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ABSTRACT 

 

Id2 is a member of the helix-loop-helix (HLH) family of transcription regulators 

known to antagonize basic HLH transcription factors and proteins for the 

retinoblastoma (Rb) tumor suppressor family involved in proliferation, cell cycle 

progression and differentiation.  Tumorigenesis being the natural manifestation of 

unregulated cell cycle progression, it was imperative to determine the role of Id2 in 

tumor formation and the mechanism by which it regulates cell cycle and 

proliferation.   This mechanism has not been previously explored with an Id2-null 

background, lending novelty to our studies.  Id2-null dermal fibroblasts were derived 

from knockout mice pups and cultured under standard NIH 3T3 conditions.  Id2 was 

reintroduced into the system through retroviral transduction and monitored for 

phenotype.  There was a drastic increase in proliferation upon Id2 re-expression and 

a corresponding increase in the percentage of cells in S-phase.  Additionally, 
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introduction of Id2 caused the dermal fibroblasts to develop transformed properties 

such as the ability to proliferate in low serum, form foci, and initiate tumor formation 

in vivo.  Following a comprehensive screen of several cell cycle proteins, it was 

determined that Id2 was able to produce such effects because it can downregulate the 

p27KIP1 promoter and subsequent p27KIP1 expression.  The Id2-mediated 

sequestration of E-proteins (E12/E47) from the p27KIP1 promoter at the fourth E-box 

position was responsible for the decreased expression that is seen in the dermal 

fibroblasts.  Mutational analysis of Id2 demonstrated that the HLH domain was 

important for tumorigenesis and p27KIP1 downregulation.  Our findings suggest a 

novel role for Id2 as an oncogene capable of mediating tumorigenesis through the 

downregulation of p27KIP1. 
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INTRODUCTION 

THE INHIBITORS OF DIFFERENTIATION: 

The inhibitor of differentiation (Id) proteins are integral members of the helix-loop-helix 

(HLH) transcription factor family that play a role in several cellular processes including 

tumorigenesis, proliferation, angiogenesis, and apoptosis.  There are four identified Id 

proteins in mammals, Id1-4, each of which possesses distinct attributes. In terms of 

structure and function, there is some overlap between the quartet of Ids.  The 

information presented in the following pages will attempt to provide background 

information about the Ids and the cellular processes in which they are involved, and will 

also integrate new findings into the model of Id2 function and how it regulates  certain 

cellular processes, including the cell cycle and tumorigenesis, through the regulation of  

p27
KIP1

, a cyclin-dependent kinase inhibitor (CDKI).  The hypothesis that will be tested 

with this work states that Id2 causes an increase in proliferation and a tumorigenic 

phenotype in Id2-null dermal fibroblasts through the downregulation of p27
KIP1

 at the 

promoter level through Id2 sequestration of E12/E47. 

Inhibitor of Differentiation (Id) Structure 

All of the Inhibitors of differentiation (Ids) are fairly small proteins with molecular 

weights of approximately 15 kilodaltons and contain a central helix-loop-helix (HLH) 

domain.  This domain is about 80% conserved between the Id family members, while 
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the flanking regions in the amino and carboxy termini of the proteins display little 

homology (Fig. 1).  

Id2             MKAFSPVRSVRKNSLS---------------DHSLG----------ISRSK--------T 27 
Id4             MKAVSPVRPSGRKAPSGCGGGELALRCLAEHGHSLGGSAAAAAAAAAARCKAA-----EA 55 
Id3             MKALSPVRGCYEAVCCLS-------------ERSLA----------IARGRGK-----GP 32 
Id1             MKVASGSTATAAAGPSCALKAGKTASGAGEVVRCLS-----EQSVAISRCRGAGARLPAL 55 
                **. *          .                :.*.           :* :          
 
Id2             PVDDP-MSLLYNMNDCYSKLKELVPSIPQNKKVSKMEILQHVIDYILDLQIALDSHPTIV 86 
Id4             AADEPALCLQCDMNDCYSRLRRLVPTIPPNKKVSKVEILQHVIDYILDLQLALETHPALL 115 
Id3             AAEEP-LSLLDDMNHCYSRLRELVPGVPRGTQLSQVEILQRVIDYILDLQVVLAEP---- 87 
Id1             LDEQQVNVLLYDMNGCYSRLKELVPTLPQNRKVSKVEILQHVIDYIRDLQLELNSESEVG 115 
                  ::    *  :** ***:*:.*** :* . ::*::****:***** ***: *        
 
Id2             SLHHQ-RPGQNQASRTPLTTLNTDISILSLQASEFPSELMSNDSKALCG 134 
Id4             RQPPPPAPPHHPAGTCPAAPPRTPLTALNTDP---AGAVNKQGDSILCR 161 
Id3             ------APG-------PPDGPHLPIQTAELAP----ELVISNDKRSFCH 119 
Id1             T-----PGGRGLPVRAPLSTLNGEISALTAEA-----ACVPADDRILCR 154 
                                *    .  :      .          ..  :*  

 

Figure 1.  Clustal W analysis of human Id1-4 proteins, showing central conserved 

(asterisks) HLH domain (boxed region), as well as non-homologous N and C terminal 

domains. 

While these proteins are classified as transcription factors, they display no inherent 

ability to bind directly to DNA.  All of the numerous other (>120) HLH transcription 

factors fall into seven classes, and six of these classes contain positively-charged basic 

domains (bHLH), allowing them to bind to DNA with increased affinity (Figure 2).  Since 

the Id proteins (Class V, Figure 2) lack this basic region, they may act as dominant-

negative transcription factors by dimerizing with ubiquitously expressed class I HLH 

transcription factors (E-proteins), thereby preventing them from binding to 

differentiation-specific class II HLH transcription factors, such as myoD and myogenin in 

muscle cells, and subsequent binding of DNA (Figure 3)(1).   In addition to class I 

proteins, Ids have been shown to bind some class II HLH proteins, as well as non-HLH 
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factors (see below).  As one might expect, because transcription factors control 

numerous processes within the cell, the Id proteins have the potential to regulate these 

processes.  Thus, Ids provide an additional level of control of transcription factor binding 

to target promoter sequences.  

 

Figure 2: The classification of the HLH transcriptional regulators.  Taken from Desprez PY, 

Sumida T, Coppé JP.J Mammary Gland Biol Neoplasia. 2003 Apr;8(2):225-39. (1) 

 

 



~ 4 ~ 
 

History of Dominant Negative Transcription Factors 

This extra level of transcriptional control provided by Ids has evolved in a wide range of 

organisms, including Drosophilia.  The extramacrochaetae (EMC) protein, a member of 

the Id family in fruit flies acts as a non-canonical transcription factor that possesses a 

HLH domain allowing it to maintain its dimerization capability while lacking a basic 

domain and hence the ability to bind DNA.  EMC has been noted to be involved in neural 

development specifically, as well as proper spatial maintenance during fly development 

in general (2,3).  Like other Ids, it acts by sequestering bHLH proteins, preventing their 

subsequent binding to DNA.  The nomenclature for these dominant-negative 

transcription factors have evolved as well, and thus their abbreviation has come to also 

represent both “Inhibitor of DNA-binding” and “Inhibitor of Differentiation”; hence ‘Id’ 

is an acronym that fits in both cases.    

A need to understand the regulation of basic transcription factors led to the discovery of 

the first ‘Id’ gene, Id1, nearly 20 years ago in 1990 by a group at Fred Hutchinson Cancer 

Center (4) and the second, Id2, to follow a year later through a collaboration between 

NCI, Rockefeller University and the Whitehead Institute for Biomedical Research(4) (5).  

At that time it was unclear how many Id genes were present and to what extent their 

functions overlapped.   Due to their differential specificity for various binding partners 

both within and without the bHLH transcription factor family, Ids have shown to control 

the differentiation of several cell lineages including, but not limited to, those of 
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neuronal, muscle and lymphocytic origin.  Through their inherent ability as a dominant-

negative transcription factors, Id proteins can bind to several class I (E proteins) or class 

II (tissue-specific) bHLH transcription factors preventing their subsequent binding to 

DNA, and as a consequence, preventing differentiation into their respective tissue type 

(Figure 3). 

 

Figure 3: Class A (Class I) and Class B (Class II) transcription factors dimerize and bind to 

DNA via their basic domain to promote transcription of target genes (top panel).  The 

bottom panel reflects the situation when Id proteins are present and can heterodimerize 

with ubiquitous Class A and prevent their subsequent binding to E-boxes (CANNTG) and 

promotion of transcription.   Taken from Hasskarl J, Münger K.Cancer Biol Ther. 2002 

Mar-Apr;1(2):91-6  (6) 
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 During skeletal muscle differentiation, Id1, Id2 and Id3 can bind to MyoD (a class II HLH 

transcription factor) and E12/E47 (class I HLH transcription factors that are products of 

alternate splicing of the E2A gene) and block myotube differentiation. (7).  In a similar 

fashion, Ids can bind to the class II HLH, NeuroD, and sequester it away from DNA and 

prevent neuronal differentiation (8).  Of major importance was the finding that the Ids  

were essential to lymphocyte development.  The need for  negative regulation of the E-

protein family (E12, E47, HEB and E2-2), which play central roles in lymphocyte 

development, became clear during the study of cell lineage specification.  In the midst of 

delineating pathways of differentiation, the Ids were found to bind to the E-proteins, 

yielding a level of control that did not require transcriptional or translational control of 

the E-proteins. 

 Id2 and Rb 

The importance of the inhibitor of differentiation/DNA-binding proteins is not in doubt, 

but much controversy does exist concerning their functions and which processes they 

are involved in.  Due to the evidence that the HLH serves as a region essential for 

dimerization, it seems clear that the identification of binding partners of the Id proteins 

would provide a great deal of information about how they control different cellular 

processes.  Several studies have linked these proteins to proliferation.  Specifically, Id2 

has been recognized as a binding partner of Rb pocket protein family members, Rb 

(p110), RBL1 (p107), and RbL2 (p103).  These Rb tumor suppressor family proteins 
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normally control proliferation by binding to the transcription factor E2F1 (as well as 

E2F2 and E2F3a) in its hypophosphorylated form.  While bound to Rb, gene transcription 

of E2F1 targets is silenced and proliferation is temporarily halted.  Studies have shown 

that Id2 associates with RbL1 and RbL2 in vivo, and with Rb in vitro.  Although never 

proven experimentally, one possible outcome of this association is that while 

hyperphosphorylated Rb is bound to Id2, it no longer suppresses E2F (either by failing to 

physically bind, or preventing recruitment of corepressors, such as HDAC’s to E2F 

targets), thereby allowing E2F to enhance transcription of S-phase specific genes and 

thus progression through the cell cycle (9).  A model for the possible mechanism of Id2 

regulation of Rb function is shown in Figure 3 (10). 
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Figure 4:  The progression through the G1-S transition is shown with respect to Rb and 

other cell cycle proteins.  It is postulated that Id binding to Rb, has the same 

consequences as Rb hyperphosphorylation in that it drives the cells into S-phase and 

promotes the transcription of E2F responsive genes. This model for cell cycle progression 

mediated by Rb phosphorylation, or Id2/Rb interaction is taken from Zebedee Z, Hara 

E.Oncogene. 2001 Dec 20;20(58):8317-25.(10) 

While In vivo studies have demonstrated physical association of Id2 to Rb-related 

proteins, p107 and p130, Id1 and Id3 are incapable of making any of these associations 

to Rb family members either in vitro or in vivo (9).  Further, while cell cycle arrest is 

caused by over-expression of any of the Rb family members,  this arrest is overcome by 

subsequent over-expression of Id2, further demonstrating functional biologically 

relevant interactions between Id2 and Rb family members (9).  While the binding of Rb 

family members is unique to Id2, it is mediated through the latter’s HLH domain which 
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displays high homology (75-80%) with the HLH domains of Id and Id3.  Thus, it is 

somewhat surprising that Id1 and Id3 do not also have the ability to bind Rb family 

members.  Lending credence to its role as an important tumor suppressor, any 

alterations disrupting the integrity of Rb can lead to uncontrolled cell cycle and 

proliferation.  Evidence supporting this is shown by the fact that Rb is mutated or absent 

in many cancers.  Thus, if Id2 is capable of binding to and inactivating Rb, Id2 

overexpression may mimic the mutation or loss of Rb.  In both cases, E2F is free to 

enhance transcription of S-phase progression-specific genes (Figure 2).  Since, increased 

Id2 levels have been associated with increased proliferation and cancer, it is feasible 

that Id2 may commonly contribute to carcinogenesis via sequestration or inactivation of 

Rb.  If so, a precise balance would need to be maintained between Id2 and Rb levels 

and/or activities.  Id2 and Rb have also been shown to interact genetically.  While Rb+/- 

mice form spontaneous tumors (pituitary adenocarcinomas), the effect is rescued when 

Id2 is also absent suggesting that Id2 is a key mediator of tumorigenesis in this case (11).  

The same group at Columbia also showed that Id2 is a regulator of VEGF and promotes 

angiogenesis of these spontaneous tumors arising in Rb+/- embryos.  While these 

results may be explained by the aforementioned physical interaction between Id2 and 

Rb, p27
KIP1

 may play a key role in mediating this interaction.  In this regard, an intriguing 

connection between Id2, Rb, and p27
KIP!

 has been shown in genetic studies.  Pituitary 

glands lacking Id2 with a loss of heterozygosity of Rb exhibit higher levels of p27
KIP1

, a 

cdk inhibitor and tumor suppressor, suggesting that a genetic and functional interaction 
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between Id2 and p27
KIP1

 may be playing a role in proliferation of the tumors as well as 

initiation and angiogenesis. (11).  Furthermore, Rb-/- mice are embryonic lethal, while 

knocking out both Id2 and Rb confers partial suppression of this lethality, although these 

mice die shortly after birth (12). 

Ids and the E-proteins 

While the link between Id2 and Rb appears solid, this is not the only possibility explored 

with respect to the function of Id2 function or of the other Id proteins.  Investigators 

have shown that Id proteins have another set of binding partners, the E-proteins (class I 

HLH; see above).  The E-proteins are transcription factors that consist of 3 genes, with 4 

protein products; E12 and E47(both products of the E2A gene), HEB, and E2-2.  They act 

as heterodimers with class II bHLH transcription factors, such as myoD and myogenin, by 

binding to E-boxes within gene promoters, which have a consensus sequence of 

CANNTG and primarily enhance gene transcription with a few instances of 

transcriptional repression (13).  For example, Tal1 is an important class II bHLH 

transcription factor involved in T-cell development that can heterodimerize with E-

proteins and bind to E-boxes.  Upon binding to E-boxes, these Tal1/E protein 

heterodimers can activate or repress transcription of different subsets of a large 

number of target genes (14).   Thus, E proteins have a huge array of gene targets 

including, but not limited to, genes involved in the control of the cell cycle and 

differentiation.   
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Ids and Tumorigenesis 

As shown for the Rb family and E proteins, any significant increase in Id expression 

would presumably allow sequestration of several proteins  from their normal targets.  

Many of these targets may be responsible for cell cycle checkpoint control and in their 

absence, these key checkpoints would be dysregulated.  Consistent with this notion, Ids 

have been noted to be upregulated in several primary tumors, including those of the 

breast, thyroid, and pancreas and many others(2,15,16) .   Specifically, Id1 has been 

shown to be upregulated in cancers of the breast, thyroid, endometrium, cervix, ovary, 

squamous cells, melanocytes, prostate, colorectal, astrocytes, pancreas and testes (17).  

Additionally, there is a striking positive correlation between breast cancer progression 

and elevated Id1 expression.  Id1 is heavily expressed in the metastatic breast cancer 

cell line, MDA-MB-231, while expression is much lower in less malignant cell lines, T47D 

and MCF7, and barely detectable in normal human mammary epithelial cells (18,19).  

This raises the possibility that Id1 can be useful as a prognostic marker for breast cancer.  

Id2 expression is elevated in Ewing sarcomas, squamous cell cancers of the head and 

neck, colorectal cancer, astrocytic tumors, pancreatic cancer and testicular seminomas 

(2).  Of these malignancies, Id3 is also upregulated in head and neck squamous cell 

carcinomas, colorectal cancer, astrocytic tumors, pancreatic cancer and testicular 

seminomas (2).  Additionally, Id4 expression levels are elevated in testicular seminomas 

(2).  Each of these correlations should be interpreted with a degree of caution because 

of the debatable specificity of some of the Id antibodies used to detect these proteins in 
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tissue samples.  There are a limited number of antibodies for the Id proteins and very 

few are recommended for immunohistochemistry.  Although the author cannot 

rigorously verify the specificities of commonly utilized antisera directed against Id1, Id3, 

and Id4, my experience, as well as that of others, with the antibodies utilized for 

immunocytochemical detection of Id2 in numerous published studies have shown 

strong false-positive cell staining, including the appearance of specific subcellular 

localization, even when Id2-null cells are used as a control.  This suggests that until 

better antibodies are developed, an alternative, but admittedly imperfect,  method to 

detect relative levels of Id expression would be in situ hybridization to detect Id mRNA 

levels in tissues, although it is clear that protein levels do not always reflect those of the 

corresponding mRNA. 

Ids and Proliferation 

Shortly after their discovery in the early 1990’s, experimental evidence confirmed the 

role of Ids in G1/S transition and hence cell cycle progression.  Correlative studies have 

shown that, in general, Id levels are elevated in highly proliferative, undifferentiated 

cells (17).   When arrested fibroblasts are stimulated with serum, there is a rapid 

induction of Id1, Id2 and Id3 alluding to their role as key players in cell cycle regulation.  

Further mechanistic studies showed that when Ids were blocked with antisense 

technology, the re-entry of these into the cell cycle was significantly delayed (20).   Even 

within the G1 phase, Id levels have been shown to fluctuate.  A peak of Id levels is seen 



 

in early G1 and then again in late

patterns of expression further implicated them as key players in the cell cycle

diagrammed below in Figure 5

Figure 5:  The cyclic nature of Id1 and Id2 as well as Cyclins, Egr

phases of the cell cycle. Taken from Zebedee Z, Hara E.Oncogene. 2001 Dec 

20;20(58):8317-25. (10) 

When Ids are overexpressed

cells (Id1) and myoblasts (Id3),

(23).  Additionally, murine d

ectopically  expressed (24).   

To date, several mechanisms for

literature.  The potential involvement of Ids with CDKI expression has been observed by 

many investigators.  It was noted that the 

inhibitor of Cyclin/cdk complexes
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in early G1 and then again in late G1/S with a drop off in mid-G1 (10)  

further implicated them as key players in the cell cycle

diagrammed below in Figure 5. 

 

Id1 and Id2 as well as Cyclins, Egr-1 and APC is shown from G0 to S

Taken from Zebedee Z, Hara E.Oncogene. 2001 Dec 

When Ids are overexpressed in certain cultured  cell types,  such as erythroleukemia 

1) and myoblasts (Id3), increased rates of proliferation were observed

, murine dermal fibroblasts exhibit the same effect when Id2 is 

 

To date, several mechanisms for Id-induced proliferation have been proposed 

ature.  The potential involvement of Ids with CDKI expression has been observed by 

many investigators.  It was noted that the promoter of the CDKI p21
CIP1

n/cdk complexes, contains E-boxes which were shown to serve 

  Their cyclic 

further implicated them as key players in the cell cycle as 

 

is shown from G0 to S-

Taken from Zebedee Z, Hara E.Oncogene. 2001 Dec 

such as erythroleukemia 

were observed (21) (22) 

the same effect when Id2 is 

ed proliferation have been proposed  in the 

ature.  The potential involvement of Ids with CDKI expression has been observed by 

CIP1
 gene, an 

which were shown to serve as 
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binding sites for MyoD/E-protein complexes (25).  Upon Id1 overexpression in NIH 3T3 

cells, a decrease in p21
CIP1

 expression and an increase in growth rate was observed (25).   

According to the model proposed in Figure 3, increased Id1 protein levels may sequester 

E-proteins from MyoD and prevent them from binding to the E-boxes.  Id1 

overexpression also decreases expression levels of the CDKI p16
INK4a 

(another inhibitor 

of Cyclin/cdk complexes) in human diploid fibroblasts (26).  The promoter of p16
 INK4a

 

contains binding sites for ETS transcription factors, which are members of the helix-turn-

helix family (not to be confused with HLH), and when bound to Ets-1 or Ets-2, induces 

p16
 INK4a

 expression (27).  Although not an HLH protein, Ets-2 was physically associated 

with Id1 in  human diploid fibroblasts, and prevented subsequent activation of the 

p16
INK4a

 promoter (27).  Thus, the mechanism of action of Ids has become somewhat 

more complex than originally envisioned in Figure 3, and additional binding partners are 

still being sought. From the NCBI database, a compiled list of putative Id binding 

partners is listed below in Figure 6. 

ID PROTEIN Id1 Id2 Id3 

BINDING 

PARTNERS 

CASK, Myf5, Myf6, 

ELSPBP1, MyoD1, 

TCF12(HEB), 

TCF3(E2A), TCF4 

Adducin 1, Myf5, 

MyoD1, 

TCF12(HEB), 

TCF3(E2A), TCF4, 

Nedd9, ELSPBP1 

GTF2A1L, Id3, Myf5, 

MyoD1, Pax5, 

SREBF1, TCF3(E2A), 

TCF4, ADD1, 

ELSPBP1, Myf6 

Figure 6:  Potential binding partners from the Entrez Gene database (NCBI). 

Additionally, Id1 can inactivate the p16
INK4a

 promoter through an E-protein-dependent 

mechanism (28).  The E-boxes in the p16
INK4a

 promoter require binding to E-proteins 
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heterodimers which are unable to form due to E-protein sequestration by Id1 (28).  In 

vivo, elevated Id1 expression has been correlated to low p16
INK4a

 expression in various 

stages of melanoma (29).  As a marker for senescence, p16
INK4a

 is elevated in non-

proliferating cells and tissue.  Overexpression of Id1 in human keratinocytes, which 

undergo replicative senescence after several passages in culture, was able to delay the 

onset of senescence and decrease the p16
INK4a

 levels (30).  Another member of the CDKI 

family, p15
INK4b

, is also regulated by Id expression.  In cultures derived from various 

melanoma samples, it was seen that overexpression of Id2 was able to offset the 

increase in p15
INK4b

 induced by TGF-beta treatment(31). Higher Id2 expression was also 

correlated to those cultures which were less sensitive to TGF-beta treatment, a sign of 

more advanced stages of the disease (31). Since the proposed mechanism for Id1/3 

downregulation of CDKI’s involves Ets and E-proteins, it is likely that all the Ids would 

have the potential to regulate the cell cycle in a similar manner.  A model for Id 

regulation of CDKI’s, as well as the parallel involvement of the Rb pathway,  is shown in 

Figure 7 (2). 
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Figure 7:  An overall schematic of the coordinated involvement of the Id proteins, E-

proteins and the regulation of CDKI’s is shown. Taken from Sikder HA, Devlin MK, Dunlap 

S, Ryu B, Alani RM. Cancer Cell. 2003 Jun;3(6):525-30. (2) 

Ids and Apoptosis 

Although Id2 is thought to promote proliferation, there are instances when the opposite 

can occur, i.e., the cells die.  Id2 expression, and specifically the N-terminus of Id2, has 

been correlated with increased Bax expression in myeloid progenitor cells and 

osteosarcoma cells(32). bax, a proapoptotic gene, enhances mitochondrial 

depolarization, cytochrome c release, and apoptosis; thus an association was made 

between increased Id2 expression and increased cell death in these particular cells (32).  

Id3 has also been shown to be involved in the control of apoptosis, notably in 

keratinocytes and B lymphocyte progenitors (33).  Id4, while less well-studied, has also 

been shown to share proapoptotic activity with its family members.  Murine astrocytic 

cells express moderate basal levels of all Id family members; however, when Id4 is 

overexpressed in these cells, they round up and die through programmed death 
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mechanisms(34).   Similarly, Id1 over-expression can induce apoptosis in thymocytes.  

Normally, Id1 is involved in preventing the differentiation of T-cells by inhibiting E-

proteins.  When over-expressed, Id1 sequesters E-proteins from the promoter of 

retinoid-related orphan receptor γ(RORγ), thereby  blocking its transcription, and 

disrupting its antiapoptotic role in the developing T-cells, leading to their subsequent 

apoptosis (35). 

Ids in Development and Differentiation 

Because of their inherent ability to control differentiation and proliferation, the Ids have 

been implicated and subsequently proven to be key players in normal development.  

Eliminating both Id1 and Id3, but not either individually, from developing mouse 

embryos leads to premature differentiation and altered proliferation in neural 

progenitors.  This suggests that redundant roles may exist for Id1 and Id3 since this 

phenotype is not observed when both alleles of either Id1 or Id3 alone are eliminated.  

Abolition of Id2 in mouse embryos, results in severe defects in proliferation of many cell 

types and, overall, a decreased body size is observed in these mice (17). 

Knockout studies, have thus allowed for further elucidation of Id protein function.  Id1-

null mice have no evident phenotype while and Id3-null animals exhibit defects in B-cell 

proliferation and humoral immunity.  As mentioned above, Id1/Id3 double knockouts 

have neural proliferation defects early in development and are actually embryonic lethal 

at E13.5 (2).  The importance of Id2 in development can be witnessed by the fact that its 
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deficiency causes defects in immunity due to a lack of Peyer’s patches and lymph nodes 

as well as a reduced number of epidermal Langerhans cells and natural killer cells (2).  

Id2-null mice also demonstrate defective proliferation of mammary epithelial cells and 

defects in spermatogenesis (2).   It has also been shown that Id2 plays a role in breast 

differentiation and eventual lactation, since Id2-null mice have severe defects in 

lactation (36) (1). 

Clearly, the normal development of an organism requires differentiation of numerous 

cell types and because of their ability to bind to and suppress tissue-specific class I and 

Class II transcription factors, Id proteins are implicated in several of these differentiation 

processes.  Id2 has been shown to suppress differentiation markers in hepatic stellate 

cells, which can normally be induced to differentiate into myofibroblasts (37).  

Overexpression of Id2 in these same cells also increased proliferation (37).  Likewise, Id2 

overexpression in primary human keratinocytes was able to suppress the expression of 

differentiation marker human keratin-1 (HK1) and crosslinking of involucrin (38).  Id3 

has been shown to play a role in the inhibition of monoblast cell line differentiation to 

macrophages and granulocytes (39).  Upon differentiation of monoblastic cell lines THP-

1 and U-937 into granulocytes or macrophages, Id3 is reduced suggesting that it has a 

negative effect on differentiation similar to that of Id2 (39). 

Interestingly and contradictory to their name, Id protein levels have also been shown to 

be increased in certain instances of differentiation, indicating that Ids do not always 
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function similarly in different cells.  When pre-adipocytes are induced to differentiate 

into mature  fat cells in culture with insulin, dexamethasone, and 3-isobutyl-1-

methylxanthine, Id2 expression is increased (40).  Additionally, it was shown that Id2 

expression is high in adipose tissue of mice and humans suffering from obesity (40).  In 

the case of smooth muscle cells (SMC), Id2 mRNA is induced upon treatment of human 

bone marrow stromal cells with bFGF, EGF, insulin and BMP-4, which causes the stromal 

cells to differentiate into smooth muscle cells (41).  Only when the markers of SMC 

differentiation are reduced, is an increase in Id1 expression observed, suggesting that 

with regard to smooth muscle cell differentiation Id1 and Id2 have opposing roles (41). 

Ids and angiogenesis 

Thus far, Ids seem to play a role in plethora of cellular processes.  Adding to that list, the 

Id proteins are also involved in the control of angiogenesis.  Id knockout mice have 

severe defects in their vasculature.  While information gleaned from knockout studies 

has allowed researchers to make a correlation between Ids and angiogenesis, the 

precise mechanism by which Ids regulate angiogenesis is still unknown.  It was noticed 

by Lyden and colleagues that a loss of Id function, particularly Id1 and Id3, resulted in 

decreased VEGF expression, suggesting the necessity for Ids in angiogenesis (42).    

Although the involvement of bHLH factors in angiogenesis is relatively unexplored, it 

was speculated that Ids could be exerting their function through the transcription factor, 

bHLH-EC2 (43).   
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Furthermore, for angiogenesis to occur in tumors, remodeling of the extracellular matrix 

must occur and new cell-cell interactions must be created and maintained.  In this 

regard, the integrins are essential for cell-cell contact.  It was noticed that Id knockout 

mice could not support tumor growth and metastasis.  One postulate put forth was that  

interference with the expression of the integrins,  alphaVbeta3, the vitronectin receptor 

associated with tumorigenesis, was occurring (44).  A second possibility was that these 

mice lacked the ability to allow degradation of the extracellular matrix surrounding the 

primary tumor, therefore preventing invasion metastasis.  Several proteases are 

involved in matrix remodeling including metalloproteinases.  The lack of Id expression 

could potentially prevent the expression of a certain enzyme needed for matrix 

degradation, including MMP2 (45).  In both instances, angiogenesis would be inhibited 

and tumors would fail to progress.  This has exciting clinical implications for the Ids as 

therapeutic targets in the development of metastasis-preventing pharmaceuticals.  A 

brief summary of the possible role for Ids in the control of angiogenesis and metastasis 

is shown in Figure 8 (17). 
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Figure 8: The potential Id protein involvement in angiogenesis and tissue remodeling is 

shown above.  Implications have been made for Id-induced angiogenesis and tissue 

invasion.  Taken from Lasorella A, Uo T, Iavarone A.Oncogene. 2001 Dec 20;20(58):8326-

33 (17) 

Controlling the Controller: Id Regulation 

Thus far, the Id proteins have provided precise control mechanisms for many cellular 

processes.  In turn, Ids are also controlled through several mechanisms including 

transcriptional control at the promoter level, RNA processing and stability, and post-

translation mechanisms including phosphorylation, degradation, and intracellular 

localization, the latter of which are interrelated. 

Id Promoters 

Almost all genes are regulated, at least in part, at the promoter level.  As the Ids are no 

exception to this rule, extensive work has been done to determine regulatory elements 
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that control each of these promoters.  The promoters of the Id genes have many 

conserved elements, e.g. E-boxes, Ets sites, early growth response gene 1 (Egr1), and 

sp1/3 sites, that may be responsible for their regulation; however, only a handful of 

these have been explored in detail.  Related to the fact that Ids are overexpressed in 

many tumors leading to a more aggressive phenotype, Id1 has been shown to be 

upregulated in MDA-MB-231 invasive breast cancer cells through a transcriptional 

mechanism(46).  Increased binding of Egr-1 to the Id1 promoter led to elevated levels of 

Id1 and hence a more invasive phenotype(46).  The increase in Egr-1 was mediated 

through a Cox-2/prostaglandin-dependent pathway (46). There is also evidence for the 

binding of Egr-1 to the Id2 promoter as well in vascular smooth muscle cells.  In the case 

of vascular smooth muscle cells, the induction was mediated by interleukin-1 beta and 

eventually led to increased proliferation of this cell type (47).   In keratinocytes, upon 

UVB irradiation Erg-1 and Fli1, both members of the helix-turn-helix family of 

transcription factors, bind to the Id2 promoter at a consensus ETS binding site 

approximately 120bp upstream of the transcriptional start site (38).  Not to be confused 

with Erg-1, Egr-1 regulates Id3 expression in skeletal muscle cells (48).   Egr-1 and sp2 

have been identified as binding to the Id3 promoter following a series of DNase 

protection assays performed in highly proliferative skeletal muscle cells (48). The 

previously postulated involvement of the Ids in the TGF-beta-pathway has been 

solidified by the finding that the Smad3/4 complex binds to the Id1 promoter and is 

responsible for mitigating the induction of Id1 when BMPs are present and active (49).  



~ 23 ~ 
 

Additionally, the Id2 promoter is regulated through TGF-beta signaling.  In keratinocytes, 

the expression of Id2 is dependent on the binding of the Myc/Max complex to the Id2 

promoter (50).  Concomitant Mad (Myc antagonist repressors) upregulation and TGF-

beta activation, allows for the replacement of Myc/Max complexes with Mad/Max 

complexes rendering the Id2 promoter inactive and subsequent growth suppression 

(50).   TGF-beta involvement in the control of Id3 transcription has also been noted.  In 

myoblasts, MRTF-A (myocardin-related transcription factor-A ) is upregulated in highly 

proliferative cells and is capable of associating with the Smad1/4 complex (downstream 

players in TGF-beta signaling), binding to the Id3 promoter and enhancing transcription 

(51). The promoter of Id2 has also been found to be controlled through Jak/Stat 

signaling in lymphoma cell lines (52).  The induction of Id2 seen with overexpressed 

growth hormone has been correlated to increased promoter activity dependent on 

Stat5 binding to a 200bp region in the proximal promoter (52).  Since inhibition of 

differentiation appears to be a major role for Id2, it might be expected that Id 

transcripts are controlled prior to differentiation in many cell types as is the case during 

cardiomyocyte differentiation (53).  GATA4 and Nkx2.5 binding sites were identified 

through in silico analysis of the Id2 promoter and were further proven to be true sites 

for binding by electrophoretic mobility shift assay (EMSA) experiments in mouse 

embryonic stem cells derived from a teratoma (53).  Moreover, Id2 plays a critical role 

during mammary gland development in mice and is seen to be regulated by C/EBP-beta 

which has several constitutive binding sites in the Id2 distal promoter approximately 2.3 
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kb from the transcriptional start site (54).  While a modest amount of work has been 

done on the promoters of Ids 1-3, exploration of Id4 has been meager at best.  In the 

upstream portion of the Id4 promoter, a consensus E-box was identified through 

deletion analysis as being an important region for transcriptional activation (55).  

Further experiments have shown that USF is the major factor binding at this site and 

capable of enhancing Id4 transcription (55).  Also, downstream of the transcriptional 

start site, portions of the gene were found to be important for transcriptional 

regulation.  Sequence analysis identified a GA motif in the downstream portion, which 

surprisingly turned out to be a site for transcriptional repression when bound to sp1 or 

sp3 (55).  This unusual function of sp1 and sp3 as repressors led researchers to believe 

that the regulation for Id4 may in fact be complicated and further work needs to be 

done on transcriptional control.  Although, not much work has been done on 

transcription factor binding to the Id4 promoter and identification of those elements, 

more studies have focused on the methylation of the Id4 and its status as it relates to 

transcriptional activation of Id4.  There is a marked difference in the methylation status 

of the Id4 promoter between patients with acute leukemia and normal controls, 

suggesting that this pattern of methylation may implicate Id4 as a major contributor to 

the progression of the disease (56,57).  Increased Id4 promoter methylation has also 

been seen in lymphoma patients and cell lines compared to normal controls, suggesting 

again that demethylation may be a critical regulation step in the activation of Id4 and 

the prevention of such disease states (58).  Less effort has been exerted in determining 
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the various methylation states of the other Id genes, but one report suggests that 

methylation is, at least in part, responsible for regulation of the Id genes due to the fact 

that a DNA-methyltransferase inhibitor can block the induction of the Ids during 

neuronal differentiation and nerve growth factor signaling (59). 

Id mRNA half-life 

Once transcribed, the stability of the mRNA is also important in the regulation of Id 

expression.  Different studies have shown diverse values for the half life of these 

mRNAs.  One report has shown that the half-life of Id2 mRNA in a human myeloid cell 

line was approximately one hour (39).  Additional studies examining the half life of Id 

mRNA are not plentiful.  This mechanism is a potential route to examine the regulation 

of Id expression. 

Post-translational Modification of Id Proteins 

At the post-translational level, the Ids are regulated mostly by phosphorylation.  A 

conserved serine residue at position 5 in both Id2 and Id3 is phosphorylated by Cdk2 

(60) (61).  Phosphorylation at this site prevents Id2 and Id3 from binding to their 

respective E-protein partners and pushing cells through the G1-S transition (60,61).  

There have been instances in which Id2 can be phosphorylated by cAMP-dependent 

protein kinase as well as Id1 (62).  Additionally, Id1, 2 and 3 can be phosphorylated by 

PKC, implicating further their involvement in many pathways and the fact that their 

activity as dominant-negative transcription factors needs to be tightly controlled (62). 
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Id Subcellular Localization 

The subcellular localization of the Ids is functionally important.  To act as negative 

regulators of bHLH transcription factors, the Id proteins need to be present in the same 

subcellular compartments as their binding partners; therefore, anything that prevents 

their translocation into this subcellular compartment would be a means of maintaining 

inactive Ids.  Conversely, concentrating Ids in the same compartment with their binding 

partners might be expected to enhance their function. 

A group at the Paterson Institute for Cancer Research in England, have described a 

chaperone-mediated mechanism for the translocation of Id3 to the nucleus (63).  While 

the Ids have no canonical nuclear localization signal (NLS) themselves and despite their 

small size, do not passively diffuse in and out of the nucleus, their natural binding 

partners, the E-proteins, do possess an NLS(63).  The binding of Id3 to an E-protein, the 

chaperone in this case, promotes the translocation of the entire complex into the 

nucleus (63).  Furthermore, when little or no E-protein is present, Id3 localization 

remains cytoplasmic/perinuclear(63).   

A similar story exists for Id2, in which E-proteins act as shuttles for Id2 to enter the 

nucleus, although Id2, like Id3, contains no canonical NLS.  However, Id2 does possess 

two nuclear export signals, one within the HLH domain and one in the C-terminal region, 

through which the cytoplasmic localization of Id2 is controlled (64).  Leptomycin B was 

used in these experiments to inhibit nuclear export and resulted in the discovery of 
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nuclear export receptor chromosome region maintenance protein 1 as the key mediator 

protein for Id2 nuclear export and also showed that the second NES in the C-terminal 

region is more important for export while the signal lying within the HLH is dispensable 

(64).   Equivocally, Id1 possesses an NES in the C-terminal region which controls its 

cellular localization (65).   

Id Degradation 

While all proteins in the cell have finite life spans, the mechanism of degradation and 

signals that control the Ids subsequent demise are of interest.  All four Id proteins are 

susceptible to proteasome-mediated degradation.  As might be expected, inhibition of 

the 26S proteosome abrogated the degradation of the Ids in a ubiquitin-dependent 

manner (66).   In the case of Id3, when it is bound to an E-protein it becomes somewhat 

protected from degradation and its half life is increased from a norm of approximately 

20 min in 293 cells (66).  Also, the half life of Id1 is increased to 8 hours from a normal 

interval of 1 hour when it is bound to MyoD or E-proteins  (67) (68)  (69).   These studies 

provide an interesting supplement to the relationship between Ids and E-proteins.  Not 

only do the Ids prevent the binding of E-proteins to their target DNA sequences (E-

boxes) and the E-proteins aid in the localization of Ids to the nucleus, but also, E-

proteins can act to stabilize Id proteins and protect them from degradation.   Id1 as well 

as Id2 require the ubiquitination of their N-terminus for proteasomal-dependent 

degradation; thus, mutations in the N-terminal lysines prevented degradation via the 
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ubiquitin-proteasome pathway (70).   Id1 and Id3 have the capability to bind to a 

subunit of the Cop9 Signalosome, which in turn mediates the ubiquitination of these 

two proteins (71).   Additionally, masking the N-terminus of Id1 with a Myc-tag 

increased the half life further suggesting the importance of the N-terminus for 

degradation(71).  Treatment with apoptosis–inducing agents such as TNF-alpha can act 

to decrease the half-life of Id1 and therefore lower the Id1 protein levels in some cells 

and perhaps decreased Id1 levels act to mediate the apoptotic pathway in some 

prostate cancer cells(72). Sensitivity to TNF alpha in various prostate cancer cell lines 

does correlate with their ability to downregulate Id1 through increased degradation via 

the ubiquitin-proteasome pathway (72).    Additional work was performed in neurons to 

reveal a more precise mechanism of Id2 degradation.  Since Ids play a key role at the G1-

S transition, a method to deplete cell of Ids following S-phase may be required for cell 

cycle progression.  This method may lie with the anaphase-promoting complex 

APC/Cdh1, which is upregulated after replication has occurred in full.  APC has inherent 

E3 ubiquitin ligase activity that can ubiquitinate Id2 when it is bound to Cdh1 in later 

phases of the cell cycle when Id2 is no longer needed and sent to the proteosome for 

degradation(73). The binding of Id2 to Cdh1 occurs at a conserved site in the N-terminus 

of Id2 rightfully named the D-box or ‘Destruction-box’ (73). 
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CELL CYCLE: 

 

Figure 9:  An overall schematic of the cell cycle and its basic regulatory proteins.  Taken 

from Michael A. Lyon, Alexander P. Ducruet, Peter Wipf & John S. Lazo Nature Reviews 

Drug Discovery 1, 961-976 (December 2002) (74). 

 

It’s amazing that a cell or most of the 10 trillion cells in the adult human body manage to 

divide properly and on cue.  The simplified diagram above provides a rough sketch of 

the immaculate control needed to preside over the cell cycle.  As most of my work 

focuses on the control of the G1-S transition, a brief introduction to the other 

checkpoints will be given followed by a more in-depth analysis of the G1-S shift.   
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The question of “Do Cells Cycle?” was raised in England, by Smith and Martin in 1973 

(75).  Intricate answers to that question have been proposed since then over the past 35 

years and because this is not a history paper on the cell cycle, the various theories that 

may or may not have proven right will not be elaborated upon.  Rather, the most 

concise description of the major regulators of the each phase will be explained.   

Cell Cycle Organization 

At any given point, a cell can be classified into a certain phase of the cell cycle based on 

morphology, gene expression, protein expression, and DNA content.  By convention, the 

series ‘starts’ with G1, then S-phase, followed by G2 and the subsequent actual division 

of the cell: Mitosis or M-phase.  Following M-phase, cells have a choice to enter G0 and 

stop dividing or enter G1, in which they will start the whole process over again (76).  

Proceeding from one phase to the next are the points at which the major control is 

required.   At each of these points, and many others, a ‘checkpoint’ is in place.  

Disruption of these checkpoints leads to cell cycle misregulation which could result in 

many disorders including cancer. 

Cyclins and Cyclin-dependent Kinases 

Cyclins and cyclin-dependent kinases are integral proteins that are important for cell 

cycle regulation.  In general, upregulation of phase-specific cyclins and cdk’s at the 

proper time and subsequent association of cyclins with their respective partners allows 

for progression into the next phase of the cycle.  Once in an active complex, the cdk’s 



~ 31 ~ 
 

can further go on to phosphorylate their target proteins.   During the G2/M transition, 

cyclin A and cyclin B are upregulated along with cdc2/cdk1, with which both cyclin A and 

B can complex (Figure 8)(77).  The association of either or both cyclin A and B with cdc2 

causes activation of cdc25 and allows the cell to progress through G2 into mitosis(77).  

Although the control seems simple, the presence of Cyclin A/B-cdc2 complexes must be 

regulated if an error occurred during G2 that needs to be remedied before entering 

mitosis.  If DNA damage has occurred, p53 is activated and can directly inhibit Cyclin 

A/B-cdc2 or activate p21
CIP1

 which can inhibit those complexes and prevent the 

transition(77).   Once DNA repair has taken place, p53 is degraded, active Cyclin A/B-

cdc2 complexes are restored and cells can progress through G2 into M-phase(77).  

Following mitosis, non-tumor cells will not divide again until an external signal is 

received that indicates a cell should begin to prepare for division. 
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PHASE G1 S G2  M 

CYCLIN Cyclin D CyclinE Cyclin 

A 

Cyclin 

E 

Cyclin 

A 

 Cyclin 

B 

 

CDK cdk4,cdk6  cdk2  cdk2  cdk2  cdk1  

INHIBITOR p16, 

p15,p18,p19 

(INKs) 

p21, p27, 

p57 (KIPs) 

p21, 

p27, 

p57 

(KIPs) 

p21, 

p27 

 p21, 

p27 

 p21  

Figure 10:  A summary of cyclins and their respective cdk binding partners corresponding 

to each phase of the cell cycle. 

Upon the reception of this mitogenic signal, G1 cyclins and cdks are induced.  The first 

cyclin to be induced is Cyclin D, which can bind to either cdk4 or cdk6 to form an active 

complex (78,79).  Either cdk4 or cdk6 can phosphorylate Rb to the point where it 

dissociates from the E2F/DP1 complex allowing E2F to act as a transcription factor which 

upregulates other cyclins (A and E) as well as genes necessary for replication such as 

PCNA and DNA polymerases alpha and delta (78).  Cyclin E associates with cdk2 and 

drives the cell through G1 into S-phase (78).  The entry into S-phase causes an 

association between the already-present Cyclin A and cdk2 and acts in the G2/S 

transition (78).  Cdc25, a phosphatase that removes the phosphate group from cdk’s, 

also plays a role in the each of these cell cycle transitions (Figure 8)(78).  By 

dephosphorylating cdk2, which is in complex with Cyclin E and/ or Cyclin A, cdc25 drives 

cells through the G1/S transition or S/G2 transition, respectively (78).  Cdc25 can also 

exert its phosphatase activity on cdc2 in complex with Cyclin A and/or Cyclin B creating 
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an active complex and driving cells through G2 into mitosis(78).  Cdc25 levels are just as 

tightly regulated as cyclin and cdk levels because they possess such potent ability to 

manipulate the cell cycle and, if mis-expressed, could easily cause cell to division to 

spiral out of control.  In parallel opposition to cdc25, Wee1 acts as a kinase that 

phosphorylates these same cdks and keeps them in an inactive state (80). 

Cdk Inhibitors 

Although Wee1 is powerful on its own, it cannot solely maintain the cell cycle at its 

proper rate.  Other inhibitors of the cyclin/cdk complexes, namely the cip/kip family and 

Ink/Arf family, have the ability to stop the cell from cycling when mitogenic stimuli are 

not present or when external factors signal for growth arrest under certain conditions.  

The cip/kip family consists of proteins p21 (CIP1), p27 (KIP1), and p57 (KIP2).  Each holds 

the ability to bind to the cyclin/cdk complexes of and subsequently inactivate them by 

preventing their downstream phosphorylation of target genes such as Rb during the 

G1/S transition.  Most often, p21 is a downstream target of p53, which is induced 

following an incidence of DNA damage, such as ionizing radiation that causes double 

strand breaks.  To stall the cell in its current state before proceeding through the cell 

cycle, p53, after being activated by the ATR/ATM DNA damage pathways, can induce 

p21 which binds to Cyclin/cdk2 or Cyclin/cdk4 complexes reversibly inactivating them 

and freezing the cell cycle.  The major consequences of p21 induction are seen at the 

G1-S transition where p21 inactivates Cyclin D/cdk4 and Cyclin E/cdk2 or during the S-
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G2 transition where it binds to the Cyclin A/cdk2 complex rendering it inactive (81).  

Likewise, p27 binds to Cyclin E/cdk2 and/or Cyclin D/cdk4 complexes arresting the cells 

in G1 or if bound to Cyclin A/cdk2 complexes causes a S-phase arrest (81).  In the same 

manner, the third member of the cip/kip family, p57, can bind to most of the cyclin/cdk 

complexes and inactivate them.  The complexes included in the repertoire of p57 are 

Cyclin D/cdk4, Cyclin E/cdk2, Cyclin A/cdk2, and also, with lower affinity, p57 can bind to 

the Cyclin B/cdc2 complex required for the exit from G2 and entry into mitosis(81). 

p27
KIP1

 

The control of p27
KIP1

 is of particular interest to this project, because as you will see in 

later experiments, there is a strong connection between cell cycle, Id expression and 

p27
KIP1

 expression. In general, p27
KIP1

 is upregulated in instances where cell growth 

needs to be retarded.  One such occasion is during contact inhibition, in which the cells 

in close-contact with one another need to cease growth because of the lack of surface 

area on which to proliferate.  In this case p27 is highly expressed and cells reversibly 

arrest in G1.  Also, when cells activate the TGF-beta pathway (a growth-suppressive 

signaling cascade), p27 is upregulated and participates in the TGF-beta-induced 

arrest(82). As a tumor-suppressor, p27 needs to be downregulated when cells are ready 

to begin dividing again.  Treatment of density-arrested mouse fibroblasts with platelet-

derived growth factor (PDGF) reduced transcription of p27 in an histone deacetylase 

(HDAC)-dependent manner (83).  Additionally, upon treatment with a mitogenic stimuli, 
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p27 is phosphorylated which in turn leads to the ubiquitination of p27 and its 

subsequent degradation that is proteasome-dependent(84).   

The transcriptional regulation of p27 is complex in that there are many different 

regulatory elements in the promoter that have the capability of binding several 

transcription factors.   Among these factors are PEA-3, CTF, Myb, AP2, Sp1, ATF, 

NFkappaB, E2F-1, BRCA1, and E-proteins (E12/E47) (85).   There are multiple binding 

sites for each of these proteins within an approximately 2 kilobase proximal promoter.  

Areas further upstream of the p27 transcriptional site have yet to be explored.  While 

most are activating, there are also factors that act to silence the p27
KIP1

 promoter and 

these factors tend to be present as a result of mitogenic stimuli or increased 

proliferation.   With respect to the Id proteins, the E-box elements in the p27
KIP1

 

promoter are especially relevant.  There are five perfect E-boxes (CANNTG) in the 2kb 

proximal promoter where perfect refers to the nucleotides in the N positions that would 

create a palindrome.  Additionally, there is one imperfect E-box which is also a potential 

binding site for E-proteins (86).  As previously described, the Ids are inhibitors of the E-

proteins (E12, E47, E2-2, and HEB) and act by sequestering E-proteins preventing them 

from binding to DNA and activating transcription.   These two observations lead to a 

possible role for Ids in the regulation of p27
KIP1

 expression.  The role of Id3 in this 

regulation has been briefly explored and was found to downregulate the p27 promoter 

through the sequestration of ELK-1, a transcription factor capable of binding to E-boxes 
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(87).  This topic will be further explored in-depth as my research seeks to define the role 

for Id2 in p27
KIP1

 downregulation and its relationship to tumorigenesis. 

Aside from transcriptional regulation of p27
KIP1

, there are other mechanisms to control 

the presence of p27
KIP1

 at the proper times throughout the cell cycle.  Like many 

proteins, p27
KIP1

 is susceptible to phosphorylation which has been shown to be both 

activating and inactivating.  Phosphorylation of the threonine at position 187 in p27
KIP1

 is 

correlated with degradation and acts to target p27
KIP1

 for ubiquitination and subsequent 

proteosomal degradation. The kinase activity of cdk2 is responsible for this 

phosphorylation (88).  The evidence for the degradation of p27
KIP1

 being correlated to 

T187 phosphorylation is fairly straightforward, however the other phosphorylation sites 

on p27
KIP1

 are more complicated and less clear as to exactly what each site is 

responsible for.  Although p27
KIP1

 is mainly localized to the nucleus and has a canonical 

nuclear localization signal (NLS), there are certain phosphorylation events that have the 

ability to delay this import.   At position 157, the threonine can be phosphorylated by 

Akt and can slow down the nuclear localization of p27
KIP1

 (89).   In conjunction with 

threonine 157, the simultaneous phosphorylation of threonine 198 can actually advance 

the formation of the complex containing p27 and Cyclin D/cdk (90).  While these 

phosphorylation sites promote the formation of the complex, they do not activate the 

complex and additional phosphorylations may be critical for nuclear import of the 

complex.  The accumulation of these inactive complexes in the cytoplasm is present in 
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many transformed cell types and represent one of many signs that cell cycle control has 

become uncontrollable by normal mechanisms. 

The other family of Cyclin/cdk inhibitors, the INK/Arf family, consists of four members, 

namely p16
INK4a

, p15
INK4b

, p18
INK4c

, and p19
INK4d

 (91).  Their mechanism of action is 

slightly different than that of the Cip/Kip family of proteins.  As stated above, the 

Cip/Kip proteins can bind directly to the Cyclin/cdk complexes and inactivate them, 

however the INK/Arf family binds to the cdk proteins directly and prevents their 

association to Cyclins and therefore the progression of the cell cycle is halted.  More 

specifically, INK proteins bind to Cdk4 or Cdk6 preventing them from binding to Cyclin D.  

Cyclin D/cdk4 and Cyclin D/cdk6 complexes when active, phosphorylate Rb and hence 

dissociating it from E2F and driving transcription and cells through the G1/S transition 

(78).  Inhibitors of cdk4/6 are therefore very important due to their ability to control the 

crucial function of Rb as a tumor-suppressor.  Not so coincidentally, the INK proteins are 

often mutated or deleted in many cancers, rendering them inactive and allowing for Rb 

to be maintained in a constant hyperphosphorylated state and cells to cycle 

uncontrollably.  The ARF (Alternate Reading Frame)proteins (p14
ARF

 and p19
ARF

) are the 

products of the INK4 locus when an alternative reading frame is used.  These proteins 

do not act to inhibit cdk’s, but do participate in cell cycle regulation by inhibiting MDM2 

which in turn stabilizes p53, a key tumor –suppressor protein that activates p21
CIP1

 

among others and immobilizes cells in G1.  As one can imagine, disruption of any of the 

proteins in the INK/Arf can have dramatic effects on cell cycle and cause proliferation to 
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become an entity of its own with no consideration of other cellular processes that are 

being neglected.  Although, at a glance, it may seem that there is no need to have so 

many inhibitors of cell cycle, but when further explored, the need for redundancy 

becomes evident due to their utter importance and dire consequences when one of 

these checkpoints is lost. 

When there are so many important proteins involved in cell cycle, an ideal experimental 

system would allow for the investigation and determination of function of single 

proteins within that particular system.  To date, no studies have been published in the 

literature that used an Id2-null background and reintroduced Id2 to determine what 

consequences it would have on the system.  In our case, with the ideal system, it was 

determined that Id2 is acting as an oncogene, in that it causes transformed phenotypes 

to develop.  Cells re-expressing Id2, were capable of forming tumors in vivo, and 

increased proliferation, low-serum growth, and focus formation was seen in vitro.  The 

completely null background also allowed mutants to be used because their function 

would not be masked by endogenous Id2.  Figure 11 only begins to integrate the 

function of Id2 and its role in controlling cell cycle and our work continues to build upon 

this basic principle. 

The results below seek to fulfill the specific aims that would allow for the following 

hypothesis to be verified:  Id2 causes an increase in proliferation and a tumorigenic 
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phenotype in Id2-null dermal fibroblasts through the downregulation of p27 at the 

promoter level through Id2 sequestration of E12/E47. 

Aim 1:  To investigate the effects of ectopic Id2 expression in Id2-null dermal fibroblasts. 

Aim 2:  To develop a mechanism by which Id2 exerts its effects. 

Aim 3: To determine which portion of the Id2 protein (N-terminus, HLH domain, and/or 

C-terminus) is responsible for these effects (proliferation, tumorigenicity, and p27 

downregulation. 
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Figure 11: An illustration of the intricate regulation of the cell cycle at the G1/S transition 

incorporating Id2 function as well as CDKI involvement.  Taken from Galderisi U, Jori FP, 

Giordano A.Oncogene. 2003 Aug 11;22(33):5208-19(92) 

 

  



~ 41 ~ 
 

MATERIALS AND METHODS 

Genomic DNA Isolation for Genotype PCR 

Total genomic DNA was isolated from tail snips from 3-day old mouse pups using the 

DNeasy kit from QIAGEN according to the standard protocol supplied by the 

manufacturer.   

PCR was performed on total genomic DNA from tail snips of mice of the following 

gentoypes Id2+/+, Id2+/-, and Id2-/-.  Primers specific to the 5’ region of the Id2 gene or 

a neomycin resistance gene were used to amplify specific regions in the mice progeny to 

determine genotype.  JumpStart™ REDTaq™ DNA Polymerase from Sigma (St. Louis, 

MO) was used in the following PCR program: 

5 min at 95degrees 

35 cycles: 

a. 15 sec at 95degrees 

b. 20 sec at 57degrees 

c. 30 sec  at 72degrees 

3 min at 72 degrees 

Cell Derivation and Culture 

Dermises of 3-day old mice were incubated in 0.35% collagenase in PBS for one hour at 

room temperature.  DMEM + 10% FBS was added to the collagenase/dermis mixture 

and centrifuged for three minutes at 1200rpm.  The pellet was resuspended in 30mL of 
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DMEM, centrifuged for three minutes at 400rpm.  The supernatant was added to 30mL 

of DMEM and re-centrifuged at 400rpm for three minutes and the resulting supernatant 

was plated on treated tissue culture dishes.   Pooled clones were cultured by a standard 

3T3 protocol and spontaneously immortalized after several subsequent passages.  All 

cells were maintained in DMEM + 10%FBS and 1% Penicillin/Streptomycin (P/S).   

Proliferation assays were performed by plating an equal number of live cells on Day 0 

and viable cells were assayed at indicated time points for viability by a standard Trypan 

blue exclusion assay and live cells were counted.  Cells were fed every other day to 

maintain cell viability and availability of growth factors.   

For cell density limitation of growth assays and focus-forming assays, cells were also 

plated at equal density and allowed to grow to past confluence.  For cell density 

limitation of growth, viable cells were counted at the indicated time points and in the 

focus-forming assays, cells were stained in crystal violet (0.5% crystal violet in 25% 

methanol) by fixing in a methanol:PBS (1:1) mixture for two minutes followed by a ten 

minute incubation in 100% methanol and subsequent ten minute stain in crystal violet.  

Plates were washed in water and foci were quantified using the ImageJ analysis program 

from NIH. 
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Plasmid Construction and Retroviral Transduction 

The Id2 coding region was amplified with primers incorporating 5’ Hind III and 3’ Cla I 

sites, and ligated into the multiple cloning site (MCS) of pLHCX.  Mutant constructs were 

designed using the same method with the following primers:  

1.  5’ AAGCTTATGAACATGAACGACTGCTACTCCAAGC 

2.  5’ ATCGATTCAGCCACACAGTGCTTTGCT 

3.  5’ AAGCTTATGCTGGACTCGCATCCCACTATT 

4.  5’ ATCGATTCACTGCAGGTCCAAGATGTAGTCGATGA 

5.  5’ AAGCTTATGAAAGCCTTCAGTCCCGTG 

6. 5’ ATCGATTCAGTATAGCAGGCTCATCGGGTCGTC 

 

∆N37 was constructed using primers 1 and 2; ∆N78 was created with primers 2 and 

3; ∆C58 was made using primers 4 and 5 and finally, ∆C97 was created using 

primers 5 and 6.  Each PCR was performed using full length Id2 cDNA as a template. 

 

To obtain stable cell lines, all retroviral constructs used were transfected  into the 

amphoteric viral-producing cell line, Phoenix (фNX), using Lipofectamine LTX from 

Invitrogen.  The cells were incubated overnight in the transfection mixture, media was 

replaced the following day and on the third day, supernatant was filtered through 

0.45micron filters and placed on target cells.  Target cells (Id2-/- dermal fibroblast, p27-

/- MEF or wt MEF) were incubated in retroviral supernatant for three hours and then 
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fresh DMEM + 10%FBS + 1%P/S was added.  One day post-transduction, Hygromycin B 

was added to the transduced target cells to a final concentration of 100ug/mL.  The 

media and Hygromycin B were replaced every two days for a total selection period of 

ten days.  Clones were pooled and immunoblotting and RT-PCR confirmed Id2 

expression.  The cells were then cultured under normal conditions of 5% CO2 in 

Hygromycin B-free media and subsequently used in downstream assays. All subsequent 

experiments were performed three times using the same pooled clones. Additionally, 

growth curves and tumorigenesis assays were performed using pooled clones from a 

second transduction of each retroviral construct, to verify the results of the first 

transduction. 

Reverse Transcriptase-PCR 

RT-PCR was performed with total RNA (1µg), purified from cells with Trizol (Gibco BRL), 

utilizing an Applied Biosystems GeneAmp EZ rTth RNA PCR kit.  To isolate total RNA, 1ml 

of Trizol (Gibco BRL) was added to the cell pellet and samples were incubated for five 

minutes at room temperature.  Chloroform (200uL) was added to the samples and 

following shaking for 15 seconds, samples were incubated at room temperature for two 

minutes.  Samples were then centrifuged at a speed of 12,000g for 15 minutes.  The 

upper aqueous phase was transferred to a new tube and mixed with 500uL of 

isopropanol and a subsequent ten minute incubation at room temperature.  Again, the 

samples were centrifuged at 12000g for ten minutes to yield a gel-like pellet which 
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contains the RNA.  Supernatant was removed and the pellet was washed in 75% 

ethanol.  The pellet was resuspended in RNase-free water and heated to 60degrees to 

rid the sample of contaminating DNA.  After reverse transcription at 65
0
C for 40 min, 

cDNA was amplified by an initial incubation at 95
0
C for 2 min, followed by 40 cycles of 

95
0
C for 1 min, 60

0
C for 1.5 min, and 65

0
C for 0.5 min, and a final extension at 70

o
C for 

22 min. PCR products were separated by agarose gel electrophoresis. 

Immunoblot Analysis 

SDS-PAGE and transfer of proteins to nitrocellulose membranes were performed 

according to standard procedures. Briefly, total cell lysates were obtained by 

resuspending the cell pellets in Mammalian Protein Extraction Reagent (M-PER, Thermo 

Scientific) and protein concentration was quantified using a standard Bradford Assay.  

Equal amounts of protein were run under denaturing conditions on 12% Tris-Glycine 

gels and transferred to nitrocellulose membranes following resolution.  Membranes 

were incubated with antibodies specific to Id2 (C-20), p15
INK4b

, p16
INK4a

, p18
INK4c

, 

p19
INK4d

, p21
CIP1

, p27
KIP1

, p57
KIP2

, cyclin D1, cdk4, Rb, and E47 (Santa Cruz; 1:200), or to 

GAPDH for loading control (1:4000; Chemicon). Immune complexes were detected by 

HRP–conjugated antibodies (1:3000) and enhanced chemiluminescence (Pierce) 

Bromodeoxyuridine (BrdU) Incorporation 

  Cells were pulsed with bromodeoxyuridine for two hours at a concentration of 10uM 

followed by washing in PBS to flush out excess BrdU.  Cells were subsequently fixed in 
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100% methanol and DNA was denatured in 0.07M sodium hydroxide in 70% ethanol in 

PBS.  To stain for BrdU, monoclonal anti-BrdU (Molecular Probes) was diluted 1:1000 in 

PBS and allowed to immunoreact with cells for one hour at room temperature.  

Following the initial incubation, cells were washed in PBS three times and the secondary 

antibody, AlexaFluor 488-labeled anti-mouse (diluted 1:500) was allowed to incubate for 

one hour at room temperature.  Cells were washed and mounted onto slides in 80% 

glycerol, 20% PBS and BrdU positive cells were counted in random fields of 

approximately 30 cells/field, blindly assigned,  using a fluorescence microscope. 

Fluorescence Activated Cell Sorting (FACS)-Flow Cytometry 

Samples were prepared for fluorescence activated cell sorting by trypsinizing the cells to 

be analyzed and then centrifuging to obtain a cell pellet which was subsequently 

washed in PBS and resuspended in 100uL of citrate buffer (250mM sucrose, 40mM 

trisodium citrate + 5% DMSO).  Resuspended cells were stained with propidium iodide 

and analyzed for DNA content with a FACStar Plus from Becton-Dickinson. 

Tumorigenesis / in vivo Studies 

All animals were purchased from Taconic farms and experiments were performed in 

compliance with GUCAC-approved protocols.    Nude (athymic) mice were delivered to 

the animal facility one-week prior to experimentation.  They were allowed to 

acclimatize to the environment for seven days before being subjected to any 

procedures.   
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The grafting procedure was performed by first anesthetizing nude mice with isoflurane.  

Once animals were fully sedated, a small piece of skin was cut from the hindquarter of 

the mice resulting in a dime-size hole into which silicon domes were inserted.  A mixture 

of 8 million fibroblasts (either Id2/LHCX or LHCX dermal fibroblasts) and 5 million 

primary human foreskin keratinocytes (HFK) were pipetted into the dome and allowed 

to adhere to the exposed muscle fascia for one week.  After the seven-day incubation 

period, the domes were removed and mice were monitored for tumor formation and 

resulting tumors were measured with a caliber.  Tumor volume was determined by 

multiplying the length, height and width of each tumor. 

For the subcutaneous injection of cells, animals were also anesthetized using isoflurane 

and following efficient sedation, 20-gauge needles were used to subcutaneously inject 8 

million fibroblasts into the hindquarter of the mice.  Mice were monitored for tumor 

formation and measurements were obtained as previously described. 

Electromobility Shift Assay (EMSA) 

For electromobility shift assays, cells were lysed using NE-PER nuclear extraction reagent 

(Thermo Scientific).  Equal quantities of nuclear protein were incubated with 

biotinylated annealed probes corresponding to the 5 regions of the p27
KIP1

 promoter 

containing E-boxes (sense probes listed below at 40fmol/reaction) for 20 minutes at 

room temperature, following a preincubation with excess poly(dI:dC) to eliminate 

background/non-specific binding with or without antibody against E47 in DNA binding 
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buffer (2.5% glycerol, 5mM MgCl2, 0.05% NP-40).  To show specific binding, reactions 

were repeated and additional nonbiotinylated probes were added in a 100-fold excess 

over biotinylated probes (4pmol/reaction).  DNA-protein complexes were resolved on 

5% polyacrylamide gels in Tris-borate-EDTA buffer.  Complexes were transferred to 

nylon membranes and crosslinked to the membrane by UV irradiation.  

Chemiluminescence was used to detect the biotin-labeled DNA. 

E box #1: GGGGAGGGGCAACAGCTGGGAGACTGGTGA 

E box #2: GACGAGTTTGTCCACATATGTGCATGTCATGCACA  

E box #3: CAACTCGCTCTCTATCATATGGATTCCGAAAACTG  

E box #4: AATCTGTATTTCAGCTGAACTAGTAGATAG  

E box #5: CAAAGGCTTGTGACAGCTGCACTTGATGATCAAG 

Chromatin Immunoprecipitation (ChIP) 

Cells were grown to confluence, fixed in 1% formaldehyde for 10 min, neutralized with 

0.125 M glycine, washed in PBS and lysed in 1% SDS; 10mM EDTA; 50mM Tris-Cl + 

protease inhibitors (Protease Inhibitor Cocktail Set III; Calbiochem).  Lysates were 

sonicated for 20 seconds three times and centrifuged to pellet debris.  Supernatant was 

incubated with 1% BSA, 10 µg sonicated salmon sperm DNA, and Protein A/G agarose 

beads for 2 hours at 4
0
C to preclear the sample, centrifuged at 2000 rpm and antibodies 

were added to the supernatant for 4 hours at 4
0
C. Protein A/G agarose beads were 
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added to the reactions and incubated overnight at 4
0
C.  Samples were washed in low 

salt (0.1% SDS, 1% Triton X-100, 2mM EDTA, 20mM Tris-HCl, ph8.1, and 150mM NaCl), 

high salt (0.1% SDS, 1% Triton X-100, 2mM EDTA, 20mM Tris-HCl, ph 8.1 and 500mM 

NaCl) and LiCl buffers (0.25M liCl, 0.5% NP-40, 0.5% sodium deoxycholate, 1mM EDTA, 

10mM Tris-HCl, pH 8.1).  Immune complexes were incubated in 1% SDS, sodium 

bicarbonate buffer (2X) at 65
0
C for 30 min, and to ensure complete reversal of 

crosslinks, 1.25M NaCl was added to the samples and incubated overnight at 65
0
C.  DNA 

was purified (QIAGEN) and subjected to PCR using primers corresponding to the p27
KIP1

 

promoter:  Forward 5' GCACACATGCATGCCATGAC 3'; Reverse 5' 

CCTTCTGCACTGTTCAGTTG 3' 

Promoter Analysis  

Cells were allowed  to grow to approximately 80% confluence and were then 

cotransfected with a pRLTK Renilla vector and a 2-kb p27
KIP1

 promoter fragment linked 

to firefly luciferase (1:20 molar ratio respectively, using 2 µg total DNA/well). For Id2 

studies, cells were additionally cotransfected with the retroviral construct pLHCX/Id2 (or 

mutants) or empty vector pLHCX in a 1:1 molar ratio of p27
KIP1

 promoter-luciferase 

construct: pLHCX/Id2. 24 hours later, luciferase and Renilla activities were measured 

with an automated luminometer that detects luciferase and Renilla activity when the 

substrates are added.  (Dual Luciferase Reporter Assay System, Promega).  
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RESULTS 

Genotype Verification 

To begin the dissection of the various pathways that involve Id2, knockout mice were 

obtained from Dr. Robert Russell at Georgetown.  The first two exons of the Id2 gene 

were replaced by the neomycin resistance gene via targeted insertion between unique 

restriction sites. (Nature 397, 702-706 (25 February 1999).  PCR reactions were 

performed with specific primer sets to determine the genotype of each mouse obtained 

once total genomic DNA was purified from tail-snips using the QIAGEN DNeasy kit.  

Primers designed against the neomycin resistance region would amplify only if at least 

one allele was positive for neomycin resistance, as in heterozygotes and Id2 null 

animals.  Primers amplifying the Id2 gene would only amplify if the animal was 

heterozygote or wild-type, in other words, still had one intact allele for Id2.  Figure 12 

shows a representative image of one of each of the three possibilities for the mice.  In 

lane 1, a Id2-/- animal is shown and a single band appears for neomycin resistance and 

no band for Id2, indicating that both Id2 alleles have been replaced by the neomycin 

resistance gene.  Lane 2 represents the PCR amplification products from a heterozygous 

animal yielding a band both for Id2 and neomycin resistance while lane 3 shows a wild-

type animal with both Id2 alleles intact.   
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Figure 12:  Genotype verification.  DNA from Id2-null, heterozygotes and wild type 

offspring was isolated and subjected to PCR with primers specific to Id2 and the 

neomycin resistance gene.  Lane 1 represents an Id2-null animal which had both Id2 

alleles replaced by the neomycin resistance gene.  Lane 2 shows a representative 

heterozygote animal with one copy each of Id2 and neomycin resistance while Lane 3 

was taken from a wild-type animal that has two intact copies of Id2. 

  



~ 52 ~ 
 

Id2 Re-expression 

Once Id2-/- animals were identified, 3-day-old mice pups were skinned and dermal 

fibroblasts were derived from the dermis according to the standard protocol described 

in the methods section.  Following retroviral transduction with pLHCX-Id2 virus or empty 

vector virus (pLHCX) and selection in 100ug/mL of Hygromycin B for 10 days, stable 

pooled transductants were assayed for expression of Id2 at both the RNA level by RT-

PCR (Figure 13) and protein level by immunoblotting (Figure 14).  No Id2 RNA was 

detected in the parental Id2-/- cells or empty vector transductants while stable re-

expression of Id2 RNA was detected in the cells transduced with pLHCX-Id2.  Id2 re-

expression was also seen at the protein level only in those cells transduced with pLHCX-

Id2 and not empty vector.  These cells were used in subsequent experiments to examine 

the effects of Id2 re-expression in a completely null background.   
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Figure 13:  Re-expression of Id2.  RNA was extracted from Id2-/- parental dermal 

fibroblasts (Lane 1), Id2/LHCX-transduced dermal fibroblasts (Lane 2), and LHCX-

transduced dermal fibroblasts (Lane 3) and subjected to reverse-transcriptase PCR with 

primers specific for Id2 RNA and GAPDH as a control.  Only Lane 2 shows re-expression of 

Id2 as expected upon transduction and a ten-day selection period in 100ug/mL 

Hygromycin B.  
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Figure 14:  Id2 protein expression in stable cell lines.  Total cell lysate was extracted from 

Id2/LHCX-transduced cells (Lane 1) and LHCX-transduced cells (Lane 2).  Antibodies 

against Id2 (Santa Cruz, C-20) and GAPDH (Chemicon) were used to blot for specific 

protein levels and it was seen that Id2 protein was re-expressed in Id2/LHCX-transduced 

dermal fibroblasts.  
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Id2-induced Proliferation and S-phase 

Due to Id2’s explicit role in cell cycle regulation, we first sought to examine the effects of 

ectopic Id2 expression on cell proliferation.  Equal numbers of cells were plated on Day 

0; live cells were counted after two, four, six and eight days.  Cell viability was 

determined by Trypan blue exclusion.  Figure 15 shows that there were significantly 

more cells on all days counted when Id2 was expressed suggesting an effect on cell 

proliferation in our system.  These cells were also analyzed by flow cytometry to 

determine the percent of cells in S-phase on the indicated days (Figure 16).  Cells 

expressing Id2 showed a significantly higher percentage of cells in S-phase than that of 

the control.  To complement this data, cells were pulsed with BrdU and stained for BrdU 

incorporation following the pulse.  BrdU-positive cells would be those cells that are in S-

phase.  Random fields of cells were counted blindly and the percentage of BrdU-positive 

cells were plotted as seen in Figure 17.  Similarly to the flow cytometry analysis, there 

were a significantly higher amount of cells in S-phase with those cells re-expressing Id2.   
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Figure 15:  Id2-induced increase in proliferation.  2*10
4
 viable dermal fibroblasts were 

plated on Day 0 and viable cells were counted on the indicated days.  There are 

significantly more cells on Days 2, 4, 6, and 8 in the Id2/LHCX stable cell line. (n=3; 

*=p<0.05; **=p<0.01; ***=p<0.001)  
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Figure 16:  Id2 induces an increased percentage of cells in S-phase.  Id2/LHCX-transduced 

and LHCX-transduced stable dermal fibroblasts were seeded at equal density on Day 0 

and were then analyzed by flow cytometry for DNA content There was a significantly 

higher percentage of cells in S-phase with Id2 re-expression on Days 2, 3 and 4.  (n=3; 

*=p<0.05; **=p<0.01; ***=p<0.001)  
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Figure 17:  BrdU analysis of Id2 induced increase in S-phase.  Id2/LHCX-transduced and 

LHCX-transduced stable dermal fibroblasts were seeded at equal density on Day 0 and 

were then stained with BrdU. There was a significantly higher percentage of BrdU-

positive cells with Id2 re-expression on Days 1, 2 and 4.  (n=3; *=p<0.05; **=p<0.01; 

***=p<0.001) 
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Id2 induces Transformation 

We have shown that Id2 has the capability to make cells proliferate at an increased rate 

and drive a larger portion of these cells into S-phase, but as of yet we have not shown its 

tumorigenic traits.  In the next several figures, the transformation potential of Id2 will 

be developed.  A telltale sign of transformation is the ability to grow in decreased serum 

conditions.  Like the growth curves that were performed in Figure 15, cells were plated 

at equal density on day 0 and changed to 1% serum on Day 1.  The cells were 

maintained in 1% serum for the duration of the experiment.  There were significantly 

more cells on days two and six with those re-expressing Id2 suggesting a growth 

advantage in low serum conferred by Id2 (Figure 18).  The capacity for cells to form foci 

in vitro is another indication of transformation signifying that cells have lost their 

contact inhibition and are able to proliferate past confluence.  The Id2-re-expressing 

cells and control cells were grown past confluence and allowed to proliferate for two 

weeks while being fed every two days to ensure that proper growth factors were 

available.  Cells were stained with crystal violet and the percentage of foci was 

quantified for each cell type (Figure 19).  Id2-expressing cells formed more foci, 

approximately 90% vs. 40%.  Representative stained plates are shown.  Comparably, 

cells that are transformed are growth-limited by density.  This can be assayed by 

monitoring the number of live cells for several days past confluence.  As seen in Figure 

20, cells expressing Id2 continue to grow past confluence and are not limited by density 
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while those of control (empty vector) halt proliferation once confluence has been 

reached and go into a senescent state.    
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Figure 18:  Id2 increases cell growth in low serum.   Id2/LHCX-transduced and LHCX-

transduced dermal fibroblasts were seeded at equal density on Day 0 in DMEM + 10% 

serum.  On Day 1, media was changed to DMEM containing 1% serum and viable cells 

were counted on Day 2 and Day 6 and on both days there was an increase in the number 

of cells expressing Id2 over that of the LHCX control.  (n=3; *=p<0.05; **=p<0.01; 

***=p<0.001)     
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Figure 19: Increase in focus formation with Id2 re-expression.  Id2/LHCX and LHCX 

dermal fibroblasts were grown in culture for two weeks and then stained with crystal 

violet.  There was an increased number of foci with Id2 re-expression as shown by the 

quantification in the right panel. (n=3; *=p<0.05; **=p<0.01; ***=p<0.001)  

  



~ 63 ~ 
 

 

Figure 20:  Id2 causes a loss of density-limited growth.  Cells were plated at equal density 

on Day 0 and viable cells were counted on the indicated days.  LHCX dermal fibroblasts 

were limited by contact and plateaued at Day 8, while Id2/LHCX fibroblasts continued to 

grow through Day 11.  (n=3; *=p<0.05; **=p<0.01; ***=p<0.001)  
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Id2-induced tumorigenesis 

Another attribute of transformed cells is their ability to form tumors when injected 

subcutaneously into mice and also when grafted onto the backs of nude mice, which is a 

less stringent way to examine tumorigenicity.  Initially eight million dermal fibroblasts 

(Id2/LHCX or LHCX control) were combined with five million human keratinocytes and 

grafted onto the back of nude mice according to the protocol described in the methods.  

Mice were monitored weekly and after four and six weeks, noticeable tumors formed 

with those grafts containing dermal fibroblasts that were expressing Id2 (Figure 21, 22).  

Following this observation, a more stringent examination of tumor formation was 

assayed when eight million cells (Id2/LHCX or LHCX control) were subcutaneously 

injected into nude mice.  Over a period of five weeks, sizeable tumors were formed 

when Id2/LHCX cells were injected but no tumors formed when LHCX control cells were 

used, within the time frame of this study (Figure 23).  Each of the assays suggests that 

Id2 contributes to transformation, although the mechanism had yet to be determined. 
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Figure 21:  Id2-induced tumorigenesis in a graft system.  A mixture of either 8 million 

Id2/LHCX or LHCX dermal fibroblasts and 5 million human keratinocytes was grafted 

onto the back of nude mice and tumors were measured at four and six weeks.  No 

tumors formed in the LHCX grafts while substantially large tumors formed from those 

grafts containing Id2/LHCX dermal fibroblasts.  Bottom panel:  Representative mice are 

shown at six weeks. (n=1)  
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Figure 22:  Histological staining of grafts.  Grafts were allowed to mature for six weeks 

and tumors and skin were harvested following euthanasia of the animals.  The tissues 

were sectioned and stained with H&E.  Id2/LHCX grafts exhibited highly undifferentiated 

morphology while the graft from the LHCX mouse showed staining comparable to 

normal skin. 
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Figure 23:  Subcutaneous injection and subsequent tumor formation.  8 million dermal 

fibroblasts (Id2/LHCX or LHCX) were subcutaneously injected into the hindquarter of 

nude mice and monitored for tumor formation and growth over a five-week period.  

Significantly large tumors formed in the Id2/LHCX mice while no tumors formed when 

LHCX cells were injected over the time course of this experiment. (n=3, *=p<0.05; 

**=p<0.01; ***=p<0.001)  
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Id2-induced downregulation of p27
KIP1

 

To begin the investigation of the mechanism by which Id2 induces transformation, we 

first took advantage of a novel finding that Id2 downregulated p27
KIP1

 both at the RNA 

and protein level (Figure 24, 25).  A scan of several cell cycle regulating proteins was 

performed and there was a marked decrease in both p15
INK4b

 and p27
KIP1

 proteins 

(Figure 24).  Each of these proteins regulates cell cycle at the G1/S transition by 

inhibiting Cdk/Cyclin complexes so this would be a logical pathway for Id2 to enhance 

proliferation.  It was seen in the literature that Id3, a sister protein to Id2, was known to 

downregulate p27
KIP1

.  If Id2 was capable of having the same effect was not  

known.  RT-PCR was performed with primers specific to mouse p27
KIP1

 and it was seen 

that Id2/LHCX cells had a significantly lower amount of p27
KIP1

 RNA suggesting that 

regulation could be occurring at the transcriptional level (Figure 25).   
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Figure 24:  Western blot analysis of cell cycle proteins.  Total cell lysate was extracted 

from Id2/LHCX and LHCX dermal fibroblasts and subjected to immunoblot with 

antibodies specific for the indicated cell cycle proteins.  A dramatic decrease in p27
KIP1

 

and p15
INK4b

 was seen in Id2/LHCX cells.  (There was no detectable p16 in either cell 

type.)  



~ 70 ~ 
 

 

Figure 25:  Id2 decreases p27
KIP1

 RNA.  RNA was extracted from Id2/LHCX and LHCX 

dermal fibroblasts and subjected to reverse transcriptase PCR with primers specific for 

Id2, p27
KIP1

, and GAPDH.  Upon re-expression of Id2 (Lane 1), a decrease in p27
KIP1

 RNA 

was noted. GAPDH was used as a loading control.  
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Id2 causes decreased p27 promoter activity through E12/E47 sequestration 

An approximately 2kB fragment of the mouse p27
KIP1

 promoter was dually transfected 

into Id2/LHCX and LHCX control cells along with a Renilla construct to standardize for 

transfection efficiency.  P27
KIP1

 promoter activity was reduced by 50% when Id2 was 

expressed suggesting that because Id2 cannot bind DNA directly it may be sequestering 

factors that are positively regulating p27
KIP1

 promoter activity leading to an overall 

decrease in promoter activity (Figure 26).   
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Figure 26:  Id2 expression decreases p27
KIP1

 promoter activity.  A two kilobase fragment 

of the p27
KIP1

 proximal promoter attached to a luciferase reporter gene was transiently 

co-transfected with a Renilla construct in Id2/LHCX and LHCX stable dermal fibroblasts.   

Luciferase activity was quantified and normalized to Renilla.  Id2 expression showed a 

significant decrease in p27
KIP1

 promoter activity compared to the LHCX control.  (n=3; 

*=p<0.05; **=p<0.01; ***=p<0.001)  
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To determine if there was differential regulation of transcription factor binding to the 

p27
KIP1

 promoter, we took advantage of the presence of five canonical E-boxes in the 

2kB portion of the proximal p27
KIP1

 promoter.  Four major proteins, known as E-

proteins, have the ability to bind to canonical E-box sequences and mostly enhance 

transcription.  E12 and E47, products of a differentially spliced gene, E2A, are known to 

bind to E-boxes and are also known to be sequestered by Id proteins, including Id2.  We 

examined both in vivo  and in vitro binding of E47 to the p27
KIP1

 promoter through ChIP 

and EMSA, respectively.  Through ChIP analysis, we observed decreased binding of E47 

and E12 to the p27
KIP1

 promoter in the presence of Id2 insinuating that Id2 is most likely 

binding to E47/E12 and sequestering it away from the p27
KIP1

 promoter decreasing 

transcription (Figure 27).  EMSA analysis also showed decreased binding of E47 to 

probes specifically representing the region of Ebox #4 (Figure 28).  The binding was 

specific as seen by the super-shift when antibody to E47 was incubated with the 

reaction and when excess unlabeled probed was used to compete for binding of E47 

(Figure 29). 
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Figure 27:  Chromatin immunoprecipitation of the p27
KIP1

 promoter.  Id2/LHCX and LHCX 

cells were crosslinked with 1% formaldehyde and cell lysate was subjected to 

immunoprecipitation with antibodies specific to two E-proteins, E12 and E47.  The 

amount of immunoprecipitated DNA bound to E12 and E47 was less in Id2/LHCX dermal 

fibroblasts showing less binding of E12 and E47 to the p27 promoter.  
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Figure 28:  Schematic representation of the p27
KIP1

 promoter.  A 2-kb portion of the 

p27
KIP1

 promoter contains five perfect E-boxes, labeled #1-#5.  The reporter construct 

links this region of the promoter to a luciferase gene.  
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Figure 29:  EMSA of E-box #4.  Nuclear extract from Id2/LHCX and LHCX cells were 

incubated with probes specific to each of five E-boxes in the p27
KIP1

 promoter.  The 

results for E-box #4 are shown and in the presence of Id2 extract, there is a weaker shift-

band representing less bound components were present in the extract (Lanes 1 vs. 2).   

The specificity for the probe is shown by a competition reaction with unlabeled probe 

(Lanes 7 vs. 8).  E47 was specifically shown to bind to the probe representing the fourth 

E-box as seen by the supershift when an antibody against E47 was added to the binding 

reaction (Lanes 3 and 4).   Also, no binding is seen when no extract is present (Lanes 5 

and 6).   
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Id2 disrupts expected p27
KIP1

-upregulation 

Once it was determined that there was a downregulation of p27
KIP1

 upon expression of 

Id2, we wanted to ensure that the downregulation was maintained even under normal 

circumstances when p27
KIP1

 should be upregulated, such as serum deprivation and post-

confluent growth.  Figure 30 displays a Western blot showing both Id2/LHCX and LHCX 

control cells under 10% serum, 1% serum and 0.1% serum conditions and the related 

p27
KIP1

 protein levels.   In Id2/LHCX cells, no increase in p27
KIP1

 was seen, even under the 

lowest serum conditions (0.1%), while LHCX control cells were able to upregulate their 

levels of p27
KIP1

 past a very high baseline level of p27
KIP1

. Over a period of 11 days, cells 

were grown past confluence and harvested at days one, three, five, eight, and eleven.  

After lysis and Western blot analysis, LHCX control cells were able to upregulate the 

level of p27
KIP1

 while Id2/LHCX cells were unable to do so, suggesting that the signal of 

Id2 suppression of p27
KIP1

 is maintained under stressful conditions (Figure 31). 
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Figure 30:  p27
KIP1

 protein is not increased in low serum when Id2 is re-expressed.  

Id2/LHCX and LHCX dermal fibroblasts were grown in conditions of varying serum 

concentrations (10%, 1%, and 0.1%).   Total cell lysate was extracted and p27
KIP1

 protein 

levels were determined.  Id2 re-expressing cells were unable to upregulate p27
KIP1

 levels 

in low serum, which is a condition that would normally induce p27
KIP1

 expression. 
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Figure 31:  Confluent growth does not induce p27
KIP1

 upregulation in Id2-expressing 

dermal fibroblasts.  Id2/LHCX and LHCX control cells were seeded at equal density and 

harvested at the indicated time points.  The level of p27
KIP1

 protein was measured by 

Western blot and it was seen that confluent growth was able to upregulate p27
KIP1

 

expression in LHCX dermal fibroblasts while those cells expressing Id2 were unable to 

induce p27
KIP1

 to a significant level comparable to LHCX cells.  GAPDH was used as a 

loading control.  



~ 80 ~ 
 

P27
KIP1

-null MEF’s are resistant to Id2-induced phenotypes 

To verify that these properties of increased proliferation and transformation were 

indeed a circuitous effect of Id2 expression and p27
KIP1

 downregulation, p27
KIP1

-null 

MEF’s were obtained and cell cycle and tumorigenic assays were performed on these 

cells.  It would be expected that if Id2 was acting primarily through p27
KIP1

 

downregulation, that Id2 would not cause the same effects in p27
KIP1

-deficient cells.  

Initially, the cells needed to be verified for their expression of p27
KIP1

 or lack thereof.  

Figure 32 shows no p27
KIP1

 protein expression in p27
KIP1

-/- MEF’s while their wild-type 

counterparts show normal expression of p27
KIP1

.  As with our original Id2-/- cells, 

retroviral supernatants of both Id2/LHCX and LHCX control were used to transduce both 

p27
KIP1

-/- and wt MEF’s and overexpression of Id2 protein in the stable transductants 

after selection in Hygromycin is shown in Figure 33.   
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Figure 32:  p27
KIP1

 expression in p27
KIP1

-null and wt MEF.  Total protein was extracted 

from wild-type (wt) mouse embryonic fibroblasts (MEF) and p27
KIP1

-null MEF.  Lane 1 

verifies that there is no p27
KIP1

 protein expression in these cells.    
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Figure 33:  Overexpression of Id2 in p27
KIP1

-null and wt MEF.  The Id2/LHCX retroviral 

construct was used to transducer p27
KIP1

-null MEF (top panel) and wt MEF (bottom 

panel).  Total protein was extracted following a 10-day selection period in 100ug/mL 

Hygromycin B.  Id2 overexpression compared to the LHCX control was verified by 

Western blot with an antibody specific to Id2 (Santa Cruz, C-20). 
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Stable cells were assayed for their ability to form foci in culture and for the portion of 

cells in S-phase, as well as their power to form tumors in vivo.  Cells grown past 

confluence were maintained in fresh media and allowed to proliferate for two weeks.  It 

was seen that Id2 over-expression caused so significant change in foci formation in 

p27
KIP1

-/- cells as expected, while greatly increased the number of foci in wild-type 

MEF’s (Figure 34).  As for the percent of cells in S-phase, Id2 was capable of increasing 

the percentage only in wild-type MEF’s, not the p27
KIP1

-null cells (Figure 35).   The 

p27
KIP1

-/- cells can transform spontaneously, so it was expected that they would form 

tumors when subcutaneously injected into nude mice, what was not known however, 

was if Id2 would increase the tumor size when overexpressed in these cells.  Id2 

overexpression did not increase tumor size over that of control LHCX cells, further 

indicating that Id2 is not able to exert its primary effects when p27
KIP1

 is not present, 

although a minor, but not significant, effect can be seen (Figure 36).   
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Figure 34: Focus formation in p27
KIP1

-null and wt MEF overexpressing Id2.  Mouse 

embryonic fibroblasts were grown for two weeks and allowed to form foci.  After 14-

days, the plates were stained with crystal violet and focus formation was quantified.  

There was no significant difference in focus formation upon overexpression of Id2 in 

p27
KIP1

-null fibroblasts (top panels) while Id2 overexpression dramatically increased the 

focus formation-capability of wt MEF (bottom panels). 
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Figure 35:  Id2 induces increased S-phase populations in wt MEF’s.  In the top panel, cells 

were analyzed by FACS and it was seen that Id2 overexpression had no effect on S-phase.  

Wild-type MEF’s overexpressing Id2 showed a significant increase in the S-phase 

population versus LHCX controls (bottom panel) (n=3).   



 

Figure 36:  Tumorigenesis of p27

onto the dorsal side of nude mice and 

period there was no significant difference in tumor formation between p27

that were overexpressing Id2 and 

properties to wt MEFs; there was a 

LHCX tumor formation (n=3) 
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Tumorigenesis of p27
KIP1

-null and wt MEF.  8 million fibroblasts were grafted 

nto the dorsal side of nude mice and monitored for tumor formation.  Over a five

period there was no significant difference in tumor formation between p27
KIP1

that were overexpressing Id2 and those that were not.  Id2 did confer tumorigenic 

properties to wt MEFs; there was a significant difference between wt + Id2 and wt + 
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p27-/- + Id2

p27-/- + LHCX

p27+/+ + Id2

p27+/+ + LHCX

 

lasts were grafted 

monitored for tumor formation.  Over a five-week 
KIP1

-null MEFs 

those that were not.  Id2 did confer tumorigenic 

between wt + Id2 and wt + 
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Overexpression of p27
KIP1

 can revert the hyperproliferative phenotype induced by Id2 

As further proof of principle, we overexpressed p27 into our original Id2-/- stable cells 

(Id2/LHCX and LHCX) to determine if the effects of Id2 were reversible upon p27
KIP1

 

expression.  In Figure 37 (top panel), RT-PCR shows the overexpression of p27
KIP1

 in 

Id2/LHCX transfected with p27
KIP1

 and the re-expression of Id2 in LHCX control cells.  The 

percentage of cells in S-phase was significantly decreased upon expression of p27
KIP1

 in 

Id2/LHCX cells showing that Id2 may increase proliferation through a p27
KIP1

-dependent 

pathway (Figure 37).  Also, when Id2 was expressed transiently in LHCX control cells, 

was able to increase the percentage of cells in S-phase as expected (Figure 37). 
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Figure 37:  Overexpression of p27
KIP1

 can revert the hyperproliferative phenotype of 

Id2/LHCX dermal fibroblasts.  A p27
KIP1

 construct was transiently transfected into 

Id2/LHCX cells and a decrease in the percentage of cells in S-phase was seen (Lane 1 vs. 

2).  Transient transfection of Id2 or p27
KIP1

 in LHCX cells was able to increase the 

percentage of cells in S-phase or have no effect on the percentage of cells in S-phase, 

respectively.  Expression of Id2 and p27
KIP1

 was verified by RT-PCR in the top two panels. 

(n=3; *=p<0.05; **=p<0.01; ***=p<0.001)  
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HLH domain is responsible for Id2-induced phenotypes 

Id2 protein can be broken down into three major regions (N-terminus, HLH domain, and 

C-terminus), each with sub-regions of particular function.  To determine which region of 

Id2 is responsible for the effects it is having on cell cycle, deletion mutants were 

constructed, cloned into LHCX and stable cell lines were made from Id2-/- parental cells.  

The constructs made are shown in Figure 38 and are designated as Full-length, ∆N37, 

∆N78, ∆C58, and ∆C97.  Briefly, the rationale was to delete either the N- or C-terminus 

alone or in conjunction with the HLH domain and perform functional assays for each of 

the mutants.  RT-PCR showed that each of the mutant RNA was present in the 

respective cell lines (Figure 39).  Analysis by flow cytometry showed differences in S-

phase of each mutant cell line (Figure 40).  Each mutant containing an HLH domain 

(∆N37 and  ∆C58), as well as full-length Id2, were capable of increasing the S-phase 

population while those lacking the HLH domain (∆N78 and ∆C97) were not.  In 

agreement with the S-phase data, the mutants with an intact HLH domain were able to 

produce bigger tumors than those which did not have an intact HLH domain (Figure 41).  

Also, each mutant had a distinct capacity to downregulate p27 which also seems to be 

linked to the HLH domain.  Full-length Id2 as well as mutants containing the HLH domain 

(∆N37 and  ∆C58) are capable of downregulating the p27
KIP1

 promoter (Figure 42; 

bottom panel).  At the RNA level, full-length Id2 and mutants, ∆N37, ∆C58 and ∆C97 are 

capable of decreasing the expression of p27
KIP1

 (Figure 42; top panel).  This trend leads 

us to believe that although the HLH domain may be the major domain of Id2 involved in 
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promoter downregulation, the N-terminus may also be important in p27
KIP1

 regulation 

because mutant ∆C97 was capable of downregulating p27
KIP1

 RNA.   
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Figure 38:  Schematic representation of Id2 deletion mutants.  Full length Id2 is shown in 

the top panel and the relative position of each nuclear export signal is shown.  ∆N37 

deletes the first 37 residues of the protein while ∆N78 deletes the first 78 amino acids.  

∆C58 deletes 58 amino acids from the C-terminal region including NES-2.  ∆C97 leaves 

only 37 residues remaining in the N-terminus of the protein and subsequently 

eliminating both export signals. 
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Figure 39:  RT-PCR showing re-expression of each deletion mutant.  Each deletion 

construct as well as full length and LHCX control was used to transduce Id2-null dermal 

fibroblasts.  Following a ten-day selection period in Hygromycin B, RNA was extracted 

and subjected to reverse transcriptase PCR to detect each mutant.  The top panel reflects 

the differences in size expected when each mutant is expressed.  GAPDH primers were 

used as a control. 
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Figure 40:  HLH domain-dependent increase in S-phase.  The stable cell lines expressing 

each of the Id2 deletion mutants were subjected to flow cytometric analysis and it was 

found that those mutants that contained an intact HLH domain (∆N37 and ∆C58) as well 

as full-length Id2 were able to significantly increase the percentage of cells in S-phase 

compared to LHCX controls.  (n=3; *=p<0.05; **=p<0.01; ***=p<0.001) 
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Figure 41:  Tumor forming capability of cells expressing each Id2 deletion mutant.  Each 

stable cell line was subcutaneously injected (8 million cells) into the back of nude mice.  

Tumor formation was measured over a period of five weeks and while Id2 full length 

showed the most growth over that period, each mutant was able to form tumors better 

than LHCX control cells, which formed no tumors during the time frame of this study.  

(n=3, *=p<0.05; **=p<0.01; ***=p<0.001)  



~ 95 ~ 
 

 

Figure 42:  HLH-dependent decrease in p27
KIP1

-promoter activity and p27
KIP1

 RNA 

expression.  Top panels:  Each mutant was transiently transfected into primary human 

foreskin fibroblasts (HFF) and RNA was extracted 24 hours later.  Primers specific to Id2 

were used to verify expression of each plasmid and p27
KIP1

 primers were used to assess 

p27
KIP1

 expression following transfection of each mutant.  Id2 full length, ∆C58, and 

∆N37 (all containing an HLH domain) were able to decrease p27
KIP1

 expression and 

unexpectedly, ∆97 was also able to decrease p27
KIP1

 RNA levels.  Similarly, following co-

transfection with each mutant plasmid, the p27
KIP1

 promoter luciferase reporter 

construct, and Renilla, a significant decrease in promoter activity was seen following 

expression of Id2 full length, ∆C58, and ∆N37.  (*=p<0.05; **=p<0.01; ***=p<0.001) 
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DISCUSSION 

The work presented in this study proposes novel roles for Id2 in tumorigenesis by the 

suppression p27
KIP1

, and provides a new pathway, previously unexplored in this 

particular setting, for regulation of the cell cycle through these and other proteins in the 

cell.  Since their discovery, Id proteins have been shown to sequester certain bHLH 

transcription factors and other proteins implicated in differentiation.  Upon closer 

examination, Ids seemed to be involved in proliferation as well.  By utilizing Id2-null 

fibroblasts, we were able to ask the question of which ‘wild-type’ cellular processes 

would be reconstituted by the re-expression of Id2 or its mutants.  Since these cells 

maintained the ability to be cultured under standard conditions, it was concluded by us 

and other groups working on the phenotypic result of Id2 knockouts, that Id2 is not 

necessary for survival of a cell, specifically the dermal fibroblasts used in this study.  On 

a side note, because we were unable to isolate keratinocytes and maintain these 

cultures, it suggests a more crucial role for Id2 in keratinocyte survival. Our initial 

findings placed Id2 into a broad category of molecules that can manipulate cell cycle, 

consistent with the views of other groups.  Although consistent, our mechanism of 

regulation was novel and provides new insights into the consequences of Id2 

overexpression in tumors and pre-malignant tissues.  Additionally, while not deleted in 

most human tumors like other CDKI’s such as p16
INK4a

, p27
KIP1

 is downregulated and our 
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work provides a stronger correlation to human malignancies because it offers a unique 

mechanism of p27
KIP1

 downregulation that is dependent on Id2. 

The offspring of Id2 heterozygous matings were obtained from Dr. Robert Russell’s 

laboratory and because Mendelian genetic outcomes were expected, approximately one 

quarter of the pups were Id2-null.  All the pups were assayed for their genotype by PCR 

of DNA that was isolated from tail snips (Figure 12).  Primers specific to the neomycin 

resistance gene and to the first two exons of Id2 were used.  During the development of 

the Id2 knockout mice, it was expected that following homologous recombination, the 

first two exons of Id2 would be replaced by the neomycin phosphotransferase gene.  If 

this occurred on a single allele, the result would be a heterozygous mouse and the 

results of the PCR with both sets of primers simultaneously would create two bands, 

one representing the Id2 gene and one representing the neomycin resistance gene.  If a 

Id2-null mouse was the product of breeding, a single band would be seen representing 

the neomycin resistance gene that replaced Id2 on both alleles.  Similarly, if no 

recombination occurred, a single band would also result, representing Id2, which is still 

present on both alleles and corresponds to a wild-type mouse.  Subsequent to 

genotyping, Id2-null pups were skinned and dermal fibroblasts were isolated according 

to the previously mentioned procedure.  In an attempt to avoid introducing any genetic 

modifications, we chose not to immortalize these cells with HPV genes E6 and E7, which 

inactivate p53 and Rb, respectively.  Alternatively, we allowed the cells to spontaneously 

immortalize by culturing them following a 3T3 protocol.  After several passages, we 
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were confident that the cells were now stable in culture and suitable for our 

reexpression studies.  Periodically, cells were assayed for the expression of intact Rb 

protein by immunoblot analysis, which revealed constant expression of the full-length 

protein throughout the series of experiments performed. 

Due to the inefficiency of transient transfections and the low expression levels that 

occur over time, it was imperative to create a working system that would allow for 

several different assays to be performed on the same cells that had equal expression of 

our introduced genes, specifically Id2 and its mutants.  To obtain working cell lines re-

expressing Id2 and the control vector, a retroviral approach was employed.  The cDNA 

for human Id2 was directionally cloned into pLHCX, a retroviral vector possessing a 

hygromycin resistance gene.  Following the creation of the vector, Id2/LHCX and LHCX 

were transfected into the amphoteric фNX packaging cell line which produces retrovirus 

that can be used to transduce target cell lines, in this case the Id2-null dermal 

fibroblasts.  A 10-day selection period followed transduction to ensure that all resulting 

clones would have integrated the Id2/LHCX or LHCX DNA into their genome.  To defer 

any variability that may have occurred as a result of the integration site, clones were 

pooled after selection and cell lines were maintained for experimentation.  Cells were 

assayed by RT-PCR (Figure 13) and immunoblot (Figure 14) for sufficient re-expression of 

Id2 and results showed a robust appearance of Id2 mRNA and protein, respectively.  

Additionally, the transduction and selection were repeated to create two cell lines 

derived from different parental cells and the same effects were observed. 
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Upon initial observation, there was a very noticeable difference in the growth rates of 

cells expressing Id2 compared to cells expression empty vector control (Figure 15).  As 

transduction products of the same parental cells, presumably the only distinction that 

can be made between the two cell lines is their Id2 expression and the subsequent 

consequences of that expression.  Viable cells were plated at equal density and counted 

for approximately one week to assess their proliferation rate.  It was obvious by the 

second day in culture that Id2 conferred a proliferative advantage to the dermal 

fibroblasts.  Although an initial difference in plating efficiency cannot be completely 

ruled out, other quantitative observations showed that several hours after plating there 

were little to no dead cells in both cells expressing and not expressing Id2, suggesting 

that both cell types attach to the plates with equal efficiency.  Consistent with other 

observations about the function of Id2, it seemed to be playing a clear role in 

proliferation and perhaps tumorigenesis.  Similar to growth curves, FACS analysis 

showed that several days after plating Id2 expression yielded a higher percentage of 

cells in S-phase (Figure 16).  BrdU incorporation was also higher (Figure 17).  All 

indications pointed to a role for Id2 as a positive regulator of the cell cycle, however the 

exact mechanisms in this system were still unclear.   

In vivo studies in nude mice generated striking results provided strong evidence that Id2 

was in fact a key player in tumorigenesis and may be acting as an oncogene, although 

not completely fitting of the strict definition of oncogene in which it states that the 

proposed gene is mutated in some cancers.  There are no reports to-date of any Id2 
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mutations found in human malignancies, however our results indicate that Id2 could be 

acting as oncogene due to its ability to induce transformed properties (foci formation, 

growth in low serum, increased proliferation) in vitro and tumorigenesis  in vivo (Figure 

15, 18, and 19).  The grafting system was initially used to assess the tumor formation 

capability of the dermal fibroblasts.  In this model, a small wound is made on the dorsal 

side of the mouse and a silicon dome is inserted securely under the skin above the 

muscle fascia.  A mixture of human keratinocytes (5 X 10
6
 cells) and mouse dermal 

fibroblasts (8 X 10
6
 cells) were pipetted into the dome and allowed to adhere for one 

week and form a layer of skin on the back of the mouse.  This system allows for 

enhanced tumor formation because of the inflicted wound already in place on the 

mouse.  Remarkably, no tumors formed in those mice which used LHCX control dermal 

fibroblasts while large tumors were noticed in grafts which had Id2-expressing dermal 

fibroblasts in the mixture only four weeks following the grafting procedure (Figure 21).  

Histological staining showed that a normal skin formed in the controls and a mass of 

highly undifferentiated cells was observed in those tumors originating from the Id2-

expressing dermal fibroblasts, suggestive of a fibrosarcoma-like mass (Figure 22).  Two 

caveats to the grafting procedure must be mentioned and lead into the second set of in 

vivo tumorigenesis assays performed.  Firstly, one could argue that the effects were not 

due entirely due to the dermal fibroblasts because a mixture of cells is used in this 

method.  It could be due to the combined effects of cooperating keratinocytes and 

dermal fibroblasts.  Secondly, although a tumor formed in this system when a wound is 
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already present giving the cells an entry portal into the mouse, these cells may not have 

the capability to form a tumor when injected subcutaneously under the skin because 

they do not possess the proper proteases and growth factors essential for tumor 

formation.  A solution to remedy both concerns was to subcutaneously inject the dermal 

fibroblasts exclusively into the hindquarter of nude mice, a more stringent assay to 

examine tumor formation capability.  Astoundingly, the same results were seen.  When 

injected into the nude mice, Id2-expressing dermal fibroblasts showed measureable 

tumors within two weeks and grew significantly over a five-week period (Figure 23).  

Over the course of the experiment, no tumors formed when LHCX control cells were 

subcutaneously injected into nude mice.   Although Id2 is known to be high in many 

tumors, the novelty of these experiments is the basis that transduction with a single 

gene, Id2, led to transformation of dermal fibroblasts. 

In vitro transformation assays, were in agreement with the in vivo studies.  A property of 

transformed cells is their inherent loss of contact inhibition of growth.  Cells expressing 

Id2 were able to form significantly larger and greater numbers of foci in culture than 

their LHCX counterparts (Figure 19), suggesting that Id2 has pushed the cells into 

essentially a state of contact growth mimicking a tumor.  This same phenomenon was 

seen in the density limitation of growth assay in which Id2-expressing cells were able to 

grow well past confluence and continue to increase in number while the LHCX cells 

stopped growing when confluence was reached and remained alive but at a static 

number for a two week period (Figure 20).  Transformed cells also have a lower 
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requirement for serum in culture.  Their need for growth factors and other mitogens is 

not as a robust as primary and/or untransformed cells.  It was apparent when Id2/LHCX 

and LHCX cells were plated and grown in 1% serum that Id2 had given the cells a 

proliferative advantage over LHCX cells that allowed them to grow better, at least 

initially, in low serum (Figure 18).  The actual growth rate of these cells was the same 

after the second day, but the initial jump in growth was most likely due to the 

expression of Id2 relieving the need for growth factors in the first two days after 

seeding. 

The findings thus far did not present any data contrary to the dogma that exists for the 

Id proteins, however a mechanism was yet to be determined.  Convinced that there was 

a difference in cell cycle regulation when Id2 was present, an immunoblot scan of 

several cell cycle regulatory proteins was done to determine if any were differentially 

regulated by Id2.  Among the proteins inspected (p27
KIP1

, p21
CIP1

, p15
INK4b

, p16
INK4a

, 

p18
INK4c

, p19
ARF

, p57
KIP2

, cdk4, Cyclin D1 and Rb), Id2 caused a dramatic decrease in p27 

protein as well as p15 (Figure 24).  As mentioned earlier, both are negative regulators of 

the cell cycle by inhibiting cdk’s, mainly at the G1-S transition.  It would be logical that 

downregulation of a CDKI would be a mechanism by which Id2 could increase 

proliferation.  Because the decrease in p27
KIP1

 was so impressive, more so than p15
INK4b

, 

further studies were executed to determine the mechanism of p27
KIP1

 regulation.  The 

regulation of p27
KIP1

 is multi-faceted in that it can occur at almost any level, including 

transcription, translation, post-translation, and degradation.  However, in the scope of 
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this work, each avenue could not be explored in detail and further work is needed in 

those that remain unexplored.   It is known that p27
KIP1

 is induced in conditions favoring 

slow or no growth such as low serum and dense growth.  In these conditions, p27
KIP1

 is 

upregulated to disrupt the activity of Cyclin/cdk complexes and prevent entry into S-

phase.  Each cell type (Id2/LHCX and LHCX dermal fibroblasts) were grown in 10%, 1%, 

or .1% serum and assayed for their induction of p27
KIP1

 when switched to the lower 

serum conditions.  It was seen that those cells expressing Id2 were unable to induce 

p27
KIP1

 even under the lowest serum condition of 0.1% (Figure 30).  Additionally, while 

basal levels of p27
 KIP1

 were already high, LHCX cells were able to further increase their 

p27
KIP1

 levels.   Moreover, when the same cells were allowed to grow past confluence, a 

condition that should increase p27
 KIP1

 levels, it was perceived that Id2/LHCX cells were 

barely able to increase p27
 KIP1

 levels even after 11 days while LHCX control cells showed 

a significant increase in p27
 KIP1

 protein further indicating that LHCX are unable to grow 

past confluence and have maintained contact inhibition (Figure 31).  This data is 

significant and interesting but did not reveal the mechanism by which Id2 can 

downregulate p27
 KIP1

. 

Rational experimental design would suggest to start at the beginning and work towards 

a logical ending.  In terms of biology, this can be interpreted as beginning with 

transcription and working towards degradation.  The first opportunity for regulation of a 

particular gene is at the level of transcription.  Either the mRNA is transcribed or not and 

this can be due to the presence of certain factors or lack thereof.  If there is no 
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difference in steady-state p27
 KIP1

 RNA levels, this would indicate possible downstream 

regulation that is not occurring at the transcriptional level.  Fortunately, results of RT-

PCR showed a decrease in p27
 KIP1

 RNA levels in Id2/LHCX cells (Figure 25), indicative of 

potential regulation by Id2 at the p27
 KIP1

 promoter although there are other possibilities 

such as mRNA half-life.  We obtained a proximal region of the p27
 KIP1

 promoter 

approximately two kilobases upstream of the transcriptional start site linked to the 

Luciferase reporter gene.  This construct, along with the Renilla gene as a transfection 

control, were transfected into both Id2/LHCX and LHCX dermal fibroblasts, the same 

cells used in previous experiments, and the activity of the promoter was quantified.  

Consistent with the semi-quantitative measurement of p27
 KIP1

 RNA, it was seen that 

those cells expressing Id2 had significantly less p27
 KIP1

 promoter activity (Figure 26), 

further suggesting a link between Id2 and transcriptional regulation of p27
 KIP1

.   

 Id2 cannot bind to DNA and is therefore not a direct trans-acting element that regulates 

the p27
 KIP1

 promoter.  However, Id2 and the other Ids act primarily by binding to other 

transcription factors and prevent their subsequent interaction with DNA. More often 

than not, this halts transcription of the target gene.  As with most genes, there are many 

different binding elements within the p27
 KIP1

 promoter.  Among these are sites for sp1, 

AP2, NFkB, E2F-1, and most notably relevant to this connection are E-boxes.  The 

conserved CANNTG motif binds to E-proteins (E12/E47, E2-2, and HEB) and promotes 

transcription of the gene.  There are five perfect E-boxes within the proximal p27
 KIP1

 

promoter each of which can presumably bind to an E-protein (Figure 28).  Id2 and other 
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Ids are known dominant-negative regulators of E-protein function and act by 

sequestering them and preventing them from binding to DNA.  This mechanism has 

been shown for several genes including many involved in differentiation and 

development, therefore it was imperative to explore this option with relation to Id2 and 

p27
 KIP1

.  The hypothesis that needed to be explored was clear and it was that Id2 may 

suppress p27
 KIP1

 expression through the sequestration of E12/E47 from the promoter of 

p27
 KIP1

.  In vitro electrophoretic mobility shift assays (EMSA) were used to determine 

sites at which E12/E47 binding occurred.  Biotinylated probes were designed around the 

five E-boxes in the p27
 KIP1

 promoter and nuclear extract from Id2/LHCX and LHCX was 

combined with these probes.  If proteins were present in the nuclear extract that could 

bind to the probes, a shift would be seen on the gel and if these proteins were not 

present or bound to other proteins, their binding to the probes would not be possible 

and no shift would be seen.  Nuclear extract from Id2/LHCX and LHCX was mixed with 

the individual probes representing the five E-boxes and the fourth E-box showed less 

binding in the Id2/LHCX extract than controls.  This binding was shown to be specific by 

competition with unlabeled probe and furthermore was shown to be E12/E47 binding to 

the probe due to a supershift that was seen when antibody against E12/E47 was added 

into the reaction and allowed to bind to the DNA/protein complex (Figure 29).  The data 

supports the idea that there is something in the Id2/LHCX extract that prevents binding 

of E12/E47 to the fourth E-box in the p27
 KIP1

 promoter and the something in question is 

presumably Id2.  Although the EMSA is performed in vitro and may not be entirely 
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representative of what is occurring in the cell, it provides preliminary substantiation to 

perform further in vivo experiments to validate the findings.   A chromatin 

immunoprecipitation (ChIP) assay would allow for direct examination of what exactly is 

happening in the cells at a given time.   A low percentage of formaldehyde was used to 

crosslink all proteins to their binding partners, whether it be other proteins or DNA.  In 

this case, we are primarily concerned with the proteins bound to the p27
 KIP1

 promoter.  

The results of the ChIP using antibodies that recognize E12 and E47 (splice variants of 

the E2A gene)and primers specific to the region of the p27
 KIP1

 promoter thought to bind 

E12/E47 differentially, showed that in the presence of Id2 there was less binding of E12 

and E47 to the p27
 KIP1

 promoter (Figure 27).  Taken together, the outcomes of the 

EMSA and ChIP assay suggest that Id2 can regulate p27
 KIP1

 expression by sequestering 

E12/E47 away from the p27 promoter, hence decreasing transcription.   

The involvement of p27
 KIP1

 in Id2-induced tumorigenesis was further demonstrated 

utilizing p27
 KIP1

-null cells. Seemingly, if Id2 was causing increased proliferation and 

tumor formation in a p27
 KIP1

-dependent manner, overexpression of Id2 in p27
 KIP1

-null 

cells would not cause this effect.  The baseline for proliferation and tumor formation in 

Id2-null dermal fibroblasts was negligible and it was therefore simple to see an increase 

over a low background.  However, the p27
 KIP1

-null mouse embryonic fibroblasts (MEF) 

obtained from a lab at the Fred Hutchinson Cancer Center at the University of 

Washington in Seattle do not offer the same benefit.  As expected, knocking out a 

powerful tumor-suppressor such as p27
 KIP1

 would cause spontaneous transformation of 
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cells and allow them to grow rapidly and form tumors without further manipulations.  

Nonetheless, upon Id2 over-expression in p27
 KIP1

-null MEF’s, no significant increase in 

proliferation or tumorigenesis was seen versus the LHCX controls.  There was a similar 

number of cells in S-phase several days after plating (Figure 35) and comparable tumor 

growth over several weeks (Figure 36).  Interestingly, wild-type MEF’s obtained from the 

same lab were unable to form tumors and showed no signs of in vitro transformation.  

However, when Id2 was over-expressed in these cells foci began to form in culture 

(Figure 34) and when cells were grafted onto the back of nude mice, tumors formed 

after three weeks while no tumors were seen in LHCX controls (Figure 36).  These results 

are extremely noteworthy due to the few reports in the literature that show that one 

gene is capable of transforming spontaneously immortalized mouse embryonic 

fibroblasts.  Furthermore, the same mechanism is most likely responsible for regulating 

the increased proliferation and tumorigenesis due to the fact that upon overexpression 

of Id2, a decrease in p27
KIP1

 protein was seen.  Supplementary work needs to be done to 

firmly establish the truth of this theory.   Additionally, the perception of p27
 KIP1

 

participation in Id2-induced tumorigenesis and increased proliferation was further 

solidified using p27
KIP1

 over-expression in Id2/LHCX and LHCX cells.  Due to the fact that 

Id2/LHCX dermal fibroblasts have lost their ability to induce p27 expression, a vector 

with p27
KIP1

 cDNA was transfected into Id2/LHCX cells and this was able to revert the 

highly proliferative phenotype (Figure 37). When the same vector was transiently 

transfected into LHCX dermal fibroblasts, essentially was no effect was seen.  This was 
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expected because p27
KIP1

 levels in these cells was already high.  Also, transient 

transfection of LHCX dermal fibroblasts with Id2 cDNA caused an increase proliferating 

cells and a decrease in p27 RNA. 

An interesting account of one causal mechanism of Id2-induced tumorigenesis and 

increased proliferation has unraveled, however the chronicle would not be complete 

until it was determined which portion of Id2 was responsible for the previously 

mentioned effect, namely the decrease in p27
 KIP1

.  All the Id proteins have three major 

domains:  the N-terminus, the C-terminus, and the HLH domain.  Previously the HLH 

domain has been implicated in protein-protein interactions.  For example, the 

dimerization with hyperphosphorylated Rb requires the HLH domain.  To assess for 

domain functionality, deletion mutants of Id2 were constructed.  The methodology 

behind the design of the mutants was to be able to evaluate each domain and the 

effects it was capable of exerting, especially on the suppression of p27
 KIP1

.  Two N-

terminal mutants were created (∆N37 and ∆N78) as well as two C-terminal mutants 

(∆C58 and ∆C97).  Each larger deletion (∆N78 and ∆C97) eliminates the HLH domain as 

well as the respective end of the protein (Figure 38).  The four constructs were used to 

transduce Id2-/- dermal fibroblasts and examine their consequent effects on cell cycle 

and tumorigenesis.  Additionally, the mutant constructs were transiently transfected 

into primary human fibroblasts to determine if the effects seen in a mouse model were 

mimicked in a human system.   
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Interestingly, the stable cell lines expressing the mutants that maintained an intact HLH 

domain (∆N37 and ∆C58) were able to increase the percentage of cells in S-phase in a 

Id2-null background, while ∆N78 and ∆C97, the mutants which abolish the HLH domain, 

were unable to significantly increase the percentage of cells in S-phase above the level 

of the LHCX control (Figure 40).   Sufficient expression of each mutant in its respective 

cell line was shown by RT-PCR.  Although an effect on cell cycle was seen in vitro, it 

remained unclear as to whether or not each mutant cell line would exhibit differential 

phenotypes in vivo.   Unexpectedly, each cell line was able to form a tumor when cells 

were subcutaneously injected into the back of nude mice.  However, the largest tumors 

(closest to wild-type Id2) that formed over a five-week period were those originating 

from the cells expressing ∆C58, which maintains the HLH domain of Id2 (Figure 41).  

These results can be explained in several ways; one explanation is that there are 

different domains of Id2 that are responsible for tumor formation and an increase in cell 

cycle.  So although an increase can be seen in S-phase only when the HLH domain is 

present, alternative elements of the protein may be required to induce tumor 

formation, independent of the HLH domain.  In the case of tumor formation, the HLH 

domain may be part of a secondary regulation step.  The primary point of regulation of 

tumor formation may occur via the N-terminal domain, as witnessed by larger tumor 

formation with the ∆C58 mutant which contains only the N-terminal domain plus the 

HLH region.  A second possibility is that there may exist unknown negative regulatory 

elements in the C-terminus of the protein and when these are eliminated, larger tumors 
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are allowed to develop.  Depending on the situation, an NES could be considered to be a 

negative regulatory element or positive.  Pertaining to Id2, export to the cytoplasm 

would not allow it to perform its function and therefore become a negative regulator of 

Id2 function.  By eradicating the NES, Id2 would be expected to spend a longer time in 

the nucleus and therefore have enhanced performance and hence more suppression of 

bHLH transcription factors and increased proliferation which could be correlated to 

larger tumor formation.  All speculative of course, but future experiments could strive to 

determine the exact position of Id2 and Id2 deletion mutants within the cell during 

proliferation and tumorigenesis and how their placement affects their functions.   

The outcome is ostensible when the experimental procedure is as straightforward as the 

previously described trials; when Id2 or Id2 mutants are placed into cells that have no 

Id2, any given outcome is obviously due to the Id2. The situation can be complicated 

when the experimental procedure is altered to utilize not cells that lack Id2, but rather 

cells that contain a presumably ‘normal’ genome.  The system is not as clean, but is 

undeniably more physiologically relevant.  Preliminary results using this system have 

been obtained.  Human foreskin dermal fibroblasts (HFF), equivalent to the mouse 

dermal fibroblasts used previously, were derived from foreskins of newborn males 

obtained from the Georgetown University Hospital.  Primary HFF’s were then transiently 

transfected with the five Id2 constructs (wt, ∆N37, ∆N78, ∆C58, and ∆C97) as well as the 

LHCX control.  Twenty-four hours later, RNA was extracted using Trizol and subjected to 

RT-PCR with primers specific to Id2 and p27, as well as GAPDH as a control (Figure 42).  
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Expression of wild-type Id2 and each mutant was significantly higher than basal levels 

prior to transfection.   Correspondingly, it was seen that upon expression of wt Id2 and 

the mutants containing the HLH domain there was a decrease in p27
 KIP1

 RNA levels 

(Figure 42).  However, unexpectedly, there was also a decrease in p27
 KIP1

 RNA 

expression compared to the LHCX control with expression of ∆C97, a deletion mutant 

that leaves only 37 amino acids of the N-terminus of the protein remaining.  Moreover, 

when the mutants and wt Id2 were cotransfected with the p27
KIP1

 promoter Luciferase 

reporter gene, it was seen that only the full-length Id2 and mutants containing the HLH 

domain were able to downregulate the p27
KIP1

 promoter when normalized to Renilla 

(Figure 42).   Previous experiments with the Id2-/- dermal fibroblasts, suggest a role for 

the HLH domain in the regulation of the cell cycle as well as tumorigenesis.  Studies with 

the HFF’s also allude to a role of the HLH domain in suppression of p27
KIP1

 RNA 

expression through downregulation of the promoter.  The fact that the N-terminus 

alone was able to decrease p27
 KIP1

 RNA could be due in part to increased stability in the 

nucleus because of the disruption of two nuclear export signals.  Alternatively, an 

unknown element that becomes exposed when the HLH domain is absent could cause 

p27
 KIP1

 RNA downregulation.   

The data presented within has answered many questions and created many more.  The 

research can proceed in many different directions.  To further investigate the 

mechanism of p27
KIP1

 downregulation, the deletion mutants can be used in the EMSA 

and ChIP assays to determine if E12/E47 binding to the p27
KIP1

 promoter is repressed 
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only when the HLH domain is present.  This would promote the belief that the HLH 

domain is required for binding to E-box proteins, E12/E47, and prevents them from 

binding to the promoter of p27
 KIP1

.  Additionally, it would be interesting to explore p15 

regulation with respect to Id2.  A similar mechanism could be regulating p15 expression, 

revealing a broader function of Id2 as an inhibitor of CDKI’s in the Cip and Kip family.  

Also unexplored in the scope of this project is the connection between Id2
 KIP1

, p27 and 

the TGF-beta pathway.  It is known that TGF-beta treatment of cells induces growth 

arrest which is mediated, in part, by an upregulation of p27
 KIP1

.  The opposing BMP 

pathway induces promotes proliferation and upregulates several of the Id genes, 

including Id2.  Thus far, no connection between Id2 and p27
 KIP1

 have been made that 

could connect BMP and TGF-beta signaling.  Nor has any hypothesis been made to 

insinuate that Id2 could mediate the delicate balance needed between the opposing 

signaling cascades.   

Regarding tumorigenesis, more elaborate experiments can be performed, such as those 

using an inducible system.  The link to tumor formation and the size of the tumor could 

be directly correlated to Id2 concentration by creating a system where cells could be 

induced to express different amounts of Id2 depending on the concentration of the 

inducer.  Additionally, the in vivo grafting system can be used to assess the effects of Id2 

overexpression on skin graft formation.  Because Id2 has a clear role in skin 

development, it would be interesting to see if excess Id2 could cause malformations of 
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the skin or possibly malignancies.  The technique could also be used to determine if Id2 

had an effect on wound healing and if so, could lead to potential therapeutics.   

Novel clinical targets for cancer and other diseases are constantly being sought after 

and when such a dramatic effect is seen with one molecule it is hard to deny the 

possibility of considering it as a powerful target for drug design.  Previous work in other 

labs have shown in a mouse model, that treatment with siRNAs against Id2 caused 

tumors to cease growth and begin to regress (93).  Additionally, this observation 

combined with our work label Id2 as a possible biomarker in certain highly proliferative 

tumors and that the inhibition of Id2 could possibly lead to regression.  The 

biotechnology field would also benefit from the discovery of a novel biomarker for 

cancers.  New diagnostic tools could be developed based on a system that could screen 

for increased levels of Id2 in tumors which would correlate to a more proliferative 

phenotype.  While siRNA delivery is often difficult and the maintenance of these tiny 

oligos is hard to monitor in the body, however given the vast array of modeling systems 

available today, it would be possible to scan small molecule libraries for a hit that would 

bind to Id2 irreversibly and inhibit its ability to increase proliferation.  Some small 

molecules are more stable than siRNA’s and can be easily manipulated to ensure for 

optimal half-life and efficacy. 



 

Figure 43:  Proposed model.  The expression of 

the binding of E12/E47 to the promoter.  Through Id2 sequestration of E12/E47, p27

expression is decreased, leading to increased proliferation, increased focus

and a loss of contact inhibition of growth.  

tumorigenesis in a mouse model.
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Figure 43:  Proposed model.  The expression of p27
KIP1

 is, at least in part, controlled by 

the binding of E12/E47 to the promoter.  Through Id2 sequestration of E12/E47, p27

expression is decreased, leading to increased proliferation, increased focus

and a loss of contact inhibition of growth.  Each of these factors ultimately leads to 

tumorigenesis in a mouse model. 
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