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Week 3 Gene Editing        May 1, 2018  
 
(CRISPR stands for Clustered Regularly Interspaced Short Palindromic Repeat) 

 
The Next Stage in Gene Editing 
 
Recently I’ve written several articles on the revolution in evolution posed 
by a new technique called CRISPR-Cas9. This technique piggybacks on 
methods bacteria acquired through chance and natural selection over 
billions of years for detecting and destroying viruses trying to highjack the 
bacteria’s resources into making hundreds of copies of the invading viruses 
(see essay, ‘CRISPR: The Basics).  
 
But before venturing further a few words reviewing DNA and mutations 
wouldn’t go amiss. DNA codes information in a sequence of bases in each 
of its complementary strands, which form the iconic double helix. Each 
gene is made up of hundreds to thousands of those base pairs. The specific 
sequence (think code here) of those base pairs defines each gene. When 
cells divide, as they do during development and adulthood, the sequences 
of those base pairs are maintained with surprising fidelity. But every once 
and awhile, by chance, mistakes happen and the wrong base (letter) is 
copied, deleted or sometimes repeated many times or in some instances 
whole chunks of DNA might be copied repeatedly or wind up parked in the 
wrong place in the genome.  
 
Copying the whole genome has been likened to copying the bible, letter by 
letter, a thousand times or more. Far more frequent mistakes were made 
by monks with far fewer copies to be made. So we shouldn’t be surprised 
that the biological system for precisely copying DNA every time a cell 
divide, sometimes makes mistakes, and fixing those errors with nature’s 
built in biological spell check system, isn’t perfect. The trouble is that some 
of those errors have consequences. Some are lethal - yet others cause 
disabling diseases. And sometimes those diseases are passed on from 
generation to generation because one or both parents carry the faulty 
gene.  
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That’s where CRISPR-Case9 comes in: it offers a way to fix those mutations. 
CRISPR technology employs an RNA molecule specifically engineered to 
hone in on a targeted mutant gene. And once found, the attached Cas9 
molecule can enzymatically cut out part or all of the mutant gene and with 
the right tools, insert the necessary correction. Its an elegant method for 
editing genes and sure to garner one or more Nobel prizes this year or next.  
 
CRISPR-Cas9 isn’t perfect but it or one or more of it’s follow-on 
technologies for gene-editing is likely to prove very effective at fixing many 
genetically transmitted disease such as Huntington’s chorea and Duchenne 
Muscular Dystrophy to name just two of several hundred diseases which 
might be fixed with CRISPR-Cas9. The beauty of the method is that it is 
relatively simple to do and cheap. And hooked up to another elegant 
method for rapidly spreading the corrections throughout a species, called 
‘Gene Drive’, the technique offers a means of eradicating vectors such as 
mosquitos, quickly within a few generations and so doing, offers a 
potentially very effective solution for mosquito borne diseases such a zika, 
malaria and dengue fever.  
 
CRISPR-Cas9 and its rapidly evolving related technologies have a down side. 
It certainly offers a cheap, effective way to change the genomes of whole 
species, including the human genome. But it’s not all bright and cheery. 
There’s a dark side. Could CRISPR-Cas9 be used to change complex human 
traits such as cognition and behaviors? The answer is yes - just not yet - 
because these complex traits probably depend on the cooperative actions 
of many – possibly hundreds or even thousands of related genes and 
CRISPR-Cas9 as currently configured, simply can’t handle anything like that 
number of genes. And that’s assuming that the families of genes underlying 
complex traits have been identified. They haven’t, at least for now, but the 
Chinese and others are working hard to sort out which genes, working in 
concert, influence which cognitive skills. It’s only a matter of time before 
some group, somewhere, works out the genetic underpinnings of complex 
traits such as those, which underlie various aspects of intelligence. That’s 
where the next big revolution in genetics comes in.  
 
These days there’s much heated debate about the wisdom of editing egg 
cells or the fertilized embryo (at the one-cell-stage). But so far few seem to 
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be concerned about editing sperm cells or better yet, the stem cells for 
sperm in the testes. Yet this approach stands to be as effective as editing 
the egg or embryo. One reason for ignoring sperm in the debate may be 
that there are so many of them – billions in a lifetime - and sacrificing a few 
sperm in the name of research doesn’t raise nearly as many hackles as 
sacrificing an egg or two or especially, an embryo.  But whether the genetic 
fix for many single-somatic-gene mediated diseases such as Huntington’s 
chorea comes from genetically modified sperm, eggs or embryos, makes 
little difference.        
 
One way to get around fixing the genome one gene at a time with CRISPR-
Cas9 is to manufacture the human genome from scratch – to artificially 
synthesize the entire genome. The underlying technology for creating 
artificial DNA has been around for some time, including substituting 
artificial for natural bases. Overall, this approach would make it possible to 
make babies without any biological parents! Except of course for 
implantation where until now, a uterus was necessary. However even that 
may prove unnecessary given recent efforts to create a working artificial 
uterus. Is nothing sacred these days? Like the human genome project (HGP) 
of the 1990’s, a consortium of international scientists and private and 
public funding is setting out over the next ten years to go where no 
geneticist has gone before (to paraphrase Star trek); to artificially create 
the human genome in a project playing off the original human genome 
project, in this case called HGP – Write!   
 
The very idea is scary and scarier when we realize just how rapid and 
nimbly the whole field of genetics is moving ahead these days, certainly a 
lot faster and nimbler than governments, ethicists and others outside the 
immediate field realize. It’s the kind of technology that can’t be corralled by 
any combination of governments because the technologies don’t depend 
on very expensive, highly visible facilities such as those required for 
manufacturing and weaponizing nuclear weapons but in the case of gene 
editing played out in a myriad of small labs that are hard to keep track of, 
never mind regulate.  
 
The cost of sequencing the entire human genome is falling rapidly initially 
by a hundred, then a thousand, and these days a hundred thousand fold 
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and continuing to plummet. This and the fact that gene editing and the 
creation of artificial DNA in low budget laboratories, makes policing the 
new genetics next to impossible. For example, policing gene editing within 
national borders offers no defense because edited germ cells such as eggs 
and sperm cross borders freely.  
 
The evolution of entire species including our own, is about to move beyond 
Darwin and Wallace’s natural selection to the possibility, even probability, 
of intentional and far more rapid selective modifications of our DNA. The 
whole scale and reach of genetics these days is boggling and all with hardly 
any awareness on the part of governments and universities in Canada and 
elsewhere.  Food for thought, wouldn’t you think?     
 

 

CRISPR: The Basics        NOV 2 2017 

 
Itai Yanai and Martin Lercher (2016) The Society of Genes, Harvard 
University Press  
 
“Many bacterial genomes incorporate an odd-seeming structure, a region 
of about thirty DNA letters in a specific sequence, repeated up to one 
hundred times. These repeat regions account for as much as 1 percent of a 
bacterium’s genome and are nearly palindromic, meaning that they read 
almost the same forward and backward. These genomic repeats do not sit 
shoulder to shoulder but are separated by what the discoverers of these 
structures dismissively called “spacers”. Unlike the repeats, the spacer 
elements vary in length form twenty-five to forty letters.”  
 
“For many years, nobody knew what these repeat–spacer-repeat-spacer- 
repeat-spacer … segments were for. But the segments had to have a 
purpose, since bacteria tend to lose sequences they don’t need. 
Researchers gave the name CRISPR to these segments for clustered 
regularly interspaced short palindromic repeats. The breakthrough in 
understanding the function of these anomalous regions came not from 
understanding what the conspicuous repeats are doing, but rather from a 
closer look at the seemingly useless spacers. The letter sequences were 
often found to be identical to parts of the letter sequences of known viral 
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genomes. But why would a bacterial genome contain bits and pieces of viral 
information, artfully organized between repeats?” 
 
“It turns out that these viral fragments are, in effect, mug shots of the 
bacteria’s past aggressors, posted inside each bacterial cell like photos of 
cheaters are displayed at casinos. The bacterium used this information to 
recognize and eliminate intruders that resemble offenders, effectively 
immunizing itself from future attacks by close relatives of the viruses it has 
already encountered. This kind of bacterial immunity against viruses 
illustrates how a society of genes defines its borders; the bacterium 
maintains a database of what is not, integrating a new mug shot into the 
genome whenever it detects a previously unknown enemy.”  
 
“When a researcher infects a colony of unfortunate bacteria with a virus, 
most of the bacteria die. When the dead bacteria are compared to the 
genomes of the surviving one, typically there is only one difference 
between them; one additional spacer and one additional repeat in the 
CRISPR region on the survivors, with the new spacer being a perfect 
complementary mirror of a segment of the virus. The spacer got there 
thank to the work of a gene specializing in integrating bits of viral DNA into 
the CRISPR structure. Only a few bacteria mange to achieve this on time, 
explaining why most are still wiped out by the rapidly replicating viruses.”  
 
“The manner in which bacterial compare mug shots against potential 
threats exploits the same forces that hold together the two DNA strands of 
a chromosome. Recall that DNA strands are made of millions of linked 
letters, the four bases Adenine (A), Thymine (T), Cytosine (C), and Quanine 
(G). The molecular shapes of those bases are like matching puzzle pieces. A 
is attracted by chemical forces to T (A-T or T-A), and C is chemically 
attracted to G (C-G or G-C). The same pairing rules apply to a very similar 
type of molecule known as ribonucleic acid (RNA), except that RNA replaces 
T with the chemically similar uracil (U). RNA is used to temporarily store 
information for making templates used in the production of proteins. Some 
viral genomes are made up of RNA rather than DNA. If your were to put 
matching single strands of DNA or RNA into a test tube, you would find that 
when they bump up against one another, they stick to their complementary 
mirror images, forming double-stranded DNA or RNA.“ 
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“The CRISPR system exploits this principle of mirror-image attraction. The 
bacterium copies (or transcribes) the spacers and the flanking repeats, into 
single-stranded RNA molecules, which then parade around the cell. Each of 
these RNA molecules will bind to any matching viral genome that happens 
to be around, and the resulting double-stranded molecule will attract 
specialized proteins that chop the bound pair to bits.”  
 
But how does gene editing with CRISPR work? CRISPR takes advantage of 
the fact that a chunk of single-stranded RNA engineered to match part of 
the sequence of bases in, say the Huntington gene, if injected into a cell 
with the mutant gene (or carried into the cell using a tame viral vector), will 
seek out and latch onto the corresponding sequence in the mutated gene. 
At this point one of the attached Cas enzymes chemically cuts that 
fragment of the mutant gene out of the DNA strand and chews it up. At this 
point a healthy portion of the gene, piggybacking on the CRISPR RNA, can 
be inserted into the DNA strand, effectively restoring function to the gene.  
 
It’s an elegant system but not without its problems. Despite the precision of 
the technique in targeting dysfunctional genes, sometimes CRISPR strikes 
off-target sites that look very similar, except perhaps for one or two of its 
bases, And while the healthy gene can be inserted into a fertilized egg, thus 
ensuring that any follow on progeny cells during cellular differentiation will 
carry the correction, the same is not true for correcting genetic 
abnormalities later in life. The reason is that carrying the correct gene into 
the body’s cells requires a viral vector, mind you a tamed one, but non-the-
less a virus, which in early studies of gene therapy sometimes proved lethal. 
Moreover, there’s no assurance that the virus will effectively gain access to 
all affected cells. Fortunately, it turns out that not all cells, in for example, 
an affected liver, need to be fixed, just enough to restore normal function 
overall. There’s also the possibility that CRISPR and/or the viral vector 
might provoke an immune rejection.    

 
References 
Katharine Bourzac (2017) Erasing sickle-cell disease, Nature, 549, 28 
September, Pages S29-30 
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Sickle cell disease may be fixed in two ways. First, bone marrow stem cells 
may be infected with a viral vector engineered using CRIPSP-Cas9 
technology may be used to correct the abnormal gene in the diseased stem 
cells or second, alternatively deleting the abnormal gene and turning on 
genes, which make fetal hemoglobin to cure the disease.  

 

Florian Eichler et al (2017) Hematopoietic Stem-Cell Gene Therapy for 
Cerebral Adrenoleukodystrophy, N. Engl. J. Med, October 4 

A viral vector was used to insert a correct copy of the mutant abnormal 
gene, ABCD1, into bone marrow stem-cells obtained from the patient after 
which the bio-engineered stem cells were returned to the patient’s bone 
marrow and resulted in cures in 15 of 17 patients with this, otherwise 
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New York Times, October 5 
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537, 22 September, Pages 460-461 
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December, S22-S24 
 
Timothy K. Lu and Oliver Purel (2016) Machine Life: Synthetic biologists are 
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Andy Extance (2014) Digital DNA: Could the molecule known for storing 
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Elizabeth Kolbert (2016) Unnatural Selection: What will it take to save the 
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Scientific American September, Pages 54-61 
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Reproduction Harvard University Press 
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Organ Transplantation: New Twists September 3, 2017 
 
In the 1970’s through 1990’s London Health Sciences, in London Ontario, 
under the leadership of Dr. Cal Stiller, was in the forefront of organ 
transplantation in North America chiefly because of their role in pioneering 
the use of Cyclosporine, a new drug for suppressing organ rejection. As 
effective as Cyclosporine was, organ rejection remained a serious problem, 
never mind the risks associated with employing such potent drugs, often in 
combination, posed for patients in other ways. And then, as now, we’ve 
never solved the problem of finding enough suitably matched donor organs 
to meet the demands. For his efforts, Stiller was justly rewarded with 
membership in the Canadian medical hall of fame and many international 
awards. 
 
Early on consideration was given to using pig organs as a substitute for 
human organs because there were plenty of them, and more importantly, 
the size fit for human organs was reasonable. However there were two 
problems. First, pig tissue cells are invested with a carbohydrate, which 
sometimes provokes violent organ rejection within hours of transplantation 
in experimental animals. Second, pigs carry viruses, including retroviruses 
akin to HIV, which theoretically at least, might be passed on to human 
recipients.  
 
There the matter stood until the revolution in gene editing led by the 
adoption of CRISPR technology came on the scene in the last decade. 
CRISPR has the ability to precisely target and latch onto specific stretches of 
DNA (usually part of a gene), which if the CRISPR RNA template is coupled 
with one of the family of CAS enzymes, can snip out the offending gene.  
 
The method and its related technologies has revolutionized biology and is 
sure to garner several Nobel awards in coming years - that is if the warring 
parties ever manage to settle their disputes over patent rights about who 
owns what part of the technology. So far American courts favor one of the 
two warring parties and the EU favors the other. It’s a thoroughly messy 
affair unbecoming of Science. However for the major American Universities 
and individual scientists involved, the financial rewards are estimated to be 
in many billions of dollars and counting.  
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What of the results so far for transplanting pig organs and pancreatic cells 
in humans? By employing CRISPR technology to cut the genes responsible 
for creating the carbohydrate out of pig stem cell DNA and implanting the 
edited stem cells into pig embryos (cloning); scientists have shown that it is 
possible to manufacture a breed of pigs free of the highly allergenic 
carbohydrate coating. And from those now hypoallergenic pigs, Insulin-
producing islet cells and in some instances, whole organs have been 
successfully implanted into baboons and monkeys, without signs of 
rejection.  By any measure, these are major triumphs.  
 
What about the virus problem? The same CRISPR technology can be used to 
edit out the viral DNA or in some instances RNA, in the pig cells. Once virus 
free, those cells may then be implanted into egg cells to create virus-free 
progeny, which may serve as donors for organ transplantation.  
 
CRISPR was originally discovered in bacteria as a natural system for storing 
bits of viral DNA (or RNA in some instances) from previous infections with 
specific viruses, within the bacteria’s own DNA, thus providing the bacteria 
with a continuously updated library of previous encounters with those 
viruses. These DNA fingerprints help the bacterial cell, faced with a new 
viral infection, to recognize whether it had previously encountered that 
virus, and if so, cut it up with one of the CAS enzymes.  
 
What started out as a mysterious stretch of DNA without obvious purpose 
in bacteria turned out to be a highly precise tool for finding and identifying 
specific stretches of DNA, which if coupled with an enzyme, could cut out 
the targeted stretch of DNA, and with additional fiddling, even insert a 
‘designer’ piece of DNA in its place. That’s what makes CRISPR such a 
powerful tool – the capacity to correct genetic faults at the germ cell level. 
In the latte case the targeted genetic disease will not be passed on to 
future generations. In other cases CRISPER technology could be used to 
identify and fix errant genes in cancer or perhaps, if coupled with a 
remarkable tool called gene drive, wipe out entire mosquito species 
responsible for such serious endemic diseases as malaria and dengue fever. 
And that’s only the beginning.   
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If you want to read about this transformative technology, you can do no 
better than read Jennifer Doudna’s recent book, A Crack in Creation: Gene 
editing and the unthinkable power to control evolution.’ She’s one who was 
in at the ground floor and a sure nominee to share the Nobel for gene 
editing – so you can’t do better than read her account – it’s riveting.   
 
It all sounds very exciting and it is, but the technology is hotly debated and 
as you might expect, raises many moral and ethical considerations, and 
returning to the pig issue, whether we should be sacrificing pigs to solve 
human organ transplantation problems!  You decide.   
 
William F. Brown 
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The ABCs of CRISPR-Cas9    January 2016 
 
Twice before in this column I’ve written articles about gene editing and 
CRISPR-Cas9. You must think me indulgent to be writing yet another article 
on the same subject. Be assured I’m not crazy, nor have I forgotten what I 
wrote before. So why harp on the same theme yet again? The answer 
comes from a meeting called by the While House in December of 2015 in 
response to the growing excitement and chorus of alarm associated with 
the birth of a brand new, highly precise, cheap method for editing genes in 
any living organism including humans. That technique is called CRISPR-Cas9. 
 
The potential is enormous. Within a decade this technique and its spinoffs 
may eradicate malaria and HIV, either one of which goal would be worth a 
bevy of Nobel Laureates and more importantly alleviate the suffering of 
millions, if not billions of humans. The technique also offers the only 
definitive fix in sight for inherited diseases. Before CRISPR-Cas9 there was 
little hope for solving most of the muscular dystrophies, inherited brain and 
nerve diseases, sickle-cell anemia and many inherited liver diseases, some 
of which lead eventually to severe disability and sometimes, premature 
death.  
 
For a disease such as Huntington’s chorea associated with dementia, 
psychosis, constant fidgety movements and premature death, the fix may 
be at hand soon. Each of us carries two copies of each of the many 
thousands of protein-encoding genes in our genome. It turns out that in 
Huntington’s chorea, one bad copy (allele) of a single gene is responsible 
for the disease. If we could ‘silence’ that gene and splice in a normal 
version of the gene we could stop the disease in its track. Even better, if the 
fix was put in place at the embryonic stage, the disease would never get off 
the ground in the first place, nor would any descendants be at risk for 
developing what is otherwise a death sentence. That’s the awesome beauty 
of what CRISPR-Cas9 can do. How does it do it? 
 
Up to now gene editing has been a rather hit and miss, somewhat klutzy 
and very time-consuming and expensive affair. One of the problems was 
that too often, genes were inserted without a clear address to go to in the 
genome. This often wasn’t the best of ideas because all genes have 
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addresses and their neighboring genes influence their actions. In short 
neighbors count. That’s the beauty of CRISPR-Cas9. CRISPR-Cas9 uses a 
piece of RNA (gRNA) precisely tailored to match the exact address of the 
gene and then deploys it’s attached enzyme (Cas9) to snip the targeted 
gene out, leaving a gap in the DNA sequence into which a ‘correct’ DNA 
sequence may be inserted. Sounds elegant and so it is. Inserted in the germ 
line, the fix is immortal.  Inserted into non-germ cell lines such as liver cells, 
brain cells or bone marrow cells, the defect is fixed for at least that 
generation but offers no protection for any children at risk for acquiring the 
defective gene (s). And by the way, in the case of many inherited liver 
diseases, fixing just ten to twenty percent of the cells suffices to fix the 
problem clinically.  
 

 
 
 
So far the technique has been used experimentally to fix mouse models of 
Huntington’s chorea, protect swine from African swine fever, mosquitos 
from the malaria parasite and protect crops from various destructive 
parasites and diseases, in all of which CRISPR-Cas9 appears to work 
brilliantly. There’s got to be a catch and so there is.  
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The second reason for harping on this new technology is that CRISPR-Cas9 
is so powerful, cheap and readily available that almost any graduate 
student in biology, given some lab space and a modest amount of money 
could set about changing the genomes of countless species including some 
pathogens or potential pathogens. That’s what the conference in late 2016 
Washington in the dying days of the Obama administration was all about – 
trying to put the brakes on and reach some consensus among the United 
States, Europe and China before the genie got out of the bag.  
 
One of the most alarming risks of the technology and yet more precise and 
capable technologies to come, is the potential for editing and therefore 
modifying the genome of human embryos in the search for taller, stronger, 
faster or brighter humans. Be assured this will happen because it was hard 
enough to reach some consensus on climate change recently in Paris. 
Imagine trying to corral and police the use of such a potentially powerful 
tool as CRISPR-Cas9.  
 
But I don’t think we should lose too much sleep about Super-humans – yet. 
Two roadblocks stand in the way. The first involves the fact that human 
traits such as behavior and cognition are complex and no doubt, involve 
hundreds, if not thousands of, as yet, unidentified genes although the 
Chinese and others are searching for those genes. And so far at least, 
CRISPR-Cas9 can’t handle anywhere near that number of genes. The second 
roadblock is that editing the genome of non-germ cells requires a vector 
such as one of the retroviruses, or adenoviruses, which are capable of 
inserting the edits into the target cells. And for safety reasons the virus has 
to be tamed first. But even with a safe viral vector there’s no guarantee 
that the virus will penetrate enough cells to make a difference. This is 
especially important for cells, which normally don’t divide in adulthood 
such as brain cells.  
 
All bets are off however for germ cells such as embryos where insertion of 
the gene edits doesn’t require a vector and the edits are simply copied 
along with the rest of the DNA with every cell division and every step in the 
differentiation into every adult cell and its descendants thereafter.  
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Perhaps now you’ve begun to see the promise and the alarm. So be excited 
but be alarmed. The 21st century is turning out to be a humdinger so far! Oh 
and by the way, don’t get too attached to that Cas9. Its only one of a 
growing array of enzymes for snipping out those bits and pieces of the 
genome and more are on the way.  
 

CRISPR References      December 2015 
 
Anna Petherick (2015) Genome Editing Nature 528, 3 December, Page S1 
CRISPR-Cas9 is a tool, which allows biologists the opportunity to edit and 
DNA base anywhere in any genome 
 
Amy Maximen and Dennis Mallet (2015) Three Technologies That Changed 
Genetics Nature 528, 3 December, S2-S3 
Illustrates the procedures, which underlie CRISPR-Cas9 for editing DNA in a 
series of steps: 
 
1. Make a ‘guide’ RNA 

First the ‘targeted DNA’ must be precisely sequenced to act as a 
template for artificially making a complementary RNA sequence. The 
engineered RNA sequence may then be used to guide cutting enzymes 
such as Cas9 attached to the RNA to the targeted DNA sequence.  

 
2. The CRISPR-Cas system is an adaptive immune system that is widely 
found in bacteria and refers to the small segments of genetic code with 
which bacteria sometimes capture invading viruses and store their DNA in 
the bacteria’s own genomes for future reference (a library of sorts?) 
 
3. Attach Cas9, is one of several enzymes capable of cutting both stands of 
the DNA 

  
4. Insert an engineered version of the target sequence in place of the 
resected version 
 
Zoe Corbyn (2015) Biology’s big hit Nature 528, 3 December, Pages S4-S5 
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Jennifer Doudna. (2015) Embryo editing needs scrutiny Nature 528, 3 
December, Page S6 
 
“When genomic changes are made in fully developed non-reproductive 
cells, they affect only the treated organism or person but do not become 
heritable. But if genomic changes are made to germ cells such as those that 
develop into eggs or sperm, or to developing embryos, the changes are 
incorporated into the cells of the organism that grows from them – 
including its own germ cells. Hence the changes can be passed on to future 
generations.  We know that CRISPR-Cas9 technology works in both non-
reproductive cells and germ cells and in both primate and human 
embryos.” 
 
George Church (2015) Encourage the innovators Nature 528, 3 December, 
Page S7 
 
“There is no technical reason why gene therapy could not be deployed to 
alter the human germ line” 
 
“We already know that germline-editing is unlikely to cause dangerous, 
unforeseen mutations” 
 
“so far CRISPR-Cas9 seems capable of less than 1 error in 300 trillion base 
pairs, and techniques to reduce these off-target effects using CRISPR pairs 
might cut this by many factors of ten” 
 
Michael Eisenstein (2015) Closing the door on HIV Nature 528, 3 
December, Page S8-S9 
 
Virginia Gewin (2015) Expanding possibilities Nature 528, 3 December, 
Page S10-S11 
  
“In late 2013, Hans Clevers isolated intestinal stem cells from two children 
with cystic fibrosis … He used these stem cells to grow gut tissue…. And 
introduced a healthy version of the gene that is disrupted in people with 
cystic fibrosis … The results were impressive; the faulty gene was corrected 
in about half of the miniguts that Clevers tested. “ 
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“The consensus is that monogenc diseases – those involving only one gene 
– are the low lying fruit of the field” 
 
“The delivery hurdle is so substantial that researchers are trying to work 
around it, rather than overcome it.”  

 
Easiest are problems with the bone marrow including HIV, sickle cell 
anemia, liver disorders and genetic diseases affecting the eye. Also easier 
are diseases in which the patient has one mutant gene and one healthy 
gene where witching off the mutant gene solves the problem. Trickier is 
inserting a corrected copy of the gene in place of the defective copy. 
However it turns out that in some diseases such as type I tyrosinemia 
where a faulty gene, “FAH” reduces the ability to break down an amino acid 
– tyrosine, resulting in live damage, replacement of the defective gene in as 
few as 1 in every 250 liver cells suffices to reduce the liver damage. Other 
diseases where correcting a small percentage of the affected cells suffices 
include glycogen storage disease and ornithine transcarbamylase 
deficiency, which is associated with the accumulation of ammonia in the 
blood.  

 
Adeno-associated viral vectors are promising delivery systems. 

 
CRISPR-Cas9 may not offer the best correcting large DNA errors 
 
Heidi Ledford (2015) The genome unwrapped Nature 528, 3 December 
Pages S12-S13 
 
“On 18 February, a consortium of more than 90 laboratories published a 
landmark catalogue of the chemical changes to DNA that are thought to 
influence whether and how genes are expressed.” …“collectively known as 
the ‘epigenome’” 

 
“By harnessing genome-editing technologies, they are able to interrogate 
the epigenetic control of gene expression with remarkable power and 
specificity. Researchers can make or delete epigenetic marks at will, and 
home in on RNAs and proteins that could play hitherto unrecognized parts 
in directing gene expression. “ 
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Dozens of different chemical modifications decorate both the DNA and the 
histones – proteins that package the DNA into chromosomes. All of these 
markers can vary from cell to cell, influenced by age, development stage, 
and the environment.” 

 
“For example, when scientists alter epigenetic networks, they can coax 
stem cells to take on a new identity” 

 
Drugs may alter epigenome 
 
Tim Lu (2015) Cocktail maker Nature 528, 3 December, Page S14 
 
Claire Ainsworth (2015) A new breed of edits Nature 528, 3 December, 
Pages S15-SS16 
 
“Genetic engineering is typically ham-fisted; it often involves inserting a 
large section of DNA from an entirely different kind of organism – often in 
another kingdom – with little control over where in the genome it lands”…. 
“Compared with these alternatives, genome editing offers both subtlety 
and speed, wherever in the genome a research wants to target. You can 
change even a single base pair, or you can delete a gene very precisely,”….” 
The speed comes from the technologies ability to remake an existing gene 
in the image of a more useful one, which might be in the breeding 
population at very low frequency”…”Useful traits that are found only in 
wild populations or related species – perhaps a species that encounters 
similar pathogens – can be quickly brought in.”…”Genome editing basically 
provides the variation you want, where you want it.” 
 
Examples so far include editing mosquito’s resistance to the malaria 
parasite or protecting swine against African swine fever 
 
Will Tauke (2015) Genome Editing: 4 Big Questions Nature 528, 3 
December, Page S17 
 



 20 

Yusuke Yagi, Mitsuhiko Shirakawa and Takahiro Nakamura (2015) The 
challenges faced by EditForce to go beyond genome editing Nature 528, 3 
December 
 
Nicholas Wade (2015) Scientists See Moratorium on Edits to Human 
Genome That Could Be Inherited The New York Times Dec 3 
 
The Editorial Board (2015) A Pause to Weight Risks of Gene Editing The 
New York Times, December 18 
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Real Hope and Soon in Muscular Dystrophy  2016 
 
For many years I worked in neuromuscular clinics in Canada and the United 
States. Unfortunately except for supportive care, the inheritable forms of 
muscular dystrophy of which the most common are Duchenne dystrophy 
and Myotonic dystrophy remain, essentially untreatable. Of the two, 
Duchenne dystrophy is much the worst because it strikes early in life and 
leads to death of affected males, often in their 20’s. Both dystrophies result 
from defective protein-encoding genes 
 
Normally a key protein called dystrophin provides structural support for 
muscle fibers. The gene, which codes for dystrophin is one of the largest in 
the human genome and is located on the X chromosome. If as happens in 
Duchenne dystrophy, key components of this gene are abnormal, little or no 
dystrophin is made and the affected muscle fibers tear and breakdown only 
to be replaced by equally defective muscle fibers. Females are usually not 
affected or only mildly affected, because they possess a normal copy of the 
errant gene whereas males, with no such luck, are left with only the 
defective gene. In the case of Duchenne dystrophy the results are 
cumulative and ultimately cause respiratory and heart failure.  The obvious 
fix is to silence, delete, or so modify the gene that sufficient healthy 
dystrophin can be made to arrest the relentless and cumulative breakdown 
of the heart and skeletal muscles. In the past, attempts were made to do 
just that but failed because the tools for editing the gene were too crude 
and the vector – a virus – turned out to be risky for patients.  
 
Fast forward to the last year and there has been enormous progress. Why? 
Because two research teams developed a highly precise gene-editing 
technique – one in California and the other at Harvard. The technique 
called CRISPR-Cas9 was recently heralded by the prestigious journal Nature 
as their choice for science breakthrough of the year. In this case, unlike the 
discovery of the ‘god’ particle or Higgs boson as it was called after its 
discoverer, a couple of years ago, CRISPR-Cas9 is likely to live up to its hype 
and then some.  
 
CRISPR-Cas9 is capable of accurately locating the target gene, in the case of 
Duchenne dystrophy, the abnormal gene causing the disease and cutting 
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enough of the gene out to restore sufficient dystrophin to the body’s 
muscles to allow them to recover. So far this approach has been shown to 
restore near normal dystrophin levels both in mice carrying the abnormal 
gene and muscle fibers from patients with Duchenne dystrophy grown in 
tissue culture - both key steps on the way to clinical trials. Using CRISPR-
Cas9 to edit affected germ cells such as eggs or sperm should prevent 
Duchenne dystrophy from developing in the first place and for later 
generations. So far however, editing the human germ cells and fertilized 
eggs is off limits for fear of permanently altering the human genome, with 
as yet unknown consequences for our species. That hasn’t stopped the 
Chinese from trying or UK researcher’s from seeking permission to edit the 
genomes of fetuses, albeit ones which wouldn’t have survived.    
 
Similar gene-editing technologies could be applied to other dystrophies 
such as Myotonic dystrophy, the other very common dystrophy, of which I 
see the most because I’m an adult neurologist and Myotonic dystrophy 
usually expresses itself later in life and progresses much more slowly. Non-
the-less Myotonic dystrophy is capable of producing significant disability 
and would be a prime target for CRISPR-Cas9.  
 
What if any hurdles lie ahead? The main concerns center on an immune 
response to the components in CRISPR-Cas9, the virus used to carry those 
components into every cell in the body, or possibly the new abridged and 
edited gene. However unlike two decades ago when gene therapy was tried 
and failed, the tools for selectively muting the immune response may be at 
hand.  
 
Finally, how soon might we see the benefits? My guess and more 
importantly the guess of those in the field, is that effective gene therapy for 
the human muscular dystrophies will probably be in our hands within five 
years or less, given the pace of this field. CRISPR-Cas9 and its undoubted 
better successors have the fingerprints of success written all over them. 
Look for a Nobel Prize for this this year or next. Bet on it. This is 
revolutionary stuff.  
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Stem Cells – Hype, Reality and Scary Stuff 
 
The whole idea of replacing lost or damaged cells in the brain or other 
tissues is stunning. After all Parkinson’s disease (PD), Alzheimer’s disease 
(AD) and Amyotrophic Lateral Sclerosis (ALS), and aging itself, are all 
associated with staggering losses of nerve cells, and just as important - 
those vast networks of connections between nerve cells that give our 
brains the power to do what they do. The challenge and hope of stem cell 
therapy are to create enough of the right nerve cells to repopulate the 
most affected regions in the brain and spinal cord, and hope they make the 
right connections, without which the whole venture would be a failure. 
That’s the challenge.  
 
We live in a remarkable era – an era of unprecedented developments in 
biology, chemistry, physics and astronomy of which the potential of stem 
cells to replace worn out cells, is but one stunning advance. Surely we can 
harness stem cells to fix those neurodegenerative diseases.  
 
In 2012, Dr. Shinya Yamanaka won the Nobel Prize in Physiology and 
Medicine for work he did with the help of his graduate student Dr. Kazutosi 
Takahashi. They showed that it was possible to reverse engineer adult skin 
cells into stem cells. Stem cells, as the name implies, are cells very similar to 
the earliest cells in the embryo, endowed with the capacity to differentiate 
into any type of cell in the adult body.  
 
The process of creating new brain cells from skin cells (the handiest cell but 
other cell types may be used) begins with nudging cultured skin cells back 
into stem cells closely related to those, which existed in the embryo shortly 
after fertilization. The next step is to coax those stem cells into 
differentiating once more – this time into whatever adult cell line is desired 
– perhaps neurons very similar in type to those lost in PD or ALS. Finally the 
reengineered cells must be implanted into those regions most affected in 
the brain or spinal cord in the hope that they will take root and prosper and 
most important of all – reestablish those critical communication links with 
other brain cells, needed to restore memory, cognitive functions, 
movement and other functions lost in the wake of the disease.   
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The work of Professor Yamanaka may have taken us a long way – just not 
far enough to rebuild those all-important networks of nerve cells in the 
brain and spinal cord in humans. There has been some success engineering 
retinal cells and implanting them into retinas affected by macular 
degeneration but as with other transplanted cells and whole organs, 
rejection can ruin the result. Furthermore reverse engineering skin or any 
other cell type back to stem cells and forward through to fully 
differentiated cells puts the DNA at risk of acquiring undesirable mutations 
along the way, including oncogenes which greatly increase the risk of 
cancer in some cases. So stem cells remain a hope for replacing damaged or 
lost cells – just not now. 
  
But there’s a potential darker side. Adult skin cells may also be reverse-
engineered to produce egg and sperm cells, which combined and 
implanted, can create babies. This has been shown to be quite feasible in 
mice – so why not humans? Why not indeed for some scientists and that’s 
precisely what worries many ethicists. Theoretically same-sex partners 
could have their own children by reverse engineering their skin cells to 
sperm cells from one partner and an egg or two from the other partner, 
and in the case of male partners, using a surrogate mother to carry and 
nourish the implanted fertilized egg through to birth. And skin cells from a 
single person could theoretically be reverse engineered to generate both 
sperm and eggs and thence produce a child – in this case a near clone of 
the parent.  
 
Clearly science, especially biology, is getting well ahead of the public most 
of whom remain ignorant of the implications of what’s feasible for stem 
cells, and, as I pointed out over a year ago, the ability to edit genes, not just 
in bacteria and viruses but humans too. The latter might well upend natural 
selection for the first time in over three billion years as the primary shaper 
of life including humans. It’s a lot to think and perhaps even worry about. 
Clearly the world of biology is moving on whether we like the ride or not!  
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Gene Therapy for Adrenoleukodystrophy (ALD) Oct 2017 
 

Adrenoleukodystrophy or ALD for short, is a rare disease but one of those 
truly awful neurological, diseases, which in this case, begins about the age 
of 7 on average and goes on to cause blindness, deafness, trouble speaking, 
paralysis and severe cognitive impairment and eventually death, usually 
within 10 years. As the name implies, ALD primarily affects the adrenal 
glands and the nervous system. The disease is caused by a defect in a gene 
called ABCD1, which encodes for a protein vital for the breakdown of very-
long-chain fatty acids. Without the proper gene, the fatty sheaths, which 
normally wrap about the nerve fibers, breaks down, followed by the nerve 
fibers themselves, the results of which are plain to see in MRI images of the 
white matter in the brain and the severe disabilities which result.  

The disease strikes males because their Y chromosome has no normal copy 
of the gene to counterbalance the mutant ABCD1 gene carried by one of 
the X chromosomes from their mother. And without a properly working 
copy of the ABCD1 gene, the white matter and nerve fibers break down in 
the brain.  

Until recently the best treatment on offer was transplantation of bone 
marrow stem cells from a matching donor, or better yet, blood from the 
umbilical cord (if it was saved at birth). Promising as this form of treatment 
might have been, it was fraught with serious risks including overwhelming 
infection and rejection.  

To get around the nasty problems associated with rejection, scientists 
recently used stem cells harvested from the patient’s own bone marrow. 
Next these stem cells were infected with a tame version of the HIV virus, 
bio-engineered to contain normal copies of the ABCD1 gene. Lastly the 
those stem cells, now containing copies of the normal gene, were injected 
into the patient’s bone marrow with the hope that some of those re-
engineered stem cells would multiple and their progeny eventually make 
their way into the patient’s nervous system and specifically, the glial cells in 
the brain, and doing so, halt progression of the disease. And that’s precisely 
what happened.  

Of 17 boys who received this form of gene therapy very early in the course 
of the disease when their were no symptoms, 15 were normal at the 2-3 
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year mark, this in a disease which would otherwise, have relentlessly 
progressed. There were no graft-versus- host reactions and in all 15 there 
was evidence that the normal gene had taken hold. All wasn’t perfect 
however - one of the other boys continued to rapidly progress and died, 
despite the treatment - perhaps he was treated too late to halt, never mind 
reverse, the course of the disease. The other boy withdrew from the study 
before treatment and died. 

This study reveals the power of science these days to halt some hereditary 
diseases in their track using, in this case, gene therapy. The latter had fallen 
into disrepute in recent years because of complications related to the type 
of virus used to insert the genetic fix into affected cells and because of 
other complications related to rejection phenomena. Here however, by 
employing what turned out to be the perfect viral vector for inserting the 
‘normal’ gene into stem cells derived from the patient’s own bone marrow, 
scientists were rewarded with success in all but 2 of 17 boys. And this in a 
disease, which left to its own, leads to severe neurological disabilities and 
eventually death.  

That’s truly a remarkable achievement, and a reminder that, together with 
gene editing using CRISPR-Cas9, that we live in a remarkable era in science 
and medicine. There is a downside – this type of therapy, once approved, 
will be very expensive – possibly several hundred thousand dollars. But 
then again, caring for someone with such severe neurological diseases, 
costs as much or more, and here patients have the gift of a normal life to 
look forward to. That’s something to be really grateful for on Thanksgiving 
and everyday of the year.    
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Mitochondria: Babies, Aging and Mitochondrial Eve April 2016 
 
Every cell in our body has hundreds of sausage-like inclusion bodies in the 
cytoplasm whose mission in life is to provide a highly efficient, abundant 
source of energy for the cell. Their history goes back roughly two billion 
years to a time when their ancestors were freestanding cells. Sometime in 
the next several hundred million years other, already complex cells took 
them on board and over time these energy machines morphed into what 
we now recognize as mitochondria – the cell’s in-house power packs and 
source of high-energy phosphate compounds such as adenosine 
triphosphate (ATP) – the coinage for energy in cells. The win-win 
relationship between the parent cell and all those mitochondria worked: 
the cell got a great source of energy and the mitochondria a safe protected 
environment in which to live. As the relationship between the two 
matured, the mitochondria gave up much of their DNA to the parent’s 
nucleus while retaining only enough of its own DNA to make new 
mitochondria and oversee the mitochondrial machinery. It all sounds 
complex and it is. But without this special relationship, we and much of life 
in all its diversity, wouldn’t be here.  
 
But there’s a wrinkle here. Mitochondria may have only 37 genes; even so 
there are well over four hundred known mutations or deletions involving 
those genes known to be associated with disease. This isn’t surprising given 
the fact that mitochondria are key to the production of energy for the cell. 
Any errors in mitochondrial genes have the potential for disrupting the 
energy supply to the cell. Some of those errors may have terrible 
consequences for the brain, the heart, skeletal muscle, kidneys, vision, and 
hearing. The inherited mitochondrial diseases are passed down through the 
mother and may affect sons and daughters, who too often develop 
devastating disabilities and die early. The reason that inherited 
mitochondrial diseases are passed down through the mother’s side is that 
the mother’s eggs have plenty of mitochondria unlike the father’s sperm, 
which possess few if any mitochondria. And the reason that so many tissues 
are involved is that, with the exception of those sperm, every cell in every 
system has lots of mitochondria and depends on them for their survival. As 
matters stand, mitochondrial diseases are untreatable – that is until now. 
One way around the problem would be to substitute mitochondria from a 
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healthy donor for the mother’s dysfunctional mitochondria, while retaining 
the entire trait-bearing nuclear DNA from both parents at the time of in-
vitro fertilization. This procedure and its variants offer real hope for 
mothers carrying high-risk mitochondrial mutations or deletions, that they 
too might have healthy babies.     
 
The procedure isn’t without controversy. Opponents claim that the idea of 
creating babies from three – the parents and the donor – is a form of gene 
editing and puts the whole field of in-vitro fertilization on the slippery slope 
toward gene-editing and designer babies. Not so, said lawmakers in the 
British House of Commons recently who voted three to one to authorize 
the procedure. The House made a courageous decision but the concerns 
expressed about designer babies, while not valid in this case, is justified in 
the case of powerful new gene-editing technologies such as CRISPR-Cas9 
which are rapidly coming on stream around the world and bringing with 
them the very real possibility of editing the germ cell line for desirable 
traits.   
 
Mutations and deletions in mitochondrial DNA are also associated with 
aging. This should come as no surprise, given the key role mitochondria 
play in providing energy for the cell. Ordinarily mitochondria possess a 
molecular form of spell-check, which corrects most of these mistakes as 
they popup. Unfortunately this built in system for catching and correcting 
mistakes in mitochondrial DNA isn’t perfect. Errors inevitably creep in over 
time, some of which are associated with age-related changes in muscles, 
the brain and other tissues. The situation is much worse in mice genetically 
engineered to hobble that spell-check system by inserting a malware-like 
mutation into the system’s genes. The result is that those designer mice die 
much earlier than would be normally the case and do so with all the 
hallmarks of advanced aging in their brains and muscles. What’s the good 
news? It turns out that regular vigorous exercise three times a week 
prevented the accelerated aging in those genetically engineered mice 
despite the absence of their spell-check system. Here’s yet further 
evidence, if you needed any, that exercise is good for you and the credit 
goes to pioneering work by Professor Mark Tarnopolsky and his colleagues 
at McMaster University.  
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There’s another interesting wrinkle to mitochondria. Mutations in 
mitochondrial DNA take place randomly but overall, at a reasonably steady 
rate over time. By counting and comparing the number of mutations in 
mitochondrial DNA from a variety of modern day humans, Allan Wilson and 
his two graduate students, Mark Stoneking and Rebecca Cann were able to 
work backwards and estimate the genetic distance since modern humans 
emerged in Africa. That ‘last common ancestor’ or what was then famously 
called ‘Mitochondrial Eve’ for all modern humans goes back approximately 
two hundred thousand years. They published their study in 1987 to a 
stunned world of fossil hunters, most of who were ignorant, suspicious and 
even hostile to the new technology. This pioneering technique and similar 
‘molecular clocks’ using Y-chromosomal DNA and nuclear DNA have been 
used since to determine the last common ancestors for hundreds of 
thousands of species. Collectively these studies have repeatedly shown just 
how closely related nature’s many diverse species are and that much of our 
human genome has very deep evolutionary roots. You may not know it, but 
there’s only about a 1-2% difference between the DNA of chimpanzees and 
humans. Not bad work for the lowly but powerful mitochondria, which led 
the charge in revolutionizing the story of evolution!  
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What’s the Connection Between Genes and Cancer? 
June 6, 2016 

 
You haven’t been paying attention if you haven’t noticed that the hottest 
thing to hit the world of Cancer these days is the focus on genes. Why? 
Because the overwhelming evidence is that aberrant genes underpin all 
Cancers and those genes and the cells they inhabit harness the power of 
natural selection to their advantage. First a little background: In the 
beginning, soon after fertilization of the egg, the first cell divides and 
divides again and again and through a process of differentiation eventually 
morphs into hundreds of different types of cells to become brain cells, liver 
cells and so on. Through every stage of this elaborately choreographed 
sequence, every cell retains a complete copy of the original genome. What 
differentiates one cell from another is that those genes which make a liver 
cell a liver cell are turned on and the rest, save those which serve every 
cell’s basic needs, are turned off. It’s an elegant system developed through 
chance and natural selection and began with the appearance of 
multicellular organisms in the evolutionary record hundreds of millions of 
years ago.  
 
Unfortunately there’s a hiccup - actually several hiccups. The most 
important of those is the challenge of making exact copies of the entire 
genome every time a cell divides. Therein lies the stumbling block. The 
molecular mechanisms for precisely making copies is very impressive, just 
not perfect. Some have likened the challenge to copying the bible by hand 
hundreds of times. Even the most fastidious monks slip up from time to 
time, usually getting single letters (think base here) wrong, and even whole 
sentences and phrases wrong (think gene here). And sometimes those 
errors crept into later copies of the bible (think heredity here). Actually the 
biological copier is much better than those monks. Even so, when you have 
to copy something the length of a Bible a thousand times over, it isn’t 
perfect. Errors in the sequence of bases, which form the basis of the DNA 
code, and sometimes, whole chucks of DNA, go wrong. And despite each 
cell’s built in system for spell checking and fixing those mistakes, the system 
isn’t failsafe. Fortunately most errors cause no trouble. Sometimes 
however, those errors can be costly and confer some competitive 
advantage on a cell, which permits that cell to out-multiply and out-survive 
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its neighbors by multiplying unchecked. Sounds a lot like natural selection 
to me, in this case favoring cancer cells.   
 
Normally cells take their cue to divide (or not) from neighboring cells using 
molecular signals called growth factors. And if a renegade cell starts to 
multiply too quickly, the body’s immune system may detect altered protein 
markers on the renegade cell’s membrane and step in to destroy cells. All 
of these and other surveillance systems in the body probably explain why 
we don’t get more cancers than we do and why the vast majority of us 
make it past the child rearing years to pass on our genes, without cancer 
getting in our way.  
 
However as we age, those mistakes (mutations) accumulate and one after 
the other of those built in defense mechanisms fail including each cell’s 
ultimate defense by committing suicide, rather than carrying on.  So what 
was in the beginning a single candidate cancer cell, begins to multiply faster 
and faster, in the process outcompeting its neighbors, overwhelming one 
natural defense after the other, consuming more than their share of the 
body’s resources, attracting nearby blood vessels to feed their appetites 
and often expanding their territory by colonizing other sites in the body 
such as the liver, lungs and brain, to name three of their favorite targets. 
 
The whole process from nascent cancer cell to full-blown cancer may take 
several decades and as many as eight complimentary mutations before the 
cancer takes hold. Even then, some cancers such as most prostate cancers 
may grow slowly. The mutation rate may be increased by radiation (think 
melanoma here) or exposure to certain cellular poisons such as cigarette 
smoke. Unfortunately one of the reasons many smokers continue to smoke, 
despite repeated pressures to stop is that the penalties in the form of 
chronic obstructive pulmonary disease (COPD) and cancer are deferred, 
often for several decades into the future in the case of lung cancer. Its not 
unlike the all too familiar pattern of consumers overspending for 
immediate gratification, with the pied piper in the form of heavy crushing 
debt coming months and even years later.  
 
Sometimes key genetic mutants are inherited and pose a significant risk to 
cancer for those carrying the genes. Such is the case for the BRCA1 and 
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BRCA2 genes. These genes normally help to repair damaged chromosomes, 
or failing in that task, affected cells commit cell suicide. Mutated however, 
these genes no longer protect cells. Carriers of mutant variants of these 
genes have roughly an eighty-percent chance of developing breast and/or 
ovarian cancer and in male carriers of developing a very aggressive form of 
prostate cancer.   
 
So why should we be interested in what goes wrong with genes in Cancer? 
The most important reason is that cancers originating in the same organ 
and looking very similar under the microscope may be associated with very 
different genomic mutations. This matters because genomically distinct 
cancers may have very different responses to chemotherapy. That’s why in 
many leading Cancer Centers; the push is on to map the genomes of 
cancers to better match treatment to the genetic and molecular 
peculiarities and vulnerabilities of particular cancers. Each cancer has its 
own fingerprint and that fingerprint represents a potentially powerful tool 
for targeting each cancers Achilles heel.  
 
On another note, It used to be that the only way to get tissue for biopsy 
was to biopsy the cancer – an often all too painful experience. However its 
been known for a long time that cancers tend to shed cells into the 
circulation and that a blood test may provide the necessary DNA for 
analysis. These so-called wet biopsies may not be every oncologist’s idea of 
the best way to detect and genomically analyze a cancer, but they hold 
great promise. The blood test is a lot more convenient and painless than a 
surgical biopsy and several studies have now shown that the results are 
very good – perhaps not quite as good as surgical biopsies as yet - but 
getting a lot better. Moreover these blood tests may be able to detect 
cancers at a very early stage when those cancers could be snuffed out 
before causing mischief. All in all, it’s a very promising future for Cancer 
treatment.  
 
The era of one-size-fits-all treatments on offer for decades is on the ropes. 
It wasn’t that there weren’t worthwhile achievements, its just that those 
victories often came with a lot of side effects and for too many, a pattern of 
trying this, then that, and too often ending in a lot of suffering and death. 
We can do better and the spot light is turning to genes.  
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The Big Fix for Spinal Muscular Atrophy  Jan 2, 2017 
 
Sometimes advances in Science are stunning. In the last two years there 
have been three. If you’re the least bit interested in where you fit into the 
big picture beginning with the origins of your own galaxy – the Milky Way – 
and moving on, the several trillion other galaxies out there, many much 
larger than our own, each with hundreds of billions of stars and almost 
certainly somewhere, home to many other forms of life, you might want to 
ask – where’s the proof for the engine that supposedly created all that stuff 
- the Big Bang? Until last year the evidence for such a Big Bang moment 
rested on observations that the universe was rapidly expanding, And here’s 
where the hypothesis comes in - if the universe is expanding, it must have 
begun with something incredibly small, which within those first few 
seconds inflated faster than the speed of light to create all the forces and 
particles with which we’re familiar and others yet to be discovered and 
within a further half billion years, the earliest galaxies and stars. But again, 
where’s the proof. Einstein suggested many years before that such a 
spectacularly violent event must have created shock waves or ripples in 
space-time often referred to as gravitational waves (GWs for short) but he 
thought that the signals would be too weak to be detectible in his lifetime. 
Thankfully he was wrong, not about the presence of GWs but that they 
would be too small to be detected because that’s precisely what was 
shown late last year – the signals produced by GWs in the wake of the 
merger of two black holes a billion years ago. That’s a whopper for science 
because the observation of GWs from the merge of dark holes strongly 
suggests that with further work, GWs created by the Big Bang will be found 
and we’ll be able to rest easier about our origins!  
 
About the same time as those GWs, along came CRISPR-Cas9. Ever since 
Watson and Crick revealed the double helical shape of DNA – the molecule 
of life, some would say – the rush has been on to find out what those 
twenty thousand or so genes encoded in human DNA, do. Unfortunately 
some of those genes turned out to be harmful and the cause of much 
suffering as is the case with Huntington’s chorea, a devastating movement 
disorder leading to psychosis and dementia, and some inherited forms of 
Alzheimer’s disease and yet others, a host of other inherited disorders. The 
question came up - if we can be certain about the specific gene involved, 
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could we fix it by editing out the abnormal gene and replacing it with a 
properly functioning copy? However early attempts to edit the human 
genome turned out to be klutzy, uncertain and expensive affairs. That was 
until some investigators discovered that some bacteria keep an inventory 
of bits of DNA from the various pathogens they’ve encountered which 
allows those same bacteria to detect a second intrusion and snip out the 
offending DNA before it causes any mischief. That became the template for 
what’s been called the CRISPR-Cas9 method for gene editing – a cheap, 
highly precise means for cutting out unwanted pieces of DNA and 
sometimes inserting genetic fixes as necessary. Despite a nasty law suite 
over the patent rights to the new technology, investigators are steaming 
ahead with plans to fix a bevy of nasty inherited diseases using CRISPR-Cas9 
or derivative techniques. And that isn’t all. It looks as if other genetic 
technologies may prevent similarly nasty diseases such as the 
mitochondrial diseases, passed on by mothers carrying the defective 
mitochondria in their eggs. The trick is to combine in-vitro, DNA from the 
mother’s egg stripped of all the accompanying defective mitochondria, with 
the DNA from the father (sperm contain few if any mitochondria) and 
healthy mitochondria harvested from a donor mother’s egg. It is tricky but 
it works. So the future looks very bright for editing the human genome and 
fixing some of those mitochondrial diseases before they get started.    
 
This brings us to the next big advance in molecular biology and medicine. 
There is a group of inherited diseases, which begin in infancy or childhood 
that lead to paralysis of all the muscles controlled by motor nerve cells in 
the brainstem and spinal cord. This group of diseases, called the Spinal 
Muscular Atrophies or SMA is relentlessly progressive to death, in all but 
the some of the late onset forms. There is a gene – not surprisingly called 
SMA1 that makes a protein – also not surprisingly called SMA protein – that 
is essential for the development and health of motor nerve cells. For most 
genes, we carry two copies, one from each parent. In the case of spinal 
muscular atrophy, if one of those copies carries the abnormal gene but the 
copy from the other parent is healthy, the child will not develop SMA, but 
like one of his or her parents, will be a carrier. However if both parents 
carry a copy of the defective gene – that’s it – the child can’t make enough 
of the SMA protein to keep their nerve cells alive – hence the progressive 
paralysis. That was the story until just recently. It turns out that there is a 
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second SMA gene called SMA2, which can make some SMA protein – just 
not enough, and what SMA protein is made – is truncated and breaks down 
too quickly to be of much use. Enter a new drug called Nusinersen, 
engineered to bind to the messenger RNA precursor needed to make 
enough of the stable form of the SMA protein.  
 
The results in two clinical trials, one in 121 affected infants and the other in 
84 wheelchair bound older children with the disease, were striking. So 
striking that both studies were stopped for ethical reasons because those 
receiving the drug were doing so much better than those children randomly 
chosen as controls. Affected infants re-acquired brainstem and spinal 
functions they had previously lost and the results were no less impressive in 
the older children. 
 
It all sounds complicated and it is. There’s no hiding the fact that triumphs 
like this in genetics and figuring out how the universe got started, are hard 
to come by and challenging even for those in the field. But the results speak 
for themselves. And sometimes, the results as in the SMA disease are 
stunning and raise the question of whether similar approaches in the much 
more common Lou Gehrig’s disease and a host of other motor nerve cell 
diseases might just work too. The last two years have been banner years in 
Science, wouldn’t you think?  
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Tis the Season for Ticks and Lyme Disease 
 
Until the early 1990’s I knew nothing about Lyme disease and little about 
AIDs. Why? – because as yet there was no Lyme disease and AIDs was 
barely on the radar screen in Southwestern Ontario. Much was to change 
when I moved to Boston in late 1992. At a time when there were no 
effective antiviral agents, many of my in-hospital patients were devastated 
by truly awful neurological complications associated with AIDs. And if that 
wasn’t enough, Lyme disease was by then well established in Connecticut, 
New Hampshire and Massachusetts and it wasn’t long before I began to see 
cases with the disease afflicted with various neurological complications. In 
short I was in at the deep end with much to learn.  
 
In North America Lyme disease is caused by the Borrelia burgdorferi 
spirochete (spiral shaped bacteria) carried by blacklegged ticks, which 
infest the kind of tall grass, bushy and wooded areas so common in the 
North Eastern United States, and more recently similar sites along the north 
shores of Lake Erie, Lake Ontario, and St. Lawrence River. Small animals 
such as mice, chipmunks and other small animals serve as major reservoirs 
for the ticks and the bacteria they sometimes harbor. The short mild 
winters and early springs in recent years may produce bumper crops of 
ticks which sometimes can overwhelm even the largest of animals including 
moose which may succumb to the massive blood loss caused by thousands 
of tick bites. 
 
The key to managing Lyme disease is prevention. That means wearing 
protective clothing to cover as much of the exposed skin as possible, 
applying a repellant containing DEET to exposed areas (not babies) and 
regular thorough examination of the skin, preferably with the help of 
someone else, to double check the scalp, back of the neck, trunk, legs, 
ankles as well as the feet for ticks. And don’t forget the belly button. 
 
Ticks embedded in the skin must be removed carefully using fine tweezers 
to grasp the tick as close to the skin as possible and pulling them off, taking 
care not to squeeze the body or head of the tick. Removed within the first 
24-36 hours after the bite, subsequent infection is unlikely.  
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Despite the fact that more than half the ticks found in high-risk areas, carry 
the bacteria, fewer than five percent of bites go on to produce infections in 
humans. Just don’t count on spotting the characteristic bulls-eye rash to 
make the diagnosis because the rash may be absent half the time. Further 
complicating early recognition and therefore treatment of Lyme disease, is 
a delay of up to four weeks before the earliest symptoms develop and the 
fact that even the most sensitive lab tests may not be positive for several 
weeks following the tick bite. Given that treatment within a few days of the 
bite is important, most experts recommend treating suspected Lyme 
disease without waiting for confirmation from the lab, especially if fever, 
joint pain and flu-like symptoms develop. Remember to take the tick in a 
sealed container to your physician for identification and perhaps find out 
whether the tick is infected.   
 
Treated early, cure is to be expected – but not always. Despite an adequate 
course of the appropriate recommended antibiotics, a few patients go on 
to develop persistent fatigue, joint pain and mild meningitis-like symptoms 
such as headache and a stiff neck, neuropathies, especially facial palsy in 
children, and even mild cognitive impairment. Some symptoms may go on 
for years, especially fatigue, despite repeated courses of appropriate 
antibiotics, which suggests that the symptoms might be caused by a 
persistent immunological response to the bacterium long after eradication 
of infection.   
 
There’s yet another vexing issue. Ticks may be associated with other 
pathogens causing diseases such as babesiosis and anaplasmosis, which fail 
to respond to the usual antibiotics used to treat Lyme disease. And rarely 
ticks carry the Powassan virus, which may be fatal or leave others with 
severe neurological deficits.  
 
Recent advances in gene editing techniques have led some scientists to 
suggest that the best way to stop the transmission of Lyme disease in its 
tracks is to wipe out principle carriers of the disease such as the white-
footed mice in the Massachusetts Island of Nantucket. The plan would be 
to use gene editing to create mice immune to Lyme bacteria and a 
technique called gene drive to drive the modified gene through the mouse 
population in as few generations as possible. This clever high tech strategy 
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could break the chain of infection leading to humans on the island. Even so, 
many residents of Nantucket, however frustrated they may be with the risk 
of Lyme disease on the island, are wary of a technology, which has the 
power to wipe out a whole species of mice. Go figure! 
 
I encourage readers to check Governments of Canada and Ontario 
websites, as well as the CDC in the United States for further information on 
Lyme disease, especially if you want to know more about high-risk areas 
near you, what you can do to prevent Lyme disease and current treatment 
guidelines.     
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Gene-editing method halts production of brain-destroying 
proteins 

 
Email Hanae 
 

Follow @NewsfromScience 

By Hanae Armitage   20 October 2015 5:30 pm 0 Comments 

 
Huntingtons disease, a neurological condition caused by brain-destroying 
mutant proteins, starts with mood swings and twitching and ends in 
dementia and death. The condition, which afflicts about 30,000 Americans, 
has no cure. But now, a new gene-editing method that many believe will 
lead to a Nobel Prize has been shown to effectively halt production of the 
defective proteins in mice, leading to hope that a potent therapy for 
Huntingtons is on the distant horizon. 
 
That new method is CRISPR, which uses RNA-guided enzymes to snip out or 
add segments of DNA to a cell. In the first time it has been applied to 
Huntingtons disease, CRISPR’s results are “remarkably encouraging,” says 
neuroscientist Nicole Déglon of the University of Lausanne in Switzerland, 
who led the mouse study, results of which she and her co-researcher 
Nicolas Merienne shared yesterday at the Society for Neuroscience 
Conference in Chicago, Illinois. 
 
As neurological diseases go, Huntingtons is an ideal candidate for CRISPR 
therapy, because the disease is determined by a single gene, Déglon notes. 
A mutation in the gene, which codes for a normally helpful brain protein 
called huntingtin, consists of different numbers of  “tandem repeats,” 
repeating segments of DNA that cause the protein to fold into a shape that 
is toxic to the brain. Déglon and her team wondered whether CRISPR could 
halt production of this dangerous molecule. 
 
Using a virus as a delivery vehicle, the researchers infected two separate 
groups of healthy adult mice with a mutant huntingtin gene, but only one 
group received the therapy: a CRISPR “cassette,” which includes DNA for 
the gene-editing enzyme Cas9 and the RNA to target the huntingtin gene. 
CRISPR-Cas9 works by “silencing” the part of the huntingtin gene that 
signals protein production. Researchers hypothesized that by cutting into 
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these so-called “start sites,” they would be able to permanently pause 
synthesis of the huntingtin protein. If this were true, the mice treated with 
the CRISPR cassette would have little to no buildup of mutated proteins, 
and that’s exactly what Déglon and her team saw. After only 3 weeks, the 
two groups of mice showed a striking contrast: Those without the CRISPR 
treatment had large areas of protein aggregation, and those with the 
treatment had almost none—CRISPR’s editing had prevented nearly 90% of 
the rogue proteins. “Having reached about 90% [blockage of production] 
changes the story [of Huntingtons therapy] completely,” she says. “It opens 
new treatment strategies that are based in DNA, and so would have a 
permanent benefit for the rest of someone’s life.” 
 
Abdellatif Benraiss, a translational neuroscientist at the University of 
Rochester in New York who is not involved with the research, cautions that 
the current technique is not poised for that kind of longevity. Because 
CRISPR cannot yet discriminate between mutant and healthy huntingtin 
genes (a person typically has one of each and the targeted start site is the 
same for both copies), it essentially eliminates all huntingtin proteins, even 
the healthy variety. 
 
“If there is no specificity for mutant huntingtin, that’s a concern—this is not 
a treatment for 4 weeks or 4 months, this is going to be permanent,” he 
says. Though the role of healthy huntingtin proteins remains murky, they’re 
thought to be involved in basic cell functions such transporting materials 
and chemical signaling. “As bad as too much huntingtin is, we still need one 
copy [of its gene] so it can do its job in our bodies.” 
 
Déglon is already on the case. Her team plans next to use CRISPR to target 
individualized differences in the DNA sequences called single nucleotide 
polymorphisms (SNPs). In many cases, these SNPS are located right next to 
the mutation on a DNA sequence, effectively flagging it for researchers. 
Combined with this SNP differentiation, the researchers plan to test the 
CRISPR-Cas9 treatment in “humanized” mice—mice that, instead of 
carrying the mouse version of mutant huntingtin, carry two copies of the 
human gene, one mutant and one healthy. That approach would bring the 
model closer to how this kind of a CRISPR treatment may act in 
humans.  “We’re just at the beginning of the story,” Déglon says. “There are 
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still many questions to ask, unfortunately.” She pauses and then brightens, 
“Well, actually, fortunately, too.”   Posted in Biology 
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One in five 'healthy' adults may carry disease-related genetic 
mutations 
 
By Ryan Cross      Jun. 26, 2017, 6:15 PM 

 
Some doctors dream of diagnosing diseases—or at least predicting disease 
risk—with a simple DNA scan. But others have said the practice, which 
could soon be the foundation of preventative medicine, isn’t worth the 
economic or emotional cost. Now, a new pair of studies puts numbers to 
the debate, and one is the first ever-randomized clinical trial evaluating 
whole genome sequencing in healthy people. Together, they suggest that 
sequencing the genomes of otherwise healthy adults can for about one in 
five people turn up risk markers for rare diseases or genetic mutations 
associated with cancers. 
 
What that means for those people and any health care system considering 
genome screening remains uncertain, but some watching for these studies 
welcomed the results nonetheless. “It's terrific that we are studying 
implementation of this new technology rather than ringing our hands and 
fretting about it without evidence,” says Barbara Biesecker, a social and 
behavioral researcher at the National Human Genome Research Institute in 
Bethesda, Maryland. 
 
The first genome screening study looked at 100 healthy adults who initially 
reported their family history to their own primary care physician. Then half 
were randomly assigned to undergo an additional full genomic workup, 
which cost about $5000 each and examined some 5 million subtle DNA 
sequence changes, known as single-nucleotide variants, across 4600 
genes—such genome screening goes far beyond that currently 
recommended by the American College of Medical Genetics and Genomics 
(ACMG), which suggests informing people of results for just 59 genes 
known or strongly expected to cause disease. 
 
Of the 50 participants whose genomes were sequenced, 11 had alterations 
in at least one letter of DNA suspected to cause—usually rare—diseases, 
researchers report today in The Annals of Internal Medicine. But only two 
exhibited clear symptoms. One was a patient with extreme sensitivity to 
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the sun. Their DNA revealed a skin condition called variegate porphyria. 
“Now that patient knows they will be much less likely to get bad sunburns 
or rashes if they avoid the sun and certain medications,” says Jason Vassy, a 
primary care clinician-investigator at Veteran Affairs Boston Healthcare 
System and lead author of the study. 
 
The team also found that every sequenced patient carried at least one 
recessive mutation linked to a disease—a single copy of a mutant gene that 
could cause an illness if two copies are present. That knowledge can be 
used to make reproductive decisions—a partner may get tested to see if 
they have a matching mutation—and prompt family members to test 
themselves for carrier status. And in what Vassy calls a “slightly more 
controversial result,” the team examined participants’ chances of 
developing eight polygenic diseases, conditions that are rarely attributed to 
a single genetic mutation. Here, they compiled the collective effects of 
multiple genes—up to 70 for type II diabetes and 60 for coronary heart 
disease—to predict a patient’s relative risk of developing the disease. 
 
Just 16% of study volunteers who only reported their family history were 
referred to genetic counselors or got follow-up laboratory tests. In the 
genome sequencing group, the number was 34%.   
 
Some researchers have expressed concern that such whole genome 
screening will skyrocket medical costs or cause undue psychological harm. 
Aside from the initial cost of sequencing (which was covered by the study), 
patients who underwent the genomic screen paid an average of $350 
additional in healthcare costs over the next 6 months, Vassy and colleagues 
reported. But contrary to fears of emotional trauma, neither the 
sequencing group nor the control group showed any changes in anxiety or 
depression 6 months after the study.     
 
Vassy stresses that their study was small and needs follow-up, but it still 
impressed Christa Martin, a geneticist at Geisinger Health System, in 
Danville, Pennsylvania, who worked on the ACMG’s recommendations for 
genome sequencing. “I almost feel like the authors undersold themselves,” 
she says. “Many of their patients are making health behavioral changes, so 
they are using the information in a positive way.” 

http://dx.doi.org/10.7326/M17-0188
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“The study was extremely well designed and very appropriately run,” adds 
Barbara Koenig, a medical anthropologist who directs the University of 
California San Francisco Bioethics Program. But she still questions the 
assumption by many physicians, ethicists, and patient advocates that more 
information is always beneficial. “It is just hard to know how all this 
information is going to be brought together in our pretty dysfunctional 
healthcare system.” 
 
Another paper published last week on the preprint server bioRxiv, which 
has not yet undergone peer review, yields similar results. Using whole-
exome sequencing, which looks only at the protein-coding regions of the 
genome, Michael Snyder, director of the Stanford Center for Genomics and 
Personalized Medicine in Palo Alto, California, and colleagues found that 12 
out of 70 healthy adults, or 17%, unknowingly had one or more DNA 
mutations that increased the risk for genetic diseases for which there are 
treatment or preventative options. 
 
Both studies suggest that physicians should look at genes beyond the 
ACMG’s 59 top priorities, Snyder says. He argues that whole-genome 
sequencing should be “automatically” incorporated into primary care. “You 
may have some super-worriers, but I would argue that the information is 
still useful for a physician to have.” Vassy, however, says that there isn’t yet 
enough evidence to ask insurance companies to reimburse whole genome 
sequencing of healthy patients. 
 
 “We like a quick fix and the gene is an important cultural icon right now, so 
we probably give it more power than it really has,” Koenig says. “But these 
are still really early days for these technologies to be useful in the clinic.” 
  
 Posted in: BiologyHealth 
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WK 3 Sex and Genetics: T-A, A-T, C-G and G-C 
 
A Primer on the Future of Sex and Genetics from Henry T. Greely’s book, 
‘The End of Sex: And the Future of Human Reproduction’, Harvard 
University Press 
 
Pages 1-3 
“I expect that sometime in the next twenty to forty years, among humans 
with good health coverage, sex, in one sense, will largely disappear, or at 
least decrease markedly. Most of those people will no longer use sexual 
intercourse to conceive children. Instead … children will be conceived in 
clinics. Eggs and sperm will be united through invitro fertilization (IVF). The 
DNA of the resulting embryos will then be sequenced and carefully 
analyzed before decisions are made about which embryo or embryos to 
transfer to a womb for possible development into one or more living, 
breathing babies.” 
 
“In short, we humans will begin, very broadly, to select consciously and 
knowingly the genetic variations and thus at least some of the traits and 
characteristics of our children. This idea is not new” … 
 
“Two insights drive this book. The first is the way new technologies, drawn 
from several different areas of modern bioscience research, will combine to 
make this future not just possible but cheap and easy. The second is the 
way economic, social, legal, and political forces will combine to make this 
future not just achievable but, as I believe, inevitable, in the United States 
and in at least some other countries. Those insights turn these questions 
from interesting, goose-bump-inducing specialization to real problems that 
will confront real people- ourselves, our children, and our grandchildren- in 
the next few decades.” 
 
“The technical innovations will come from two worlds: genetics and stem 
cell research. We can already do preimplantation genetic diagnosis (PGD) 
in embryos. We can take away a few cells from an early “test tube” 
embryo, test them for a genetic trait or two, and use that information to 
decide whether to give the embryo a chance to become a baby. PGD 
sounds like science fiction to many people but it has been used for over a 
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quarter century – the first child born after PGD is now over twenty-five 
years old. And every year now, around the world, thousands of new 
children are born after being subjected to PGD as embryos.” 
 
“But today, PGD is only weakly informative, as well as expensive, 
unpleasant, and even dangerous, thank both to the limitations of genetic 
testing and to the necessity of using IVF as part of PGD. These constraints 
will change. Genetics will allow us to do cheap, accurate, and fast 
sequencing of the entire 6.6 billion base pair genome of an embryo and will 
use an increasingly deep understanding of what that sequence means for 
disease risks, physical characteristics, behaviors, and other traits of the 
child that embryo would become. And stem cell research will allow a 
couple to avoid the expensive and (for the women involved) unpleasant 
and physically risky process of maturing and retrieving human eggs’ by 
allowing us to make eggs and sperm form stem cells. The result will be a 
cheap, effective and painless process I call “Easy PGD.”  
 
Pages 8-13 
 
“ Living organisms are made out of cells, sacks of materials held together 
like water balloons by membranes and walls. Most living things have only 
once cell; the vast majority of them are bacteria or archaebacteria, which 
have only very simple cells. Some once-celled organisms and all multicelled 
organisms, from plants to antes to us, have more complicated types of 
cells, which have distinct different organelles inside them. One of those 
“little organs” is the nucleus of the cells. The nucleus contains (almost) the 
cell’s entire DNA, a molecule known more fully as deoxyribonucleic acid. 
The DNA in the nucleus is organized into distinct bodies called 
chromosomes, which come (mainly) in pairs. Humans normally have 46 
chromosomes, one pair each of chromosomes 1 through 22 (the 
autosomes) and two sex chromosomes, either two X chromosomes (in 
women) or an X and a Y chromosome (in men).  
 
Cells normally reproduce by doubling their chromosomes and splitting n 
half, sending the right number of pairs of chromosomes to each daughter 
cell. Each of the two daughters cells is a “clone” of the parent cell-that is 
hey are genetically identical to one another. Most life on this planet 
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reproduces by cloning, but most of the life visible to our naked eye does 
not. Instead, It reproduces sexually. Sexual reproduction around the 
biosphere is much more varied and complicated than it is in humans. But, 
at its core, it ensures that instead of being genetically identical copies, an 
organism’s offspring are a new combination of the chromosomes from two 
different “gametes, “ sperm and eggs.  
 
Human sexual reproduction is so complicated that it is amazing any of us 
gets born. But, basically, sperm from a man makes a long and arduous 
journey to meet with a woman’s ripe egg, which has made its own shorter 
but difficult trip. The sperm and the egg each carry 23 chromosomes from 
the man or woman, half the usual number. The sperm merges into the 
much larger egg (think of a small pea going into a basketball). After 
fertilization the egg is renamed a zygote and chromosomes from the egg 
and sperm eventually merge to form a new nucleus, which begins to divide. 
After four or five days of dividing, the resulting embryo is a hollow ball, 
about five one thousands of an inch wide, perhaps visible to someone with 
good eyes in good light. Shortly thereafter, it needs to be in the womb, 
attaching itself to its lining and becoming implanted, if it is to have any 
chance to be born. Some couples cannot have babies the usual way. 
Sometimes the problem is with the woman’s egg getting to or implanting in 
the womb, sometimes it is with the man’s sperm getting to and fertilizing 
the eggs, and sometimes the cause is unknown. In many cases assisted 
reproduction can help, often through IVF.  
 
In IVF, the woman’s ovaries are artificially forced to ripen extra eggs, which 
are then surgically extracted. This process is expensive, unpleasant, and 
somewhat risky for the woman involved. The eggs are usually mixed with 
sperm and become fertilized, although often a procedure called 
intracytoplasmic sperm injection (ICSI) is used. Of course, if one of the 
would-be parents has no eggs or sperm, IVF alone is insufficient and the 
couple will need “donated” eggs or sperm- often sold. Either way, some of 
the eggs will be fertilized successfully, and the resulting zygotes will begin 
to divide in containers in the clinic. If the zygotes divide successfully for a 
long enough time, they will be transferred into a woman’s womb 
sometimes between the third and sixth day after fertilization, in the hope 
that they will implant and eventually become babies.  
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Now we get back to the chromosomes and the DNA they contain. DNA is a 
famously called the “the double helix.”. For those of you, who like me, 
don’t have a good mental image of a double helix, think of a very long 
ladder that has been twisted into a spiral. The sides of the DNA ladder are 
unimportant; the rungs are crucial. Each rung is made up of two out of four 
molecules: adenosine, cytosine, guanine, and thymine – widely known as A, 
C, G, and T. But A will only combine with T to make a rung and C will only 
combine with G. the rungs, therefore are made up of “base pairs” 
consisting of either A-T, C-G, G-C, or T-A. By reading the bases attached to 
one side of the ladder, you get the DNA’s “sequence” – for example, 
AGCGAGTTTTCG: (the “other” sequence, attached to the other side of the 
ladder, must read TCGCTCAAAAGC). But instead of just the twelve basses in 
that example, the sequence of the whole human chromosome is between 
50 and 250 million bases long.  
 
Humans normally have 46 chromosomes, one copy of chromosomes 1 to 22 
plus a sex chromosome, either an X or a Y from their father and another 
copy of those autosomes plus, necessarily, an X chromosome from their 
mother (mothers have only X chromosomes to give- (if they have a Y 
chromosome, they would be male). The sequences of all chromosomes 
from one parent make up “the human genome” and are about 3.2 billion 
bases long. Each of us has two copies of the human genome, one from each 
parent. These copies are very similar to each other (except for men, whose 
Y chromosome is quite different – much smaller and less important-from 
the X chromosome), but they do differ in about one base, or letter in one 
thousand. Your complete genome sequence then, is about 6.4 billion bases 
long. If you think of each base as a character in the English language-a 
letter, punctuation mark, or space- your genome is about as long as 700 
copies of the King James Version of the Bible.  
 
Most of the bases in the human genome have no known (and quite possibly 
no unknown) meaning, but about 1.5 percent of them spell out instructions 
(“code”) to the cell on how to mark particular proteins, the molecules that 
make up most of the substance of the bodies. Another chunk of the DNA 
letters – whether it is 5 percent, 10 percent, or more is controversial – 
control when and how much those protein-coding regions will be turned on 
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or off, up or down, as well as making other useful molecules such as RNA. 
The exact meaning of the term “gene” is surprisingly unclear, but the 
human genome contains about 23,000 protein-coding regions, which can 
make over 100,000 different human proteins. By reading the genetic code 
of the sequence, we can know what those proteins are made of and 
whether they are normal, or dangerously abnormal in ways that might or 
might not be important.  
 
Human genetic testing has taken place for about fifty years, using many 
different methods. Today (and increasingly in the future) it involves looking 
at DNA sequences in regions of chromosomes that are known to be 
important and trying to figure out whether a person’s sequence is normal 
or dangerous. For example, the famous breast and ovarian cancer gene, 
BRCA1 (by convention, gene names should italicized), is made up of about 
80,000 bases near the end of the long arm of chromosome 17. It can be 
sequences to see if a woman has a normal version (the vast majority of 
people), a version known to be dangerous (less than 1 percent of people), 
or a version that is not normal but many or may not be dangerous (another 
5 percent). 
 
It has only been possible to sequence a person’s entire genome for less 
than fifteen years. The first whole genome sequence cost $500 million and 
took years. Today you can get your genome sequenced in a few days for 
about $1,500. Observers expect this price to fall, very soon to about $1,000 
and eventually further. Most people expect whole genome sequencing to 
be widely used for genetic tests in a few years as the price drops.  
 
Genetic testing can be viewed in many different contexts. Adults and 
children can be tested to diagnose, or predict, diseases or traits. Fetuses 
can be tested before birth, through three different technologies, starting 
between the tenth and the eighteenth weeks of pregnancy. And embryos 
created by IVF can be tested before they are transferred for possible 
implantation and pregnancy, usually about five days after fertilization. The 
later process, PGD (short for preimplantation genetic diagnosis), involves 
taking a few cells from the embryo and then testing those cells. The results 
of those tests are then used to decide whether to transfer an embryo. In 
the past twenty-six plus years of PGD’s use, it could only be used to test any 
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particular embryo for one or a handful of genes. PGD has been used to look 
for DNA associated with a genetic disease found in the family, for DNA that 
would allow an embryo to become a baby that could be a cord blood donor 
to a family member, or the embryo’s future sex.  
 
What can genetic testing tell us? It depends. For some things, genetic tests 
reveal destiny. Anyone whose DNA has the version of the Huntington gene 
associated with Huntington’s disease can only avoid dying of that disease 
by dying first of something else. But a woman with a genetic variation of 
the BRCA1 gene has only about a 60 to 85 percent chance of being 
diagnosed with breast cancer during her lifetime and only about a 30-
pecent chance of an ovarian cancer diagnosis. A man with a dangerous 
variation of the BRCA2 gene has about 100 times the normal man’s risk of 
breast caner, but his risk is still only a few percent. The percentage of 
people with a particular DNA variation who will get a disease or a trait 
associated with that variation is called the variation’s “penetrance.”  
 
Today, genetic testing can give us strong information about a few thousand 
genetic diseases, almost all of them rare, as well as some non disease traits, 
like ABO blood types. It can give us weaker information about other 
diseases or traits and very weak information about others. In the long run, 
though, DNA sequences should be able to reveal much, though not 
everything about disease and trait “risks” that can be lumped into five 
categories; highly penetrant, serious, early onset diseases, other diseases, 
cosmetic traits (hair color, eye color), and so on; behavioral traits (math 
ability, sports ability, personality types) and of course sex– boy or girl.    
 
Whole genomic sequencing has now been used experimentally on early 
embryos. Today it is too expensive and inaccurate to be widely used but 
that will change and when it does, PGD should become more popular 
because it will be able to make far more predictions about an embryo’s 
possible future. But there is still one barrier - PGD requires IVF, and IVF is 
difficult. The answer is our last are of science: stem cells.  
 
Most human cells have limited life spans. After a certain number of 
divisions, usually about forty to eighty depending on the cell type, the stop 
dividing and die. Stem cells don’t – they just keep dividing, perhaps 
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indefinitely. Furthermore, some stem cells divide into different kinds of 
cells. So blood forming stem cells can eventually make all the scores of 
different types of blood cells in our body.  
 
Human embryonic stem cells (hESCs) are created by taking the cells inside 
the hollow ball that is a five-day-old embryo, and growing them in a 
laboratory. They can become any cell type in the body. We know that 
because those cells on the inside of the embryo go on to become every cell 
in your body and mine. Extraction of hESCs has been extremely 
controversial because it requires the destruction of a human embryo. In 
2007, Shinya Yamanaka in Japan produced the first human “induced 
pluripotent stem cells” (iPSCs). These are cells from normal body tissue 
(usually from the skin) that he treated in a way that made them act like 
hESCs. They too are expected to be able to become every type of cell in the 
human body, including eggs and sperm. And, in fact, baby mice have 
already ben created from mouse eggs and mouse sperm derived from both 
mouse embryonic stem cells and mouse iPSCs.  
 
If ripe human eggs could be derived from a person’s skin cells, it would 
avoid most of the cost, almost all of the discomfort, and all of the risk of 
IVF. It should also provide an unlimited supply of eggs, from women at any 
age. Along with accurate, inexpensive whole genomic sequencing of early 
embryos, that should make PGD much easier and more attractive, leading 
to what this books calls Easy PGD. “ 
 
Pages 15-27 
 
Humans have 46 chromosomes. Forty-four of them are always paired and 
are named chromosomes 1 through 22: these are often referred to as 
“autosomes.” They were numbered in order of their size, beginning with 
the longest, chromosome 1, which is made up of about 250 million base 
pairs of DNA, to the shortest, chromosome 22, with about 50 million base 
pairs. (Note chromosome 21 is actually shorter than chromosome 20 and 
19 shorter than 18, so those who compiled them weren’t perfect! 
 
In addition humans have two more chromosomes, the X and Y-
chromosomes – called the sex chromosomes. Someone whose cells have 
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two copies of the X chromosome (and hence a grand total of 23 pairs of 
chromosomes) is (almost always) female, while someone who has one X 
chromosome and one Y chromosome is (almost always) male. The X 
chromosome is moderately large ...  and contains many genes. On the other 
hand, the Y chromosome is much smaller and contains the fewest number 
of genes of all the chromosomes.  
 

Cells, Chromosomes, DNA, Genomes, And Genes 
 
Chromosomes in cells are usually invisible (unless stained), except when the 
cell divides, when the DNA clumps together to form the familiar 23 
chromosomes, each doublet stuck together at one point – the centromere. 
But for most of its time when DNA is doing its work it lies uncoiled and 
sprawled throughout the nucleus. Straightened out in a single thread, the 
DNA would be about 2 meters in length but only about six-millionths of a 
meter in diameter, which of course is why so much DNA can be jammed in 
something as small as the cell’s nucleus.  
 
The structure of the “double helix” revealed by Watson and Crick has been 
likened to a twisted ladder, the sides of which are made up of a string of 
alternating molecules of a sugar (deoxyribose) and a phosphate group. 
However DNA’s power lies in the rungs of the twisted ladder. These are 
made up of the famous “base pairs,” base because they are basic, not 
acidic, and pairs because, in DNA, they always come in pairs. Four kinds of 
based make up the base pairs of DNA: adenine, cytosine, guanine and 
thymine (A, C, G, and T). Collectively, along with another molecule, uracil or 
U, which is not found in DNA but in its important cousin, RNA, they are 
called the nucleotides.      
 
The deoxyribose sugars on the sides of the twisted ladder are happy to 
bond with any of the four DNA nucleotides and, in the DNA molecule each 
of them will, in fact be joined to A, C, G, or T. but a nucleotide one side of 
the ladder will connect in the middle with one and only one kind of 
nucleotide. Adenosine bonds only with thymine (A with T) and cytosine 
bonds only with guanine (C with G). In normal DNA every rung is complete, 
so in every place where one side of the DNA has an A. the other side must 
have a T, and so one. Every rung is either AT, CG, GC or TA.  
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The ‘sequence’ of the DNA is spelling out in the order of these nucleotides, 
as attached to one side of the ladder. For example, ATTCGATAGACT would 
be the sequence for one stretch of a dozen nucleotides. Of course, that is 
the sequence on only one side of the DNA molecule. But once we know 
that sequence, we know the sequence on the other side must be 
TAAGCTATCTGA, because A and T always bind to each other, as do C and G. 
(The two sides are identified as 5’ – “five prime” – and 3’ – “three prime” – 
and the sequence is, by convention read from the 5’ side.  
 
This is the great secret of DNA because it provides a way for one cell to 
become two copies of itself. If the DNA is split down the middle – if the 
twisted ladder is, in what I hope will not be a confusing mixed metaphor, 
“unzipped” – each side of the ladder will be floating free with half rungs 
(unattached nucleotides) sticking out into the now unconnected middle. 
Everywhere there is an A, a T will be attached; every unpaired G will match 
up with a C. One molecule of DNA, split down the middle, can become – in 
fact, normally does become – two molecules of DNA, identical to the first 
molecule. Here is the way to turn one twisted ladder into two twisted 
ladders, each identical to each other and to the ladder that split to produce 
them. And so, if the DNA contains the instructions for the cell, this is how it 
can become two identical copies of one set of instructions.  
 
Watson and Crick acknowledge this in a famous understatement near the 
end of their very short first publication on the structure of DNA: “It has not 
escaped our notice that the specific pairing we have postulated 
immediately suggests a possible copying mechanism for the genetic 
material.” The need to copy, precisely, the genetic material that passes 
from one cell, and one organism, to another, is crucial. The mechanisms by 
DNA is copied turn out to be quite complex – Nobel prizes have been and 
continue to be won through clarifying them – but Watson and Crick saw the 
basic story – and transformed biology.  
 
Looked at in gross, DNA is dull, a huge molecule made up of deoxyribose, 
phosphate, and, among its nucleotides, roughly 21 percent cytosine, 21 
percent guanine, 29 percent adenine, and 29 percent thymine. It is at the 
level of detail, in the sequences of the millions of bases, that DNA becomes 
impressively complex. With four choices for every position and roughly 6.4 
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different genomes in a full human genome, the theoretical number of 
different genomes – of different sequences of the entire 6.4 billion base 
pairs of the genome is four times four 6.4 billion times. It would take only 
about 130 base pairs to offer, as many combinations as there are estimated 
elementary particles in the entire observable universe. The amount of 
information that a DNA sequence can carry is, quite literally, beyond 
astronomical.  
 

Genomes 
 
The sequence of the entire DNA in an organism’s chromosomes (and here 
in its cells’ nuclei and thus its “nuclear DNA”) is called its genome. That is 
almost, but note quite all the DNA in the cell. Some of the organelles, the 
“little organs,” inside eukaryotic cells have their own small bits of DNA, 
organized in circles. The mitochondria, the “energy powerhouses of the 
cell, “ have their own genome; in humans it is made up of 16,569 base 
pairs, about one four-millionth the size of the human nuclear DNA. Green 
plants have in addition to mitochondria, organelles called chloroplasts, 
necessary to photosynthesis that have their own DNA. The human 
mitochondrial genome is important but we generally talk of it as a separate 
from “the” human genome.  
 
This leads to another tricky issue of vocabulary. Does a human genome 
have about 3.2 billion base pairs or about 6.4 billion? That depends on 
whether you are talking about the “haploid genome,” the genome on the 
chromosomes derived from just one parent, or the “diploid genome,” the 
doubled sequence that is the actual sequence of all the DNA in a person’s 
cell. Of course, if those two sequences, from the mother and the father, 
were absolutely identical, it would not matter. The diploid genome would 
be just the haploid genome “printed” twice. In fact, in each human, the two 
haploid genomes are almost identical – almost, but not quite.  
 
One average, two diploid human genomes differ at about one base pair in a 
thousand. That may not sound like much, but, remember, each genome has 
over 3.2 billion base pairs. That means each of the two genomes inside any 
one person will differ about three million times; when two people compare 
their diploid genomes, they will vary about six million times.  
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These variations come in several different forms. Let’s pretend we are 
looking at one small length of DNA and that on the 5’ side of the maternal 
chromosome a nine-base stretch of DNA in that area reads CTTAGACTA 
while a corresponding stretch of the paternal chromosome reads 
CCTAGACTA. In this kind of change, the identity of just one of the bases in a 
stretch of DNA sequence is different. This is called a SNP, a “single 
nucleotide polymorphism,” where “polymorphism” is just a fancy way of 
saying “difference.” 
 
Now assume that, instead of a SNP, that maternal chromosome has three 
extra bases inserted – CAGATTAGACTA instead of CTTAGACTA – or is 
missing two of the bases, let’s say the first two Ts – CAGACTA instead of 
CTTAGACTA. When the base pairs are added, it is called an “insertion’; 
when they are missing, it is a “deletion.” Insertions and deletions are 
collectively referred to as indels. SNPs and indels are among the most 
common variations found in human genomes.   
 
Of course, in any particular pair of chromosomes, if one of them has two 
more base pairs in a particular location than the other one does, how do 
you know whether it is an insertion or a deletion. To figure that out you 
would have to know what the usual sequence is in humans at that location. 
There is no one human genome sequence; there are currently over 
fourteen billion – two each for over seven billion people, minus a bit less 
than 1 percent for those with identical twins. But we could invent a so-
called reference sequence by taking the most common sequence at each 
location. The current human reference sequence, complied and maintained 
by the Genome Reference Consortium, is a more complicated effort to 
agree upon common variations of the human genome.  
 

Genes 
 
What are genes? Genes are stretches of DNA that carry inheritable 
information. The primary function of some genes is to make proteins – so 
called protein-encoding genes. Proteins are composed of amino acids of 
which there are twenty to choose from, and it is the order and selection of 
amino acids, which determines the nature and function of the protein. The 
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selection of each amino acid is determined from three-letter combinations 
of bases in the DNA, of which there are sixty-four possible combinations for 
only twenty amino acids. In short, several different sequences of three 
bases, may code for the same amino acid.  
 
Each cells, form a bacterium’s to our own, uses machinery to turn the 
genetic code of DNA into proteins. The DNA in the nucleus is “unzipped’ 
and “transcribed’ into a kind of RNA called messenger RNA. That 
messenger RNA is then moved outside the nucleus and “translated,” using 
another form of RNA called transfer RNA that puts the correct amino acid 
in place.  
 
But an average chromosome has 150 million base pairs. Where does a gene 
that codes for protein start – and what defines how you count off the three 
bases in the codon? The answer is ATG, the codon that spells both the 
amino acid “methionine” and “start.” When the cell’s transcription 
machinery sees an ATG, it starts transcribing DNA into messenger RNA and 
keeps going, turning DNA into messenger RNA, three bases at a time, until 
it runs into a stop codon, that says TAA, TAG, or TGA: Stop! That stretch of 
DNA, from a start codon to a stop codon, is called an “open reading frame” 
(ORF) and usually codes for protein. There are about 23,000 OFRs in the 
human genome; these are our protein-coding genes.  
 
But not all genes are protein coding: not by a long shot. Many, often 
working together with other genes, turn on or turn off other genes. Even 
so, only about 1.5 percent of the human genome is made up of protein 
coding genes. RNA coding genes, which don’t code for protein and 
regulatory genes make up another few percent but that leaves the vast 
majority of the genome, which apparently has no function – DNA junk as 
some call it. We’re still far from understanding all the functions of DNA and 
so some of that junk probably plays as yet poorly understood or imagined 
functions. However that still leaves a lot of junk. Much of that junk serves 
no apparent function and despite the metabolic cost of carrying that junk 
baggage along with us from generation to generation and cell cycle to cell 
cycle, some of it may be very ancient and represent DNA acquired from 
long gone viruses, especially ancient retroviruses, or bacteria. 
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Things to remember about genes 
 
Genes often form families or societies, which working together help shape 
physical, behavioral, cognitive and other traits 
 
Comparisons of genomes and proteins among living humans is a useful tool 
for determining when the last common ancestor for all modern humans 
occurred 
 
Genes have long (often deep) evolutionary roots 
 
Our genome is our history, written in the base sequence and closely 
matches migration and linguistic pathways 
 
Genes may have several differing functions 
 
Genes have addresses 
 
Mutations are chance events, although environmental factors such as 
radiation and certain chemicals can greatly increase the chance of 
mutations 
 
Mutations may range from something as small as substitution, insertion or 
deletion of a different base pair, to repetition of a base pair or triplet, to 
swapping duplication of an entire gene or chunk of DNA 
    
 
 

 


