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Abstract

Haploinsufficiency of tumor suppressor genes (TSGs) indicates that the reduced levels of proteins
in cells that lack one allele of the genomic locus results in the inability of the cell to execute
normal cellular functions contributing to tumor development. Representative cases of
haploinsufficient TSGs are p275%1, p53, DMPI, NF1, and PTEN. Tumor development is
significantly accelerated in both mice with homozygous and heterozygous gene deletion, with
expression of the wild type allele in the latter. Newly characterized TSGs such as AML1, EGRI,
TGFBR1/2, and SMAD4 have also shown haploid insufficiency for tumor suppression. This
phenotype has typically been demonstrated in gene knockout mouse models, but analyses of
human samples have been conducted in some cases. Recent studies suggest collaboration of
multiple haploinsufficient TSGs in 59-, 7g-, and 8g- syndromes, which is called compound
haploinsufficiency. Although ARFis a classical TSG, it also belongs to this category since Arf*/~
accelerates tumor development when both alleles for /nk4aare inactivated. Haploid insufficiency
of Arfwas also reported in myeloid leukemogenesis in the presence of inv(16). In case of p53,
53"/~ cells achieve only ~25% of p53 mRNA and protein levels as compared to those in wild
type, which could explain the mechanism. 7TGFBRI*/~ collaborates with Apci"*/~in colorectal
cancer development; TGFBR2*~and Smad4*/~ collaborates with K-Ras mutation in pancreatic
ductal adenocarcinomagenesis, demonstrating the synergism of haploinsufficient TSGs and other
oncogenic events. These TSGs can be targets for activation therapy in cancer since they retain a
functional allele even in tumor cells.
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Introduction

Cancer is a complex genetic disorder caused by alterations for both gene coding and non-
coding regions. Two major classes of genes have been identified, namely oncogenes and
tumor suppressor genes (TSGS). For instance, overexpression of a proto-oncogene, such as
c-Myec, and/or inactivation of a tumor suppressor, such as 7P53or RB induces tumors.
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Oncogene activation in tumors is relatively straightforward since they are overexpressed or
activated by mutation(s) while inactivation of a TSG is a complicated process performed by
different mechanisms, e.g. gene deletion, mutation, epigenetic silencing, abnormal activity
of microRNAs (miRNAS), and/or aberrant splicing. Although complete loss of TSG is
common in human cancers as predicted by the Knudson’s two-hit hypothesis (1), recent
studies indicate that an incomplete process for TSG function termed ‘haploinsufficiency’
that contributes to the development and progression of many cancers (Fig. 1). In this
category of TSG, one functional allele of a gene is lost by mutation or deletion while the
remaining normal allele is still retained in tumors, but the activity is not enough to execute
its physiological function to prevent abnormal cell proliferation. Promoter hypermethylation
or point mutation does not happen in the retained locus in haploinsufficient TSGs, thus
tumor cells still express the wild type mRNA. We use this definition of haploinsufficient
TSG throughout this review.

The Cdk inhibitor p274%1 (2) was the first gene to be characterized as haploinsufficient for
tumor suppression, followed by DmpI (3, 4; reviewed in 5) through observation of tumor
development in homozygous and heterozygous knockout mice. Prenand NfI are also
haploinsufficient TSGs since mice with heterozygous genomic DNA deletion often develop
tumors without deletion of the wild type allele; however, comparative tumor development
assays were not possible using global knockout mice due to the lethality of homozygous
gene deletion (6-8; reviewed in 9). Creation of prostate-specific gene deletion in mice
showed that complete loss of Pten expression activates a p53-dependent cellular senescence
that can act as a brake on tumor formation (10). Hence the genomic locus for PTEN needs to
be mono-allelic loss to promote prostate carcinogenesis, raising the concept of ‘obligate
haploinsufficiency’ (9). TGFp was shown to be haploinsufficient for tumor suppression (11);
however the situation is different from others since it is a secreted protein. Although p53 has
been classified as a classical TSG, haploid insufficiency of p53has also been demonstrated
in mice (12) as well as in humans (13) from analyses of tumor samples of Li-Fraumeni
syndrome patients.

In case of classical TSGs (e.g. RB, p53, and INK4a/ARF), both loci are inactivated by i)
point mutation, ii) gene deletion, iii) promoter hypermethylation, or iv) any combinations of
these during tumor development (Fig. 2A). Knockout mouse models for such TSGs usually
exhibit obvious tumor-prone phenotype without carcinogenic challenge than those for haplo-
insufficient TSGs (14-16; 17, 18 for reviews). Conversely, a study from the Dr. Pandolfi’s
lab showed that even a 20% reduction of PTEN protein level contributed to the development
of cancer (19). When targeted by shRNAs, p53 knockdown mice showed distinct phenotypes
ranging from hyperplasia to malignancy depending on the expression levels in its protein
(20). Based on such observations, Berger et al. proposed a continuum model that accounts
for subtle dosage effects of tumor suppressors including their regulation by miRNAs (21).
The dosage and function of haploinsufficient TSGs are critical, and understanding the
impact of haploinsufficiency is important for assessment of inter-individual genetic variation
as well as the molecular mechanism of haploinsufficient disorders.

Haploinsufficiency of multiple genes cooperate to promote tumorigenesis, a phenomenon
called ‘compound haploinsufficiency’. The 5q deletion (5g-) and 7q deletion (79-)
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syndromes are typical examples of compound haploinsufficiency (22, 23), which
demonstrate the importance of combinatorial interactions to elicit specific phenotypes.
Deletion of chromosome 8p is also very common in human cancer. Using a murine model of
hepatocellular carcinoma and /n vivo RNAI, Xue et al. silenced the genes frequently deleted
on human 8p22 and showed that multiple genes on chromosome 8p (D/c1, Vps37a, Fgl1)
could cooperatively inhibit tumorigenesis in mice predicting poor survival (24).

Although haploinsufficient TSGs do not have promoter hypermethylation or mutation(s) in
the coding region for the retained locus, the mRNA and/or protein expression levels may
decrease to less than 50% (usually 20-30%) of those in wild type cells (Fig. 2A). We include
these TSGs into the category of haplo-insufficient TSGs since the protein levels in 75G*/~
mice never reach 0%. The possible mechanisms for partial inactivation of the wild type
locus include 1) decreased transactivation of the promoter due to autoregulation, 2)
accelerated degradation of mMRNAs or proteins, and 3) splicing alterations (Fig. 2B). For 2),
recent research indicated that single nucleotide polymorphisms (SNPs) in the 3’
untranslated region of MRNAs and miRNAs seed sequences that may cause
haploinsufficiency at the level of mMRNAs through altered binding specificity of miRNAs
(20). Networking analysis suggested that the haploinsufficient TSGs strongly interacted with
one another, and any subtle alterations in this network could contribute to tumorigenesis. A
typical case for 3) is a transcription factor Dmp1 (3, 4), which will be discussed in this
review.

In this chapter, we focus on the identification and characterization of early generation
haploinsufficient TSGs, such as p275%1, p53, DMP1, TGFp, and then on recently
characterized TSGs, such as 53BP1, AML1, EGR1, and TGFBR/SMAD4. Although ARFis
a classical TSG, it behaves like a haploinsufficient TSG under specific circumstances.
Finally, we discuss future directions and therapeutic values for the research on
haploinsufficient TSGs.

Entry, progression, and exit from the G1 phase of the mammalian cell cycle in response to
mitogens are governed by cyclin-dependent kinases (Cdks) regulated by the D- and E-type
cyclins (25, 26). p27KiPl was first discovered as a key regulator of cell proliferation
(canonical function; ref. 27, 28). In addition to its initial identification as a CDK inhibitor,
p27KiPL has also emerged as a multifunctional protein with numerous non-canonical, CDK-
independent functions that exert influence on key processes such as cell cycle regulation,
cytoskeletal dynamics and cellular plasticity, cell migration, and stem-cell proliferation and
differentiation (29). While both p21€iP1 and p27KiP1 bind directly to cyclin/Cdk complexes
to inhibit their Cdk activity and block cell proliferation, they are essential activators of cyclin
D-dependent kinases in murine fibroblasts, thus are called ‘assembly factors’ (*‘AF’ in Fig.
3: ref. 30). Abnormally low levels of the p27KiP1 protein are frequently found in human
carcinomas, and these low levels correlate directly with both histological aggressiveness and
patient mortality (2). The p275/P1 gene was mapped to chromosome band 12p13 that is
hemizygously deleted in leukemias without mutations, which may confer a growth
advantage to leukemic cells (31). Fero et al. showed that that both p275"°1*/~ and p27KiP1~/~
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mice were predisposed to tumors in multiple tissues (intestinal and lung adenomas, pituitary
tumors) when challenged with -y-irradiation or a potent DNA alkylating agent N-ethyl-
nitrosourea (ENU, Table 1; ref. 2). Therefore p27KiP1 is a multiple-tissue tumor suppressor
in mice. Molecular analyses of tumors in p27%/P*/~ mice show that the remaining wild type
allele is neither mutated nor silenced. Hence, p27KiP1 is haploinsufficient for tumor
suppression (2).

ErbB2/neu destabilizes p27KiP and increases the expression of cyclin D1. Muraoka et al.
studied the roles of p27KiP1 and cyclin D1 in ErbB2-mediated mammary epithelial cell
transformation (32). Overexpression of ErbB2 or cyclin D1 in p27</P1*/~ primary murine
mammary epithelial cells resulted in increased proliferation, cyclin D1 nuclear localization,
and colony formation in soft agar as compared to those in p27<%1#/* cells. In contrast,
ErbB2- or cyclin D1-overexpressing p27<P1~/= cells displayed reduced proliferation,
anchorage-independent growth, Cdk4 activity, and nuclear cyclin D1 expression compared
to wild type cells. Mammary glands from MMTV (mouse mammary tumor virus)-
neu;p27<IP1*/~ mice exhibited alveolar hyperplasia, enhanced proliferation, decreased
apoptosis, and accelerated tumor formation compared to MMTV:neu,p27€P1#/* glands.
Interestingly, MMTV-:neu,p27€P1~~ glands showed decreased proliferation, cyclin D1
expression, and Cdk4 activity, as well as markedly prolonged tumor latency, compared to
MMTV:neu;p27€P1+#/* glands. Therefore p27€%1*/~ mammary epithelium are more
susceptible to HER2/neu-induced tumorigenesis while p274%Lnull glands, due to severely
impaired cyclin D1/Cdk4 function, are more resistant to transformation (32), suggesting
another case of obligate haploinsufficiency.

Haploid insufficiency of p275/PX was also demonstrated in T-cell prolymphocytic leukemia
(T-PLL, 33) although hematopoietic malignancies were not reported in p275%P1~/~mice. T-
PLL is consistently associated with inactivation of the A7 gene and chromosomal
rearrangements leading to an overexpression of the MTCP1/TCL1 oncoprotein that interact
with AKTL1. These alterations are present at the earliest stage of malignant transformation,
suggesting that additional events are required for overt malignancy. Toriellec et al. studied
the 12p13 deletion that occurs in approximately half of T-PLLs where found that the
p27€PL gene was hemizygously deleted in leukemic cells without mutation (33).
Consistently, in a p27€%P1#/~ background, MTCPI-transgenics (TGs) had multiple
emergences of preleukemic clones not observed in control cohorts. The remaining p27<!
allele was maintained and expressed in these preleukemic clones, strongly implicating that
p27K€P1 \as haploinsufficient in the pathogenesis of T-PLL (33). Haploid insufficiency of
p27€IP1 for tumor suppression was also reported in human acute myeloid leukemia with
complex karyotype (34), human small intestinal neuroendocrine tumors (35), mouse models
for medulloblastoma (36) and pancreatic cancer (37), thus acceleration of tumorigenesis has
been considered to be a generalized phenotype for heterozygous loss of p274%1,

p53 and 53BP1

p53 is an established tumor suppressor that is activated on cellular stresses such as DNA
damage, oncogene activation, hypoxia, which transactivates sets of genes that induce cell
cycle arrest, apoptosis, DNA repair, or autophagy, playing essential roles in the prevention of
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tumor development (38—40). It is mutated or deleted in over ~50% of human cancers (41),
but is inactivated in others with wild type p53 through different mechanisms, indicating that
functional inactivation of the p53 pathway is essential for tumor development. Loss of
heterozygosity (LOH) of p53 often occurs in tumors having a p53 mutation indicating that it
behaves as a classical TSG that meets the Knudson’s two-hit hypothesis (1). However, p53is
also a representative example of haploinsufficient TSG (12). The first evidence that p53 may
exhibit haploinsufficiency comes from the analysis of Li-Fraumeni syndrome (LFS) patients
(13, 42). LFS is a hereditary cancer predisposition syndrome in whom a variety of cancers
are found in affected families, having a higher risk of developing cancer, and the relatively
early age of cancer development (42). The majority of LFS cases are caused by germline
missense mutations for p53 (42, 43). The most common types of cancer found in families
with LFS include osteosarcoma, soft tissue sarcoma, acute leukemia, breast/lung/
gastrointestinal cancer, brain tumor, and adrenocortical tumor. When tumors from LFS
patients were analyzed for LOH of p53, only half of the tumors exhibited LOH at the locus
(13), raising the question of whether p53 mutation acted as a dominant-negative inhibitor of
the wild type allele (44) or if in fact single-copy loss of p53 could contribute to
tumorigenesis. In case of a dominant-negative mutation for p53, the wild type allele does not
need to be lost to develop tumors since proteins from the mutant locus subvert the function
of the wild type allele by making non-functional complexes because i) p53 proteins form
tetramers to act as a transcription factor (45), ii) the level of Mdm2 is very low in p53-
mutant cells, which results in accumulation of the protein to extremely high levels (46), and
3) degradation of mutant p53 is selectively compromised in tumor cells (46). As a
consequence, tetramers from p5377mut cells will almost exclusively be composed of mutant
p53 that are non-functional. In case of a haploinsufficient mutation, the wild type p53allele
is retained because half the normal wild type protein is insufficient to maintain the
functionality. Since p53 mutations from LFS patients often affect the oligomerization
domain, the proteins remain unfolded and unable to interact with wild type p53; hence the
locus is considered to be haploinsufficient than having a dominant-negative activity (47).

To address this question of haploid insufficiency of p53 for tumor suppression,
Venkatachalam et al. analyzed tumors from both p53*~and p537~ mice (12; Table 1) for
the latency and tumor spectra. The survival of p53 mice (median, 70 weeks) was
somewhere in between that of the p53*/#, >100 weeks) and 537/~ mice (18 weeks). Of note,
tumors that developed in p53"~ mice without loss of the remaining allele (lymphomas,
sarcomas) occurred at later time points than those exhibiting LOH of the locus, suggesting
that the wild type p53allele was partially effective for tumor suppression in p53~ mice. A
high proportion of tumors from the p53%~ mice retained a functional wild type p53allele.
Thus a mere reduction in p53 levels was sufficient to promote tumorigenesis. Lynch and
Milner determined both basal p53 mRNA and protein levels, and compared the p53 stress
response in p537*, p53*~ and p53~~ isogenic clones derived from human colon
adenocarcinoma cell line HCT116 (48). Basal expression of p53 in p53*/~ cells was only
25% in comparison to that in p53*/* cells, and this difference was maintained following
oncogenic stress. The p53 stress responses were attenuated in p53*~ cells, in particular for
p21CIP1 ypregulation, G1 arrest, and apoptosis (48). This is the first study that demonstrated
the molecular basis for haploinsufficiency of p53, which explains the attenuated tumor-
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suppressive phenotype observed in p53*/~ mice and humans with LFS. In hematopoietic
cells, p53-dependent cell cycle control, senescence, and apoptotic functions are actively
involved in maintaining homeostasis under normal and stress conditions (49). Whereas loss
of p53 function promotes leukemia/lymphoma development, increased p53 activity results in
myelodysplasia. Since genetic alterations in 7P53is rather low in hematopoietic
malignancies (10% — 20%, ref. 49), it is expected that p53 is functionally inactivated through
other mechanisms e.g. ARFor DMPI deletion (see below).

Haploid insufficiency was also reported in the p53-binding protein 1, 53BP1 (50). When
DNA double-strand breaks (DBSs) occur, the cell cycle stage has a major influence on the
choice of the repair pathway employed (51). Specifically, non-homologous end joining is the
predominant mechanism used in the G1 phase of the cell cycle, while homologous
recombination becomes fully activated in the S phase. Studies over the past 2 decades have
revealed that the aberrant joining of replication-associated breaks leads to catastrophic
genome rearrangements, revealing an important role of DNA break repair pathway choice in
the preservation of genome integrity. 53BP1, a putative DNA-damage sensor that
accumulates at sites of double-strand breaks (DSBs) dependent on histone H2AX, and
BRCAL, a well-known breast cancer tumor suppressor, are at the center of this choice (51).

Genomic profiling of human cancers has provided insights into the mutational landscape of
genes that are involved in the response to radiation-induced DNA-damage. The sub-nuclear
accumulation of proteins (i.e. foci) in the DNA-damage response (DDR), such as gamma-
H2AX, 53BP1, or RAD51, has been studied as a substitute of treatment sensitivity (52).
Recent preclinical studies have demonstrated the predictive potential of DDR foci with
clinically relevant end points, such as tumor control probability. This will yield functional
insight that may complement or even supersede genomic information, thereby giving
radiation oncologists unique opportunities to individualize cancer treatments in the near
future (52).

Loss of a single 538P1 allele compromised genomic stability and DSB repair, which could
explain the susceptibility of 538P1*/~ mice for tumorigenesis (50). 538P1 was
heterozygously deleted in ~20% of human glioblastoma multiform specimens, and low
53BP1 expression was associated with worse prognosis. 538P1 behaved as a
haploinsufficient TSG in a mouse model of platelet-derived growth factor-induced
gliomagenesis (53). Since human glioma cell lines in which 53BP1 was robustly silenced by
shRNA showed higher sensitivity to ionizing radiation, 53BP1 can be pharmacologically
targeted in glioblastoma multiforme in combination with standard therapies (53).

Dmp1l (Dmtfl)

Dmpl, a cyclin D binding myb-like protein 1 (also called Dmtf1), was originally isolated in
a yeast two-hybrid screen of a murine T-lymphocyte library with cyclin D2 as bait (54, 55).
Dmpl transactivates the myeloid differentiation marker CD13(128) and shows its activity as
a tumor suppressor by directly binding to the Arfpromoter to activate its gene expression
and, thereby, induces Arf- and p53-dependent cell cycle arrest (56). Recent studies show that
it binds to endogenous cyclin D1 and transactivates both p7947 and p16/™42 (57, 58). In
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Arfnull cells, Dmp1 physically interacts with p53 to induce senescence or apoptosis for
tumor suppression (59; reviewed in 60). The Dmp1 promoter is efficiently activated by
oncogenic Ras as well as by constitutively active MEK, ERK (61), but is repressed by E2Fs
and NF-xB (62, 63). Hence Dmp1 has been shown to be a key mediator between Ras-Raf-
MEK-ERK mitogenic signaling and the Arf-p53 tumor suppressor pathway.

The activity of the Arf-53 pathway is significantly attenuated in DmpI-deficient cells since
those cells can easily give rise to immortalized cell lines that retain wild type p19A™ and
functional p53 and are transformed by oncogenic Ras alone (3). DmpI-deficient mice are
prone to tumor development (3, 4; Table 1). Tumors induced by dimethylanthracene, Ei-
Myc (Fig. 4A; ref. 4) or K-RastA (64) transgene were greatly accelerated in both Dmp1*/~
and DmpI~~ backgrounds, with no differences between groups lacking one or two Dmp1
alleles (4; reviewed in 5). Indeed, all tumors from Dmp1*/~ mice retained and expressed the
wild type Dmp1 allele, and most expressed wild type Dmpl mRNA and protein without
inactivating mutation in both dimethylanthracene - treated mice and oncogene - transgenic
cross, suggesting typical haploinsufficiency of Dmpl in tumor suppression (4, 64, 65).

We recently characterized the signaling pathway between HER2/neu (Fig. 4B) or cyclin D1
and Dmp1 using MMTV-neu or MMT\V-cyclin D1 (T286A) mice as a model (57, 65). Both
Dmp1 and p53 were induced in pre-malignant hyperplastic lesions from MMTV-neu*
(mutant) mice, and mammary carcinogenesis was significantly accelerated in both Dmp1*/~
and Dmp1~~ animals (65). We also showed that constitutive expression of Dmpla delayed
HER2/neu-induced mammary tumorigenesis (58). All of the mammary tumors from
DmpI*'~ neu*mice retained the wild type Dmp1 allele (Fig. 4B, left), and expressed the
protein at levels less than 30% of those in DmpIWIND;neu* (i.e. wild type neutumors
without Dmp1 deletion) (Fig. 4B, right, ref. 65). We also observed selective deletion of
Dmp1 in >50% of wild type neu*mammary tumors (hemizygous Dmp1 deletion: HD) while
the involvement of Arf, Mdm?Z, or p53was rare (65). Tumors from DmpI-deficient mice
showed significant downregulation of Arfand p21¢PZ, showing p53 inactivity and more
aggressive phenotypes than tumors without DmpZ deletion (65). Selective Dmp1 deletion
was also found in 21% of the MMTV-D1 and D17286A mammary tumors and the Dmp1-
heterozygous status significantly accelerated mouse mammary tumorigenesis with reduced
apoptosis and increased metastasis (57). Thus our study shows the pivotal roles of DmpIin
HER2/neu-p53 and cyclin D1-p16'"k4a.Rb signaling and mammary tumor development.

Haplo-insufficient TSGs have been studied mainly in mice using gene-knockout mice than
humans simply because it is easier to create artificial gene deletion models (homozygous or
heterozygous deletion) in mice and conduct tumor development assays than analyzing
numerous human cancer specimens where tissue availability can be an issue. Another hurdle
to demonstrate the haploinsufficiency of a particular TSG in human cancer is a technical
issue. The human DMPI (hDMPI; hDMTFI) gene is located on chromosome 7¢21, a region
often deleted in human breast/lung cancers and hematopoietic malignancies (66—68). Bodner
et al. reported that the #ADMP1 locus was hemizygously deleted in all of 7g- leukemia/
lymphoma specimen regardless of the results for the detailed cytogenetic analysis (68). We
analyzed 51 human non-small cell lung carcinoma samples and found that LOH of hDMP1
was present in ~35% of lung cancers, which happened in a mutually exclusive fashion with
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that of INK4a/ARF and/or p53in the same samples (64, 69). LOH here means loss of one of
the two genomic signals present in normal cells (64, 69); thus our definition of LOH is
different from loss of the mutant allele in tumor cells in classical TSGs. This raised the
possibility that hemizygous hDMP1 deletion might define a new disease entity with different
response to therapy (70). We then analyzed 110 pairs of normal and tumor tissues from
breast cancer patients for LOH of hDMP1, INK4a/ARF, p53and gene amplification of
Hdm2to study the frequency and prognostic value for each genetic alteration. LOH of the
hDMPI locus was found in 42% of human breast carcinomas, while those of INK4a/ARF
and p53were found in 20% and 34%, respectively. HdmZ2amplification was found in 13%
of the same sample, which was found independently of LOH for hDMPI. Again, LOH for
the hDMPI locus was found in mutually exclusive fashion with that of /INK4a/ARFand p53,
and was associated with low Ki67 index and diploid karyotype (71). Consistently, LOH for
hDMPI was associated with luminal A category and longer relapse-free survival, while that
of p53was associated with non-luminal A and shorter survival. Detailed LOH analyses with
10 independent primer sets showed that selective deletion of hDMPI was found in 79% of
breast cancer (71) and 94% of lung cancer (64) indicating haploid insufficiency of hDMP1
in suppressing human cancers.

The human DMP1 locus encodes two other splice variants, namely DMP1 and vy, and our
recent study indicates that the splice variant DMP1p protein is overexpressed in more than
half of human breast cancers, and has oncogenic activity /n vivo (72). Although it blocks the
activity of DMP1a (73), it has a p53-independent functions as well (72; reviewed in 74, 75).
Since half of the DMP1 protein overexpression occurred simultaneously with LOH of the
hDMPI locus in breast cancer (72), it was expected that these two events might synergize to
lower the tumor-suppressive activities of DMP1a to less than 50% of those in wild type
cells, which should be analyzed in detail. The function of the third transcript DMPI1y should
also be analyzed /n vivo through creation of transgenic mouse models.

CDKNZA (INK4a/ARF) is frequently disrupted in various types of human cancers, and
germline mutations of this locus can confer susceptibility to melanoma and other tumors
(76, 77). Genetic disruption of p29* alone predisposes mice to tumorigenesis,
demonstrating that Arfis a tumor-suppressor gene in mice (16). Arfis a classical TSG in an
Eu-Myc B cell lymphoma model because tumor development is extremely accelerated in
Arf”~mice (7 weeks) in comparison to Arf*/~ (11 weeks) or Arf*/* (30 weeks) mice, and
because 80% of lymphomas from Arf*/~ mice lost the wild type allele (78). Krimpenfort et
al. specifically mutated p16"%%42 and demonstrated that these mice, designated /nk4a™”, did
not show a significant predisposition to spontaneous tumor formation within 17 months (79).
Murine embryonic fibroblasts (MEFs) derived from them proliferate normally, were mortal,
and were not transformed by oncogenic H-Rasalone (79, 80). The very mild phenotype of
the /nk4a™ mice indicated that the very strong phenotypes of the original /nk4a/Arf2%3
mice (79) were primarily due to loss of Arf Of note, /nk4a”423 mice that were deficient for
Ink4a and heterozygous for Arfspontaneously developed a wide spectrum of tumors,
including melanoma (79). Those tumors expressed Arf demonstrating haploinsufficiency of
Arfin the absence of /nk4a (Table 1). Arfhaplo-insufficiency was also demonstrated in Eu-
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Myc lymphomas where loss of one allele of Arfrescued protracted lymphoma development
in MdmZ2*/~;Eu-Myc TGs (81).

The inv(16) is one of the most frequent chromosomal translocations associated with acute
myeloid leukemia (AML) and creates a chimeric fusion protein CBFB/MYH11 (82). The
ARFtumor suppressor is transactivated by the AML1 protein (see below), suggesting that
the inv(16) fusion protein may repress ARF expression. Moreno-Miralles et al. established a
murine bone marrow transplant model of the inv(16) in which wild type, Ar*/~, and Arf”~
bone marrow cells were engineered to express the inv(16) fusion protein (82). Its expression
was sufficient to induce a myelomonocytic AML even in wild type bone marrow, yet
deletion of only a single Arfallele greatly accelerated the disease, indicating that Arfis
haploinsufficient for the induction of AML in the presence of the inv(16) (82). These reports
indicate that even a classical tumor suppressor behaves like a haploinsufficient TSG when
combined with other genetic alterations, which can happen frequently in human
malignancies.

AML1:CBFp

The core-binding factor (CBF) is a heterodimeric transcription factor complex that consists
of 3 distinct DNA-binding CBFa subunits (RUNX1, 2, and 3), and a common CBFp
subunit, which does not bind to DNA (83-87). RUN.XZ was the first CBF gene to be isolated
and has been known as AML 1, PEBPAZB, or CBFAZ. The binding affinity of AML1
subunit to the DNA promoter sequences is significantly increased by its association with
CBFB, protects AML1 subunit from proteolysis. Core-binding factor acute myeloid
leukemia (AML) is cytogenetically defined by the presence of t(8;21)(g22;922) or inv(16)
(p13922)/1(16;16)(p13;0922), producing AML1-ETO (83-86) and CBFB/MYH11 (87)
chimeric proteins, respectively, both contributing to leukemogenesis (85-87). In both
subtypes, the cytogenetic rearrangements disrupt genes that encode subunits of core-binding
factor, a transcription factor that functions as an essential regulator of normal hematopoiesis.
The (3;21)(q26;922) translocation, which is one of the consistent chromosomal
abnormalities found in blastic crisis of chronic myelocytic leukemia, is thought to play an
important role in the leukemic progression of CML to an acute blastic crisis phase. The
AML 1 gene was also rearranged by the t(3;21)(g26;q22) translocation producing the AML1-
Evil fusion protein (88), which leads to dysplastic hemopoiesis /in vivo (89). Lineage
determinant Runx proteins organize and assemble multi-protein complexes at sites of
transcription within the nucleus and regulate both RNA polymerase I1- and I-mediated gene
expression (90). In addition, Runx proteins epigenetically control lineage determining
transcriptional programs including: 1) architectural organization of macromolecular
complexes in interphase, 2) regulation of gene expression through bookmarking during
mitosis, and 3) microRNA-mediated translational control in the interphase nucleus. These
mechanisms are compromised in the onset and progression of leukemias with altered RUNX
proteins (90).

Null mutations in mouse AML1 or CBFpresults in mid-gestational lethality with a complete
lack of fetal liver hematopoiesis (91, 92). Thus the AML1:CBF transcription factor
complex is essential for hematopoiesis. Cai et al. examined the consequences of AML 1-10ss
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in hematopoietic stem cells (HSC) of the mouse embryo, and demonstrated an absolute
requirement for AMLI in functional HSCs (93). Moreover, single allelic loss of AML1
resulted in a dramatic change in the distribution of HSCs, leading to their early appearance
in the aorta-gonad-mesonephros region and the yolk sac. The effect of AMLI dosage on
adult hematopoiesis was studied by comparing the hematopoietic systems of AMLI*/~and
AML1** mice (94). Sun et al. reported that AML 1%~ bone marrow had an increase in
multilineage and lineage-restricted progenitors (94). They also showed that even though
AML I mice had a decrease in the number of long-term repopulating hematopoietic stem
cells, the engraftment levels were increased. These data demonstrate a dosage-dependent
effect for AMLL1 in regulating the quantity of HSCs and their downstream lineage-
committed hematopoietic progenitors (94).

Although AML 1%~ mice are genetically comparable models with human FPD/AML, they
do not develop spontaneous leukemia. To induce additional genetic alterations, retroviral
insertional mutagenesis was performed with the use of BXHZ2- TG mice, which develop
myeloid leukemia because of the random integration of retrovirus (95). Heterozygous
disruption of AML1in BXH2-TG mice resulted in a shortening of the latency period for
developing leukemia. Moreover, the ¢-Kit gene that is frequently mutated in human RUNX
leukemias was recurrently activated in BXH2-TG;AML 1%/~ mice, and a colony forming
assay revealed synergism between monoallelic loss of AML1 and c-Kit overexpression.
Thus, the BXH2-TG;AML 1%/~ system is an excellent mouse model to study the mechanism
of leukemogenesis in familial platelet disorder (FPD)/AML patients (Table 1).

Linggi et al. identified the p14ARF tumor suppressor as a direct transcriptional target of
AML1-ETO, the product of t(8;21) frequently found in AML (96). Of note, AML1
stimulated p244%F transcription (Fig. 3) and induced phenotypes consistent with cellular
senescence, which was antagonized by AML1-ETO (96). This explains why p53 is not
mutated in t(8;21)-containing leukemias.

FPD that predisposes to AML is an autosomal-dominant disease characterized by platelet
defects, which tends to result in AML (97). Mutational analysis of candidate genes on
chromosome 21q revealed non-sense mutations or intragenic deletion of one allele of
AML1. Analysis of blood cells from affected FPD/AML patients showed a decrease in
megakaryocyte colony formation, demonstrating that AML 1 dosage affects
megakaryopoiesis (98). Hence haploinsufficiency of AML1 is a pre-neoplastic condition that
leads to acute leukemia in humans as well (98).

EGR1 and 5q

The Early growth response 1 (Egrl) gene encodes a zinc-finger transcription factor of
59,000 Daltons that activates transcription by binding to DNA as a monomer (99-101).
Depending on the cell type and the stimuli, EGR1 induces the expression of growth factors,
growth factor receptors, proteins involved in the regulation of cell growth, differentiation,
apoptosis, and extracellular matrix proteins. Because the consensus sequences for SP1- and
EGR1-binding overlap, EGR1 often displaces SP1 from gene promoters; thus EGR1
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competes with SP1 that is involved in the constitutive expression of housekeeping genes [so
called ‘SP box’] and others.

The deletion of part of the long arm of chromosome 5 [del(5q)], is the most common
chromosomal abnormality in primary myelodysplastic syndromes (MDS) and therapy-
related myeloid neoplasms (t-MNs; ref. 21). Mouse models have implicated heterozygous
loss of APC, DIAPH1, EGR1, and NPM!1 in the pathophysiology of MDS with del(5q)
(102). To study whether loss of £gr1is an initiating event in the pathogenesis of AML/MDS,
Egr1-knockout mice were treated with ENU to induce cooperating mutations (103). Both
Egri*~and Egri™~ mice treated with ENU developed T-cell lymphoma or a
myeloproliferative disorder (MPD) at increased rates and with shorter latencies than those of
wild type littermates (Table 1). Of note, biallelic inactivation of £grZ was not observed in
MPDs in £grI*/~ mice, suggesting that haploinsufficiency for £gr1 plays a role in murine
leukemogenesis, and also in the development of AML/MDS with the alteration of
chromosome 5.

It has been reported that loss of p53 activity, through mutation or deletion, is highly
associated with t-MNs with a del(5q) (104-106). Stoddart et al. reported that loss of one
copy of Egrl or p53in an Apc®”* background accelerated the development of a macrocytic
anemia with monocytosis, early features of t-MN (106). The development of Apce/*-
induced anemia was significantly accelerated by treatment of mice with the alkylating agent
ENU regardless of the genomic status of £grZand 7p53 demonstrating that the anemia was
cell-extrinsic (i.e. caused by microenvironmental change). These data emphasized the
synergistic role of cell intrinsic and extrinsic factors in the pathogenesis of t-MN, and raised
awareness of the deleterious effects of cytotoxic therapy on the stromal microenvironment
(106). Stoddart et al. also showed that loss of p53in combination with mono-allelic loss of
Egrl increased the rate of development of hematologic malignancies, but not overt myeloid
leukemias (107). Cell intrinsic loss of p53in Egri*/~;Apc*/~ hematopoietic cells led to the
development of AML in 17% of mice (107; Table 1). Thus, loss of p53 activity in
cooperation with £grl and Apc haploinsufficiency creates an environment that predisposes
to the development of AML.

TGFB, TGFBR, and SMADA4

Transforming growth factor-g (TGF) is a cytokine that controls cell proliferation and
differentiation. It is involved in both inflammatory disorders and cancer. TGFp acts as an
anti-proliferative factor in normal epithelial cells at early stages of oncogenesis while it
stimulates cell proliferation at advanced stages (108, 109). Haploinsufficiency of TGFB1 in
tumor suppression was shown by the tumor predisposition of 7GFAB*/~ mice (11). However,
because TGF is a secreted protein, its tumor-inhibitory effect depends on its expression in
the whole animal, thus the mechanism for haploinsufficiency cannot be discussed within a
single cell.

TGFp dimers bind to a type 1l receptors which recruits and phosphorylates a type | receptor
(Fig. 5). The type I receptor then recruits and phosphorylates a receptor-regulated SMAD
(R-SMAD; Smad 1, 2, 3, 5, 8/9). The R-SMAD then binds to the common SMAD:SMADA4

Adv Med Biol. Author manuscript; available in PMC 2017 July 03.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Inoue and Fry

Page 12

(also called DPC4) and forms a heterodimeric complex (Fig. 5). This complex then enters
the cell nucleus where it acts as a transcription factor for various genes to activate the
mitogen-activated protein kinase 8 pathway, which triggers apoptosis.

The TGFp signaling pathway is frequently altered in colorectal cancer. Zheng et al. crossed
Tofbrl*’~ mice with ApcVi"* mice, and showed that Tgfbr1*’~ ApcMi"* mice developed
twice as many intestinal tumors as 7gfbr1*’*:Apc™™* mice without losing the wild type
Tgfbrl locus (110). Decreased Smad2/3 phosphorylation, increased cyclin D1 expression,
and cellular proliferation were observed in the colonic epithelium crypts of

Tofbri*=, ApcM™* mice. Thus Tgfbrl is haploinsufficient for tumor suppression and
provides a molecular mechanism for colorectal cancer development in individuals with
constitutively altered TGFBR1 expression (110; Table 1).

Pancreatic ductal adenocarcinoma (PDAC) is the fourth leading cause of cancer death in the
United States with a median survival of <6 months (111). KRAS mutation is a hallmark of
PDAC but remains an intractable pharmacologic target (112). TGFp signaling plays critical
role in PDAC progression since SMAD4 is deleted or mutated in 55% and the TGFBRZ gene
is altered in a smaller subset of human PDAC (113). Pancreas-specific 7gfBr2knockout
mice have been generated, alone or in combination of active Kras (Kras®12D) expression
driven by the pancreatic transcription factor 1a. Pancreas-specific Kras®12P activation alone
generated only intraepithelial neoplasia within 1 year (113). Conversely, both
T91Br27~;KrasC12P and TyfBr2*/~;KrasC12P developed PDAC, which demonstrated a
haploinsufficiency of TGFp signaling in PDCA prevention (Table 1).

Smad4*’~ mice begin to develop polyposis in the fundus at 6-12 months old, and in the
duodenum and cecum in older animals. With increasing age, polyps in the antrum show
sequential changes from hyperplasia to full adenocarcinoma. However, loss of the remaining
wild type allele was detected only in later stages of tumor progression, suggesting that
mono-allelic loss of Smad4 is sufficient for tumor progression (114). Alberici et al. (115)
subsequently reported that haploinsufficiency of Smad4 underlies tumor initiation in the
gastrointestinal tract, which was sufficient to affect tumor progression both prior to and upon
loss of Apcfunction (Table 1).

Oncogenic Krasinitiates pancreatic tumorigenesis, while subsequent genetic events shape
the resultant disease. Izeradjene et al. showed that concomitant expression of KrasZ2P and
haploinsufficiency of the Smad4/Dpc4 TSG induced a distinct class of pancreatic tumors,
mucinous cystic neoplasms (MCNs), which developed into invasive ductal adenocarcinomas
(116). Progression of MCNs was accompanied by LOH of Smad4 and mutation of either
p530r p16/7k4a Thus, these distinct phenotypic routes to invasive adenocarcinoma
nevertheless share the same overall mutational spectra (116).

Research in progress and future directions

Haploinsufficiency of TSGs has been demonstrated mostly in mouse knockout models (18,
117), but analyses of human cancer specimen have also been performed in some cases. For
instance, hemizygous loss of ADMPI was reported in 35-42% of lung and breast cancers
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(64, 71) with proof in mouse models (64, 65). Since the wild type allele is retained without
mutation or promoter hypermethylation in haploinsufficient TSGs, characterization of
human cancer specimen for candidate haploinsufficient TSG, esp. for mutational analyses
and the expression of the wild type mRNA from the wild type locus, will be essential before
an attempt to re-activate the wild type locus for novel cancer therapies.

The outstanding question for haploinsufficient TSG research is the molecular genetic
mechanisms that explain the phenotype. In case of p27KiP1, tumors from p27€%P1*/~ mice
express ~50% of the protein in comparison to p27*/* tumors, indicating that it is a typical
haploinsufficient TSG (2). In both p27and Pten, tumor development was accelerated in
75G*/~ mice than in 76G~~ indicating that the tumor-prone phenotype was obligatory (9).
In case of £u-Myctumors in DmpI knockout mice, DmpI*/~ lymphomas expressed ~50%
of the wild type protein, suggesting that it a typical case of haploid insufficiency (4).
However, it is not an obligatory haploinsufficiency since there was no significant difference
in tumor-free survival between Dmp1*/~and Dmpl™~ mice (4; see 64, 65 for different
models). In case of p53knockout mice, it was shown that p53*/~ cells express only 25% of
wild type mRNA and protein, which could explain the acceleration of tumor development in
53"/~ mice without losing the wild type allele (12, 48). Likewise, the protein expression
level in Dmp1*/~;MMTV-neutumors was ~25% as compared to those in Dmp1*™*;MMTV-
neutumors (65). Thus these are representative cases of ‘one and a half’ inactivation of the
TSG loci. We have put both of these TSGs in the category of non-classical, haploinsufficient
TSGs.

In the latter case of ‘one and a half inactivation’, it is reasonable to speculate that some
unknown mechanisms may co-exist to lower, but they do not completely eliminate the
expression of wild type tumor suppressive protein in 75G*~ tumors. Indeed, our recent
study showed that the levels of DmpI and ArfmRNAs in DmpI*/~ lungs were only 30 and
15%, respectively, of those in DmpI™* tissues (118). One possible mechanism for these
findings is that the transcription for the DmpI promoter is decreased in Dmp1*/~ tissues
through disruption of auto-regulation since the genomic locus has multiple Dmp1-binding
consensus sequences. The second possibility for the decreased expression (i.e. less than
50%) of mRNA/protein in haploinsufficient 7SG*" tissues is accelerated degradation of the
mRNA/protein, the former of which may be mediated by microRNAs that bind to the 3’
non-coding region. In fact, bioinformatics analysis of haploinsufficient genes for variations
in their 3"UTR showed that the occurrence of SNPs result in the creation of new binding
sites for miRNAs (20). Thus haploinsufficiency of TSGs can be driven by the cumulative
effect of miRNAs, miRNA-binding-site polymorphisms, and miRNA polymorphisms. The
third possibility is aberrant splicing of the locus that generates transcripts that block the
activities the wild type TSG, which can co-exist with mono-allelic loss of the wild type
allele locus of the TSG (72, 74). In p63/p73, oncogenic splicing variants that lack the N-
terminal sequences are often overexpressed in tumors and are associated with poor prognosis
(119). The mechanisms for degradation of haploinsufficient TSG protein products should be
investigated since reversal for such process(es) can lead to a novel therapy of cancer.

This chapter focused on TSGs that are close to our research fields. We could not review
other important haploinsufficient TSGs (e.g. PTEN, LKBI1, NF1, DOKZ2, NPM, RPS14, or
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NKX2-1/TTF-1) due to limitations. Please refer to other reviews (9, 120-123) if you are
interested in these molecules.
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Figure 1. Tumor development caused by classical and haploinsufficient tumor suppressor genes
Top panel: In case of hereditary cancer syndrome (e.g. Li-Fraumeni syndrome), one TSG

locus is mutated in all the chromosomes, and inactivation of the intact allele leads to cancer
following the two-hit hypothesis by Dr. Knudson (1). Tumor development is much
accelerated because only a single hit on the TSG locus leads to total inactivation of the gene
leading to carcinogenesis.

Middle panel: Tumor development in classical TSGs. It will take longer than the above for
the tumor to develop since biallelic inactivation of the locus is needed.

Lower panel: Tumor development in haploinsufficient TSGs. It will take more time for
tumor(s) to develop than classical TSGs since collaboration of mono-allelic loss with other
genetic alteration(s) are required.

Adv Med Biol. Author manuscript; available in PMC 2017 July 03.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuep Joyiny

Inoue and Fry

Page 23

A
[ =
=l
@
o 100 ] 100
g
> 801 ¥ 80
— 1
g 60— ' 60
2
© 40 40
=y
2 20 = 20 = "
o
: |
= 0 0 —_—
++ 4/ /- +/+ +/-
Classical TSG Haploinsufficient TSG
B

Mechanisms for inactivation:

* gene deletion (homo/hemi) < gene deletion (hemi)

* point mutation * decreased transcription

 promoter hypermethylation + accelerated mRNA/protein degradation
« combination of the above « splicing alteration

Figure 2. The activity of tumor suppressor genes/proteinsin gene knockout mice (A) and possible
mechanismsfor inactivation of TSGs (B)

A. The wild type activity represents 100% diploid gene function and null (/=) represents
complete loss of function of the TSG. In classical TSGs, both loci are inactivated by i) point
mutation, ii) gene deletion, iii) promoter hypermethylation, or iv) any combinations of these
during tumor development. In this case, loss of one locus leads to compensatory activation
of the remaining allele, leading to more than 50% of the tumor suppressor activity (left
columns, middle, discontinued line; ref. 124). In haploinsufficient TSGs, tumors from mice
with heterozygous gene deletion express the mRNA/protein at levels ~50% of wild type
cells. The levels may be lower if other inactivation mechanisms co-exist to lower the levels
of the tumor suppressive mRNA/protein (right columns). In p53*/~ cells, both mRNA and
protein levels are reduced to ~25% of those in wild type cells (48).

B. Possible mechanisms for inactivation of classical and haploinsufficient TSGs. Classical
TSGs are inactivated by homozygous or heterozygous gene deletion plus point mutation or
promoter hypermethylation(s). Conversely, haploinsufficient TSGs are inactivated by
hemizygous gene deletion or point mutation at the single locus without promoter
methylation or mutation of the remaining wild type allele. Recent studies show that other
mechanisms, such as decreased transcription, accelerated RNA degradation (20), enhanced
protein degradation, or aberrant splicing (72, 74, 119, 125-127) can coexist to down-
regulate the TSG mRNA/protein expression to less than the 50% level of that in wild type
cells in subsets of malignancies.
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Figure 3. Intracellular signaling pathways involving p27Kip1, Dmpl, Arf, p53, 53BP1, and
AML1

Cyclin D/Cdks are activated in response to mitogenic signals and initiate phosphorylation of
Rb, a process that is completed by cyclin E - Cdk2. Once cells enter the S phase, cyclin E is
degraded and cyclin A enters into complexes with Cdk2. Proteins of the Ink4 family (p15,
p16, p18, p19) bind only to Cdk4 and inhibit its activity while those in the Kip/Cip family
(p21, p27, p57) inhibit cyclin-bound Cdks (25-28). Both p21CiP1 and p27KiPl act as an
assembly factor (AF; ref. 30). Arf is induced by potentially oncogenic signals stemming
from overexpression of oncogenes such as c-Myc, E2F1, and activated Ras, which quenches
inappropriate mitogenic signaling by diverting incipient cancer cells to undergo p53-
dependent growth arrest or cell death (76, 77). Dmpl is activated by oncogenic Ras or
HER2, which, in turn, binds and activates the Arfpromoter and induces cell cycle arrest (61,
65). Three different splicing variants have been reported for human DMPI (72, 73). Dmpl
(Dmpla) directly binds to the CD13(128) and Arf(56) promoters to transactivate the gene
expression, thereby accelerates myeloid cell differentiation by interfering cell cycle
progression. Interestingly the CD1.3 promoter activation is inhibited by D-type cyclins in a
Cdk-independent fashion (54, 128; see the dotted line for inhibition) while the Arfpromoter
activation is stimulated by cyclin D1 (129) in a Cdk-dependent fashion (57, 61). Other
transcriptional targets for Dmpla include Areg, Thbp-1, JunB, and Egrl (118), suggesting
that it is also involved in signal transduction related to angiogenesis and/or metastasis.
Dmpla physically interacts with p53 and neutralizes all the activities of Mdm?2 to activate
the p53 pathway (59, 60). Both DmpI~~ and DmpI*/~ mice show hypersensitivity to
develop tumors in response to carcinogen or y-irradiation. E2F1-3a (130, 131) directly binds
to the Dmp1 promoter and causes transcriptional repression (62). The Dmp1 promoter is
repressed by NF-xB through direct binding of the promoter to RelA (63). Conversely, the
Dmp1 promoter is activated by the oncogenic Ras-Raf-MEK-ERK-Jun pathway (61) and
HER2-Pi3k-Akt-NF-xB (65), and thus Ras or HER2-driven carcinogenesis is dramatically
accelerated in DmpI-null mice. The transcription factor AML1 locus is frequently
translocated to create hybrid molecules in human acute leukemias, and plays essential roles
in normal hematopoiesis through dimerization of its partner CBFp (91, 92). Direct
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transcriptional activation of the ARFpromoter by AML1 and its inhibition by AML1-ETO
has been reported (96). 53BP1 is a p53-binding protein, and is involved in DNA-damage
response by choosing recombination and end joining at DNA double-strand breaks (50-52).
Haploid insufficiency of p275PL, p53, 53BP1, Dmpla, Arf. AML1, and Egrl TSGs are
discussed in this review. These genes are shown in bold. The DMPI locus generates other
two splice variants, namely DMP1p and vy, and the oncogenic role of DMP1p has recently
been demonstrated /n vivo (72-74). Aberrant splicing of TSGs and their roles in
carcinogenesis are currently extensively studied (119, 125-127), which can further affect the
function of the remaining allele of haploinsufficient TSGs. Proteins that have mitogenic/
oncogenic functions are shown in dark while those with tumor-suppressive activities are
shown in white.
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Figure 4. Haploid insufficiency of Dmpl in tumor suppression
A. Tumor development in Eu-Myc TG mice (modified with permission from ref. 4).

Left: Tumor-free survival of Eu-Myc TG animals of the indicated Dmp1 genotypes. The
disease-free survival was significantly shortened in both Dmp1?/~ [box] and Dmp1™~
[triangle] mice (both p<0.001 as compared to that of DmpI** Eu-Myc [diamond] mice)
without significant difference between the two cohorts.

Right: Both DmpI RNA and protein were detected by RT-PCR and immunaoblotting,
respectively, using p-actin as an internal control. Sequencing analyses showed no mutations
within the DNA-binding domain for Dmpl. The Dmpl protein was expressed in tumors
from DmpI*~ mice (~50% of that in Dmp1?/#), but was undetectable in some of them
(K2483* and K 2304%).

B. Tumor development in MMTV-neu mice (modified with permission from ref. 65).

Left: Tumor-free survival of MMTV-neu (mutant) mice of the indicated DmpI genotypes
(65). The ErbB2/neu gene is activated by point mutation in rat new but an aberrant splicing
in human breast cancer. The disease-free survival was significantly shortened in both
Dmp1*~ [box] and DmpI~" [triangle] in comparison to Dmp1*/* [diamond] mice (p <
0.001) without significant difference between the two cohorts. Genomic DNA PCR shows
retention of the wild type allele in all mammary tumors from Dmp1*/~ mice, showing
haploinsufficiency.

Right: Western blotting analyses of MMTV-neu mammary tumors for Dmp1 using actin as
an internal control. The Dmp1 protein expression was 2—-16 folds higher in tumors from
Dmp1 wild type mice than normal mammary glands (DmpI*/* MMG from a 15-week-old
non-lactating female), reflecting the Dmp1 promoter activation by HER2/neu. HD means
spontaneous hemizygous deletion of the Dmp1 locus in tumors from Dmp1*”*:MMTV-neu*
mice. ND: no deletion. The protein expression levels were ~50% in HD tumors as compared
with of those in ND tumors. The Dmp1 protein expression levels in Dmp1*/~;MMTV-neu*
mice were ~25% of that in Dmp1**;MMTV-neu* ND (no deletion) mice suggesting
additional mechanism of destabilization of the protein in these tumors; however this is not
important for tumor development since the survival curve for DmpI*/~; MMTV:neu* mice
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was overlapping with that of Dmp1™~; MMTV-neu*mice (65). See ref. 132 for a general
review for MMTV-driven mouse models.
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Figure5. Signaling pathways involving TGFB, Smad4, and Lkb1
The solid lines represent the plasma membrane, and the discontinuous lines show the nuclear

membrane. TGFp binds to two distinct receptor types, known as type | and type 1. Both
type | and type Il receptors contain serine/threonine kinase domains in their intracellular
portions. The type Il receptor Kinases are constitutively active. When they bind to the ligand,
they form hetero-tetrameric complexes composed of two molecules each of type I and type
Il receptors. In the hetero-tetrameric receptor | and Il complexes, type Il receptor kinases
transphosphorylate the GS-domain of type | receptor, which, in turn, phosphorylate
intracellular substrates. Smad proteins are major signaling molecules acting downstream of
the serine/threonine kinase TGFp receptors. Smads are classified into three subclasses, i.e.
receptor-regulated Smads (R-Smads), common-partner Smad (co-Smad: Smad 4), and
inhibitory Smads (I-Smads).

After activation of TGFBRI, the signal activates Smad2 and Smad3 proteins bound to the
receptors, by phosphorylation of their C-terminal (SXS motif) residues. The next step is
formation of a functional trimeric complex by phosphorylated R-Smad and Smad4, and then
this complex is translocated to the nucleus, where it regulates the transcription of TGFp1-
dependent genes; thus Smads have the activity of transcription factors. The activity of TGFp
signaling pathway is regulated by a negative regulatory feedback loop mediated by I-Smads
(Smads inhibitors): Smad 6 and 7. They are able to interact with membrane receptors by
forming stable complex with activated TGFBRI, and thus impairing their interaction with the
R-Smad (inhibition of their phosphorylation). Smad7 expression is induced by TGFp,
leading to inhibition of the cellular response to this cytokine. Smad7 has been shown to
promote recruitment of E3 ubiquitin ligases, including Smad ubiquitin regulatory factors
(Smurf1/2) into the receptor complex. Binding of Smad7 and Smurf to the receptor complex
also results in competitive inhibition of Smad2/3 binding to TGFBRI. Direct Interaction of
Ski with either Smad3 or Smad4 is necessary and sufficient for Ski-mediated repression of
TGFp signaling (133).

Lkb1 is a well-studied tumor suppressor kinase that regulates cell growth and polarity. It
encodes a serine-threonine kinase that directly phosphorylates and activates AMPK, a
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central metabolic sensor (134). Lkb1 is capable of phosphorylating Smad4 on its DNA-
binding domain, inhibiting Smad4 from binding to either TGF- or bone morphogenetic
protein-specific promoter sequences, thereby Smad4-dependent transcription (135). Lkbl
activates AMPK and send signals to Foxo3, Tscl1/2, p53, fatty acid synthase, and other
molecules, which enforces metabolic checkpoints for regulating cell growth and metabolism.
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