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on October 26, 2020. The video of the original address can be found at the ASHG website.
It feels very special to be introduced by a former president

of ASHG and the very person who introduced me as a

fellow to ASHG back in 2003, Professor Cynthia C. Mor-

ton. Thank you verymuch Cynthia for the very kind intro-

duction, which I will come back to later in my talk.

I cannot put in words the tremendous honor it is to win

the Curt Stern Award and how much it means to me, my

team, my institution, and my family. While it is not my

preference to have this lecture taped in my office, I am

nonetheless very grateful for the opportunity to give an

overview of the work I feel absolutely privileged to under-

take on behalf of our entire society to achieve a better under-

standing of our shared heritage, that is, the human genome.

The power of the software that we call DNA to encode

the making of the human body never ceases to amaze

me, and evenmore so considering how deeply this concept
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The Ameri
has enthralled the general public and the scientific com-

munity after the momentous completion of the human

genome project. It was the medical implications of the hu-

man genome project, however, that brought what once

seemed far-fetched to the realm of reality: the exciting pos-

sibility that understanding this software will change med-

icine as we know it.

While it is true that DNA is not your destiny, there are

changes in your software that will virtually guarantee an

impact on your health, best exemplified by Mendelian

phenotypes.

My fascination withMendelian phenotypes dates back to

1997 when I was still a medical student, and James (Jim)

Gusella came to Saudi Arabia to receive King Faisal Interna-

tional Prize in Medicine. He visited my medical school in

Riyadh and gave an electrifying talk on how he mapped

Huntington disease and eventually cracked its mysterious

mutational mechanism. I was fascinated by the simple yet

powerful predictability of this Mendelian variant and even

more fascinated by how one could literally map a variant

onto the human genome even without having a clue as to

the gene’s function. I fell in love with Mendelian disorders

then and there, and they continue to be my passion.

In the complexworldof human genomics,Mendeliandis-

orders epitomizeprecisionandpredictability, andthat iswhy

theyarepreventable.Theyarealso, just toaddanotherp,per-

plexing, because many are so rare, they are not even recog-

nizable by the wider medical community. This is rapidly

changing though thanks to the agnosticgenomesequencing

tools we nowhave at our disposal. For these tools towork for

all clinicians, however, we must first establish the clinical

relevance of thousands of genes in the human genome

where this remains an open question, and that is one area I

try to contribute to asmuch as possible given the unique pa-

tient population I work with.

Before I talk about that population, let us first have some

background. How do variants that cause Mendelian phe-

notypes, many of which are very severe, creep into the
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Figure 1. Illustration of the difference be-
tween de novo and recessive paradigms in
evading natural selection
This illustration assumes a reproductive
fitness of 0.
human gene pool when they are typically not compatible

with reproduction, i.e., many have a reproductive fitness of

0? What is their trick to evade natural selection? The one

trick that many of us are most familiar with is the de

novomechanism. Just as efficiently, however, recessive var-

iants can also make their way into our gene pool because

they can easily pass through the reproduction barrier in

the monoallelic but not the bi-allelic state (Figure 1).

The difference in likelihood, however, between the two

scenarios can be vast, as shown in the following example

where we can compare the two mechanisms operating

on the same gene. The frequency of osteogenesis imper-

fecta in the baby shown in Figure 2 is the simple function

of the de novo mutation rate of COL1A1, which is straight-

forward, but compare that to the exceedingly rare EDS-like

phenotype caused by a recessive COL1A1 variant shown in

the same figure.1 It is exceedingly rare because its fre-

quency should be the function of q2, and if q is very small,

then q2 is going to be hopelessly rare, that is unless q2 is no

longer the determining factor, which is precisely what hap-

pens in the consanguineous populations I have been work-

ing with for the past 13 years. In a first cousin union, if dad

has that very rare recessive COL1A1 variant, then mom’s

probability of being a carrier is not 1 in 200,000 but in 1

in 8. In a consanguineous population, therefore, the fre-

quency of recessive disorders is not a function of q2, but

rather qF where F is in the inbreeding coefficient.2 This

means that there are gene-disease associations that are so

rare the only way we can learn about them is through a

dedicated effort to study consanguineous populations.

Just so you have an idea on how this completely changes

the Mendelian diseases landscape in consanguineous

versus non-consanguineous populations, I would like

you to consider three phenotypes that we know are essen-
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tially filtered out by natural selection

in a single generation. Take severe in-

tellectual disability as one such an

example where the overwhelming ma-

jority of causal variants are de novo,

which is the complete opposite of

what we see in consanguineous popu-

lations.3 In stillbirths, you are probably

familiar with a recent paper from New

York where nearly every variant was

dominant, again the complete oppo-

site of the pattern we had observed in

our consanguineous population,

which is in a way a silver lining

because we are able to trace the cause

of death in the DNA of the parents
when we have no DNA left from the stillbirth (molecular

autopsy by proxy).4,5 In male infertility, we have conduct-

ed the largest genomic investigation into azoospermia and

found that >80% of hits are recessive, and it will be inter-

esting to see what similar studies in outbred populations

will show as these become available.6

In consanguineous unions, not only do you get enrich-

ment for even the rarest of autosomal recessive traits, but

you also get to map the causal variant readily even when

you have no clue what the gene’s function is thanks to

the autozygome.7 Combine this with the power of next-

generation sequencing (NGS) and you have an exceptional

opportunity for a very high throughput novel disease gene

discovery pipeline, which will allow us to increase the

sensitivity of the clinical genome. Remember, a clinical

genome is only as good as our knowledge is about the clin-

ical relevance, or lack thereof, of every single gene. And

here too it is salient to contrast the process of novel disease

gene discovery under the de novo versus recessive para-

digms. For example, in their first major gene discovery pa-

per, the DDD study reported the discovery of 14 genes after

analyzing the first few thousands of cases.8 Compare this

to a focused effort involving just 143 multiplex consan-

guineous families enriched for novel gene discovery based

on a positional mapping prescreen and this allowed us to

identify nearly 70 novel genes.9 Why is it possible to iden-

tify far more novel genes with confidence using a far

smaller sample size?

In the de novo paradigm, you need multiple mutational

events to gain confidence in the gene of interest. Under

the recessive paradigm, on the other hand, we are typically

dealing with a single mutational event that is rendered ho-

mozygous so many times that you can easily cross the

threshold for statistical significance by linkage analysis.



Figure 2. Illustration of the difference
between de novo and recessive paradigms
in shaping the frequency of Mendelian
phenotypes
In this example, the two paradigms are
compared with the same gene, COL1A1,
mutation of which can cause autosomal
dominant osteogenesis imperfecta as well
as autosomal recessive Ehler-Danlos syn-
drome. *Note that qF is what determines
the frequency of affected individuals in
inbred populations rather than q2 (see
text for explanation).
You do not even require large families when dealing with

older founder variants because they get homozygosed in

independent consanguinity loops in so many small fam-

ilies that you can still achieve the same result.

Not only do consanguineous populations help us boost

the sensitivity of the clinical genome at the gene level,

but also at the variant level. Who would have thought

that variants in the gene linked to a relatively mild inborn

error of metabolism known as serine deficiency can also

cause a devastating malformation disorder known as

Neu-Laxova syndrome that had been a mystery for de-

cades?10 And who would have thought that variants in

the gene linked to microcephaly also cause a perinatally le-

thal condition, microcephaly-micromelia syndrome, that

was described many years ago but remained unexplained

until consanguineous families helped us solve this mys-

tery?11 These and so many other surprising allelic series

would not have been possible had it not been for the

‘‘X-ray’’ vision enabled by positional mapping that allowed

us to reconsider the seemingly unlikely, and it is through

these allelic series that we can fully grasp the full pheno-

typic expression of genes. We have also taken advantage

of the power of positional mapping to learn the rules of

transcript deleterious variants so we can have a better im-

plementation of RNA-seq to boost the sensitivity of the

clinical genome. For example, by analyzing all families

that map to single loci, we were able to provide the first un-

biased breakdown of coding versus non-coding variants in

Mendelian diseases.12 Boosting the sensitivity of the clin-

ical genome need not be limited to rare diseases; we have

leveraged the unique structure of consanguineous popula-

tions to also identify Mendelian forms of common dis-

eases,13–18 and there is now a growing realization that a sig-
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nificant minority of patients with all

kinds of common diseases have in

fact underlying Mendelian variants.

Our endeavor to improve the sensi-

tivity of the clinical genome should

not make us lose sight of the impor-

tance of improving its specificity.

Again, at both the gene and variant

levels, the study of consanguineous

populations can contribute signifi-

cantly to minimizing false positives
when interpreting the clinical genome. At the gene level,

we have taken advantage of naturally occurring ‘‘knockout’’

individuals who are homozygous for loss-of-function vari-

ants to challenge gene-disease associations, and we will of

course continue doing so as we expand our operation to cat-

alog these knockout events.19,20 At the variant level, I would

like you to consider this variant, SLC26A4, GenBank:

NM_000441, c.1234G>A (p.Val412Ile), which is very rare

both ingnomAD(MAF¼0.0000518)and inourconsanguin-

eous population (MAF¼ 0.00045). One does not knowwhat

to make of this variant because even though it is predicted

deleterious in silico, it will takemore than the entire US pop-

ulation tofinda singlehomozygote (q2) todefinitively reveal

its phenotypic expression. Not so in our consanguineous

populationwhere we can identify not one but two homozy-

gotes despite the much smaller cohort size (3,300 versus

125,411), and because both lack hearing loss, you can have

confidence in assigning this a more benign classification.

We have done this for thousands of variants, including hun-

dreds of ‘‘disease-causing’’ variants, whichwe found to cause

no phenotypes among homozygotes, and we will continue

this effort to contribute as much as we can to improving

the specificity of the clinical genome.21

So where does this take us? I always say that while the

number of genes is limited, the number of variants is

not, so even if we saturate the sensitivity and specificity

of the clinical genome at the gene level we will still

have work to do at the variant level and these special pop-

ulations will always be incredibly valuable in this regard.

But there is more. While little can be done to prevent a de

novo occurrence, there is so much that can be done to pre-

vent recessive alleles from wreaking havoc in the human

population. I am not simply referring to prenatal and
enetics 108, 395–399, March 4, 2021 397



preimplantation genetic testing but the real possibility of

having everyone fully informed of their carrier status of

these alleles. This is something we plan to do on a very

large scale since we already have a premarital screening

program in the country that we can build on. Just to

give you an idea of the tremendous opportunity we

have here, in a preliminary analysis of 503 couples from

Saudi Arabia, we found that the percentage of at-risk cou-

ples is >12% and that is only counting a predefined set of

pathogenic variants we had detected in that popula-

tion.22 This is dramatically different from the percentage

of at-risk couples in the US, which is 1.2%, so you start to

realize how staggering these numbers are. This also show-

cases the tremendous potential to make a meaningful and

lasting impact on the prevalence of these diseases.

In conclusion, I am constantly reminded that achieving a

more perfect clinical genome is a goal worth all the effort we

and somany of our colleagues around the world make. After

all, this is our shared heritage, a heritage that defies bound-

aries and a heritage that brings us together. A more perfect

clinical genome will be a gift to all humanity but only if

we all work together to make it happen.

There are so many people to whom I would like to ex-

press my most sincere feelings of gratitude so let me start

by thanking everyone who contributed to me having this

honor whether I remembered to include your name or

not. I want to first thank my loving family starting with

my parents, who instilled in me the pursuit of excellence,

and my wife, Dua, and two sons, Ibrahim and Imen, who

not only put up with my tough work schedule but do so

with genuine love and encouragement. I want to thank

my patients and their families who have always been

and will continue to be my source of inspiration and

the reason why I do what I do. I have learned from great

people throughout my training, but none have impacted

me like Professors Cynthia Morton and Richard (Dick)

Maas during my Harvard years and beyond. Special

thanks to you Cynthia for always being there for me

with your advice and guidance. Your very kind introduc-

tion clearly shows why I am very lucky to call you a

mentor and a friend and for that I am eternally grateful.

There are countless people I would like to thank in my

institution but most importantly of course my wonderful

teammembers on whose behalf I am receiving this award.

I am indebted to the countless collaborators from every

continent with whom I have had the honor to collaborate

and whom I would love to name one by one, but I simply

cannot. I would like to express my sincere gratitude to

Cynthia for nominating me, and the other four giants

of our field who supported that nomination: Professors

James (Jim) Lupski, Jay Shendure, Charles Lee, and Maxi-

milian (Max) Muenke. Special thanks to the Awards Com-

mittee and ASHG for this incredible peer-bestowed honor,

which I will forever cherish as the highlight of my career.

Finally, I will leave you with a quote by Curt Stern

‘‘Genes are involved in all-too-many tragic events when

malformations, inborn diseases, or mental deficiencies
398 The American Journal of Human Genetics 108, 395–399, March
happen. Sometimes, the involvement of genes brings a

smile to one’s face.’’23 My dream is to change the word

‘‘sometimes’’ to ‘‘always’’ by striving to bring the incredible

gift of a more perfect clinical genome to everyone in this

world. Thank you.
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