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“Le molteplici sfide della materia oscura del genoma umano” 



April 1953

Milestone 1

Human Genome Project
(official start – October 1990)



• 1961: Niremberg, Khorana and coll. cracked the «code for life»

• 1968: The Nobel Prize in Physiology or Medicine 1968 was awarded jointly to Robert W. Holley,
Har Gobind Khorana and Marshall W. Nirenberg "for their interpretation of the genetic code and
its function in protein synthesis“

• 1972: Paul Berg and coll. publish the first paper on a recombinant DNA molecule. It’s the
beginning of genetic engineering

• 1975 (and following 1977): Frederick Sanger and coll. develop the “dideoxys’ method” for
sequencing DNA. The genome of ΦX174 virus is sequenced.

• 1977: Allan Maxam and Walter Gilbert develop a DNA sequencing technique complementary to
that published by Sanger

• 1980: The Nobel Prize in Chemistry 1980 was divided, one half awarded to Paul Berg "for his
fundamental studies of the biochemistry of nucleic acids, with particular regard to recombinant-
DNA", the other half jointly to Walter Gilbert and Frederick Sanger "for their contributions
concerning the determination of base sequences in nucleic acids”

• 1980: David Botstein e coll, obtained the first Genetic Linkage Map in Man Using Restriction
Fragment Length Polymorphisms

• 1981: Anderson and coll. sequenced for the first time the 16,569 bp of the human mtDNA

• 1983: Kary Mullis invents the Polymerase Chain Reaction (in 1993 he will receive Nobel prize in
Chemistry together with Michael Smith)



Cedalion on Orion's shoulders.

1658 painting by Nicolas Poussin



The Alta meeting is thus the bridge from 

DOE's traditional interest in detection of 

mutations to DeLisi's push for a Human 

Genome Initiative, and provides one of 

several historical links between genome 

projects and another massive technical 

undertaking of the 20th century—the 

Manhattan project.

Charles DeLisi, Professor of 
Science and Engineering at 
Boston University. Director 
of the Office of Health at DOE 
(1985)

“Hiroshima meeting”, March 1984 and further “The Alta Summit”, December 1984



Ich schlage vor, für den haploiden Chromosomensatz, der im Verein mit 

dem zugehörigen Protoplasma die materielle Grundlage der 

systematischen Einheit darstellt den Ausdruck: das Genom zu 

verwenden ... (Verbreitung und Ursache der Parthenogenesis im 

Pflanzen- und Tierreiche. Winkler, Hans. Jena, G. Fischer, 1920). 

This may be translated as: "I propose the expression Genom for

the haploid chromosome set, which, together with the pertinent

protoplasm, specifies the material foundations of the species ..."

From the Commentary: The Scientist 15[7]:8, Apr. 2, 2001 

The origin of term «Genome»

https://en.wikipedia.org/wiki/Haploid


Letter from Robert Sinsheimer to the President of UCSC: the Human Genome Project (HGP) is proposed for the first time

Robert L. Sinsheimer (1920 – 2017)
Chancellor emeritus at the UCSC



Bob Ludwig,

professor 
emeritus of
MCD Biology at 
UC Santa Cruz

Answer of the biologists Bob Edgar, Harry Noller e Bob Ludwig to
the questions of Robert (Bob) Sinsheimer

Robert Edgar, 
professor emeritus of 
biology at UC Santa 
Cruz

Harry F. Noller,
director of 
the University of 
California, Santa 
Cruz's Center for 
the Molecular 
Biology of RNA.
Noller has just 
received the 2017 
Breakthrough Prize 
in Life Sciences for 
his discoveries 
about the ribosome 
Science magazine 
(Sept. 24, 1999), 
the tiny structure of 
the cell that Noller
calls the 
“mothership of 
life.”

https://en.wikipedia.org/wiki/University_of_California,_Santa_Cruz
https://en.wikipedia.org/wiki/University_of_California,_Santa_Cruz
https://en.wikipedia.org/wiki/University_of_California,_Santa_Cruz




Renato Dulbecco’s perspective (1986) (President of the Salk Institute)





“The National Research Council (NRC) of the National Academy of Sciences… met several 

times during 1987, and issued a report in February 1988 that argued strongly for a broader 

human genome project. The committee included several members who were initially 

skeptical of genome proposals, such as David Botstein, Shirley Tilghman,

and Leon Rosenberg. The chairman, Bruce Alberts, had written a 1983 editorial highly 

critical of big science in Biology”

Origins of the human genome project

James Dewey Watson, Robert Mullan Cook-Deegan

The FASEB Journal, 1991

https://faseb.onlinelibrary.wiley.com/authored-by/Watson/James+Dewey
https://faseb.onlinelibrary.wiley.com/authored-by/Cook%E2%80%90Deegan/Robert+Mullan


The HGP officially started in 1990 jointly by NIH and DOE and 
became a truly international project with many participating 
countries. James Watson headed the NIH HGP and David Galas 
the DOE HGP project. In 1993 they were replaced by Francis 
Collins (NIH) and Aristides Patrino (DOE). 

“What more powerful form of study of mankind could
there be than to read our own instruction book” – Francis
S. Collins, Director, NIH.

“Along with Bach’s music, Shakespeare’s sonnets, and the
Apollo Space Program, the Human Genome Project
(HGP) is one of those achievements of the human spirit
that makes me proud to be a human” – Richard Dawkins,
British ethologist & evolutionary biologist.



$3 billion - 15 years 
(predicted time, 
originally)



Main challanges and opportunities

• High costs

• Concerns on sequencing and assembling technologies (in relationship with time and repetitive sequences of the 
genome, respectively)

• Interdisciplinariety (needs of expertise in the field of biology, chemistry, phisics, computational analysis)
and transnationality of the project (an opportunity and a risk at the same time)

• Data analysis and technical issue for the storage of the data

• Parallel sequencing of genomes of model organisms

• Ethical and legal implications (3% of the budget reserved for Ethical, Legal and Social Implications – ELSI Research Program) 



The project researchers used a 

thoughtful process to recruit 

volunteers, acquire their informed 

consent, and collect their blood 

samples. Most of the human genome 

sequence generated by the Human 

Genome Project came from blood 

donors in Buffalo, New York; 

specifically, 93% from 11 donors, and 

70% from one donor.





June, 26th 2000: public announcement of the completion of 
the first draft of the human genome sequence



Robert Waterston, M.D., Ph.D., at the 2001 press 
conference announcing the publication describing the 
draft sequence of the human genome generated by the 
Human Genome Project (NHGRI Photo Archive).



• «Total human genome size expected aroung 3.2 Gb»

• «Estimate of the euchromatic genome size of 2.9 Gb»

• «Variation in the distribution of several features (genes, transposable elements, GC content, 
recombination rate, etc…) within the genome landscape»

• «More than 1.4 million single nucleotide polymorphisms (SNPs) identified» 

• «Number of protein-coding genes less than expected (about 30,000-40,000 against the 100,000 
genes predicted at the beginning of the project)»

• «The total number of human protein-genes only twice as many as in worm or fly BUT more 
alternative splicing observed in humans»

• «Presence of vertebrate-specific DNA sequences involved in the synthesis of motif and domains 
typical in vertebrates»

• «The mutation rate twice as high in male as in female meiosis: most mutation occurs in males»

• «About 88% of the human genome represented in the draft»

A summary of the main results



Main challanges coming from these results

• Individual variation of the sequence: the need to obtain personalized genome sequences

• Reducing the costs of sequencing

• Develop technologies leading to long-read sequences, covering the gaps 

• Understand the meaning of the so called «junk DNA»



Dr. Eric Green, the director of the National Human Genome 
Research Institute, recalled that “the first genome cost us 
about a billion dollars … Now when we sequence a person’s 
genome, it’s less than $1000, so that’s a million-fold reduction.”

Using technology originally acquired in the US, the Chinese 
gene giant BGI Group says it will make genome sequencing 
cheaper than ever, breaking the $100 barrier for the first time.

A fall in the cost of DNA sequencing from $1,000,000,000 to 
$100 over 20 years would imply a compound rate of decline of 
6.5 percent a month. (Adjusting for the time price puts the 
compound rate of decline at 7.13 percent per month.) Moore’s 
law indicates that prices of computing decline at 2.85 percent a 
month. So, the cost of DNA sequencing per genome may 
amount to the fastest price decline in history.

https://www.forbes.com/sites/katiejennings/2020/10/28/how-human-genome-sequencing-went-from-1-billion-a-pop-to-under-1000/?sh=131d618f8cea


• In April 2003, the consortium announced that it had generated an
essentially complete human genome sequence, which was significantly
improved from the draft sequence. Specifically, it accounted for 92% of
the human genome and less than 400 gaps; it was also more accurate.

• On March 31, 2022, the Telomere-to-Telomere (T2T) consortium
announced that had filled in the remaining gaps and produced the first
truly complete human genome sequence.

H3 Africa (Mulderr et al., Pharmac. Pers. Med. 2018)

The Genome Asia 100K project (Wall et al., Nature 2019)

Indi Genomes (Jain et al., NAR 2021)

17 April 2008 – 
James Watson’s genome sequenced

https://www.genome.gov/11006929/2003-release-international-consortium-completes-hgp
https://www.genome.gov/T2T
https://www.genome.gov/T2T


Nurk et al., Science 376, 44–53 (2022) 1 April 2022



• Initial Inventory of Functional Elements to Identify
• Initial List of Technologies/Approaches that Could be 

Utilized
• Process for Selection of Genomic Targets
• Criteria for Participation
• Organizational Issues
• Data Management
• Data Release
• Other Issues

https://www.genome.gov/10005115/encode-workshop-
summary 

https://www.genome.gov/10005115/encode-workshop-summary
https://www.genome.gov/10005115/encode-workshop-summary


A Conversation with James D. Watson (Interview by John 
Rennie, EiC of Sc. American at that time)

APRIL 1, 2003

SA: “In a century, we went from rediscovering Mendel’s laws and identifying
chromosomes as agents of heredity to having the human genome largely
worked out. Finding the double helix drops neatly in the middle of that span.
How much, with respect to DNA, is left for us to do? Are there still great
discoveries to be made, or is it all just filling in details?”

JW: “The major problem, I think, is chromatin [the dynamic complex of DNA
and histone proteins that makes up chromosomes]. What determines
whether a given piece of DNA along the chromosome is functioning, since it’s
covered with the histones? You can inherit something beyond the DNA
sequence. That’s where the real excitement of genetics is now. And it seems
to be moving pretty fast. You don’t really want to make a guess, but I’d guess
that over these next 10 years, the field will be pretty played out. A lot of very
good people are working on it. We have the tools. At some stage, the basic
principles of genetics will be known in terms of gene functioning, and then
we’ll be able to apply that more to problems such as how the brain works.”



Back to 2003

3 phases planned as the beginning of the ENCODE project:

1) Pilot study: approx. 30 Mb of the human genome (1%) divided into 44 discrete regions

2) Technical Skills Improvement Phase

3) Production phase (extension of the acquired technical capabilities to the remaining 99% of the genome)



• Many more sections of the genome are transcribed into RNA than 
had previously been recognized

• Identified where within the chromatin certain histones are marked 
by chemical modifications, and identified positions at which 
transcription-regulatory proteins were binding to the DNA (as 
Watson said…the real issue is chromatin!)

• Evidence of regulatory functions for sequences at transcription start 
sites, as expected, but also at other sites in the DNA

A summary of the main results

Ishihara’s test
(From: NATURE|Vol 447|14 June 2007)



Just 1.2% of the 3 billion bases of our genome is really «translated» into proteins!

Notwithstanding this, most of the remaining part of the genome (about 75%) is trancribed in RNA, 

even if not translated into proteins

The dark matter of the genome and non-coding RNA



Biophysicist Alexander Rich first 
mixed two differing strands of RNA in 
1956 to discover the RNA double 
helix. 



From: Funct Integr Genomics. 2021; 21(3-4): 313–330

The era of transcriptomics



Micro RNAs



«

                      »



Courtesy of Bonnie Bartel and David P. Bartel Reprinted 
from Plant Physiol, 132:1-9, June 2003.

• Each miRNA can target up to 200 different mRNAs
(quite 1/3 of the whole transcriptome is regulated
my miRNAs)

• Each  mRNA can be targeted by several miRNAs
(sinergistic control) 

miRNAs are negative regulators of gene expression



miRNAs in cancer (e.g.: CRC, GBM, neuroblastoma, uveal melanoma) – may act as oncogenes or tumor suppressors



miRNAs may regulate woman fertility at different levels (e.g.: oocytes, follicular fluid, granulosa cells)



miRNAs in SARS-CoV-2



Viroids (1976)

Hepatitis d virus (1986)

Cytoplasmic eucaryotic 
circular RNAs (1979)

«Scrambled exons» in 
human DCC gene (1991)

Circular Sry transcripts (1993)

Circular RNAs from the 
Intervening sequence of rRNA

(1981)

Circular RNAs











Regularoty ncRNAs Epigenetic regulators – What is their relationship with the genome?

Concluding remarks

Back to the (personalized) genomes



Grazie a tutti per l’attenzione!

“We shall not cease from exploration. And the end of all our exploring will be to arrive where we started, and 
know the place for the first time”. DT. S. Eliot
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