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In vivo and in vitro characterization of the tumor suppressive function of

INPP4B

Abstract
The phosphatases PTEN and INPP4B are frequently deregulated in human cancer and

have been proposed to act as tumor suppressor genes by coordinately antagonizing PI3K/AKT
signaling. While the function of PTEN has been extensively studied, little is known about the
underlying molecular mechanisms by which INPP4B exerts its tumor suppressive function.

Additionally, its role in tumorigenesis in vivo has not been studied.

Here, we show that a partial or complete loss of the phosphatase function of Inpp4b
morphs benign thyroid adenoma lesions observed in Pten heterozygous mice into lethal and
metastatic follicular-like thyroid cancer (FTC) (Chapter 2). Importantly, analysis of human
thyroid cancer cell lines and specimens reveals that INPP4B expression is downregulated in
FTC. Mechanistically, we have found that INPP4B, but not PTEN, is enriched in the early
endosomes of thyroid cancer cells, where it blocks PI3K-C2a mediated AKT2 activation and in
turn tumor proliferation and anchorage-independent cell growth. Taken together, these data
identify INPP4B as a novel tumor suppressor in FTC oncogenesis and metastasis through

localized regulation of PI3K/AKT pathway at the endosomes.

Further, we present evidence that INPP4B downregulation cooperates with PTEN loss in

prostate cancer progression and metastasis (Chapter 3). In vivo, a partial loss of Inpp4b
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cooperates with Pten haploinsufficiency to promote prostate tumorigenesis. In vitro, we have
found that knockdown of INPP4B in cell lines increased their migratory and invasive properties.
Overall, our studies have greatly increased our understanding of the molecular mechanisms of
the tumor suppressive functions of INPP4B and provided in vivo evidence for the cooperation of

Inpp4b with Pten haploinsufficiency in both thyroid and prostate tumorigenesis.
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CHAPTER 1

Introduction



Introduction

1.1 Phosphoinositide 3-kinase biology and its role in cancer

Phosphoinositide 3-kinase (PI3K), AKT and mammalian target of rapamycin (mTOR) define
a signaling network that regulates important biological processes such as cell cycle, survival,
metabolism and motility, all of which are often disrupted in cancer (1). PI3Ks phosphorylate the
3-OH group of phosphatidylinositols, generating intracellular lipids that modulate biological
processes and signaling. The eight mammalian PI3K isoforms have been divided into three
classes (class I, class II and class III) based on their lipid substrate preferences and structure (2)
(Figures 1.1A and B). There are four Class I PI3K isoforms that produce phosphatidylinositol
(3.,4,5)-trisphosphate (PI(3,4,5)P3) (Figure 1.1A). These isoforms, PIK3CA (p110a), PIK3CB
(p110p), PIK3CD (p1106) and PIK3CG (p110y), differ on their 110kDa catalytic subunit. Class
IT PI3Ks are comprised of PI3K-C2a (PIK3C2A), PI3K-C2f (PIK3C2B) and PI3K-C2y
(PIK3C2G), and they produce PI(3,4)P2 and PI(3)P (Figures 1.1A and B). Class III is comprised

of a single PI3K isoform, VPS34 (PIK3C3) and it produces PI(3)P (Figures 1.1A and B) (2).

Class I PI3Ks, in particular PIK3CA, are perhaps the most relevant to human cancer. Cancer
genetics studies reveal the high frequency of PIK3CA amplifications and mutations in
glioblastomas, gastric cancers, hepatocellular carcinomas and breast cancers (3). In addition,
80% of PIK3CA mutations cluster in two hotspots, the helical and catalytic domains (3). Helical
domain mutations of glutamic acid (E) to lysine (K) (e.g. E542K or E545K) relieve N-terminal
p85 inhibition of p110a (4). Kinase domain mutations (e.g. HI047R) result in an allosteric
change of p110a, allowing easier access of substrates to the catalytic site (4). These mutations

result in the constitutive activation of PI3K signaling, thus initiating cancer-relevant pathways.
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Figure 1.1 The PI3K signaling network, substrate specificity and structure

(A) Activation, substrate specificity and downstream effectors of PI3K isoforms. (B)
Classification and domain architecture of PI3K isoforms. BH: BCR homology domain; P:
proline-rich region; SH3: Src-homology 3 domain. Figure adapted from Vanhaesebroeck, 2010.



Genetically engineered mouse models (GEMMs) with tissue-specific mutations of Pik3ca
have been used to study the oncogenic function of PIK3CA hyperactivation. Knock-in of the
H1047R mutation in mammary tissue using MMTV-Cre results in adenosquamous carcinoma or
adenomyoepithelioma of the mammary gland (5). Crossing these mice with 77p53 knockout
mice accelerates mammary tumor progression, indicating possible cooperation between the two
genetic events (5). Because loss of p110a and p110p is embryonically lethal (6), studies on PI3K
deficiency utilize knock-ins of catalytically dead alleles of the p110 gene. Homozygosity for
pl110a”%*3* is embryonically lethal; however, mice that are heterozygous for p1100aP%*** are
viable and fertile, but have impaired insulin signaling (7). This indicates the importance of p110a
in growth and metabolism. Loss of p110a activity in the mammary tissue impairs development
of normal mammary glands. On the contrary, p110p ablation increases ductal branching and
tumor formation (8), suggesting the importance of p110a signaling in regulating growth and
development in mammary tissue, and that p110a activity could be regulated by p110p, through
competition for receptor binding sites (8). /n-vitro studies utilizing PIK3CA-knockout mouse

embryonic fibroblasts (MEFs) further reveal the oncogenic role of p110a in growth factor

signaling and oncogenic transformation (9).

A role for class II and class III PI3Ks in cancer has not yet been found, however it is
important to note the limitations of our knowledge about these enzymes. With regard to PI3K-
C2a, total body or endothelial-cell specific deficiency of PI3K-C2a in mice results in embryonic
lethality due to defective angiogenesis and vascular maturation, implicating PI3K-C2a in
vascular formation and barrier integrity (10). More recently, PI3K-C2a has been implicated in
primary cilium function (11). Deregulation of these functions could be relevant in cancer

progression, although they are still poorly understood.



In summary, hyperactivation of PI3K by upstream receptor tyrosine kinases, G-protein-
coupled receptors or activating mutations, results in an accumulation of phosphatidylinositides,
this in turn increases membrane recruitment and activation of AKT (also known as protein kinase
B), a key mediator of the oncogenic effects of enhanced PI3K signaling. While the role of class I
PI3KSs in cancer is well established, the link of class II and class III PI3Ks in cancer is not well

defined.



1.2 AKT activation, functions and isoform specific distinctions

1.2.1 Mechanisms of AKT activation

The AKT protein kinase (also known as protein kinase B) has three highly homologous
isoforms, namely AKT1, AKT2 and AKT3. AKT proteins are comprised of a Pleckstrin
Homology (PH) domain and a carboxyl-terminal domain (Figure 1.2) (12). AKT is localized to
the membrane by binding to P1(3,4,5)P3 (13) and PI(3,4)P2 (14) with its PH domain. AKT is
subsequently activated via phosphorylation at Threonine 308 and Serine 473 by 3-
phosphoinositide-dependent-kinase-1 (PDK1) (15) and mTORC2 (PDK?2) (16) respectively.
Although Thr308 phosphorylation is required and sufficient for AKT activation (17),
phosphorylation on both Ser473 and Thr308 allows for maximal activation (15). Both
PI1(3.,4,5)P3 and PI(3.,4)P: are required for the complete activation of AKT (14,18,19), and
PI(3,4)P2 levels correlate with phosphorylation of Ser473 and overall AKT activity (cytosolic),
while PI(3,4,5)P3 determined Thr308 levels and the activity of membrane-associated AKT (19).

Thr308 Ser47%

1
v —

PH Catalytic domain

Figure 1.2 Structure and domains of AKT

AKT possesses a N-terminal PH domain and a catalytic domain. The main phosphorylation sites,

Thr308 and Ser473, are depicted on the schematic.



1.2.2 AKT regulates cellular processes which are deregulated in cancer

Activated AKT regulates several cellular processes through phosphorylation of downstream
substrates containing the R-X-R-X-X-S/T consensus motif (20). These proteins are part of
cellular survival, cell cycle progression, protein translation and metabolic pathways, crucial for

the survival of a cancer cell.

AKT also promotes cellular survival through inhibition of apoptosis. This is achieved by
preventing cytochrome c release from the mitochondria, and by phosphorylating and inactivating
proapoptotic factors like BAD and the FOXO family of transcription factors, which mediates the
expression of pro-apoptotic genes like the Fas ligand gene (Figure 1.3) (21). In addition, AKT
activation favors the phosphorylation and nuclear translocation of the E3 ubiquitin-protein ligase

MDM2, thus antagonizing p53 control of the cell cycle (Figure 1.3) (22,23).

AKT activation also promotes cell cycle progression by positively regulating cyclin D1
expression through phosphorylating and inactivating glycogen synthase kinase 38 (GSK3p). In
addition, AKT antagonizes the nuclear translocation of cell cycle inhibitors p21VAf and p27%ir!

by phosphorylating a site near their nuclear localization signal (NLS) (Figure 1.3) (24).

Activation of AKT promotes cell growth through activation of the mTOR kinase, by way of
TSC2 phosphorylation, consequently inhibiting the formation of the TSC1/TSC2 complex
(Figure 1.3) (24). The TSC1/TSC2 complex inhibits RHEB through the GTPase-activating
protein (GAP) activity of TSC2 (25). Active RHEB activates mTOR, which stimulates protein
synthesis through phosphorylation and activation of a number of targets including p70 S6 kinase
(p70 S6K) and elF4E binding proteins (4E-BPs) (Figure 1.3) (21). Additionally, mTOR also

enhances the expression of the hypoxia-inducible transcription factor (HIF1) (26).



Furthermore, AKT also regulates metabolism and angiogenesis through the phosphorylation
of endothelial nitric oxide synthase (eNOS) which increases nitric oxide production (Figure 1.3)
(27,28). A role for AKT in tumor invasion and metastasis has also been established: AKT
increases the secretion of matrix metalloproteinases (29) and induces epithelial-mesenchymal
transition (EMT) (30). There has also been evidence linking AKT activation to chromosomal
instability (31). Taken together, these studies implicate AKT functions in cellular processes

crucial to cancer progression.
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Figure 1.3 Downstream substrates of AKT and their cellular functions

Continuous lines represent direct phosphorylation of target proteins by AKT, leading to
activation (arrow end) or inhibition (blunt end). Broken lines indicate indirect or unknown

mechanisms of activation or inhibition. Figure adapted from Bellacosa, 2005.



1.2.3 Perturbations to AKT in human cancer
1.2.3.1 Amplification and overexpression of AKT

AKT, in particular AKT2, has been found to be amplified in human cancer. AKT2
amplification and overexpression was first discovered in a subset of ovarian carcinomas (32,33),
and the higher frequency of AK72 amplification in undifferentiated ovarian tumors suggests a
link with tumor aggressiveness (33). Subsequently, several studies have reported AKT2
amplification in non-Hodgkin’s lymphoma, primary pancreatic carcinomas, hepatocellular

carcinomas and colorectal cancer (24).

While AKT1 amplifications are rare genetic events (24), elevated AKT1 protein levels have
been reported in one breast cancer study cohort (34). Another study cohort, however, revealed
that HER-2/neu expression correlated with increased AKT2, but not AKT1 (24). Subsequently,
the role of AKT2, but not AKT1 or AKT3, in mediating tumor invasion and metastasis was
demonstrated through its ability to transform NIH3T3 fibroblasts (35), and to increase the
invasiveness and metastatic potential of human breast and ovarian cell lines by upregulating 1
integrins (36). The frequent amplification of AKT2, but not AKT1, suggests that these isoforms

are not equivalent in cancer signaling and progression.
1.2.3.2 Hyperactivation of AKT in cancer

AKT is often found to be hyperactivated in a wide variety of cancers (Table 1.1) (24),
furthermore, AKT activation has been correlated to advanced disease, poor prognosis, metastasis
and radioresistance in certain cancers (21). Studies have also suggested that AKT activation is an

early event in preneoplastic lesions, rendering it a potential target for chemoprevention (37).



Unlike PI3K, somatic mutations of AKT are not frequent. Recent exon sequencing of AKT/
found an E17K somatic mutation in the PH domain of breast (8%), colorectal (6%) and ovarian
(2%) cancer samples (38). This mutation favors the constitutive localization and activation of
AKTT at the plasma membrane (38). A subsequent study with a larger sample of tumors found
the mutation in breast cancer samples (4%), but not in any colorectal, lung, gastric,
hepatocellular carcinomas and acute leukemias (39). This observation points to the rarity of this
genetic event, and suggests that it might not be an important driver mutation (Kim, 2008).
Notably, however, the E17K mutation reduces the sensitivity of AKT to allosteric kinase

inhibitors (38), presenting implications for personalized medicine.

Table 1.1 Representation of frequency of AKT activation in human cancers

Table is adapted from Altomore, 2005 and Bellacosa, 2005.

Tumor type % Tumors with active AKT
Glioma ~55
Thyroid carcinoma 80-100
Breast carcinoma 20-55
Small-cell lung carcinoma ~ 60
Non-small-cell lung carcinoma 30-75
Gastric carcinoma ~ 80
Gastrointestinal stromal tumors ~30
Pancreatic carcinoma 30-70
Bile duct carcinoma ~85
Ovarian carcinoma 40-70
Endometrial carcinoma >335
Prostate carcinoma 45-55
Renal cell carcinoma ~40
Anaplastic large-cell lymphoma 100
Acute myeloid leukemia ~T70
Multiple myeloma ~90
Malignant mesothelioma® ~65
Malignant melanoma® 43-67

10



1.2.4 Termination of AKT signaling through phosphatases

Phosphatase and tensin homolog deleted on chromosome ten (PTEN) is a dual lipid and
protein phosphatase that antagonizes AKT activation. It specifically dephosphorylates the 3°-
position of PI(3,4,5)P3, consequently reducing membrane recruitment and activation of AKT

(40). Its tumor suppressive function will be explored in detail in Section 1.3.

More recently, protein phosphatases that directly deactivate AKT through the
dephosphorylation of either Thr308 or Ser473 have been characterized. Protein phosphatase 2
(PP2A) dephosphorylates Thr308 (41) while PHLPP dephosphorylates Ser473 (42).
Interestingly, PHLPP1 and PHLPP2 display distinct preferences for the AKT isoforms —
PHLPP1 is specific for AKT2 and AKT3, while PHLPP?2 is specific for AKT1 and AKT3 (43).
In light of this, it is intriguing to find that Phlpp1 cooperates with Pten heterozygosity in prostate
cancer (CaP) progression in mice (44), suggesting a possible involvement of AKT2 signaling in

CaP progression.
1.2.5 GEMMs of AKT

The use of GEMMs has allowed for a better understanding of the oncogenic function of AKT
in tumorigenesis. Constitutive activation of Akt is achieved through myristoylation or mutation
of the phosphorylation sites of Akt (Thr308 and Ser473) to aspartic acid (D) to mimic a
phosphorylated residue (Akt1-DD) (45). The mouse mammary tumor virus long terminal repeat
(MMTV-LTR) promoter has been used to induce the expression of Akt1-DD in the mammary
epithelium (45). Although these mice do not develop mammary tumors, the authors note a

cooperation of PI3K and Aktl activation in driving mammary tumorigenesis (45).

11



Studies on knockout mouse models have elucidated the role and relative importance of the
different Akt isoforms, in cellular survival and metabolism. Knockout of the AktI gene (4kt17")
in mice results in growth retardation and increased apoptosis (46). Akt2 knockout (4kt277), on the
other hand, results in insulin resistance, loss of adipose tissue and mild growth retardation
(47,48). Finally, although Akt3 is not required for metabolism, 4kt3”- mice display reduced brain
size due to reduction in both number and size of the cells (49). These discordant phenotypes
suggest that despite high levels of sequence and structural homology in the PH and catalytic
domains of the isoforms (12), these isoforms are not redundant, but instead play distinct roles in

regulation of cellular survival, cell growth, and metabolism.
1.2.6 Specific localization and function of AKT and its isoforms

Despite structural similarities, there is increasing evidence that the AKT isoforms are not
functionally equivalent, but instead promote distinct signaling outputs. While the limited
availability of reagents hampered the initial studies on the distinct roles of the three AKT
isoforms, development of isoform-specific antibodies and their phosphorylated counterparts have
allowed for a better understanding of their localization, substrate specificity, tissue expression

and activation.
1.2.6.1 Distinct subcellular localization of AKT and its isoforms

Prior to the development of isoform-specific AKT antibodies, AKT function was explored
using anti-“pan”-AKT-antibodies. These studies established a model in which AKT is localized
in the cytoplasm and, upon PI3K activation, translocated to the plasma membrane where it is

fully activated (50). However, this model did not communicate the complete story.

12



There is increasing evidence in support of distinct subcellular AKT localization. All three
AKT isoforms have been found to localize in the nucleus, under steady state conditions or in
response to growth factor stimulation (51,52). This nuclear localization is reportedly crucial for
cell survival and proliferation, through phosphorylation of AKT targets, such as the FOXO
family of transcription factors and p21, and increased cyclin D1 expression. Nuclear AKT also
plays a role in DNA repair, RNA export and cellular differentiation (51). Notably, the
promyelocytic leukemia protein (PML) tumor suppressor has been found to promote
dephosphorylation of nuclear AKT by recruiting the phosphatase PP2A (53). In vivo studies have
found an association between Pm/ loss and the development of colon and prostate
adenocarcinomas, particularly in a Pten heterozygous context, highlighting the importance of

targeting nuclear AKT for cancer therapy (53).

With the development of isoform-specific antibodies, it became clear that both AKT1 and
AKT?2 are largely cytoplasmic. AKT2 was, however, also found in the mitochondria, while
AKT3 was largely localized to the nucleus (50). AKT2 has also been found to be associated with
a distinct subset of the early endosomes via interaction with WDFY2, a FYVE domain-
containing and PIP3 binding protein (54). The mitochondria and endosomal localizations of
AKT2 (where it potentially contributes to sustained insulin signaling) are consistent with

previous in vivo and in vitro studies that implicate AKT2 in regulation of energy metabolism.

1.2.6.2 AKT isoforms and substrate specificity

While there is a certain degree of functional compensation amongst the AKT isoforms, in
vivo studies with specific knockout of the distinct Akt isoforms in mouse models demonstrate
that each isoform also performs distinct roles (46,48,49). The distinct subcellular localization of

the three AKT isoforms suggests that they act to phosphorylate distinct substrates. For instance,

13



the Ankyrin repeat domain protein 2 (ARPP) is typically found in skeletal muscle cells where it
regulates differentiation and where it has been identified as a novel AKT2 specific substrate (55).
In addition, AKT1 but not AKT2 phosphorylates Palladin on Ser507 (56). Phospho-Palladin on
Ser507 is required for F-actin bundling and maintenance of an organized actin cytoskeleton,

thereby inhibiting migration of breast cancer cells (56).
1.2.6.3 AKT isoform specificity in cancer progression

Studies using in vivo models have revealed isoform-specific functions of AKT in cancer
progression. In the context of breast cancer, AKT1 has been found to promote tumor growth
(57,58). This has been confirmed in myoblasts in which isoform specific knockdown of AKT or
AKT?2 showed that only AKT1 is specifically required for G1/S cell cycle transition (59). In
addition, mouse genetic studies with Aktl null mice have shown that Aktl is associated with
mammary tumor induction and growth (60). Despite a role for AKT1 in tumorigenesis, it is
important to note that Aktl activation also suppresses invasion (57), migration and epithelial-

mesenchymal transition (EMT) (58).

On the other hand, overexpression of AKT2 promotes invasion (36), migration and EMT
(58). Strikingly, overexpression of Akt2, but not Aktl, in a mouse model of breast cancer
markedly increased the incidence of pulmonary metastases, implicating Akt2 in metastatic

progression (61).

Although the role of AKT3 in breast cancer progression remains poorly understood, a recent
study has found that AKT3 is amplified in basal-like triple negative breast cancer (TNBC) cell
lines, and that it is required for TNBC growth in vitro and in vivo (62). Given that TNBC
currently represents the only breast tumor subtype without effective therapy; this particular

dependence on AKT3 provides an exciting new avenue for targeted therapy (62).

14



In summary, despite structural and sequence homology, in vivo and in vitro studies of AKT
isoforms reveal very distinct functions of said isoforms. However, the mechanisms underlying
specific AKT isoform activation, and downstream substrates of specific isoforms remains poorly

understood.
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1.3 PTEN function in tumor suppression

PTEN (phosphatase and tensin homolog deleted on chromosome 10) was first identified in
1997 as a novel tumor suppressor gene, mapping to chromosome 10g23. Two independent
groups identified PTEN to be frequently disrupted in multiple tumor types and targeted by

germline mutations of patients with Cowden disease (63,64).
1.3.1 PTEN in tumor suppression and antagonizing AKT signaling

PTEN encodes a dual-specificity phosphatase that can dephosphorylate both phosphopeptide
and phosphoinositide substrates. It consists of 9 exons, encompassing a phosphatase domain and
a C2 lipid membrane-binding domain (Figure 1.4) (40). The PTEN phosphatase domain
contains the catalytic motif HCXXGXXR found in protein tyrosine phosphatases (PTPs), where

C represents the catalytic cysteine residue and X is any amino acid (Figure 1.4) (65).

IZHCKAGKGR!30

N — —

Phosphatase C2
catalytic domain

Figure 1.4 Structure and domains of PTEN

PTEN contains a N-terminal phosphatase catalytic domain (active site located from residues 123
to 130) and a C2 lipid membrane-binding domain. Both domains are essential for its tumor

suppressive function.
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Importantly, PTEN dephosphorylates P1(3,4,5)P3 to PI1(4,5)P2 (66), antagonizing AKT
signaling because P1(3,4,5)P3 is required for the membrane recruitment and activation of AKT
(13). Thus, PTEN negatively regulates AKT signaling, leading to decreased phosphorylation of

downstream targets like PRAS40 and tuberous sclerosis 2 (TSC2) (40).

Although the lipid phosphatase function of PTEN is important in antagonizing AKT
signaling, the protein phosphatase function of PTEN is also crucial in other aspects of tumor
suppression like cell cycle arrest (40). PTEN can dephosphorylate phosphorylated Tyr-, Ser- and
Thr- residues in vitro (67), and validated cellular protein targets include focal adhesion kinase, c-
SRC, as well as PTEN itself (68—70), proving important in the regulation of cellular migration,

invasion and autoregulation.
1.3.2 Pertubations to PTEN in human cancer

Germline mutations which eliminate PTEN function or reduce PTEN levels are found in
approximately 80% of patients with Cowden syndrome (71). PTEN mutations have also been
identified in sporadic tumors (72). Analysis of the Catalogue of Somatic Mutations in Cancer
(COSMIC) reveals that while mutations can occur throughout the length of PTEN, mutation
hotspots exist, particularly in exon5, which encodes the phosphatase catalytic domain of PTEN

(40).

PTEN deletion or other alterations also occur (40); allelic or homozygous deletion of PTEN
is frequent in breast and prostate cancer, melanoma and glioma (40). PTEN is transcriptionally
silenced by promoter methylation in endometrial, gastric, lung, thyroid, breast and ovarian
tumors, as well as in glioblastoma (40). Further, a subset of Cowden patients carry germline
mutations in the promoter or in potential splice donor and acceptor sites, which can result in

exon skipping, altering PTEN function (73).
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PTEN hamartoma tumor syndrome (PHTS) is a group of syndromes characterized by benign
growths and a high risk for cancers of the breast, endometrium and thyroid (40). Cowden
syndrome is the best characterized PHTS, and germline PTEN mutations occur in 85% of these

patients (71).

In the general population, PTEN loss has also been associated with increased risk of breast,
endometrial and thyroid cancers, Lhermitte-Duclos disease and glioblastomas (40). In addition,
PTEN is also frequently deleted in prostate cancer and found to be epigenetically silenced in
melanoma and non-small-cell lung cancer (NSCLC). In pancreatic cancer, PTEN has been

found to be aberrantly localized (74).

Subtle variation in PTEN levels is increasingly recognized as a factor that can affect tumor
susceptibility. The first evidence of this emerged from studies of Pten hypermorphic (Pten™'")
mice which express 80% of normal levels of Pten (75). Notably, these mice develop a spectrum
of tumors, in particular breast tumors (75), suggesting that mechanisms which regulate

expression and function of PTEN can powerfully contribute to tumor suppression (76).

PTEN can be regulated post transcriptionally by microRNAs and competing endogenous
RNAs (ceRNAs) (76). Notably, microRNA 21 (miR-21), miR-25a, miR-22 and the miR-106b-25
cluster have been found to regulate PTEN expression in human cancer (40). Post-translational
regulation of PTEN, albeit lacking in vivo validation, includes phosphorylation, ubiquitylation,
oxidation, acetylation, proteosomal degradation and subcellular localization (40). Nonetheless,
Lys13 and Lys289, which are monoubiquitylated for nuclear import, have been found to be
mutated in endometrial cancer and Cowden patients, as well as associated with nuclear exclusion
(40).

1.3.3 GEMM:s of PTEN
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To study the effects of Pten loss in vivo, our lab has generated mouse models with
constitutive and conditional Pten loss by targeted disruption of exons 4 and 5 of Pten, which
encode the phosphatase catalytic domain (77,78). Together with others, we find that homozygous
loss of Pten results in embryonic lethality, while Pten heterozygous (Pten™") mice develop
tumors of the breast, endometrium, prostate, adrenal, pituitary and lymphoma (77,79,80).
Additionally, Pten™" mice also develop benign polyps in the intestines (81). The penetrance and
severity of breast and endometrial tumors in Pten™" mice is highly dependent on the genetic

background of the mice (81).

Pten™ mice have been used to understand cooperativity between Pten and several other
genes in tumor progression. Pten heterozygosity has been found to accelerate tumorigenesis in a
Wnt-induced mammary tumor model (82), it also accelerates endometrial carcinoma in Mlhl
deleted mice (83). In both examples of compound mutants, the tumors are associated with loss of

heterozygosity (LOH) for the remaining Pten allele (40).

Because of the embryonic lethality of homozygous Pten loss, complete Pten loss can only be
studied in a tissue specific manner with conditional Pten knockout mice. Tissue specific deletion
of Pten in mice has been found to induce tumors in the prostate, thyroid, breast, lung, bladder

and pancreas (40). It also results in early onset lymphoma and autoimmunity (84).

Pten knock-in mouse models have also been used to study the tumorigenic consequences of
Pten loss of function mutations in vivo. The PTEN (C124S) and PTEN (G129E) are two
mutations that are found in the germline of Cowden patients (85). Both of these mutations lie in
the catalytic core of PTEN. The PTEN (C124S) mutation causes the missense substitution of the
catalytic Cys124 to Ser. This results in a catalytically dead PTEN, with no phosphatase activity

towards both phosphoinositide and phosphopeptide substrates. The PTEN (G129E) mutation
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involves the missense substitution of Gly129 to Glu, which eliminates the phosphoinositide
phosphatase function, but retains activity toward phosphopeptides (85). Compared to the Pten™"
mice, the Pten®'>*"" and the Pten'?°®* had increased lymphoproliferation, and a greater
proportion of the mice developed adenomas of the thyroid, adrenal and gallbladder. In addition,
these mice developed large invasive adenocarcinomas of the breast that were not observed in the
Pten™” mice (85). The increased severity of tumorigenic phenotype in the Pten knock-in mice
suggests a dominant negative effect of the PTEN (C124S) and PTEN (G129E) mutations, in line

with the finding that PTEN homodimerization is critical for its lipid phosphatase function (85).
1.3.4 PTEN and thyroid cancer

In the specific context of thyroid cancer, homozygous deletion of PTEN is found in less than
10% of all human cases (86). Promoter methylation of PTEN was found in 46% of papillary
thyroid carcinomas, but in more than 80% of follicular carcinomas and adenomas (87). Further,
loss of heterozygosity of PTEN was found in 27% of follicular carcinoma (88). These indicate

the importance of PTEN loss in follicular carcinoma initiation.

In line with the role of PTEN in the initiation of thyroid carcinoma, Pten*" mice develop
benign thyroid lesions with late onset and at low frequency (89). Surprisingly, homozygous
deletion of Pten in the follicular cells of the thyroid led only to the development of goiters and
benign follicular thyroid adenoma in mice 1 year old (90). Further, only a portion of older mice
developed invasive and often metastatic thyroid follicular carcinomas. This suggests that PTEN
loss alone is not sufficient enough to promote invasive thyroid tumor development, and that
additional mutations must be selected in order for the cancer to progress to aggressive stages of

disease (91).

1.3.5 Roles of PTEN
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PTEN plays an integral role in regulating many of the cellular processes governed by the
PI3K-AKT-mTOR signaling pathway. These processes include metabolism, cell motility and
polarity, regulation of tumor microenvironment and cellular senescence (65). PTEN has also

been found to have a role in the self-renewing activity of both normal and cancer stem cells (65).

In addition to its location in the cytoplasm where it dephosphorylates P1(3,4,5)P3, PTEN has
also been found to be localized and functional within the nucleus, where it controls genomic
stability and cell cycle progression (65). Loss of nuclear PTEN is associated with more
aggressive cancers, although nuclear pools of PI(3,4,5)P3 are not sensitive to PTEN expression,

suggesting a role for nuclear PTEN beyond its lipid phosphatase activity (65).

In summary, PTEN is an essential tumor suppressor because it regulates key signaling
pathways such as the proto-oncogenic PI3K-AKT signaling pathway which is often

hyperactivated in many cancers, like those of the breast, thyroid and prostate.
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1.4 INPP4B function in cancer progression

1.4.1 INPP4B structure and isoforms

INPP4B (inositol polyphosphate 4-phosphatase type II) was first cloned and characterized in
1997 (92). INPP4B is a 105kDa enzyme that is Mg**-independent, and INPP4B is a dual
specificity phosphatase known to catalyze the hydrolysis of the 4-position phosphate of P1(3,4)P2
(92). More recently, it has been shown to also act as a phosphatase for PI(3,4,5)Ps that

accumulates as a result of PTEN deficiency (93).

INPP4B has an N-terminal C2-lipid binding domain, and a C-terminal phosphatase catalytic
domain (Figure 1.5) (94). Like PTEN, the phosphatase catalytic domain of INPP4B contains a
C(X)sR catalytic motif that is characteristic of dual specificity phosphatases (Figure 1.5) (94).
Specifically, the CKSAKDRT (aa 842-849) catalytic motif contains the catalytic cysteine residue
that functions as the nucleophile for catalysis, and cysteine modifying reagents (e.g. N-

ethymaleimide) can inactivate INPP4B (92).

82CKSAKDRT?

. = =

C2 NHR2 4-phosphatase
catalytic domain

Figure 1.5 Structure and functional domains of INPP4B

INPP4B consists a N-terminal C2 lipid membrane-binding domain, a NHR domain and a C-

terminal 4-phosphatase catalytic domain.
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Notably, INPP4B has a closely related isozyme, INPP4A (inositol polyphosphate 4-
phosphatase type I), and both proteins are 37% identical in the rat (92). The phosphatase
catalytic motif CKSAKDRT is completely conserved between both isozymes (Figure 1.6).
Overall, the sequence similarity is much greater in the C-terminus of the proteins, which contains
the phosphatase catalytic domain (Figure 1.6). A C-terminal anti-peptide antibody against

INPP4A has been reported to also precipitate INPP4B (92).

Several splice variants of INPP4B have been reported, although the significance of these
variants remains unclear. There are two major splice isoforms of INPP4B, INPP4Ba and
INPP4B. These isoforms differ at their C-terminus, with the o form containing a hydrophilic C-
terminus and the B form containing a hydrophobic C-terminus, believed to be a transmembrane
domain (92). Overexpressed EGFP-Inpp4bp has been found to localize to the golgi in COS cells
(95), but the significance of this is poorly understood. In addition, purified recombinant
INPP4B does not possess any detectable enzymatic activity towards phosphoinositides or
soluble inositols, suggesting that additional factors or processing might be required for the

function of this isoform (92,96).
1.4.2 INPP4B as a tumor suppressor

INPP4B was initially identified as a potential tumor suppressor in a shRNA-mediated genetic
screen performed in HMEC cells. This genetic screen found that knockdown of INPP4B resulted

in anchorage independent growth of these cells (97).

INPP4B preferentially hydrolyzes PI(3,4)P2 to PI(3)P (98), and because direct interaction of
PI(3,4)P2 with the pleckstrin homology (PH) domain of AKT is required for membrane
recruitment and full activation of AKT (15), INPP4B, like PTEN, is anticipated to act as a tumor

suppressor by antagonizing PI3K/AKT signaling (98).
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Figure 1.6 Alignment of INPP4B and INPP4A
Sequence alignment of amino acid sequences of INPP4B and INPP4A reveal a complete
conservation of the phosphatase catalytic motif in both proteins (highlighted in yellow). Overall,

there is higher conservation in the C-terminal region of both proteins.
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Figure 1.6 (continued)
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1.4.2.1 INPP4B as a tumor suppressor in breast cancer

Evidence of INPP4B as a tumor suppressor was first provided by the lab of Dr. Lewis
Cantley. Dr. Cantley’s team found that INPP4B inhibits the PI3K-AKT signaling pathway, and
knockdown of INPP4B in breast cancer cell lines increased cell proliferation, anchorage-
independent growth, migration and in vivo tumor formation (98). Furthermore, loss of
heterozygosity (LOH) of the INPP4B locus was found in approximately 60% of basal-like breast
cancers, as well as a significant fraction of ovarian cancers, and correlated with lower overall
patient survival (98,99). Indeed, in a survey of immunohistochemical biomarkers for basal-like
breast cancers, INPP4B is found to have the strongest association with basal-like breast cancers,
potentiating its use as a biomarker in the diagnosis and treatment of such cancers, which until

now has remained a clinical challenge (100).

Interestingly, INPP4B expression correlates with ER expression (99), and re-expression of
INPP4B in ER-negative, INPP4B-null human breast cancer cells reduced AKT activation and
anchorage-independent growth (99). In addition, INPP4B protein loss is frequently observed in
tumors that did not express PTEN (99), suggesting a potential cooperation between INPP4B and

PTEN in tumor suppression.
1.4.2.2 INPP4B as a tumor suppressor in prostate cancer

Recent concordant analyses of the prostate cancer (CaP) genome revealed that the PI3K,
RAS/RAF and RB pathways are commonly altered, with frequencies ranging from 34% to 43%
in primary tumors, and 74% to 100% in metastases (101). Taking into consideration deletions,
mutations and/or loss of expression, the PI3K pathway is altered in nearly half of primaries and

all metastases examined (101). Of note, while INPP4B is downregulated in 8% of primary CaP,
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INPP4B is reduced in up to 47% of metastatic CaP (101), implicating the potential role of

INPP4B in metastatic progression.

In addition, both INPP4B and PTEN are found to be substantially reduced in primary tumors
compared to normal tissue (102,103). In androgen-dependent CaP, decreased expression of
INPP4B reduced the time to biochemical recurrence, and increased the risk of clinical relapse
(102,103). Of particular note, INPP4B, but not PTEN, has been found to be androgen responsive,
with INPP4B increasing following androgen receptor (AR) activation (102). This has important
implications for androgen ablation therapy, INPP4B downregulation would lead to AKT
activation (102). This potentially reduces the antitumor effects of androgen ablation, and
underscores the importance of AKT targeting therapies in combination with androgen

deprivation (102).

Furthermore, INPP4B suppresses the invasion of prostate carcinoma PC-3 cells in vitro, and
this is associated with suppression of IL-8 and induction of PAK6 expression (104).

1.4.2.3 INPP4B as a tumor suppressor in other cancers

Decreased INPP4B expression has been found to correlate with tumor progression in
melanocytic neoplasms, and INPP4B expression in melanoma cells decreases proliferation,

invasion and tumorigenic capacity (105).

Downregulation of INPP4B is found in close to 50% of primary nasopharyngeal carcinoma
(NPC) tumors (106). The INPP4B promoter has been shown to be hypermethylated, providing

the mechanism for transcriptional silencing of INPP4B in NPC (106).
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Recently, we describe a tumor suppressive role for INPP4B in metastatic follicular thyroid
carcinoma, and provide evidence that it regulates AKT signaling in an isoform-specific manner

at the endosomes (107). This is described in Chapter 2 of my thesis.
1.4.3 INPP4B as an oncogene

Interestingly, INPP4B has been found to mediate PI3K signaling through SGK3 in breast
cancer cell lines, and this is required for 3D proliferation, invasive migration and tumorigenesis
in vivo (108). SGK3 signaling has been found to be particularly important in a subset of breast

cancers with oncogenic mutations in PIK3CA, yet exhibit only minimal AKT activation (109).

In addition, INPP4B overexpression is associated with poor clinical outcome and therapy
resistance in acute myeloid leukemia (AML), reinforcing its unexpected role in oncogenesis
(110,111). It is interesting to note that this oncogenic role of INPP4B appears to be independent

of its phosphoinositide phosphatase function (110,111).
1.4.4 GEMM:s of INPP4B

The first Inpp4b null mice were made with a mutation similar to the spontaneous weeble
mutation in Inpp4a (112). The weeble mutation is a single nucleotide deletion in /npp4a that is
believed to result in truncation of Inpp4a (113). These Inpp4b™ mice are deleted for exon 11, and
display increased osteoclast differentiation rate and potential, resulting in decreased bone mass
and osteoporosis (112). This is attributed to Inpp4b regulation of intracellular calcium levels,

which modulate NFATc1 nuclear translocation and activation (112).

In order to evaluate the functional relevance of polymorphisms in INPP4B (S474R, H548P)
associated with neuroinflammatory diseases like multiple sclerosis, a transgenic knock-in mouse

model, Inpp4b?’*R43F was generated. These mice exhibit significantly longer latencies of cortical
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motor evoked potentials, suggesting that INPP4B plays a role in regulating nerve conduction

velocity (114).

However, little is known about the in vivo role of INPP4B in tumorigenesis, and whether it
cooperates with other tumor suppressors in cancer progression. In addition, the molecular

mechanisms by which INPP4B exerts its tumor suppressive function remains poorly understood.
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1.5 Endosome biology

1.5.1 The signaling endosome and cancer

Endocytosis is the process of internalizing cell surface components and extracellular
molecules into lipid vesicles called endosomes (115). Endocytosis has been classically
considered to be an effective mechanism of downregulating cellular signaling through
internalizing receptors or ligand-receptor complexes for subsequent degradation by the
lysosomes (115). However, there is increasing evidence in support of a signaling endosome
hypothesis, where endosomes contribute actively to intracellular signaling (115), through spatial
and temporal regulation of signaling, avoiding unspecific cross-talk between different pathways

and regulating the duration of signaling (116).

The notion that signaling occurs only at the plasma membrane was challenged by the
discovery that the majority of activated epidermal growth factor receptors (EGFRs) and their
downstream signaling factors such as Shc, Grb2 and mSOS are found on the early endosomes,
suggesting that EGFR signaling continues from this compartment (116,117). Nevertheless, the
significance of signaling complexes on endosomes was not recognized because they could
represent a transport intermediate on the way to lysosomal degradation (116). However, it was
subsequently demonstrated that prolonged membrane retention of activated EGFR, as a result of
impaired clathrin-mediated endocytosis, reduced the activity of downstream signaling
components like ERK 1 /2 or PI3K, supporting the notion that endocytosis of receptor tyrosine

kinases was crucial in establishing and controlling specific signaling pathways (118).

Endosome-associated proteins can associate with the endosomes through direct interaction
with the endosomal membrane or through binding an endosomal protein (115). These endosome

proteins are capable of connecting proteins from different signaling pathways (Figure 1.7A)
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(115). Two important endosome-associated proteins, APPL1 (adaptor protein containing PH
domain, PTB domain, and leucine zipper motif) and EEA1 (early endosomal antigen-1), define
the early endosomal membrane and have been shown to interact directly with AKT, mediating
signaling cross-talk (119,120). In zebrafish development, APPL1-AKT signaling has been
shown to be important in the specific phosphorylation of GSK3-8, but not TSC2 (Figure 1.7B)
(119). EEA1-AKT interaction has been shown to be crucial for angiotensin II induced AKT
activation by p38 of the mitogen-activated protein kinase (MAPK) pathway (Figure 1.7C) (120).
This leads to the downstream activation of S6 kinase and mTOR, and the subsequent

hypertrophy of vascular smooth muscle cells (Figure 1.7C) (120).

In addition to mediating signaling by receptor tyrosine kinases, there is emerging evidence
that endocytosis is integral to cell motility and invasiveness (121). Endocytosis of receptor
tyrosine kinases (RTKs) is essential for specific intracellular response to migratory guidance
cues (122). Furthermore, the phosphorylation of endophilin-A2 by Src disrupts its association
with dynamin, inhibiting endocytosis of matrix metalloproteinase MT1-MMP, contributing to
tumor invasiveness (123). More recently, clathrin- and RABS- mediated endocytosis have been
shown to be required for the activation of RAC induced by motogenic stimuli (124). Subsequent
endosomal recycling of RAC to the plasma membrane also ensures localized signaling, leading
to the formation of actin-based migratory protrusions (124), supporting a role of endocytosis in
mediating cellular migration and invasiveness. However, the significance of derailed endocytosis

in human cancer is still poorly understood.
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Figure 1.7 Endosome-associated proteins mediate signaling specificity, localization and
crosstalk

Green color represents endosome-associated proteins; orange and yellow show interacting
proteins; blue arrows represent crosstalk; black squares represent output function. (A)
Endosome-associated proteins can localize two signaling pathways to the endosomes, mediating
signaling crosstalk. (B) APPL mediates crosstalk between glycogen synthase 3 beta (GSK3- )
and AKT, but is not required for TSC2 activation. (C) EEA1 mediates crosstalk between p38 and

AKT. Figure adapted from Palfy, 2012.
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Figure 1.7 (continued)
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Figure 1.7 (continued)




1.5.2 Membrane identity of endosome vesicles

One important aspect of endocytosis is the fusion and fission of endocytic vesicles to allow
for the sorting of their cargo (125). As endosomal vesicles mature, they acquire membrane
identities, defined by different species of phosphatidylinositol phosphates, distinct from the
membrane from which they have emerged (125). While PI(4,5)P: is implicated in clathrin-
mediated endocytosis, it remained unclear how subsequent endosome vesicles are dominated by
PI(3)P (Figure 1.8) (126). Recently, PI3K-C2a is shown to mediate this conversion through
catalyzing the formation of PI(3,4)P2, which is subsequently converted to PI(3)P, potentially
through the action of 4-phosphatases like INPP4A or INPP4B (Figure 1.8) (126). The depletion
of PI(3,4)P2 or PI3K-C2a impairs the maturation of clathrin-coated pits before fission, and
inhibits the recruitment of SNX9 (126), reinforcing the importance of PI(3,4)P2 in endocytosis.
While the mechanism underlying the conversion of PI(3,4)P2 to PI(3)P remains unclear,
INPP4A/B, an effector of endosomal RABS, would be an excellent candidate (126,127),

potentially implicating INPP4B as an important regulator of endocytosis.
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Figure 1.8 Phosphoinositide conversion during clathrin-mediated endocytosis

At the plasma membrane, AP-2 proteins mediates clathrin assembly to form clathrin-coated pits
(CCPs). CCP maturation is accompanied by step-wise conversion of PI(4,5)P, to PI(4)P, and then
to PI(3,4)P,. This is mediated by synaptojanin and PI3K-C2a. 4-phosphatases are believed to

mediate the subsequent conversion of PI(3,4)P2 to PI(3)P, which define endosome vesicles.

(Figure adapted from Schmid, 2013).
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1.6 Concluding remarks

While the function of PTEN has been extensively studied, little is known about the
underlying molecular mechanisms by which INPP4B exerts its tumor suppressive function, and
its role in tumorigenesis in vivo has not been studied. Thus, we seek to investigate the tumor
suppressive functions of INPP4B — both in vitro and in vivo with knockout (KO) mouse models,

and to investigate if Inpp4b loss cooperates with Pten heterogeneity in tumor progression.
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CHAPTER 2

In vivo role of INPP4B in tumor and metastasis suppression through

regulation of PI3K/AKT signaling at endosomes
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2.1 ABSTRACT

The phosphatases PTEN and INPP4B have been proposed to act as tumor suppressors by
antagonizing PI3K/AKT signaling, and are frequently dysregulated in human cancer. While
PTEN has been extensively studied, little is known about the underlying mechanisms by which
INPP4B exerts its tumor suppressive function and its role in tumorigenesis in vivo. Here, we
show that a partial or complete loss of Inpp4b morphs benign thyroid adenoma lesions in Pten
heterozygous mice into lethal and metastatic follicular-like thyroid cancer (FTC). Importantly,
analyses of human thyroid cancer cell lines and specimens reveal INPP4B downregulation in
FTC. Mechanistically, we find that INPP4B, but not PTEN, is enriched in the early endosomes
of thyroid cancer cells, where it selectively inhibits AKT2 activation and in turn tumor
proliferation and anchorage-independent growth. We therefore identify INPP4B as a novel tumor
suppressor in FTC oncogenesis and metastasis through localized regulation of PI3K/AKT

pathway at the endosomes.

2.2 SIGNIFICANCE

Although both PTEN and INPP4B can inhibit PI3K/AKT signaling through their lipid
phosphatase activities, here we demonstrate lack of an epistatic relationship between the two
tumor suppressors. Instead, the qualitative regulation of PI3K/AKT2 signaling by INPP4B

provides a mechanism for their cooperation in suppressing thyroid tumorigenesis and metastasis.
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2.3 INTRODUCTION

The phosphoinositide 3-kinase (PI3K)/AKT signaling pathway modulates important
biological processes such as cell cycle, survival, metabolism and motility, which are often
disrupted in cancer (1). Hyperactivation of the PI3K/AKT pathway leads to an accumulation of
phosphatidylinositol (3,4,5)-trisphosphate (PI(3,4,5)P3), which in turn increases the recruitment
and activation of protein kinase AKT at the cytoplasmic membrane (1), a key mediator of the

oncogenic effects of enhanced PI3K signaling.

The AKT protein kinase family is made up of three highly homologous isoforms, namely
AKTI1, AKT2 and AKT3 (2). Despite similarities in sequence and regulation, studies reveal
isoform-specific functions in cancer progression. In the context of breast cancer, overexpression
of AKT2 promotes metastasis (3), while AKT1 suppresses metastasis (4, 5). The distinct
functions of the AKT isoforms could be explained, at least in part, through the association of the

AKT isoforms with distinct organelles or subcellular compartments (2).

The tumor suppressor gene PTEN (the phosphatase and tensin homolog), encoding a lipid-
phosphatase, dephosphorylates PI(3,4,5)P3 to P1(4,5)P2 to antagonize PI3K/AKT signaling. To
study the effects of Pten loss in vivo, we previously generated mouse models with constitutive
and conditional Pten loss (6). We found that homozygous loss of Pfen results in embryonic
lethality, while Pten heterozygous (Pten*'") mice develop tumors of the breast, endometrium,
prostate, adrenal, pituitary and lymphoma (7). More recently, INPP4B (inositol polyphosphate-
phosphatase type II), another dual specificity and lipid phosphatase, has emerged as a putative
tumor suppressor in the suppression of the PI3K/AKT signaling pathway. INPP4B was initially
identified as an anchorage independent growth suppressor in a shRNA-mediated genetic screen

performed in HMEC cells (8), and was found to inhibit PI3K signaling and to display tumor
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suppressive activity in breast tumor cell lines (9). In agreement with these findings, INPP4B
expression was found to be reduced in basal-like breast cancers (9, 10), melanoma (11),
nasopharyngeal carcinoma (12), and prostate cancer (13). Furthermore, expression-profiling
analyses revealed that INPP4B mRNA expression is reduced in up to 47% of metastatic prostate

cancer cases (14), implicating the potential role of INPP4B in metastatic progression.

INPP4B converts PI(3,4)P2 to PI(3)P and because direct interaction of PI(3,4)P2 with the
pleckstrin homology (PH) domain of AKT is required for membrane recruitment and full
activation of AKT (15), INPP4B, like PTEN, is anticipated to act as a tumor suppressor by
antagonizing PI3K/AKT signaling (9). However, unlike PTEN, the underlying molecular
mechanisms by which INPP4B exerts its tumor suppressive function are poorly understood.

Additionally it is not known whether INPP4B acts as a tumor suppressor in vivo.

We therefore sought to investigate the tumor suppressive functions of INPP4B in vivo in
Knock-out (KO) mouse models. Surprisingly, we found that INPP4B exerts a specific role in the
suppression of thyroid tumorigenesis and metastasis in vivo through the inhibition of PI3K-C2a

mediated AKT?2 activation at endosomes.
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2.4 RESULTS
Inpp4b knockout (Inpp4b~"-) mice do not develop the tumorigenic phenotype of Pten

haploinsufficient mice.

To determine the in vivo tumor suppressive function of INPP4B, we took advantage of Inpp4b

_/

knockout mice (/npp4b~") generated by using a homologous recombination targeting strategy in

which the conditional targeting vector was constructed to delete exon 21 of the mouse Inpp4b
gene, which encodes the phosphatase catalytic domain (Figure 2.1A-B). Unlike Pten™'~ mice,
Inpp4b~~ mice were viable and born in accordance to Mendelian frequencies (Figure 2.1C).
Furthermore, Inpp4b*"~ and Inpp4b~~ mice did not develop any of the tumors or the
lymphoproliferative disease characteristic of Pten*~ mice in a 16-24 months follow-up (16).
Aggressive and fatal, albeit sporadic, histiosarcomas were observed after a very long latency in

Inpp4b~~ mice (data not shown). These results demonstrate unequivocally that the role of PTEN

and INPP4B in tumorigenesis could be very distinct.

Loss of Inpp4b in a Pten heterozygous background leads to metastatic follicular-like

thyroid carcinoma.

We next sought to determine if loss of Inpp4b cooperated with Pten loss to promote tumor
progression. We hypothesized that loss of Inpp4b would accelerate overall tumor progression in
Pten*”~ mice, keeping with their reported epistatic relationship in the suppression of PI3K/AKT
signaling. To this end, we crossed Pten*’~ mice with Inpp4b~"~ mice. The resulting
Pten*"~Inpp4b*~ mice were then crossed with Inpp4b*~ littermates to generate wild type, Pten*,

Pten*~Inpp4b*~ and Pten*~Inpp4b~~ mice (Supplmentary Figure S2.1A). These mice were, once
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Figure 2.1. Generation and Characterization of Pten*~Inpp4b*"~ and Pten*~Inpp4b~~ mice.
A. Diagram representing the structure of INPP4B, which contains an N-terminus C2 domain and
a C-terminus phosphatase domain harboring the phosphatase catalytic motif CX5R. B.
Schematic map of the WT Inpp4b locus (top), targeting vector (upper middle) and predicted
targeted allele (lower middle) and knockout allele (bottom). C. Table depicting the observed
versus the expected numbers of mice of the respective genotypes from a Pten*~Inpp4b*'~ and
Inpp4b*-cross. These values gave a x> of 3.26, which is lower than the critical value of 11.070
which would yield an 0=0.05. Thus, we conclude that the mutants were born following

Mendelian frequencies.
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Figure 2.1 (continued)
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again, viable and born following the expected Mendelian frequencies (Figure 2.1C). The lack of
embryonic lethality in any of the two compound Pten*~Inpp4b*'~ and Pten*~Inpp4b~'~ genetic
make-ups further underscore the fact that PTEN and INPP4B might exert distinct roles in
signaling since the progressive PI3K/AKT elevation should result in embryonic lethality as

previously reported (6).

However, Pten*~Inpp4b~~ mice did not survive beyond 5-6 months of age, while the
majority Pten*'~Inpp4b*'~ mice died between 8 and 14 months of age (Figure 2.2A). Gross
anatomical analyses showed that the Pten*~Inpp4b~~ mice developed large multinodular goiters
(Figure 2.2B). These mice died, or were euthanized, after developing compressive airway and
esophageal obstruction as a consequence of the mass effect from thyroid enlargement.
Histopathological analyses revealed that most of the thyroid tumors developed in the
Pten*"~Inpp4b~~ mice had variable degrees of encapsulation (Figure 2.2C and 2.2D, top left),
microfollicular architecture (Figure 2.2C, left middle panel) and many showed impressive
vascular invasion closely resembling follicular thyroid carcinoma (FTC) in human. High-grade
features were commonly seen, including significant mitotic activity and necrosis, while some
portion of the tumors showed nuclear features of follicular variant papillary thyroid carcinoma
(FV-PTC), such as nuclear contour irregularity, nuclear grooves, intranuclear pseudoinclusions
and chromatin pallor (Figure 2.2C, right panels). Collectively, the majority of tumors in
Pten*~Inpp4b~~mice displayed histological and pathological features of FTC and FV-PTC in
human (Figure 2.2C and 2.2D, top). Importantly, 50% of Pten*~Inpp4b~'~ mice developed
diffuse pulmonary metastases (Figure 2.2D, top right). These metastases had the histologic
appearance of thyroid tissue with follicular architecture, colloid, and also stained positive for

thyroglobulin, a thyroid specific marker (Figure 2.2D, middle panel). Necropsy did not reveal
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Figure 2.2. Loss of Inpp4b in Pten*~ mice leads to follicular thyroid carcinoma. A. Kaplan-
Meier survival curve of Pten*~, Pten*~Inpp4b*'~ and Pten*~Inpp4b~~ mice. B. Top panel: gross
anatomy of representative thyroids from mice of the indicated genotypes. White arrows point to
the location of the thyroid. Bottom panel: dissected thyroids from mice of the indicated
genotypes; Scale bar, 2mm. WT: 12 month-old, Pten*~: 14 month-old, Pten*~Inpp4b*'~: 8
month-old, Pten*'~Inpp4b~": 5 month-old. C. Left panel: H&E staining of a follicular thyroid
carcinoma (FTC)-like thyroid tumor which is thinly encapsulated with microfollicular
architecture. Right panel: H&E staining of a follicular variant of papillary thyroid carcinoma
(FV-PTC)-like thyroid tumor. Middle and bottom panels highlight nuclear atypia characteristic
of FV-PTC, including intranuclear pseudoinclusions (arrow). Scale bars, top and middle
panels:100um, bottom panel: 20 pum, D. Top panel: H&E staining of thyroid tumor and lung
metastases from Pten*~Inpp4b~'~mice; middle & bottom panel: thyroglobulin and p-Akt
(Ser473) staining. Scale bar, 100um. Insets show thyroid cancer cells. Blue arrows point to the

location of the metastases in the lungs.
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Figure 2.2 (continued)
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Figure 2.2 (continued)
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Figure 2.2 (continued)
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metastases in other regional and distant sites. Akt activation was observed by
immunohistochemistry in both the thyroid tumors and the metastases (Figure 2.2D, bottom
panel). Serum TSH levels of Pten*~Inpp4b*~ and Pten*'~Inpp4b~~ mice did not differ
significantly from that in Pten*’~ mice (Supplementary Figure S2.1B). Additionally, we
examined the thyroids from a cohort of Pten*~Inpp4b*~ mice. Histopathological analyses
revealed that Pten*"Inpp4b*'~ mice developed benign goiter and FVPTC/FTC, and presented
with pulmonary metastases of thyroid carcinoma at a similar penetrance to Pten*~Inpp4b~"~ mice
(Supplementary Figurer S2.1C). Furthermore, Pten*Inpp4b*'~ and Pten*'~Inpp4b~"~ mice did not
display accelerated tumorigenesis in other tissues as compared to Pten*'~ mice by 5-8 months
follow-up (data not shown). However, we did note a non-significant increased incidence of
breast adenocarcinoma in Pten*~Inpp4b*'~ mice (p=0.16, 37.5% in Pten* " Inpp4b*~vs 15.5% in
Pten*~ mice). Therefore, Inpp4b loss cooperates with Pten haploinsufficiency to promote thyroid

cancer progression and metastasis.

Human follicular thyroid cancer cell lines and tissues display low INPP4B expression.

To assess the relevance of our mouse model findings to human FTC, we evaluated the status
of INPP4B in human thyroid cancer cells. To this end we utilized seven thyroid cell lines,
namely Nthy-Ori 3, Htori (SV40-immortalized primary thyroid follicular epithelial cells),
FTC133, FTC236, FTC238 (follicular thyroid carcinoma), TPC1 (thyroid papillary carcinoma),
and 8505C (anaplastic carcinoma). We first determined the relative expression levels of INPP4B
in these thyroid cell lines. We observed very low expression of INPP4B at both protein (Figure

2.3A, Supplementary Figure S2.2) and mRNA transcript levels (Figure 2.3B) in the FTC cell
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lines FTC133, FTC236 and FTC238 compared to SV40-immortalized human thyroid follicular
cells Nthy-Ori-3 and Htori or the TPC1 thyroid cancer cell line. We also noted that PTEN
protein expression was not detectable in the FTC cell lines (Figure 2.3A). A search using the
Broad CCLE database revealed that the FTC cell lines harbor the PTEN R130* nonsense
mutation. This concomitant loss of PTEN and INPP4B in our human FTC cell lines is faithfully
modelled by our Pten*~Inpp4b~~mice. Finally, we observed an increase in the activation of
AKT in these cell lines, as indicated by higher levels of AKT phosphorylation at both Threonine

308 and Serine 473 residues (Figure 2.3C).

Importantly, INPP4B transcript expression was significantly downregulated in human FTC
samples when compared to normal tissue samples (Figure 2.3D). Because of the infrequency of
INPP4B deletions or mutations in human cancers, we further hypothesized that its loss in FTC
cell lines might be due to aberrant gene methylation. Indeed, treatment of these cell lines with 5-
Aza-2’-deoxycytidine (5-Aza), which inhibits DNA methylation, increased INPP4B expression
approximately 4-fold (Figure 2.3E). Upregulation of INPP4B by 5-Aza decreased activation of
both AKT1 and AKT2 (Serine 473 and Serine 474 respectively), (Figure 2.3F) with a much
greater effect on p-AKT2 than on p-AKT]1 (Figure 2.3F). However, bisulfite sequencing
indicated that this upregulation is potentially indirect (Supplementary Figure S2.3), mediated via
the upregulation of yet to be defined transcription factors. Overall, the downregulation of
INPP4B in human FTC strongly supports its tumor suppressive role in this aggressive tumor type

of the thyroid.
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Figure 2.3. INPP4B expression is reduced in human follicular thyroid cell lines and human
surgical specimens. A. Western blot analysis of thyroid cancer cell lines for INPP4B and PTEN
expression. Arrow indicates specific band. The arrowhead indicates the specific band of INPP4B
protein. B. RT-qPCR analysis of thyroid cancer cell lines for INPP4B transcript levels. C.
Western blot analysis of thyroid cancer lines for AKT activation on both Serine 473 and
Threonine 308 residues. D. RT-qPCR analysis of INPP4B in unmatched normal versus FTC
patient tumor samples. E-F. Thyroid cancer cell lines were treated with 3uM 5-Aza-2’-
deoxycytidine for 5 days. Panel shows transcript (E) and protein analysis of INPP4B expression
and AKT activation levels in DMSO versus 5-Aza treated FTC cells. (F). Arrows indicate

specific band (see also Methods).
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Figure 2.3 (continued)
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Figure 2.3 (continued)
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Figure 2.3 (continued)
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Loss of Inpp4b increases Akt activation.

We previously demonstrated that INPP4B knock down enhanced AKT activation (9). To
gain insight into the mechanisms by which Inpp4b might promote thyroid tumor development,
we analyzed thyroid tumor lysates from Pten*~, Pten*~Inpp4b*'~ and Pten*~Inpp4b~~ mice for
Akt activation via Western blotting. In agreement with previous findings, tumors from
Pten*~Inpp4b~~ mice showed higher levels of Akt phosphorylation (monitored through p-Aktl
Serine 473 and p-Akt2 Serine 474) when compared to thyroid tumors obtained from Pten*”~ or
Pten*~Inpp4b*~ mice (Figure 2.4A). We also isolated primary mouse embryonic fibroblasts
(MEFs) of all genetic combinations — wildtype, Inpp4b"¥1%; [npp4b1¥'*+; Pten*'-,
Pten*~Inpp4b*~, and Pten*"Inpp4b~-. We found that MEFs with Inpp4b deletion displayed
increased Akt activation, monitored through the phosphorylation of both Serine 473 and
Threonine 308 at different time points after serum stimulation (Supplementary Figure S2.4). In
addition, although Pten*~, Pten*~Inpp4b*-, and Pten*"~Inpp4b~~ MEFs did not display much
higher initial Akt activation upon serum starvation-restimulation (Figure 2.44B, t=5 mins and 15
mins), there was a prolonged Akt-1 and Akt2 activation in Pten " Inpp4b*'"~, and Pten*~Inpp4b~'-
MEFs when compared to Pten*’~ MEFs (Figure 2.4B, t=30 mins). Furthermore, we found that
human thyroid cancer cell lines with lower INPP4B displayed higher levels of AKT
phosphorylation (Figure 2.3C and 2.4C). Notably, both AKT1 and AKT2 were activated to a
similar extent in total cell lysates (Figure 2.4A, 2.4B and 2.4C). Therefore, loss of both lipid
phosphatases, INPP4B and PTEN, resulted in an additive activation of AKT in thyroid tissue,

MEFs and cancer cell lines.
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INPP4B suppresses PI3K-C2o mediated AKT2 activation at early endosomes in thyroid

cancer cells.

The observation that complete inactivation of Pten in mouse thyroid results mainly in
follicular adenoma within 12 months of age (17) and that Inpp4b loss does not accelerate the
entire tumor spectrum of Pten*'~ mice raised the possibility that loss of Inpp4b specifically
cooperates with Pten loss for tumor progression and metastasis in thyroid, not through a generic
elevation of PI3K/AKT signaling, but potentially by deregulating the PI3K pathway in a more
selective manner. Previous studies have shown that Akt2 deficiency had little-to-no effect on the
tumor spectrum in Pten*’~ mice, and only specifically significantly decreased the incidence of
thyroid tumors in Pten*”~ mice (18), suggesting that AKT2 might play an oncogenic role in
thyroid cancer. Recent studies have shown that AKT2 phosphorylates its substrates on both
endosomes and the plasma membrane (19). Strikingly, subcellular fractionation experiments
showed that INPP4B, but not PTEN, was expressed in the Rab5-positive early endosomal (EE)
fraction together with AKT2 in thyroid cancer cells (Figure 2.4D and 2.4E). Although AKT]1
was also localized in the EE fraction (Figure 2.4D), surprisingly, knockdown of INPP4B
selectively activated AKT2, but not AKT1 in the EE (Figure 2.4F). Consistent with this result,
thyroid cancer cell lines with lower INPP4B expression display higher endosomal AKT2
activation (Supplementary Figure S5A). Furthermore, increasing INPP4B expression with 5-Aza
in FTC236 cells resulted in a greater decrease in p-AKT2 in the EE fraction compared to p-
AKT1 (Figure 2.4G). Collectively, these results lend support to the selective activation of AKT2

at the early endosomes by INPP4B.

In line with class II PI3K kinase a (PI3K-C2a ) producing PI(3,4)P2 and being selectively

activated in endocytosis as well as endocytic recycling (20, 21), we also found PI3K-
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Figure 2.4. Loss of Inpp4b in Pten*~ cells leads to increased AKt activation. A-B. Western
blot analysis of lysates from Pten*’~ (n=3; ~10-11months), Pten*~Inpp4b*'~ (n=2; ~6-8months)
and Pten*~Inpp4b~~ (n=3; ~6 months) thyroid tissues (A), lysates from immortalized MEFs after
serum starvation-restimulation. The MEFs were stimulated with serum for the indicated amount
of time. (B). C. Western blot analysis of total lysate from different thyroid cancer cells. Please
note that the AKT2 antibody used in A-B is different from C, resulting in the appearance of
different unspecific bands. Arrows indicate specific band (see also Methods). D-E. Western blot
analysis of cell fractions from TPCI1 cells. HM: cytosolic/heavy membranes; EE: early
endosome: LE: late endosome; PNS: postnuclear supernatant. Arrow indicates specific band. F.
Western blot analysis of phosphorylated Aktl and phosphorylated Akt2 in different cell fractions
derived from TPCI cells infected with either a non-targeting ShRNA or an shRNA that targets
INPP4B. G. Western blot analysis of phosphorylated Aktl and phosphorylated Akt2 in different
cell fractions derived from FTC236 cells treated with either DMSO or 3uM 5-Aza for 5days. H.
Immunofluorescence of PI(3,4)P2 and tubulin in TPCI cells infected with either a non-targeting
shRNA or an shRNA that targets INPP4B. Scale bars, 20 um. I. Immunofluorescence of
INPP4B, AKT2, PI3K-C2a and RABS in TPCI cells. Scale bars, Sum. J. Immunofluorescence

of PI(3,4)P2 and SNX9 in TPC1 and FTC236 cells. Scale bars, 20 um.
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Figure 2.4 (continued)
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Figure 2.4 (continued)
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Figure 2.4 (continued)

E
HM EE LE PNS
- -|PI3K02a
- HEEY
.j | RABS
F

") o e N
Qb0 0™ X% P
e o e

“ - . . ‘_ -INPP4B

p-AKT2

'~ - - e = 5(3474)
—— e |P-AKT1
(S473)

- e——-— w— == IRABS

HM EE LE PNS

5-Aza
p-AKT2
(S474)

p-AKT1
(8473)

Rab5




Figure 2.4 (continued)
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C2a expressed in the thyroid cancer cells and enriched in EE fraction, along with INPP4B and
AKT?2 (Figure 2.4E). The association of INPP4B, AKT2 and PI3K-C2a with EE was also
confirmed by immunofluorescence, in which INPP4B, AKT2 and PI3K-C2a were co-localized
with RAB5-positive punctate structures in the cells (Figure 2.4H). Notably, INPP4B loss was
associated with increased abundance of PI(3,4)P2 (Figures 2.41 and 2.47J), but not PI(3,4,5)P3
(Supplementary Figure S2.5B). Consequently, there was an accumulation of the P1(3,4)P:-
binding protein SNX9 in vesicles near the plasma membrane (Figure 2.4J). Taken together, these
results suggest that INPP4B negatively regulates PI3K-C2a signaling at the EE. Furthermore,
loss of PI3K-C2a decreased AKT?2 activation to a greater extent than that of AKT1 in total cell
lysates (Supplementary Figure S2.6A and S2.6B) and significantly inhibited cell proliferation in
FTC 236 cells (Supplementary Figure S2.6C), underscoring the functional relevance of enhanced
PI3K-C2a signaling in cells with lower INPP4B. Taken together, our results strongly suggests
that INPP4B inhibits PI3K-C2a mediated AKT2 activation in the early endosomes of thyroid
cancer cells, even though they obviously do not rule out the possible involvement of other PI3K

isoforms in AKT activation at the EE.

Knockdown of INPP4B in thyroid cell lines provide an advantage for anchorage

independent growth.

To assess INPP4B dependent cellular processes in vitro, we next conducted cell proliferation
and soft agar colony formation assays in two of the non-FTC thyroid cell lines, namely TPC1
and 8505C, in which we stably knocked down INPP4B (Figures 2.5A and 2.5B). We found that
the knockdown of INPP4B did not confer a growth advantage for thyroid cell lines in full or 1%
serum growth conditions, but did in 5% serum growth conditions (Figure 2.5C and

Supplementary Figure S2.7A), suggesting that under specific conditions of nutrients or growth
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factor amounts, INPP4B loss determines a growth advantage in thyroid cell lines, mirroring the
in vivo phenotype. In addition, INPP4B knock down did not result in any change in TPC1 cell
morphology, nor did it alter the morphology of Pten*~Inpp4b~'~ MEFs compared to Pten*
MEFs (Supplementary Figures S2.7B and S2.7C). Furthermore, INPP4B loss did not alter the
distribution or arrangement of tubulin in the cytoskeleton of these cells (Supplementary Figures
S2.7B and S2.7C). Instead, INPP4B loss provided a marked advantage for anchorage
independent growth, a functional indicator of tumorigenicity and invasiveness (Figures 2.5D and

2.5E).
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Figure 2.5. Knockdown of INPP4B in thyroid cancer cells provides an advantage for
anchorage independent growth. A. RT-qPCR analysis of /NPP4B upon shRNA-mediated
knockdown. B. Western blot analysis of INPP4B levels in TPC1 and 8505C cell lines after
shRNA-mediated knockdown. C. Proliferation of TPC1 and 8505C cell lines infected with either
a non-targeting shRNA or a shRNA that targets INPP4B. Cells were cultured in complete media
(10% serum), stained with crystal violet, and lysed. Absorbance was measured at OD595nm. D-
E. Soft agar colony formation assay of cells infected with either a non-targeting shRNA or an
shRNA which targets INPP4B. Cells were grown in soft agar for 2 weeks before being

photographed (D) and the number of colonies was then counted (E).
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Figure 2.5 (continued)
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Figure 2.5 (continued)
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Figure 2.5 (continued)
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2.5 DISCUSSION

This study allowed us to reach three important conclusions:

First, INPP4B is a novel tumor suppressor in FTC. Through our mouse model, we
demonstrated that either a partial or complete loss of Inpp4b in a Pten heterozygous background
accelerates thyroid carcinoma progression, resulting in metastatic disease that recapitulates the
hematogenous pulmonary metastases characteristic of advanced FTC in humans. The evidence
that INPP4B is a relevant tumor suppressor in FTC is further supported by the observation that
INPP4B expression is markedly reduced in human FTC, as compared to a normal thyroid and

other subtypes of thyroid cancer.

Our findings lend further support to the notion that PI3K-AKT activation plays a central role
in FTC oncogenesis. Multiple lines of evidence corroborate this notion: 1) AKT activation and
expression is higher in FTC as compared to normal tissues and other thyroid tumors (22), 2)
Cowden syndrome patients, with germline mutations in PTEN, have an increased incidence of
FTC (23), 3) transgenic mice engineered to hyperactivate PI3K/AKT form FTCs (24, 25), and 4)
in a mouse model of FTC, metastatic potential is Akt-dependent (26). This evidence underscores
the importance of AKT hyperactivation in the initiation and progression of FTC, and also
suggests that the pathogenesis of FTC is distinct from other forms of well-differentiated thyroid
carcinoma, which are driven primarily via activation of the MAPK signaling pathway.
Nevertheless, mutations in the RAS pathway and PAX8/PPARY rearrangements are also found in
FTC (27). While the specific pathogenic mechanisms contributed by these alterations remain
unclear, there are indications that they too converge on the PI3K-AKT pathway (28). Therefore,
it will be therefore interesting to understand in future studies whether these represent cooperative

or mutually exclusive events.
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Second, we observed that INPP4B is not solely epistatic to PTEN. PTEN and INPP4B are
generally thought to be cooperative phosphatases that proximally regulate PI3K at the lipid level.
On this basis, we anticipated that Inpp4b~~ mice would have a phenotype reminiscent of Pten*’~
mice with increased susceptibility to epithelial tumors. Surprisingly, /npp4b~~ mice were tumor
free and had a tumor free survival of 16-24 months. In addition, crossing Inpp4b~'~ mice with
Pten*'~ mice did not accelerate the entire tumor spectrum of Pten*’~ mice by 5-8 months follow-
up. Rather, we only observed a significant acceleration of thyroid tumorigenesis. Due to the early
mortality that occurred in the Pten*~Inpp4b~"~, further studies in conditional Pten and Inpp4b
knockout mice will be needed in order to determine the potential cooperative effect between Pten

and Inpp4b on tumor suppression in other tissues.

Despite the importance of PI3K-AKT signaling in the pathogenesis of FTCs, Pten~ mice do
not develop FTC. By 10 months of age, they instead develop benign adenomas that do not invade
or metastasize. One might speculate that the extent of AKT activation accounts for the difference
in thyroid carcinoma aggressiveness. Indeed, we observed increased Akt activation in
Pten*"~Inpp4b~~ thyroids when compared to Pten*”~ or Pten*~Inpp4b*"~ thyroids. However, in a
previous study, we found that thyroid lesions in Pten knock-in mutant mice harboring specific
lipid and phosphatase dead Pten mutations also demonstrated higher levels of Akt activation than
Pten*~ thyroids similar to Pten*""Inpp4b~~ thyroids (29). Nevertheless, only 7 — 8 % of these
mice developed aggressive thyroid adenocarcinoma, and importantly, there was no occurrence of
lung metastasis (29). Furthermore, conditional loss of function of both copies of Pten in the
thyroid results mainly in follicular adenoma within 12 months of age, which only progresses to
invasive FTC at advanced ages, suggesting that even in a setting of maximal activation of PI3K-

AKT signaling, other events are needed to trigger FTC (17). In contrast, the Pten*"Inpp4b~'-
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mice developed aggressive, often metastatic, and always lethal follicular-like carcinoma by 5-6
months of age. The shorter latency to a more aggressive follicular-like carcinoma in
Pten*"~Inpp4b~~ mice further support the notion that while increased Akt activation does play a
role in follicular-like thyroid tumorigenesis, it is insufficient in mediating progression and
metastases, and that the tumor suppressive function of INPP4B therefore extends beyond its role
in suppressing the overall level of PI3K-AKT pathway activation. In this respect, the striking
difference between PTEN and INPP4B that emerges from our study is their differential
localization at the early endosome where INPP4B but not PTEN could regulate signaling in a

localized and specialized fashion.

Beyond the level of AKT activation, isoform-specific AKT signaling plays an important role
in mediating cancer progression. In the context of breast cancer, AKT2 has been implicated in
metastasis, whereas AKT1 suppresses metastatic dissemination (30). Interestingly, signaling
through AKT?2 is critical for the development of thyroid neoplasms in Pten*~ mice (18).
Specifically, loss of Akt2 in Pten*'~ mice rescues the development of thyroid adenomas in this
model (18). Furthermore, genomic amplification of AKT?2 is frequently observed in FTC, but not
in anaplastic thyroid carcinoma (31). These findings indicate that AKT2 activation is particularly
important in follicular thyroid carcinoma progression and metastasis. Our finding that INPP4B,
but not PTEN, localizes to the early endosomes to selectively regulate AKT?2 identifies a novel
and specific role for INPP4B in the regulation of PI3K-AKT signaling. INPP4B loss could
therefore increase the PI(3,4)P2 pool in the early endosomes, regulate endocytic trafficking and
contribute to prolonged AKT2 signaling from the endocytic membranes, through which it
mediates its effects on thyroid carcinoma initiation, migration and invasion. Our findings are also

in line with recent observation that activation of the endocytic trafficking pathways is critical for
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tumor cell migration (32). Therefore, it is possible that the aberrant activation of AKT2 at
endosomes might represent the molecular mechanism underlying the characteristic metastatic
propensity of FTCs. Intriguingly, although AKT1 is also localized at the early endosomes,
INPP4B does not appear to regulate its activation. The exact mechanism underlying the selective
regulation of AKT2 by INPP4B remains to be elucidated. Our study nevertheless represents an
important first step in the understanding of the mechanism underlying isoform specific and

localized AKT regulation.

In conclusion, our study provides strong evidence that INPP4B is not epistatic to PTEN and
that INPP4B loss, although insufficient to initiate cancer in the thyroid, can promote FTC
progression and metastasis in the context of PTEN haploinsufficiency through the isoform-
specific regulation of AKT signaling at the endosomes (Figure 2.6). More generally, our findings
provide compelling evidence for the critical role of a qualitative regulation of signal transduction

in tumorigenesis.
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Figure 2.6. Model for the role of INPP4B and PTEN loss in FTC progression and

metastasis. INPP4B and PTEN control both activation level and subcellular localization of

PI3K/AKT signalling to oppose thyroid tumorigenesis.
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2.6 METHODS

Mice and histopathological analyses

Inpp4b knockout mice were generated by Sasaki and colleagues in the C57BL/6J background.
Pten*~mice used in the study are in the C57BL/6J background. Total body necropsy and
histopathological analyses were performed on cohorts of male and female mice from 4-15
months of age. Mouse tissues were fixed in 4% paraformaldehyde and embedded in paraffin.
They were then sectioned and stained with hematoxylin and eosin (H&E) for pathological
analyses. The use of these mice and procedures performed were in accordance to NIH-approved
guideline, and the Institutional Animal Care and Use Committee (IACUC) ate Beth Israel

Deaconess Medical Center approved the studies.
Studies with Primary cells

Mouse embryonic fibroblasts (MEFs) were isolated at day E13.5, immortalized with SV40 large
T antigen, and maintained in DMEM supplemented with 10% fetal bovine serum, 2mM

glutamine, 100 U/ml penicillin and streptomycin (Invitrogen).

Cell lines

All cells were maintained in DMEM or RPMI supplemented with 10% fetal bovine serum, 2 mM
glutamine, 100 U/ml penicillin and streptomycin (Invitrogen). N-Thy-Ori-3 cells were purchased
from Sigma. Htori and 8505C cells were kindly provided by Dr. Sareh Parangi (MGH); FTC and
TPC1 cells were kindly provided by Dr. Orlo H. Clark (UCSF). N-Thy-Ori-3 and Htori cells are
the same cell line but different culturing conditions have caused them to diverge, as indicated by
different INPP4B expression levels. FTC cell lines were derived from the same patient (FTC133
— primary tumor, FTC 236 — lymph node metastasis and FTC 237 — lung metastasis) (33). Cell

lines were tested for specific markers by Western blot and qRT-PCR in our laboratory, routinely
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tested for Mycoplasma (MycoAlert; Lonza), but not further authenticated.

Human tissue collection

The Committee for Human Research at Brigham and Women’s Hospital approved this study.
Thyroid tumors and normal tissue were discarded specimens obtained from patients undergoing
thyroidectomy. The specimens were snap-frozen in the operating room suite with liquid nitrogen
and were maintained at -80C until analysis. An endocrine pathologist, who confirmed the

histologic diagnosis, evaluated the specimens.

Western blotting and immunohistochemistry

Cells and tissues were lysed with RIPA buffer (50mM Tris [pHS8], 150mM NacCl, 0.1% SDS,
0.5% sodium deoxycholate, 1% NP40, ImM EDTA and protease and phosphatase inhibitor
cocktail [Roche]). For western blotting, the following antibodies were used: anti-AKT (9272),
anti-Phospho-AKT (pSerd73, 9271; pThr308, 9275), anti-AKT1(2938), anti-AKT2(3063 and
5239), anti-p-AKT1 (pSer473)(9018), anti-p-AKT2 (pSerd74)(8599), anti-PTEN (9559), anti-
INPP4B(8450) were from Cell Signaling Technology. Please note that anti-AKT2 (3063) and
(5239) cross-reacted with different unspecific bands, with a lower AKT2 specific band for
(3063) and an upper specific band for (5239) as indicated. Anti-INPP4B (81269) was from
Epitomics. Anti-HSP90 (610419) was from BD Biosciences anti--actin (A3853) was from
Sigma. The characterization of anti-INPP4B (81269) has been shown in the Supplementary
Figure 2. For immunohistochemistry, anti-INPP4B antibody (81269) was from Epitomics and

anti-phospho-Akt (pSer473, 4060) was from Cell Signaling Technology.
Immunofluorescence

Cells were grown on coverslips, fixed with 4% paraformaldehyde and permeabilized with 0.3%

Triton or pre-chilled methanol. Cells were rinsed with PBS, blocked and then incubated with
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primary antibody, followed by incubation with Alexa Fluor conjugated secondary antibodies
(Life Techonologies). Coverslips were mounted with ProLong Gold Antifade reagent with DAPI
(Life Technologies). Confocal images of cells were acquired with LSM510META Confocal
Laser System (BIDMC) and Zeiss Observer-Z1 microscope equipped with Apotome (University
of Torino). Primary antibodies used: anti-INPP4B (Atlas, 37682), anti-PI3K-C2a (anti-p170)
(BD, 611046) anti-y-tubulin (Sigma, GTU-88), anti-Rab5 (BD, 610261 and Cell Signaling
Technology, 3547) anti-a-tubulin (Sigma, T6074), anti-PtdIns(3,4P)2 and anti-PtdIns(3,4,5)P3
(Echelon, Z-P034b and Z-P345), anti-SNX9 (Proteintech, 15721-1-AP), and anti-AKT2 (Cell

Signaling Technology, 2964).

Early endosome purification

Cells were gently homogenized in the homogenization buffer (250mM sucrose, 3mM imidazole,
pH 7.4 with protease inhibitor cocktail). The samples were centrifuged at 3000 rpm to remove
nuclei and cell debris. Postnucelar supernatant (PNS) was subsequently separated by sucrose
gradient centrifugation into different cellular fractions. In detail, the PNSs were adjusted to
40.6% sucrose using a stock solution (62% sucrose, 3mM imidazole pH 7.4), loaded at the
bottom of centrifugation tubes (SW55), then sequentially overlaid with 1.5 ml 35% sucrose
solution (35% sucrose, 3mM imidazole pH 7.4) followed by 1ml 25% solution (25% sucrose,
3mM imidazole pH 7.4) and Iml of homogenization buffer on top of the load. After 1hour
centrifugation, at 35000 rpm 4°C, early endosomes (EE) were recovered from interphase
between 35% and 25% layers, late endosomes (LE) were recovered from uppermost portion of
25% phase, and heavy membranes (HM) including ER, Golgi and plasma membranes were
recovered from lowest interphase. EE, LE and HM were then precipitated with

methanol/chloroform loaded in SDS-PAGE for western blot analyses.
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RNA isolation and RT-qPCR

Total RNA was purified from cell lines and tissues using the PureLink RNA Mini Kit
(Invitrogen). For qPCR analysis, 2ug of total RNA was reverse transcribed into cDNA using the
High Capacity cDNA Reverse Transcription Kit (Applied Biosystems). SYBR-Green qPCR
analysis was then performed using Applied Biosystems StepOnePlus in accordance to the
manufacturer’s protocol. Each target was run in triplicate, and expression levels were normalized

to mouse hypoxanthine-guanine phosphoribosyltransferase (HPRT) or human porphobilinogen

(PBGD).

Genotyping

The following genotyping primers were used:

Inpp4b dell: GTTTACATTTGACAGGGTGGTTGG
Inpp4b del2: TGCTGTCGCCGAAGAAGTTA
Inpp4b del3: CCTGCCATGGGTAGATTTCT
Pgen-1: TGGGAAGAACCTAGCTTGGAGG
Pgen-3: ACTCTACCAGCCCAAGGCCCGG

3193: CGAGACTAGTGAGACGTGCTACTTCC

5-Aza-2’-deoxycytidine treatment
Cells were briefly treated with 3uM of 5-Aza-2’-deoxycytidine for 5 days. After that, the cells

were harvested for RNA and protein analysis.

Growth proliferation assay
Cells were plated at a density of 2.5x10* cells/well in 12-well plates and each sample was plated

in triplicate. Plates were collected on day 0, day 2, day 4 and day 6. The wells were washed with

91



PBS and cells were fixed with 4% paraformaldehyde (Santa Cruz Biotechnology). Wells were
stained with 0.1% Crystal Violet solution, washed and dried. The absorbed stained was then

solubilized with 10% acetic acid, and the absorbance was measured at 595nm.

Soft-agar colony formation assay

Soft-agar colony formation assay was performed by first plating 6-well tissue culture plates with
0.6% Noble agar/growth media and allowed to solidify at room temperature. 1x10° thyroid
cancer cell lines in 0.3% Noble agar/growth media were then seeded as the top layer. Each cell
line was seeded in triplicate. The soft agar was allowed to solidify at room temperature, then
placed in the incubator at 37°C. Fresh growth media was added every week, and colonies were

counted and photographed after 2 weeks.

Measurement of TSH levels

Serum was collected from, Pten*”~, Pten*"-Inpp4b*"~ and Pten*"Inpp4b~~ mice. The mice were
between 3-5 months of age, and at least 4 mice in each genotype were tested. Briefly, blood was
allowed to clot at 4°C for at least 2 hours. It was then centrifuged at 1000xg for 15 minutes. The
serum was carefully removed and frozen at -20°C. For testing, we used the ultrasensitive thyroid-

stimulating hormone (U-TSH) ELISA kit from MyBioSource (MBS042764).

Bisulfite sequencing

Genomic DNA samples were collected and treated with bisulfite using the EpiTect Bisulfite kit
(Qiagen) according to the manufacturer’s recommendations. PCR amplification was performed
with primers specific for the methylated and unmethylated alleles, as described in Yuen et al.

(12).
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Statistical analysis
For quantitative data, data sets were generally analyzed using the unpaired, two-tailed Student’s ¢

tests (GraphPad Prism, GraphPad Software). p<0.05 was considered significant.
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CHAPTER 3

INPP4B loss and its role in prostate cancer progression
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3.1 Introduction

3.1.1 Prostate cancer

The signaling pathways associated with prostate cancer progression are an area of extensive
study, in part because gaining an understanding of the pathways gone awry may facilitate
targeted cancer therapies. These therapeutic implications are important because more than
200,000 American men are diagnosed with prostate cancer (CaP) each year, making it the most
common cancer and the second leading cause of cancer-related deaths in American men, trailing

behind only lung cancer.

CaP may have some hereditary etiology; however, somatic mutations play a major part in the
pathogenesis of this disease. Epidemiologic and twin studies have found that somatic gene
defects can account for about half of the CaP cases (1). Such gene alterations include
hypermethylation of GSTP1, allelic loss of NKX3.1, PTEN or p27, and increased expression of

the androgen receptor (1).

The PI3K-AKT pathway is deregulated in 42% of primary CaP, and 100% of metastatic CaP
(2), underscoring the importance of PI3K-AKT signaling in CaP tumorigenesis. Although PTEN
is expressed in healthy prostate epithelium and prostatic intraepithelial neoplasia (PIN), it is
often lost as these lesions become cancerous (3). Indeed, loss of PTEN expression is observed in
30-60% of all CaP (3). Further, a continuum of functional PTEN loss exists, and high grade CaP
often has a higher degree of PTEN loss (3). While it is well established that loss of PTEN can
lead to localized prostate cancer, the molecular mechanisms underlying metastatic CaP

progression remains poorly understood (Figure 3.1).
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Because of the importance of the PI3K-AKT signaling pathway in CaP progression (2),
coupled with the fact that INPP4B, like PTEN, antagonizes PI3K-AKT signaling, we

hypothesize that INPP4B cooperates with PTEN in suppressing prostate cancer progression.

Prostatic
m:lm i Intraepithelial -3 carcinoma -3 carcinoma = Metastasis
o neoplasia (PIN) (latent) (clinical)

Initiation Progression || Wg

§ Inflammation A L ¢ deveh . Castration-resistance
» S ‘e-activation of developmenta
@
g Oxidative/DNA damage Senescence signaling pathways EMT
F 4 Telomere shortening
- NKX3.1 down-regulation ERK/MAPK activation
@
€ MYC overexpression PTEN inactivation EZH2 overexpression
u TMPRSS2-ERG fusion
et

Figure 3.1 The molecular pathogenesis of prostate cancer

Flow chart depicting the stages in prostate cancer development, and the molecular mechanisms
accounting for each transformation. The mechanisms underlying localized prostate cancer

progression to metastatic prostate cancer remain poorly understood. Figure adapted from Shen

and Abate-Shen, 2010.
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3.1.2 GEMMs of prostate cancer

To date, several GEMMs of CaP have been generated in a bid to faithfully mimic prostate
tumorigenesis in humans. Faithful modeling of human CaP allows us to gain a better
understanding of the molecular mechanisms underlying CaP progression, and for pre-clinical

trials of targeted therapies.

One of the first CaP models is the TRAMP (transgenic adenocarcinoma mouse prostate)
model, where the prostate specific expression of SV40 T antigen oncoprotein is driven by the rat
probasin promoter to disrupt critical tumor suppressor genes in human CaP, such as p53 and Rb
(4). In the C57BL/6 genetic background, all male TRAMP mice develop PINs by 2 and 3
months of age, which progresses to poorly differentiated neuroendocrine carcinoma by 4-7
months, when distant metastases can primarily be detected in the lymph nodes and lung
(TABLE) (5). Nonetheless, there are drawbacks to the clinical use of the TRAMP model. One
such drawback is that a viral protein, whose role in the generation of human CaP is unknown,
drives CaP in the TRAMP model (6). In addition, TRAMP mice develop neuroendocrine

carcinoma, which rarely occurs in humans (5).

One of the most frequent genetic alterations in human CaP is deletion or mutation of PTEN
(6). Thus, mouse models with loss of function of Pten would prove relevant in understanding the
pathogenesis of CaP. Total body knock-out of Pten is embryonically lethal, thus, precluding the
study of CaP progression in null mutants (7). Nevertheless, Pten” mice develop PINs by 8-10
months, while invasive adenocarcinoma is not observed (7). Compound mutant mouse models
have been generated to investigate genetic alterations that can cooperate with Pten
heterozygosity to modulate PIN formation and/or cancer progression (6). Notably, deficiency of

Akt1 markedly attenuates the development of high-grade PIN in Pten™" mice (8). Further, in
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Pten™"p277 mice, loss of p27 results in CaP at complete penetrance by 3 months of age,
although no metastasis is observed (9). Loss of Nkx3.1 in Pten heterozygous mice also results in
invasive CaP in mice greater than 1 year of age, with metastases to the lymph nodes occurring

with a 25% penetrance (10).

In order to study the tissue specific effect of the loss of a particular gene, conditional gene
knockout systems based on the bacteriophage P1 Cre recombinase are widely used, where
recombination between two LoxP sites results in deletion or inversion of intervening sequences
(6). Conditional inactivation of a gene is achieved by flanking one or several exons of interest
with LoxP sites, expressing Cre recombinase in a tissue specific manner using appropriate
promoters, thus allowing the targeted exon(s) to be excised in a spatially-controlled manner (6).

To study the effect of complete Pten loss in the prostate, our lab utilizes Pten'™" mice
crossed with the PB-Cre4 transgenic line, in which Cre is under the control of a composite
promoter, ARR2 PB, a derivative of the rat Probasin (PB) promoter (11). The PB gene is
androgen responsive and is expressed at high levels in the epithelium of the prostate post-puberty
(12). Therefore, excision of exons 4-5 of Pten would only occur in the prostate epithelium of the
mice (12) It is important to note that the excision of Pten occurs post-puberty; eliminating any

effect Pten loss has on prostate organogenesis that would confound analyses of cancer

progression (12).

Pten™™-PB-Cre4 (Pten’") mice display severe prostate enlargement and disorganized
hyperplastic glands in all lobes with cellular dysplasia and cryptic glandular formation (12).
These mice develop invasive and diffuse CaP in more than one prostate lobe and the tumor
origin is multifocal (12). Although these prostate tumors are high-grade, undifferentiated lesions

that are highly proliferative, metastasis is never observed (12). Strikingly, inactivation of both

103



Pten and Trp353 results in invasive CaP by 10 weeks of age, in contrast to Pfen*”~ mice that
presented with CaP after only 4-6 months of latency (13). More importantly, this mouse model
reveals that acute Pten inactivation induces growth arrest through the p53-dependent cellular
senescence pathway, thereby restricting prostate tumorigenesis in Pten”*”" mice, which can be
fully rescued through the combined loss of 77p53 (13). More recently, loss of Zbth7a has been
shown to also promote Pten-null driven prostate tumorigenesis through Rb downregulation (14).
We note that these mice do not present with lymph node or lung metastases. However, two
studies find that loss of Smad4 in Pten’*”~ mice or telomerase reactivation in the context of
telomere dysfunction can result in aggressive CaP with metastases to the lymph nodes and the

bone respectively (15,16).

As described in section 1.4.2.2 and section 3.1.1, genomic and transcriptional data in CaP
reveal that INPP4B, together with PTEN, is down-regulated in metastatic CaP. However how
INPP4B expression leads to CaP progression is still largely unknown. Additionally, a mouse
model of CaP that would allow the in vivo study of INPP4B function is also lacking. Although
PTEN loss leads to PIN and the formation of prostate tumors in vivo, these tumors often remain
primary or localized in the prostate. Thus, my thesis aims to characterize the tumor suppressive
function of INPP4B and its potential cooperation with PTEN in CaP progression in vivo, with the

hypothesis that INPP4B might be a potential ‘second-hit’ required for CaP metastasis.
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3.2 Results and discussion

3.2.1 INPP4B is reduced in metastatic prostate cancer in humans

To explore the possibility that the tumor suppressive functions of INPP4B counteracts the
metastatic potential of primary prostate tumors, Dr. Leonardo Salmena and Dr. George
Poulogiannis compared /INPP4B expression between primary and metastatic samples in publicly
available CaP databases — Lapointe (17), Taylor (2), Vanaja (18) and Varambally (19). As
depicted in Figure 3.2 our analysis clearly shows that expression of INPP4B is significantly
reduced in metastatic CaP when compared to localized CaP. This provides preliminary support

for a role of INPP4B in metastatic progression of CaP.

Lapointe INPP4B Taylor INPP4B Vanaja INPP4B Varambally INPP4B
4 p<0.0001 T p=0.0141| | | p=00303| | p=0.0243
p'm"m" .|um0r I.’(.-lé_!S_!I&SIS Prmary tumor r.'.e:a';ltgss ané?r\_'!um:)! Metastass ana.r\,r_mmor f.'.etd;.msus

Figure 3.2 INPP4B is significantly decreased in metastatic prostate cancer

Bioinformatic analyses on four CaP datasets — Lapointe, Taylor, Vanaja and Varambally - show
that INPP4B expression is significantly decreased in metastatic prostate cancer compared to

primary tumors. Salmena, L. and Poulogiannis, G.
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3.2.2 Characterization and validation of Inpp4b knockout (Inpp4b~-) mice

As described in Chapter 2, Inpp4b knockout mouse lines were obtained from Dr. Takehiko
Sasaki (Akita University, Japan). These mice constitute a functional knockout of the phosphatase

catalytic domain of Inpp4b (Figure 2.1A).

We first wanted to validate and characterize the mouse model. One approach I took was to
look at the effect of Inpp4b loss of function in Inpp4b™™ mouse embryonic fibroblasts (MEFs). I
isolated wildtype, Inpp4b™* and Inpp4b™™ MEFs, immortalized them with SV40 T-large antigen

and then infected them with Cre-recombinase to knockout the phosphatase catalytic domain.

To find out if the mouse Inpp4b transcript was destabilized and degraded upon deletion of
the floxed exon, I designed primers spanning the entire length of the mouse Inpp4b transcript
(Figure 3.3A). Importantly, one primer pair was designed to amplify exons 19 to 23 (Figure
3.3A). Using this primer pair, wildtype Inpp4b would give an amplicon that is 628 base pairs in
length. However, because Inpp4b knockout mice are deleted for exon 22, Inpp4b™" and Inpp4b™-
mice would give a band that is 473 base pairs in length. Using semi-quantitative PCR, I am now
confident that, on a transcript level, the knockout mouse model is indeed lacking the catalytic

domain and that Inpp4b is not destabilized (Figure 3.3B).
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Figure 3.3 Inpp4b™- mice express Inpp4b lacking exon encoding phosphatase domain

(A) Schematic depicting primer design over the entire length of /npp4b. (B) Semi-quantitative
PCR of Inpp4b in wildtype, Inpp4b™" and Inpp4b™~ mice. Primer pair which amplifies Exons 19
to 23 indicate the presence of a shorter 473 base pairs band in the Inpp4b™~ and Inpp4b™- mice.

Accordingly, we decided to check whether the loss of the catalytic domain could be detected
on a protein level by the presence of a shorter, carboxyl-terminal deleted form of Inpp4b, since
this truncated form of Inpp4b, though catalytically dead, might retain other functions or
otherwise affect the normal activity of wildtype Inpp4b in Inpp4b™- conditions, a key point for

the correct interpretation of the data. However, I struggled with setting up the detection of mouse
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Inpp4b protein levels at that point in time, given the lack of specific antibodies against the mouse
protein that were commercially available then. Dr. Takehiko Sasaki has recently raised a specific
antibody that detects mouse Inpp4b. This would be useful in further characterizing the Inpp4b

knockout mouse model.

As described in Chapter 2, we found that MEFs with Inpp4b deletion displayed increased
Akt activation, monitored through the phosphorylation of both Serine 473 and Threonine 308 at
different time points after serum restimulation (Fig. S2.4A). This is in agreement with previous
findings that Inpp4b loss results in increased Akt activation (20), providing functional support of

the validity of Inpp4b knockout in the mouse model.

To further confirm that the increase in Akt activation was indeed due to Inpp4b loss of
function in the MEFs, I re-expressed mouse Inpp4b in MEFs where Inpp4b has been floxed-out.
Expression of Inpp4b was confirmed via western blotting with an antibody obtained in March
2015 from Dr. Takehiko Sasaki (Fig. 3.4A). This antibody was raised against a purified
recombinant human INPP4B fragment (amino acids 2 — 235). The western blotting also
confirmed the absence of full length mouse Inpp4b in Inpp4b™" MEFs. Nonetheless, this does
not preclude the existence of a stable, truncated protein lacking the catalytic domain of Inpp4b.
Upon serum starvation-restimulation, expression of Inpp4b rescued Akt activation in Inpp4b™1
MEFs (Figure 3.4A). This provides additional support that Inpp4b antagonizes Akt activation. A
future experiment would be to overexpress Inpp4b where the catalytic cysteine residue is
mutated to alanine, thereby abrogating its catalytic activity (20). Efforts are underway to

characterize Akt signaling in this mutant.

Since activation of Akt signaling is frequently associated with cellular proliferation, we

analyzed the effect of Inpp4b loss of function by performing growth proliferation assays. We
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Figure 3.4 Functional characterization of Inpp4b knockout MEFs

(A) Western blot analysis of lysates from immortalized Inpp4b” MEFs infected with either an
empty vector or a vector that overexpresses Inpp4b. MEFs were serum starved and then
restimulated with sfor the indicated amount of time. Arrowhead indicates specific band of
INPP4B protein. (B) Proliferation of immortalized wildtype, Inpp4b™- and Inpp4b”~ mouse
embryonic fibroblasts (MEFs) upon Cre-mediated deletion. Cells were cultured in complete
media (10% serum), stained with crystal violet, and lysed. Absorbance was measured at

OD595nm.
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Figure 3.4 (continued)
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found that Inpp4b™ MEFs had the highest proliferation rate, followed by Inpp4b™* , and finally

wildtype MEFs (Figure 3.4B).

3.2.3 Inpp4b knockout (Inpp4b~-) mice do not develop prostate intraepithelial neoplasia

(PIN) characteristic of Pten haploinsufficient mice

To determine the possible tumor suppressive function of /[NPP4B in prostate tissue, we
analyzed the prostates from Inpp4b™" and Inpp4b”~ mice at different time points, up to 20 months
old. Unlike Pten*" mice which develop high-grade PIN (HGPIN) by 9 months of age (9), we
found that partial or complete loss of /npp4b in the prostate epithelium was insufficient to trigger
any neoplastic transformation (Figure 3.5A-B). This demonstrates a possible distinction in the

role of PTEN and INPP4B in prostate tumorigenesis.

3.2.4 Loss of Inpp4b in a Pfen heterozygous background leads to prostate cancer

progression

We next wanted to determine if Inpp4b loss cooperated with Pten heterozygosity to promote
prostate cancer (CaP) progression. In keeping with genomic data from human CaP, we
hypothesized that loss of Inpp4b would accelerate prostate cancer progression in Pten™ mice. As
described in Chapter 2, we crossed Pten” mice with Inpp4b” mice. The resulting Pten™”
Inpp4b* mice were then crossed with Inpp4b*"~ littermates to generate wild type, Pten™", Pten™"
Inpp4b*" and Pten™ Inpp4b”~ mice (Figure S2.1A). To analyze the consequence of Inpp4b loss of
CaP progression, we followed experimental cohorts of mice divided into three age groups — 6 to
8 months, 9 to 11 months and 12 to 15 months. Because Pten™"Inpp4b™- mice developed

metastatic, lethal follicular-like thyroid carcinoma and did not survive beyond 6 months of age
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Figure 3.5 Inpp4b knockout mice do not display any signs of prostate neoplasia

(A) Hematoxylin and eosin (H&E) of Anterior, Ventral and Dorso-Lateral prostate lobes of WT,

Inpp4b+/' and Inpp4b'/- mice at 6 months and (B) 20 months. Scale bars represent 50pum.
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Figure 3.5 (continued)
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(Figure 2.2A), it precluded our use of these mice in studying the effect of complete Inpp4b loss

on prostate tumorigenesis in the latter two age groups.

Histopathological analyses of wild type, Pten™", Pten™"Inpp4b*" and Pten*"Inpp4b™- mice
from 6 to 8 months of age revealed that there was no observable difference in the PIN developed
(as a percentage of normal epithelium) in the ventral (VP), anterior (AP) or dorsolateral (DLP)

lobes of the prostate (Figure 3.6A-B).

However, analyses of mice between 9-11 months of age reveal that partial loss of Inpp4b in
Pten”" mice resulted in an apparent increase in the percentage of PIN developed in all three

lobes, with the most significant increase in the AP (Figure 3.7A-B).

Although there was no significant difference in total PIN development between wild type,
Pten™ and Pten™"Inpp4b™" mice between 12 to 15 months of age (Figure 3.8A-B), analyses of
these mice was complicated by architectural remodeling and the development of invasive
carcinoma and cystic lesions in a number of Pten™ Inpp4b*" mice precluded the scoring of these
prostates for percentage of PIN developed. Nonetheless, in the prostate lesions that could be
scored, we observed a general increase in the amount of high-grade PIN lesions developed in

both the VP and AP (Figure 3.8C).

Strikingly, in the VPs of the Pten*"Inpp4b*" mice, we observed microinvasion at a 56%
penetrance and the development of invasive carcinoma in 25% of the mice (Figure 3.9A and
3.9B). Neoplastic lesions have never been reported in the ventral prostates of Pten™ mice (9),
nor were they observed in the Pten” mice of our experimental cohort. Furthermore, we
observed a high degree of advanced remodeling and cystic lesions in the AP in 33% of Pten™
Inpp4b*"- mice, which has never been described in Pten*” mice (Figure 3.9A and 3.9C).

Immunohistochemical analysis revealed an increased percentage of prostate epithelial cells with
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Figure 3.6 Analysis of 6 to 8 month-old cohort of Pten™-, Pten* " Inpp4b*"- and Pten™"Inpp4b™-

mice for prostatic intraepithelial neoplasia

(A) Hematoxylin and eosin (H&E) of Anterior, Ventral and Dorso-Lateral prostate lobes of
Pten, Pten"" Inpp4b™" and Pten™" Inpp4b”~ mice at 6 to 8 months of age. Scale bar represents

50um. (B) Incidence of PIN as a percentage of normal epithelium is reported in the dot plot.
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Figure 3.6 (continued)
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Figure 3.7 Analysis of 9 to 11 month-old cohort of Pten*", Pten™-Inpp4b*- and Pten*"Inpp4b

"~ mice for prostatic intraepithelial neoplasia

(A) H&E of Anterior, Ventral and Dorso-Lateral prostate lobes of Pten™ and Pten™" Inpp4b™”
mice at 9 to 11 months of age. Scale bar represents 50um. (B) Incidence of PIN as a percentage

of normal epithelium is reported in the dot plot.
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Figure 3.7 (continued)
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Figure 3.8 Analysis of 12 to 15 month-old cohort of Pten™", Pten*" Inpp4b*"- and Pten*"

Inpp4b~- mice for prostatic intraepithelial neoplasia

(a) H&E of Anterior, Ventral and Dorso-Lateral prostate lobes of Pten™ and Pten™" Inpp4b™
mice at 12 to 15 months of age. Scale bar represents 50um. (b) Incidence of PIN as a percentage
of normal epithelium is reported in the dot plot. (c) Incidence of high-grade PIN (HGPIN) as a

percentage of normal epithelium is reported in the dot plot.
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Figure 3.8 (continued)
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Figure 3.8 (continued)
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Akt activation (monitored through phosphorylation of Ser473) in both the ventral and anterior
prostates of Pten™ Inpp4b™" mice, compared to that of Pten*” mice (Figure 3.9D and 3.9E, top
panels). To assess any differences in the proliferation of the prostate epithelium, we performed
immunostaining for the Ki-67 proliferation antigen. Ki-67 positive cells were rarely observed in
the ventral and anterior prostate epitheliums of Pten*” mice (Figures 3.9D and 3.9E, left panels),
in line with previous reports that neoplastic transformation was rarely detected in these lobes (9).
In contrast, there was a stark increase in the number of Ki67-positive prostate cells in both the
ventral and anterior prostates of the Pten™"Inpp4b*" mice (Figure 3.9D middle panel and 3.9E
bottom panel). This indicates increased proliferation of prostate cells in the ventral and anterior
prostates upon partial loss of Inpp4b in Pten*” mice. Smooth muscle actin (SMA) staining of
ventral prostate sections revealed development of invasive prostatic adenocarcinoma in the
ventral prostate of Pten™"Inpp4b™" mice (Figure 3.9D, bottom panel). Taken together, these
suggest that Inpp4b loss can cooperate with Pten heterozygosity to promote prostate cancer
progression.

3.2.5 In vitro detection of INPP4B with antibodies, and the identification of a novel isoform

of INPP4B

We next wanted to characterize effects of INPP4B loss in vitro using human prostate cancer
cell lines. However, we first needed to optimize systems for the analysis of endogenous INPP4B.
We obtained two commercially available antibodies against INPP4B — Epitomics (EPR3108Y)
and Cell Signaling Technologies (#8450). Anti-INPP4B (EPR3108Y) is raised against a
synthetic peptide corresponding to human INPP4B from amino acids 1 to 100 (N-terminus),
while anti-INPP4B (#8450) was raised against a synthetic peptide corresponding to residues near

the C-terminus of human INPP4B (according to datasheet of antibody). The relative positions of
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Figure 3.9 Inpp4b heterozygosity accelerates prostate cancer in Pten’”” mice

(A) Percentage of invasive prostate cancer (Ventral lobe), microinvasion (Ventral lobe) and
cystic lesions (Anterior lobe) observed in the prostates of Pren” and Pten+/-lnpp4b+/_ mice. (B-C)

Left panels: H&E of prostates from Pten+/_]npp4b+/_ mice with invasive prostate cancer in the
Ventral lobe (B), and cystic lesions in the Anterior lobe (C). Right panels: Higher magnifications
regions within the black squares. Scale bars represent S0um, except in left panel of (C), where it

represents 250um. (D-E) Ki67, smooth muscle actin (SMA) and p-Akt (Ser473) staining of

prostate sections from Pren” (left panels) and Pten+/-lnpp4b+/- mice (right panels). Arrowheads
indicate sites of tumor invasion. Scale bars, top panels: 250um, middle and bottom panels:

50pum.
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Figure 3.9 (continued)
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Figure 3.9 (continued)
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Figure 3.9 (continued)
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the epitopes recognized by both antibodies are represented in Figure 3.10A. Although I too
grappled with setting up the detection of INPP4B protein levels, through extensive
troubleshooting efforts using in vitro knockdown of INPP4B in various prostate cell lines
(PWRI1E, RWPEI1, DU145) and a breast cancer cell (HMEC) as positive control, I am now

confident of specifically detecting INPP4B in our human cell lines (Figure 3.10B).
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Figure 3.10 Characterization of two commercially available antibodies against INPP4B

(A) Diagram representing the structure of INPP4B, which contains an N-terminus C2 domain
and a C-terminus phosphatase domain in Exon 26. Chevron arrows indicate the relative position
of the epitope recognized by the respective antibodies. Red arrow indicates where siRNA against

INPP4B targets. (B) Western blot analysis of lysates from siRNA mediated knock-down of
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Figure 3.10 (continued)

INPP4B in PWRIE, RWPEI, DU145 and HMEC cell lines. Arrowhead indicates specific bands
of INPP4B protein.

Interestingly, during this process, we made a serendipitous discovery of a potential novel
isoform of INPP4B in our cell lines. Compared to full length INPP4B at 105kDa, this isoform is
a little larger than 75kDa in size. The shorter isoform can only be detected by Cell Signaling
antibodies (#8450), which is raised against the C-terminus of human INPP4B, suggesting that

this isoform most likely lacks the N-terminus C2 domain (Figure 3.11).

2 isoforms of INPP4B

FULL
LENGTH E 105'kDa

Figure 3.11 Proposed structure of truncated INPP4B isoform

Diagram representing the potential structure of the shorter INPP4B isoform which is ~75kDa.
This isoform is proposed to lack the C2 lipid membrane binding domain, but still contain the

phosphatase catalytic domain.

Indeed, upon examination of the protein sequence of INPP4B, it is predicted that removal of the
C2 domain results in an isoform that is approximately 85kDa in size. A potential alternative start
codon close to the end of the C2 domain would result in a transcript encoding for an isoform that

is approximately 84kDa in size. However, alignment and analysis of known INPP4B transcripts
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on Ensembl suggested that such a transcript does not exist, indicating that this protein isoform
could possibly be formed via protease mediated degradation. Future characterization of this
shorter INPP4B isoform, its expression and localization pattern and the specific role it might

play in cancer would undoubtedly yield further insights into the functions of INPP4B.

3.2.6 Knockdown of INPP4B in prostate cell lines increased metastatic potential

To study the effects of INPP4B loss in cancer assays, | generated prostate cell lines (PC3 and
PWRIE) with a stable knockdown of INPP4B (Figure 3.12A, 3.12B and 3.13A). These three
shRNA constructs against INPP4B were obtained from both Open Biosystems (sh21 and sh22)
and Dr. Alex Toker (sh#2). Importantly, as seen with the knockdowns of INPP4B in both
PWRIE and PC3, both sh21 and sh22 target both 105kDa and 75kDa isoforms of INPPB, but
sh#2 seems to predominantly target the 105kDa isoform (Figure 3.12B, 3.12C and 3.13B). This
was true in both prostate and thyroid cell lines. Because of the unspecific bands detected by the
INPP4B antibodies, especially in the PC3 cell line, we further characterized the knockdown
through immunoprecipitation of INPP4B, followed by a western blot, and this confirmed that
both the 105kDa and 75kDa bands are decreased by sh21 and sh22 (Figure 3.12C and 3.13B). In
addition, it also corroborated the specificity of the antibodies. For subsequent assays, we used
only cell lines with INPP4B knocked down using sh21 and sh22. In addition, cell lines derived
from infecting the respective parental lines with scrambled shRNA were used as negative

controls.

To look at the effect of INPP4B loss on AKT signaling, I performed a serum starvation-
restimulation assay with the PC3 cells. Upon serum re-stimulation for 5 minutes, we see

increased AKT activation (monitored through an increase in phosphorylation of Ser473 and
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Figure 3.12 Validation of INPP4B knockdown in PWRIE cells

(A) RT-gPCR analysis of INPP4B upon shRNA-mediated knockdown. (B) Western blot analysis
of INPP4B levels in PWRIE cells after shRNA-mediated knockdown. Arrowhead indicates
specific band of INPP4B protein. (C) Western blot analysis of INPP4B levels in PWRIE cells
after shRNA-mediated knockdown. Lysates were obtained via immunoprecipitation with anti-
INPP4B from Cell Signaling Technologies (#8450), followed by reciprocal western blotting with

anti-INPP4B from Epitomics (EPR3108Y) and Cell Signaling Technologies (#8450).
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Figure 3.12 (continued)
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Figure 3.12 (continued)
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Figure 3.13 Validation of INPP4B knockdown in PC3 cells

(A) RT-qPCR analysis of INPP4B upon shRNA-mediated knockdown. (B) Western blot analysis
of INPP4B levels in PC3 cells after siRNA-mediated knockdown. Lysates were obtained via
immunoprecipitation with anti-INPP4B from Cell Signaling Technologies (#8450), followed by
reciprocal western blotting with anti-INPP4B from Epitomics (EPR3108Y) and Cell Signaling

Technologies (#8450).
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Figure 3.13 (continued)
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Thr308) for both sh21 and sh22 cells in PC3 cells, when compared to PC3-shScrambled (Figure

3.14A).

We next conducted cell proliferation assays on PWRI1E and PC3 cell lines. We found that
knockdown of INPP4B did not confer a growth advantage for prostate cell lines under full serum
growth conditions (Figure 3.14B), in keeping with our observations in the thyroid cell lines

(Figure 2.5C).

To find out if INPP4B loss in conjunction with PTEN loss would contribute to a more
aggressive prostate cancer phenotype, we performed in vitro metastasis assays with PC3 cells,
which are PTEN null. We found that knockdown of INPP4B in PC3 cells resulted in increased

migration and invasion of PC3 cells (Figure 3.15A-B).

To further explore the functional effect of INPP4B loss, a subcutaneous xenograft assay
using PC3-sh21 and PC3-sh22 was performed using NCr nude mice. The procedure is described
in the “Methods” section. In line with our findings that INPP4B loss did not provide a
proliferative advantage, we did not observe a significant difference in xenograft volume and
weight between PC3-shScrambled and PC3-sh22 xenografts (Figure 3.16A-B). PC3-sh21 cells
appeared to proliferate at a rate slower than both PC3-shScrambled and PC3-sh22 cells (Figure
3.16A-B). This could be due to the instability of sh21 knockdown in vivo. It could also be due to
specific and/or nonspecific off-target effects of sh21, triggering an interferon response (21),
affecting the general expression levels and efficiency of sh21 in vivo. With the frozen xenograft
tumors, we are going to perform rt-qPCR and a western blot to look at INPP4B levels to verify

the stability of the knockdown.

Strikingly, however, histopathological analyses revealed the occurrence of distant metastases

of xenograft cells to the lungs in 2 of 5 mice injected with PC3-sh22 cells (Figure 3.16C). To
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Figure 3.14 Knockdown of INPP4B in prostate cell lines leads to increased AKT activation,

but did not provide an advantage for proliferation

(A) Western blot analysis of phosphorylated AKT (Thr308 and Ser473) in lysates derived from
serum restimulation of PC3 cells infected with either a non-targeting ShRNA or an shRNA that
targets INPP4B (sh21, sh22 and sh#2). Cells were stimulated with serum for 5 minutes. (B)
Proliferation of PWRIE and PC3 cell lines infected with either a non-targeting shRNA or a
shRNA that targets INPP4B (sh21 and sh22). Cells were cultures in complete media (10%

serum), stained with crystal violet, and lysed. Absorbance was measured at OD595nm.
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Figure 3.14 (continued)
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Figure 3.15 Knockdown of INPP4B in PC3 cells provided an advantage for migration and

invasion

(A-B) Transwell migration and invasion assays using PC3 cells infected with either a non-
targeting sShRNA or an shRNA that targets INPP4B (sh21 and sh22). The chemoattractant used
was serum. Cells were fixed and stained with crystal violet, and then photographed (A) and the

total area occupied by the cells was determined using ImageJ (B).

confirm the human origin of the metastatic deposits, parallel sections to H&E-stained lung
sections in which metastases were observed were immunostained for a panel of markers specific
to human PC3 cells. These metastases were strongly positive for pan cytokeratin and human
promyelocytic leukemia protein (PML) (stained with human-specific antibody), confirming the
human origin of the metastases (Figure 3.16C). In addition, these lesions stained negative for

thyroid transcription factor 1 (TTF-1), indicating that they did not originate from a lung
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adenocarcinoma (Figure 3.16C). Strong AKT activation was also observed by
immunohistochemistry in the lung metastases (Figure 3.16C). We are in the process of repeating
the xenograft assay to ensure the reproducibility of the results. Taken together, these results serve
as a preliminary indication of the cooperativity between INPP4B and PTEN loss in increasing

the metastatic potential of prostate cancer cells.
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Figure 3.16 Knockdown of INPP4B in PC3 cells provided an advantage for distant

metastasis

(A) Increase in tumor volume of subcutaneous tumors arising from the xenograft of PC3 cells
infected with either a non-targeting sShRNA or an shRNA that targets INPP4B (sh21 and sh22).
(B) Dot plot representing the final weight and volume of the tumors arising from the xenograft of
PC3 cells infected with either a non-targeting shRNA or an shRNA that targets INPP4B (sh21
and sh22). (C) H&E, pan-cytokeratin, human PML, p-AKT and TTF-1 staining of lung
metastases arising from PC3 cells infected with a shRNA that targets INPP4B (sh22). Scale bar

represents S0um.
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Figure 3.16 (continued)
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3.2.7 Discussion

The results described in this chapter provide further support for the tumor suppressive role of
INPP4B in prostate carcinogenesis. Through our mouse model, we show that partial loss of
Inpp4b in a Pten heterozygous background results in prostate cancer progression, particularly in
the ventral and anterior lobes of the prostate. The evidence that INPP4B is a relevant tumor
suppressor in CaP is further supported through the observation that INPP4B is downregulated in
metastatic human CaP, and that its loss favors metastatic dissemination of PC3 cells in

subcutaneous xenografts.

Our findings reinforce the importance of PI3K-AKT activation in CaP oncogenesis.
Genomic profiling of human CaP samples have revealed that the PI3K signaling pathway is
activated in nearly half of all primary CaP cases and all of metastatic CaP cases (2). Importantly,
PTEN is lost or downregulated in close to 50% of all metastatic cases (2), in line with previous
reports that show PTEN mutations or loss of expression in human CaP (22). Interestingly, the
authors also report a downregulation of /INPP4B in 47% of the metastatic CaP cases (2), although
the co-occurrence of these lesions has not been described. While we speculate that the loss of
function of the second allele of Inpp4b in Pten*"Inpp4b*" mice could potentially result in the
progression of early CaP, the early mortality that occurred in the Pten™ Inpp4b™ mice precluded
analyses of CaP in older mice. One approach to circumvent this would be to use conditional
knockout mouse models, which would allow us to study the effect of complete loss of Pten and
Inpp4b on CaP progression. While it was initially thought that loss of the second allele of Pten
potentiates the progression of HGPIN lesions into CaP, prostate tumors in the Pten’” mice
despite being high-grade and highly proliferative lesions do not metastasize (12). This is due to

the activation of the p53-dependent cellular senescence pathway upon complete Pten
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inactivation, also known as Pten-loss-induced cellular senescence (PICS), thereby restricting
tumorigenesis (13). Further, concomitant loss of both PTEN and INPP4B induces cellular
senescence in breast cancer cell lines (20). Thus, while we are currently analyzing Pten™"
Inpp4bP*~ mice for CaP progression, interpretation of the data might be confounded by PICS.
Thus, a potentially more insightful model would be a Pten™ p53*" Inpp4b**"- mouse model,

where the senescence response triggered in Pten™ " is bypassed with the loss of Trp53.

Despite Akt activation in Pfen heterozygous mice, this only initiates PIN, some of which
progress to HGPIN, but not invasive or metastatic adenocarcinoma (7,9). Furthermore, prostate
neoplasia is rarely detected in the anterior and ventral prostates of Pten™" mice. Thus, our
observation of invasive prostate adenocarcinoma in the ventral prostates and cystic lesions in the
anterior prostates of the Pten™ Inpp4b™" mice suggests that the tumor suppressive function of
Inpp4b in the mouse prostate is distinct from Pten. The specific lobe of the mouse prostate in
which the neoplastic lesion occurs has traditionally thought to be relevant in CaP modeling, since
human and mouse prostates have different anatomy and histology (23). While there is no known
analogous structure to the ventral prostate lobe of mice, the dorsolateral prostate lobe is believed
to correspond to the peripheral zone of the human prostate, from which approximately 80% of
CaP arise (9,24). Nonetheless, leading CaP experts agree that it is premature to conclude that

lesions in any given lobe are more representative of human disease (23).

In Chapter 2, we have demonstrated that loss of INPP4B specifically increases activation of
AKT?2 in thyroid tissue and cell lines. The inhibition of Akt2 activation by Inpp4b could well be
tissue specific, and particularly relevant in the thyroid because 1) knockout of Akt2 specifically
rescued thyroid, but not prostate carcinogenesis in Pten™” mice (25) 2) the Akt1:Akt2 ratio in

thyroid tissue is 0.5 but this ratio is 1.65 in prostate tissue, suggesting a dependence on Akt2
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signaling in the thyroid glands but not the prostate (25). In the case of the prostate, a deficiency
for Aktl but not Akt2 was sufficient to inhibit the development of PIN in Pten heterozygous
mice, suggesting a role of Aktl in the initiation of CaP (13). However, it has also been shown
that the specific knockdown of AKT2 but not AKT1 results in the regression of PTEN null
prostate xenografts, suggesting that AKT2 signaling is essential in tumor maintenance in a PTEN
deficient context (26). Furthermore, inactivation of Phlpp1, which specifically inactivates Akt2
and Akt3 (27), triggered HGPIN at complete penetrance by 9 months of age (28). Phlpp! loss in
Pten”" mice accelerated CaP progression, resulting in invasive adenocarcinoma of the prostate at
complete penetrance, suggesting that Phlppl loss is synergistic with Pten heterozygosity (28).
Significantly, PHLPPI and PTEN codeletion was found to be restricted to metastatic human
CaP, but not primary CaP, potentially implicating PHLPP1 in metastatic progression of CaP
(28). Taken together, these suggest that while Akt1 appears to be important for CaP initiation,
there is synergy between Akt2 activation and Pten deficiency in CaP maintenance and

progression, although the role of Akt3 cannot be completely dismissed.

In this thesis, I describe the discovery of a novel isoform of INPP4B, which has also been
recently described (29). While the biological significance of this isoform remains unclear, we
have systems that can potentially be used to study the effect of this isoform in cell lines. Because
it lacks the C2 domain, this isoform is most likely not membrane-localized. Whether this
represents a loss of the classical function of INPP4B, or a gain of a novel function, remains to be
characterized. The mechanism through which this isoform is formed would also yield further
insight into INPP4B regulation. Because a transcript corresponding to this isoform has not yet
been isolated, and since INPP4A is known to be degraded via calpain proteases during allergic

airway inflammation (30), we hypothesize that this isoform is likely formed through protease
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mediated cleavage of the full length protein. It would be especially interesting to uncover a
particular correlation between the abundance of this isoform, and a particular protease, and the

association with cancer progression.

A recent characterization of the catalytic domain of INPP4B revealed that it possesses
protein tyrosine phosphatase activity and that the lipid and protein phosphatase activities are also
modulated by other key residues in the catalytic motif (31). While we are confident of Inpp4b
loss of function in Inpp4b™ mice, we cannot neglect a potential contribution of the protein

phosphatase function in modulating Inpp4b’s tumor suppressive function.

Strikingly, we note that the loss of INPP4B in PTEN null PC3 cells appears to favor distant
metastasis of subcutaneous xenografts to the lungs. While this data is preliminary and still needs
to be repeated, it provides an initial confirmation of the role of INPP4B in suppressing
metastasis. Although PC3 cells were established from the bone metastasis of grade IV CaP,
distant metastases have never been observed with subcutaneous xenografts in NCr nude or
Nod/Scid mice (32,33). Thus, PC3-shINPP4B xenograft models could represent a promising

model for testing of therapies and understanding the pathogenesis of CaP.

To conclude, this chapter provides preliminary evidence supporting a tumor suppressive role
of INPP4B in CaP. We show in vivo that partial loss of Inpp4b can cooperate with Pten
haploinsufficiency to promote prostate tumorigenesis. Notably, high-grade prostatic
intraepithelial neoplasia (HG-PIN) lesions in the ventral prostate of Pten™” mice were
transformed into invasive carcinoma in Pten™"Inpp4b*" mice. There was also extensive cystic
remodeling and invasion in the anterior prostates of Pten™"Inpp4b™" mice, a phenotype not

observed in the prostates of age-matched Pten™ mice. In vitro, we found that knockdown of
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INPP4B in PTEN deficient PC3 cells increased their migratory and invasive properties.
Importantly, we demonstrate that INPP4B loss in PC3 cells also promotes distant metastasis in
xenograft assays. In summary, these data show that INPP4B cooperates with PTEN in
suppressing prostate cancer progression and metastasis, providing further support for its role as a

tumor suppressor.

3.3 Concluding remarks and future directions

The work in my thesis has allowed us to reach important conclusions regarding the molecular
mechanisms underlying the tumor suppressive function of INPP4B, and its role in tumorigenesis
in vivo. First, we have provided strong evidence that INPP4B is not epistatic to PTEN, and that
Inpp4b loss can cooperate with Pten haploinsufficiency in promoting FTC progression and
metastasis. We provide preliminary evidence that the same could also be true for CaP. Second,
we show that in the thyroid, INPP4B can regulate AKT signaling in an isoform-specific fashion

at the endosomes.

These findings present many exciting avenues for future study. More work will be necessary
to determine if the isoform-specific regulation of AKT by INPP4B can be generalized to other
tissues, in particular the prostate, where several lines of evidence point to the importance of the
synergy between AKT?2 signaling and PTEN deficiency for CaP maintenance and progression.
While our data suggests a role for AKT2 in thyroid cancer metastasis, more experiments need to
be done to uncover the specific genes and proteins that are mediating AKT2’s role in metastasis.
In addition, it is important to continue our efforts in optimizing the detection of INPP4B via
immunohistochemistry in human FTC samples, which would allow us to determine the clinical

relevance of our findings.
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In vivo modeling of cancer progression is important for the understanding of the mechanisms
of cancer pathogenesis, and can yield insight into the mechanisms of metastasis, which are still
poorly understood. It is my hope that as we dissect these pathways of tumor suppression, we will

one day be able to better diagnose and develop therapies to treat metastatic cancer.
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3.4 Experimental Methods

Mice and histopathological analyses

Inpp4b knockout mice were generated by Sasaki and colleagues in the C57BL/6J background, as
described in Chapter 2 (Figure 2.1B). Pten”*”~mice used in this study are described in (12).
Histopathological analyses were performed on the prostates obtained from cohorts of male mice
from 6-15 months of age. Mouse tissues were fixed in 4% paraformaldehyde and embedded in
paraffin. They were then sectioned and stained with hematoxylin and eosin (H&E) for
pathological analyses. The use of these mice and procedures performed were in accordance to
NIH-approved guideline, and the Institutional Animal Care and Use Committee (IACUC) ate

Beth Israel Deaconess Medical Center approved the studies.
Studies with Primary cells

Mouse embryonic fibroblasts (MEFs) were isolated at day E13.5, immortalized with SV40 large
T antigen, and maintained in DMEM supplemented with 10% fetal bovine serum, 2mM

glutamine, 100 U/ml penicillin and streptomycin (Invitrogen).

Cell lines

All cells were maintained in DMEM, KSFM or MEGM (Cambrex) supplemented with 10% fetal
bovine serum, 2 mM glutamine, 100 U/ml penicillin and streptomycin (Invitrogen). PWRIE,
RWPEL, DU145, and PC3 cells were purchased from ATCC. HMEC cells were a kind gift from
the Lewis Cantley (Weill-Cornell) Cell lines were tested for specific markers by Western blot
and qRT-PCR in our laboratory, routinely tested for Mycoplasma (MycoAlert; Lonza), but not

further authenticated.

Western blotting and immunohistochemistry
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Cells and tissues were lysed with RIPA buffer (50mM Tris [pHS8], 150mM NacCl, 0.1% SDS,
0.5% sodium deoxycholate, 1% NP40, ImM EDTA and protease and phosphatase inhibitor
cocktail [Roche]). For western blotting, the following antibodies were used: anti-AKT (9272),
anti-Phospho-AKT (pSerd73, 9271; pThr308, 9275), anti-PTEN (9559), anti-INPP4B(8450)
were from Cell Signaling Technology. Anti-INPP4B (81269/EPR3108Y) was from Epitomics.
Anti-B-actin (A3853) was from Sigma. For immunohistochemistry, anti-phospho-Akt (pSer473,
4060) was from Cell Signaling Technology, anti-TTF1 (3575) and anti-smooth muscle actin
(MO0851) is from DAKO, Ki67 (9106) and pan-cytokeratin (MS343P) are from Thermo

Scientific Lab Vision, anti-human PML (A301-167) is from Bethyl Laboratories.

RNA isolation and RT-qPCR

Total RNA was purified from cell lines and tissues using the PureLink RNA Mini Kit
(Invitrogen). For qPCR analysis, 2ug of total RNA was reverse transcribed into cDNA using the
High Capacity cDNA Reverse Transcription Kit (Applied Biosystems). SYBR-Green qPCR
analysis was then performed using Applied Biosystems StepOnePlus in accordance to the
manufacturer’s protocol. Each target was run in triplicate, and expression levels were normalized

to mouse hypoxanthine-guanine phosphoribosyltransferase (HPRT) or human porphobilinogen

(PBGD).

Semi-quantitative PCR for Inpp4b

The following primer sequences were used:

Exons 1 -2

Forward: GCCCTAAAACCAGCGAAACA; Reverse: CCACCTCACAACGGACCTAT

Exons 5 -7
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Forward: TGTGGAGGGAACAAAAGACC; Reverse: CAGCAGCTCCCCAACTTTAA

Exons 12 -13

Forward: ACAGAGAGAAGGAACACCGG; Reverse: CAGAGGTTAGCAGCAGGTCT
Exons 19-23

Forward: GGGAGACGGGAACACTATGT; Reverse: AAGTGCCTTCTGGAGGTCTG

Genotyping

The following genotyping primers were used:

Inpp4b dell: GTTTACATTTGACAGGGTGGTTGG
Inpp4b del2: TGCTGTCGCCGAAGAAGTTA
Inpp4b del3: CCTGCCATGGGTAGATTTCT
Pgen-1: TGGGAAGAACCTAGCTTGGAGG
Pgen-3: ACTCTACCAGCCCAAGGCCCGG

3193: CGAGACTAGTGAGACGTGCTACTTCC

Growth proliferation assay

Cells were plated at a density of 2.5x10* cells/well in 12-well plates and each sample was plated
in triplicate. Plates were collected on day 0, day 2, day 4 and day 6. The wells were washed with
PBS and cells were fixed with 4% paraformaldehyde (Santa Cruz Biotechnology). Wells were
stained with 0.1% Crystal Violet solution, washed and dried. The absorbed stained was then

solubilized with 10% acetic acid, and the absorbance was measured at 595nm.

Transwell migration and invasion assay
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Migration transwell and Matrigel Invasion Chambers were purchased from BD Biosciences.
Cells were seeded in triplicate on the top of the transwell, and allowed to migrate and/or invade
for 20 hours through 8 um pores towards 10% FBS DMEM in the bottom chamber. A cotton
swab was used to clean the seeding section of the membrane, and the bottom surface was stained

with 0.1% Crystal Violet solution, washed and imaged. Cells were then counted using /mage.J.
Xenograft assay

Six-week-old male NCr Nu/Nu immunodeficient mice were purchased from Jackson Laboratory.
Mice were anaesthesized with isoflurane, after which PC3 cells (2 x 10%) were injected into the
subcutaneous region of the flank in 100 pl growth medium/matrigel (BD Biosciences) (n=5 for
each stable cell lines). Tumor growth was followed for up to 36 days, but mice were euthanized

and analyzed at Day 46.

Statistical analysis
For quantitative data, data sets were generally analyzed using the unpaired, two-tailed Student’s ¢

tests (GraphPad Prism, GraphPad Software). p<0.05 was considered significant.
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Chapter 2 Supplementary information:

Supplementary Figure S2.1. Generation of Pten*"Inpp4b*'~ and Pten* " Inpp4b~~ mice. A.
The breeding scheme was depicted between Pten*~Inpp4b*'~ mice and Inpp4b*"~ mice to
establish a study cohort of Pten*"~, Pten~Inpp4b*'~ and Pten*"Inpp4b~'~ mice. B. H&E staining
of thyroid tumor and lung metastases from Pten*~Inpp4b*'~ mice; Scale bar, 100um. Insets show
thyroid cancer cells. C. Serum TSH levels for mice of the respective genotypes are as marked

(n=3-5, age 3-5 months).
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Supplementary Figure S2.1 (continued)

A
Pten--
Inppap~-  InPPAb™
% x %
Wlldtype Pten/- Pten/- Pten/-
Inpp4b <= Inpp4b-- Inpp4b -~
B

I ns I
I M I
7&' 1.0
= N
x @
= P A
| |
0.0 Ix\‘ I:\' \ ;:\'
AR I
N W

157



Supplementary Figure S2.1 (continued)
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Supplementary Figure S2.2. Validation of INPP4B antibody. The specificity of the bands

detected by the INPP4B antibody (Epitomics) was determined by western blotting analysis via

shRNA mediated knock-down of INPP4B in PWRIE cells. The arrowhead indicates the specific

band of INPP4B protein.
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Supplementary Figure S2.3. INPP4B’s promoter is not directly methylated. Methylation
specific PCR (MSP) of thyroid cancer cell lines. For M-control (positive control for M-primers),
cells were treated with M. Sssl then subjected to bisulfite treatment and MSP. M: methylated

alleles; U: unmethylated alleles.
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Supplementary Figure S2.4. Loss of Inpp4b in MEFs lead to increased Akt activation.

Western blot analysis of lysates from immortalized and Cre mediated Inpp4b inactivation of WT,

Inpp4b™1°¥*  Inpp4bo¥ilox MEFs,
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Supplementary Figure S2.5. Loss of INPP4B results in increased AKT?2 activation. A.
Western blot analysis of phosphorylated Akt2 in different cell fractions derived from TPC1 and
FTC236 cells. B. Immunofluorescence of PI1(3,4,5)P3 and tubulin in TPC1 cells infected with

either a non-targeting ShRNA or a shRNA that targets INPP4B. Scale bars, 20 pm.
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Supplementary Figure S2.6. PI3K-C2a regulates AKT?2 signaling. A. Western blot analysis
of PI3K-C2a in total lysate from different thyroid cancer cells. B. Western blot analysis of

phosphorylated-AKT1 and phosphorylated- AKT?2 in total cell lysates of FTC236 cells. Arrow
indicates specific band (see also Methods). C. Proliferation of TPC1, 8505C and FTC236 cells

transfected with either a non-targeting siRNA or a siRNA which targets PI3K-C2a.
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Supplementary Figure S2.6 (continued)

A
G B g
@
v - - ! i PI3KC2a
--~~ Tubulin
B

p-AKT2
(5474)

AKT2

p-AKT1
(S473)

AKT1

164



Supplementary Figure S2.6 (continued)
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Supplementary Figure S2.7. INPP4B loss does not produce any morphological or
cytoskeletal differences. A. Proliferation of TPC1 cell line infected with either a non-targeting
shRNA or a shRNA that targets INPP4B. Cells were cultured in media containing 5% and 1%
serum, stained with crystal violet, and lysed. Absorbance was measured at OD595nm. B-C.

Phase contrast (left panel) and immunofluorescence for tubulin (middle panel).
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Supplementary Figure S2.7 (continued)
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Supplementary Figure S2.7 (continued)
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