
112 

IJ 

Instituto Juan March 

de Estudios e Investigaciones 

CENTRO DE REUNIONES 
INTERNACIONALES SOBRE BIOLOGÍA 

Workshon on 

The Myc Network: Regulation of Cell 

Proliferation, Differentiation and Death 

Organized by 

R. N. Eisenman and J. León 

B. Amati 

D. E. Ayer 

F. Bosch 

M. Cole 

C. Van Dang 

D. Eick 

M. Eilers 

R. N. Eisenman 

G. Evan 

P. Farnham 

P. Gallant 

S. R. Hann 

J. León 

B. Lüscher 

G. Meroni/A. Reymond 

S. K. Nair 

R. C. O'Hagan 

~. F. Roussel 

G. E. Sonenshein 

A. Trumpp 
A. E. Willis 



J ~ M- 11 iv - \)J O'L 

112 

Instituto Juan March 

de Estudios e Investigaciones 

CENTRO DE REUNIONES 
INTERNACIONALES SOBRE BIOLOGÍA 

Workshop on 

The Myc Network: Regulation of Cell 

Proliferation, Differentiation and Death 

Organized by 

R. N. Eisenman and J. León 

B. Amati 

D. E. Ayer 

F. Bosch 

M. Cole 

C. Van Dang 

D. Eick 

M. Eilers 

R. N. Eisenman 

G. Evan 

P. Farnham 

P. Gallant 

~~ S.R.Hann 
¡'.:;, "' -5- J L ~ 
• ""' ' ; ...., 1 • eon 
~· ., _A*) B. Lüscher 

"", \ta & G. Meroni/A. Reymond 

S. K. Nair 

R. C. O'Hagan 

M. F. Roussel 

G. E. Sonenshein 

A. Trumpp 

A. E. Willis 

Instituto Juan March (Madrid)



The lectures summarized in this publication 
were presented by their authors at a workshop 
held on the ¡l)lh through the 2151 of ]une, 2000, 
at the Jnstituto Juan March. 

Depósito legal: M-31.972/2000 

Impresión: Ediciones Peninsular. Tomelloso, 27. 28026 Madrid. 

Instituto Juan March (Madrid)



INDEX 

PAGE 

INTRODUCfiON: R. N. Eisenman and J . León ...................................................................... 7 

Session 1: Network lnteractions and Transcriptional Mecbanisms 

Cbair: Gerard Evan ...•..••••..•.•...•..•...••••.•.......••...•...••.••.•...••••••..••••••••••••••••••••.•.•.....••..................... 11 

Micbael Cole: Essential cofactors for Myc-mediated oncogenesis ....... .......... .. .... .. .... .. .... 13 

Peggy Farnham: Development of molecular models for the action of c-Myc and 

N-Myc using a chromatin irnnumoprecipitation assay ............ ............. .. ....................... .... .. 15 

Donald E. Ayer: Mondo, a novel bHLHZip transcriptional activator that interacts 

genetically with Myc ...................... .. ......................... .......... ......... .......... ......... ... .. ....... ... .... 17 

Germana Meroni/Alexandre Reymond: Identification ofnovel partners ofthe 

ROX!Mnt bHLHZip transcription factor ........................................ ..... .... .. .................. ......... 19 

Satish K. Nair: Structural basis for heterodimerization and DNA recognition by Myc-

Max and Mad-Max ............. ..... ........ ... .. .. ......... .. .................... ...................... ............ ..... ...... 21 

Session 2: Myc/Mad in Cell Cycle and Apoptosis 

Chair: Michael Col e ..................................................................................................................... 2 3 

Martín Eilers: Repression ofpl5ink4b expression by Myc via association with Miz-! . 25 

Short talk: 

Ignacio Pérez-Roger: CycDl and CycD2 are required for Myc-induced 

proliferation but dispensable for apoptosis ........... ........................... ..................... .... 2 6 

Javier León: c-Myc antagonizes p53 in human leukernia cells ... .... .. ........ ................ ... .... 2 7 

Martine F. Roussel: Myc and the ARF/p53/Mdrn2 tumor suppressor pathway .. .. ....... .. 28 

Bernbard Lüscber: Regulation of cell growth and apoptosis by the Myc/Max/Mad 

network: Role ofMadl and targetting ofMax during Fas-mediated apoptosis ............ .. .. 30 

Gerard Evan: Converging oncogenes in cancer ............................................................... 31 

Session 3: Regulation of Myc Expression 

Chair: ChiVan Dang .•......•••...••.•.•...••••..•••...•.......••...•..•...••..•••.••••.•••••••...•.•.••...•.....•..•.................. 33 

Dirk Eick: Growth function and regulation of c-myc in B-cells ... ............................. ......... 3 5 

Bruno Amati: Myc interacts with VCP, an AAA-farnily ATPase ............ .. ........................ 3 7 

Instituto Juan March (Madrid)



PAGE 

Short talk: 

Sergio Nasi: Omomyc: a new too! to better understand Myc functions .. .... .. ...... ...... 38 

Stephen R. Hann: Control of c-Myc function through translational and post-
translational mechanisms ............................... ................................... .. ............. ...... ..... .......... 3 9 

Anne E. Willis: Regulation of c-myc expression by interna! ribosome entry ............ .. ....... 41 

Session 4: Myc/Mad Targets and Biology I 
Chair: Martine F. Roussel ............................................................................................................. 4 3 

ChiVan Dang: c-Myc regulation of cellular metabolism and proliferation ..... ................. . 4 5 

Short talk: 

Alberto Gandarillas: A G2/M checkpoint links c-Myc-induced cell growth 
with cell enlargement and differentiation in human keratinocytes .......... ..... .......... .... 4 6 

Peter Gallant: Genetic dissection ofMyc function in Drosophila .. ................................... 4 7 

Rónán C. O'Hagan: Gene target recognition among members ofthe Myc-
superfamily and irnplications for oncogenesis ...................................................... .. ............. 4 8 

Short talk: 

Linda Z. Penn: Myc is an essential negative regulator ofplatelet derived growth 
factor beta receptor transcription: enhancer-dependent mechanism of repression ..... 4 9 

Session 5: Myc/Mad Targets and Biology II 
Chair: Martín Eilers ...................................................................................................................... 51 

Andreas Trumpp: The proto-oncogene c-myc regulates body mass by controlling 
the rate of cellular proliferation ................................................................................... ......... 53 

Robert N. Eisenman: Conserved functions of the Myc and Mad proteins ..................... .. .. 54 

Short talle: 

Ignacio Moreno de Alboran: Conditional targeting involves c-myc gene in 
proliferative and apoptotic pathways in lymphocytes ................................................. 55 

Fa tima Bosch: Insights from transgenic mice ofthe role of c-Myc in the control of 
glucose horneostasis .............. ............................................................ ......................... .... ... ... s 6 

Gail E. Sonenshein: Repression oftranscription ofthe p27Kipl cyclin-dependent 
kinase inhibitor gene by c-Myc ............................................................................................ 58 

POSTERS ........................................................................................................................................ S9 

Isabel Arnold: Overexpression of c-Myc in the basallayer ofthe epidermis induces 

Instituto Juan March (Madrid)



PAGE 

hyperproliferative lesions with sebaceous differentiation .. ... ... ................... ...... .............. ... .. 61 

María Dolores Delgado: Myc prometes cell size increase in developing chicken limb ... . 6 2 

Scott Eberhardy: In vivo examination ofhistone acetylation on the c-Myc target gene 

cad using chromatin immunoprecipitation ............ ..... .. ... ..... ......... .. ........ .. ... ... ..... ..... ... .. ... ... 6 3 

Scott Frank: Does Myc activate transcription by promoting histone acetylation? A 

chromatin irnmunoprecipitation study ... ... .... ........... .... .. ..... .... ... .......... .... . .. ... .... ...... . .. .. ... . .... 6 4 

Carla Grandori: Biological function ofMyc and Myc-S in human primary fibroblasts 

and identification ofMyc target genes by DNA microarray analysis ..................... ............. 65 

Marie Henriksson: Expression patterns and DNA-binding activities ofN-

Myc/Max/Mad/Rox in differentiating human neuroblastoma cells ..... ...... ....... ................ ... 66 

Anne Hultquist: Cooperative anti-proliferative signals required for Madl-induced cell 
cycle arrest in monocytic cells .................. ..... ....... .. ..... ........ ........ ......... ... .... .. .... .... . .. . .. . ... ... .. 6 7 

Lars-Gunnar Larsson: c-Myc hot spot mutations in lyrnphomas result in 
inefficient ubiquitination and decreased proteasome-mediated turnover .. ...... ... .. .. .... .. .. .... .. 68 

Britta Miidge: YAF2 interacts with and enhances biological activities ofthe MycN 
protein ................ ..... ............... ........ ......... ... ... .. ... ... .. .. .. ..... .... ..... ... ............. ...... ....... ... ..... ... ... . 69 

Rónán C. O'Hagan: Myc promotes cell cycle progression via Cull-dependent 
degradation ofp27 ........ .... ... ....... ........ ... ............ ..... .... ... .......... ......... .. ................. .... ............. 70 

Antonio Pineda-Lucena: NMR structural characterization ofthe tumor suppressor 
Binl ............... ................................... ................. ... ......... ........ .. .. .. .. .... ... .. .. .. .... ...... ... .... ... .... .. 71 

Alexandre Reymond: Mlx, a new Max-like bHLHZip farnily member: the center 
stage of a novel transcription factors regulatory pathway? ... ... .... ...... .. ......... ..... ......... ......... 7 2 

Efren Riu: Increased insulin sensitivity and prevention of obesity by hepatic 

overexpression of c-Myc in transgenic mi ce .. .. .. ... ...... ........ .... .. .... .. ......... .. .. ...... .... ........... ... 7 3 

Margarita Sánchez-Beato: p27KIPI expression in aggressive B-cell malignancies is a 

warning signa! of malfuction of the p 16 and p53 tumor suppressor pathways ...... .. ..... ... .. .. 7 4 

Javier Santos: Inactivation of Pten and Cd95 (Fas) is crucial to drive c-Myc 
activation towards the development ofy-radiation-induced mouse thymic lyrnphomas ... .. 75 

Marino Schuhmacher: MYC target genes in cell cycle regulation and cell growth 
control ............... ..... ..... ... .... ..... ............. ..... ... .... .. .. ...... .. .... ... .. .... ... · ..... .. ... ..... .... .... ..... ... .. .... .... 76 

LIST OF INVITED SPEAKERS ...................................... .................................................. .......... 7 7 

LIST OF PARTICIPANTS ...... .............. ........ ... ... ...................... .......... ......................................... 79 

Instituto Juan March (Madrid)



Introduction 

R. N. Eisenman and J. León 

Instituto Juan March (Madrid)



9 

Over the last decade there has been a virtual explosion of information on the Myc network. 

In part this is simply an outgrowth of the longstanding interest in Myc stemming from its 

involvement in many types of cancer and the fundamental cellular processes of proliferation, 

differentiation, growth, and apoptosis. However, when Myc was shown to heterodimerize with 

Max and function as a DNA-binding transcription factor in 1990-1992, the interest of many 

laboratories became focused on attempting to understand how Myc's role in transcription directly 

relates to its biological functions in normal and cancer cells. To a large extent this has involved 

determining the molecular mechanism(s) whereby Myc regulates gene expression and, very 

importantly, the specific genes that are targets of Myc. The biology of Myc has also come under 

intense scrutiny as the role of Myc in cell cycle regulation and the importance of Myc-induced 

apoptosis in oncogenesis have become more apparent. Furthermore targeted deletions of Myc 

genes in mice and in tissue culture cells as well as genetic analysis of Myc function in 

Drosophila has highlighted roles for Myc in development, cell cycle, and cell growth. 

In addition to the intense interest in Myc itself, the field has also expanded in other, initially 

unexpected, directions. This has come from the realization that Max, while an obligate 

dimerization partner for Myc, also interacts with other proteins (Mad, Mnt, Mga) and these 

proteins, in tum, appear to influence the functions of Myc. For example, much work on the Mad 

protein family suggests that Mad proteins act at least in part to antagonize Myc function and are 

likely to be involved in cell cycle exit and differentiation. Furthermore, work on understanding 

the repression function of Mad has led to identification of novel co-repressors (mSin3) and an 

analysis of the role of chromatin modification in repression in general. New evidence suggests 

that Myc interacts with a co-activator and may also influence chromatin structure. Another !ayer 

of complexity may arise from the findings that other novel proteins, such as Mlx, may potentially 

serve to connect specific members ofthe Myc network to other transcription factor modules. 

The idea of the Myc network grew out of the increasing realization that Myc does not 

function alone but within an immediate context of interacting proteins as well as within a 

specific cellular environment. The goal ofthis workshop was to draw together what has become 

a rather diverse field of research in what is first intemational meeting entirely dedicated to the 

Myc network. The workshop dealt with the most recent advances in this active field of research, 

from the molecular leve! to the most complex biological models. The talks and posters included 

the presentation ofthe molecular structure ofMyc:Max, Mad:Max, and Mad:Sin3 complexes; 
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new Max homologs, the Drosophila Mad orthologs, the interaction of Myc with proteins 

involved in chromatin remodeling and transcriptional regulation, new Myc target genes which 

are either positively or negatively regulated by 

Myc, insights to regulation of Myc expression, Myc interactions in tumorigenesis and, fmally, 

new data on Myc functions in differentiation, apoptosis and cell growth, using Drosophila and 

mice as model systems. 

While many questions on Myc functions and Myc target genes are still to be resolved, the 

workshop succeeded in enriching our view of the problems and setting the scenario for future 

developments. Sorne ofthe key issues that arose at the workshop were as follows : 

l. Mechanisrns of Myc activation and repression and the relative irnportance of activation vs. 

repression in Myc function. 

2. Functional differences between normal and deregulated Myc expressionloverexpression. 

3. Criteria for defining Myc and Mad target genes and strategies for relating target gene function 

to Myc and Mad biological effects. 

4. Relationship between Myc's roles in cell proliferation, growth, and apoptosis. 

We would like to thank the speakers for their presentations and for open and comprehensive 

discussions. We are also grateful to Juan March Foundation for their excellent support and 

organization of the workshop. 

Robert N. Eisenman and Javier León 

Instituto Juan March (Madrid)
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Essential cofactors for Myc-mediated oncogenesis 

Michael Cole 

Department of Molecular Biology 

Princeton University, Princeton, NJ 08544 

Functional studies demonstrate that the oncogenic activity of the c-Myc protein requires 

a small 20 arnino acid segment from the N-terminus (MBII) that is conserved in all members 

of the myc farnily of genes. This observation provided an avenue to study the function Myc 

through an analysis of the nuclear proteins that bind through MBII and which are also 

essential for the transforming activity ofthe oncogene. The experimental approach was based 

on the observation that dominan! interfering alleles of the c-Myc protein form protein 

complexes that are dependent on the integrity of MBII and hence correlate with nuclear 

factors that may be essential for c-Myc function (Brough et al., 1995). 

Biochemical purification of c-Myc associated cofactors initially led to the identification 

of the 430 kD cofactor TRRAP (TRansactivation/tRansformation domain Associated Protein 

(McMahon et al., 1998). The TRRAP nuclear cofactor is distantly related to the PI3 

kinase/ATM farnily and essential for oncogenic transformation by two different oncoprotein 

networks, the Myc farnily and the E2F family. We have extended this work to show that 

TRRAP interacts with the N-Myc and L-Myc oncoproteins (manuscript in preparation). The 

S. cerevisiae homologue of human TRRAP was an uncharacterized hypothetical ORF which 

had never been identified in genetic screens for mutations in cell cycle or gene regulation 

pathways. We deleted the gene by homologous recombination and showed that the yeast 

TRRAP homolog (TRAl) is essential for viability. The TRRAP{TRAlp) protein is 

evolutionarily more ancient than Myc, since there is no c-Myc homologue in yeast, and 

therefore Myc presumably evolved to recruit TRRAP to specific genomic sites. More 

importantly, TRAlp was shown to be a componen! of the SAGA complex (Saleh et al., 

1998), providing a link between Myc and the histone acetyltransferase GCN5 and other 

proteins implicated in chromatin remodeling. 

Based on the findings in yeast, we showed that c-Myc can recruit hGCN5 and an 

associated HAT activity in vivo (McMahon et al., 2000). Furthermore, TRRAP and hGCN5 

exist in a complex independent of c-Myc, indicating that TRRAP is the intermediary for the 

recruitment ofhGCN5 by c-Myc. Since c-Myc function is inhibited by recruitment ofhistone 

deacetylase activity through Mad farnily proteins, these opposing biochemical activities may 

be responsible for the antagonistic biological effects of c-Myc and Mad on target genes and 

ultimately on cellular transformation. 

TRRAP was only the first of severa! cofactors we identified by affinity purification with 

the c-Myc transactivation domain. Two other proteins were identified as TIP49 and a novel 

related protein that we called TIP48, both of which are highly conserved in evolution and 

contain ATPaselhelicase motifs (Wood et al., 2000). TIP49 and TIP48 are complexed with c­

Myc in vivo and binding is dependent on the MBII domain that is essential for oncogenic 

activity. To establish a functional role in Myc-mediated transformation, we showed that a 

missense mutation in the TIP49 A TPase motif acts as a dominant inhibitor of c-Myc 

oncogenic activity but does not inhibit normal cell growth. The same dominan! negative 

Instituto Juan March (Madrid)



14 

TIP49 protein also inhibits El A- mediated transforrnation and binds to E2F-l (Dugan et al., 
manuscript in preparation). The TIP49 and TIP48 ATPase/helicase proteins represen! a novel 
class of cofactors recruited by transcriptional activation domains that function in diverse 
pathways. 

One other protein that tightly associates with c-Myc in vitro and coprecipitates in vivo is 
the BAF53 actin-related protein ((Zhao et al., 1998); Wood et al., manuscript in preparation). 
Actin-related proteins (ARPs) have been found in severa! chromatin remodeling complexes 
throughout evolution, including Swi/Snf and RSC. The most intriguing aspect of BAF53 
binding to c-Myc is that we find no binding of the Brg!Brrn ATPase/helicase-related subunits 
of the mammalian Swi/Snf complex. Mutant forrns of BAF53 inhibit c-Myc mediated focus 
forrnation in cooperation with the H-ras(Gl2V) oncogene, providing evidence for a functional 
role for ARPs in oncogenic transforrnation. 

The purification of unique nuclear cofactors that interact directly with the Myc family of 
proteins has offered importan( insights into the mechanism of oncogenic transforrnation. 
Ongoing studies are aimed at understanding the role of individual cofactors in the different 
Myc biological activities such as normal cell proliferation, apoptosis, blocking differentiation, 
and the regulation of specific chromosomal target genes. 

References: 
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Development of molecular models for the action of c-Myc and N-Myc using 

a chromatin immunoprecipitation assay 

Peggy Famham 

University of Wisconsin Medica! School, Madison, WI 53 706 

Although it is clear that overexpression of Myc family members can Iead to neoplastic 

transformation, the relative importance of Myc as a transcriptional regulator in mediating 

neoplastic transformation is highly debated. Much of this controversy comes from the 

difficulty in clearly defining a true Myc target gene (1). Since other proteins (such as USF) 

that can bind to the sarne DNA element as the Myc/Max heterodimer also exist in cells, it has 

been difficult to classify cellular promoters as being activated specifically by Myc. To 

address the question oftarget gene specificity, we have used a formaldehyde crosslinking and 

chromatin immunoprecipitation procedure to examine binding of c-Myc and N-Myc to 

cellular promoters. 

We have demonstrated that transcription from the mouse, hamster, and human cad 

promoters is growth responsive and the growth responsive element maps to a consensus E box 

Iocated 65 bp downstream of the transcription start site (2,3,4). To determine if the c-Myc 

protein is a critical mediator of the cell cycle stage-specific expression of the cad gene, we 

used a chromatin immunoprecipiation procedure to monitor binding of Myc to the 

endogenous cad promoter after quiescent cells were stimulated to reenter the cell cycle (4). 

We found that both USF and Myc bound to the cad promoter. However, the amount of Myc 

bound to the cad promoter increased 8 fold as cells moved from GO to S phase whereas USF 

binding was constitutive. Because the cad promoter was transcriptionally active in S phase 

when both Myc and USF were bound but was inactive in quiescent cells when only USF 

bound, this suggested that the S phase transcription of the cad promoter may be due to Myc. 

However, other possibilities, such as an S phase-specific modification of USF could not be 

ruled out. To determine if Myc was indeed the regulator of cad transcription, we performed 

two additional experiments. First, we replaced the E box with a Gal4 binding si te and showed 

that Gai4Myc, but not Gai4USF, could actívate the cad promoter. Second, we created stable 

cell Iines harboring cad promoter constructs having a wt oran altered E box or lacking an E 

box. The wt promoter bound both USF and Myc whereas the construct lacking an E box did 

not bind either USF or Myc, demonstrating that the same sequence was needed for the 

binding of the two proteins. The altered E box differed from the wt in the nucleotides 

flanking the CAq:JTG (5). Using the chromatin immunoprecipitation assay, we found that 

this altered E box bound USF but no longer could be recognized by Myc. Analysis of 

promoter activity demonstrated that the cad promoter having the altered E box did not display 

S phase-specific transcription (6). Taken together these results suggest that cad is a true Myc 

target gene. 

The N-myc gene is amplified in many human neuroblastomas and this amplification 

serves as a poor prognostic factor. However, few genes have been determined to be direct 

targets of N-Myc. To identify N-Myc target genes, we performed differential expression 

screens with neuroblastoma cells containing high versus low levels of N-Myc (7). We 

identified twenty-two genes upregulated by N-Myc and one gene downregulated by N-Myc. 

However, only 5 of these genes responded to increased N-Myc levels in more than one 

system. We utilized a formaldehyde crosslinking and immunoprecipitation procedure to 
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detennine ifN-Myc was bound to the promoters ofthese putative target genes in living cells. 
We found that low levels of N-Myc were bound to the promoters of the telomerase and 
prothymosin genes in neuroblastoma cells having nonnal levels of N-Myc but that the 
amounts of N-Myc bound to these promoters greatly increased upon overexpression of N­

. Myc. However, the amount of Max bound to the promoters was high before and after 
induction of N-Myc. Therefore, our studies suggest that N-Myc competes with other Max 
partners for binding to target promoters. Interestingly, previous studies have shown a 
threshold effect for N-Myc amplification in human tumors. Our use of the chromatin 
immunoprecipitation assay has provided a molecular explanation for these clínica! 
observations. 

Final! y, we have begun investigation into the mechanisms by which recruitment of c­
Myc or N-Myc to target promoters leads to transcriptional activation. Others have shown that 
Myc can bind to histone acctylascs and have suggcstcd that Myc mediales transcriptional 
activation by causing an increase in the levels of acetylated histones on target promoters. To 
directly test this model, we again employed the chromatin immunoprecipitation assay to 
examine the levels of acetylated histones on the cad prometer (8). We found high levels of 
acetylated histones on the cad prometer in both GO and S phase. We also examined 
acetylated histones on the cad prometer during and after differentiation of U93 7 ce lis. 
Although the levels of Myc bound to the cad prometer were greatly reduced after 
differentiation, we saw high levels of acetylated histones on the cad prometer both before and 
after differentiation. Thus, the recruitment of Myc to a target prometer does not influence the 
amount of acetylated histones at that prometer. In contras! to the cad prometer region, we 
found very low levels of acetylated histones on the 3' end of the cad gene and also found very 
low levels on the inactive albumin prometer. Thus, our results suggest that histone 
acetylation can identify a prometer region which has transcriptional potential in a certain cell 
type, but does not distinguish between inactive vs active states ofthat prometer. 

In summary, we have shown that recruitment of Myc family members correlates with 
the transcriptional regulation of certain cellular genes in both nonnal and cancer cells. 
However, the mechanism by which Myc mediales transcriptional regulation does not appear 
to involve changes in histone acetylation. Further investigations are in progress to define the 
role ofMyc in transcriptional activation. 
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Mondo, a novel bHLHZip transcriptional activator 

that interacts genetically with Myc 

Andrew N. Billin, Alanna L. Eilers, Jennifer S. Logan, 

and Donald E. Ayer 

Huntsman Cancer Institute, University ofUtah, Salt Lake City, 

Utah 84112-5550. E-mail: don.ayer@hci.utah.edu 

The Mad family of transcriptional repressors, Madi, Mxil, Mad3, Mad4, are 

antagonists ofMyc and appear to regulate cell cycle exit during diverse cellular differentiation 

programs. In a number of different in vitro assays, members of the Mad family appear to 

function identically. For example, all heterodimerize with Max and repress transcription by 

targeting the mSin3AIHDAC corepressor complex to CACGTG E-box-containing promoters. 

Furthermore, all Mad family proteins function as potent antagonists of Myc + Ras 

cotransformation. However the expression pro files of the different Mad family members and 

the phenotypes of Madi and Mxil null mice suggest that the functions of different Mad 

family members are not completely redundant. To explore differences in Mad family function 

we have identified and characterized a new Mad binding protein termed Mlx for Max-like­

protein-X. 

Mlx a member of the bHLHZip class of transcription regulators and database searches 

revealed that is most highly related to Max. Our analysis suggests that Mlx and Max are also 

functionally related. The similarities between Mlx and Max include: 1) Broad expression in 

many tissues, 2) Long protein half-life and 3) Formation of heterodimers with Mad family 

proteins that are capable of specific CACGTG binding. We show that transcriptional 

repression by Mad 1 :Mix heterodimers is dependent on dirnerization, DNA binding, and 

recruitrnent of the mSin3AIHDAC corepressor complex. In contras! with Max, Mlx interacts 

only with Mad 1 and Mad4. Together, these findings suggest that Mlx may act to diversify 

Mad family function by its restricted association with a subset of the Mad family of 

transcriptional repressors. 

The structural and functional similarity to Max, suggested that Mlx might have 

multiple protein partners. Using full-length Mlx as bait in a two-hybrid screen we identified 

40 interacting clones. One clone encoded Mad4 and the other 39 encoded a novel bHLHZip 

protein that defines a new family oftranscription factors. Dueto the large size ofthe mRNA. 

encoding the prototypic member of this family, we have termed these new transcription 

factors the Mondo family. We have identified two closely related paralogs in human cells 

MondoA and MondoB, and homologs in both C. elegans and D. melanogaster. MondoA 

preferentially forms heterodimers with Mlx and this heterocomplex can bind to, and activate 

transcnptton from, CACGTG E-boxes. MondoA:Mix heterocomplexes localize 

predominantly to the cytoplasm of cultured mammalian cells, but actívate transcription when 

targeted to the nucleus. The amino terminus of the Mondo proteins is highly conserved 

among family members and regulates both cytoplasmic localization and transactivation of 

MondoA:Mlx heterodimers. To understand the function of the Mondo family, we identified 

mutations in the dmondo locus. Flies homozygous for the dmondo mutation are subviable 

demonstrating that dmondo is required for normal development. Given the functional 

similarities between Myc and MondoA, we tested for genetic interaction between dmyc and 
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dmondo. These experiments demonstrated a synthetic lethal relationship between dmondo 
and dmyc, suggesting that they act in the same or overlapping genetic pathways. Finally, 
dmondo gene expression is positively regulated by dmyc suggesting a mechanism for their 
genetic interaction. 

In conclusion, we have described a new transcription factor network whose center is 
Mlx. Like Max, Mlx is a comrnon partner for transcriptional activators, the Mondo proteins, 
and repressors, the Mad proteins. Unexpectedly, the Max and Mlx networks interact 
genetically. The expression of the dmondo gene is regulated by dmyc, suggesting that the 
basis for this genetic interaction is transcriptional crosstalk. Thus, a web of regulatory 
interactions between the Max and Mlx networks is likely to regulate the function of these two 
transcription factor families. Future experiments will be directed at understanding the 
complicated interplay ofthese two networks. 
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Identification of novel partners of the ROX/Mnt bHLHZip 

transcription factor 

Germana Meroni and Alexandre Reymond 

Telethon Institute of Genetics and Medicine, Milan, ltaly 

The Myc proto-oncogene members encode central regulators of cell proliferation, 

differentiation and apoptosis. They associate with the bHLHZip protein Max to bind 

specific DNA sequences and regulate the expression of genes important for growth and 

cell cycle progression. The other family members Madi, Mxil, Mad3, Mad4, Mga and 

Rox!Mnt antagonize their activities. The Mads, Mga and Rox!Mnt compete with Myc in 

heterodimerizing with Max and in binding to sorne of its specific target sequences. The 

Mads:Max and Rox:Max dimers repress transcription through binding to the mSIN3 

corepressor protein and by tethering histone deacetylase-containing complexes to the 

DNA. 

The ability of Rox!Mnt to actívate transcription in sorne cell Jines; its subcellular 

distribution, peculiarly observed in spots within the nucleus; and the presence of large 

portions of the protein sharing no homology with the Mads, suggest the idea of a more 

complex Rox!Mnt function with respect to the other Myc antagonists (Meroni et al., 

1997; Hurlin et al. , 1997). This prompted us to move towards the study of possible 

additional Rox!Mnt partners. 

In a screen for Rox interactors we isolated Mlx, a new Max-like bHLHZip family 

member (Mero ni et al., in press). The same protein has been independently identified in a 

screening with Mad 1 (Billin at al., 1999). We found that through its bHLHZip domain, 
Mlx is able to homodimerize and to heterodimerize with Rox. These dimers bind DNA at 

the leve! of the canonical and the CACGCG non-canonical E-box sequences and, while 

the homodimers appear to be inert when tested in transactivation assays, the Mlx-Rox 

dimer repress transcription. We identified three different isoforms of Mlx that behave in 

the same way with respect to the dimerization and DNA binding properties but differs in 

subcellular distribution one being nuclear and the other two both nuclear and 

cytoplasmic. All these features, together with the fact that Mlx is the only member of the 

family that is not able to heterodimerize with Max, candidates Mlx to play a central role 

in a novel network of E-box binding complexes. 

In support of this hypothesis, we have found that Mlx is able to heterodimerize 

with two new bHLHZip proteins, Mio and Mir. These heterodimers function as 

transcriptional repressors or transcriptional activators showing that this network, like the 

Max network, will have positive and negative constituents. Interestingly the newly 

identified bHLHZip proteins, Mio and Mir, display a similar restricted pattem of 

expression during organogenesis suggesting a possible role of these proteins in 

development. We are currently studying the function of this emerging transcription 

factors regulatory pathway in cell growth and differentiation. 
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Structural basis for heterodimerization and DNA recognition by 
Myc-Max and Mad-Max 

Satish K. Nair * and Stephen K. Burley 

Rockefeller University and Howard Hughes Medica! Institute 
New York, NY 10021 

The oncogenic poten tia! of the c-myc oncogene is predicated u pon heterodimerization of 
the c-Myc protein with Max prior to recognition of a cognate hexanucleotide element (the E­
box) and transcriptional activation (!). In contrast, transcriptional repression, and subsequent 
cellular proliferation, results from the formation of a complex between Max and Mad and the 
recognition of the identical E-box hexanucleotide by the Mad-Max heterodimer (2). 
Heterodimerization and sequence-specific DNA recognition by Myc-Max and Mad-Max are 
solely functions oftheir basic/helix-loop-helix/leucine zipper (bHLHZ) domains (3). In arder 
to understand the molecular bases for heterodimerization and sequence-specific DNA 
recognition by these heterodimers, we have determined the high-resolution crystal structures 
of Myc-Max and Mad-Max bHLHZ domains bound to near identical oligonucleotides bearing 
their cognate recognition elements. Using novel, stereoselective chemical ligation techniques 
(4), we have been able to produce directionally ligated heterodimers, thus averting the 
unwanted formation of homodimers which may hinder crystallographic efforts. High 
resolution electrospray mass spectometric methods document that the purified samples are 
composed entirely of the appropriate heterodimeric species. Co-crystal structures of Myc­
Max and Mad-Max, respectively bound to 19 and 18 base pair o1igonucleotide bearing the E­
box e1ement, have been determined to resolution of 1.8 and 2.0 A, respective1y. These high 
resolution crystal structures, in addition to the previously determined structure of the Max 
homodimer (5), provide a understanding of the structural and stereochemical basis for 
heterodimerization and sequence-specific DNA recognition. We complement these structures 
with mutational and hydrodynamic studies. We are also developing methodologies for a 
structure-based high-throughput screen to document properties of the target oligonucleotide 
sites necessary for specificity (6,7) . 
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Repression of p15ink4b expression by Myc via association with Miz-1 

Peter Staller, Karen Peukert, Joan Seoanel), Jiri Lukas2), Holger Karsunky3), 

Tarik Moroy3), Jiri Bartek2), Joan Massaguel), Frank Hiinel4) and Martin Eilers 

Institute of Molecular Biology and Turnour Research, Marburg, 1 )Cell Biology Program; 

Memorial Sloan-Kettering Cancer Center, New York, , 2)Institute ofCancer Biology, 

Copenhagen 3) Institute for Cell Biology, University of Essen, §Hans-Knoii-Institut ftir 

Naturstoff-Forschung, Jena. 

Deregulated expression of c-myc can induce cell proliferation in established cell Iines, 

prevent senescence of primary mouse embryo fibroblasts (MEFs) and render cells resistant to 

antiproliferative factors like TGF-p. Both transcriptional activation and repression by Myc 

have been implicated in these effects. While activation by Myc is mediated by interaction 

with Max, the molecular interaction(s) via which Myc represses transcription of specific 

genes have not been resolved. We have found that a Myc-associated transcription factor, Miz­

¡, induces G 1 arrest in a pocket protein-dependent manner and inhibits Cyclin D-associated 

kinase activity. Miz-! upregulates expression ofpl5ink4b by binding to the Initiator element 

of the pl5ink4b promoter. Myc forros a ternary complex with Miz-! at the piS Initiator, 

preventing induction by Miz-l. Expression of Myc in primary MEFs inhibits the 

accumulation ofpl5ink4b associated with cellular senescence; conversely, deletion ofMyc in 

an established cell Iine activates p 15ink4b expression. Alleles of Myc that are unable to bind 

to Miz-! fail to inhibit accumulation ofpl5ink4b mRNA in primary cells. As a consequence, 

they are deficient in immortalization showing that inactivation of Miz-! function is critica! for 

immortalization by Myc. 
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CycDl and CycD2 are required for Myc-induced proliferation but 
dispensable for apoptosis 

Ignacio Pérez-Roger* and Hartmut Land 
Imperial Cancer Research Fund. 44 Lincoln's Inn Fields, London WC2A 3PX, UK. *Present 

Address: Instituto de Biomedicina de Valencia (CSIC). Jaime Roig 11, 46010-Valencia, Spain 

CycE!Cdk2 kinase activation is an essential step in Myc-induced proliferation, which 
requires sequestration of Gl cell cycle inhibitors p27Kipl and p21Cipl (1, 2, 3). D-type 
cyclins are thought to interfere with the activity of p27Kip 1 and p21 Cip 1 in their inhibition of 
CycE/Cdk2 complexes ( 4, 5). Here we show direct genetic evidence for the involvement of 
cyclins DI and D2 in Myc-induced proliferation. Using primary knock-out mouse embryo 
fibroblasts we show that cells lacking either C,YcD 1 or CycD2 are unable to respond to Myc 
with increased proliferation but they undergo accelerated cell death in the absence of serum. 
The response to Myc in cyclin D 1 knock out cells can be restored by constitutive expression 
of CycDl, CycD2 ora CycDl mutant able to bind CDKs and CKis but unable to stimulate 
kinase activity (6). This shows that the link between the D-type cyclins and Myc-induced 
proliferation is independent of CycD/Cdk activity but instead it correlates with the ability of 
CycD/Cdk complexes to sequester CKis. The sequestration function of the D-type cyclins 
thus appears essential for Myc-induced cell cycle progression but dispensable for apoptosis. 
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c-Myc antagonizes p53 in human leukemia cells 

Javier León 

Dpto. de Biología Molecular, Facultad de Medicina, 39011 Santander, Spain 

Overexpression of c-myc is found in many solid tumors and in sorne Ieukemias. In 
chronic myeloid leukemia (CML), the disease progresses from a benign chronic phase toa blast 
crisis phase. This progression is frequently accompanied by overexpression of c-Myc, while 
p53 remains in wild-type in the majority ofthe cases. We used the CML-derived K562 cell Iine 
as a model to study c-Myc role in differentiation and p53 functional interactions. These cells 

can be differentiated in vitro into distinct myeloid Iineages. By using K562 sublines with 
conditional expression of Myc and Max we showed that the in vitro differentiation of K562 
into erythroid Iineage was impaired by c-Myc and promoted by Max, while the megakaryocytic 
differentiation was unaffected. In CML Ras mutation is ¡,ractically absent, and consistently, in 
K562, Ras oncoproteins inhibit growth and induces p21 AFI expression through a p53, p161

NKa 

and p14ARF_independent mechanism. In these cells, Myc expression inhibits Ras signaling as 
assessed by abrogation of the Ras/MAPK-mediated transactivation the proximal p21 WAFI and 
collagenase (AP 1-containing) promoters. 

To study Myc-p53 functional interference we have generated double K562 transfectant 
cell lines with conditional expression of either c-Myc or p53. The cells expressed the p53 VallJS 

mutant, which adopts a wild-type conformation at 32°C, while c-Myc induction was achieved 
with a zinc-inducible expression vector. We found that p53 in wild-type conformation resulted 
in growth arrest and apoptosis of K562, as well as endogenous c-Myc down-regulation. 
However, when co-expressed, c-Myc partially rescued the cells from p53-mediated apoptosis. 
This apoptosis inhibition was assessed by cell morphology, annexin V binding, metabolic 
activity and DNA laddering. Myc did not interfere with p53 localization or induced its 
degradation. However, the expression of Myc inhibited p53-mediated transactivation of severa! 
p53-responsive promoters as Mdm2, Bax, p21WAFI, PG13 -but not cyclin G. Shift to 32°C was 
accompanied by down-regulation of cyclinE/Cdk2 kinase activity and Rb 
hypophosphorylation, and both effects were counteracted by c-Myc. 

The data are consistent with the c-Myc overexpression in the presence ofwild-type p53 
observed in most CML blast crisis cases. Moreover, c-Myc is capable of inhibiting p53-
mediated transactivation on cell lines other than K562. These include other CML cell lines as 
well as prostate cancer, Burkitt Iymphoma, acute myeloid leukemia and lung epithelia cell 
lines. These results open the hypothesis that c-Myc overexpression may antagonize the pro­
apoptotic or anti-proliferative functions of p53, thus providing a molecular mechanism for the 
frequently observed deregulation of c-myc in human tumors. 

The work was supported by grants SAF96-0083 (Spanish Ministry of Education and Culture) and Biomed 96-3532 
(European Community). 
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Myc and tbe ARF/p53/Mdm2 tumor suppressor pathway 
Martine F. Roussel\ Frederique Zindy1

, Christine M. Eischenl, Jason D. Weber
1
•
3
, John 

L. Cleveland2 and Charles J. Sherr1
.3. Departments ofTumor Cell Biology 

1
, 

Biochemistry 2 and the Howard Hughes Medicallnstitute 3, St. Jude Children's Research 
Hospital, Memphis, lN, 38105, USA. 

The Myc oncogene is often found constitutively overexpressed in many cancers. In most 
somatic cells, c-Myc functions are necessary for the normal rate of progression of 
quiescent cells into the DNA synthetic (S) phase. Thus, in tumor cells, enforced c-Myc 
expression can confer a proliferative advantage by providing constitutive growth signals. 
Paradoxically, Myc activation can, under limiting growth conditions, initiate an 
endogenous apoptotic program (Evans). Therefore, Myc overexpression triggers a potent 
tumor surveillance response that effectively opposes hYPerproliferation by killing those 
cells in which Myc levels exceed a safe threshold. 
In mouse embryo fibroblasts (MEFs), the ARF/p53/Mdm2 pathway mediates Myc­
induced apoptosis. pl ~R.f, the product ofthe mouse INK4a!ARF locus regulates the 
function ofthe p53 transcription factor by binding to the p53 negative regulator Mdm2, 
inhibiting its E3 ubiquitin ligase activity and sequestering it into the nucleolus, thereby 
enabling p53 to accumulate in the cytoplasm where it induces genes that trigger apoptosis 
or growth arrest. ARF-null mice are highly tumor prone and ARF-null MEFs like p53-
null MEFs, grow as established celllines, do not undergo replicative senescence and can 
be transformed by oncogenic ras alone. This is in contrast to primary MEFs, which 
require co-transformation by an immortalizing gene such as Myc or EIA and led us to 
hypothesize that deletion of ARF might mimic MYC orE lA function. 
Indeed, we showed that in wild type MEFs Myc activation rapidly elevates the levels of 
ARF and p53 and induces apoptosis. However, the few cells that survive Myc killing 
exhibited either p53 mutations (75% of cases) or biallelic ARF loss (25% of cases), 
facilitating Myc's ability to irnmortalize these cells. MEFs lacking ARF or p53 function 
are resistant to Myc-induced apoptosis and in these cells, Myc acts as apure growth 
prometer. 
Severa! oncogenes, including Myc, E lA, E2F-1, v-Abl and RasVl2 have now be shown 
to trigger a p53-dependent oncogene checkpoint gated by ARF, which represents a fail­
safe mechanism against excess proliferative signals. We tested this general concept in 
vivo by using the E¡.l-Myc transgenic mouse in which Myc is overexpressed in B-cell 
progenitors under the control of the immunoglobulin heavy chain enhancer. After a 
protracted subclinical course during which the increase rate in B cell division is offset by 
a high apoptotic index., EJ.L-Myc mi ce devclop clona! pre-B and B-celllymphomas similar 
to those observed in Burkitt's lympbomas bearing a translocated (t8; 14) c-Myc allele. 
We found that c-Myc-induced lymphomagenesis in E¡.l-Myc mice selectively targeted the 
ARF/p53/Mdm2 pathway. Analysis ofB-cell tumors revealed inactivation of p53 (in 
25% of cases) or ARF (in an equal number of cases 25%), or overexpression ofMdm2 
(in 25 % of cases). In sorne tumors, Mdm2 was overexpressed in the absence of p53, 
suggesting that Mdm2 can induce tumors by intera.cting with other targets. As expected, 
E¡.l-Myc mice hemizygous for ARF displayed accelerated disease (about 3 months mean 
survival) and all turnors lost the wild type ARF allele. All ARF-null EJ.L-Myc mice died 
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of lymphoma within a few weeks of birth. About half of the tumors arising in ARF­

hemizygous or ARF-nul!izygous EJI-Myc mice also overexpressed Mdm2. This 

suggested that more than one member ofthe ARF/p53/Mdm2 pathway could be altered in 

these tumors and that the pathway was not strictly linear but must branch to other targets. 

Therefore, Myc activation strongly selects for spontaneous inactivation ofthe 

ARF/p53/Mdm2 pathway both in vitro and in vivo canceling its protective checkpoint 

function and accelerating progression to malignancy. 
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Regulation of cell growth and apoptosis by the Myc/Max!Mad network: 
Role ofMadl and targetting ofMax during Fas-mediated apoptosis 
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Max is the central component of the Myc/Max/Mad network of transcription factors 
that regulates growth, differentiation, and apoptosis. Whereas the Myc and Mad genes and 
proteins are highly regulated, Max expression is constitutive and no posttranslational 
regulation is known. We have found that Max is targeted during Fas-induced apoptosis, 
resulting in Max dephosphorylation and subsequent cleavage by caspases. Max is cleaved at 
IEVE(lO)-S by caspase-5, thus representing not only the first caspase-5 substrate but also the 
first substrate that possesses a glutarnic acid in the P1 position. Caspase-7 hydrolyzes Max at 
SAFD(l35)-G near the C-terrninus. Both sites are also used in vivo. Furtherrnore caspase-5 
cleavage is inhibited by protein kinase CK2-mediated phosphorylation of Max at Ser-11. 
Thus the observed Fas-mediated dephosphorylation of Max is required for caspase-5 
cleavage. Furtherrnore DNA binding activity of Max/Max homodimers is modulated during 
apoptosis. Together our findings uncover three distinct processes, i.e. dephosphorylation and 
caspase-5 and caspase-7 cleavage, that target Max during Fas-mediated apoptosis, suggesting 
regulation ofthe Myc!Max!Mad network through its central component. 

To systematically examine the function of Madi in growth control and during 
apoptosis, we ha ve generated U20S cell clones that express Mad 1 under a tetracyline 
regulatable promoter (UTA-Madi). Madi was induced rapidely and efficiently, localized to 
the nucleus, and bound to DNA as a heterodimer with Max. The induction of Madi reduced 
cellular growth and, more profoundly, inhibited the forrnation of colonies under limiting 
dilution conditions. Conditioned medium could overcome this inhibitory effect implying that 
Madi function is regulated by extracellular signals. Potential Madi target genes and genes of 
cell cycle regulators were not affected by Madi. In addition Madi interfered with apoptosis 
induced by severa! different stimuli. UTA-MadI ce lis were protected against Fas-, TRAIL-, 
and UV-induced apoptosis upon induction of Madi. Furtherrnore microinjection of Madi­
expressing plasmids into fibroblasts inhibited apoptosis induced by the oncoproteins c-Myc 
and EIA. Thus Madi not only interferes with cellular proliferation but also with apoptosis, 
which defines a novel aspect of Mad 1 function . 
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Converging oncogenes in cancer 

Gerard Evan 

UCSF Cancer Center, 2340 Sutter Street, San Francisco, 

California 94143-0128. 

Cancers arise through accumulation of mutations that compromise control of cell 

proliferation, differentiation, cell adhesion and apoptosis. Deregulation of the c-myc 
proto-oncogene is a ubiquitous neoplastic mutation that disrupts cell growth control and 

renders cells independent of mito gens for cell cycle progression. However, activation of 

c-myc also sensitises cells to apoptosis. We believe that this innately contradictory action 

of c-myc acts as a restraint to the propagation of potential tumour cells harbouring 

activated c-Myc. We have therefore addressed the question: how relevant is c-Myc­

induced apoptosis in the restraint of neoplasia in vivo? 

To address this question we have constructed mice harbouring a switchable Myc 

protein targeted to specific tissues - specifically, pancreatic islets cells and surpabasal 

keratinocytes. Activation of c-Myc in pancreatic islet 13 cells triggers l 00% entry of cells 

into cell cycle but this is accompanied by massive apoptosis which rapidly overwhelms 

proliferation resulting in islet involution and acutely diabetic mice. Co-expression of 

Bcl-2 blocks this apoptosis and, together with c-Myc, leads to profound 13 cell 

hyperplasia. Thus, pancreatic islets exemplify a tissue in which survival factors are in 

limiting supply and in which c-Myc deregulation could not trigger malignancy without 

the very early suppression of apoptosis. By contrast, activation of c-Myc in suprabasal 

skin rapidly leads to a complex neoplastic phenotype comprising hyperplasia with no 

accompanying apoptosis. Lesions progress, becoming dysplastic, exhibit dramatic neo­

angiogenesis and eventually forrn papillomas. However, these papillomas remain benign 

because supemumerary keratinocytes continue to migrate outwards and are eventually 

shed in parakeratotic tiers. Inactivation of c-Myc triggers complete regression of 

papillomas, indicating that c-Myc is required to initiate and maintain the neoplastic 

phenotype. Whereas no apoptosis is evident in the papillomas in vivo, c-Myc efficiently 

induces apoptosis in the same keratinocytes in vitro, indicating that c-Myc induced cell 

death is suppressed in intact skin by excess survival signals. This, in tum, raises the 

possibility that Myc-induced papillomas might remain benign because any invading cells 

die when they migrate into an inappropriate derrnal trophic environment that lacks 

requisite survival factors. Consistent with this notion, we show that loss of p53, a protein 

required for efficient Myc-induced apoptosis in keratinocytes, converts benign Myc­

induced papillomas into aggressively invasive carcinomas. 
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Growth function and regulation of c-myc in B-cells 
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In Burkitt's lymphoma (BL), myc is transcriptiona11y activated by chromosomal 

translocation. As a model for myc activation in BL ce1ls, we have established a human B-ce11 

line, P493-6, in which myc is expressed under the control of a tetracycline-regulated 

promoter. Turning off myc expression leads to 00/G 1 arrest in the presence of serum. Re­

expression of myc activates the cell cycle without inducing apoptosis. Myc triggers the 

expression of cyclin 02, cyclin E and Cdk4, followed by the activation of cyclin E-associated 

kinase and hyperphosphorylation of Rb. The Cdk inhibitors p 16, p21, p27 and p57 are 

expressed at low or not detectable levels in proliferating ce1ls and are not induced after 

repression of myc. These data suggest that myc triggers proliferation of P493-6 cells by 

promoting the expression of a set of ce11 cycle activators but not by inactivating cell cycle 

inhibitors. 

Regulation of proliferation involves the coordination of cell growth (accumulation of . 

cell mass) and cell division. Division of P493-6 cells is strictly dependent on the expression 

of the conditional myc and the presence of foetal calf serum (FCS). We could show that ce11 

growth is regulated by Myc without FCS: Myc alone induces an increase in ce11 size and 

positively regulates protein synthesis which is supposed to be one of the causes for cell mass 

increase. Furthermore, Myc stimulates metabolic activities as indicated by the acidification of 

culture medium and the activity of mitochondrial enzymes. Myc induces growth of P493-6 

ce11s in the presence of roscovitine, which blocks Cdk2 activity and thereby Rb 

phosphorylation. These results confirm the model that Myc can induce cell growth uncoupled 

from cell division. 

We have used P493-6 cells for a global search of Myc-regulated genes. Applying the 

Affymetrix oligonucleotide chip technology and Clontech DNA microarrays we identified a 

large number of Myc target genes. Many of the genes are in volved in cell metabolism and 

support the notion that Myc triggers growth by upregulationof a large number of genes of 

various gene classes. A list of so far identified genes will be presented in the poster of 

Schuhmacher et al., on this workshop. 

Upregulation of Myc protein levels by growth factors occurs indirectly by 

upregulation myc's transcription rate. We have have reconstituted sorne aspects of myc 
regulation and could show that remodeling and acetylation of chromatin are critica! steps in 

activation of myc transcription. myc chromatin was reconstituted on stably transfected, 

episomal, Epstein-Barr virus-derived vectors. Episomal myc PI and P2 promoters show only 

basal activity but can strongly be induced by inhibitors of deacetylases (trichostatin, butyrate). 

The effect of myc promoter mutations on myc gene activity, chromatin structure, and E2F 

binding was studied. The analysis revealed that the ME 1 al binding si te between P 1 and P2 is 
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required for the maintainace of an open chromatin configuration of the dual myc promoters. 
Mutation of the MEla! si te strongly reduces the sensitivity of the myc core promoter region 
to micrococcus nuclease and prevents binding and pausing of poi II at the myc P2 promoter. 
In contrast, the E2F binding site, adjacent to the MElal site, is required for repression ofthe 
P2 promoter, most likely by recruitment of histone deacetylase activity. Mutation of the E2F 
site activates transcription from the myc P2 promoter but not did not actívate the adjacent PI 
promoter. Chromatin precipitation experiments with E2F-specific antibodies indicate binding 
of E2F-l, E2F-2, and E2F-4 bind to the myc promoter in vivo. Taken together, the analyses 
support a model with a functional hierarchy for regulatory elements in the dual myc promoter 
region that allows individual as well as common regulation ofthe PI and P2 promoters. 
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Myc interacts with VCP, an AAA-family ATPase 

Konstantinos Alevizopoulos*, Dubravka Donjerkovic, Frances Shanahan, 

Emma Lees and Bruno Amati 

Cell Signaling Department, DNAX Research Institute, 901 California Avenue, 

Palo Alto CA 94304 

Present Address : Apotech SA, CH-1066 Epalinges, Switzerland 

Marnmalian Valosine Containing Protein (VCP) and its yeast homolog cdc48p are 

members ofthe AAA-farnily of ATPases. VCP and cdc48 have been associated with a variety 

of cellular activities such as proteasome-mediated proteolysis, fusion of endoplasmic 

reticulum vesicles, assembly of Golgi cisternae, endocytosis, signa! transduction, apoptosis 

and cell cycle control. We identified VCP as a Myc-interacting protein in a yeast two-hybrid 

screen and confirmed this interaction in human cells by co-immunoprecipitation. The Myc­

VCP interaction requires a region of the Myc transactivation domain (Myc box 2) that is 

essential for cellular transformation. Like Myc, VCP also interacts with components of the 

marnmalian SWVSNF chromatin remodeling complex: BAF155, SNFS and BRGI. These 

interactions suggest a novel function of the VCP A TPase in transcriptional control, possibly 

as a Myc co-activator and/or as a regulator of chromatin remodeling. Functional studies are in 

progress to address the role of VCP in Myc-regulated transcription and!or growth control. 
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OMOMYC: A NEW TOOL TO BETTER UNDERSTAND 
MYC FUNCTIONS 

Soucek L.., La Rocca A., Tato F., Jucker R., and Nasi S., Centro Acidi Nucleici CNR, 
Universita La Sapienza, Rome, Italy.E-mail: s.nasi@caspur.it 

The myc gene encodes a transcription factor that contributes to tumorigenesis 
through its effects on cell growth, differentiation and apoptosis. It binds to DNA as 
heterodimer wih its partner Max; dimerization and DNA binding are dictated by 
the bHLHZip domain. 

We have focused on a mutant Myc bHLHZip domain, Omomyc, that interferes 
with Myc function. Omomyc has altered dimerization specificity, being able to 
homodimerize and to efficiently form heterodimers with the c-Myc protein. 
Omomyc sequesters Myc in complexes with low binding affinity for the Myc/Max 
DNA recognition sequence, hampers Myc/Max regulated transcriptional activation 
of artificial promoters, and prevents NIH3T3 fibroblasts proliferation 1• We 
investigated the possibility of utilizing Omomyc for reverting Myc dependent cell 
transformation and for studying Myc function . Since sustained Omomyc 
expression might be detrimental for cell growth, we referred to theER™ inducible 
protein expression system. We first analyzed the C2Cl2 myoblast cell line, a 
model system for cell differentiation studies, which is well characterized in its 
response to Myc. OmoMyc expressing and empty retroviruses as control were 
produced and utilized to infect normal and Myc transformed C2Cl2 myoblasts. 
The phenotype of untransformed cells was not affected by Omomyc, whereas 
falloidin immunofluorescence showed that OmoMyc induced cytoskeletal 
reorganization of Myc transformed ce lis. U pon lowering the serum concentration 
to 0.5% (differentiation medium), C2C12Myc0momycER™ cells underwent a 
dramatic increase of apoptosis following tamoxifen induction; the apoptotic rate 
in crease was Myc dependent, as it did not occur in C2C 120momycER ™cells. To 
determine whether Max was required for apoptosis potentiation by OmoMyc, we 
resorted to the PC 12 cell line, which displays only an inactive, truncated form of 
Max that is unable to dimerize. A stable clone expressing OmomycER™ was 
isolated. The clone showed no growth abnormality and differentiated in the 
presence of NGF. A strong increase in apoptosis, as compared to control PC12 
cells, occurred upon serum removal in the presence of tamoxifen; apoptosis was 
still prevented by addition of NGF. These data show that Omomyc enhances 
apoptosis regardless of Max and argue that such Myc function can be dissociated 
from transcriptional activation at Myc/Max binding sitcs, sincc apoptosis was 
potentiated while transcriptional activation was inhibited by Omomyc. Further 
analysis might reveal new features ofthe multiple capacities ofthe Myc protein. 

1 
Soucek L. , Citterich M.H., Sacco A., Jucker R., Cesareni G. and Nasi S. 1998. 

Oncogene 17: 2463-2472. 
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Control of c-Myc function through translational and 

post-translational mechanisms 

Qiurong Xiao 1, Uri Vaknin 1, Gisela Claassen 1, Mark Gregory 1, Kirsteen MacLean2, John 

Cleveland2 and Stephen R. Hann 1 

1 Department ofCell Biology, Vanderbilt University School ofMedicine, Nashville, TN, 

37232-2175; 2oepartment ofBiochemistry, St. Judes Children's Research Hospital , 

Memphis, TN, 38105-2794 

Many studies have shown that the c-myc gene has a critica) role in the control of 

cellular proliferation and apoptosis; however, the molecular mechanism responsible for these 

biological activities of c-Myc remains unclear. The prevailing hypothesis is that 

transactivntion through spccific E box myc sitcs (EMS) of genes such as ODC, cad, clr4E 

and cdc25A is necessary and sufficient for the biological functions of the c-Myc protein. 

Altematively, severa) studies have shown that c-Myc can repress specific promoters, 

including certain growth arrest genes, cell adhesion genes and differentiation-specific genes. 

We previously identified and characterized c-Myc translational and post-translational events 

and are seeking to understand the role of these events in controlling c-Myc function. The 

upstrearn non-AUG-initiated c-Mycl protein and the c-Myc2 protein, initiated from the first 

AUG, both can transactivate through EMS sequences. They do differ in their ability to 

transactivate through a non-canonical enhancer sequence. The c-Myc 1 protein transactivates ; 

through this enhancer, whereas c-Myc2 is inactive (Hann et al., 1994 ). The downstream­

initiated c-Myc, c-MycS, lacks approximately 100 N-terminal amino acids, including the 

highly conserved Myc Box 1 (MBI) region. While c-MycS is unable to transactivate through 

EMS elements or non-canonical elements, it is as efficient as full-length c-Myc in repression 

(Spotts et al. 1997; Xiao et al., 1998). Despite the inability to transactivate, c-MycS is capable 

of stimulating proliferation, inducing anchorage-independent growth, inducing apoptosis and 

rescuing the c-myc null phenotype in fibroblasts (Xiao et al. , 1998). In addition, we have 

shown that cells overexpressing c-MycS caused tumorigenesis in nude mice. Recent 

collaborative studies demonstrated that c-MycS is actually more effectivc than c-Myc2 in 

inducing apoptosis in mouse embryo fibroblasts (MEFs), whereas c-Mycl is ineffectual. 

8oth c-Mycl and c-Myc2, however, stimulated proliferation, as demonstrated by cell cycle 

analysis of MEFs showing that c-Mycl and c-Myc2 reduced the number of cells in G 1 and 

increased the number in S phase. In contras!, c-MycS had the opposite effect and increased 

the number of cells in GO/G 1 and decreased the number in S phase, indicative of increased 

apoptosis. Thus, differential translation initiation of c-Myc appears to modulate the apoptotic 

activity of c-Myc. Taken together, our data also provide direct evidence arguing against the 

paradigm that all of the biological functions of c-Myc are mediated by transcriptional 

activation of specific target genes through EMS elements. However, repression of target 

genes remains a viable altemative mechanism. 

In our search for genes repressed by c-Myc we ha ve found that p2 1 CIP 1 is repressed 

by c-Myc at the transcriptional level and effectively blocks the induction of p21 CJP 1 by 

TGFb (Ciaassen and Hann, 2000). Also, this repression is not dependen! on histone 

deacetylation. Using differential display we ha ve also identified a novel gene which is highly 
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expressed in c-myc null fibroblasts and is repressed by c-MycS within 1 hour of activation. In 
comparison, c-MycS activation leads to a delayed increase (severa! hours) in cad and e!F-4E 
expression and a delayed decrease in endogenous c-myc expression. Since c-MycS cannot 
directly actívate transcription and autosuppression has previously been determined to occur 
through an indirect mechanism, the delayed changes in gene expression induced by c-MycS 
activation are likely to also be through an indirect mechanism. However, c-MycS can also 
induce rapid repression of gene expression, perhaps through a direct mechanism. Therefore, 
our working hypothesis is that c-Myc functions by direct target gene repression in addition to 
a more indirect, delayed activation of target genes, perhaps through repression of an inhibitor 
oftransactivation or through a derepression mechanism. Further studies support a corollary to 
our hypothesis, that the N-terminal domain of c-Myc2, including MBI, is necessary for 
modulation of c-Myc stability and activity through post-translational mechanisms, such as 
phosphorylation (Gregory and Hann, 2000; Chang et al., 2000). 

Rcfcrcnccs: 

Chang, D., Claassen, G., Hann, S.R. and Cole, M.O. The c-Myc transactivation domain is a di recl 
modulator of apoplolic versus proliferative signals. Mol. Cell. Biol. 20:4309-4319, 2000. 

Claassen, G.F. And Hann, S.R. A role for transcriplional repression of p21CIPI by c-Myc in 
overcoming transfonning growth factor beta-induced cell cycle arresl, PNAS, In Press. 

Gregory, M.A. and Hann, S. R. c-Myc proteolysis by the ubiquitin-proleasome pathway: Stabilization 
of c-Myc in Burkitt's lymphoma cells. Mol. Cell. Biol. 20:2423-2435, 2000. 

Hann, S.R., Dixit, M., Sears, R.C., Sealy, L. The a1tematively-initiated c-myc proteins difTerentially 
regulate transcription through a noncanonical DNA binding site. Genes & Develop., 8:2441-2452, 1994. 

Spotts, G., Xiao, Q., Pate1, S., Hann, S.R. Identification of downstream-initiated c-Myc proteins which 
behave as dominan! negative inhibitors oftransactivation. Mol. Cell. Biol. 17:1459-1468, 1997. 

Xiao, Q .. Ciaassen, G., Shi, J., Adachi, S., Sedivy, J., Hann, S.R. Transactivation-defective c-MycS 
retains the ability to regu1ate proliferation and apoptosis. Genes & Develop. 12:3803-3808, 1998. 
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Regulation of c-myc expression by internal ribosome entry 

A.E. Willis 

Department ofBiochemistry, University ofLeicester, University Rd. Leicester LE! 7RH UK. 

Email aew5@le.ac.uk 

Control of protein synthesis is a major regulatory point of gene expression. Most of 

the control of protein synthesis occurs at the initiation phase of this process and this is thought 

to be the rate limiting step. There are two mechanism ofinitiation oftranslation in eukaryotic 

cells: i) the cap-dependen! scanning mechanism which requires binding of a complex of 

proteins, the eukaryotic initiation factor 4F, to the 7 methyl G at the 5' end ofthe mRNA and 

recruitrnent of the 40S ribosome and scanning to the first AUG codon in good context (Pain 

1996). This mechanism of translation initiation is used by most eukaryotic mRNAs. ii) An 

alternative mechanism which is termed interna! ribosome entry. This requires the formation 

of a complex structural element termed an internal ribosome entry segment (IRES) in the 5' 

untranslated region of the mRNA, which allows recruitment of ribosomes to the first AUG 

which may be a considerable distance (e.g. more than 600 nts) from the 5' end ofthe primary 

mRNA sequence (Jackson et al 1995). 

Many genes whose protein products are associated with growth control have an 

atypical 5' UTR of more than 200 nts and to date IRESs have been identified in many such 

eukaryotic mRNAs including FGF-2 (Vagner et al 1995), PDGF (Stein et al 1998), VEGF 

(Bernstein et al 1997), Pim-1 (Johannes et al 1999) and work from my laboratory has 

identified an !RES in c-myc ( Stoneley et al 1998). Interestingly three of the IRESs identified 

thus far are found in 5' UTRs which have alternative translation initiation start codons 

involving an upstream non-canonical CUG codon i.e. c-myc, FGF-2 and Pim-1 (Willis 1999). 

We have shown that the c-myc !RES is located in a 340 nt region of RNA downstream 

of the P2 prometer (Stoneley et al 1998). Our data also show that c-myc mRNA translation 

from P2 initiated messages can occur via the conventional cap-dependen! scanning 

mechanism (West et al 1998) and that both mechanisms contribute to c-myc protein synthesis 

(Stoneley et al 2000a). 

Since two mechanisms are used to initiate the synthesis of the c-myc protein we ha ve 

been investigating the cellular situations where the !RES is utilised. There are a number of 

physiological conditions where the cap-dependen! scanning mechanism of translation is 

reduced including i) following heat shock, ii) during cell stress, iii) during apoptosis, iv) 

during mitosis, v) following DNA damage. We have shown that the c-myc !RES is not used 

during cell stress, mitosis or heat shock, however it appears to be required to maintain 

expression ofthe protein during apoptosis (Stoneley et al2000b) and following DNA damage 

( our unpublished data). 

Finally we have been investigating whether IRESs are present in mRNAs of other 

members of the Myc family of genes and data from these experiments will al so be discussed. 

Rcfcrcnccs: 

Bemstein J, Sella S. Le S and Elroy-Stein O. (1997). PDGF/c-sis mRNA leader contains a diffcrcntiation· 

linkcd interna! ribosomal entry site . J. Biol. Chem .. 272: 9356-9362.25 . 
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c-Myc regulation of cellular metabolism and proliferation 

ChiVan Dang 

Normal mammalian cells use oxygen to generate energy, whereas cancer cells rely on 

glycolysis for energy and are hence, less dependen! on oxygen. The molecular basis for 

enhanced glycolysis associated with cancers has become clearer with the observations that 

loss of tumor suppressors and activation of oncogenes can directly alter gene expression that 

affects metabolism. Through representational difference analysis, we identified lactate 

dehydrogenase A (LDH-A) as a differentially expressed gene in c-Myc transforrned Ratl a 

fibroblasts . We observed that the c-Myc directly regulates LDH-A and induces lactate 

overproduction. We, therefore, deterrnined whether c-Myc controls other genes regulating 

glucose metabolism. In Ratla fibroblasts transforrned by the c-myc gene and murine livers 

overexpressing c-Myc via in vivo adenovirus-mediated gene transfer, the mRNA levels of the 

glucose transporter GLUTl, phosphoglucose isomerase, phosphofructokinase (PFK), 

glyceraldehyde 3-phosphate dehydrogenase, phosphoglycerate kinase, enolase A and LDH-A 

were elevated abo ve those in non-transforrned Ratl a cells or control LacZ expressing livers. 

c-Myc appears to direct transactivate genes encoding GLUTI, PFK, and enoJase and increases 

glucose uptake in Ratl fibroblasts expressing the ligand-inducible Myc-estrogen receptor 

chimeric protein. These findings were further corroborated by the diminished expression of 

these genes in c-myc deficient fibroblasts. Enolase A and LDH-A were both independently 

found by cONA microarray analysis to be differentially expressed in wild-type fibroblasts as 

compared to c-myc deficient fibroblasts. Nuclear run-on studies indicate that GLUT-1 

transcriptional rate is elevated by c-Myc, and GLUTl expression is increased in Burkitt' s 

lymphoma cell Iines, which are characterized by chromosomal translocations of c-myc. 
Hence, our findings suggest that in addition to the physiological induction of glycolysis by 

hypoxia, deregulated expression of the c-Myc oncoprotein induces glycolysis through the 

activation ofseveral components ofthe glucose metabolic pathway. 

References: 

Dang CV, Semenza GL. Oncogenic alterations ofmetabolism. Trends Biochem Sci. 1999 24:68-72. Review. 

Osthus RC, Shim H, Kim S, Li Q, Reddy R, Mukheljee M, Wonsey D, Lee LA, Dang CV. Deregulation of 

GLUTI and glycolytic gene expression by c-Myc. 1 Biol Chem. 2000 May 22 [epub ahead ofprint] 
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A G2/M checkpoint links c-Myc-induced cell growth with cell enlargement and 

differentiation in human keratinocytes. 

Alberto Gandarillas, Jean-Eudes Dazard, Derek Davies*, and Jean-Marie Blanchard. 

IGM. CNRS, Montpellier, France. •ICRF, London, UK. 

Human epidermis is a powerful system to investigate the molecular control of proliferatior: a:-ld 

differentiation. Keratinocytes cease proliferation as they lea ve the epidermal basallayer and 

differentiate. The relationship between cell cycle and differenti ation and its control are, 

however, poorly understood. We have recently reported that continuous ac ti vity of c-Myc 

drives epidermal stem cells into the proliferative compartment and, after a few rounds of cell 

division, to differentiate terminally. We have studied the mechanisms by which c-Myc elicits 

such an effect. Human keratinocytes are known to enlarge as they differentiate. We have found 

that they also endoreplicate: they continue DNA replication in the absence of cell division dueto 

a block in G2/M upon differentiation, and become polyploid. Activation of c-Myc stimulates 

this phenomenon andas a consequence, cell growth results not in proliferation but in increased 

cell size. We are exploring the involvement of cell cycle regulators downstream of c-Myc in 

controlling this process. A concerted particular regulation of cyclins, Rb, and the pathway 

P53/MDM2/p21 consistently follows normal and c-Myc-promoted differentiation. Furthermore, 

inhibition of mitosis rapid.ly induces terminal differentiation. Taken together, our results in di cate 

that a G2/M checkpoint is critical in determining the keratinocyte cell decision, and link c-Myc­

induced cell growth with initiation of differentiation. 
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Genetic dissection of Myc function in Drosophila 

P.Gallant, L.A.Johnston*, R.N.Eisenman*, D.Prober*, B.A.Edgar*, M.Dubs, V.Link, C.Li, 

L. Montero 

Universitat Zürich, Zoologisches Institut, Winterthurerstrasse 190, 8057 Zürich, Switzerland; 

*Division ofBasic Sciences, Fred Hutchinson Cancer Research Center, 1100 Fairview Ave 

N, Seattle WA98109-1024, USA 

The Myc/Max/Mad network of transcription factors is involved in cell proliferation, 

apoptosis, differentiation, and neoplasia in vertebrates, but the physiological roles of these 

proteins, and the pathways through which they act are only beginning to be understood. In 

order to address these issues in a genetically tractable model organism, we are studying the 

Drosophila homolog of Myc, Dmyc. Overexpression of Myc in flies induces a massive 

increase in cell size and accelerates passage through G 1 phase of the cell cycle. Converse! y, 

hypomorphic dmyc mutations show a number of recessive traits (including small body and 

bristle size, a delay in development, and clona! competition) that are characteristic for 

mutations defective in growth. These results suggest the control of protein synthesis and 

cellular growth as a primary function of Myc. Signalling through the insulin-receptor (Inr) 

has also been shown to control growth in animals, and therefore we are investigating the 

genetic interactions between the Myc and the Inr pathways. 

In addition to promoting growth, ectopic expression of Dmyc in the developing eye 

also induces apoptosis, resulting in aberrant adult eye morphology. This phenotype has been 

exploited in a genetic screen for dominant modifiers of the Dmyc-overexpression phenotype. 

We have generated 3 '200 independent (EP) transposon insertion lines and found 54 of them 

to act as dominant modifiers of the Dmyc-phenotype. Their molecular and genetic 

characterisation is currently ongoing. 
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implications for oncogenesis 
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Myc and Mad farnily proteins regulate diverse biological processes through their 
capacity to influence gene expression directly. We have shown that the basic regions of Myc 
and Mad farnily proteins are not functionally equivalent in oncogenesis and that conserved 
differences between the basic regions of these proteins determine target gene selection. 
Moreover, genome-wide expression pro file analysis suggests that the Myc and Mxi 1 basic 
regions regulate both common and distinct gene targets involved in diverse processes 
including the cell cycle, apoptosis, cellular metabolism and genomic stability. These data 
support the view that the opposing biological actions of Myc and Mxi 1 extend beyond 
reciprocal regulation of common gene targets. ldentification of differentially regulated gene 
targets provides a frarnework for understanding the mechanism through which the Myc 
superfarni1y governs the growth, pro1iferation and surviva1 of normal and neop1astic ce lis. For 
exarnp1e, the Cull gene, encoding a critica) component of the ubiquitin-ligase SCF5

kP
2
, was 

identified as a direct transcriptional target of Myc. This observation led to subsequent 
functional and biochemical studies of the role of Cul1 in Myc-dependent cell cycle 
progression, thus providing a direct link between c-Myc transcriptional regulation and 
ubiquitin-mediated proteolysis. 
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Myc is an essential negative regulator of platelet derived growth factor beta 

receptor transcription: enhancer-dependent mechanism of repression 

Keiko Funa3
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Platelet derived growth factor BB (PDGF BB) is a potent mitogen for fibroblasts as 

well as many other cell types. Interaction ofPDGF BB with the PDGF preceptor (PDGF-~R) 

activates numerous signaling pathways and leads to a decrease in receptor expression on the 

cell surface. PDGF-J3R downregulation is effected at two levels, the immediate internalization 

of ligand/receptor complexes and the reduction in pdgf-{Jr mRNA expression. Our studies 

show the product of the c-myc proto-oncogene regulates pdgf-f3r mRNA suppression. Both 

constitutive and inducible ectopic Myc protein can suppress pdgf-f3r mRNA and protein. 

Suppression of pdgf-f3r mRNA in response to Myc is specific, as expression of the related 

receptor, pdgf a receptor is not affected. We further show that Myc suppresses pdgf-{3r 

mRNA expression at the transcriptionallevel by a mechanism which is distinguishable from 

Myc autosuppression. The mouse pdgf-f3r promoter contains a CCAAT motif, whose 

interaction with NF-Y is essential for transcription. Co-expressioo of Myc represses pdgf-{3r 

luciferase reporter activity, and the CCAAT motif is indispensable for this action. Myc binds 

NF-Y subunits, YB and YC, as shown by inununoprecipitation of co-transfected COS-1 cells. 

Interaction is thought to be direct, as Myc binds to in vitro-translatcd GST-NF-YB and GST· 

NF-YC, but not to GST-NF-YA fusion proteins. Myc does not alter the efficacy of NF-Y 

complex binding to DNA; however, Myc represSes the transactivation activity of NF-YC when 

fused to the GAlA DNA binding domain. Analysis of c-Myc-null fibroblasts demonstrates 

that Myc is required for the repression of pdgf- f3r mRNA expression in quiescent fibroblasts 

following mitogen stimulation. In addition, it is evident that the Myc-mediated reprcssion of 

pdgf-f3r m.RNA leve( plays ao important role in the regulation of basal pdgf-f3r expression in 

proliferatlng cells. Thus, our studies .suggest an essential role for Myc in a negative feedback 

loop regulating the traoscriptioo of the pdgf-f3r by an enhancer-dependent mechanism. 
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The proto-oncogene c-myc regulates body mass by controlling the rate of 

cellular proliferation 
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Overexpression of the proto-oncogene c-myc has been implicated in the genesis of 

di vcrse human tumors. The mechanism by wh ich c-myc might contribute to tumori genesis is 

not certain. lt was originally thought that the gene exerts direct control over the cell division 

cycle by means of the transcription factor that it encodes. But recent work has raised the 

possibility that the mitogenic effects ofthe gene are instead secondary to its effects on cellular 

size. We now report that c-myc is essential to the proliferation of cells in severa! tissues ofthe 

mouse, without any apparent intervention by cellular size. We generated a series of mutant 

mice in which the expression of c-myc was incrementally reduced to zero. Partial reductions 

were accompanied by reductions in the size of the mutant mice, hypoplasia of lymphoid 

organs and fat tissue, and a reduced rate of cellular proliferation in vitro. A complete 

deficiency of c-myc caused embryonic death by EI0.5, prevented fibroblasts and activated 

lymphocytes from responding to serum and cytokines, respectively, but had no effect on the 

proliferative response of previously activated lymphocytes to antigen. Neither a partial nor 

complete deficiency of c-myc had any discemable effect on cellular size. We suggest that c­

Myc exerts a direct effect on the cell cycle, in response to signals that facilitate intercellular 

comrnwúcation in metazoan organisms. 
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Conserved Functions of the Myc and Mad Proteins 

Lenora Loo, Cynthia Yost, Brian Iritani, and Robert N. Eisenman 

Division ofBasic Sciences, Fred Hutchinson Cancer Research Center 

Studies employing Drosophila have demonstrated that the fly homolog of the Myc 
proteins ( dMyc) functions in cell growth. Severa! studies have shown that the growth 
promoting property of Myc extend to mammalian cells. We have also recently identified a 
homolog of a mad-related gene in Drosophila ( dmad). The Drosophila Mad is a bHLHZ 
protein which contains a region with homology to the mSin3 interaction domain (SID) of 
mammalian Mad family proteins. As expected dMad associates with Drosophila Sin3 and 
Max and represses transcription at a synthetic promoter containing CACGTG binding sites. 
Analysis of dmad RNA and protein expression indicate that dmad is expressed during 
embryogenesis in a dynarnic fashion. In severa! larval tissues dMad is associated with non­
endoreplicating cells while dMyc expression is associated with endoreplicating cells. 
Particularly noteworthy is strong expression ofthe dMad protein in the peripheral and central 
nervous system during a period corresponding to G 1 arrest. Clona! overexpression of dmad in 
wing imagina! disc cells demonstrates significantly smaller clone size than controls. Indeed 
cells overexpressing mad are smaller, as determined by forward scatter analysis. We have 
also deterrnined that transgenic expression of Mad in mouse lymphoid cells generates smaller 
cells which are profoundly impaired in differentiation. We are currently analyzing the results 
of targeted deletion of multiple mad farnily genes in mi ce and are al so attempting to generate 
null mutations in mad in Drosophila. 
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"Conditional targeting involves c-myc gene in proliferative and 

apoptotic pathways in lymphocytes" 

l. Moreno de Alboran1
, R. O'Hagan, F. Gatner*, B. Malynn*, L. Davidson*, R. 

Rickert+, K. Fajewsky&, F. DePinho§, and F.W. Alt* 

1Dept. Immunology & Oncology (D.I.O.), Centro Nacional de Biotecnologia, UAM, 

Campus Cantoblanco 28049, Madrid (Spain) 

•Childrens Hospital and Center for Blood Research, Howard Hughes Medical Institute. 

Harvard Medical School. 320 Longwood Av. Boston MA 02115, USA. 

+ University of California at San Diego, San Diego, CA USA. 

& University of Cologne. Cologne, Gennany. 

§ Dana Farber Cancer Institute. 320 Longwood Av. Boston MA 02115, USA 

Cell culture studies have implicaled the c-myc prolo·oncogenc in ccll prolifcralion, 

diffcrenlialion, and apoptosis[Dang, 1999 #326). However, analysis of c-myc 

function in diffcrentiated cell types in vivo has been constraincd by thc early 

cmbryonic death of c-myc deficient mice[Davis, 1993 #226]. We report a cre-loxp· 

bascd stralegy[Thomas, 1987 #274][Gu, 1993 #233] to delete the c-myc gene 

spccifically in B lincagc cclls[Rickert, 1997 #229] in micc and in culturcd primary 

mousc cmbryonic fibroblasts (MEFs). Malure B cells that lack c-myc are viable and 

cxhibil profound resistancc to multiplc apoptotic stimuli. Upon stimulation with 

anli-CD40 antibody and interleukin-4, c-myc -dcficient B cclls express early 

activation markcrs but fail to proliferatc and are arrested in the GO/G1 stage of the 

cell cycle in the absence of cell death. Furthermore, c-myc deficient mature B cells 

are more resistant to gamma irradiation, etoposide and CD95 induced cell death 

than normal B cells[Hueber, 1997 #29]. Finally, c-myc deficient MEFs show 

markedly reduced proliferation[Genestier, 1999 #267] and impaired recovery from 

growth arrest after gamma irradiation. Together, these results show that c-myc 

gene is functionally linked to multiple apoptotic pathways in mature B lymphocytes 

and parlicipates in the recovery from gamma irradiation induced growth arrest in 

MI<:Fs. 
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Insights from transgenic mice of the role of c-Myc in the control 

of glucose homeostasis 

Fatima Bosch, Tura Ferre, and Efren Riu 

Department ofBiochemistry and Molecular Biology. School ofYeterinary Medicine. 
Universitat Autónoma de Barcelona. 08193-Bellaterra. Spain 

Glucose is a major energy source for all mammalian cells. The extracellular 

concentration of glucose in normal animals is maintained within a very narrow range, despite 

large variations in the rate of utilization of glucose and in the availability of exogenous 

glucose. This homeostatic control is achieved by the matching of glucose flux into and out of 

the extracellular space through the tightly coordinated secretion of insulin and glucagon ( 1,2). 

Alterations at the leve! of 13-cells, liver or skeletal muscle may lead to a disruption of glucose 

homeostasis and to the development diabetes mellitus (1 ). 

Diabetes mellitus is the most common metabolic disease in humans. It includes a 

variety of syndromes with distinct etiologies that collectively afflict 2 to 7% of world 

population. Ofthese, 5 to 10% belong to the category of insulin-dependent diabetes mellitus 

(type 1 diabetes), which generally appears befare age 40, frequently in adolescence, and 

results from autoimmune destruction of insulin-producing cells within the pancreas. The type 

1 diabetic patient depends dramatically upon the administration of insulin. Far more common 

(90-95%) is non-insu1in-dependent diabetes mellitus (type 2 diabetes) which, at least in its 

early stages, is characterized not by insulin deficiency but by the failure of the hormone to act 

efficiently in target tissues such as skeletal musc1e, liver and fat. Unlike type 1, type 2 

diabetes is often associated with obesity. All forms of diabetes are a1so characterized by 

hyperg1ycemia, the development of diabetes-specific microvascular pathology in the retina 

and renal g1omerulus, and neurological and macrovascular complications. Chronic 

hyperg1ycemia has been postulated to be the main factor responsib1e for the development of 

diabetes-specific microvascular and macrovascular comp1ications. 

One approach that we are developing in our labomtory to countemct diabetic 

hyperglycemia is centered in engineering tissues to take up g1ucose. This may be achieved by 

increasing glucose phosphorylation by key target tissues, like the liver. The liver has a centml 

role in glucose homeostasis. When plasma glucose is high the liver takes it up, and 

replenishes depleted glycogen stores (3). During starvation, the liver re1eases glucose to blood 

from glycogenolysis and gluconeogenesis. Glucose transport and phosphorylation are the first 
steps in glucose utilization. However, glucose phosphorylation by glucokinase (GK) seems to 

be key in the regulation of glucose utilization by hepatocytes. 

c-myc is a member of a gene farnily encoding nuclear phosphoproteins that act as 

tmnscription factors, which recognize an "E-box" motif with the central consensus sequence 

CACGTG (4-6). This sequence is also contained in the glucose/carbohydmte regulatory 

elements located in the promoter of genes coding for sorne ofthe liver enzymes of glycolysis 

and lipogenesis (7,8). We have shown that an increase in c-Myc protein in the liver of 

tmnsgenic animals leads to an induction of hepatic glycolysis, by increasing the expression of 
genes coding for enzymes that control the glycolytic pathway, and glycogen synthesis in the 

absence of cell prolifemtion and tmnsformation (9). These changes of Iiver glucose 

Instituto Juan March (Madrid)



57 

metabolism led to a reduction of blood glucose and insulin concentrations. Thus, c-Myc is 

involved in the control of liver carbohydrate metabol ism in vivo. After an intraperitoneal 

glucose tolerance test, transgenic mice showed lower levels of blood glucose than controls, 

indicating that the overexpression of c-Myc led to an increase in blood glucose disposal by the 

liver. Furthermore, the overexpression of c-Myc counteracted diabetic alterations through its 

ability to induce the expression of GK and thus hepatic glucose uptake and utilization, and to 

block the activation of gluconeogenesis and ketogenesis (10). We also studied the ability of c­

Myc in counteracting diabetic alterations long-term after destruction of 13-cells in the absence 

of insulin treatment. Fifty percent of transgenic mice were still alive and looked healthy four 

months after Stz-treatment while all of Stz-treated control mice died. Insulin was neither 

detected in serum nor in the pancreatic islets of the Stz-treated mice. Furthermore, Stz-treated 

transgenic mice showed normalization of serum glucose, triglyceride, ketone body and protein 

levels. In contras! to Stz-treated control mice, that showed low glucokinase and pyruvate 

kinase activities, high levels of both enzyme activities were noted in the liver of Stz-treatcd 

transgenic mice. In addition, Stz-treated transgenic mice were also able to produce lactate and 

accumulate glycogen in the liver. In contras! to surviving Stz-treated control mice, which 

showed about 27% loss of body weight, the surviving Stz-treated transgenic mice only had a 

reduction of about 6%. These results indicate that c-Myc may counteract diabetic alterations 

for a long period after destruction of insulin-producing cells. Thus, this study suggest that 

engineering the liver to increase glucose uptake by overexpressing transcription factors of c­

myc family might be useful to counteract diabetic hyperglycemia. Furthermore, we have 

examined whether the hepatic expression of c-myc was able to counteract insulin resistance 

after feeding a high fat diet In contras! to control mice, which showed an increase of about 

40% in body weight, transgenic mice only showed an increase of about 20%, after 3 months 

on a high fat diet. Control mice were hyperglycemic, hyperinsulinemic, and showed altered 

glucose tolerance test, indicating that they had developed insulin resistance, whereas normal 

levels of blood glucose and insulin were observed in transgenic mice. These results indicated 

that overexpression of c-myc in the liver was able to counteract an insulin resistance state. All 

these results suggest that hepatic overexpression of c-Myc might be useful to counteract the 

development oftype 2 diabetes and obesity. 

Work in the author's laboratory has been supported by grants from Comisión 

Interministerial de Ciencia y Tecnología (SAF 96/0270) and Fondo Investigación Sanitaria 

(98/1 063). 
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Repression of transcription of the p27Kipl cyclin-dependent kinase 
inhibitor gene by c-Myc 

W. Yang,1 J. Shen,1 Stefania Pianetti,1 M. FitzGerald,1 M. Arsura,1 M. 
Wu,1 Z. Suldan,2 R. Rornieu-Mourez,1 D. W. Kim,1 H. Lee,1 L. P. 

Freedman,2 and G. E. Sonenshein1 

Department ofBiochemistry, Boston University Medica! School, Boston MA 
021181, and Cell Biology Program, Memorial Sloan-Kettering Cancer 

Center, New York, NY 100212 

U pon engagement of the B Cell Receptor (BCR) of WEHI 231 immature B cells, an 
initial increase in expression of c-Myc is followed by a drop, which induces growth arrest and 
apoptosis. Here we have exarnined the potential roles of c-Myc in activation and repression. 
No commensurate activation was noted either in binding to an E-box in EMSA or in RNA 
expression of the E-box containing genes ODC, alpha-prothymosin or CAD. Upon BCR 
engagement, expression of the cyclin-dependent kinase inhibitor p27Kip1 protein varied 
inversely with the changes in c-Myc. The induction of p27 levels has been implicated in both 
growth arrest and apoptosis of WEHI 231 cells. Here we report that the p27 Kip1 gene is a 
target of transcriptional repression by c-Myc. The increase in p27 protein was due to 
increased levels ofp27 mRNA and rate of gene transcription. Activity ofthe TATA-1ess, Inr­
containing p27 promoter could be repressed upon co-expression of c-Myc in WEHI 231 and 
other cells. Deletion of Myc homology box ll in c-Myc ablated repression, while c-Myc 
"super-repressor", with mutation of Phell5 to Leu, showed enhanced repression. The 
sequences mediating transcriptional activity and c-Myc repression were mapped. Binding of 
Max was shown to facilitate c-Myc binding and repression. Previously, c-Myc was shown to 
sequester p27 protein. Here, we add another layer of complexity in identifying, for the first 
time, the p27 gene as a target of repression by c-Myc. Lastly, these studies define a new 
pathway whereby c-Myc mediates control of proliferation and survival of cells through 
repression ofthe p27 gene; this pathway likely also plays a role in the reduced p27 expression 
observed in cancer cells. 

References: 
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Overexpression of c-Myc in the basallayer of the epidermis induces 

hyperproliferative lesions with sebaceous differentiation 

I. Amold and F.M. Watt 

Keratinocyte laboratory, Imperial Cancer Research Fund , 

44 Lincoln 's Inn Fields, London WC2A 3PX, UK 

The epidermis is the stratified squamous epithelium that forms the o u ter covering of the 

skin. Keratinocytes, the major cell type of the epidermis, are organised into distinct cell 

layers. Epidermal proliferation depends on divisions within a subpopulation of basal 

cells, the stem cells, which have an unlimited capacity for self-renewal. A 

subpopulation of the stem cells differentiate to transit amplifying cells that are destined 

to withdraw from the cell cycle and further differentiate after a few rounds of division. 

Keratinocytes undergo terminal differentiation as they move through the suprabasal 

layers to the tissue surface. In addition to the interfollicular epidermis epidermal stem 

cells also give rise to hair follicles and sebaceous glands. The function of c-Myc in the 

skin is controversia!. One set of data suggest that in keratinocytes, as in other cell types, 

the function of c-Myc is to promote proliferation, and that c-Myc down-regulation is a 

prerequisite for the initiation of terminal differentiation. In contrast to this idea, it was 

shown recently that in keratinocyte cultures c-Myc stimulates terminal differentiation by 

driving entry of stem cell progeny into the transit amplifying cell compartrnent 

(Gandarillas A. and Watt F.M,. Genes Dev. ll, 2869-2882, 1997). 

To address this controversy we are studying the in vivo effects of overexpressing c-Myc 

in the basal layer of the e~ermis . We have generated transgenic mice expressing 

steroid-activatable c-MycER (MycER) fusion proteins under the control ofthe keratin 

14 promoter. MycER consists of the ligand binding domain of a mutant oestrogen 

receptor fused to the C-terrninus of c-Myc. MycER lacks intrinsic transactivation 

activity and responds only to the synthetic steroid 4-hydroxytamoxifen (OHT), but not 

to oestrogen (Pelengaris S. et al., Molecular Cell ~ 565-577, 1999). In the transgenic 

mice c-Myc function was induced by topical application of OHT. High copy number 

mice developed a hyperproliferative skin phenotype with sebaceous differentiation. In 
advanced stages angiogenesis and apoptosis were observed. A detailed morphological 

and molecular characterisation ofthe phenotype will be presented. 
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"Myc promotes cell size increase in developing chicken limb". 

Delgado, M.O\ Piedra, E2
, León, i Ros, M2

. 

Departamentos de Biología Molecular1 y de Anatomía y Biología Ce/uta?, 
Facultad de Medicina, Universidad de Cantabria. 39011-Santander. Spain. 

c-Myc dimerizes with Max and activates transcription of a set de genes, 
most of them involved in cell cycle progression and protein synthesis. c-Myc is 
overexpressed in many human tumors and show proliferation promotion effects 
in different cultured cell types. c-Myc is also involved in apoptosis control, as 
demonstrated in many cell culture models and in vivo models. Recently, it has 
been shown that c-Myc is also involved in cell size control in Orosophila and 
mammalian 8 cells. 

During development of chicken limbs, expression de c-myc is found 
particularly in chondrogenic tissues. Our previous results are not consistent with 
a role of c-myc in the physiological or experimentally induced apoptosis in the 
developing limb (Ros et al. lnt. J. Dev. Biol. 39, 1021, 1995). In arder to investigate 
the effects of enforced Myc expression in limb development we infected 
developing embryos in limb buds with retrovirus expressing chicken c-myc 
gene. Expression of the transduced c-myc was confirmad by in situ mRNA 
hybridization in whole mounts. The overexpression of functional c-Myc was al so 
assessed by the accumulation of pitchoune/MrOb in the infected limbs. The 
ectopic expression of c-Myc resulted in the appearance of enlarged limbs. This 
was accompanied by increased size of the c-myc-overexpressing cells, as 
assessed by forward scattering. However, the architecture of most Myc­
expressing limbs was normal. We conclude that c-Myc increases cell size in this 
in vivo vertebrate model Therefore, c-Myc plays a role not only at the level of 
cell division control but also in the control of size of animal cells. 
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In vivo examination ofhistone acetylation on the c-Myc target gene cad 
using chromatin immunoprecipitation 

Scott Eberhardy and Peggy J . Farnham 
McArdle Laboratories for Cancer Research, University of Wisconsin­

Madison, Madison, WI 

We have previously shown that the growth related transcriptional 
activity ofthe cad gene is mediated by the c-Myc transcription factor . Our 
current studies are focused on characterizing the mechanism by which Myc 
activates the cad promoter. Other laboratories have recently shown that Myc 
is associated with proteins containing histone acetyltransferase (HAT) 
activity. We have found that treatment of quiescent NIH3T3 cells (which 
have very low levels of c-Myc protein) with the drug Trichostatin A results in 
an increase in both histone acetylation at the cad promoter and an increase 
in cad transcription. Thus inhibition of deacetylases can mimic the action of 
Myc at the cad promoter. Taken together, these results suggest that Myc 
may actívate its target genes by recruiting HAT activity toa promoter, which 
would result in increased histone acetylation and loosening of higher order 
chromatin structure, thereby allowing the transcriptional machinery to 
assemble on a promoter to initiate transcription. To test this model, our 
laboratory has used the chromatin immunoprecipitation (ChiP) assay to 
examine the state ofhistone acetylation at the cad promoter in various stages 
ofthe cell cycle. We found that there was no significant increase in histone 
acetylation at the cad promoter at the time corresponding to the increase in 
cad transcription. Instead, acetylation ofhistone H3 was relatively high at 
the cad promoter at all stages ofthe cell cycle examined. Using an antibody 
which recognizes any acetylated lysine, we found a modest increase in 
nonlústone acetylation at the cad promoter. However, we have examined 
histone acetylation in differentiating cells and have found that a decrease in 
histone acetylation does correlate with a decrease in Myc binding to the cad 
promoter. Thus, our results suggest that the mechanism by which Myc 
regulates transcription oftarget genes may involve changes histone 
acetylation in so:::ne, but not all experimental systems. 
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Does Myc activatc transcription by promoling histonc acctylation? 

A Chromatin Jrrununoprecipitation study . 

• ~cotl Frank and Bmno Amati 

DNAX Research lnstilult:, 901 California Avenue, Palo Alto CA 94304 U.S .A. 

Myc can actívate or rcpress transcription of clistinct sels of targct genes. Gene 

activation is mediated hy dimeri~ation with Max and binding to the H-box consensus 

scgucncc CACGTG. Howevt:r, thc molecular mcchanisms by which DNA-bound 

Myc/Max dímcrs actívate transcription remain unclcar. The recent di.scovery tbat Myc 

interacts wíth chromatin rcmodeJ.ing cumplexes such as thc histonc acctyltransfcrasc 

GC'NS and thc associated cofaclor TRRAP suggcsts that Jocaliz.ed changes in chrom<~tin 

structure may rncdiate Myc function . To evalualc Myc-dcpendent changes in histone 

acetylation we ha ve establisbed a chromatin immunoprecipítation (ChiP) protocol that 

· allows us to evaluale Myc binding aud histone acetylation al mulúplc promotcrfi in vivu. 

Wc havc discovered that Myc bínds to prometer regions that are highly enriched for 

acctylated histones H3 and H4. By cxam.ining histone acetylalion pattems in ccll!i 

constitutively expressing Myc and in Myc-deficient ceJis, we are addrcssing whclher Myc 

is rcquircd for histone acetylation ata givcn subset of promoters. 
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Biological function of Myc and Myc-S in human primary fibroblasts and identification of 

Myc target genes by DNA microarray analysis. 

Carla Grandori*, Hilary Coller*, Pablo Tamayo**, Todd Golub** and 

Robert Eisenman*. Fred Hutchinson Cancer Research Center, Seattle* : 

Whithead Institute**, Cambridge, USA. 

In arder to examine the biological consequences of Myc activation in a cell background 

with no alteration of cell cycle control mechanisms, we have introduced the conditional Myc-ER 

gene in human primary fibroblasts . In this setting, activation of Myc-ER by 4-

hydroxytamoxifen results in stimulation of S-phase entry of density arrested and serum starved 

cell s. Severa! of the known Myc target genes such as MrDb (now named DDX18) and ODC are 

induced within few hrs following activation as well as when protein synthesis is inhibited, 

indicating they represent direct response genes. In parallel, we have also analyzed the Myc 

protein variant Myc-S, previously shown to promote proliferation and apoptosis of immortalized 

rodent celllines. In contrast, our results indicate that Myc-S has undetectable activity asan 

inducer of S-phase or apoptosis of quiescent primary cells, indicating that there are fundamental 

differences between primary and immortalized celllines and their requirement for Myc function. 

Surprisingly, we found that Myc-S, previously considered solely a repressor of specific reporter 

genes, is instead both a weak activator and even weaker repressor of endogenous target genes . 

The implication of these results with respect with Myc domains involved in repression and 

activation will be d.iscussed. 

Finally, in order to monitor global changes in gene expression following Myc activation, 

we ha ve isolated RNA from quiescent and 4-hydroxytamoxifen stimulated Myc-ER cells at eight 

hr after induction. Using oligonucleotide microarrays we have monitored changes in expression 

of -6416 human genes and expressed sequence tags. The results indicate that 27 genes were 

consistently induced and 9 were repressed. The identity of the genes revealed that Myc may 

affect multiple aspects of cell physiology altered in tumor cells: cell growth, cell cycle and cell 

architecture. The identities of the genes and their possible functions will be presented. 
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Expression patterns and DNA-binding activities of N-Myc/Max/Mad/Rox 
in differentiating human neuroblastoma cells 

Anna Grynfelct", Nikita Popov§, HAkan Axelson·, and Marie Henriksson§ 

*oepartment ofLaboratory Medicine, Molecular Medicine, Lund University, University 
Hospital MAS, S-205 02, Malmo,Sweden, §Microbiology and Tumorbiology Center, 

Karolinska Institutet, Stockholm, Sweden 

Neuroblastoma is a childhood tumor of the sympathetic nervous system. One of the 
most important genetic aberrations in neuroblastoma is amplification of the N-Myc gene, 
which is found in 40-50% of the tumors with a poor prognosis. We have investigated the 
expression pattems and DNA binding activities of the other members the Myc/Max!Mad/Rox 
network in differentiating human neuroblastoma cells . Northem hybridization and RT-PCR 
analysis show that expression ofthe Mad genes is regulated differentely in neuroblastoma cell 
lines during differentiation. In cells with N-myc amplification, expression of Madi and Mad4 
increases, while Mad3 expression remains constant. In cells without N-myc amplification 
expression of Madi decreases, while expression of both Mad3 and Mad4 increases 
moderately during differentiation. Expression of Rox changed only slightly during 
differentiation. Analysis of the DNA-binding activity of E-box binding complexes showed 
that the N-Myc!Max complexes disappear at the later stages of differentiation, consistent with 
the expression data. In contrast, the DNA-binding activity of Rox!Max complexes to the 
canonical E-box site (CACGTG) does not reveal any major difference either in different 
neuroblastoma cell lines or during differentiation. However, binding of Rox!Max to a non­
canonical E-box sequence was enhanced at the later points of differentiation, implying that 
Rox may undergo regulatory modification leading to altered DNA-binding specificity. Taken 
together, these data show that the expression of the proteins . of the Myc!Max!Mad/Rox 
network are regulated during neuroblastoma cell differentiation, suggesting that these proteins 
play a role in this process. 
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Cooperative anti-proliferative signals required for Madl-induced cell 
cycle arrest in monocytic cells 

Anne Hultguist 1,2, Siqin 1,2 Wu and Lars-Gunnar Larsson2 1) Dept. of Genetics and 
Pathology, University of Uppsala, S-751 85 Uppsala 2) Dept. of Plant Biology, 
Genetic Center, Swedish University of Agricultura! Sciences, S-750 05 Uppsala, 
Sweden. 

The mo.d- and myc-family genes encode transcription factors of the basic regionlhelix­
loop-helixlleucine zipper (bill .. .HZip) family that actas negative and positive regulators 
of cell growth, respectively. These factors all utilize the bHLHZip protein Max as a 
necessary heterodimerization partner to bind DNA recognition sequences in arder to 
regulate transcription of their target genes. The mad-family genes are, unlike the myc 
genes, predorninantly expressed in non-proliferative, differentiated tissues. The Myc/ 
Max!Mad network has therefore been suggested to work as a switch between growth/ 
growth arrest or growth/ differentiation. 
To address the role of Madl in hematopoietic growth and differentiation, we utilized 
U-937 cells, which can be stimulated to differentiate into non-dividing 
monocytes/macrophages with agents such as the phorbol ester TP A. lnduced ectopic 
expression of Madl, using the tet-activator or lac-repressor systems, was found to 
retard cell growth but did not result in G 1 cell cycle arrest or differentiation of U-937 

cells. As shown previously, TPA-induced differentiation and cell cycle arrest were 
inhibited in U-937 cells constitutively expressing v-Myc. Ectopic expression of Madl 
in such cells restored TPA-induced G¡ cell cycle arrest, but did not reestablish the 

differentiation. Madl also sensitized the cells for TGF-Pl-induced cell cycle arrest. In 
summary, our results suggest that Mad.l expression alone is not sufficient to induce 
cell cycle arrest in these cells but requires cooperative anti-proliferative signals 
provided by cytokines or phorbol es ter. 
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c-Myc hot spot mutations in lymphomas result in inefficient ubiquitination 
and decreased proteasome-mediated turnover 

Fuad Bahram, Natalie von der Lehr, Cihan Cetinkaya and Lars-Gunnar Larsson 

Departrnent of Plant Biology, Uppsala Genetic Center, Swedish University of Agricultura! 
Sciences, Box 7080,750 07 Uppsala and Departrnent ofGenetics and Pathology, University 

ofUppsala, University Hospital, 751 85 Uppsala, Sweden 

The c-myc proto-oncogene encodes a short-lived transcription factor that plays an 
important role in cell cycle regulation, differentiation and apoptosis. c-myc is often rearranged 
in tumors resulting in deregulated expression. In addition, mutations in the coding region of c­
myc are frequently found in human lymphomas, a hot spot being the Thr58 phosphorylation 
site, a mutation shown to enhance the transforming capacity of c-Myc. It is, however, still 
unclear in what way this mutation affects c-Myc activity. Our results show that proteasome­
mediated tumover of c-Myc is substantially impaired in Burkitt's lymphoma cells with 
mutated Thr58 or other mutations that abolish Thr58 phosphorylation, whereas endogenous or 
ectopically expressed wild type c-Myc proteins tum over at normal rates in these cells. Myc 
Thr58 mutants expressed ectopically in other cell types also exhibit reduced proteasome­
mediated degradation, which correlates with a substantial decrease in their ubiquitination. 
These results suggest that ubiquitin/proteasome-mediated degradation of c-Myc is triggered 
by Thr58 phosphorylation revealing a new important leve! of control of c-Myc activity. 
Mutation of Thr58 in lymphoma thus escapes this regulation resulting in accumulation of c­
Myc protein, likely as part of the tumor progression. Mechanisms by which Thr58 
phosphorylation triggers c-Myc degradation will be discussed. 

Reference: 
Bahram et al. Blood 95,2104-2110,2000. 
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Y AF2 interacts with and enhances 

biological activities of the MycN protein 

1 1 . 2 1 
B. Madge, D. Bannasch, C. Ge1sen, M. Schwab 

1
DKFZ Department of Cytogenetics, Heidelberg, 

2
Institute for Cell biology, Essen 

Introduction: 

Neuroblastoma is the most common salid childhood cancer with approximately 1 
case/100,000 children unter the age of 15. As a genetic marker the MYCN protooncogene 

is amplified in about 1/3 of tumors, and amplified MYCN is correlated with poor 

prognosis. 

The MycN protein is a transcription factor that has oncogenic potential (Schwab et al., 

1985), stimulates cell growth (Schweigerer et al., 1990) activates target gene transcription 

(Lutz et al., 1996) and sensitizes neuroblastoma cells for apoptosis (Lutz et al., 1998). 

In a yeast-two-hybrid survey we have identified a new MycN interaction partner, Yaf2, 
(Bannasch, Miidge et al., submitted) which has previously been described as a YY1 

interacting protein (Kalenik et al., 1997). Yaf2 binds MycN both in vivo in yeast and in in 
vitro. 

Results and conclusion: 

Transgenic neuroblastoma cells expressing both inducible MycN (Lutz et al., 1996) and 

constitutive Yaf2 were generated. Severa! known Myc target gene promoters linked to 

reporter genes were transiently transfected into these cells. Reporter gene transcription 

was stirnulated following MycN expression. PrT and ODC promoter activity was further 

enbanced when Y a.f2 was eJqJressed. Endogenous ODC and PrT levels were slightly 

enhanced following cooperative expression of MycN and Y af2. 

Cells expressing MycN have an accelerated cell division rate, and thls effect was futher 

enhanced by Yaf2. Furth.er, the ability of anchorage independent growth of MycN 

expressing cells was supported by Y afl. In cells experssing Y af2 alone neither 

transcription activation nor growth promotion was detected. 

Our data suggest that MycN and Y a12 cooperate to enhance at least two biological 

activities of the M yeN oncoprotein: Target gene transcription and cellular growth control. 

Ref: Schwab, M. et al., nature, 316, 160-163 (1985); 

Schweigerer, L. et al., Canea Research, 50, 4411-4416 ( 1990); 

Lutz, W. et al., Oncogene, 13, 803-812 (1996); 

Kalenik, J. et al., NAR. 4, 843-850 (1997); 

Lutz, W. et al., Oncogene, 17, 339-346 (1998) 
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Myc promotes cell cycle progression via Cull-dependent degradation of p27 

O'Hagan, R.C., Ohh, M., David, G., Moreno de Alboran, I., Alt, F.W., Kaelin Jr., W.G. and 
DePinho, R.A. 

The c-Myc oncoprotein plays an important role in the growth and proliferation of 
normal and neoplastic cells. The actions of Myc are likely to be executed on many levels 
given its capacity to regulate many functionally diverse genes goveming cell growth, 
proliferation, survival and differentiation. Genetic and biochemical evidence locates Myc 
function upstream of or at the Rb-dependent G 1 /S transition. However, our understanding of 
the mechanisms through which c-Myc engages the core components of the cell cycle 
machinery remain incomplete. Using genome expression profile analysis of c-Myc activation 
we recently identified Cul-1, a critica! component of the p27Kipl ubiquitin ligase complex 
SCFSkp2, as a direct transcriptional target of c-Myc. Here we demonstrate that one 
mechanism whereby Myc promotes proliferation is by directly stimulating expression of Cull 
and thereby promoting ubiquitin-dependent degradation of p27. Overexpression of Cull or 
antisense inhibition of p27 markedly alleviates the slow growth phenotype associated with 
mouse embryo fibroblasts in which c-myc has been deleted by Cre-mediated recombination. 
Furthermore, Cull expression is sufficient to mediate Myc-dependent ubiquitination and 
subsequent degradation of p27. These genetic and biochemical data implicate Myc in 
regulation of ubiquitin-mediated proteolysis and suggest that the effects of Myc on cellular 
proliferation are mediated in part, via Cull-dependent ubiquitination and subsequent 
degradation ofthe CDK inhibitor p27Kipl. 
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NMR structural characterization of the tumor suppressor Binl 

Antonio Pineda-Lucena & Cheryl H. Arrowsmith 

Department ofMedical Biophysics, Ontario Cancer Institute, Princess Margare! Hospital, 610 

University Avenue, Toronto, ON, MSG 2M9, Canada 

The c-Myc protein, which belongs to the Myc family of nuclear oncoproteins, is 

involved in a large fraction of human malignancies. The most paradoxical revelation from 

work on c-Myc has been the fmding that under certain circumstances the protein is also able 

to induce programmed cell death. Strikingly, the protein domain involved in both activities 

seems to map around the same part of the protein, the so-called N-terminal domain. The N­

terminal domain (NTD) contains the transcription activation domain (T AD) and regions 

required for transcriptional repression, cell-cycle regulation, transformation and apoptosis . 

Until now, problematic biochemical aspects of c-Myc had impeded the identification and 

analysis of proteins interacting with the NTD, which is difficult to express and isolate in its 

native form using recombinant biochemical techniques. With the recent identification of 

severa! of these NTD-binding proteins, we now have the opportunity to better define the 

constituents of c-Myc protein complexes and their role in modulating c-Myc activity. In this 

context, one of the most interesting systems to analyze corresponds to the interaction between 

the c-Myc NTD and Binl, which seems to play a remarkable role in the induction of 

apoptosis. Binl is a phosphoprotein with features of a tumor suppressor that is ubiquitously 

expressed normally but missing or altered in the majority of tumor cells examined to date. In 

particular, exon 12A sequences abolish the ability ofBinl to inhibit malignan! transformation 

by c-Myc. Similarly, these sequences abolish ihe ability to induce prograrnmed cell death in 

melanoma cells that endogenously express exon 12A. Here, we present our initial nuclear 

magnetic resonance data on the structural characterization oftwo spliced forms ofBinl, with 

and without the exon 12A sequences. Using this approach, we expect to understand the role of 

the exon 12A sequences in the interaction between the NID of c-Myc and the tumor 

suppressor Binl. 
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Mlx, a ncw Max-likc hHLUZip fumily memher: thc l'.enter stage uf 11 novel 
transcription t'actor.s rcgulatory pathway"! 

AlcxunJre Rcyrnond 

Telethon Institute of Gcnt-tics and Medicine (TlGEM), San Raffaclc Biomedical Science 
Park. Milan, Jt¡¡ly 

The Myc proto-oncogcne family memhers havc hccn identificd as the cellular llomologs 
of thc rransforming oncogene of avian rcrwviruscs. Thcy cncode central rcgulators of 
nwmrnalian ccll proliferarion and apoptosis. and they associale with rhc bHLHZip prolein 
Max to hind spcdfic DN A scquences and regulare thc cxprcssion of genes importan! for 
cell cyclc progression. The othcr family mcmhers Mad l , Mxi l. Mad3 , Mad4. Mga and 
Rox (Mnt) antagonizc thcir activitics . The Mads and Rox compde with Myc in 
heterodimcrizing with Max and in hinding to thc same spccific larget sequcnces . Thcsc 
Mads:Max and Rox:Max dinH.:.rs reprcss lranscription through binding lo the mSIN3 
corcpressor prolein and by tethering histone deacctylase-containing c.:omplexcs to the 
DNA. 

In a screcn for Rox intcractors we isolatcd Mlx , a ncw Max.-likc bHLHZip family 
membcr. Mlx is ablt:. to homodimerizc and heterodirnerize with Mad 1, Mad4, Rox and 
two ncw bllLHZip protcins , Mio a.nd Mir. Mlx is the~forc al lhe center of a network of 
newly identifícd E-box binding complexes. Moreover thcs~.: heterodimcrs function as 
transcriptional repressors or transcriptionals activators showing that this network, like the 
Max nctwork, will havc positive anJ negative constitucnts. lntcrcstingly the newly 
identified bHLHZip proteins, Mio and Mir, display a similar restrlctcd pattern of 
cxpression during organogtmesis suggesting a possible role of these proteins in 
devclopment. We are currently sludying the function of this emerging transcriplion 
factnrs rcgulatory pathway in cell growth and differentiation. 
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Increased insulin sensitivity and prevention of 

obesity by hepatic overexpression of c-Myc in 
transgenic mice 

Efren Riu 

The transcriptioo factor c-myc is involvod in the control of liver carbohydrate 

metabolism in vivo, by ioducing hepatic glucose uptake and utilization, and blocking the 

activation of gluconeogenesis, in the absence of cell proliferation and traosformation. 

These changes in Iiver glucose metabolism led toa reduction ofblood g!ucose and insulin 

concentrations. Thus, transge.nic mice overex:pressing c-Myc in the liver mimicked a 

siruation similar to that observcd in high insulin sensitivity sta.tes . In thc present study, 

we c::xamined whether the bepatic expression of c-myc was ablc to counteract insulin 

resistance after feeding a high fat diet. In contrast to control rnice, which showed an 

in crease of about 40% in body weight:, transgcnic rnice oaly showcd an increase of about 

20%, after 3 months on a high fat diet. Furthermore, control mice were hyperglycemic 

and hyperinsulinemic, indicating that they had developed insulin resistance, whcreas 

normalleve!s of blood glucose and insulin were observed in transgcnic mi ce. In addition, 

when an intraperi!Dneal glucose tolerance test was performed, transgenic rnice fed a high 

fat dict showed lower levels of blood glucose than controls. These results were 

coosistent with normalization of hepatic GK and L-PK enzyme activities, that led to a 

normalization of hepatic glucose-6-P, lactate and glycogen content in these transgenic 

mice. Furthermore, transgenic mice presented a marked reduction in serum leve!s of 

triglycerides and free fatty acids, which were similar to those observed in control mice 

fed a standard diet. These results indicated that overexpression of c-myc in the liver was 

able to counteract an insulin resistance state. Thus, all these results suggest that hepatic 

overexpression of c-Myc might be useful to counteract the development of type 2 

diabetes and obesity. 
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p27K1
P

1 EXPRESSION IN AGGRESSIVE B-CELL MALIGNANCIES IS A WARNING 

SIGNAL OF MALFUNCTION OF THE p16 ANO p53 TUMOR SUPPRESSOR 

PATHWAYS. 

Sanchez-Beato M, Saez Al, Navas IC, Algara P, Mateo M, Villuendas R, Camacho F, 

Sánchez E, Piris MA 

Molecular Pathology Program, Carlos 111 National Centre for Oncological Research. Madrid, 

Spain. Oept. of Genetics and Pathology, Virgen de la Salud Hospital, Toledo, Spain . 

p27 over-expression in a group of aggressive B-cell lymphomas with a high 

proliferative index and adverse outcome has been demonstrated by previous studies. This 

anomalous expression of p27 was associated with the absence of p27/COK2 and formation 

of p27/Cyclin 03 complexes where p27 has been demonstrated to be inactivated. In this 

study we have linked !he molecular study of !he p53 and p16 genes with the 

immunohistochemical analysis of p27 expression, in a group of aggressive 8-cell 

lymphomas, to analyze the relationship between p53 and p16 silencing and p27 anomalous 

over-expression. Twelve cases with p27 high expression were identified in a series of 46 

patients. In all these cases (except one), inactivation of p53/ARF, p16/Rb or both pathways 

was found. More frequently, inactivation of the p16 gene was identified (8/12). Analysis of the 

clinical relevance of the simultaneous inactivation of the p16/Rb, p53/ARF pathways and p27 

protein was also performed. The group with simultaneous p53 and p16 inactivation together 

with p27 abnormal over-expression showed an increase in proliferative activity (p: 0.006). 

In conclusion, these data show that p27 anomalous expression is associated with 

inactivation of p16/Rb or/and p53/ARF pathways in aggressive B-cell lymphomas. This 

finding is consisten! with a scenario of CKis competing for COK4 binding, where the absence 

of p16 or p21 allows the redistribution of p27 from complexas containing COK2, where p27 is 

active, to others containing Cyclin 03, where p27 is inactive, stabilized, and detectable by 

immunohistochemical techniques. However, not all cases with p53 or p16 silencing show p27 

accumulation, which indicates the existence of additional factors in explaining this finding. 

One candidate for this role is c-myc, which have been shown to contribute to cell cycle 

progression by inducing p27 sequestration mediated by cyclin 01 and 02 induction and 

leading to p27 stabilization. lndeed, c-myc over-expression is a regular finding in Burl<itt's 

lymphomas, and may be observed in sorne large 8-cell lymphomas. The presence of c-myc 

or other possible targets is currently being investigated. 
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lnactivation of Pten and Cd95 (Fas) is crucial to drive c-Myc 
activation towards the development of y-radiation-induced 

mouse thymic lymphomas 

Javier Santos, Michel Herranz, Mónica Fernández & José Fernández-Piqueras 

Departamento de Biología. Laboratorio de Gen.ética Molecular Humana. Facultad de Ciencias. 

Universidad Autónoma de Madrid . 28049-Madrid . Spain. 

Key words: c-Myc, Pten, Cd95, y-irradiation, mouse thymic lymphomas. 

Abstract 

Loss of heterozygosity (LOH) analysis performed in 68 y-radiation-induced pnmary 

thymic lymphomas of F1 hybrid mice, provided evidence of significant LOH on 

chromosome 19 in a region that contains the Cd95 and Pten genes. Here, we 

demonstrate that both genes are inactivated in 13 of 31 (41.9%) early lymphomas and, 

more frequently, in frank lymphomas (58/68, 85.3%, for Cd95; 54/68, 79.4%, for Pten). 

Interestingly, we also found c-Myc over-expression in a significant fraction of early 

(22/31, 71%) and frank (56/68, 82.3%) thymic lymphomas. These data suggest that c­

Myc up-regulation constitutes an essential oncogenic stimulus in early stages, and that 

subsequent inactivation of Cd95 and Pten is required for y-radiation-induced thymic 

lymphoma progression. 
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MYC Target Genes in Cell Cycle Regulation and Cell Growth Control 

Marino Schuhmacher, Franz Kohlhuber, Michael Holzl, Alexander Pajic Martin S. Staege, 
Georg W. Bornkamm, Axel Polack & Dirk Eick 
GSF-Research Centre, lnstitute of Clinical Molecular Biology, Munich, Germany 

To investigate the role of c-myc in cell growth and cell cycle control we established a 
human 8-cell line (P493-6) with a conditional , tetracycline-regulated c-myc. P493-cells 
proliferate dependen! on the conditional c-myc and arres! in G1 after repression of c-myc. 

Myc activation in the presence of foetal calf serum (FCS) leads to induction of 
cyclinD, cdk4, cyclinE, accompanied by cdk2 activation and Rb-phosphorylation. In this 
situation the cells enter the cell cycle and start to proliferate. In the absence of FCS, 
however, cell division is blocked and Rb-phosphorylation can no longer be detected. 

Although Myc cannot induce proliferation in the absence of FCS in P493-6-cells, it 
is sufficient to stimulate cell growth: Myc induces an increase in cell size and protein 
synthesis. Furthermore, Myc stimulates metabolism, as indicated by the expression of 
LDH-A and the activity of mitochondrial enzymes. This was confirmed by blocking the 
activity of cdk2 with roscovitine and still observed an increase in cell size. Thus, control of 
cell growth is a function of Myc that is uncoupled from cell cycle entry. The Myc protein 
appears to be a key player in the processes how cell growth and cell division are 
coordinated and the cellline P493-6 is a valuable tool to study this . 

The cellline P493-6 is also an ideal system to search for new Myc regulated genes. 
By combining nuclear run-on techniques with Microarray filters, we could identify new 
potential Myc targets. As TGF-13 inhibits proliferation of P493-6 cells in the presence of 
high Myc levels, we have also performed Microarray experiments with TGF-13 treated cells . 
A comparism of the expression patterns reveals a set of genes that are common targets of 
Myc and TGF-13, but which are regulated in the opposite direction. One example is 
GADD45, a gene which is involved in regulation of cell cycle arrest. Transcription of 
GADD45 is repressed by Myc, but induced after addition of TGF-13. Comparing these 
expression patterns may help to understand which genes are importan! for cell cycle 
control and contribute to tumour formation by c-MYC. 
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Texts published in the 

SERIE UNIVERSITARIA 

by the 
FUNDACIÓN JUAN MARCH 

concerning workshops and courses organized within the 

Plan fo r International Meetings on Biology (1989-1991) 

*: Out of stock. 

·245 Workshop on Tolerance: Mechanisms 
and lmplications. 
Organizers: P. Marrack and C. Martínez-A. 

•247 Workshop on Pathogenesis-related 
Proteins in Plants. 
Organizers: V. Conejero and L. C. Van 
Loan. 

•248 Course on DNA - Protein lnteraction. 
M. Beato. 

•249 Workshop on Molecular Diagnosis of 
Cancer. 
Organizers: M. Perucho and P. García 
Barreno. 

•251 Lecture Course on Approaches to 
Plant Development. 
Organizers: P. Pu igdomenech and T. 
Nelson. 

•252 Curso Experimental de Electroforesis 
Bidimensional de Alta Resolución. 
Organizer: Juan F. Santarén. 

253 Workshop on Genome Expression 
and Pathogenesis of Plant ANA 
Viruses. 
Organ izers: F. Garc ía-Arenal and P. 
Palukaitis . 

254 Advanced Course on Biochemistry 
and Genetics of Yeast. 
Organizers: C. Gancedo, J. M. Gancedo, 
M. A. Delgado and l. L. Calderón. 

•255 Workshop on the Reference Points in 
Evolution. 
Organize rs: P. Alberch and G. A. Dover. 

•255 Workshop on Chromatin Structure 
and Gene Expression. 
Organizers: F. Azorín, M. Beato and A. 
A. Travers. 

257 Lecture Course on Polyamines as 
Modulators of Plant Development. 
Organizers : A. W. Galston and A. F. 
Tiburcio. 

•258 Workshop on Flower Development. 
Organizers: H. Saedler, J. P. Beltrán and 
J. Paz-Ares. 

•259 Workshop on Transcription and 
Replication of Negative Strand ANA 

Viruses. 
Organizers: D. Kolakofsky and J. Ortín. 

•250 Lecture Course on Molecular Biology 
of the Rhizobium-Legume Symbiosis. 
Organizer: T. Ruiz-Argüeso. 

261 Workshop on Regulation of 
Translation in Animal Virus-lnfected 
Ce lis. 
Organize rs : N. Sonenberg and L. 
Carrasco. 

•253 Lecture Course on the Polymerase 
Chain Reaction. 
Organizers : M. Perucho and E. 
Martínez-Salas. 

•254 Workshop on Yeast Transport and 
Energetics. 
Organizers: A. Rodríguez-Navarro and 
R. Lagunas. 

265 Workshop on Adhesion Receptors in 
the lmmune System. 
Organi zers : T . A . Springer and F. 
Sánchez-Madrid. 

•266 Workshop on lnnovations in Pro­
teases and Their lnhibitors: Funda­
mental and Applied Aspects. 
Organizer: F. X. Avilés. 
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267 Workshop on Role of Glycosyi­
Phosphatidylinositol in Cell Signalling. 
Organizers: J. M. Mato and J. Lamer. 

268 Workshop on Salt Tolerance in 
Microorganisms and Plants: Physio­
logical and Molecular Aspects. 

Texts published by the 

Organizers: R. Serrano and J. A. Pintor­
Toro. 

269 Workshop on Neural Control of 
Movement in Vertebrales. 
Organizers: R. Baker and J. M. Delgado­
García. 

CENTRE FOR INTERNATIONAL MEETINGS ON BIOLOGY 

Workshop on What do Nociceptors *10 Workshop on Engineering Plants 
Tell the Brain? Against Pests and Pathogens. 
Organizers: C. Belmonte and F. Cerveró. Organizers : G. Bruening , F. García-

Olmedo and F. Ponz. 
*2 Workshop on DNA Structure and 

Protein Recognition. 11 Lecture Course on Conservation and 
Organizers: A. Klug and J. A. Subirana. Use of Genetic Resources. 

*3 lecture Course on Palaeobiology: Pre-
Organizers: N. Jouve and M. Pérez de la 

paring for the Twenty-First Century. Vega. 

Organizers: F. Álvarez and S. Conway 
12 Workshop on Reverse Genetics of 

Morris. 
Negative Stranded RNA Viruses. 

*4 Workshop on the Past and the Future Organizers : G. W. Wertz and J . A. 

of Zea Mays. Melero. 

Organizers: B. Burr, L. Herrera-Estrella 
and P. Puigdomenech. *13 Workshop on Approaches to Plant 

Hormone Action 
·s Workshop on Structure of the Major Organizers: J. Carbonell and R. L. Jones. 

Histocompatibility Complex. 
Organizers : A. Arnai z-Villena and P. *14 Workshop on Frontiers of Alzheimer 
Parham. Disease. 

*6 Workshop on Behavioural Mech-
Organizers: B. Frangione and J. Ávila. 

anisms in Evolutionary Perspective. 
*15 Workshop on Signal Transduction by 

Organizers: P. Bateson and M. Gomendio. 
Growth Factor Receptors with Tyro-

*7 Workshop on Transcription lnitiation sine Kinase Activity. 

in Prokaryotes Organizers: J. M. Mato and A. Ullrich. 
Organizers: M. Salas and L. B. Rothman-
Denes. 16 Workshop on lntra- and Extra-Cellular 

·a Workshop on the Diversity of the 
Signalling in Hematopoiesis. 
Organizers: E. Donnal l Thomas and A. 

lmmunoglobulin Superfamily. Grañena. 
Organizers: A. N. Barclay and J. Vives. 

9 Workshop on Control of Gene Ex- *17 Workshop on Cell Recognition During 

pression in Yeast. Neuronal Development. 

Organizers : C. Gancedo and J. M. Organ izers : C. S. Goodman and F. 

Gancedo. Jiménez. 
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18 Workshop on Molecular Mechanisms 

of Macrophage Activation. 
Organizers: C. Nathan and A. Celada. 

*19 Workshop on Viral Evasion of Host 
Defense Mechanisms. 
Organizers : M. B. Mathews and M. 
Esteban. 

*20 Workshop on Genomic Fingerprinting. 

Organizers: M. McCielland and X. Estivill. 

21 Workshop on DNA-Drug lnteractions. 

Organizers: K. R. Fax and J. Portugal. 

*22 Workshop on Molecular Bases of Ion 

Channel Function. 
Organizers: R. W. Aldrich and J. López­

Barneo. 

*23 Workshop on Molecular Biology and 
Ecology of Gene Transfer and Propa­
gation Promoted by Plasmids. 
Organizers : C . M. Thomas, E. M. H. 
Willington, M. Espinosa and R. Díaz 
Orejas. 

*24 Workshop on Deterioration, Stability 
and Regeneration of the Brain During 

Normal Aging. 
Organizers: P. D. Coleman, F. Mora and 
M. Nieto-Sampedro .. 

25 Workshop on Genetic Recombination 
and Detective lnterfering Particles in 
ANA Viruses. 
Organizers: J . J. Bujarski, S. Schlesinger 
and J . Romero. 

26 Workshop on Cellular lnteractions in 
the Early Development of the Nervous 
System of Drosophila. 
Organizers: J . Modolell and P. Simpson. 

*27 Workshop on Ras, Differentiation and 

Development. 
Organizers: J . Downward, E. Santos and 
D. Martín-Zanca. 

*28 Workshop on Human and Experi­
mental Skin Carcinogenesis. 
Organizers: A. J. P. Klein-Szanto and M. 
Quintanilla. 

*29 Workshop on the Biochemistry and 
Regulation of Programmed Cell Death. 
Organizers : J. A. Cidlowski , R. H. Horvitz , 

A. López-Rivas and C. Martínez-A. 

*30 Workshop on Resistance to Viral 
lnfection. 
Organizers : L. Enjuanes and M. M. C. 
Lai. 

31 Workshop on Roles of Growth an.d 
Cell Survival Factors in Vertebrate 
Development. 
Organizers : M. C. Raff and F. de Pablo . 

32 Wol'kshop on Chromatin Structure 
and Gene Expression. 
Organizers : F. Azorín, M. Beato andA. P. 
Wolffe . 

*33 Workshop on Molecular Mechanisms 

of Synaptic Function. 
Organizers: J. Lerma and P. H. Seeburg. 

*34 Workshop on Computational Approa­
ches in the Analysis and Engineering 
of Proteins. 
Organizers: F. S. Avilés, M. Billeter and 
E. Querol. 

35 Workshop on Signa! Transduction 
Pathways Essential for Yeast Morpho­
genesis and Celllntegrity. 
Organizers : M. Snyder and C. Nombela. 

36 Workshop on Flower Development. 

Organizers: E. Caen , Zs . Schwarz­
Sommer and J. P. Beltrán. 

*37 Workshop on Cellular and Molecular 
Mechanism in Behaviour. 
Organizers: M. Heisenberg and A . 
Ferrús. 

38 Workshop on lmmunodeficiencies of 

Genetic Origin. 
Organizers: A. Fischer and A. Arnaiz­

Villena. 

39 Workshop on Molecular Basis for 
Biodegradation of Pollutants. 
Organizers: K. N. Timmis and J . L . 
Ramos. 

*40 Workshop on Nuclear Oncogenes and 
Transcription Factors in Hemato­

poietic Cells. 
Organizers: J. León and R. Eisenman. 

Instituto Juan March (Madrid)



*41 Workshop on Three-Dimensional 
Structure of Biological Macromole­
cules. 
Organizers : T. L Blundell , M. Martínez­
Ripoll , M. Rico and J. M. Mato. 

42 Workshop on Structure, Function and 
Controls in Microbial Division. 
Organizers: M. Vicente , L. Rothfield and J. 
A. Ayala. 

*43 Workshop on Molecular Biology and 
Pathophysiology of Nitric Oxide. 
Organizers: S. Lamas and T. Michel. 

*44 Workshop on Selective Gene Activa­
tion by Cell Type Specific Transcription 
Factors. 
Organizers : M. Karin , R. Di Lauro , P. 
Santisteban and J. L. Castrillo. 

45 Workshop on NK Cell Receptors and 
Recognition of the Major Histo­
compatibility Complex Antigens. 
Organizers: J. Strominger, L. Moretta and 
M. López-Botet. 

46 Workshop on Molecular Mechanisms 
lnvolved in Epithelial Cell Differentiation. 
Organizers: H. Beug, A. Zweibaum and F. 
X. Real. 

47 Workshop on Switching Transcription 
in Development. 
Organizers: B. Lewin , M. Beato and J. 
Modolell . 

48 Workshop on G-Proteins: Structural 
Features and Their lnvolvement in the 
Regulation of Cell Growth. 
Organizers: B. F. C. Clark and J . C. Lacal. 

*49 Workshop on Transcriptional Regula­
tion at a Distance. 
Organizers: W. Schaffner, V. de Lorenzo 
and J. Pérez-Martín. 

50 Workshop on From Transcript to 
Protein: mANA Processing, Transport 
and Translation. 
Organizers: l. W. Mattaj , J . Ortín and J . 

Valcárcel. 

51 Workshop on Mechanisms of Ex­
pression and Function of MHC Class 11 
Molecules. 
Organizers: B. Mach and A. Celada. 

52 Workshop on Enzymology of DNA­
Strand Transfer Mechanisms. 
Organizers: E. Lanka and F. de la Cruz. 

53 Workshop on Vascular Endothelium 
and Regulation of Leukocyte Traffic. 
Organizers: T. A. Springer and M. O. de 
Landázuri. 

54 Workshop onCytokines in lnfectious 
Diseases. 
Organizers: A. Sher, M. Fresno and L. 
Rivas . 

55 Workshop on Molecular Biology of 
Skin and Skin Diseases. 
Organizers: D. R. Roop and J. L. Jorcano. 

56 Workshop on Programmed Cell Death 
in the Developing Nervous System. 
Organizers : R. W. Oppenheim , E. M. 
Johnson and J. X. Camella. 

57 Workshop on NF-KBIIKB Proteins. Their 
Role in Cell Growth, Differentiation and 
Development. 
Organizers: R. Bravo and P. S. Lazo. 

58 Workshop on Chromosome Behaviour: 
The Structure and Function of lelo­
meres and Centromeres. 
Organizers: B. J . Trask, C. Tyler-Smith, F. 
Azorín andA. Villasante. 

59 Workshop on RNA Viral Quasispecies. 
Organizers: S. Wain-Hobson, E. Domingo 
and C. López Galíndez. 

60 Workshop on Abscisic Acid Signal 
Transduction in Plants. 
Organizers : R. S. Quatrano and M. 
Pagés. 

61 Workshop on Oxygen Regulation of 
Ion Channels and Gene Expression. 
Organizers : E. K . Weir and J. López­
Barneo. 

62 1996 Annual Report 

63 Workshop on TGF-~ Signalling in 
Development and Cell Cycle Control. 
Organizers: J. Massagué and C. Bernabéu. 

64 Workshop on Novel Biocatalysts. 
Organizers: S. J. Benkovic and A. Ba­
llesteros. 
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65 Workshop on Signal Transduction in 
Neuronal Development and Recogni­
tion. 
Organizers: M. Barbacid and D. Pulido. 

66 Workshop on 100th Meeting: Biology at 
the Edge of the Next Century. 
Organizer : Centre for lnternational 
Meetings on Biology, Madrid. 

67 Workshop on Membrane Fusion. 
Organizers: V. Malhotra and A. Velasco. 

68 Workshop on DNA Repair and Genome 
lnstability. 
Organizers: T. Lindahl and C. Pueyo. 

69 Advanced course on Biochemistry and 
Molecular Biology of Non-Conventional 
Yeasts. 
Organizers: C. Gancedo, J. M. Siverio and 
J. M. Cregg. 

70 Workshop on Principies of Neural 
lntegration. 
Organizers: C. D. Gilbert, G. Gasic and C. 
Acuña. 

71 Workshop on Programmed Gene 
Rearrangement: Site-Specific Recom­
bination. 
Organizers: J . C. Alonso and N. D. F. 
Grindley. 

72 Workshop on Plant Morphogenesis. 
Organizers: M. Van Montagu and J . L. 
Mico l. 

73 Workshop on Development and Evo­
lution. 
Organizers: G. Morata and W. J. Gehring. 

*74 Workshop on Plant Viroids and Viroid­
Like Satellite RNAs from Plants , 
Animals and Fungi. 
Organizers: R. Flores and H. L. Sanger. 

75 1997 Annual Report. 

76 Workshop on lnitiation of Replication 
in Prokaryotic Extrachromosomal 
Elements. 
Organizers: M. Espinosa, R. Díaz-Orejas, 
D. K. Chattoraj and E. G. H. Wagner. 

77 Workshop on Mechanisms lnvolved in 
Visual Perception. 
Organizers: J . Cudeiro and A. M. Sillita. 

78 Workshop on Notch/Lin-12 Signalling. 
Organizers: A. Martínez Arias, J . Mo.dolell 
and S. Campuzano. 

79 Workshop on Membrane Protein 
lnsertion, Folding and Dynamics. 
Organizers: J. L. R. Arrondo, F. M. Goñi, 
B. De Kruijff and B. A. Wallace. 

80 Workshop on Plasmodesmata and 
Transport of Plant Viruses and Plant 
Macromolecules. 
Organizers : F. García-Arenal , K. J . 

Oparka and P.Palukaitis. 

81 Workshop on Cellular Regulatory 
Mechanisms: Choices, Time and Space. 
Organizers: P. Nurse and S. Moreno. 

82 Workshop on Wiring the Brain: Mecha­
nisms that Control the Generation of 
Neural Specificity. 
Organizers: C. S. Goodman and R. 
Gallego. 

83 Workshop on Bacteria! Transcription 
Factors lnvolved in Global Regulation. 
Organizers: A. lshihama, R. Kolter and M. 
Vicente. 

84 Workshop on Nitric Oxide: From Disco­
very to the Clinic. 
Organizers: S. Moneada and S. Lamas. 

85 Workshop on Chromatin and DNA 
Modification: Plant Gene Expression 
and Silencing. 
Organizers: T. C. Hall , A. P. Wolffe , R. J. 
Ferl and M. A. Vega-Palas. 

86 Workshop on Transcription Factors in 
Lymphocyte Development and Function. 
Organizers: J. M. Redondo, P. Matthias 
and S. Pettersson. 

87 Workshop on Novel Approaches to 
Study Plant Growth Factors. 
Organizers: J. Schell and A. F. Tiburcio. 

88 Workshop on Structure and Mecha­
nisms of Ion Channels. 
Organizers: J . Lerma, N. Unwin and R. 
MacKinnon. 

89 Workshop on Protein Folding. 
Organizers: A. R. Fersht, M. Rico and L. 
Serrano. 
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90 1998 Annual Report. 

91 Workshop on Eukaryotic Antib iotic 
Peptides. 
Organizers: J. A. Hoffmann , F. Garcia­
Oimedo and L. Rivas. 

92 Workshop on Regulation of Protein 
Synthesis in Eukaryotes. 
Organizers: M. W. Hentze, N. Sonenberg 
and C. de Haro. 

93 Workshop on Cell Cycle Regulation 
and Cytoskeleton in Plants . 
Organizers: N.-H. Chua and C. Gutiérrez . 

94 Workshop on Mechanisms of Homo­
logous Recombination and Genetic 
Rearrangements. 
Organizers : J. C. Alonso , J. Casadesús, 
S. Kowalczykowski and S. C. West. 

95 Workshop on Neutrophil Development 
and Function. 
Organizers: F. Mollinedo and L. A. Boxer. 

96 Workshop on Molecular Clocks. 
Organize rs: P. Sassone-Corsi and J. R. 
Naranjo. 

97 Workshop on Molecular Nature of the 
Gastrula Organizing Center: 75 years 
after Spemann and Mangold. 
Organizers : E. M. De Robertis and J. 
Aréchaga. 

98 Workshop on Telomeres and Telome­
rase: Cancer , Aging and Genetic 
lnstability. 
Organizer: M. A. Blasco. 

99 Workshop on Specificity in Ras and 
Rho-Mediated Signalling Events. 
Organizers: J. L. Bos, J. C. Lacal and A. 
Hall. 

100 Workshop on the Interface Between 
Transcription and DNA Repair, Recom­
bination and Chromatin Remodelling. 
Organizers: A. Aguilera and J. H. J. Hoeij­
makers. 

101 Workshop on Dynamics of the Plant 
Extracellular Matrix. 
Organizers: K. Roberts and P. Vera. 

Out of Stock. 

102 Workshop on Helicases as Molecular 
Motors in Nucleic Acid Strand Separa­
tion. 
Organizers: E. Lanka and J . M. Carazo. 

1 03 Workshop on the Neural Mechanisms 
of Addiction. 
Organizers: R. C. Malenka, E. J. Nestler 
and F. Rodríguez de Fonseca. 

1 04 1999 Annual Report. 

105 Workshop on the Molecules of Pain: 
Molecular Approaches to Pain Research. 
Organizers: F. Cervero and S. P. Hunt. 

106 Workshop on Control of Signalling by 
Protein Phosphorylation. 
Organizers: J . Schlessinger, G. Thomas, 
F. de Pablo and J. Moscat. 

107 Workshop on Biochemistry and Mole­
cular Biology of Gibberellins. 
Organizers: P. Hedden and J . L. Garcia­
Martinez. 

108 Workshop on lntegration of Transcrip­
tional Regulation and Chromatin 
Structure. 
Organizers: J . T. Kadonaga, J. Ausió and 
E. Palacián. 

109 Workshop on Tumor Suppressor Net­
works. 
Organizers: J. Massagué and M. Serrano. 

11 O Workshop on Regulated Exocytosis 
and the Vesicle Cycle. 
Organizers: R. D. Burgoyne and G. Álva­
rez de Toledo. 

111 Workshop on Dendrites. 
Organizers: R. Yuste and S. A. Siegel­
baum. 
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The Centre for Intemational Meetings on Biology 

was created within the 

Instituto Juan March de Estudios e Investigaciones, 
a prívate foundation specialized in scientific activities 

which complements the cultural work 

of the Fundación Juan March. 

The Centre endeavours to actively and 

sistematically promote cooperation among Spanish 

and foreign scientists working in the field of Biology, 

through the organization of Workshops , Lecture 

and Experimental Courses, Seminars, 

Symposia and the Juan March Lectures on Biology. 

From 1989 through 1999, a 

total of 136 meetings and 11 

Juan March Lecture Cycles, al! 

dealing with a wide range of 

subjects of biological interest, 

were organized within the 

scope of the Centre. 
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The lectures summarized in this publication 
were presented by their authors at a workshop 
held on the 19 111 through the 21sr of Jun e, 2000, 
at the Instituto Juan March. 

All published articles are exact 
reproduction of author's text. 

There is a limited edition of 400 copies 
of this volume, available free of charge. 


