








through these pages while logged on to Ensembl, a
public database jointly funded by the UK’s Wellcome
Trust Sanger Institute and the European Bioinfor-
matics Institute. Launched in 2000, Ensembl con-
tains complete genomes for about 50 species, from
alpacas to zebrafish. The Homo sapiens section is
based on a full assembly of the genome compiled by
the National Center for Biotechnology Information;
this data is supplemented by annotations submit-
ted by researchers, who identify genetic variants
suspected of causing diseases. Rienhoff compared
Beatrice’s DNA with the information on Ensembl,
looking for any base-pair variants that hadn’t been
previously recorded on Ensembl. He was operating
on the assumption that Beatrice’s genetic blip was
completely unknown, which would explain why she’d
been so hard to diagnose.

The job was daunting: The printouts contained
data for approximately 20,000 base pairs, and there
was no feasible way to automate the hunt for vari-
ants. After putting in a full day of consulting and then
getting the kids to bed, Rienhoff would retire to his
attic and spend hours checking Beatrice’s adenines
(A), thymines (T), guanines (G), and cytosines (C)
against the Ensembl reference genome. Sometimes
he would fall asleep on the floor, only to awaken at
1am and go right back to work. He would imagine
Beatrice sitting by his side, patiently observing as
he sorted through the data that defined her.

Progress was slow, but after a decade in the
boardroom, Rienhoff enjoyed doing pure sci-
ence again. Mostly, though, it felt good to be an
active seeker rather than an anxious parent at
the mercy of an overburdened doctor. The pro-
cess of combing through Beatrice’s DNA printouts
became a form of meditation, a way for Rien-
hoff to steel himself against the sadness of seeing his little girl
struggle up and down the stairs each day. It began to feel quasi-
spiritual—he started referring to his work as “my journey.”

Confident that he was making headway, Rienhoff canceled Bea-
trice’s MRI. Two months later, in March 2007, he completed his
study. He had identified about 20 places where the DNA for Bea-
trice’s activin receptors didn’t match the reference genome. Of
those, only one, in the ACVRIB gene, was not mentioned anywhere
in the genetic literature. As far as Rienhoff could tell, the variant
was unique—an adenine on one chromosome and a guanine on the
other, whereas only two adenines had ever been reported.

But the variant was far removed from the area most obviously
involved with myostatin. It seemed doubtful that such an oddly
placed hiccup could cause Beatrice’s serious disorder. Rienhoff
decided to look at his own ACVRIB gene to see how it compared.
He later repeated the process with his blood, from centrifuge to
sequencing; when the results came back, he discovered he also
had an A and a G in that position. This ran contrary to Rienhoff’s
theory—a variant in that location couldn’t cause anillness as severe
as Beatrice’s, if he was in perfect health.

Though his homebrew genetic analysis had been a bust so far,
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Rienhoff still believed that Beatrice’s disorder was linked to TGF-1.
And there was a piece of good news: During his research, heread a
study in which Marfan mice were given losartan, acommon blood-
pressure medication. The drug was intended to prevent aortas
from dilating, but an Italian group had discovered that it might
strengthen skeletal muscle, too. Rienhoff persuaded Beatrice’s cardi-
ologist to start her onlosartan, figuring that they had little tolose—
the potential side effects were minor; the potential upside huge.

Beatrice soon started to move with more confidence. It’s difficult
to say exactly why the losartan worked, or evenifit was, indeed, the
reason for her newfound grace. But Beatrice’s physical therapist,
unaware of the treatment and surprised by her improvement, pulled
Rienhoff aside after one session and asked, “Has anything changed?”

analysis of Beatrice’s activin receptors, Rienhoff

attended the National Marfan Foundation’s annual

conference in Palo Alto. His main interest was a work-

shop dedicated to people like himself, parents whose children
exhibited Marfanoid symptoms but did not have the disease.
The parents took turns introducing themselves and describ-

. IN JULY 2007, a few months after wrapping up his

ing their various frustrations—insurance companies that
wouldn’t pay for genetic tests, doctors who prescribed unsuit-
able treatments. When Rienhoff’s turn came, he spoke about
his saga, from the early days of the Beals syndrome hypoth-
esis to his sequencing of Beatrice’s three activin receptors.

The attendees were both amazed and eager to hear more about
Rienhoft’s genetic exploration. But the doctor moderating the ses-
sion, Dianna Milewicz, was apprehensive. Director of the division
of medical genetics at the University of Texas Medical School at
Houston, Milewicz couldn’t fathom why Rienhoff would pursue
such a long-shot experiment. For starters, his focus was on genes
that had never been shown to play a role in Marfan-like diseases,
rather than more probable culprits such as fibrillin-2. And even if
he succeeded inidentifying a genuinely novel variant, that was only
atiny first step in along diagnostic process.

“Then you have to prove the variant you’re seeing is truly causing
the disease,” Milewicz says. “Understanding how a variant relates
to a disease is often very difficult. And if you’re sequencing genes
that we don’t even know cause disease, that’s where it becomes a
nightmare, even for those of us who have dedicated our lives to this.”

As soon as Rienhoff wrapped up his presentation, Milewicz

RIENHOFF BRISTLES
AT DOCTORS WHO
THINKINQUISITIVE

cautioned the workshop’s attendees against following his do-it-
yourselflead. “Isaid, “Thisis not a good idea to recommend to par-
ents,”” sherecalls. “They’re not trained to analyze diagnostic tests.”

Rienhoff bristled at Milewicz’s dismissive tone. “I remember
thinking, ‘Who the fuck is this person?’ I have never been in a situ-
ation where it was so obvious
that a doctor had contempt for
the curiosity of her patients. It
was striking how insensitive she
was to their dilemma.”

Such a prickly reaction is
out of character for Rienhoff,
a soft-spoken man who nor-
mally exudes an easy calm.
But he has developed a cyni-
cal streak about doctors, espe-
cially those who are quick to
dismiss inquisitive parents as
nuisances. “Medicine in general
is a slightly paternalistic activ-
ity,” he says. “You hear these
stories about patients bring-
ing in all sorts of information from the Internet and doc-
tors being exasperated. And part of that is because there is so
much they don’t know, and they’re supposed to be omniscient.”

Far from taking Milewicz’s warning to heart, Rienhoff was pre-
paring to do something even more radical than his activin experi-
ment. In summer 2008, he launched a second, more ambitious
phase in his effort to diagnose Beatrice—he started sequencing
her transcriptome.

The transcriptome, as Rienhoff puts it, is “the business end of the
genome.” In order to produce proteins, a small portion—about 1 per-
cent—ofthe DNA in a particular geneis transcribed into messenger
RNA. This mRNA, also known as a gene transcript, then passes along
instructions to ribosomes, the cellular machines that make proteins.

Analyzing a transcriptome is essentially a low-cost alternative to
sequencing a person’s entire genome. It provides a glimpse at small
yet vital scraps of thousands of genes. And since the transcriptome
represents only a cross-section of a person’s DNA, there shouldn’t
be too many variants to sift through. A typical human genome will
have between 100 and 300 mutations that weren’t present in the
subject’s parents; a transcriptome should have five or fewer.

Rienhoff asked alab to extract mRNA from Beatrice’s white blood
cells, in which more than half of human genes are expressed. Then a
reverse transcriptase enzyme was used to convert this single-stranded
RNA into double-stranded DNA, suitable for sequencing. The proce-
dureyielded fragmentary snapshots of as many as 15,000 of Beatrice’s
genes. (A full human genome contains 20,000 to 25,000 genes.) As
alast step, Rienhoff repeated the process for himself and his wife;
he figured that the mutation in Beatrice’s genome must have arisen
spontaneously, rather than being inherited from either parent.

“Hardcore scientists would say this is abad experiment,” Rienhoff
admits. “You’re sampling only a portion of the genes—you’re not cast-
ing your net over whole oceans; you’re just casting it over the Pacific
Ocean. But from my point of view, that’s a pretty damn good start.”

Rienhoffis still in the midst of this project, which he dubbed his
triad transcriptome experiment—the “triad” consisting of mother,



father, and offspring. He has
tentatively identified three
genetic variants so far that
Beatrice alone possesses. To
his consternation, none are directly related to the TGF-83 signaling
pathway: One is in a gene that codes transport proteins; one is in
CRNKLI, agene that’s barely been studied in humans; and the third
isin a gene so obscure that it has yet to be named.
. dren. In 1934, she contacted an Oslo doctor, Asbjorn
Folling, and informed him that her children’s urine
was emitting a powerfully musty odor. At Folling’s request, she
collected urine samples from the children every other day for
two months straight—more than 5 gallons in all. F6lling found
that these samples contained high levels of phenylpyruvic acid, a
substance that was subsequently found in the urine of many other
patients suffering from retardation. It turned out that a genetic
disorder was preventing these children from properly metabo-
lizing phenylpyruvic acid, and the buildup causes brain damage.
The discovery led to the most effective treatment for the disease
(now called phenylketonuria)—a diet low in phenylalanine, which
the body converts to phenylpyruvic acid. To Rienhoff, the story of
PKU’s discovery is a perfect example of how a concerned parent
can press doctors to solve seemingly intractable problems. Count-
less afflicted children now live normal lives thanks to Egeland and
Folling’s teamwork.

To encourage this kind of collaboration, Rienhoff created
MyDaughtersDNA.org. The Web site, launched in October 2007,
invites parents to post the clinical histories of their undiagnosed
children. The hope is that geneticists will also frequent the site,
to help identify rare disorders and use the case studies to further
their own research.

One of the first people to post to the site was a Bulgarian man
named Stefan Petkov, who wrote about his 12-year-old daughter.
The girl had weak limbs and speech problems; she also lacked the
ability to shed tears. Doctors in Bulgaria were stumped, and DNA
tests done in both Belgian and Bulgarian laboratories didn’t point
to any known genetic conditions.

Gary Gottesman, a geneticist at Saint Louis University School of
Medicine in Missouri, came across Petkov’s saga after reading about
MyDaughtersDNA.org in the journal Nature. The girl’s inability to
cry made him think of a disorder known as Triple A syndrome. He
suggested that Petkov have his daughter checked for the disease.

Less than a month later, in March 2008, Petkov wrote again.
His daughter had finally been diagnosed with two of the pillars
of Triple A syndrome, the most notable being Addison’s disease,
which limits production of the hormone cortisol. Shortly there-
after, Petkov’s daughter began receiving medicine to replace the
hormone, which should help build her muscle strength.

Rienhoff realizes that most parents lack the resources to oper-
ate PCR machines or jet around the country in search of a diag-
nosis. But he points to Petkov’s story as proof that they can still

ONE OF RIENHOFF’S HEROES IS BORGNY EGELAND,
a Norwegian mother of two mentally retarded chil-
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play arole in their children’s
care by seeking answers
outside traditional medi-
cal channels—embarking,
in a sense, on their own Rienhoff-like journeys.

Rienhoff’s personal quest has yet to produce any meaningful
insight into Beatrice’s condition, but his efforts have not been
totally in vain. At the very least, he claims to have now conducted
more work on human transcriptomes than anyone else. Accord-
ing to Rienhoff, there have been only two peer-reviewed papers
on human transcriptome sequencing, and both have their short-
comings. “Certainly, no one has done the triad,” he says, “which
is the Holy Trinity of genetics.” A genomics lab at UC Berkeley
wants access to Rienhoff’s data and is in the process of obtain-
ing review board approval to examine Beatrice’s transcriptome.

Rienhoffhopes that someone will eventually commercialize his triad
transcriptome experiment, so that parents like Petkovwill have a quick
if crude tool for peering inside their children’s genetic code. But sucha
diagnostic product may soon be moot: Complete Genomics, a Mountain
View, California, company, recently announced that it plans to start
sequencing entire human genomes for $5,000. Just a few years ago,
such a massive undertaking couldn’t be done for less than $1 million.

But even when labs can sequence a person’s genome for less than
$1,000, it will still likely be years before such tools help children
suffering from complex syndromes. It’s one thing to process vast
amounts of DNA data; quite another to turn that data into insight
about an illness—Ilet alone use it to develop therapies. “Certainly,
our science cannot help Beatrice anytime soon,” says Marc Vidal,
a Rienhoff confidant and director of the Center for Cancer Systems
Biology at the Dana-Farber Cancer Institute.

Deep down, Hugh Rienhoff knows this. And he realizes that his
DIY search for a diagnosis may never pan out. “I never pretend to
know what’s going on, because I don’t,” he says. “You can see—
anybody can see if they look closely enough—that I don’t have the
answer to the story.”

But he keeps hacking his way through Beatrice’s genome, mostly
because it’s the only way he has of feeling some measure of con-
trol over an uncontrollable situation. Rienhoff compares his work
on Beatrice’s DNA to journalist Peter Matthiessen’s search for the
snow leopard, documented in an award-winning book. Matthies-
sen never found the big cat in the mountains of Nepal, but his futile
quest helped him come to terms with his wife’s death from cancer.

The altered nucleotide at the root of Beatrice’s problems “is as elu-
sive and mysterious as the snowleopard,” Rienhoff says. “And like Mat-
thiessen, Imay not find it. Curiously, it may not be important at all.”

The journey, in other words, is its own reward. Of course, Rienhoff
knows he can afford to be philosophical because Beatrice’s condition
isn’t dire, at least not at the moment. “I am not watching my child
melt away, which is the most desperate situation to be in,” he says.
“I can’t even imagine that—I'd be working 24 hours a day.”
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