 cells were plated at 3000 cells/well and
allowed to adhere overnight. Cells where then serum starved for 48 hours, then treated with
TPH-9 for 12 hours, and stimulated with 20% FBS for 30 minutes. Coverslips were then
removed from the plates, washed twice with cold PBS, and fixed with 3.7% paraformaldehyde
solution in PBS for 10 minutes. Cells were then permeabilized using 0.1% Triton X-100 for 5
minutes. Cells were stained with rhodamine phalloidin (InVitrogen, Carlsbad, CA) for 20
minutes using the supplied protocol. Coverslips were then air-dried and mounted using ProLong
Gold with DAPI (InVitrogen) and stored at 4ºC. Cells were visualized at 40X using Olympus
Bx-50 microscope with the CellSens imaging software.

Rac1 activation assay. Rac1 activity was determined by the colorimetric G-LISA Kit BK128
(Cytoskeleton, Inc, Denver, Co). Briefly, PC-3 (PC-3, pKLO.1, GS-1 and GS-2 cells), DU 145

195

and LNCaP cells were grown to 75% confluence and then serum starved for 48 hours. Drugs
were then added for 4 hours and cells were stimulated with 50 ng/mL hHGF (Gibco Life
Sciences, Carlsbad, Ca) for 2 minutes. Cells were then lysed and harvested as described in the
kit-supplied protocol. Protein concentration was normalized to 1.0 µg/µl. Plates were read in an
absorbance spectrophotometer at 490 nm at 24ºC with 5 s medium orbital shaking. Data were
analyzed as described in the supplied protocol.

Migration wound closure assay. PC-3 (PC-3, pKLO.1, GS-1 and GS-2 cells), DU145 and
LNCaP cells were grown in six-well plates in the presence of 10% FBS. Once the cells formed a
monolayer, near confluency, a wound was done manually with a sterile 1000 μL pipette tip in the
center of each well. Cells were treated with vehicle alone (DMSO) or 10 µM of compound TPH9 and were grown in the presence of 2% FBS. After 18 hours, the migrating cells were
photographed. The wound closure was quantified by measuring the distance between the two
sides of the wound.

RNA Extraction and Quantitative Real-Time Reverse Transcriptase Polymerase Chain
Reaction (RT-PCR). RNA extraction from all isogenic variants was performed using RNAeasy
kit (Qiagen, Valencia, CA). Human Tiam1 (Hs.517228) and GAPDH (Hs99999905_A1)
primer/probes were bought from ABI (Applied Biosystems, Branchburg, NJ). cDNA was
synthesized from 500 ng of total RNA in a 50 µl reaction with master mix containing 10xRT
buffer, 5.5 mM MgCl2, 2 mM dNTPs, 2.5 μM random hexamers, 2 Units of RNase Inhibitor and
62.5 Units of Multi Scribe Reverse Trascriptase. All MasterMix reagents were purchased from
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ABI (Applied Biosystems, Branchburg, NJ). Reactions were performed in MJ Thermocycler
PTC-200 (MJ Research, Inc., Watertown, Massachusetts) at 25°C for 10 minutes, 48°C for 30
minutes and 95°C for 5 minutes. 2 µl of 5 ng/µl cDNA was then used to amplify the human
Tiam1 sequence. The conditions for PCR reactions were: 10 minutes at 95°C followed by 15
seconds at 95°C, 1 minute at 60°C for 40 cycles by using an ABI7000 real-time PCR machine
(InVitrogen). PCR amplification of the human GAPDH was used to verify the quality of the
cDNA. Non-template controls were included on each PCR plate. Tiam1 levels were normalized
to the GAPDH control. Amplification plots were generated and the Ct value (cycle number at
which fluorescence reaches threshold) were recorded.

Cell cytotoxicity assay. A standard 96-well micro-cytoxicity assay was performed by plating
cells at 5,000-10,000 cells/well (depending on cell doubling time) for a growth period of 4 days.
TPH compounds were added directly to the media of PC-3, DU145 and LNCaP cells, dissolved
in DMSO at various concentrations ranging from 1 to 200 M.

The endpoint was the

spectrophotometric determination of the reduction of 3-(4,5-dimethylthiazol-2-yl)-2,5diphenyltetrazolium bromide as described previously (33).

Colony formation assay. PC-3, LNCaP and DU145 cells were plated at 1000 cells/well into
standard 6-well plates (3.5 cm) in the presence of complete media. The next day cells were
drugged at increasing concentrations ranging from 1 to 50 µM in triplicate wells. Cells were
viewed twice weekly to check for colony growth and confluence. Media and respective drugs
were carefully replaced every three days. At day 12, media was aspirated and resulted colonies
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were stained with crystal violet (0.5% w/v) dissolved in ethanol for one minute, washed with
water, and air dried as already described in reference (36). The resulting colonies were counted
utilizing an Optronix Colony counter using ColCount software (Oxford Optronix Ltd, UK). The
results represent an average of two independent experiments, each run in triplicate.

Matrigel invasion assay. PC-3 cells were pre-treated with DMSO vehicle control or with drug
for 4 hours in T-25 flasks. Then, 50,000 cells were then plated into the upper chamber that has
been pre-coated with Matrigel (BD Sciences, San Jose, Ca) in the presence of drug or DMSO
and serum-free media. The bottom well contained complete media including 10% FBS and 0.5%
BSA as chemoattractants. After 24 hours, the upper chambers were removed, and any remaining
cells within the insert were wiped with a cotton swab. Invading cells were then stained with 2%
crystal violet in 20% methanol. Cells were then counted using a Zeiss stereomicroscope at 20x
power. 10 random fields were counted. The results represent an average of two independent
experiments, each run in triplicate.
Pharmacokinetic study. All studies involving animals were conducted in accordance with U.S.
Public Health Service/U.S. Department of Agriculture guidelines and experimental protocols
were approved by The University of Arizona Institutional Animal Care and Use Committee.
C57Bl6 mice (3 mice/time point) received a single i.p. dose of TPH-9 of 10 mg/kg suspended in
0.2 mL of 0.1% Tween-20 in 0.9% NaCl. Mice were killed by CO2 inhalation after 1, 4, 6, 12 or
24 h, blood was collected into heparinized tubes, and plasma was stored frozen. Plasma levels of
TPH-9 were measured by reverse phase high-pressure liquid chromatography as previously
described (33).
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Anti-tumor activity. Approximately 1x107 PC-3 cells in log cell growth suspended in 0.1 mL
PBS were injected s.c. into the flanks of female severe combined immunodeficient (scid) mice.
When the tumors reached volumes of approximately 150 mm3, the mice were stratified into 2
groups of eight animals having approximately equal mean tumor volumes.

TPH-9 was

suspended in 0.2 mL of an aqueous solution containing 2.5% ethanol and 20% Trappsol

®

(Cyclodextrin Technologies Development Inc.) by i.p. injection at a dose of 100 mg/kg twice a
day for 3 d. The animals were weighed weekly. Tumor diameters, measured twice weekly at
right angles (dshort and dlong) using electronic calipers, were converted to volume by the formula,
volume = (dshort)2 × (dlong)/2 (37).
Prostate cancer bone metastasis inhibition. Approximately 5x105 PC-3 prostate cancer cells
in log cell growth were introduced by intracardiac injection in female scid mice. After 1 week,
the mice were stratified into a control group containing 4 animals and a drug group containing 5
animals, and .05 mL of DMSO or compound TPH-9 suspended in .05 mL DMSO was
administered at a dose of 75 mg/kg once a day, ip for 5 d. The animals were weighed weekly to
monitor general health. By day 21, 3 animals remained in both the control and drug group, and
were imaged with Siemens’ Inveon (Siemens Medical Solutions USA, Inc., Knoxville, TN)
micro computed-tomography (µCT) to quantify bone metastasis to the vertebrae and lower
extremity long bones. During imaging, mice were anesthetized with 4% isoflurane gas at 1
L/minute oxygen flow and sedation was maintained during imaging with 1.5% isoflurane gas at
0.5 L/min oxygen flow. Mice were oriented in a supine position in the scanner. A scalar linear
attenuation coefficient in Hounsfield Units (HU) was applied to each dataset to facilitate
thresholding for inter-scan comparisons. Analysis of µCT data was conducted by averaging the
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number of lesions within groups based on the maximum projection intensity images and
confirmed by axial slice images and 3D reconstruction renderings.
Statistical analyses. Data are presented as mean±S.E. statistical analyses (Student's two-tailed ttests) were performed using Stata software (Stata Corporation, College Station, TX).

Results:
Tiam1 expression correlates with PTEN loss in the primary tumor and the metastases of a
subset of PCA tumors. In this study, we investigated the potential role for Tiam1 in CRPCA.
We performed immunohistochemistry on human PCA tissue samples for Tiam1 (Fig. 1).

Our results revealed that Tiam1 expression correlates with capsular penetration and
aggressiveness of the tumors. Tiam1 expression also correlates with PTEN loss and with
recurrence.

Kaplan-Meir plots issued from the Memorial Sloan-Kettering Cancer Center

(MSKCC)

study

analysis

(24)and

analyzed

through

the

cBIO

portal

(http://www.cbioportal.org/public-portal/) (25)showed an association and correlation of XX and
% between PTEN loss and Tiam1 over-expression in both primary (Panel C) and metastases
(Panel D) PCAs.

In Silico screen for compounds that bind to the cPH domain of Tiam1. In our previous
studies, GOLD docking and its scoring function were reported to be the best combination for the
analysis of PH domain-small molecule inhibitor interactions (33). Therefore, the GOLD docking
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engine integrated in our HiPCDock® was employed for virtual screening. The Tiam1 protein was
treated as rigid and the flexibility of the ligand was explored. Internal hydrogen bonds were
included to restrict the flexibility, and no early termination was allowed. Other default docking
parameters were applied. After virtual screening, chemical diversity analysis was conducted for
the top 5,000 hits using MOE and the best-scored hit from each cluster was selected for the
second round docking with flexible target. The top 100 hits were visualized to inspect the
binding mode and protein-ligand interactions. Also taken into consideration were the physicochemical properties of the compounds to predict potential “drug-likeness” (38).

We used

Lipinski’s “Rule of Five” which takes into account a molecule’s molecular weight, the LogP, and
its ability to accept and donate hydrogen atoms in the formation of hydrogen bonds. In general,
our potential top list of compounds fit within the criteria. By considering structural diversity,
docking scores and ligand binding poses, and some of the ADMET properties such as Caco-2
permeability, we selected the top 9 compounds for biological testing (Table 1S).

Analysis of the cPH domain of Tiam1 and binding characteristics of the 9 hit compounds.
The protein surface of the Tiam1 cPH domain was characterized using the Site Finder module in
MOE (28). The region between loop β12 and β34 was determined as the best potential site for
the ligand binding (Fig. 1S). This is in agreement with published mutagenesis reports stating
that loop β12 and β34 are involved in the binding with PtdInsP3 . The defined active site of
Tiam1 cPH domain was used for hit identification via high-throughput virtual screening. Surface
Plasmon Resonance (SPR) spectroscopy was used to validate our in silico predictions. The
results for the 9 hits are compiled in Table 1S. Several compounds such as TPH-1, TPH-2,
TPH-6 and TPH-9 exhibited a strong binding to the cPH domain of Tiam1 with a K D in the
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micromolar range. Three of these compounds were sulfonamides. Interestingly, these results
correlated well with a low GOLD score. Compounds with a GOLD score higher than 57 (except
TPH-6), were shown to bind to the cPH domain of Tiam1.

In vitro validation of hits. The top 9 compounds where then tested in vitro to assess their ability
to reduce the levels of active Rac1 (Fig. 2), to reduce lamellipodia formation, to reduce
migration, and to reduce invasion in PCA cells (Figs 3-4 and 3S). In the Rac assay, only TPH-9
reduced the levels of active Rac, as compared to basal levels after stimulation with 50 ng/mL of
hHGF for two minutes (Fig. 2) with an IC50= 2.38 ± 0.98 M (Fig. 3D). TPH-9 exhibited a good
ability to inhibit cell proliferation in PC-3 cells (EC50 = 33.30 ± 6.93 M), and in LNCaP and
DU-145 PCA cells as determined by MTT (Table 2S). From these results, we determined TPH9 to be a valid hit to pursue. A deeper analysis of the binding interactions characteristics of the
compound TPH-9 within the cPH domain of Tiam1 was thus conducted and is shown in Fig. 3A.
The 4-N atom on the thiadiazole ring of TPH-9 interacts with Arg-1330 via a hydrogen bond
while charge-charge interactions are involved with the phenyl and thiadiazole group of Arg-1330
(Fig. 3A). The isobutyl group contributes to the binding via hydrophobic interaction with Phe1331 and Tyr-1304. Biochemical analysis of the direct binding of TPH9 to the cPH domain of
Tiam1 was then performed using bacterially expressed and purified cPH of Tiam1 and SPR
spectrometry as described previously by us in reference (33). TPH-9 exhibits a KD = 2.7 ± 0.2
μM (Table 1S and Fig. 3B) with a Ka×10-3 = 347 ±173 M-1s-1 and a Kd ×10- 6 = 7.92 ±0.09 s-1.
These on- and off-rates represent good binding characteristics for a small molecule drug
candidate.
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The small GTPase Rac1 is a key inducer of lamellipodia (39).

Characterization of the cellular effects of TPH-9 in prostate cancer cells. As reported
previously, inhibition of Tiam1 and subsequent inactivation of downstream signaling proteins
leads to reduced actin cytoskeleton rearrangements resulting in decreased cell motility (40).
Near-to-confluent PC-3 cells exhibited a significant inability to close a wound introduced by
scratching after 18 hours when treated with 10 µM of TPH-9 (Fig. 4A). Similarly, Tiam1 shRNA
clone 1.2 was unable to close a scratch-induced wound (Fig. 4A), which suggests that TPH-9 treated cells and Tiam1 knockdown cells may have reduced motility in two dimensions through a
similar mechanism.

The characterization of the Tiam1 knockdown cells is summarized in

Figure 2S.
To determine the cellular effects of TPH-9 on the abilities of lamellipodia formation and
invasion in response to 20% FBS, we conducted assays for lamellipodia formation, and cell
invasion for PC-3 control, PLKO.1, GS-1 and -2 and PLKO.1-treated with TPH-9 cells. In order
to test our hypothesis, cells were stained with rhodamin phalloidin and then analyzed for
actin/cytoskeleton formations, such as lamellipodia. Treatment of PC-3 cells with 10 µM of
TPH-9 significantly reduced the frequency of lamellipodia formation after stimulation with 20%
FBS (Fig. 4B). A similar effect was seen in Tiam1 shRNA clone 1.2. Thus, the observed
reduction in cellular motility in TPH-9 treated cells and Tiam1 silenced cells may be the result of
f-actin disruption and reduced frequencies of lamellipodia formation. We next tested whether
TPH-9 affected invasion of PC-3 through Matrigel-coated transwells. PC-3 cells treated with
10µM of compound TPH-9 exhibited reduced invasion in Matrigel invasion assay by 72.1 ± 9.6
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% (Fig. 4C) and comparatively, Tiam1 silenced cells exhibited a reduced invasion potential
(47.1 ± 5.1% as compared to control cells). Finally, TPH-9 was able to reduce the colony
forming abilities of PC-3, DU145 and LNCaP cells with IC50=12.8±3.4 M, 12.1±2.1 M and
15.7±6.3 M respectively. Taken together, these results demonstrate that, at concentrations
close to 10 M, TPH-9 reduces the cells capacities to migrate and invade with low toxicities
(>30 M).

Potential mechanism of action of TPH-9. In order to better characterize the mechanism of
action of TPH-9 on the migration and invasion properties of PC-3 cells, we investigated the
effects of TPH-9 on E and N-cadherin (Fig. 5). We analyzed whether our Tiam1 inhibitor, TPH9 would affect the transcriptional activity of the Epithelial-to-Mesenchymal (EMT) markers; Ecadherin (CDH1) and N-cadherin (CDH2). In PC-3 cells, which express both E-CDH and NCDH, a luciferase reporter gene assay (41) was used to evaluate our lead compound. Importantly,
TPH-9 inhibits the transcriptional activity of N-CDH reporter and enhances the activity of the Ecadherin luciferase reporter.
Finally, we also investigated expression of other GEFs in normal and PCA cell lines and
a select panel of other cancer cell lines for selectivity purposes (Fig 2S, Panel D and Fig 4S).
Levels of Tiam1 RNA were highly increased in MDA-MB-231 and moderately increased in
MCF-7 over HMEC cells.

In each instance, levels of Tiam1 corresponded to increased

metastatic potential as previously reported (15, 42). Figure 4S summarizes the expression profile
of Tiam1 (Panel A), of ECT2 (Panel B) and Vav3 (Panel C) of fig. 4S. Interestingly, the
transcript levels of both ECT2 and Tiam1 were similar in the cells tested by RT-PCR. Tiam1
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and ECT2 were highly expressed in DU-145, to a lesser extent in PC-3 and with very low levels
in LNCaP cells. On the contrary, Vav3 expression was shown to be much higher in PC3M as
compared to DU-145, with low expression levels in LNCaP cells.

In vivo activities of TPH-9. Early pharmacokinetic studies showed that plasma levels of TPH-9
following po administration to mice at a dose of 15 mg/kg was best described by a two
compartment open model (Fig. 6A). Absorption was rapid, without a lag phase and Cmax was
510 ng/mL was reached within 2 h following dosing. TPH-9 terminal half-life was 1.1 h. The
concentration achieved in the blood was calculated to be close (1.07 M) but lower than the IC50
for Rac1 inhibition (2.38 M) and order of 10 fold lower than the concentration to reduce
invasion and migration of cells (~ 10 M). Taking in account these early pharmacokinetic
properties of TPH-9, we evaluated the anti-tumor activity of the compound in PC-3 mouse
xenografts (Fig. 6B).

TPH-9 given ip at 100mg/kg 3 consecutive days/week exhibited a

significant inhibition of tumor growth with a ratio of the tumor/control (%T/C) of 39.7.
Statistical significance was achieved with p=0.04 at day 7 and p=0.06 at day 8 as compared to
controls.
Intra-cardial injection of prostate PC-3 cancer cells in mice has been shown to provide an
effective and reliable model for the production of bone metastases (43). We used this animal
model to test the effects of TPH-9 in the prevention of prostate cancer bone metastasis.
Following cardio-injection of PC-3 cells, mice were treated with 75 mg/kg of TPH-9 once a day
for 5 days. TPH-9-treated mice developed less pelvic bone lesions than the untreated group at
day 21. This decrease was statistically significant (p<.02) (Fig. 6C). Also, TPH-9 treated mice
lived longer, on average, than the untreated group with no change in body weight (data not
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shown). The average survival for the time frame of this study was 27.8 and 23.4 days for TPH-9
treated animals and untreated vehicle control animals, respectively (data not shown).

Discussion
Due to its role in actin cytoskeleton rearrangements, Tiam1 may be an attractive target
for the inhibition of metastasis in a variety of cancer types, including prostate cancer.
Considering its potential important role in cancer metastasis, there is a clear unmet need to
develop novel chemotherapy for the treatment and/or the prevention of metastasis. Our previous
work in the development of novel small molecules targeting the PH domain of AKT has
demonstrated a proof-of-concept in utilizing this strategy for the discovery and development of
inhibitors of Tiam1. In this study, we have identified a small molecule compound, TPH-9, which
inhibits the activation of Rac1 via targeting the GEF function of the Tiam1 at low micromolar
concentrations in prostate cell lines, reduces cell migration and invasion and exhibits the
potential to reduce metastasis in mouse models.
A virtual screen of both an internal and in-house-curated libraries yielded over 1000
compounds. The top 100 hits were ranked, of which 9 compounds were synthesized or purchased
based on selection criteria including ADMET properties and other druggable characteristics.
Further testing revealed one potential hit compound, herein named TPH-9. Docking models
predicted that TPH-9 interacts with the cPH domain of Tiam1 forming a hydrogen bond with
Arg-1330 and having hydrophobic interactions with Phe-1331 and Tyr-1304. This is significant,
as the natural ligand of the cPH domain of Tiam1, PtdInsP3, also utilizes these amino acids for
binding. Although the binding affinity of TPH-9 to the cPH domain of Tiam1 was lower than
expected by the in silico prediction, the Dbl family member of GEFs typically have low binding
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affinities to their target PtdInsP3, suggesting that even a slight disruption of the DH-PH domain
can be sufficient enough to reduce GTPase activation and hence cell motility (28).
TPH-9 caused a significant delay in the ability to heal a wound, and elicited a pronounced
defect in the formation of lamellipodia and profound reduced invasion as measured by Matrigel
invasion assays. The role of Tiam1 in metastasis has been shown to be dependent on cell type
and how advanced the tumor progression has evolved (15). Our in vivo studies have shown that
TPH-9 exhibits anti-metastatic properties against intra-cardiac injected prostate PC-3 cells in
mice. The number of pelvic bone lesions and the Kaplan-Meier survival plot suggests a
therapeutic effect. Thus, further tests are needed to determine whether this effect is due to a
delayed onset of metastasis, a reduction in the invasiveness of the cancer, or the compound’s
ability to prevent tumor initiation. Our µCT results suggest that non-invasive imaging is an
outstanding method for longitudinally monitoring bone metastases. Overall, our results show a
promising first step in the development of drugs to inhibit cancer metastasis.
In conclusion, we have used in silico modeling for the identification of small molecule
compounds targeting cPH domain of Tiam1. This study demonstrates proof of principle in
actively using in silico modeling in drug discovery and drug development. The compounds found
by this screen inhibited Tiam1 GEF function and subsequent activation of its downstream
targets. Results of a preliminary in vivo study showed that compound TPH-9 reduced metastasis
and increased survivability in prostate cancer cell cardio-injected in mice. Ongoing studies
include the determination of the pharmacodynamics and pharmacokenetics of this lead
compound and its’ testing in different metastatic mouse models, as well as development of the
lead compounds to increase selectively and bioavailability.
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Figure Legends:
Figure 1: Tiam1 is over-expressed in prostate cancers, correlates with PTEN deletion and
poor prognosis. Panel A, Tiam1 localization in primary human PCAs tissue samples. (A) low
grade 3+3, 20X; (B) 40X magnification of 3+3 showing localization at cell-cell junctions (note
arrow); (C) high grade 4+4; (D) mixed tumors 3+ and 4+. Panel B represents the quantification
of the staining from the representative samples shown in Panel A. Panels C and D, Kaplan-Meir
plots obtained from the cBIO portal (25)from the data obtained from the study referenced in
(24). The gene set, PTEN and Tiam1 which was analyzed in human primary tumors (176 cases,
Panel C) and in human metastases tissues (37 cases, Panel D). If both genes are altered in both
primary and mostly in metastases, patients exhibited a worse prognosis.

Figure 2: Screen for Rac1 inhibition. A cellular screen of all hit compounds was conducted
using the GLISA Rac1 activation kit. PC-3 cells were drugged for 4 hours at 10 µM
concentration with compounds TPH-1 to TPH-9 or vehicle DMSO control (-). Cells were then
stimulated with 50 ng/mL of hHGF for 2 minutes (+). TPH-9 (indicated by red arrow) showed
the most pronounced and significant reduction of active Rac1. *, for p=0.05; data are the means
of 2 separate experiments in duplicates.

Figure 3: TPH-9 binds to the cPH domain of Tiam1 and inhibits Rac1 activity. Panel A,
Docking model of TPH-9 in the cPH domain of Tiam1. The isovolume of Tiam1 PH domain
(PDB 1FOE) was generated using GRID and displayed in a red, magenta and green surface for
the H-bond acceptor (-3.6 kcal/mol), the H-bond donor (-7.3 kcal/mol) and hydrophobic (-2.5
kcal/mol) probes, respectively. The critical residues are labeled around the isovolume surfaces.
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The dash lines represent hydrogen bonds between protein and inhibitors. Panel B, SPR
sensorgrams for the binding of increasing concentrations of TPH-9 to the cPH domain of Tiam1.
The concentrations of TPH-9 ranged from 0.5 M for the lowest curve to 20 M for the top
curve.

Concentrations tested were 0, 0.1, 1.0, 5.0, 10.0 and 20.0 M. Panel C, Structure and

relevant chemical characteristics of compound TPH-9. MW, for molecular weight; GS, for Gold
Score and Pe, for permeability. Panel D, Inhibition of Rac1 activity by increasing concentrations
of TPH-9 in PC-3 cells. PC-3 cells were treated with TPH-9 at the indicated concentrations for 4
hours and stimulated with 50 ng/mL of hHGF for 2 minutes. The calculated IC 50 was determined
to be 2.38±0.98 µM. (-) indicates non-stimulated control cells and (+) for stimulated cells with
50 ng/mL of hHGF for 2 minutes. Data are the means and error bars are the SE. The graph
represents the average of at least 2 separate experiments performed with duplicate samples. **,
for p=0.01 and *, for p=0.05

Figure 4: TPH-9 inhibits motility, lamellipodia formation and invasion of PC-3 cells. Panel
A represents a representative of the wound channel which was introduced to near-to-confluent
non-treated or treated PC-3 cells with 10 µM TPH-9, pKLO.1 mock-transfection control cells,
and shRNA cell line 1.2 (GS-1). Cells treated with TPH-9 and GS-1 cells exhibited a significant
inability to close the wound as quantified in the graph. Data represents the means and errors are
SD of two separate experiments in triplicate. **, for p=0.01 and ***, for p = 0.001 Scale Bar
20 μm.

Panel B is a representative picture of PC-3 cells and GS-1 treated as indicated, then

stimulated with 20% FBS for 20 minutes to induce lamellipodia formation and stained with
rhodamin phalloidin. Individual lamellipodia were counted in a minimum of 10 cells in each
respective group and statistical analysis was performed using a Student’s t-test. A marked
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reduction of lamellipodia formation was observed in PC-3 cells treated with 10 µM TPH-9 and
GS-1 cell line. Data are the means and error bars are the SD of two separate experiments in
triplicates, with **, for p=0.01 . Scale Bar 20 μm. Panel C, pKLO.1, pLKO.1 treated with 10
M TPH-9 and GS-1 cells were allowed to invade through matrigel-coated transwell plates.
Invading cells were stained and counted at 20x power. TPH-9 treated cells and GS-1 cells
exhibited a significantly reduced amount of invading cells relative to pKLO.1 cells. Data are the
means and error bars are the SD values of XXXX experiments with **, for p= 0.01 ***, for p=
0.001.

Figure 5: TPH-9 restores E-Cadherin and decreases N-Cadherin gene expression in PC-3
cells. E-cadherin promoter (CDH1-Luc, black bars) and N-cadherin (CDH2-Luc, open bars)
were transiently transfected in PC-3 cells.

Figure 6: Pharmacokintetic properties of TPH-9, tumor growth delay and hip bone
metastasis inhibition by TPH-9. Panel A, Pharmacokinetics of TPH-9 in C57Bl6 female mice.
Mice were administered TPH-9 at 15 mg/kg po suspended in 0.1% Tween-20 in 0.9% NaCl.
Values are mean of 3 mice per time point and bars are the SE. Panel B, antitumor activity of
TPH-9 in PC-3 mouse xenografts. SCID mice with 100 mm3 s.c. PC-3 prostate cancer xenograft
were treated with vehicle (●) or with compound TPH-9 (○, 100 mg/kg in DMSO) by i.p.
injection once a day for 3 days during 2 cycles (arrows). Data are the means of eitth mice per
group; bars are the SE. **, p=0.06 and ***, p=0.04 compared to vehicle control. Panel C,
Intracardial injection of PC-3 cells was conducted in mice treated with vehicle control or treated
ip with 75 mg/kg of TPH-9 for 5 days. At day 22, the number of hip bone lesions was
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significantly reduced in mice treated with TPH-9 (*, p=0.02). A representative picture of hip
bone metastasis is shown in the insert.
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Creation of Tiam1 knockout cell lines in PC-3 prostate cancer cells. The qPCR analysis of PC-3 cell lines
revealed that Tiam1 is over-expressed (Figure 3S, panels A and B). In order to test the role of Tiam1 overexpression in PC-3 cells’ characteristically aggressive metastatic behavior, we created a series of PC-3 cells that
have been lentivirally transduced with shRNA against Tiam1. Two of the PC-3 shRNA gene sequences, GS-1
and GS-2, exhibited excellent Tiam1 RNA silencing as verified by qPCR while an empty vector control,
pKLO1, did not reduce Tiam1 RNA (Fig. 3S, Panel A). Additionally, Western Blot analysis of the shRNA
clones revealed that clone 1.2, a monoclonal colony harboring the GS-1 sequence, showed almost complete
knockdown of Tiam1 at the protein level (Fig. 3S, Panel C). Lastly, because Tiam1 is a specific GNEF for the
GTPase Rac1, we have used active Rac1 as a marker for Tiam1 activity. We tested our shRNA clones for Rac1
activation by stimulating with human hepatocyte growth factor (hHGF). Clones 1.2 and 2.7 exhibited a minimal
reduction of activated Rac1 as compared to parent PC-3 cells and the vector-only control (Fig. 3S, Panel D).
PC-3 PCA cells exhibit an over-expression of several other Rac-specific GNEFs, including VAV3. Hence, we
surmise that levels of activated RAC1 may be compensated by other Rac-GNEFs in the absence of Tiam1.

Legend of Supplemental Figures:
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Figure 1S: Isovolume of TIAM1 PH domain. Red, magenta and green surface represents H-bond acceptor, Hbond donor, and hydrophobic probes, respectively. The binding site located by MOE Site Finder is
demonstrated by alpha spheres (grey), in agreement with reported mutagenesis data.

Figure 2S: shRNA clones targeting Tiam1 and levels of Tiam1 RNA in various cancer cell lines. PC-3
cells were transduced via lentivirus to stably express either empty vector control (pKLO1), or TIAM1 gene
sequence 1(GS-1) and gene sequence 2 (GS-2). Monoclones of each gene sequence were isolated, denoted
shRNA clone 1.1, 1.2, and 1.3 from GS-1, and 2.3, 2.6, and 2.7 from GS-2. Panels A and B, Tiam1 knockdown
was verified by RT-PCR and PCR products were run on agarose gel. Panel C, Knockdown of Tiam1 was also
verified by Western blot. Panel D, levels of Tiam1 RNA were analyzed in various cells lines by RT-PCR.

Figure 3S: TPH-9 reduces formation of colonies in LNCaP, PC-3, and DU 145 cell lines. Cells were plated
in 6-well plates at 1000 cells per well in the presence of TPH-9 at the indicated concentrations and allowed to
growth for 12 days as described in material and methods. Data are the means and the errors are the SE of 2
separate experiments performed in triplicates. *, for p=0.05

Figure 4S: Expression of other GEFs in prostate cancer cell lines. RT-PCR analyses was performed on cell
lines PrEC, RWPE1, Du145, LnCAP, PC3, and PC3M. Cell lines were probed for levels of RhoGEFs TIAM1,
ECT2, and VAV3. Corresponding levels of mRNA expression were normalized to GAPDH.
Figure 5S: Rac1 activity in LnCAP and Du145 prostate cancer cell lines. LnCAP and Du145 cell lines
were treated as previously described with 10 µM concentration of compounds TPH-3 and TPH-10. Rac1
activity was assessed by GLISA Rac1 Activation Assay. Data are the means and the errors are the SE of 2
separate experiments performed in duplicates.
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Table 1S: Table of potential hits from the in silico screen. Compounds TPH-1 to TPH-9 were discovered

during the in silico screen as described in the materials and methods section. They were ranked according to
their predicted binding to the cPH domain of Tiam1 (Gold Score). KD and Ki were measured by SPR as
previously described in ref [32]. CPDS, compounds; MW, molecular weight; Pe, permeability; NB, not binding
(KD>100M).
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Table 2S: Inhibition of prostate cancer cells proliferation by TPH compounds. Cells were allowed to grow

for 4 days in presence of increasing concentrations of the respective compounds. A standard 96-wel microcytotoxicity assay was performed. Values are the IC50 (M). Data are the average and errors are SE an average
of two independent experiments, each run in quadruplicate. CPDS, compounds; NI, inhibitory and IC50 > 100
M; NT, not tested.
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9.65±0.70

119.28±0.26

25.61 ± 5.99

45.78 ± 5.56

TPH-8

13.06±2.08

39.79±3.71

NT

39.38 ± 7.94

31.20 ± 11.33

TPH-9

28.69±1.68

33.30±6.93

60.58±5.61

39.49 ± 10.07

NI

