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In the summer of 1947, George Klein was halfway through medical school in war-ravaged
and increasingly dictatorial Hungary, his native country, when he met a young woman, 
Eva, who was, like him, a Jewish medical student who had survived the Holocaust. One 
week later, he received notice that against all odds his papers had been cleared for a stu-
dent trip to Sweden. When Klein returned to Hungary in September, he and Eva married, 
and with much diplomatic wrangling they were both able to move to Sweden the following 
year. There, George completed his medical studies at the Karolinska Institut in Stockholm 
in 1951, and after Eva finished hers in 1955, they became partners not only in life but also in 
research. George headed Karolinska’s Department of Tumor Biology from 1957 to 1993, and 
the couple investigated the heterogeneity of cell types in tumors and the role of viruses in 
cancer etiology, uncovering the connection between Epstein-Barr virus and Burkitt’s lym-
phoma. After decades of shaping the field of tumor immunology, George’s research has now 
taken a different turn. “I personally am most interested in the effect of stroma on tumor 
growth and not really immunology but more microenvironmental control of tumor growth,” 
Klein said in a 2011 interview. “This is my particular interest at this last stage of my career.”

George Klein explores the evidence for innate cancer resistance in the feature and the 
role of the tumor environment in a feature article, “Resisting Cancer” (page 38).

“I’ve always loved math. I love the fact that it’s pure and perfect,” Elena E. Giorgi says. “But 
after a while I realized that pure and perfect is not quite applicable to real life.” When she 
moved from her home country Italy to pursue a master’s degree in biostatistics at the Uni-
versity of Southern California, Giorgi took her passion for mathematics and applied it to a 
newfound interest in genetics. “I was absolutely fascinated by how cells work,” she recalls. 
“It wasn’t easy, but I really enjoyed learning the literature on my own.” After completing her 
master’s degree, Giorgi moved with her husband, a theoretical physicist, to the Los Alamos 
National Laboratory, where she completed a PhD in applied mathematics, studying HIV 
vaccine design under the guidance of Bette Korber. Now a computational biologist at Los 
Alamos, Giorgi is also a novelist. She has written short stories off and on for many years, but 
her interest in biology inspired her first in a series of detective novels, Chimeras, published 
in 2014. “It’s really the science and the genetics that got me going with all these ideas,” she 
says. Her research into chimeras, in particular, has changed the way she thinks about iden-
tity: “Who are we if we carry cells from somebody else?” she asks.

Elena Giorgi’s feature, “From Many, One” (page 50) examines the weird and surprising science 
of genetic mosaicism.

As a newly minted MIT PhD, Jenny Rood decided to enroll in that institution’s science 
writing master’s program. It was not the first time the Colorado-raised biochemist had 
taken leave of research. Years earlier, after finishing her undergrad degree at Harvard Uni-
versity, Rood packed up for Germany to spend five months as an International Parliament 
Fellow, interning in the office of a member of parliament. As the daughter of a linguist and a 
scholar of  German-language literature, Rood already spoke German and became a valuable 
translator of documents. Although she returned to the bench after Berlin, her second exit 
from the lab would prove permanent. “It’s been almost three years since I’ve had a pipette in 
my hands, and I don’t miss it at all,” Rood says. As an intern for The Scientist, Rood wields a 
pen rather than a pipette, contributing articles on topics as varied as the discovery of thirst 
neurons in mice to an art installation based on bacteria. “The sheer variety of [science writ-
ing] is something that appeals to me,” says Rood. In her reporting on page 88 about the 
discovery of leukemia, Rood stumbled upon a parallel history of the use of micrographs in 
communicating science discoveries.
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For the past four years, the April issue of The
Scientist has focused on cutting-edge can-
cer research. A look at the four covers gives a 

taste of each year’s hottest topics. In 2011, molecu-
larly guided melanoma therapies claimed the cover; 
in 2012, that spot went to cancer stem cells; 2013 fea-
tured zebrafish embryos as a new model for the study 
of cancer dynamics and drug screening; and last year’s 
April cover was devoted to cancer immunotherapy.

This year’s cover story on mouse avatars, and 
much of the issue’s other content, focuses on the 
remarkable progress made in designing cancer ther-
apies that embody the ideals of precision, or person-
alized, medicine—increasingly patient- and tumor-
specific, and often less toxic to normal cells. Both 
next-generation sequencing data and advances in 
basic science continue to rewrite the narrative of 
cancer research. There is now palpable excitement 
about how new insights into cancer biology will 
soon drive ever more precise tumor targeting, even 
though treating each patient’s disease as unique still 
faces many hurdles, which Adam Marcus outlines in 
a Critic at Large essay on page 31. 

How personalized can such targeting get when 
cancer is such a mess of things gone awry? In “My 
Mighty Mouse” (page 44), Megan Scudellari reports 
on the use of mice engrafted with a piece of a patient’s 
tumor to home in on the best drug or drug combo 
to knock out that person’s disease. Several draw-
backs still keep this from becoming standard prac-
tice, among them the technique’s very high cost and 
a lack of definitive data illustrating its benefits over 
current treatment decision making. On the plus side, 
however, academic and pharmaceutical research-
ers are using the method with donated material from 
a wide variety of cancers to test highly targeted, but 
not exactly individualized, new therapies. And some 
researchers are devising a fruit-fly model that could 
be personalized and would be much, much cheaper.

Despite the advances in precision drug target-
ing, the fact that tumors develop resistance to che-
motherapeutics continues to be a major problem. 
Profilee Charles Sawyers (page 58), who codevel-
oped imatinib (Gleevec), one of the first molecularly 
targeted anticancer drugs, talks about this problem 
and the later development of a second-generation 

drug to treat imatinib-resistant 
cancers. Next-gen sequencing has 
allowed researchers to look at changes 
in the genes of entire signaling pathways to 
better understand cancer drug resistance (page 57). 
To further fine-tune therapeutic regimens, the 
National Cancer Institute’s newly launched Excep-
tional Responders Initiative will sequence the 
tumors of patients who exhibited remarkable remis-
sions after treatment (page 25).

Tumor heterogeneity and the influence of the 
surrounding tissue microenvironment are two other 
areas drawing heaps of attention. Cancer stem cells 
contribute to tumor heterogeneity and seem to resist 
radiation and chemotherapy. “In Custody” (page 65) 
offers tips for isolating and culturing cancer stem 
cells in order to devise better strategies to take them 
out. Further evidence of heterogeneity abounds in 
the study of microRNAs, which are abnormal in all 
tumors. But findings on miRNAs conflict and seem 
to depend on the tumor’s environment, as described 
in “Two-Faced RNAs” (page 21). Single-cell sequenc-
ing may be needed to more completely understand 
the implications of tumor heterogeneity.

Even though cancer cells are nefarious warriors, 
our bodies go to great lengths to stop their forays. 
Tissues seem to have an evolutionarily programmed 
arsenal to keep their environment normal. In 
“Resisting Cancer” (page 38), George Klein gives an 
overview of the various mechanisms we and other 
animals use to keep cells from dividing uncontrolla-
bly and escaping their normal confines.

Last year’s cover story on cancer immunotherapy 
research is updated in this issue in a Bio Business 
article, “The CAR T-Cell Race,” which documents 
the veritable explosion of clinical trials and busi-
ness investment in chimeric antigen receptor (CAR) 
T-cell therapies.

At this rate, we should have no trouble picking 
next year’s cover. g

Editor-in-Chief
eic@the-scientist.com

Cancer treatment becomes more and more personal.

BY MARY BETH ABERLIN

To Each His Own
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We knew smoking was bad, but we now  
have direct, independent evidence that  
confirms the disturbing findings that have 
been emerging internationally.  
—Australian National University researcher Emily Banks, lead author on 

a BMC Medicine paper reporting that 67 percent of smokers died from 
smoking-related illness and that the habit increased the risk for at least 

13 types of cancer (The Washington Post, February 26)

Handshaking may functionally serve active yet subliminal 
social chemosignaling, which likely plays a large role  
in ongoing human behavior.

—Idan Frumin et al., researchers at Israel’s Weizmann Institute of Science,  
in a recently published eLife paper that suggests that people unconsciously 

smell their fingers after shaking hands with someone  
of the same sex (March 3)

A world without intelligence is a primitive 
place, Doctor, not an enchanted place. 
Intelligence is part of the advancing 
scheme of evolution. Without it, nature 
reaches a plateau very quickly and does 
not progress beyond raw survival.  
The full flavor of possibility goes 
unsavored. And that... is a true shame. 

—Mr. Spock, science officer aboard the starship Enterprise,  
first portrayed by Leonard Nimoy, who died on February 27  

(First Frontier, Star Trek, Book 75, 1995)

Unnecessary quarantines do not save lives;  
they lose lives.

—Amy Gutmann, chair of the Presidential Commission for the Study 
of Bioethical Issues, on the quarantining of US health-care workers 

who had returned home from treating Ebola patients  
in West Africa last year (February 26)

Why us? Why? Is it something in our water?  
Is it genetic? Why both of us in such a short 
time frame? The doctor said it’s not the water, 
it’s not the environment, it’s just a freak  
act of nature.

—Missy Shatley, 38-year-old Prairie Farm, Wisconsin, mother,  
speaking about how she and her 14-year-old daughter Brooke were 

diagnosed with cervical cancer this past December,  
just 13 days apart (ABC News, March 5)

My efforts to cope with budgetary limits have 
been guided by Lord Rutherford’s appeal to 
his British laboratory group during a period 
of fiscal restraint a century ago: “. . . we’ve 
run out of money, it is time to start thinking.” 

—Outgoing National Cancer Institute Director, Harold Varmus,  
in his resignation letter (March 4)
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Through a
Spider’s Eyes

Gil Menda was bored. It was 2012,
and his research on facial recogni-
tion in wasps was going nowhere. 

The Cornell University graduate student 
turned to his advisor, neurophysiolo-
gist Ron Hoy, as the professor was run-
ning out the door to teach a class. There 
were jumping spiders in the lab already, 
so Menda asked for permission to attempt 
the impossible: to tap into the central ner-
vous system of an arachnid that was far 
more liable to depressurize and die than 
sit still for brain surgery. Hoy assented. 

It was a problem that had vexed biolo-
gists for decades, says Paul Shamble, an 

arachnologist who was then a fellow Cor-
nell graduate student. The jumping spi-
der is unusual among arachnids, most of 
which have relatively poor vision com-
pared to insects, even though arachnids 
have four pairs of eyes. While most spi-
ders build webs and wait for their prey to 
come to them, the jumping spider stalks 
and pounces much like a cat, displaying 
remarkable visual acuity, despite having a 
brain no larger than a poppy seed.   

By the time Hoy returned from 
teaching his class, Menda had suc-
ceeded in his efforts. Using an ultra-
thin metal wire, he’d gently poked a 
hole in the spider’s cuticle that was 
small enough to self-heal. A glass-insu-
lated tungsten extracellular electrode 
implanted within range of six neurons 

in the spider’s brain registered data in 
the form of voltage spikes.

Shamble then helped Menda design 
and 3-D print harnesses for the male and 
female spiders. Refrigeration and a drop 
of wax immobilized them for study. Now 
that jumping spider vision was no lon-
ger a hypothetical research topic, Cornell 
grad students outside the Hoy lab took 
note. Soon, James Golden, a computa-
tional neuroscientist, and Eyal Nitzany, 
a biological statistician, joined the team. 
The foursome collaborated on experimen-
tal design and obtained the first record-
ings from the visual processing centers of 

APRIL 2015

DON’T CALL ME FOUR-EYES: Jumping spiders 
have four pairs of eyes that work in concert to 
help them sense and capture prey.
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the spiders’ tiny brains (Current Biology,
24:2580-85, 2014).

Menda recalls one day of that project 
in particular. He’d come into the lab early 
to take out the spiders and start record-
ing neuron activity while using the visual 
stimuli Nitzany had developed. He showed 
an immobilized spider potential mates 
and its natural prey, flies, on a screen.

“I saw that [the spider] concentrated 
on only one from the variety I was show-
ing him,” he explains. It was the prey 
stimulus that held the spider’s atten-
tion. The longer the spider focused, the 
more spikes Menda recorded. “I was like, 
‘Whoa! This is recognition of the object. 
This is really interesting.’ ” Immediately, 
he sent out a group text, imploring fellow 
grad students and Hoy to drop what they 
were doing and come to the lab. They 
did—and they stayed all day, watching the 
live recording, developing new stimuli to 
test, and building computer programs 
that could sort and analyze the incoming 
data right then and there.

“I’ve had a lot of graduate students in 
my time,” Hoy says. “It’s usually one stu-
dent, one problem, and everyone is work-
ing at their own cubicle. But in this case, it 
was kind of like mission control!” 

The Cornell team discovered that 
it’s not just that the jumping spider has 
eight incredible eyes—it’s that it uses 
them together. When Golden’s algorithms 
sorted the thousands of recorded neural 
spikes into individual classes by height 
and shape, the researchers saw that the 
neurons interacted differently depend-
ing on the stimuli the spider was shown. 
Jumping spiders, which are roughly the 
size of a pencil eraser, are able to process 

visual information gathered by any of their 
eight eyes, decide what action they need 
to take depending on what the stimulus 
is, and then alter their body position and 
behavior accordingly.

Collaboration was key to the project’s 
success. “To really make a bigger impact, 
to see a problem from multiple perspec-
tives, this kind of research is critical to 
arrive at novel insight and novel solutions,” 
says John Wen, a roboticist at Rensselaer 
Polytechnic Institute in Troy, New York, 
who was not involved in the study.

Meanwhile, the Cornell team’s ongo-
ing work—using the same microelectrode 
to record neuron activity in other spi-
ders, wasps, dragonflies, bumblebees, and 
monkeys—has important implications 
for Wen’s field. As technology becomes 
increasingly focused on high performance 
in small packages, the team’s research 
offers a visual processing solution on a 
precise nano- and microscale. Hoy says 
that for scientists studying dyslexia and 
autism, “to be able to monitor eye move-
ments in miniature would be fantastic.” 

The current commercial eye tracker 
market is dominated by slim, Nintendo 
Wii-like tracking bars and Google Glass–
style wearables. These devices typically max 
out at five or six fingertip-size cameras, and 
can be intrusive and limited in their abil-
ity to capture data points as the subject’s 
head moves, which makes them difficult 
to use successfully when studying children 
and young adults with developmental dis-
orders (J Vis Exp, doi 10.3791/3675, 2012).

But studying the jumping spider’s tiny 
visual processing system could lend insights 
that pave the way for eight cameras and a 
communication network far smaller than 
a pinky. “You could put a hundred jump-
ing spiders along the frame of your glasses,” 
Hoy says. “If you could turn those eyes onto 
what your eyes were doing, you would have 
a gangbusters eye tracker.” 

Nitzany offers a more macro application: 
subway surveillance cameras. “You have thou-
sands of people going through the subway, 
and you need to know which one you need to 
focus on,” Nitzany explains. “You don’t want 
to focus on everyone. You have to know how 
to integrate all those signals so you only focus 

You could put a hundred 
jumping spiders along the 
frame of your glasses. If you 
could turn those eyes onto 
what your eyes were doing, 
you would have a gang-
busters eye tracker.
 —Ron Hoy, Cornell University
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on the most important one. This is very much
the same task as the jumping spider [does].”

It’s all part of the charisma of the jump-
ing spider, whose specialness Hoy finds 
impossible to overstate. “It’s like they’ve been 
cast from web heaven to earth, where they 
have to find their own food and find mates,” 
he says. “People had pretty much given up 
on recording from them, but with good luck, 
a good set of hands, and a great team, we 
managed to crack it.” —Brittany Taylor

Two-Faced
RNAs
In the early 2000s, scientists were first
starting to appreciate the idea that 
microRNAs—small, noncoding RNAs 
that interfere with protein translation—
could have something to do with cancer. 
One clue came from developmental biol-
ogy, when Frank Slack, then at Yale Univer-
sity, and colleagues found that mutating a 
microRNA gene called let-7 led to increased 
cell divisions. Then in 2002, Carlo Croce’s 
team, then at Thomas Jefferson University 
in Philadelphia, mapped genetic deletions 
common in chronic lymphocytic leukemia 
to two microRNA loci, miR15 and miR16.

Now, a little more than a decade later, 
“we know that microRNA levels are essen-
tially abnormal in every type of tumor 
that’s been examined,” says Joshua Men-
dell, a microRNA researcher at UT South-
western Medical Center. In some tumors, a 
microRNA may be overexpressed, while in 
others it may be missing altogether. 

Some experimental studies have also 
shown that manipulating a microRNA 
associated with a cancer—say, deleting 
one that’s overexpressed or boosting one 
that’s in low abundance—can knock back 
tumors. Such is the case with miR15 and 
miR16, for instance. After Croce and col-
leagues found that these genetic loci are 
missing or downregulated in more than 
half of B-cell chronic lymphocytic leuke-
mias (CLL), another group demonstrated 
that experimentally deleting this region in 
mice causes symptoms similar to those in 
humans with CLL. “That’s great evidence 

that the loss of that microRNA is causal in 
that disease,” says Slack, who is now direc-
tor of the Institute for RNA Medicine at 
Beth Israel Deaconess Medical Center. 

But as Mendell, Slack, Croce, and oth-
ers have discovered, to call a microRNA 
a tumor suppressor or an oncogene is far 
too simplistic.

In 2009, Mendell was working with a 
microRNA called miR-26, levels of which 
are depleted in liver cancer. “We were 
hopeful that, based on earlier findings, 
if we could restore expression of miR-26 
this might be therapeutically beneficial,” 
he says. So he and colleagues boosted 
miR-26 levels in transgenic mice with an 
overactive cancer pathway, and, lo and 
behold, tumor growth stopped. “That was 
very exciting to us.”

But just as his paper was published, 
another group published a study sug-
gesting the opposite role for miR-26: 
in a mouse model of brain cancer, miR-
26 downregulated a tumor suppressor 
called PTEN. In doing so, the microRNA 
appeared to be acting as an oncogene.

The conflicting results were confusing. 
Mendell says there wasn’t a lot of evidence 
showing that microRNA targets could be 
tissue-specific. “That’s why we decided to 
do another series of experiments in which 
we could more precisely control levels of 
miR-26 in any tissue of the body.”

What he found was that miR-26 could 
act in both tumor suppressive and onco-
genic ways. Although Mendell’s team 
confirmed the earlier finding that miR-
26 inhibits the tumor suppressor PTEN, 
“the phenotype we saw when you overex-
press miR-26 was not a copy of what you 
would see when you lower PTEN,” he says. 
In mice with an overabundance of miR-
26, cancer didn’t pop up all over the place, 
and in fact, intestinal tumor growth was 
blocked (Genes Dev, 28:2585-90, 2014). 

The explanation for the paradox lies 
in miR-26’s other targets. Although the 
microRNA inhibits the tumor suppressor 
PTEN, miR-26 also puts a lid on a broad 
suite of pro-proliferative genes, making its 
overall effect tumor suppressive. “When 
looking at the function of a microRNA, 
you need to look at the overall set of tar-

gets,” says Mendell. “If you pull out one, it 
doesn’t give you the full picture.”

MiR-26 is not the only example. “We 
found cases of microRNAs that behave like 
an oncogene and a tumor suppressor gene 
depending on the cell,” says Croce. “The cel-
lular environment is critical for the action 
of microRNAs.” For example, miR-221/222 
acts as an oncogene in the liver and other 
tissues and as a tumor suppressor in other 
contexts, such as tongue squamous cell car-
cinoma. Croce says it all depends on which 
targets of the microRNA are present.

Christopher Park, who studies blood 
disorders at Memorial Sloan Ketter-
ing Cancer Center, adds that there is yet 
another layer of complexity to the behav-
ior of microRNAs in cancer. Scientists 
must also consider the stage of the cancer: 
are they manipulating a microRNA in an 
already established tumor, or before an 
animal develops cancer? Take, for exam-
ple, miR-29a. Croce’s group has found 
that overexpressing the microRNA’s 
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gene in leukemia cell lines slows growth,
suggesting the miR-29a acts as a tumor 
suppressor. Yet Park’s team showed that 
increasing circulating levels of miR-29a 
in mice initiates the development of leu-
kemia. “The role of the gene can vary dur-
ing the cancer process,” says Park. 

The first microRNA cancer treatments 
are now in early human clinical trials. 
Croce says he’s not too concerned about 
the risk that a therapy against one type of 
cancer might promote another, primar-
ily because of the time frame. As he’s seen 
preclinically, microRNA-targeting drugs 
act on cells quickly, and he hasn’t wit-
nessed any tumorigenic side effects. Slack 
says the ultimate answer will come out of 
the clinical trials. “I think the clinicians 
and myself have our fingers crossed and 
hope there’s not going to be some weird-
ness in these patients because of the com-
plexity of the system.”

Continuing knockout and overex-
pression studies in mouse models will 

help identify microRNAs’ global roles in
tumorigenesis and tumor progression. 
“We think in our lab it’s very important 
to continue to look at microRNA func-
tions in their natural context, in whole 
animals,” says Mendell. “When we do that 
we’re often surprised; microRNAs don’t 
seem to do exactly what we thought they 
did in cell lines.”   —Kerry Grens

Cancer Kismet
Marine invertebrates may be unassuming
creatures, but at the turn of the 20th cen-
tury they found themselves at the heart of 
a scientific controversy. In 1891, the Ger-
man biologist Hans Driesch claimed that 
each of the four cells in an early-stage sea 
urchin embryo, if separated, could give rise 
to an entire larva. Four years earlier, how-
ever, Laurent Chabry’s experiments had 
shown that each cell from an equally early-
stage invertebrate—a sea squirt, or tuni-

cate, which has a chordate larva—could 
only make a partial embryo. To resolve the 
conflict, Edwin Conklin spent the summer 
of 1904 hunched over a light microscope 
in Woods Hole, Massachusetts, observing 
the development of one of these tunicates, 
Styela partita. His detailed drawings of the 
embryos’ bright yellow crescent and four 
clear compartments, which he published 
the following year, traced the sea squirt’s 
development from its single-cell beginnings 
to the 112-cell stage. By inventing a tech-
nique now known as fate mapping, Conklin 
put the debate to rest by demonstrating that 
Chabry had been right all along.

Over the next century, researchers 
fine-tuned the technique by adding dye 
to embryos that weren’t naturally col-
ored, as were those of sea squirts. Wal-
ter Vogt injected dye into frog embryos 
in 1929, and by the 1990s researchers 
had developed rudimentary genetic dye-
ing techniques. These days, researchers 
can insert the label directly into a mouse 
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genome using two transgenes. One gene
encodes a site-specific Cre recombinase 
under the control of a cell type–specific 
promoter, and the other encodes a fluo-
rescent reporter, separated from a con-
stitutive promoter by a stop codon that 
is flanked by the sites recognized by Cre. 
Targeted cells with both genes express 
the fluorescent label, as do all of the cells’ 
future daughters, since the stop codon in 
front of the fluorescent protein gene has 
been permanently disabled.

Developmental biologist Alexandra 
Joyner’s lab at Memorial Sloan Kettering 
Cancer Center, one of the first groups to 
use the technique to map the mouse mid-
brain and anterior hindbrain (cerebel-
lum), soon noticed that there was a prob-
lem with the system. “To be really sure 
that you’re following the fate of cells, you 
need to know you just marked them at 
one time, and that you could never mark 
them later,” Joyner says. To avoid this 
issue, researchers developed an inducible 
system, where the Cre reporter will only 
become active at the moment that the 
mouse is treated with the drug tamoxi-
fen. This was how Cathy Mendelsohn and 
her group at Columbia University traced 
the origin of new urothelium, the inner 
bladder lining that regrows to replace tis-
sue damaged by a urinary tract infection. 
Most scientists assumed that the blad-
der lining would be similar to our skin, 

where stem cells lurk in a basal layer and 
give rise to all the cell types needed. But 
Mendelsohn and her colleagues used fate 
mapping to determine that the cells of the 
urothelium are instead “just another pop-
ulation that can self-renew but not gener-
ate other cell types,” she says.

Having used fate mapping to learn 
about normal recovery from injury, Men-
delsohn wondered what might be happen-
ing in bladder cancer. “It’s really impor-
tant that you have a way of tagging, or you 
could never find the daughters otherwise,” 
Mendelsohn says. Tumor cells in the blad-
der look nothing like the cells from which 
they arose, she explains. So Mendelsohn 
decided to apply fate-mapping techniques 
to help answer a contentious question in 
the field: “Do different types of bladder 
cancer arise from different cell types?” 

Mendelsohn and her colleagues searched 
for the cell types that give rise to preinvasive 
carcinoma in situ, which sits in the blad-
der’s lining, and the presumably noninva-
sive papillary carcinomas that she describes 
as looking like “a hand that grows up out of 
the urothelium into the bladder lumen.” Her 
team’s lineage-tracing experiments revealed 
that carcinoma in situ arises from basal cells, 
while papillary lesions come from a different 
cell type called intermediate cells.

Mendelsohn is not the only researcher 
interested in tracing cancers back to the cell 
type of origin. Columbia colleague Michael 

THE FATE OF CANCER:  Within a 
squamous cell carcinoma, tumor cells 
fluoresce green, indicating that they  
are derived from basal cells.
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Important selection tips:
1. Match the host of the primary antibody

If your primary antibody is raised in rabbit, for example, use an α-rabbit secondary antibody. 

2. Match the class/subclass of the primary antibody 
Polyclonal antibodies are usually IgG isotype; therefore, use an α-IgG antibody that recognizes either the heavy 
chain or the heavy and light chains of the primary antibody (α-IgG Fc or α-IgG H+L). 
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3. Select the correct reporter for your application 
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Chromogenic: secondary antibody is enzyme linked, e.g., alkaline phosphatase or HRP. An enzymatic reaction 
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Did you know?
Pre-adsorbed antibodies improve speci� city by eliminating cross-reactivity with immunoglobulins of undesired 
species, antibody fragments, or cell tissue samples. 

F(ab’)2 and Fab fragment secondary antibodies eliminate nonspeci� c binding to Fc receptors. 

Af� nity-puri� ed antibodies increase speci� city and lower background, leading to greater sensitivity and lot-to-lot consistency.

Choosing the best secondary 
antibody for your research
Secondary antibodies play an important role in many research applications, including immuno� uorescence 
(IF), immunohistochemistry (IHC), Western blot (WB), enzyme-linked immunosorbent assay (ELISA), 
� ow cytometry (FC), gel shift assay or electrophoretic mobility shift assay (EMSA), immunoprecipitation 
(IP), and chromatin immunoprecipitation (ChIP). Choosing the right secondary antibody will improve 
your results by increasing signal detection while reducing background and nonspeci� c staining.



IP and ChIP rely on biotin-labeled, enzyme-conjugated, epitope-tagged secondary antibodies or IgG-binding 
proteins to detect the protein complex or protein/DNA complex. 
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Gel electrophoresis

Transfer Block membrane

Primary antibody incubation
Control: omit primary antibody to detect 
nonspeci� c binding of the secondary antibody

Wash

Secondary antibody incubation

The background on a WB 
can be improved by using the right antibody 
dilution and incubation time. 

Blot C with high background was incubated overnight 
at 4°C at 1:1,000 dilution. Blot D was incubated 
for 1 hr at room temperature with a primary antibody 
dilution of 1:2,000. 

h

Reduce nonspeci� c secondary antibody binding        use appropriate blocking agent (BSA, nonfat 
dry milk, casein or FBS)

Try several blocking agents if necessary

For interference with the reporter system or auto-� uorescence        change blocking agents

For chromogenic detection        block endogenous enzyme activity 

Remove residual primary antibody        agitate appropriately 

Reduce nonspeci� c bands        use a mild detergent 
in wash steps 

h

h

The blocking agent in� uences outcome and exposure 
time. Unhindered detection of Notch1 is possible by 
changing the blocking buffer from BSA (blot A) to 
casein (blot B), which reduced nonspeci� c background 
staining. Detection: gt a-rabbit IgG HRP 
Blots were exposed for the same time.
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Reduce nonspeci� c antibody binding        titrate your secondary antibody

Block binding of secondary antibody to Fc receptor        add normal serum to antibody

Reduce cross-reactivity        use pre-adsorbed secondary antibodies

Reduce nonspeci� c binding in � uorescent WB        add 0.01% SDS to secondary antibody   !
For single protein detection        use HRP or alkaline phosphatase– 
conjugated secondary antibody

Chemiluminescence detection        use X-ray � lms or imaging systems

Avoid protein loss due to stripping        multiprotein detection in a single 
blot (multiplex)

Save time from multiple primary antibody incubations        multiplex WB

Multiplex WB        important to detect each antigen using primary 
antibodies raised in different hosts, each matched with a speci� c secondary 
antibody conjugated to � uorescent dyes that can be imaged 
at different wavelengths

For simultaneous detection of modi� ed (phosphorylation or methylation) 
and unmodi� ed protein        multiplex WB 
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IP Tip: Use of a secondary antibody that recognizes the native, nonreduced form of IgG can increase speci� city by avoiding 
interference from denatured antibody fragments and nonspeci� c binding to contaminants. 

Immuno� uorescence

Sample Preparation

Tissue auto� uorescence can be impacted by the � xation method

Compare � xation methods for samples with high auto� uorescence        sample treatment 
with auto� uorescence reducing chemicals (sodium borohydride)1

Wash

Block
h

Primary antibody incubation

Control: omit primary antibody to block 
nonspeci� c binding of the secondary antibody. 
Alternatively, use an isotype control that corresponds 
to the isotype of the primary antibody.  

Wash 

h

Secondary antibody incubation

Wash 

h

Mount

Using too much primary or secondary antibody can cause nonspeci� c staining. 
Cells were stained with Tubulin (red), Akt (green), and DAPI (blue). Image A 
used a high concentration of primary and secondary antibodies, resulting 
in nonspeci� c staining. Titrating the antibodies reduces nonspeci� c staining 
(Image B) so that localization of Akt in the Golgi is visible.    

A
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Improve membrane permeabilization for antibody staining         
      add detergents 

For membrane proteins        avoid detergent usage2
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Use antifade mounting medium 
to preserve the � uorescent signal

Multiplex � uorescent WB of GST spiked albumin-depleted human serum samples. 
Simultaneous detection of transferrin (green), α-trypsin (red) and GST (blue). 
Here, α-GST (mouse host), α-transferrin (rabbit host), and α-trypsin 
(goat host) were detected using secondary antibodies: α-mouse IgG DyLight™488, 
α-rabbit IgG DyLight™549 and α-goat IgG DyLight™649 (all raised in donkey).
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 staining. 
Cells were stained with Tubulin (red), Akt (green), and DAPI (blue). Image A 
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Shen and his group have recently done sim-
ilar work in a prostate cancer model. “The 
prostate is another nice example of how 
they’ve used [fate mapping] to hit the basal 
cells and luminal cells,” Joyner says. Shen 
adds that the technique has stretched far 
beyond understanding tumors of the blad-
der and prostate. “You name a cancer, there 
are people trying to fate-map it,” he says.

And the power of fate mapping to trace 
the origins of tumors is far from being fully 
realized. “We could also look at the evolu-
tion of the lesion, from it being inside the 
urothelium to invading the tissue below,” 
Mendelsohn says. Dan Theodorescu, a 
urologic oncologist and bladder cancer 
researcher at the University of Colorado 
Denver, is particularly interested in using 
fate mapping to determine if cells origi-
nating in two different layers of the blad-
der result in two different tumor behaviors. 
“What you want to do is show that cancers 
coming from the basal are invasive, and 
cancers coming from the nonbasal cells are 
nonmuscle invasive,” he says. “And nobody 
has done that. That’s the key.”

There’s also an opportunity to use fate 
mapping to further fine-tune the cells’ ori-
gins. “You would like to be able to define 
specific subtypes within the basal or lumi-
nal compartments that are potential cells of 
origin,” Shen says. Researchers may be onto 
a way to do just that, by combining two dif-
ferent recombinases to “get a higher resolu-
tion of what cell type you’re marking,” Joyner 
says. “There are all kinds of new applications 
now combining . . . recombinases to allow 
us to ask even more interesting questions.”

“Fate mapping is really the only way to 
look at what a cell will do after a certain 
time,” Mendelsohn says. “I don’t think it 
would be possible to do this without . . . 
mouse models where you have genetic lin-
eage tracing.” —Jenny Rood

Mining
the Outliers
Last year, Harvard’s Jochen Lorch and col-
leagues took a leap of faith by enrolling a 
handful of patients with a deadly form of 

thyroid cancer in a clinical trial involving 
patients with a much more tractable form of 
the disease. The study was designed to test 
Novartis’s Afinitor (everolimus) on patients 
with differentiated thyroid cancer, typically 
considered a curable disease. Lorch and his 
colleagues didn’t have high hopes for the ana-
plastic thyroid cancer patients, who tend to 
survive less than five months after diagnosis, 
but with few treatment options, they figured it 
was worth a shot. Amazingly, the second ana-
plastic thyroid cancer patient they enrolled 
responded to the drug: the mass in her chest 
began to shrink almost immediately.

For about 18 months, the patient’s 
tumor continued to get smaller. But then it 
started to grow again. Searching for clues 
regarding her initial drug response and 
her cancer’s acquired resistance to evero-
limus, the researchers biopsied the mass 
and sequenced it, along with a sample from 
the original tumor that had been surgically 
removed from her neck prior to the trial. 
In both specimens, the team identified a 
mutation in the tuberous sclerosis 2 (TSC2) 
gene, a tumor suppressor and negative reg-
ulator of mTOR. Immediately, this result 
made sense with regard to the patient’s ini-
tial response to everolimus. While this was 
the first documentation of a TSC2 mutation 
in anaplastic thyroid cancer, abnormalities 
in TSC2 cause tuberous sclerosis complex, a 

disorder usually manifest in childhood that 
involves abnormal skin growths and benign 
tumors in many organs, including the brain. 
But these tumors can be treated with evero-
limus. And a second mutation, found only in 
the tumor that shrank and then regrew dur-
ing the trial, seemed to explain the acquired 
resistance to the drug, by altering the 
exact site where everolimus binds (NEJM, 
371:1426-33, 2014). “The tumor had found 
a way to modify mTOR so it was still bio-
logically active, but the drug could no lon-
ger bind,” says Lorch, who is now partnering 
with Millennium Pharmaceuticals to test a 
second-generation mTOR inhibitor. 

This case serves as an example of how 
sequencing the tumors of so-called “excep-
tional responders” could inform future 
clinical study. Most oncologists have sto-
ries about unusual cases of remission—a 
drug that didn’t work in the majority of 
patients but for whatever reason signifi-
cantly helped one or a few patients. For 
years, such outliers have made for good 
news stories, but not powerful data. 
Indeed, in the context of clinical trials, 
these therapies aren’t likely to make it to 

TREATABLE: Exceptional responders are patients
whose therapeutic experience diverges from
that of the majority of clinical trial participants.
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market, despite the fact that they may have
helped a small number of patients. 

“When a clinical trial [fails] or you 
don’t see broad responses, because there 
are so many drugs to test and so many 
diseases in which to test them, we typi-
cally move on,” says Barry Taylor, associ-
ate director of the Center for Molecular 
Oncology at Memorial Sloan Kettering 
Cancer Center (MSKCC). “And yet these 
phenomenal cases stick out in the mem-
ories of treating physicians. . . . It wasn’t 
until recently that we really were able to 
capture them to explore them in extreme 
molecular and genetic detail.”

A couple of years earlier, Taylor, along 
with MSKCC colleague David Solit and 
other collaborators, had a similar expe-
rience in a trial testing everolimus in 
bladder cancer patients. While the drug 
had not elicited positive responses in 
the majority of patients, one woman had 
undergone complete remission, with 

no signs of recurrence even a couple of 
years after the trial concluded. Sequenc-
ing her tumor’s genome had revealed 
mutations in the related gene TSC1, and 
sequencing the tumors of eight addi-
tional patients who had shown minor 
responses also revealed mutations in this 
gene. The difference between the excep-
tional responder and those with minor 
responses appeared to be a second muta-
tion in another gene involved in the 
same pathway, found only in the woman 
who had undergone remission (Science, 
338:221, 2012). Researchers in Boston 
are now initiating a clinical trial that will 
enroll patients on the basis of the pres-
ence of these and nearby mutations.

Recognizing the value in studying 
these remarkable responses, the National 
Cancer Institute (NCI) last Septem-
ber launched the Exceptional Respond-
ers Initiative. “The whole idea of excep-
tional responders rings true for clinicians, 

because they have a minority of patients—
whether they’re treated with investiga-
tional agents or treated with standard 
treatments—that do exceptionally better 
than other patients treated that way,” says 
Barbara Conley, associate director of NCI’s 
Cancer Diagnosis Program. 

After identifying some 100 cases of 
exceptional responders among trial results 
from the NCI’s Cancer Therapy Evaluation 

These phenomenal cases 
stick out in the memories  
of treating physicians.  
It wasn’t until recently  
that we really were able  
to capture them to explore 
them in extreme molecular 
and genetic detail. 
 —Barry Taylor,  

Memorial Sloan Kettering Cancer Center
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Program (CTEP), the agency felt it could
find sufficient numbers of these patients 
to warrant the establishment of a pro-
gram dedicated to understanding their 
responses. The program is now inviting 
case submissions via e-mail for any patient 
who underwent a durable remission fol-
lowing treatment with a drug—experi-
mental or already approved—that fewer 
than 10 percent of patients responded to. 
The initiative has so far received about 120 
submissions. NCI researchers are look-

ing into each case to see which qualify as 
exceptional responders and have sufficient 
tumor samples for analysis, and soon, 
with the help of collaborators, they will 
begin analyzing the genomes and tran-
scriptomes of biopsies to identify patterns 
that may explain the patients’ exceptional 
responses to their anticancer therapies. 

“The NCI initiative [serves to] cata-
lyze a much larger-scale exploration of 
these [exceptional responders],” Taylor 
says. “It’s critically important because it 

means we can explore this in a greater 
number of patients for a greater num-
ber of therapies with a greater number of 
potential mutations.”

“We can’t afford to keep giving drugs 
that don’t work,” says oncologist and can-
cer researcher Andrew Biankin of the 
University of Glasgow. “If we can mea-
sure these [genetic] differences [between 
responders and nonresponders], we can 
start to impart that knowledge across the 
broader communities.” —Jef Akst
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The Challenges of Precision 
Researchers face roadblocks to treating an individual patient’s 
cancer as a unique disease.

BY ADAM MARCUS

The amount of genetic varia-
tion between cancer patients is 
astounding. Two people diagnosed 

with cancer in the same organ may, in 
fact, have two very different diseases. 
Consequently, we are now in the middle 
of a transition: we no longer classify can-
cer based solely on its tissue of origin, but 
also on the key mutations driving growth 
and spread of a patient’s tumor. 

This concept of diagnosing and eventu-
ally treating based upon the mutations in 
the tumor is well known within the cancer 
research community, and is termed per-
sonalized or precision oncology. Precision 
oncology—and, in broader terms, person-
alized medicine—has received tremendous 
attention recently. President Obama pro-
posed a $215 million investment for the 
National Institutes of Health focused on 
precision medicine, of which $70 million 
would be allocated to the National Can-
cer Institute. This type of effort hopefully 
signifies a new era of research funding that 
should lead to advances, not just in the 
understanding and treatment of cancer, 
but of other diseases as well. 

Despite the influx of funding and 
increased research effort around the world, 
precision oncology still faces significant 
challenges. First and foremost, we must 
understand the biology behind the driving 
mutations. I have heard arguments along 
the lines of “if it works, who cares?” In my 
opinion, this is not the right approach; 
without understanding the biology and 
making intellectually informed decisions 
based on the science of the disease, we 
will never effectively match the treatment 
to the disease, which, in essence, is what 
precision oncology is all about. Strictly 
employing genomic technologies will not 
lead to a complete understanding of the 
biology, and we should therefore not forget 

our roots in traditional molecular biology, 
cell biology, and biochemistry.   

Another, related challenge is to use 
this biology in conjunction with the 
growing genomic data to develop treat-
ments that target driver mutations. 
While we know that not every mutation 
is actionable, we do have excellent suc-
cess stories such as Gleevec in chronic 
myelogenous leukemia, ALK inhibi-
tors in lung cancer, and mutant B-RAF 
inhibitors in melanoma. But muta-
tions still evade us. Ras mutations, for 
example, are widely observed across 
multiple tumor types, but a successful 
Ras inhibitor has not yet made it to the 
clinic, despite some promising recent 
data toward targeting and inhibiting 
the protein (Nature, 503:548-51, 2013). 
Clearly, we are still dealing with a large 
gap between discoveries at the lab bench 
and treatments at the bedside. 

A third challenge may in fact be the 
most ominous: tumor heterogeneity within 
a single patient. One recent study of lung 
cancer patients, for example, showed that 
different masses within a patient could be 
classified as genetically different tumor 
types (Science, 346:251-56, 2014). This 
directly impacts treatment, as it indicates 
that a therapy designed for a driver muta-
tion found in one area would be unlikely to 
impact those in other regions. The authors 
state, “The regionally separated driver 
mutations, coupled with the relentless 
and heterogeneous nature of the genome 
instability processes, are likely to confound 
treatment success in NSCLC [non–small 
cell lung cancer].” 

Nevertheless, genomic approaches are 
revealing a tremendous amount of infor-
mation and leading to a new conceptual 
framework for our understanding of can-
cer signaling, diagnosis, and treatment. 
Such methods are also directly impact-
ing patient care, with precision oncology 
tumor boards composed of genomicists, 
ethicists, bench scientists, oncologists, 
and surgeons meeting to discuss the best 
course of action for a patient given his or 
her tumor genotype. While these concepts 
are still in their infancy, they represent a 
new paradigm for cancer treatment. Ulti-
mately, it is our collective understanding 
of the science and our ability to commu-
nicate this knowledge to our peers and 
patients that will support the success of 
truly personalized medicine.   g

Adam Marcus is an associate professor in
the Department of Hematology and Medi-
cal Oncology at the Winship Cancer Insti-
tute of Emory University in Atlanta. Mar-
cus’s laboratory studies how cancers invade 
and metastasize, with the goal of develop-
ing treatments that target metastasis.
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Control ALT, Delete Cancer
Treating cancer by shutting down the alternative lengthening of telomeres (ALT) pathway

BY HAROLDO SILVA, DAVID HALVORSEN, AND JEREMY D. HENSON

Because age is the largest risk factor
for cancer, as the life expectancy of 
the world’s population continues 

to increase, cancer incidence is projected 
to rise dramatically. A 2011 report on 
Global Health and Aging released by the 
National Institutes of Health and World 
Health Organization predicts a tripling of 
the number of people aged 65 or older to 
1.5 billion by 2050, and the annual num-
ber of new cancer cases is projected to 
reach 27 million by 2030. Undoubtedly, 
alleviating the diseases and disabilities 
associated with an aging global popula-
tion will require the development of new 
anticancer approaches to avoid economic 
and humanitarian calamities. 

Cellular immortality is a hallmark 
of cancers that distinguishes them 
from normal tissue. Every time a nor-
mal somatic cell divides, the DNA at the 
ends of its chromosomes, called the telo-
meres, gets shorter. When the telomeres 
shorten too much, an alarm signal is 
generated, and the cell permanently 
stops dividing and enters senescence or 
undergoes apoptosis. Telomere short-
ening thus acts as a biological mecha-
nism for limiting cellular life span.  Can-
cer cells, on the other hand, can become 
immortalized by activating a telo-
mere maintenance mechanism (TMM) 
that counteracts telomere shortening 
by synthesizing new telomeric DNA 
from either an RNA template using the 
enzyme telomerase or a DNA template 
using a mechanism called alternative 
lengthening of telomeres (ALT). 

Because the presence of a TMM is an 
almost universal characteristic of cancer 
cells, and experimentally repressing these 
mechanisms results in cancer cell senes-
cence or death, TMMs may be useful tar-
gets in treating cancer. Indeed, several 
therapies targeting the well-described 

telomerase-based pathway are in the 
advanced stages of clinical development. 
There are currently no ALT-targeted 
therapeutics, however, largely because 
this process is less well understood. 

In contrast to telomerase-driven 
telomere lengthening, which does occur 
in the stem cells of healthy tissues and 
organs, ALT activity is not found in nor-
mal human postnatal tissues—a fact that 
would allow for more-effective dosing 
with minimal side effects. And based on 
the conservative estimate that 10 per-
cent of cancers employ an ALT strategy 
to achieve cellular immortality, there are 
about 1.4 million new cases and 820,000 
deaths globally due to ALT cancers every 
year. These include some of the most 
clinically challenging cancers to treat, 
such as pediatric and adult brain cancers, 
soft tissue sarcoma, osteosarcoma, and 
lung cancers. Clearly, targeting ALT is a 
very attractive strategy in the develop-
ment of novel cancer therapies.

Moreover, as with any cancer ther-
apy, there is the potential for develop-
ment of resistance against telomerase-
based strategies to defeat cancer. Several 
in vitro studies report that human can-
cer cell lines can overcome loss of telom-
erase by activating ALT. Inhibition of 
telomerase in mice has also been shown 
to cause existing tumors to activate the 

ALT pathway as telomeres shorten with 
treatment. Importantly, some human 
tumors have both ALT and telomer-
ase activity, although not necessarily 
simultaneously within the same cell. 
It is therefore plausible that telomer-
ase-dependent cancer treatments will 
introduce selective pressure in tumors 
to activate the ALT pathway and/or to 
select for cells already using ALT within 
the tumor, which makes development 
of ALT-specific therapies imperative for 
the success of anticancer approaches 
targeting TMMs.

ALTering cancer
Telomeres consist of repetitive hexa-
meric DNA sequences (5’-TTAGGG-3’) 
intertwined around a group of proteins 
collectively known as the shelterin com-
plex. These structures form a protec-
tive cap at the ends of every chromo-
some. Because all telomeres contain 
the same repetitive DNA, new telo-
meric DNA can be generated by copy-
ing another molecule that contains the 
telomeric sequence via homologous 
recombination. 

One of the hallmarks of ALT cancer 
cells is that they contain large amounts 
of telomeric repeat DNA that are disso-
ciated from chromosomes. These extra-
chromosomal sequences, which can be 
linear or circular, may serve as the tem-
plate for ALT-mediated telomere elon-
gation. The template can also be another 
telomere, such as the end of a sister chro-
matid, or even the same telomere looping 
back on itself.  

ALT activation is associated with loss 
of important chromatin remodeling pro-
teins at the telomeres, possibly allowing 
the DNA damage response and homolo-
gous recombination machinery to initi-
ate ALT activity. ALT activation is also 
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accompanied by abnormal association
of some nuclear proteins with telomeres, 
as well as recapitulation of some recom-
bination pathways used in meiosis. ALT 
and ALT-like mechanisms seem to be 
evolutionarily conserved from yeast to 
worms to humans. In fact, some yeast 
strains contain mitochondria with lin-
ear genomes and telomeric-like repeat 
sequences at their termini. These mito-
chondrial genomes maintain their telo-
meres via a recombination-based mecha-
nism resembling the one found in human 
cells employing ALT. This raises the 
intriguing possibility that ALT evolved 
out of necessity to maintain stability in 
linear genomes after they transitioned 
from circular form, before the emergence 
of telomerase as a TMM.

Studies in mice suggest that the 
recombination-mediated ALT mecha-
nism is the main driver behind the telo-
mere lengthening observed in the early 
stages of embryonic development. Telo-
mere lengthening by ALT may also play 
a role in the reprogramming of murine 
somatic cells into induced pluripotent 
stem cells and the generation of embry-
onic stem cells by somatic cell nuclear 
transfer. So cancers that activate the 
ALT mechanism may be tapping into a 
key biological phenomenon to achieve 
immortalization and cause harm. 
Therefore, a better mechanistic under-
standing of the ALT pathway could 
lead not only to more efficacious cancer 
therapies, but also to a better grasp of 
genomic biological evolution.

The development of ALT-targeted 
therapies is quite challenging, however. 
Unlike the telomerase pathway, the 
ALT mechanism has no known specific 
enzyme activity, and all the enzymes 
identified to date that play a role in 
ALT are also essential to normal cel-
lular pathways. The presence of ALT 
activity has often been inferred from 
detecting telomere-related phenotypes, 
such as long and heterogeneous telo-
mere length distributions or ALT-asso-
ciated promyelocytic leukemia nuclear 
bodies (APB), which indicate the 
abnormal presence of telomeres inside 

a complex formed from otherwise ubiq-
uitous nuclear proteins. (See “Going 
Long,” The Scientist, April 2014.) These 
markers are not entirely satisfactory, 
as they can sometimes yield inaccurate 
results and are not practical for high-
throughput applications or clinical 
laboratories. 

A key step towards the develop-
ment of ALT-targeted cancer therapeu-
tics and diagnostics was the discovery of 
the first ALT-specific molecule, the telo-
meric C-circle (Nat Biotechnol, 27:1181-
85, 2009). C-circles are an unusual type 
of circular DNAs that are created from 
telomeres. The level of C-circles in cancer 
cells accurately reflects the level of ALT 
activity, and this biomarker can be found 
in the blood of patients who have bone 
cancers positive for ALT activity. The 
development of the C-circle assay as well 
as improvements to the APB assay could, 
in the near future, make it feasible to 
perform robust high-throughput screen-
ings to search for modulators of the ALT 
pathway, which will greatly speed the 
pace of discovery in this field. Further 
research will no doubt lead to a more 
complete mechanistic understanding of 
this phenomenon and to the first ALT-
specific therapies against cancer. Con-
trolling ALT could very well help delete 
the burden of cancer from society. g

Haroldo Silva is lead scientist in the
oncology research group, OncoSENS, in 
which David Halvorsen is a research 
associate, at the SENS Research Foun-
dation. Jeremy Henson is a practic-
ing clinician and the head of the Cancer 
Cell Immortality Group at the Prince of 
Wales Clinical School at the University 
of NSW in Australia. Henson discovered 
the C-circle biomarker and invented the 
C-circle assay when he was in the Red-
del laboratory at the Children’s Medical 
Research Institute in Sydney, Australia. 

There are about 1.4 million 
new cases and 820,000 
deaths globally due to  
ALT cancers every year. 
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Dextran

A mixture of two 
surfactants: sorbitan 
monoester and water-
soluble vitamin E

OXYGEN RELEASE IN SOLUTION

Rapid release prior to sonic rupture. 
Twofold increase after.

Negligible release prior to sonic 
rupture. Approximately threefold 
increase after. Localized release can 
thus be tightly controlled.

OXYGEN INCREASE IN TUMORS 
UPON SONICATION

Not tested

Approximately 20–30 mmHg 
above hypoxic baseline

DIAMETER

Approximately  
500 nm

Approximately 3 µm

O2 DELIVERY

Nanobubbles*

Microbubbles

*(Int J Pharm, 381:160-65, 2009)

The rapid growth and high metabolic activity of a
tumor can cause its cells to become hypoxic due 
to an insufficient blood supply. Somewhat coun-

terintuitively, however, these sickly, oxygen-starved cells 
are actually harder to kill with radiation treatment than 
healthy tissue. Researchers are thus investigating ways to 
boost oxygen levels in tumors so the cells can be nuked 
more effectively.

One idea has been to inject tiny oxygen-filled bubbles 
into a patient’s bloodstream. The bubbles would then enter 
the tumor—where blood vessel walls tend to be leaky—and 
burst to locally release the oxygen, explains John Eisenbrey 
of Thomas Jefferson University in Philadelphia. 

Such bubble-based treatment is not as strange as 
it might sound. Indeed, the ultrasound community has 
been using gas-filled microbubbles as a contrast agent 
to improve imaging for some time. And local rupturing of 
these bubbles by high-intensity ultrasound is being investi-
gated as a drug-delivery method. 

With ultrasound, “you can see where these [micro-
bubbles] go and then you can disrupt them at the site you 
want,” explains Steve Feinstein of Rush University Medical 
Center in Chicago.

Eisenbrey and others are thus co-opting the technique 
for oxygen delivery to tumors. In a recent experiment on 
two mice with breast tumors, Eisenbrey showed that oxy-
gen-containing microbubbles were visible in the tumors 
and, upon rupture, were capable of increasing detectable 
oxygen by up to 30 mmHg. That’s a significant amount, 
explains Eisenbrey, because “if you can just deliver between 
10 and 15 mmHg of oxygen to cells, you can make them 
twice as sensitive to radiation.” Eisenbrey’s next step, he 
says, will be to see whether the oxygen boost does indeed 
improve the effectiveness of radiation therapy. (Int J Pharm, 
478:361-67, 2015)

Scientists make oxygen-filled microbubbles designed 
to increase tumor sensitivity to radiation.

BY RUTH WILLIAMS

Bursting Cancer’s Bubble

Tumor

Released 
oxygen

Ultrasound

Oxygen-filled bubbles  
(not to scale)

TINY BUBBLES: Oxygen-filled bubbles—3 µm in diameter—are delivered to a
tumor via blood vessels. Sonication at the site of the tumor causes the bubbles
to explode, releasing oxygen. Enriching tumors with oxygen is thought to
enhance radiation treatment.
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If one out of three people develops cancer, that means two others don’t. 
Understanding why could lead to insights relevant to prevention and treatment.

BY GEORGE KLEIN

Resisting Cancer

C ancer is a scourge of humanity,
and one that will affect more and 
more people as life spans increase. 

Approximately one in three people is struck 
by neoplastic disease in his or her lifetime. 
But, the other side of that coin is that two 
out of three people remain unaffected. 
Even the majority of heavy smokers, who 
bombard their lungs with carcinogens and 
tumor promoters over many years, remain 
cancer free. Naturally, the suffering of can-
cer patients and their families has inspired 
researchers to study the cellular changes 
unique to cancer and the genetics of can-
cer susceptibility. The genetics of cancer 
resistance, as a topic in its own right, has 
remained largely unexplored. 

Pathologists have shown that virtu-
ally all men age 60 or older have micro-
scopic prostate cancer when examined 
at autopsy. Most of these microtumors 

never develop into cancer, however. It is 
also known that disseminated cancer cells 
are present throughout the body in most 
cancer patients, but only a small minor-
ity of these cells develop into secondary 
tumors. The rest are kept under control 
by the body.

Indeed, metazoan evolution has led 
to many adaptations that protect species 
across the animal kingdom from outlaw 
cells. Immune surveillance plays a major 
role in the defense against virus-associ-
ated tumors, where the virally encoded 
transforming proteins provide readily 

recognizable foreign targets. But nonvi-
ral tumors, which are composed of aber-
rant host cells, do not provide such targets, 
and the immune response is suppressed by 
defenses against autoimmune reactions. 
Rather, we now know that the main safe-
guards against cancer are not immunolog-
ical at all.

Several cancer-resistance mechanisms 
appear to have evolved to maintain cellu-
lar or genomic integrity. For example, nor-
mal stroma, the connective material that 
supports the cells of a tissue, appears to 
inhibit cancer growth. Other resistance 
mechanisms include DNA repair, suppres-
sion of oncogene activation, tumor-sup-
pressor genes, epigenetic stabilization of 
chromatin structure, and apoptosis. These 
mechanisms are well-studied, and each 
provides a potential road map for preven-
tion and treatment. 

Metazoan evolution has  
led to many adaptations  
that protect species across 
the animal kingdom from 
outlaw cells.
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Genetic oversight
Abnormal cell division is a hallmark of
tumor cells. The mutated genes responsi-
ble for this proliferation are called cancer 
genes, or oncogenes, but this is a misno-

mer. Their normal function is not to cause 
cancer but to participate in the regulation 
of normal cell division. Meanwhile, more-
appropriately named tumor suppressor 
genes recognize the illegitimate activation 
of proliferation-driving genes and hit the 
brakes. Once again, mutations that disrupt 
this function can lead to cancer.

Tumor risk can also be influenced by 
mutations in genes that control the fidel-
ity of DNA replication, the efficacy of 
DNA repair, and the checkpoint controls 
involved in DNA synthesis and chromo-
somal mechanics. Xeroderma pigmento-
sum, for example, stems from a specific 
DNA repair deficiency. The predomi-
nant form of this condition is caused by 
a recessive mutation in one of the essen-
tial components of the nucleotide exci-
sion repair (NER) system, whose main 

function is to snip out molecular DNA 
lesions caused by exposure of skin epi-
thelium to ultraviolet light. Patients with 
xeroderma pigmentosum must protect 
themselves from sunlight all their lives, 

but they nevertheless develop multiple 
skin carcinomas, and in about one-third 
of cases, also progressive neurological 
abnormalities. This highlights the par-
amount importance of DNA repair as a 
frontline surveillance mechanism. 

Yet another group of genes associ-
ated with cancer formation regulates pro-
grammed cell death, or apoptosis. The 
normal function of the proteins expressed 
by these genes is to recognize superflu-
ous, damaged, aged, or aberrant cells that 
must be eliminated. The importance of 
apoptosis is exemplified by the vertebrate 
adaptive immune system, in which B lym-
phocytes, as they differentiate from their 
precursor cells, rearrange the DNA of 
immunoglobulin genes to generate a vast 
number of potential antibodies. If an anti-
body happens to recognize an antigen in 

the body, the B cell producing it will be 
stimulated to expand clonally. But those B 
lymphocytes whose product does not bind 
a corresponding antigen must die to avoid 
clogging the system. Potential cancer cells 
that upset tissue integrity also elicit sig-
nals that initiate apoptosis. Cancers can-
not develop unless the apoptotic mecha-
nism is functionally impaired.

The genes that contribute to cancer 
development by mutation, illegitimate 
activation, or—conversely—inactivation 
or loss are practically identical in all mam-
mals. Many of them are even conserved 
among distant groups, such as Drosoph-
ila, C. elegans, and yeast. Moreover, these 
cancer-associated genes mutate at simi-
lar frequencies across species. Therefore, 
it might have been expected that the blue 
whale, which has 1017 cells, would develop
cancer more often than the mouse, with 
109 cells, or humans, with 1013. This, how-
ever, is not so. In fact, blue whales rarely 
get cancer, and when they do, they seem 
able to live a full life span with it. The fact 
that the frequency of tumors does not 
increase with the total number of cells that 
make up an animal suggests that some sort 
of systemic control is preventing cancer 
development. Even typical laboratory ani-
mals vary in their cancer-proneness. Mice, 
rats, and hamsters are relatively cancer-

THE GENETICS OF CANCER

Oncogenes
Normal function is to regulate cell division. Mutations in these 
genes can drive aberrant growth.

Tumor suppressor 
genes

These genes recognize and stop the illegitimate activation of 
proliferation-driving genes.

Genes involved in 
DNA replication and 
repair

Mutations in these genes are sometimes referred to as mutator 
mutations, because they stall the cell’s ability to correct 
potentially cancer-causing mutations.

Apoptosis genes
Only when apoptotic mechanisms are functionally impaired can 
cancer develop.

The genes that contribute to cancer development by 
mutation, illegitimate activation, or—conversely—inactivation 
or loss are practically identical in all mammals.
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prone, whereas rabbits and guinea pigs
are relatively resistant. At the far end of 
the spectrum, two species of mole rat have 
been found to be completely cancer free, 
despite living relatively long lives. (See 
“Cancer-Free for Life” at right.) 

Is there any genetic variation among 
humans with regard to cancer resistance? 
There is no proof of this, but it is highly 
likely that it occurs. In genealogically well-
mapped Icelandic families, there are sev-
eral cases of six or more long-lived siblings 
with no cancer incidence and whose par-
ents did not die of the disease. It is not pos-
sible, however, to distinguish between the 
existence of genetically resistant families 
and the occurrence of cancer-free families 
purely by chance. 

Interestingly, the sharp increase in 
human tumor incidence with age is fol-
lowed by a decrease around 80 to 85 
years. Centenarians rarely develop new 
cancers. The most probable reason is that 
cancer-susceptible individuals in 
the population have already died 
off. Freedom from cancer may be 
a necessary, but in itself insuffi-
cient, precondition to reach very 
old age.

People with a type of dwarfism 
called Laron syndrome represent 
another documented example of 
cancer-resistant humans. Found 
in an Ecuadorian population 
with frequent cousin marriages, 
Laron patients have no problem 
with skeleton, cartilage, or joint 
development and, in contrast to 
other dwarfs, have very high lev-
els of growth hormone. However, 
their cells lack a receptor required 
for the functional activity of the 
hormone.1 An unusual mutation
in the growth hormone receptor gene 
appears to be responsible for cancer resis-
tance in this case.

There thus appear to be diverse mecha-
nisms that protect against cancer. In addi-
tion to driving the proliferation of cancer 
cells, mutations or epigenetic changes may 
influence the ability of the cells to invade 
bordering tissues, to give rise to systemic 
metastasis, or to resist treatment. Notably, 

CANCER-FREE FOR LIFE
Two species of mole rat serve as exceptional examples of cancer resistance. The blind
mole rat (BMR) and the naked mole rat (NMR), which live up to 20 and 30 years, 
respectively, never develop the disease. Understanding the molecular mechanisms 
that afford these animals such powerful protection against cancer could inform the 
fight against human cancers. 

The NMR, a eusocial species that lives in highly organized matriarchal societies, 
has to force its way through narrow and often sinuous underground tunnels. The 
connective tissue in its skin contains a high-molecular-weight form of hyaluronic acid 
(HA) that makes the animal’s skin malleable like model clay. The corresponding HA in 
mice and humans has less than one-fifth the molecular weight. The heavy form of HA 
that occurs in the NMR prevents the transformation of normal cells into cancer cells; 
only after it has been removed can the NMR’s cells be transformed into cancer cells 
(Nature, 499:346-49, 2013). 

Moreover, NMR fibroblasts exhibit an unusual form of contact inhibition. Mouse 
and human fibroblasts inhibit their own continued proliferation when they bump up 
against other cells. NMR fibroblasts do this much earlier, when cells barely touch one 
another. When the cells come into contact, p16, a protein involved in causing growth 
arrest, is upregulated. This is not seen in the late contact inhibition of human and 
mouse fibroblasts, where another growth-arrest protein, p27, is upregulated.

In contrast to the NMR, the BMR is a solitary, nonsocial, and aggressive species. 
And its cancer resistance mechanisms differ from the NMR’s. The BMR does not have 
heavy HA or early contact inhibition, but when its fibroblasts grow to confluence they 

commit collective suicide 
by releasing a type of 
interferon (PNAS, 109:9392-
96, 2012). Once again, 
evolution appears to have 
devised diverse solutions to 
keep rogue cells in line, and 
in these two cancer-free 
species, those mechanisms 
may be key to their 
remarkable longevity. 

Naked mole rat

Blind mole rat
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HOW NEIGHBORS FIGHT CANCER 
Resisting overproliferation of rogue cells in the body involves a complicated interplay between cancer-related genes, the microenvironment, 
and the tendency of tissues to build normal structures. Among the body’s defense mechanisms is a phenomenon called contact inhibition 
or neighbor suppression, in which cells sense the density of their population and stop growing when a critical level is reached. 

NORMAL MAMMARY EPITHELIAL DUCTS

When contact inhibition is impaired, cells lose their ability to properly sense 
their population density and stop dividing when critical levels are reached. This 
can lead to the overproliferation of cells and formation of cancerous masses.

Components of adherens junctions, such as E-cadherin, appear 
to play an important role in neighbor suppression. β-integrins, 
which link cells to the extracellular matrix, are also often 
abnormally expressed by tumor cells.

Basement membrane

Epithelial cells

Connective tissue

Fibroblasts

E-cadherin

β-integrin
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metastasis-favoring mutations may occur
at a very early stage of tumor development, 
long before there are sufficient numbers 
of tumor cells to allow the manifestation 
of this property. 

Neighbor suppression
In the 1960s, British cancer biologist
Michael Stoker made an unexpected 
observation: when he explanted a certain 
number of tumor cells into a dish with 

appropriate nutrients, he obtained about 
100 small, growing tumor-cell colonies. 
But when he mixed the same number of 
tumor cells with normal fibroblasts, the 
number of growing colonies was reduced 

MAMMARY EPITHELIAL DUCTS  
IN WHICH CONTACT INHIBITION IS IMPAIRED

Extracellular 
matrix

Adherens 
junction

Nucleus
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by 99 percent. It seemed as though nor-
mal neighbor cells had suppressed the 
ability of the tumor cells to make colo-
nies, a phenomenon later termed contact 
inhibition or neighbor suppression. (See 
illustration on opposite page.)

Adherens junctions, protein com-
plexes that occur at cell-cell points of 
contact in epithelial and endothelial tis-
sues, appear to play an important role in 
this phenomenon. E-cadherin, an essen-
tial mediator of adhesion in these junc-
tions, is downregulated in most epithe-
lial tumors, usually by methylation of the 
gene’s promoter region. Reexpression 

of E-cadherin appears to suppress the 
transformed phenotype in isolated can-
cer cells, whereas blocking E-cadherin 
function enhances invasion.2

Other structural components of the 
cell membrane may be similarly involved 
in microenvironmental inhibition of 
tumor growth. β-integrins, subunits of 
transmembrane receptors that link cells 
to the extracellular matrix and to each 
other, and that also play key signaling 
roles in tissue organization, are often 
abnormally expressed by tumor cells. Tar-
geting tumor-associated β-integrins with 
antibodies inhibits tumor growth.3 Com-
ponents of the Notch signaling pathway, 
which regulates cell differentiation and 
proliferation, are another example. Dele-
tion of Notch receptors or their ligands 
from the basal layer of mouse epidermis 
can lead to epidermal hyperplasia and 
skin tumors.4

A few years ago, we reexamined the 
role of neighbor suppression in cancer 
resistance by labeling human prostatic 
carcinoma cells with green florescent 
protein and plating the cells alongside 
normal fibroblasts from different tis-
sues. Fibroblasts from skin strongly 
inhibited tumor growth. While the 
tumor cells were not killed, and contin-

ued to grow in size and make proteins, 
they could not divide. Fibroblasts taken 
from cancerous prostates, on the other 
hand, hardly inhibited cell proliferation 
at all.5 In fact, these so-called cancer-
associated fibroblasts (CAFs) may even 
support the growth and survival of adja-
cent tumor cells. Looking more closely at 
gene expression in these fibroblasts, we 
identified genes activated by inflamma-
tion or wound healing, a finding in line 
with the established fact that inflamma-
tion can favor the growth of cancer cells 
that have been inactive, often for long 
periods of time. 

Resetting cancer
Another defense against cancer was dis-
covered in the 1970s by American biol-
ogist Beatrice Mintz. Working with a 
highly malignant line of teratoma cells, 
Mintz found that adult mice subcutane-
ously inoculated with the cells all suc-
cumbed to teratomas. When the tera-
toma cells were introduced into very 
early embryos, however, no malignan-
cies developed. The introduced cells sim-
ply became part of the organism, partici-
pating in the normal development of the 
mouse and contributing to many tissues 
of the embryo. The normalized tumor 
cells even contributed to the production 
of sperm in the recipient mouse.6

This normalization of embryonic 
tumor cells in the early developmental 
environment is the most extreme exam-
ple of the differentiation of malignant 
into normal cells. There are many other, 
less spectacular examples in the later lit-
erature. Highly malignant murine leuke-
mia cells can be induced to differentiate 
into nonmalignant cells by natural or arti-
ficial substances. One form of human leu-
kemia, acute promyelocytic leukemia, is 
routinely cured in this way: the combina-
tion of a naturally occurring signal recep-
tor and an empirically identified chemical 

compound, genistein, induces the cancer-
ous cells to differentiate from a granulo-
cyte precursor into a mature myelocyte 
that can no longer divide.7 Although simi-
lar examples are still relatively few, they 
suggest that most and perhaps all tumors 
could be induced to differentiate and stop 
growing if one could find the right combi-
nation of inducing substances.

Evolution has provided us and other 
animals with multiple mechanisms that 
stop normal cells from escaping into 
uncontrolled division. If they nevertheless 
escape, the cell mobilizes multiple mech-
anisms to stop the outlaw cell and pre-
serve the normal organization of tissues. 
These mechanisms can nip life-threaten-
ing malignant growths in the bud. Only 
after the normal tissue neighborhood has 
been corrupted by the tumor cells so that 
it no longer inhibits, but rather stimu-
lates, malignant growth can the cancer 
sail forth uninhibited.  g

George Klein studies Epstein-Barr virus,
oncogenes, and tumor-suppressor genes in 
the Department of Microbiology, Tumor 
and Cell Biology at the Karolinska Insti-
tute in Sweden.
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MY MIGHTY
MOUSE

Personal drug regimens based on xenograft mice harboring a single 
patient’s tumor still need to prove their true utility in medicine.

BY MEGAN SCUDELLARI
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o two cancers
are alike. But 
tumors, across 
the myriad per-
mutations of the 
disease, share 
one character-
istic: unpre-
dictability. That 
unpredictabil-

ity includes how the tumor will react to 
treatment. Because of the toxicity of che-
motherapy, no patient wants to find out 
by trial and error how his or her particu-
lar tumor will respond to a given drug. So 
doctors have long sought ways to identify 
which therapies will be most beneficial—
before actually treating the patient. 

In the early 1980s, researchers com-
monly tested drug efficacy against patient 
tumor cells in a petri dish, but the method 
often failed to predict treatment success. 
At the University of Freiburg in Germany, 
oncologist Heinz-Herbert Fiebig had a dif-
ferent idea. Fiebig had been implanting 
pieces of human tumors into mice with 
compromised immune systems, which 
do not reject foreign tissue. He surmised 
that human tumor cells grown in a living, 
breathing mouse, instead of a dish, would 
be more likely to predict the drug response 
of an actual human tumor.

Over eight years, Fiebig tested his idea 
by transplanting fragments of more than 
400 human tumors, each about the size of 
the head of a pushpin, just below the skin 
of immunocompromised mice. Using 80 of 
the successful tumor xenografts—from the 
Greek “xenos” meaning “foreign”—he com-
pared how the mouse’s tumor responded to 
a drug or drug combination with the treat-
ment response of the corresponding human 
patient. Of 21 patients who responded to a 
particular drug or drug combination, their 
xenograft mice correctly predicted the out-

come 90 percent of the time. Similarly, of 
59 patients who did not respond to treat-
ment, the mice correctly reflected such 
tumor resistance in 96 percent of cases.1

“We found the system was very pre-
dictable and very useful for screening 
drugs,” says Fiebig. But the idea of build-
ing mouse models for individual patients 
to guide treatment was impractical, he 
found. The xenografts often grew too 
slowly to provide timely results; more 
than half of the 80 patients needed treat-
ment before their mice yielded actionable 
data. Sometimes the grafts did not grow 
at all; Fiebig obtained successful engraft-

ments only 50 percent of the time. Simply 
making and maintaining the mice was also 
prohibitively expensive. 

In a 1988 paper summarizing his find-
ings, Fiebig concluded that xenograft mice 
were wonderful models for broadly test-
ing new drugs against human tumors, but 
they “cannot be used as a clinical routine 
method” for predicting patient treatment.1

The idea of using xenograft mice as per-
sonal avatars for cancer patients was dis-
carded. But not forgotten.

More than two decades later, avatars 
are making a comeback, driven largely by 
New Jersey–based Champions Oncology. 
The company will develop a personalized 
mouse model for any cancer patient who 
can afford the service, which is not covered 
by insurance.

“The idea of really trying to match the 
perfect drug to the perfect patient is some-
thing we’re all really trying to invest more 

effort into,” says Keren Paz, chief scientific 
officer of Champions, which has ongoing 
collaborations with numerous universities 
and hospitals.

These days, mice grafted with human 
tumors, known as patient-derived xeno-
graft (PDX) mice, are common in can-
cer research laboratories. In academia, 
researchers often create the mice as live 
mammalian models of whatever type 
of cancer they are studying. Addition-
ally, organizations such as Freiburg-
based Oncotest, a company founded and 
directed by Fiebig, and the Jackson Lab-
oratory in Bar Harbor, Maine, provide 
access to a wide range of PDX mice made 
from donated tumor tissue. After growing 
the donated tissue in mice, they cryopre-
serve some of it for future use, and offer 
drug-testing services to researchers and 
pharmaceutical companies. Oncotest, for 
example, provides drug-testing services to 
16 of the 20 largest pharmaceutical com-
panies, using a library of more than 350 
PDX mouse models. 

But while most PDX mice are used 
as general models of human cancer in 
the laboratory, others seek to use them 
as Fiebig originally hoped—as avatars to 
guide customized patient care. Indeed, 
some see mouse avatars as the epitome 
of personalized medicine and point to the 
handful of success stories in which such 
mice have revealed new treatment options 
for patients who’d failed to respond to tra-
ditional therapies. Others, however, argue 
that PDX mice are far from ready to be 
used as a routine part of clinical care.

“No one has really shown that [using 
PDX mice to evaluate drug responses] 
actually changes and improves outcome,” 
says Judy Boughey, an oncologist and 
researcher at the Mayo Clinic in Minne-
sota, who is using PDX mice in a breast 
cancer study. “[The technique] requires 

Some see mouse avatars as 
the epitome of personalized 
medicine. Others argue that 
they are far from ready. 
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further evaluation and validation before
it’s ready for everyone to just go and have 
their tumor xenografted.” Indeed, PDX 
mice have yet to undergo a controlled, pro-
spective clinical trial to compare avatar-
based predictions with physician recom-
mendations, she notes. 

“This platform has tremendous poten-
tial to advance precision oncology, where 
we can use a patient’s tumor DNA to really 
tailor therapy, but we have to be really rig-
orous about the science of developing the 
platform,” agrees Carol Bult, director of 
the PDX/Cancer Avatar Program at the 
Jackson Laboratory.

Corralling cancer
Fueled in part by interest generated by
Champions, more and more scientists now 
use PDX mice to study the potential can-
cer drug responses of individual patients. 
Their hope is that these personalized can-
cer models might allow doctors to more 
effectively treat cancer based on the spe-
cific molecular makeup of a patient’s 
tumor, achieving the ideal of precision 
medicine, as touted by President Obama in 
this year’s State of the Union address. (See 
“The Challenges of Precision” on page 31.)

At Columbia University in New York 
City, systems biologist Andrea Califano 
and pediatric oncologist Andrew Kung are 
using patient-specific PDX mice to assess 
breast, neuroendocrine, and brain can-
cers. First, the team sequences DNA and 
RNA from tumor biopsies and inputs that 
information into a computer model that 
identifies a handful of dysregulated pro-
teins necessary for survival of the tumor 
cell, what Califano calls the “master regu-
lators.” The computer then predicts three 
drugs and three drug combinations likely 
to target those master regulators. Instead 
of testing the drugs in cultured cells as he 
might have done in the past, Califano tests 
them in PDX mice, developed individually 

for each patient in the trial. “If you made 
a prediction from a human and it works 
in a mouse avatar, now the chances of it 
working back in a human are much, much 
higher,” says Califano. 

The goal, for now, is to prove that 
the drug predictions from the computer 
model successfully treat their correspond-
ing mouse tumors. So far, they do: the team 
identifies a drug or combination therapy 
that works in the mice almost 100 percent 
of the time, says Califano. The next step will 
be to use the computer model results and 
PDX mice in a clinical trial to guide patient 
care by sharing the results with physicians.

Researchers at the Mayo Clinic are tak-
ing a similar approach, using PDX mice to 
match genetic characteristics of an individ-
ual’s tumor to specific drugs. From 2012 to 
2014, the Breast Cancer Genome-Guided 
Therapy (BEAUTY) study enrolled 140 
women with high-risk breast cancer. Each 
of the patients underwent tumor biopsies 
before, during, and after a 20-week regi-
men of chemotherapy. A team led by Mat-
thew Goetz and Boughey used the biopsies 
for sequencing and to create PDX mice for 
each participant. The researchers are now 
linking the genetic information with the 
human drug responses and exploring drug 
options in the chemotherapy-resistant 
PDX mice. Once again, the next step will 
be to see if the results beneficially impact 
patient care, Goetz says. 

Before that happens, however, there 
are still a handful of challenges that must 
be overcome. As Fiebig found in his early 
work, tumor samples do not always suc-
cessfully graft onto the mice. Boughey 
and her colleagues achieved only about a 
40 percent graft rate, she notes. Not sur-
prisingly, the more aggressive a tumor, 
the more likely it is to engraft—proba-
bly because those cancer cells are partic-
ularly adept at growing and spreading. 

Mayo’s Prostate Cancer Medically Opti-
mized Genome-Enhanced Therapy (PRO-
MOTE) study, inspired by BEAUTY, has 
had even more difficulty getting grafts of 
prostate cancer to take hold in mice. Since 
the study began in June 2013, only 6 of 80 
total tumor grafts, or about 7 percent, have 
been successful. 

“There is some talk of going into 
3-D cell models rather than xenografts, 
because it is so difficult and challenging 
to grow [the transplanted tumors],” says 
Manish Kohli, the Mayo Clinic oncolo-
gist leading the PROMOTE study. “We’re 
probably going to have to make a call by 
midsummer.”

Even if the grafting challenge is over-
come, the cost of developing individual-
ized PDX mice still stands as the reign-
ing barrier to their widespread use. First, 
a single xenograft mouse is not enough. To 
make a model system, a piece of a human 
tumor is implanted and grown in several 
immunocompromised mice, then har-
vested, fragmented, and implanted again 
in a larger set of mice that are treated with 
a variety of drugs and drug combinations. 
The cost of creating and maintaining the 
mice, plus doses of expensive drugs, can 
put the price tag of a PDX experiment at 
tens of thousands of dollars—for just a sin-
gle patient’s tumor.

Even using PDX mice in government-
funded basic research can be cost-prohib-
itive. Bult, of the Jackson Laboratory, rec-
ognizes that mice are not always the right 
option. The Jackson Laboratory maintains 
a resource of more than 300 PDX mice 
developed from a range of cancers. The 
mice are used in numerous studies at the 
laboratory as a preclinical platform to test 
novel therapeutics against specific tumor 
types, but in some cases the expense is 
not appropriate for a study. “We are look-
ing at cell-based and 3-D culture–based  
methods that would allow us to get to the 
same endpoint for some drugs faster and 
cheaper,” says Bult. 

But while 3-D cell cultures are good at 
predicting a tumor’s drug resistance, notes 
Fiebig, whose company, Oncotest, offers 
such testing in addition to xenograft mice, 
they are not as sensitive to detecting what 

If you made a prediction from a human and it works 
in a mouse avatar, now the chances of it working back 
in a human are much, much higher.

—Andrea Califano, Columbia University
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Patient-derived xenograft (PDX) mice provide arguably the closest model to human cancer available without using humans themselves. PDX 
mice are derived from donated human tumor tissue and may be used for biomarker-driven cancer research, preclinical drug testing, or to 
predict the drug responses of a specific patient’s tumor. 

To develop a PDX mouse model, a researcher grafts a bit of a tumor into a handful of mice. Tumor
sections from a successful graft expand, then are harvested, divided, and regrafted into many more
mice, providing a large number of animals on which to test a variety of drugs or drug combinations.

For individualized mouse avatars sold by Champions Oncology 
directly to patients, treatments that show success in shrinking 
the mice’s tumor may then be attempted in the patient, with 
the guidance of an oncologist. This strategy will soon be tested 
in clinical trials to see if drug predictions from the mice have a 
positive impact on patient outcomes.

More commonly, academic and pharmaceutical researchers use donated 
tumor tissue to create PDX mice with a variety of cancers for preclinical drug 
screening. In this case, researchers analyze donated tumor tissue using whole 
genome or exome sequencing, then test a drug in question against mice 
engrafted with that tissue. This research is helping to guide early-stage drug 
development for specific subtypes of cancer based on genetic markers.
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drugs will kill a tumor in the first place;
3-D assays are around 60 to 70 percent 
accurate for predicting responsiveness, as 
compared with 90 percent for PDX mice. 

The patient’s Champions
For those who can afford them, PDX mice
are commercially available from Cham-
pions Oncology, which boasts a much 
higher graft-acceptance rate than aca-
demic labs—ranging from 25 percent for 
less aggressive cancers up to 90 percent 
for highly metastatic cancers, according to 
the company. Johns Hopkins University’s 
David Sidransky, chairman of the compa-
ny’s board of directors, attributes that suc-
cess to optimization of the grafting pro-
cess, including restricting the amount of 
time between surgery and implantation in 
the mouse. The company has labs around 
the world, from London to Israel to Sin-
gapore, to reduce the amount of time a 
given tumor sample spends on a plane, 
for example. 

The growing process takes three to 
six months, says CSO Paz, and the xeno-
grafts, which the company has dubbed 

“TumorGrafts,” are routinely analyzed 
using exome and RNA sequencing to con-
firm that they match the genetic profile of 
the original tumor. “We see they are nearly 
identical,” says Paz. “It definitely keeps a 
high level of fidelity; . . . you can trust 
them to reflect sensitivity to drugs.” 

In a handful of anecdotal successes, 
the TumorGrafts have demonstrated their 
value. Fifty-year-old Evan Rose thought 
he had beat cancer in 1985, when he was 
successfully treated for metastatic testicu-
lar cancer. But 22 years later, ear pain led 
his doctors to discover a large mass in his 
neck. He was eventually diagnosed with 
a rare sarcoma called ossifying fibromyx-
oid tumor. Only about 200 cases have ever 
been recorded. 

With such a rare cancer, there was no 
standard drug therapy for Rose’s condi-
tion. “I don’t know how many different 
chemos I went on. We’d start one, a cou-
ple months later do a CT scan, see it wasn’t 
working, and start another,” recalls Rose, 
an urban designer and architect living in 
Brooklyn with his wife and young son. “For 
almost three years—you name it, I tried it.” 

None of the drugs shrank his tumors, and 
Rose was constantly ill due to toxins cours-
ing through his body. 

Tired of being a guinea pig in the 
search for remission, in August 2012 Rose 
sent his excised larynx tumor to Champi-
ons. “Fortunately, we had the resources to 
be able to do that,” he says, estimating the 
mice initially cost between $30,000 and 
$40,000, plus another $20,000 for a sec-
ond round. 

After a seven-month wait, Rose got 
results from his TumorGraft mice in Feb-
ruary 2013. By that time, he had become 
very sick, and his doctor didn’t expect him 
to make it through the year without a suc-
cessful therapy. The TumorGraft results 
pointed to one promising combination, 
which Rose began in March. By April, a 
scan showed an unprecedented image—
his tumor had shrunk. “My doctors were 
literally jumping up and down,” says Rose. 

That drug combination worked for 
about a year before Rose’s cancer became 
resistant in April 2014. He moved onto 
a second regimen predicted by his mice, 
but this time, the drugs did not work. Rose 
is currently awaiting results from a new 
round of mice in development using newer 
tumor cells. “We’d like results from Cham-
pions again,” says Rose. “We’re not out of 
options yet.”

Champions has recently been working 
to prove the utility of their method out-
side of anecdotal stories like Rose’s. In a 
study published last April, Sidransky and 
colleagues created TumorGrafts for 29 
patients with advanced metastatic sar-
coma. Of the 22 patients whose tumors 
successfully grafted, six died before data 
from the mice were available, but in 13 
of the remaining 16 cases, there was a 
positive correlation between mouse and 
human results.2 In a second study, per-
formed in collaboration with Manuel 
Hidalgo of the Spanish National Can-

MINI-ME MOUSE: Champions Oncology
sells  mouse avatars, in which a sample of a
patient’s tumor is grafted under the skin of
immunocompromised mice. These patient-specific
rodent models are then used to test treatments
that might work on the patient’s cancer.
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cer Research Center, the team found
that 6 of 13 patients with advanced solid 
tumors who were treated based on results 
from personalized PDX mice had partial 
tumor remissions, even in cases where 
genetic sequencing of the tumor showed 
no actionable mutations.3

Champions would like to conduct a
prospective controlled study in which phy-

sician recommendations will be compared 
side by side with the recommendations 
derived from mouse avatars, says Paz. A 
head-to-head comparison would go a long 
way toward showing that PDX mice are 
not just a nice model for human cancer, 
but can actually improve patient care.

Such data will be needed to convince 
a largely skeptical community of cancer 

researchers and physicians. Today, doc-
tors have clear guidelines to treat tumors 
with specific drugs, and they are unlikely 
to deviate from those established proce-
dures unless all else fails, says Fiebig. 

Rose acknowledges that the mice 
aren’t right for everyone, but for him, they 
made a difference. “So far it bought me at 
least two years of life,” says Rose. “It seems 
like money well spent.”

Unfortunately, stories like Rose’s are 
few and far between. While PDX mice 
used for basic research have helped iden-
tify drug candidates, personalized mouse 
avatars have yet to demonstrate clear 
changes in the course of a person’s dis-
ease, says Edward Sausville, an oncolo-
gist at the University of Maryland School 
of Medicine. Because of that, he says, “I 
would categorically never recommend it 
to my patients.” 

“This could be a fruitful area in the 
future, but we have to show there is value,” 
agrees Goetz. 

In the end, many oncologists believe 
that PDX mice are a powerful means to an 
end—achieving successful, individualized 
treatment plans for cancer patients based 
on the genetic makeup of their tumor—
but not the end itself, as developing PDX 
mice for every cancer patient is simply not 
practical. If researchers can use the mice 
to gather information about specific tumor 
responses to specific drugs, then they can 
bank that information to be used in the 
general population. 

“We’re looking to jump over this need 
to have an individual patient have an ava-
tar,” says Bult. “We want to make this 
approach of tailored cancer therapy faster 
and cheaper for everyone.” g
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A FLY ALTERNATIVE
The two greatest barriers to widespread use of 
mouse avatars are the time and expense required 
to breed and maintain mice engrafted with human 
tumor tissue. An obvious way to surmount those 
obstacles is to use a cheaper, faster-breeding organism.

Enter the humble fruit fly. Ross Cagan’s laboratory at Mount Sinai Hospital in New 
York City has developed a method to recreate human tumors in Drosophila, which is 
believed to have functional homologs for some 75 percent of human disease-causing 
genes. First, the researchers analyze sequence data from an individual’s tumor and 
identify four to 10 genes altered in the cells. Next, they genetically modify a fruit fly 
to dial up or down the activity of those genes, and, if possible, do so in the location 
where the original human tumor was found. For example, to mimic a colorectal cancer, 
the team alters genes in cells of the fruit-fly gut. The result is a fly tumor: cells that 
proliferate, invade nearby tissues, and even metastasize to other parts of the body.

The tumor-riddled flies are then used in a unique high-throughput drug-screening 
process. A total of 960 flies are grown in a plate with 96 wells. Ten embryos are 
hatched per well, each of which contains food laced with a different drug or drug 
combination. The young cancerous flies are very sick, but begin eating the food. The 
flies that survive are those treated with drugs that were effective against the tumor 
but not so toxic as to kill the fly. “We set up the model so the flies are [almost] dead, 
if you will, and screen for drugs that bring them back to life. Anything moving—you’re 
in,” says Cagan. 

The team creates and screens about 100,000 fly avatars, as Cagan fondly calls 
them, per patient in about six months, and for a fraction of the money it takes to 
make a PDX mouse. And while personalized fly models are not yet available to cancer 
patients, the process has proven useful to human disease. In 2005, Cagan’s team 
created a general fly model of a human thyroid tumor caused by mutations in the 
Ret receptor tyrosine kinase gene, then screened a panel of drugs including a kinase 
inhibitor called vandetanib that suppressed the tumor (Cancer Res, 65:3538-41, 
2005). Based on data that included those from the fly, AstraZeneca took the drug into 
human clinical trials, and in 2011, vandetanib became the first drug approved for late-
stage medullary thyroid cancer. 

But fly avatars won’t work for every type of cancer, Cagan notes, as fruit flies 
do not share hormones similar to ours, so hormone-dependent diseases, such 
as prostate cancer, cannot be recapitulated. But we may be seeing more of these 
flies soon. Cagan’s lab recently received approval from the US Food and Drug 
Administration to begin a clinical trial in colorectal and medullary thyroid carcinoma 
to see if fly avatars can successfully help guide patient care. More than a dozen cancer 
patients have already applied to participate in the trial.
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Diverse mammals, including humans, have been found to carry 
distinct genomes in their cells. What does such genetic chimerism 

mean for health and disease?

BY ELENA E. GIORGI

From Many, One
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In 1976, researchers from the Lister Institute of Preventive
Medicine in London published the puzzling case of a woman 
who had two different blood types: 93 percent of her red cells 

were type O, while the remaining 7 percent were type A1, the most 
common type A subgroup.1 A few years later, Winifred Watkins
of the MRC Clinical Research Centre and colleagues came across 
another blood donor with two distinct red blood cell types, and 
further investigation led to an even more astonishing finding: a 
phenotypically normal man, with presumably XY cells in his tes-
tes and most of his body, was found to carry XX cells in his skin 
and other tissues.2

These case studies heralded a new appreciation for the phe-
nomenon of genetic chimerism—when an individual carries two 
or more genetically distinct cell lines in different parts of her body. 
Until the advent of techniques for blood typing and karyotyping 
cells, genetic chimeras where thought to be very rare. They only 
came to light when the phenotypes associated with the two dis-
tinct genomes were so discordant that the resulting individual 

was clearly exceptional, with patches of distinct skin coloration 
throughout the body, for example, or hermaphroditic genitals. In 
reality, genetic chimeras may be quite common, disguised in per-
fectly normal bodies harboring genetically distinct cell lineages.

In all likelihood, most chimeras are not even aware of their 
condition. Boston resident Karen Keegan, for example, would 
have never discovered her mixed genetic makeup if in 1998, at 
age 52, she hadn’t needed a kidney transplant. When doctors 
tested the human leukocyte antigen (HLA) type of her three chil-
dren to see if any of them could donate a kidney, they were sur-
prised to find that two of the children could not have been hers 
at all: while all three carried one HLA copy that matched their 
father’s, only one child carried a second copy that matched Kar-
en’s. Of course, having given birth to these children, she knew 
they were hers. Sure enough, while Karen had one cell line only in 
her blood, the doctors eventually found the “missing” HLA type 
in a second cell line in her skin, hair, bladder, mouth mucosa, 
and thyroid.3

For years the concept of a genetic chimera has sparked the
imagination of writers, from Stephen King to Michael Crichton, 
presenting endless fodder for science fiction, horror, and even 
murder mysteries. But while most fictional works portray chime-
ras as an amalgam of two individuals, the truth is that the individ-
uality of the distinct cell lines is lost as the two combine. Indeed, 

genetic chimerism is subtle, and may still often be overlooked if 
the second cell line exists at concentrations too low for our cur-
rent technology to detect. 

Since the first cases were published in the 1970s and ’80s, 
genetic chimeras have been the focus of much research, leading 
to the advent of new blood testing techniques to identify distinct 
cells in donors that may cause complications in transfusion recip-
ients. Chimerism in donors could have consequences for organ 
transplants, too. Furthermore, some types of chimerism have 
been associated with an increased risk of certain autoimmune dis-
eases, while the stem-like qualities of cells transferred from fetus 
to mother appear to have implications for tissue repair. Under-
standing how chimeras form and, in particular, what mechanisms 
allow the immune system to accept genetically distinct lineages 
within one body could lead to new therapies for cancer and auto-
immune disorders. 

Types of chimeras
The best-known form of chimerism happens at conception, when
two fertilized eggs join to form a single morula, resulting in one 
organism with two genetically distinct cell populations—a disper-
mic chimera. Because each fertilized egg carries its own genome, 
the resulting chimera has distinct DNA in different tissues—a 
liver arising from one cell line and kidneys from the other, for 
example. If the two genomes result in markedly different pheno-
types, the individual can be a hermaphrodite or present different 
hair or skin coloration in different parts of the body. (See photo-
graph on page 54.)

But not all chimeras result from the aggregating of two dis-
tinct zygotes. Rather, during embryonic development, mutational 
events can result in the emergence of two or more genetically dis-
tinct cell lines within an individual. Errors in chromosome segre-
gation during cell division, for example, can lead to daughter cells 
with different chromosome numbers. When this type of error, 
called chromosome nondisjunction, happens early in fetal devel-
opment, it gives rise to two different cell lines that become ran-
domly distributed throughout the body as the embryo develops—
a type of chimerism called mosaicism. 

Meiotic nondisjunction usually causes an individual con-
ceived with an abnormal sperm or egg to have the chromosome 
error in every somatic cell of the body: for example, a female child 
with only one X chromosome (Turner syndrome) or a male child 
with an extra X chromosome, XXY (Klinefelter syndrome). But 
there are also less-common mosaic forms of these syndromes in 
which the error occurs after fertilization and affects only some of 
an individual’s cells. Pallister-Killian syndrome is a rare form of 
mosaicism where meiotic nondisjunction results in an abnormal 
copy of chromosome 12, which persists in some cells but is elimi-
nated from others during development. M
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While most fictional works portray chime ras 
as an amalgam of two individuals, the truth is 
that the individ uality of the distinct cell lines 
is lost as the two combine.
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Somatic mosaicism can also happen later in life. Recent stud-
ies have found evidence of mosaicism and aneuploidy—an abnor-
mal number of chromosomes—in healthy brain tissue, introduced 
by errors in chromosomal segregation during cell division or by 
the activity of mobile genetic elements called retrotransposons, 
bits of DNA that can replicate and reinsert themselves in differ-
ent regions of the DNA.4 This is likely to confer upon the brain
the plasticity it needs to constantly adapt to the environment, but 
it may also impact the development of many diseases. 

Indeed, while somatic mosaicism has been observed in healthy 
brain tissue, there is evidence that it could also play a role in dis-
eases such as Alzheimer’s. A group of researchers from the Scripps 
Research Institute analyzed the nuclei of neurons harvested from 
the prefrontal cortex and cerebellum of 134 postmortem brains, 
47 of which came from subjects with Alzheimer’s, and found that 
the gene APP, which encodes for an amyloid precursor protein, 
was mosaically amplified in brains affected by the disease. Some 
neurons had up to 12 copies of the gene.5

Sometimes the second cell line is present in very low concen-
trations, a form of chimerism called microchimerism, which may 
be much more widespread than realized. Not surprisingly, this 
type of chimerism has been detected in recipients of organ trans-
plants. However, a study conducted by researchers at the Leiden 
University Medical Center in the Netherlands found that micro-
chimerism unrelated to transplants is also quite common. Among 
autopsy samples from 75 women, the researchers found male cells 
in 13 kidneys, 10 livers, and 4 hearts of 23 of the women. Notably, 
none of these women showed signs of organ failure, thus demon-
strating that perfectly healthy organs can harbor small numbers 
of chimeric cells.6

One common cause of such microchimerism is maternal-
fetal trafficking of cells during pregnancy. The placenta is not 
an unbreachable barrier. Evidence of two-way cell transport 
across the placenta was reported as early as the 1950s and ’60s. 
While the mother’s immune system gets rid of most of her baby’s 
cells shortly after delivery, small numbers of fetal cells have 
been observed in mothers decades after they have given birth. 
In fact, because even spontaneous abortions cause fetal cells to 
be released into the mother’s body, women who become preg-
nant but never give birth can also display this form of microchi-
merism.7 Conversely, maternal cells have been found in the liver,
lung, heart, thymus, spleen, adrenal, kidney, pancreas, brain, and 
gonads of healthy adults.8 Microchimerism could also originate
from siblings’ cells, transferred from the mother during succes-
sive pregnancies. Regardless of the direction of transfer, the exog-
enous cells can migrate to a certain tissue, where they differenti-
ate and proliferate, acting as if they were engrafted. 

Likely critical to this integration of fetal cells in a mother’s 
tissues are the immune changes a woman undergoes during 
pregnancy to allow for tolerance of the fetus, which is geneti-
cally distinct from the mother and therefore potentially subject 
to immune attack. These changes could also explain why numer-
ous autoimmune disorders seem to be associated with pregnancy. 
For example, the symptoms of rheumatoid arthritis sometimes 
improve during gestation but tend to return within three months 
of delivery. But could microchimerism also play a role in the eti-
ology of these and other disorders? 

Microchimerism and disease
Because it’s easier to test for a male’s DNA in a mother by looking
for evidence of the Y chromosome, many studies have focused on 
detecting microchimerism in mothers of boys. In a 2012 study, 
William Chan of the Fred Hutchinson Cancer Research Center 
in Seattle and colleagues looked at the autopsied brains of 59 
women, 33 of whom had Alzheimer’s, while 26 exhibited no evi-
dence of neurological disease. They found male DNA—detected 
by the Y-chromosome marker DYS14—in diverse brain regions 
of 63 percent of the women, and, notably, the prevalence and 
concentration of microchimerism were significantly lower in the 
women affected by Alzheimer’s.9

Conversely, a number of studies have found significantly
higher levels of fetal microchimerisms in mothers affected by 
systemic sclerosis, an autoimmune disorder characterized by the 
hardening and scarring of the skin. Similarly, both animal and 
human studies have found higher concentrations of microchime-
rism in females with some form of thyroiditis,6 an autoimmune
disorder in which the immune system perceives the thyroid and 
its hormones as threats and starts producing antibodies against 
the gland. Interestingly, thyroid disorders of this kind are much 
more common in women than men, with females being at par-
ticularly higher risk shortly after giving birth. 

Microchimerism has also been reported in several cancer 
studies. For example, Valentina Cirello of Fondazione Policlin-
ico IRCCS in Milan, Italy, and colleagues found lower circu-
lating levels of fetal DNA in the blood of female patients with 
thyroid cancer than in the blood of healthy controls, though 
they pinpointed higher concentrations near or around tumor 
tissue.10 These findings have fueled speculation that fetal cells
could be recruited from the blood to the tumor site in an attempt 
to repair the tissue.11 Researchers have reported similar findings
for breast cancer, where fetal microchimerism also occurs at 
lower concentrations in the blood of cancer patients, compared 
with controls.12,13 It is well known that multiparous women have
a lower risk of developing breast cancer compared with women 
who have no children, yet why this happens is not entirely 
known. These latest findings on fetal chimerism could perhaps 
explain part of the puzzle.

The opposite trend has surfaced in colon cancer, however, 
with higher blood concentrations of fetal DNA detected in can-
cer patients.14 Rather than having a salutary effect, fetal cells

Each one of us is made of trillions of cells,  
and some of those cells could very well belong 
to our siblings, our mother, or our child.
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CELLULAR PATCHWORK
Chimerism—the existence of genetically distinct cell lines within an individual—is probably much more common than once believed. It can result 
from a variety of sources, from organ transplantation, in which genetically distinct tissues are implanted into the body, to biological mutation that 
spawns cells with different chromosome numbers. Oftentimes, the concentration of a distinct cell line is so low that it is overlooked entirely. But 
even this low-level microchimerism, such as the presence of fetal cells in a mother’s body, may have consequences for health and disease.

DISPERMIC CHIMERA: Very rarely, a woman will ovulate two eggs at once, both eggs will be fertilized, and the 
two resulting embryos will fuse together, generating a single individual composed of two distinct cell lines.

MATERNAL-FETAL TRAFFICKING: Both maternal and 
fetal cells can cross the placenta, often migrating to 
different tissues and differentiating and proliferating there.

ORGAN TRANSPLANTATION:  
A transplanted organ introduces 
foreign cells into the recipient’s body. 
Successful transplantation depends on the 
acceptance of the foreign cells by the host.

Fused embryo

MOSAIC: Mutations that occur during embryonic develop-
ment can result in the emergence of two or more genetically 
distinct cell lines. For example, if the chromosomes don’t seg-
regate properly during cell division, a phenomenon known 
as nondisjunction, the resulting cell lines will carry different 
numbers of chromosomes. 

EXPRESSION CHIMERA: When some cells in a tissue 
acquire epigenetic changes, an epigenetic chimera 
can result. X inactivation in female mammals, in 
which one copy of the X chromosome is largely 
silenced, can also result in mosaic expression.

Normal cell 
with 46 
chromosomes

Cell missing a 
chromosome
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could possibly contribute to cancer pathol-
ogy by triggering inflammatory responses 
that lead to tissue damage, similar to what 
occurs during transplant rejection. Alter-
natively, the chimeric cells may be com-
pletely neutral to the host, and their pres-
ence or absence in damaged tissues could 
be due to side effects of the disease.

The reverse form of mother-fetus chi-
merism—the presence of maternal chime-
ric cells in her children’s tissues—has also 
been studied extensively in both infants 
and adults. This type of microchimerism 
has been associated with diseases such as diabetes15 and biliary
atresia, a congenital defect in which the bile duct between the 
liver and the small intestine is blocked or absent.16 But again,
results gathered thus far seem to be inconclusive as to whether the 
presence of the maternal DNA is a cause or result of the disease. 

“It is such a new area of work and there is so little knowledge,” 
fetal microchimerism specialist J. Lee Nelson of the University of 
Washington told me in an e-mail. “Overall we expect microchime-
rism to have the potential for both beneficial and/or detrimental 
effects, whether it is of fetal origin or maternal, or other sources 
of microchimerism.” 

Diverse factors can complicate the influence of microchime-
rism on the health of host tissues. The compatibility of the HLA 
genes of the mother with those of the fetus could play an impor-
tant role in the way they interact, for example. Normally, cells 
exchanged between mother and fetus are rapidly cleared by the 
host immune system, but matching HLA types could increase the 
chance that the exchanged cells behave like grafts and persist in 
the host long after arrival. Certain HLA combinations may also 
translate to a higher chance of developing autoimmune diseases.

The origin of the microchimerism could also be a key factor, 
whether it’s from the mother, a full-term pregnancy, a sibling, 
or a spontaneous abortion. As miscarriages are often caused by 
genetic defects, this could lead to defective cells being transferred, 
which could be potentially harmful. 

Finally, the gestational age of the fetal cells that are transferred 
to the mother could also influence their effects on her physiology, 
because the cellular composition of the fetus changes as it devel-
ops.17 For example, fetal T cells are formed around week 13 of preg-
nancy, and couldn’t be transferred prior to that. Transfer of cells 
from the immune system could be either beneficial or detrimental 
depending on HLA compatibility. Conversely, the age of the mater-
nal cells transferred to the fetus could affect whether or not mater-
nal microchimerism is beneficial, as older cells may have accumu-
lated DNA damage or other signs of aging. While a transfer of cells 
from the maternal immune system could bring beneficial acquired 
immunity, some cells could have also accumulated precancerous 
mutations. In fact, although cancer during pregnancy is uncom-
mon, there have been reports of maternal tumors that metasta-
sized to the placenta and, in rare instances, to the fetus.

Beyond DNA: Expression chimerism
During embryonic development, the genomes of different tissues
acquire signature epigenetic patterns in the form of DNA meth-
ylation marks. But within one cell population, the assumption is 
that the epigenome is largely uniform. When some cells out of 
the group acquire a different set of methylation marks, creating 
a chimeric mixture within the tissue, the result is an epigenetic 
chimera. Changes in epigenetic patterns may happen through-
out our lifetime as a result of environmental changes such as 
stress and trauma, but early in embryonic development, such 
changes can be fatal. (See “Pushing the Limits,” The Scientist, 
February 2015.)

One of the genes involved in early epigenetic regulation is 
TRIM28. This gene mediates transcriptional control in certain 
regions of the chromatin and is thought to play a fundamen-
tal role in resetting the epigenome during embryonic develop-
ment. Researchers in Singapore, at the Jackson Laboratory in 
Maine, and at Stanford University created epigenetic chimeras 
by disrupting the TRIM28 gene in mouse mothers.18 The scien-
tists showed that not all cells in the resulting embryos had their 
epigenomes reset, as is expected following genomic reprogram-
ming, but instead ranged from normal to completely unmethyl-
ated. This effectively created a chimeric mixture—with a disas-
trous outcome. Mouse embryos produced by TRIM28-deficient 
mothers did not survive more than five days postfertilization. 

Many cancers can also be considered chimeric, result-
ing from genetic or epigenetic alterations that activate onco-

HUMAN CHIMERA: 
When two fertilized 

embryos fuse, the
resulting individual 
carries two distinct 

genomes. If the 
cell lines carry 

genes that code for 
significantly different 
skin colors, this form 

of chimerism can 
manifest in variegated 

skin patterns known 
as lines of Blaschko.
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genes capable of promoting cell growth or, conversely, silencing
tumor-suppressor genes that inhibit cell growth. Understand-
ing epigenetic chimerism, as well as the mechanisms that dis-
rupt the epigenetic markers and how to fix such disruptions, 
could help provide new targets for fighting cancer. Indeed, while 
genetic mutations that lead to cancer are irreversible, the same 
is not true of epigenetic changes, and restoring normal methyl-

ation patterns could reverse the disease phenotypes. When the 
research team from Singapore and the U.S. transferred wild-
type pronuclei into the mutant mouse embryos, for example, 
25 percent survived.

Another form of mosaic expression stems from the phenom-
enon of X inactivation. During early embryonic development of 
female mammals, one of the two copies of the X chromosome is 
largely silenced in each cell, and it may be the maternal X that is 
silenced in some cells and the paternal X in others. In this sense, 
all female mammals are mosaics, since the X they inherit from 
the mother is not identical to the one they inherit from the father. 
Tortoiseshell cats are an example of this type of mosaic, with a 
heterozygous X-linked gene that regulates coat coloration lead-
ing to the patchwork pattern.

This kind of mosaicism gives females an advantage when 
it comes to X-linked genetic diseases: cells that express the 
“healthy” X gene will often compensate for those expressing the 
mutant variety. In heterozygous women carrying the allele for the 
X-linked lysosomal disorder called Fabry disease, for example, 
cells that produce the healthy enzyme can make enough to at least 
partially compensate for the lack of production from those carry-
ing the mutated gene. Another X-linked disorder, called Lesch-
Nyhan, is characterized by the lack of production of another 
important enzyme, leading to a build-up of uric acid in the body. 
While boys born with this defect face severe mental and physical 
problems, in heterozygous females, cells expressing the defective 
gene usually receive the missing enzyme from normal cells in at 
least some body tissues and are gradually eliminated from tissues 
where they do not. In the latter case, the cells that express the nor-
mal allele have a growth advantage and outgrow those expressing 
the mutant gene.19

One or many?
We consider ourselves to be single individuals, but when you stop
and think about it, who are we, really? Each one of us is made of 
trillions of cells, and some of those cells could very well belong to 
our siblings, our mother, or our child. Add the fact that we harbor 

millions of bacteria and other microorganisms that can indeed
impact our phenotype depending on what genes they express, 
and you get the picture of an organism made of many entities 
rather than a single individual. A new school of thought in biol-
ogy claims that we are not individuals, but rather communities of 
symbionts—distinct organisms living with one another. 

In this light, chimeras are no longer a genetic paradox—
rather, just another path in an incredibly variegated evolution-
ary landscape.  g

Elena E. Giorgi is a computational biologist at the Los Alamos
National Laboratory. Although she normally works on HIV 
research, she learned a great deal about chimeras while writing 
her debut novel Chimeras.
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Understanding how chimeras form and  
what mechanisms allow the immune sys tem 
to accept genetically distinct lineages within
one body could lead to new therapies for 
cancer and autoimmune disorders. 
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J.L. Schwartz-Roberts et al., “Interferon regulatory factor-1 sig-
naling regulates the switch between autophagy and apoptosis to 
determine breast cancer cell fate,” Cancer Res, 75:783-91, 2015.

About 70 percent of breast cancers express estrogen receptor-α 
(ER-α). In these cancers, the receptor binds estrogen then trans-
locates to the nucleus, where it upregulates genes leading to can-
cer growth. Antiestrogen drugs, which compete with endogenous 
estrogen, can prevent this from happening. When they work, anti-
estrogen therapies lead breast cancer cells to undergo apopto-
sis, often through a signaling pathway involving the transcrip-
tion factor interferon regulatory factor-1 (IRF1). Unfortunately, 
most breast cancers eventually become resistant to such drugs. 

Previous studies showed that IRF1 was downregulated in anti-
estrogen-resistant breast cancer cell lines, suggesting that it was 
the loss of IRF1’s ability to induce apoptosis that led to resistance. 
Additionally, it was known that autophagy, a process in which 
a cell recycles its own cytoplasmic materials, increased during 
antiestrogen therapies and helped cancers survive. But what pro-
moted autophagy and tamped down apoptosis was unknown.

Georgetown University’s Robert Clarke and colleagues now 
report that the genes influencing apoptosis and autophagy seem 
to keep each other in check. Mammary tumors from mice with 
only one copy of the autophagy gene ATG7 had higher nuclear 
levels of IRF1 than tumors from control mice. This inverse rela-
tionship held up in ER-α–positive human breast cancer tissue, 
where levels of ATG7 were inversely correlated with levels of 
nuclear IRF1. 

To see if this association reflected causality, the researchers 
knocked down autophagy genes in human breast cancer cell lines 
using RNA interference and observed an uptick of both nuclear 
IRF1 and apoptosis. Conversely, knocking down IRF1 led to an 
increase in autophagy. They also found that as nuclear IRF1 levels 
increased, the estrogen receptor “gets popped out of the nucleus 
so that it can’t . . . regulate transcription in a pro-survival mecha-
nism,” says Clarke. “So you get sort of a double hit” on the cancer 
cell. Apoptosis is induced, while cell growth is blocked.

“At the same time, the silencing of ATG7 and [another autoph-
agy gene] BECN1 blocks the autophagy piece,” adds Clarke. “There 
are lots of things that happen all at once.”

“What they showed that was new is that . . . IRF1 is important 
for not only apoptosis but also it’s able to switch between autoph-

agy and apoptosis,” says Victoria Seewaldt, who studies breast 
cancer at the Duke University School of Medicine.

In the presence of an antiestrogen, knocking down IRF1 made 
cells less sensitive to the drug, while knocking down ATG7 had 
the opposite effect. Stabilizing IRF1 expression might be a way to 
treat antiestrogen-resistant breast cancers, Clarke says. 

However, knocking down both IRF1 and ATG7, an experiment 
that mathematical modeling had suggested they try, restored anti-
estrogen sensitivity, which led the authors to conclude that there 
must be another pathway, independent of IRF1, that can lead to 
apoptosis when cells are treated with antiestrogens. Solving this 
apparent paradox is the Clarke group’s next ambition.

—Ashley P. Taylor

LIVE OR DIE: In breast cancer cells expressing estrogen receptor-α (ER-α), 
the inhibition of the autophagy gene ATG7 (top panel) allows an apoptosis 
transcription factor, IRF1, to lead the cancer cell to die upon antiestrogen 
therapy, which outcompetes estrogen for binding the receptor. When IRF1 
is knocked down (lower panel), antiestrogens are less potent as the activity 
of ATG7 and another autophagy factor, BECN1, aids in cell survival by 
supporting autophagy.

CELL & MOLECULAR BIOLOGY
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PATHWAYS PROBED: Researchers search for molecular pathways that 
allow tumor cells (shown here) to outlast anticancer drugs. 
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CANCER COMMAND: The microbiome (as puppeteer) affects the immune sys-
tem’s influence on tumor growth, in tandem with inflammatory cytokines (dogs). 
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C.A. Martz et al., “Systematic identification of signaling pathways
with potential to confer anticancer drug resistance,” Science Signaling, 
7:ra121, 2014.

THE DEBATE

Researchers have two theories about how tumor cells develop resistance
to anticancer drug treatments: either through an uptick in pro-growth 
signals or via dedifferentiation pathways that return them to a stem-like 
state. Single-gene studies have provided evidence for both strategies.

THE SCREEN

To get a more comprehensive view of what’s happening, researchers
from MIT and Duke University looked at signaling pathways, instead of 
individual genes. They used a library of 40 mutant cDNAs to activate or 
inactivate 17 cancer-related pathways in melanoma and breast cancer cell 
lines, then assayed the cells’ responses to 13 common targeted anticancer 
treatments. In addition to confirming the resistance-establishing role of 
pathways that promote growth, they also found that the Notch1 pathway 
played a previously undetected role in conferring drug resistance to 
numerous cancer cell types, mouse models, and human tumor samples.

THE RECONCILIATION

Notch1 is thought to play a role in stem cell renewal, making
dedifferentiation a “plausible biological mechanism” for drug resistance, 
says Charles Sawyers of Memorial Sloan Kettering Cancer Center who 
was not involved in the work. In the study, activated Notch1 and pro-
growth pathways seemed to be equally effective at establishing resistance, 
supporting the idea that “both of these schools of thought are correct,” 
says study coauthor Kris Wood of Duke. 

THE POTENTIAL

“Directly screening signaling pathways instead of individual genes . . .
can potentially accelerate the identification of the pathways that drive 
drug resistance,” Wood says. He hopes to expand the library to 200 
constructs to assay more pathways and perhaps to study other cancer 
characteristics such as metastasis and recurrence. —Jenny Rood

CELL & MOLECULAR BIOLOGY

Manipulative Microbiomes
THE PAPER

M.R. Rutkowski et al., “Microbially driven TLR5-dependent signaling
governs distal malignant progression through tumor-promoting 
inflammation,” Cancer Cell, 27:27-40, 2015.

THE POLYMORPHISM

The gut microbiome influences nonintestinal cancer progression, but the
role of toll-like receptor 5 (TLR5), an immune system protein that recognizes 
commensal bacteria, was a mystery. As more than seven percent of people 
have nonfunctional TLR5, José Conejo-Garcia of the Wistar Institute in 
Philadelphia and colleagues explored how TLR5 impacts tumor growth.

THE CONTROLLER

In a mouse model of sarcoma, the researchers found that tumors grew
much faster in wild-type mice than in TLR5-deficient ones. Wiping out 
the mice’s microbiomes diminished the disparity, indicating that TLR5’s 
tumor-promoting effects are driven by commensal bacteria. TLR5-
dependent signaling triggered the production of inflammatory interleukin 
6 (IL-6), which in turn activated an immunosuppressive cascade—not 
switched on in TLR5-deficient animals—that promoted tumor growth. 

THE TWIST

In human breast cancers or mouse mammary carcinomas, where IL-6
levels are much lower, TLR5 had the opposite effect. Tumors in TLR5-
deficient mice grew better, due to the upregulation of IL-17, a different 
inflammatory cytokine. As in the sarcoma model, any differences 
between TLR5-deficient and wild-type mice disappeared upon antibiotic 
treatment. “Cancer is a systemic disease that is very dramatically 
influenced by commensal bacteria,” Conejo-Garcia says.

THE MANIPULATION

“It’s very exciting to see this kind of progress,” says Susan Erdman of
MIT. She says looking into the effects of human polymorphisms such 
as TLR5 “really contributes to the concept of personalized medicine 
in cancer therapy.” As a first step toward future treatments, study 
coauthor Melanie Rutkowski is exploring how manipulating the 
microbiome could inhibit tumor growth. —Jenny Rood
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Charles Sawyers, who began his research career just as the genetic details of human oncogenes
were emerging, codeveloped Gleevec, the quintessential targeted cancer therapy.

BY ANNA AZVOLINSKY

Professional Marksman 

Even before beginning a clinical fellowship at the Univer-
sity of California, Los Angeles (UCLA), in 1988, Charles 
Sawyers already had an intense interest in chronic myeloid 

leukemia (CML). In the late ’80s, allogeneic bone-marrow trans-
plants were a cutting-edge therapy that gave CML patients a 
chance at a cure. Sawyers had cared for a patient with chronic-
phase CML. “He was my own age, a fireman,” recalls Sawyers. 
After the transplant, the patient developed graft-versus-host dis-
ease and died. “That had a profound impact on me—to watch 
someone with a lethal disease, who was feeling fine and probably 
would have survived for 5 years with standard therapy, make the 
decision to undergo a potentially curative therapy and die from 
its toxicity. ‘There has to be a better way,’ I thought.” 

Sawyers had moved to UCLA so he could work in Owen 
Witte’s laboratory on the molecular determinants of CML. Witte 
was the first to clone the BCR-ABL oncogene, a fusion gene cre-
ated by a translocation that gives rise to the Philadelphia chromo-
some, now known to be responsible for CML. “It was incredibly 
exciting to now have demonstrations that cancer can be caused 
by a single genetic event,” says Sawyers, who received both his 
clinical and research training at a turning point in oncology—
when laboratory studies on the molecular biology of cancer began 
to merge with clinical care. “The whole cancer field was asking 
whether these oncogenes were really capable of causing cancer in 
an experimental model.” 

Here, the clinician-scientist talks about his experience in the 
operating room right after high school, how he migrated toward 
laboratory research, and his role in developing two highly suc-
cessful targeted cancer therapies. 

SAWYERS SETS OUT
A medical family. Sawyers grew up in Nashville, Tennessee,
surrounded by physicians. His mother was an anesthesiologist, 
and his father and two uncles were surgeons. He did well in high 
school and thought about going into medicine. “But at that point, 
I just wanted to go to college and get out of Nashville.” 

Surgeon’s assistant. For two consecutive summers starting 
after his senior high school year, Sawyers worked as a scrub tech-
nician at the hospital where his mother was on staff. “That was 
an important experience,” he says. “It made me not want to be a 
surgeon! The techniques were fascinating and this affirmed my 
interest in human biology, but—and this is going to sound terrible 
to surgeons—I didn’t find it intellectually inspiring.” 

Barefoot medicine. At Princeton University, Sawyers majored 
in history, focusing on the history of science. He wrote his senior 
thesis on how medical education changed in China in the 20th 
century, from the pre-Communist era, when there was invest-
ment in Western-style medicine, to a new generation of health-
care workers, known as “barefoot doctors,” who delivered basic 
medical care in rural areas after Mao Zedong came to power. In 
1980, after his junior year, Sawyers experienced the phenomenon 
firsthand when he traveled to China with his father, who had been 
invited to give lectures and meet with clinicians because of his 
expertise in stomach surgery. “I remember seeing very traditional 
medicine practiced. It was really eye-opening,” he says.

SAWYERS SHAPES UP
Playing catch-up. After college, in 1981, Sawyers entered med-
ical school at Johns Hopkins University in Baltimore. “I was not 
the typical premed biochemistry major who had worked in a lab 
in college. As soon as medical school started, I realized I was way 
behind in knowledge of fundamental biology compared to my 
classmates. I thought, ‘Wow, everyone around me has already had 
this material.’ That first year of medical school was miserable.” 

A new sense of self. By his second year, Sawyers had caught 
up academically. “I began to rethink my worldview of medical 
science and became much more interested in research.” Sawyers 
says he was also inspired by physician lecturers who approached 
a clinical issue by dissecting it down to the molecular level. “The 
hemoglobin gene mutation that causes sickle cell anemia had 
been defined, and a hematologist who taught us had collaborated 
with a structural biologist to solve the crystal structure of the 
protein that explained the disease. That was mind-blowing—to 
understand the medical disease at that level of detail.”

“I knew I was a late bloomer scientifically, but I wanted to give 
it a real solid try to become a physician-scientist.”

Going west. After medical school, Sawyers went to the Univer-
sity of California, San Francisco (UCSF) for a residency in inter-

“I would like to see every patient’s tumor 
genotyped to guide treatment decision 
making . . . even if there are not currently 
therapies to target certain mutations.”
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CHARLES SAWYERS
Chair, Human Oncology and Pathogenesis Program
Memorial Sloan Kettering Cancer Center 
Researcher, Howard Hughes Medical Institute

Greatest Hits
• Demonstrated that PCR could be used to detect levels of BCR-

ABL messenger RNA in blood or bone marrow, allowing its use as 
a biomarker of chronic myelogenous leukemia (CML)

•  Showed that the normal cellular function of the ABL gene is to 
curb cell growth

•  Codeveloped the oral targeted CML therapy imatinib (Gleevec), 
which inhibits the BCR-ABL oncogenic tyrosine kinase, one of 
the first targeted cancer therapeutics; and dasatinib (Sprycel), a 
second generation BCR-ABL inhibitor 

•  Identified resistance mutations to imatinib within the  
BCR-ABL gene 

•  Demonstrated that prostate tumors continue to rely on androgen 
signaling despite being refractory to hormonal therapy 

•  Codiscovered enzalutamide (Xtandi), an oral androgen-receptor 
antagonist approved by the US Food and Drug Administration for 
the treatment of castration-resistant metastatic prostate cancer

nal medicine. “Molecular technologies had allowed people to ask
disease-focused questions in a new way. This was a powerful tool 
to dig deeper, and I saw that happening in all kinds of ways on 
the UCSF campus.”

Leukemia calling. “I knew very early on that oncology was what 
I wanted to do because of the combination of science that was 
breaking, especially the concept of oncogenes. At UCSF, one of 
my early rotations was on the leukemia service. Everyone said 
this was the worst rotation because you work your butt off and 
the patients are dying, which is, of course, depressing. But I found 
it to be exhilarating. It was super intensive medicine, and many 
of the patients I took care of were my own age. Emotionally, it’s 
extreme and draws you in.” 

Resident to researcher. While Sawyers was at UCSF, Witte 
published his study on the Philadelphia chromosome. Witte had 
also been to medical school, where he had caught the research bug 
early and never pursued clinical training. “Witte told me that he 
usually didn’t take MDs but that he would be interested in speak-
ing to me. After the interview, he offered me a spot in the lab,” says 
Sawyers, who ended up spending five years there. “It was more 
than enough time to get me where I needed to be, scientifically. 
After two years, I felt I was on a postdoc level, and the final year 
prepared me to start my own lab.”

Molecular detection. While in Witte’s lab, Sawyers demon-
strated that you could molecularly detect the BCR-ABL fusion 
transcript in the blood of CML patients who have relapsed after a 
bone marrow transplant, and that this molecular marker appears 
before cytogenetic signs of relapse, the standard way pathologists 
measured tumor growth. “The PCR technique had just come out 
when I joined the lab. I was at the right place at the right time to 
optimize the PCR conditions and use clinical samples to analyze 
the levels of BCR-ABL mRNA.” Sawyers also showed that the MYC 
transcription factor together with BCR-ABL can transform a nor-
mal cell into a malignant one. He also showed that the primary 
function of the normal ABL protein, a tyrosine kinase located pri-
marily in the nucleus, is to negatively regulate cell growth. 

A lab of his own. “At this point I knew I had the right stuff for 
a lab-based career. I had no hesitation; I was totally immersed.” 
In 1993, Sawyers accepted an assistant professorship at UCLA, 
moving just 50 yards from his postdoctoral lab into UCLA’s new 
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cancer center. “When I first joined the Witte lab, the question
was whether this oncogene causes cancer. Then, the question had 
become ‘How?’ We were working on the signal-transduction path-
ways of what happens in the cell downstream of BCR-ABL.” Saw-
yers’s laboratory identified two independent signaling pathways 
activated by the BCR-ABL oncogene and showed that the Jun 
kinase, activated by BCR-ABL, is required for transformation by 
the oncogene. Although busy with research, Sawyers kept one 
foot in the clinic, spending 20 percent of his time as an attend-
ing CML physician.

SAWYERS STICKS TO IT
A drug for CML. During a 1995 visit by Sawyers to Brian Druk-
er’s Oregon Health and Science University lab, Druker showed 
him data on a tyrosine kinase inhibitor, imatinib, that selectively 
killed leukemia cells expressing BCR-ABL. Druker and Sawyers 
worked to convince Switzerland-based pharmaceutical company 
Ciba-Geigy, which had discovered the compound, to test it in 
CML patients. Sawyers, Druker, and Moshe Talpaz, a hematolo-
gist then at MD Anderson Cancer Center in Houston, were the 
investigators responsible for the first human clinical trial of ima-
tinib, now approved by the US Food and Drug Administration 
(FDA) as Gleevec. The trial began in 1998, two years after Ciba-
Geigy had merged with Sandoz to become Novartis. The team 
used the PCR assay Sawyers had developed to detect BCR-ABL in 
patient samples. Other than bone marrow transplantation, which 
was only available to a minority of patients, therapies for CML 
had infrequently led to a reduction in the percentage of CML cells 
in the bone marrow, and complete remissions were rare. 

“One of my patients was the first to have a complete remis-
sion, and others soon followed. That’s when we knew this was a 
game changer,” says Sawyers.

From relapse to response. Sawyers and colleagues tested ima-
tinib not just on chronic-phase CML patients, but on very advanced 
blast-crisis CML patients who had only a few months of life expec-
tancy. “We thought, ethically, we should offer this to these patients, 
and amazingly, even some blast-crisis patients went into remission, 
which was incredible. These patients are often in wheelchairs and 
can require oxygen. Within a week, some were like new people.” 

But the responses were short-lived. Finding out why patients 
relapsed after therapy became the most important question in 
the world for him, says Sawyers. Using patients’ samples, his 
lab showed that resistance was due to new mutations within 
the BCR-ABL kinase domain that interfered with drug binding. 
Sawyers’ work benefited from research by John Kuriyan’s group 
at Rockefeller University identifying the crystal structure of the 
BCR-ABL protein. “This was one of the most exciting periods 
of my life, realizing we can totally understand how this drug is 
causing resistance.” Sawyers proposed a way to overcome resis-
tance, describing a theoretical new compound at the 2002 Ameri-
can Association for Cancer Research annual meeting. A few days 
later, he received a phone call from a scientist at Bristol-Myers 

Squibb (BMS) who had heard his talk. It turned out that BMS 
had a compound with the characteristics Sawyers had described. 
Sawyers’s laboratory showed that this compound, which eventu-
ally became dasatinib (Sprycel)—approved by the FDA for treat-
ment of CML in 2006—can overcome resistance to imatinib. And 
Sawyers again partnered with Talpaz to lead the clinical trial that 
showed dasatinib worked in imatinib-resistant patients.

A new direction. In 2005, Sawyers received an invitation from 
Harold Varmus, then president of Memorial Sloan Kettering Can-
cer Center, to head a new research program that would capitalize 
on using genomics data to analyze tumors and identify new can-
cer drug targets. “I thought it would be an amazing opportunity. 
With my experience with Gleevec, I had a sense of where the field 
could go. Seeing how you could get a tumor to shrink well, even 
though you are poking it in just one spot, was really eye-open-
ing, and generated great optimism in my mind to go after com-
plex solid tumors. I knew there were Achilles heels that had to be 
there, because I had seen it firsthand.”

Beyond CML. While still at UCLA, Sawyers had begun to work 
on prostate cancer. “I wanted to branch out and began thinking 
that hormone therapy for prostate cancer was a similar question 
to what we were asking with CML,” he says. From seven different 
mouse models, Sawyers’s lab got the same answer—that prostate 
tumors resistant to hormonal therapy expressed much higher lev-
els of the androgen receptor. Knocking down the androgen recep-
tor using a genetic trick called RNA interference restored sensi-
tivity to hormone therapy. “It was quite parallel to what we had 
seen with the kinase inhibitors—that despite genetic complexity, 
tumors tend to fall back on the original driving oncogenic event 
to escape targeted therapy.” Sawyers collaborated with synthetic 
chemist Michael Jung to develop a new antiandrogen therapy 
for prostate cancer. The compound, enzalutamide (Xtandi), was 
licensed by biopharmaceutical company Medivation and is now 
approved by the FDA for treatment of advanced prostate cancer. 

SAWYERS SPEAKS OUT
Genomic sequencing. “I would like to see every patient’s tumor
genotyped to guide treatment decision making. I think that infor-
mation is going to be useful, even if there are not currently thera-
pies to target certain mutations. It’s such a compelling question that 
the cancer centers with the resources are just doing it themselves.”

Cancer drug costs. “I don’t think it’s justified to charge some of 
the amounts being charged for incremental benefit, but for really 
dramatic benefit, I do think it can be justified. I don’t know what 
the right price is, but companies need incentives to recover their 
research and development expenses. There is an inability of the 
US Medicare system to negotiate drug prices with pharmaceutical 
companies, whereas in other countries there are intense negotia-
tions to prove the value of a new drug in economic terms. I think 
it’s clear that the tide is pushing in that direction.”  g
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Assistant Professor, Department of Medicine, Columbia University. Age: 41 

BY JEF AKST

Yvonne Saenger: Immunotherapy Pioneer

Yvonne Saenger majored in Russian
at Harvard University, but, realiz-
ing that “medicine would allow me 

to have an impact on people’s lives in a way 
the humanities wouldn’t,” she also took a 
full suite of premed courses, then headed 
to Columbia University for medical school. 
After her younger sister was diagnosed with 
cutaneous T-cell lymphoma, she homed in 
on oncology. (Her sister is in remission and 
doing just fine now, Saenger notes.)

At med school, Saenger spent some 
time in the lab of Leonard Chess, where she 
worked on regulatory T cells in the context 
of treating autoimmune disease. It was inter-
esting work, Saenger says, but “I was fas-
cinated by the flip side of it: you could also 
activate your cells to kill off the lymphoma.”

During her fourth year of med school, 
she again returned to the lab, this time work-
ing with Alan Houghton and Jedd Wol-
chok at the Memorial Sloan Kettering Can-
cer Center (MSKCC) on assays to measure 
T-cell activation. “[Saenger] was very, very 
motivated; very, very passionate about mak-
ing the most of her time in the laboratory,” 
Wolchok says. He recalls one occasion when 
Saenger came into the lab at night, after 
everyone else had gone home, and ended up 
getting questioned by security. “[She took] 
the risk of appearing like she was a tres-
passer to actually get some research done.”

Saenger stayed at Columbia for her resi-
dency, but she returned to MSKCC to do 
a fellowship with Houghton and Wolchok. 
Saenger examined the effects of combining 
tumor-targeting monoclonal antibodies with 
vaccines designed to activate T cells. “We 
wanted to show that activating both arms of 
the immune system, the B cells and T cells 
together, would be a more effective strategy 
against the tumor,” she says. And in mice, at 
least, it was.1

At the same time, Saenger became
involved with some of the first patients to 
receive ipilimumab (Yervoy), “the first med-

icine ever to improve overall survival in 
patients with melanoma,” says Wolchok, 
who led early-stage trials of the drug. 

But the improvements the researchers 
saw tended to occur later than expected, 
sometimes months after the patients were 
first treated, Wolchok adds.2 “The types of
responses we were seeing didn’t follow the 
same sort of kinetics that you’d expect from, 
say, a chemotherapy or targeted therapy. 
It influenced the endpoints for the pivotal 
Phase 3 trial.”

In August 2009, Saenger started her own 
lab at Icahn School of Medicine at Mount Sinai, 
where she began investigating the expression 
of immune genes in tumors. After developing 
an immune biomarker for melanoma, Saenger 
and her team “found that a higher expression 
of certain immune genes predicts better out-
comes in melanoma,” she says.3 The results
could help tailor immunotherapies in the 
future, Saenger notes, with patients showing 
severely depleted immune responses requiring 
a greater therapeutic boost, for example. 

In August 2014, she headed back to 
Columbia, where she continues to iden-
tify biomarkers of immune response and to 
examine the tumor microenvironment, both 
pre- and post-treatment. Saenger’s also 
exploring combining oncolytic viruses with 
checkpoint blockade therapies. “I’m trying 
to do research and also tie it back into the 
clinic,” she says. “It’s challenging because 
you have to be comfortable in both worlds.”

“Yvonne is a very, very intelligent, moti-
vated, and compassionate physician. She’s 
an astute researcher,” says Wolchok.

“She’s a very lively, enthusiastic per-
son,” adds Nina Bhardwaj, director of immu-
notherapy at Mount Sinai who collabo-
rated with Saenger on the biomarker work. 
Between seeing patients, doing research in 
the lab, and conducting clinical trials, “she’s 
one of those people who’s doing every-
thing at the moment. . . . I think she’s 
going to do very well.”  g
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3. S. Sivendran et al., “Dissection of immune 
gene networks in primary melanoma 
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Expert tips for isolating and culturing cancer stem cells

BY WUDAN YAN

In Custody

For years, cancer researchers have sought to understand
why tumors grow back in patients who have successfully 
undergone chemotherapy and/or radiation. One explana-

tion, proposed in the late 1970s, was the cancer stem cell (CSC) 
hypothesis, which posits that a small fraction of cancer cells can 
self-renew indefinitely and give rise to the different cell types in 
a tumor. The CSC hypothesis can also explain why many can-
cers are resistant to standard courses of therapy: the drugs don’t 
affect the stem cell population. If that’s true, then drugs that 
eradicate CSCs could in theory cure cancer. By purifying CSCs 
from patient samples, scientists can study these cells in the lab 
to understand why they persist after cancer treatment. 

Researchers definitively identified CSCs in blood tumors 
beginning with acute myeloid leukemia (AML) in 1997, but the 
presence of CSCs in solid tumors was hotly debated because 
experiments using cell-surface markers to demonstrate their 
presence in solid tumors often yielded inconsistent results. In 
recent years, however, cells with self-renewing and tumor-initiat-
ing properties have been found in all tumor types: glioblastoma, 
colorectal, breast, pancreatic, and lung cancers. The debate no 
longer centers around “Do cancer stem cells exist?” but rather, 
“How many different types of cancer stem cells are there?”

One big barrier to understanding the biology of CSCs is easy 
access to patient samples; many hospitals freeze tumor sections, 
but it’s much harder to obtain large numbers of viable cells from 
thawed tissues than from fresh ones. Another challenge lies in 
isolating pure populations of cells based on cell-surface mark-
ers. The Scientist sought out some expert advice on isolating 
and culturing stem cells from blood cancers and solid tumors 
for scientists who are eager to try their hand at working with 
cancer stem cells.

HANDLING PRIMARY PATIENT SAMPLES
John Dick, a stem cell
researcher at the Uni-
versity of Toronto who 
first isolated cancer 
stem cells associated 
with AML, maintains 
that securing fresh tis-
sue from clinicians is 
crucial to successful 
isolation of CSCs. Even 
if that proves difficult, 
however, pipetting or 
sectioning patient spec-

imens gently and keeping them on ice will maximize the num-
ber of viable cells that can be isolated.

The first step in isolating CSCs from primary patient sam-
ples is to obtain a single-cell suspension of the tumor. The ben-
efit of working with blood cancers is that tumor cells are already 
in a single-cell suspension, and they can be separated from red 
blood cells and platelets using the well-established Ficoll sepa-
ration protocol. To prevent the Ficoll solution from splashing, 
Christopher Dove, a graduate student in Ravindra Majeti’s stem 
cell lab at Stanford University, advises placing a glass Pasteur 
pipet to the very bottom of the test tube, and pouring the Ficoll 
solution down through the pipet. Zero contamination of the 
lymphocytes is essential: if you think red blood cells have snuck 
into the test tube, Dove suggests redoing the Ficoll separation. 

When handling frozen blood samples, Dove advises trans-
ferring the thawed sample into media containing DNase to 
degrade any DNA that is exposed when cells die during a rapid 

CANCER STEM CELLS IN A DISH: Cells isolated from a patient with 
metastatic colon cancer grown in organoid (3-D) culture. The organoid 
shown here recapitulates the crypt-like structures typical of those in the 
colon tissue of humans.
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freeze-thaw. The exposed DNA is ‘sticky,’ and can clump cells
to one another by acting like a strip of Velcro. Adding DNase 
to the media helps maintain a single-cell suspension. “If you’re 
thawing 40 million cells, but count 3 million and wonder where 
the other 37 million went, try using DNase,” he suggests. 

Solid tumors, on the other hand, need to be mechanically 
and chemically digested to yield a solution of single cells. This 
process is often traumatic for the cells, as they must be enzy-
matically disaggregated from each other. Researchers need to 
be mindful of the enzymes they use. For example, trypsin, com-
monly used to passage cells in tissue culture, should be avoided 
because it works by cleaving cell-surface markers. You’ll need 
those later for detecting your stem cells. 

Catherine O’Brien’s research lab at the University of Toronto 
and Hans Clevers’s group at the Hubrecht Institute in Utrecht, 
The Netherlands, use TrypLE Express, a gentler yet equally 
robust enzyme for the dissociation step. Collagenase can also 
be used as an alternative to trypsin for colorectal cancers, and 
usually, a 1 cm3 block of tumor is sufficient for good yield. Piero
Dalerba, a professor of pathology and cell biology at Columbia 
University, advises tinkering around with the dissociation pro-
tocol, given that different cocktails of enzymes can work better 
for different tumor types. Because colorectal tumor cells grow in 
a single layer, it is easier to disaggregate the cells from patient 
tissue than it is from tougher, more fibrotic tumors. For these 

more difficult tumors, Clevers suggests incubating the primary 
tissues overnight with collagenase. 

SORTING STEM CELLS BY FLOW CYTOMETRY
The next step is to sep-
arate CSCs from the 
single-cell suspension 
using flow cytometry. 
CSCs are most com-
monly recognized by 
markers expressed on 
the cell surface and are 
stained with fluoro-
phore-conjugated anti-
bodies, with different 
colors of fluorescence 
designed to target the 

different markers. The cytometer detects these fluorophores 
to separate the CSCs from the rest of the cells in the suspen-
sion. Although many staining protocols use monoclonal anti-
bodies, the cautious researcher can incorporate a blocking 
step to prevent the antibodies from recognizing anything that 
they shouldn’t. 

Irving Weissman, a pioneer in the stem cell field and direc-
tor of the Stanford Institute for Stem Cell Biology and Regener-
ative Medicine, says it is not good enough to isolate AML stem 
cells, for instance, using just one marker. The steps through 
which a normal hematopoietic stem cell progresses to AML are 
clearly defined, so it is important to go “all the way” by includ-
ing the most specific set of markers possible. Weissman recom-
mends isolating the CD34+, CD38–, CD90+, and Lin– cell frac-
tions to robustly enrich for an AML stem cell population.

For solid tumors, Clevers advises researchers to be very 
familiar with the stem cell literature for the type of cancer 
under study. Although Clevers discovered that Lgr5 marks 
colon cancer stem cells, Lgr5 expression on the cell surface 
is generally low. Other markers such as EpCAM, CD44, and 
CD166 have been validated by multiple research groups to 
enrich for colon cancer stem cells from patient samples (PNAS, 
104:10158-63, 2007; J Clin Pathol, 65:140-45, 2012; Oncol Lett, 
7:1544-48, 2014).

Michael Clarke, a clinician and stem cell researcher at Stan-
ford University who was the first to isolate cancer stem cells 
from solid tumors, cautions that while cell-surface markers are 
useful for enrichment, their presence doesn’t guarantee that the 
sorted cells will give rise to a full tumor—the crucial test that 
you have isolated a CSC population. Because markers for CSCs 
in solid tumors can vary greatly, researchers should run all the 
cell types sorted from a single tumor through a transplantation 
assay, described below. 

“The trickiest thing for most people new to working with 
stem cells is the sorting,” Dove says. “Flow machines are big, 
expensive sorters that require a considerable amount of exper- ©
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tise to operate in a reproducible fashion.” Researchers who have
not had significant experience with a flow cytometer should 
consult an expert at their institution’s flow core to set up the 
proper gates, calibrations, and parameters for obtaining the 
purest population of cells. In particular, Dalerba notes that 
using many antibodies to isolate the CSCs can lead to confu-
sion because of overlap of emission spectra. Researchers should 
carefully titrate each of the monoclonal antibodies in their anal-
yses and compare different fluorophore-antibody combinations. 
In other words, take the time to experiment and optimize a tis-
sue-specific staining protocol.

INTO THE MOUSE
The “gold standard”
proof that cells iso-
lated by flow cytom-
etry are indeed can-
cer stem cells involves 
transplanting them 
into immunocompro-
mised mice to see if 
they can give rise to an 
entire tumor. This pro-
cess normally consists 
of diluting the total 
number of cells and 

injecting different dilutions into mice. If the number of cells in 
a tumor is proportional to the number of cells initially injected, 
you can be fairly sure that your cells were CSCs. 

For blood cancers such as AML, cells are transplanted via 
tail-vein injections. AMLs typically take around two weeks to 
engraft.

For solid tumors, cells are most commonly transplanted sub-
cutaneously near the organ in which the tumor typically forms. 
The diluted cell fractions are mixed with Matrigel, a gelatinous 
protein matrix that provides a support for the cells to latch on to. 
Colorectal tumors take, on average, 100 days to engraft follow-
ing subcutaneous injection, but it can take anywhere from eight 
weeks to six months for a tumor to grow in a mouse. 

For breast cancer, gender of the mice and the method of cell 
delivery matters. According to Clarke, breast CSCs should be 
injected into the mammary fat pad of female mice along with an 
estrogen pellet, as estrogen is often involved in the maintenance 
of breast cancers. Triple-negative breast cancers can take 2–6 
months to engraft, and ER+ tumors up to a year, says Clarke.

One major caveat of the transplantation assay is that not all 
isolated CSCs engraft. The reason for this is unknown, but one 
possibility is that additional immune cell types are needed for 
the cancer cells to thrive, particularly in solid tumors. 

The time lag between getting cells from a patient and inject-
ing them into mice is also important. “The faster you can get 
the tumors into mice, the better the chance of engraftment,” 
says Clarke. John Dick’s research group in Toronto has devel-

oped such a close collaboration with clinicians that they are 
often able to get AML patient samples into mice in as little as 
two hours.

IN A DISH
In vitro assays can help
confirm that you have 
indeed isolated CSCs, 
and they can also aid in 
studying CSC biology. 
CSCs seem to grow best 
as spheres that form in 
the presence of a 3-D 
matrix such as Matrigel. 
Because stem cells are 
thought to form spheres 
in culture, researchers 
often use sphere-form-

ing assays to test these cells’ self-renewing properties. 
A related in vitro approach is the organoid culture system—

essentially, a 3-D culture to which growth factors are added in 
order to coax cells into forming miniature organ buds. The Cle-
vers lab developed such a system in 2009 to grow structures of 
the internal small intestine and colon called intestinal crypts; 
later, they expanded the technique to cancer cells (Gastroen-
terology, 141:1762-72, 2011). The organoid system ensures that 
the phenotype of the cells taken from patients does not change. 
Cells typically take a week to form small organoids in culture. 
One important consideration is that different tumors may 
require different growth factors: many solid tumors require 
EGF and FGF; breast cancers can require estrogen; and pros-
tate cancers, testosterone.

These in vitro experiments should not replace the in vivo 
transplantation assay to validate the true potential of the CSCs. 
CSCs that do not form tumors in mice can grow in culture, and 
the converse can be true as well. The lesson? Do both in vitro 
and in vivo assays. 

One further caveat is that culture conditions for blood 
cancers such as AML have yet to be established. Unlike solid 
tumors, they do not need a surface to latch onto in order to 
grow. To work around this limitation, researchers typically 
expand populations of stem cells derived from AML using mice.

Once you are relatively sure you have indeed isolated CSCs, 
cells can be expanded in mice or by using the organoid cul-
ture technique. These CSCs can also be used for drug screens, 
and for other in vitro and in vivo assays. Having as close to a 
pure population of cells as possible is critical, particularly for 
sequencing and gene-expression profiles. “If we don’t have a 
pure population, we’re not going to have a clean answer coming 
out,” says Weissman. The hope is that by mastering the meth-
ods of working with stem cells derived from patient tumors, 
researchers can use these populations to better understand 
tumor biology.  g©
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A guide to glycan microarrays

BY KATE YANDELL

Getting Your Sugar Fix 

Lipids and proteins on the surfaces of
cells are bedecked with sugar chains, 
which determine how cells develop, 

adhere to one another, and communicate. 
Bacteria and viruses glom onto these com-
plex linear or branched oligosaccharides, 
called glycans, to infect cells. The immune 
system fights back, learning to recognize 
microbes’ sugar coatings and mounting 
both an innate and an adaptive defense. 

Despite glycans’ fundamental impor-
tance to biology, they remain poorly under-
stood compared to DNA and proteins. 
Because of their structural complexity, 
glycans are arduous to manufacture. And 
unlike DNA, they are impossible to clone 
and amplify, so quantities are limited.

But one technology initially developed 
for understanding genetic material has 
proven a perfect fit for glycobiology: the 
microarray. The first glycan microarrays 
came onto the scene in 2002, just seven 
years after the advent of microarrays to 
study gene expression.

Glycan microarrays consist of small 
quantities of a variety of natural or syn-
thetic oligosaccharides affixed to a sur-
face. Researchers use the arrays to iden-
tify proteins, cells, and microbes that bind 
to the sugars. Because printed microarrays 
require minuscule quantities of sugars, 
they made it possible, for the first time, to 
broadly screen proteins’ glycan affinities.

These days, more than a dozen labs 
make their own glycan microarrays, and 
researchers say they will only improve 
as more glycans are isolated and synthe-
sized. The largest and most widely avail-
able arrays are produced by the Consor-
tium for Functional Glycomics (CFG), an 
international collaboration among gly-
comics researchers, and by Imperial Col-
lege London’s Glycosciences Laboratory. 
Other labs make smaller arrays targeted 
for use on more-specific projects.

“At this point I don’t 
think there is a single 
presentation or sin-
gle platform that is a 
clear winner,” says Jef-
frey Gildersleeve, head of 
the Chemical Glycobiology 
Section at the National Can-
cer Institute’s Center for Cancer 
Research in Frederick, Maryland. 

And while DNA microarrays’ glory 
days may be fading as RNA sequencing 
prices fall, the future of glycan microar-
rays appears sunny. “I think that [glycan 
microarrays are] really just about to, in 
the next five years, come into their own 
in terms of commercial use, industrial 
applications, and clinical use,” says Rich-
ard Cummings, professor of biochemistry, 
director of the National Center for Func-
tional Glycomics (NCFG) at the Emory 
University School of Medicine, and cur-
rent chair of the CFG.

Here, The Scientist profiles a selection 
of today’s leading glycan microarrays and 
some of the discoveries they have enabled.

OUR GLYCANS, OURSELVES
ARRAY
The CFG was first funded in 2001 by the
National Institute of General Medical Sci-
ences (NIGMS) to study protein-carbohy-
drate interactions. An early CFG project 
resulted in an ELISA-based glycan array to 
be shared with the entire glycomics com-
munity. By 2004, the CFG had switched to 
a printed microarray including 200 glycans 
(PNAS, 101:17033-38). Currently, the array 
consists of 610 mammalian glycans cova-
lently attached to slides via amide linkages.  

ADVANTAGES
The CFG has proven to be an invalu-
able resource to researchers who don’t 
have voluminous glycan libraries of their 

own, says CFG chair Cummings. “Most 
of the glycans of interest are not com-
mercially available,” he says. And even if 
they were, one would have to purchase 
them in large quantities.

The CFG’s mammalian glycan array has 
contributed to discoveries ranging from the 
receptor affinity of flu viruses, to the lec-
tins bacteria use to invade cells, to the can-
cer-specific antibodies that bind to glycans 
present on the surface of tumor cells.

Most recently, Stephan von Gunten of 
the University of Bern’s Institute of Phar-
macology in Switzerland and colleagues 
used the array to determine glycan bind-
ing of immunoglobulins isolated from the 
blood of healthy donors (Sci Transl Med, 
7:269ra1, 2015). They discovered that 
some immunoglobulins bind to mam-
malian glycans that bacteria and viruses 
coopt to invade cells. The researchers 
hypothesize that human antibodies block 
these adhesion sites in order to outcom-
pete binding by the pathogens. 

Cummings and his colleagues also 
developed a method called shotgun gly-
comics, in which they harvest and purify 
glycans from an array of sources, rang-
ing from breast milk to pig lungs (Nat 
Meth, 8:85-90, 2011). The researchers 
then observe binding patterns of known 
glycan-binding proteins to the arrays and 
sequence the glycans that they bind. Alter-
natively, researchers can use the shotgun 



arrays to identify the glycans to which par-
ticular microbes attach.

ACCESS
Although the original NIGMS fund-
ing ended in 2011, screening using the 
CFG array remains available via Emory’s 
NCFG. Researchers hoping to test the 
glycan-binding properties of their own 
samples can apply on the CFG website to 
send them to Emory for screening, which 
costs $300 per slide. Any results pro-
duced by the CFG array can be accessed at 
www.functionalglycomics.org. Research-
ers hoping to use shotgun glycan arrays 
or other specialized arrays offered by the 
NCFG can pay to access them. The NCFG 
will also print custom arrays for a fee. 

BENDY PRESENTATION
ARRAY
Researchers at the Glycosciences Labora-
tory at Imperial College London produced 
one of the earliest glycan microarrays (Nat 
Biotechnol, 20:1011-17, 2002). The group’s 
microarray system has since evolved to 
include 830 glycan probes. Each synthetic 
glycan is affixed to a lipid tag, a combina-
tion called a neoglycolipid (NGL), and 
then printed onto to a glass slide coated 
with nitrocellulose. The microarray also 
includes naturally occurring glycolipids.  

ADVANTAGES
Imperial College’s NGL-based microarrays
stand out from other microarrays because 

the lipids and the noncovalent bonds link-
ing the sugars to the slide are slightly flexi-
ble, allowing the glycans to wiggle around. 
“We believe that element of mobility is 
really important,” says Ten Feizi, director 
of the Glycosciences Laboratory and one 
of the original creators of the microarray.

The strength of bonds between indi-
vidual glycans and proteins is weak. 
Because of this, groups of glycans often 
interact with proteins or groups of pro-
teins with multiple glycan binding sites 
on their surfaces. These bonds between 
proteins and groups of glycans are called 
multivalent interactions.

All glycan microarrays allow for mul-
tivalent bonding, as multiple sugar chains 
are printed side by side on the array. How-
ever, the density of the glycans and their 
orientation influence whether they are 
able to slot into their allotted protein bind-
ing sites. Feizi says that the NGL-based 
microarray is more forgiving, as the non-
rigid linkers allow the glycans to adjust to 
the multivalent binding sites on proteins, 
much as glycans on a fluid cell membrane 
might adjust during binding.

NGL-based microarrays have in recent 
years helped researchers understand 
viruses, innate immunity, and cancer. 
Feizi recalls that her group’s microarrays 
really shined in studies of sugar-coated 
receptors used by the 2009 H1N1 swine 
flu to infect cells. The researchers 
employed a small NGL-based array to 
show that the virus bound not only to a 
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FATTY ATTACHMENTS: Natural 
and synthetic glycolipids, printed 
in clusters onto glass slides, have a 
degree of flexibility that allows for 
better multivalent protein binding by 
the arrayed glycans.
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sugar found on the surface of cells in the
upper respiratory tract, but also to a dif-
ferent glycan found deep in the lungs (Nat 
Biotechnol, 27:797-99, 2009). Other gly-
can microarrays failed to detect the rela-
tively weak binding to the alternate lung 
receptor. Feizi and her colleagues subse-
quently showed that a mutated version 
of the virus had a heightened affinity for 
the lung receptor, and that this mutant 
tended to cause more-lethal infections (J 
Virol, 84:12069-74, 2010).

 Last year, the researchers used their 
microarrays to determine the identity of 
a glycan structure, F77, bound by an anti-
body known to stick to prostate cancer 
cells (J Biol Chem, 289:16462-77, 2014). 
They first assessed the antibody’s bind-
ing against NGLs and glycolipids on their 
broad screening array. But the array only 
generally revealed the carbohydrate struc-
tures the antibody targeted. After discov-
ering that the antibody also binds heavily 
glycosylated proteins called mucins, the 
researchers released glycans from natu-
rally occurring mucins to create “designer 
arrays,” allowing them to more precisely 
establish the sugar chain structure the 
antibody binds.

ACCESS
Researchers hoping to use NGL-based
arrays from the Glycosciences Laboratory 
can apply online at www1.imperial.ac.uk/
glycosciences/request/. Glycosciences 
Laboratory personnel will analyze one to 
three samples using the large screening 
array for £200 per sample. The Wellcome 
Trust currently funds the facility.

CANCER QUESTIONS
ARRAY
Over the past decade, the National Can-
cer Institute’s Jeffrey Gildersleeve has 
developed a glycan microarray consist-
ing of 503 natural  glycoproteins, syn-
thetic “neoglycoproteins,” peptides, and 
controls. On the surfaces of the neoglyco-
proteins the researchers vary the arrange-
ments and densities of glycans. This vari-
ation allows users to understand how 
altering the presentation of glycans affects 
binding of proteins.

ADVANTAGES
Gildersleeve developed his array to screen
vast quantities of serum from people with 
cancer. By presenting glycans in multiple 
configurations and densities on the surfaces 
of proteins, he encourages multivalent bond-
ing. Being able to control presentation allows 
him to understand which configurations of 
glycans bind which proteins, and allows him 
to replicate arrangements that work.

“We’re trying to identify unique sub-
populations of antibodies in serum that 
are relevant to cancer care,” he explains. 
These antibody subfamilies may only be 
distinguishable by which presentations of 
glycans they bind. 

The Gildersleeve group is probably best 
known for its success in characterizing anti-
bodies in prostate cancer patients to help 
predict and then assess how they respond 
to the Phase 3 cancer vaccine PROSTVAC-
VF, in development by Bavarian Nordic. 

“The big challenge for most cancer 
therapies, and especially cancer vaccines 
and other immunotherapies, is that they 
can have really, really good results in some 
patients . . . but lots of patients really see 
no benefit at all,” Gildersleeve says. Discov-
ering biomarkers to predict how patients 
will do on therapies aids doctors in choos-
ing the right ones for their patients.

Using their microarrays, the group 
analyzed the serum of patients prior to 
their participation in Phase 2 clinical tri-
als of the vaccine and then several months 
after beginning the therapy. The research-
ers found that patients who showed ele-
vated immunoglobulin binding to a blood 
group A antigen before the trial were likely 
to survive longer than average (Clin Can-
cer Res, 19:1290-99, 2013). The research-
ers also found that patients who received 
the vaccine and then did well tended to 
show increases in antibodies to the Forss-
man antigen, a glycan present on viral vec-
tors used to deliver the vaccines (PNAS, 
111:E1749-58, 2014).

ACCESS
The Gildersleeve lab is willing to collabo-
rate with other research groups on proj-
ects using their microarray. The group is 
particularly interested in work related to 
cancer or HIV.

ANCIENT IMMUNITY
ARRAY
While most glycan microarrays focus on the
mammalian glycome, some researchers are 
starting to pay attention to the sugars deco-
rating microbes. Last year, researchers led 
by Cummings and his frequent collaborator 

+

DL549 DL649

Anti-IgG (DyLight549)
Anti-IgM (DyLight659) GenePix scanner

+

Robotic microarrayer prints ~500 array components

PROTEIN FOUNDATION: Jeffrey 
Gildersleeve’s microarray of natural and 
synthetic glycoproteins can be used to 
assess the binding of antibodies present 
in the sera of cancer patients. Fluorescent 
secondary antibodies (shown in green and 
red) are used to label bound antibodies 
(black), revealing which glycan probes 
they bind to on the array.
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Jim Paulson, professor of cell and molecu-
lar biology at the Scripps Research Institute 
in La Jolla, introduced an array that now 
includes approximately 350 microbial gly-
cans derived from diverse species. 

ADVANTAGES
The CFG began to construct a microbial gly-
can microarray (MGM) around a decade ago, 
but halted the project after their funder, the 
NIGMS, decided the array did not fit into the 
scope of the consortium’s mission, according 
to Paulson, who was then CFG director.

Paulson and his colleagues recently began 
work on the array again and introduced a 
new and improved version in June 2014 
(Nat Chem Biol 10:470-76). Paulson and 
his colleagues demonstrated that the micro-
array shows different binding patterns when 
presented with human versus other mam-
malian sera. They also showed that rabbit 
sera’s reactivity to glycans changes after the 
animals have been exposed to specific micro-
bial strains. These results indicate that the 
adaptive immune system quickly reacts to 
the presence of specific microbes, and also 
that the new microarray, while small, is suf-
ficiently sensitive to pick up these changes.

The researchers further investigated 
the binding of innate immune glycan-
binding proteins called galectins to the 
array, finding that several of them bind 
a probe isolated from a strain of the gut 
bacterium Providencia alcalifaciens. 

Further investigation showed that bind-
ing by some galectins kills this strain 
and that galectins also bind and kill an 
assortment of other gram-negative and 
gram-positive bacterial strains carrying 
similar glycan antigens. 

This type of antigen mimics mamma-
lian glycans, possibly as a way for bacte-
ria to evade the immune system. Indeed, 
the researchers showed that the same 
galectins bind analagous antigens on the 
CFG mammalian array. However, the 
galectins do not harm mammalian cells 
when they bind to this antigen. Thus, the 
MGM was able to uncover an entirely new 
innate immune mechanism for fighting off 
diverse bacteria that try to mimic mam-
mals’ own cells.

Many in the glycomics community 
see the MGM as long overdue, as micro-
bial and mammalian glycans are gener-
ally quite distinct. “I think this is a part 
of the immune system we haven’t mined,” 
says Laura Kiessling, director of the Keck 
Center for Chemical Genomics at the 
University of Wisconsin–Madison. “It’s 
been opaque to us because we haven’t had 
any way of looking at it.” Kiessling is cur-
rently using the MGM to further explore 
innate immunity.

ACCESS
Those wishing to use the array can obtain it
through the CFG at cost. g

MICROBIAL INSIGHT: A new microarray elucidates binding  
of antibodies and other immune proteins such as galectins to glycans 
from diverse bacterial species.
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Last December, scientists at Juno Therapeutics reported at
the American Society of Hematology (ASH) meeting that, 
in an ongoing Phase 1 trial, its chimeric antigen receptor 

(CAR) T-cell therapy, JCAR015, put 24 of 27 adults with refrac-
tive acute lymphoblastic leukemia (ALL) into remission, with six 
patients remaining disease free for more than a year (ASH 2014, 
Abstract 382, 2014). This disease is extremely hard to treat and 
progresses rapidly when it becomes refractory; most patients die 
within a few months. “This response rate is unprecedented for 
patients who had stopped responding to all other treatments,” 
says Michel Sadelain, a founding director of Memorial Sloan Ket-
tering’s Center for Cell Engineering and a cofounder of Juno.

Founded just a year earlier, the Seattle-based company now 
has four CD19-targeting CAR T-cell therapies in trials. The prem-
ise is simple: extract a patient’s T cells from blood and train them 
to recognize and kill cancer by modifying them with a viral vec-
tor to express an artificial, or chimeric, receptor specific for a par-
ticular cancer-associated antigen—in this case, CD19, an antigen 
expressed in  B-cell–related  blood cancers—then reinfuse the cells 
back into the patient. (See illustration at right.) The engineered 
cells recognize and kill cancerous cells, while reactivating other 
immune players that have been dampened by cancer’s inhibitory 
signals. “CAR therapy is at the same time cell therapy, gene therapy, 
and immunotherapy,” says Sadelain. “It represents a radical depar-
ture from all forms of medicine in existence until now.” Promising 
preclinical results have moved Juno’s CD19 therapies into trials for 
ALL, non-Hodgkin’s lymphoma, and chronic lymphocytic leuke-
mia (CLL), and the company has three more CAR T-cell immuno-
therapies for a number of solid cancers close behind.

A few weeks after the ASH meeting, Juno went public for a 
whopping $264.6 million, the largest biotech initial public offer-
ing (IPO) of 2014. Within a month, the company’s valuation rose 
from $2 billion to $4.7 billion, the largest among biotechs in a 
decade. By the end of 2016, the company plans to have 10 drug 
trials for six diseases up and running using CAR T cells produced 
in a brand-new manufacturing facility.

And Juno is not alone. This relatively new sector is experi-
encing a frenzy of scientific activity, corporate partnering, and 
financing that took off in late 2013, continued throughout 2014, 
and moved straight into the new year with no sign of letting up. 
By now, most major pharmaceutical companies have jumped into 
the CAR T-cell arena. In the past two years alone, at least half a 
dozen companies have made deals worth hundreds of millions of 
dollars up front, with much more expected in the future as prod-

ucts move through the pipeline. (See chart on page 75.) This influx 
of funding is now supporting dozens of clinical trials. 

While most of these studies are currently aimed at late-stage 
disease for which other therapeutic options have failed, research-
ers in the field anticipate that these immunotherapies could replace 
standard cancer treatments in the future. “While we are evaluating 
these therapies in advanced cancer now, we absolutely believe that 
they have the potential to become frontline therapies,” Sadelain says.

Long time coming
CAR T-cell therapy has had a lengthy run-up to what may appear
to be overnight success. The first CAR T cells were developed at the 
Weizmann Institute of Science in Israel in the late 1980s by chem-
ist and immunologist Zelig Eshhar. In 1990, Eshhar took a year-
long sabbatical to join Steven Rosenberg at the National Insti-
tutes of Health, where they prepared CARs that targeted human 
melanoma. “We designed CAR T cells to overcome a number of 

Tumor-targeting T-cell therapies are generating remarkable remissions in hard-to-beat cancers—
and attracting millions of dollars of investment along the way.
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problems in getting T cells to attack cancer,” says Eshhar. These
problems included a tumor’s ability to escape immune recogni-
tion by silencing the major histocompatibility complex molecules 
and the generally immunosuppressive tumor microenvironment. 

Eshhar and Rosenberg constructed the CAR T cells with a mod-
ular design that included a specific cancer-targeting antibody, and 
later added a costimulatory signaling domain that amplifies the 
activation of the cells, giving them a stronger signal to multiply and 
kill cancer cells. Since that early work, researchers in both academia 
and industry have developed and tweaked each section of the modu-
lar design. (See illustration below.) “Ultimately, we needed 20 years 
to learn how to supercharge these cells to deliver anticancer activity,” 
says Arie Belldegrun, president and CEO of Kite Pharma in Santa 
Monica, California, which is assessing CAR T cells in six trials for B 
cell leukemia and lymphomas, and glioblastoma. Eshhar, a member 
of Kite Pharma’s scientific advisory board, continues to collaborate 
with Rosenberg, who serves as a special advisor to the company. 

Juno is now working on two second-generation CAR technolo-
gies that incorporate mechanisms to further amplify T-cell activa-
tion or to dampen it, in the case of adverse reactions. (See “Safety 
concerns” on page 76.) These so-called “armored” chimeric anti-
gen receptors are designed to combat the inhibitory tumor micro-
environment by incorporating a signaling protein such as IL-12, 
which stimulates T-cell activation and recruitment. Juno believes 
“armored CAR” technology will be especially useful for solid tumors, 
whose microenvironment and potent immunosuppressive mech-
anisms can make raising antitumor responses more challenging.

Like Juno, Houston, Texas–based Bellicum Pharmaceuticals 
is working on refinements for next-generation CAR T-cell treat-

ments. To better control antigen activation by its CAR T cells, for 
example, Bellicum is separating its dual costimulatory domain 
from the antigen-recognition domain, moving it onto a separate 
molecular switch that can be controlled by the small-molecule drug 
rimiducid. These T cells, known as GoCAR-Ts, can only be fully 
activated when they are exposed to both cancer cells and the drug. 

In addition to altering the components of the CAR T cells 
themselves, researchers are also experimenting with different 
methods to introduce the receptors into the patients’ cells. At MD 
Anderson Cancer Center in Houston, Laurence Cooper and his 
colleagues are using a nonviral system called “Sleeping Beauty,” 
licensed from the University of Minnesota’s Perry Hackett, that 
relies on a transposon derived from fish to paste any desired gene 
into the genome. “This system employs electroporation [an elec-
tric current] to introduce elements of the Sleeping Beauty system 
into T cells,” says Cooper, who hopes the system will be less com-
plex and cheaper to use than viral vectors.

While CAR T cells are being tested first as monotherapies, 
researchers are also giving thought to how best to use CAR T cells 
with other immunotherapies in the future. “We are excited about 
combining checkpoint inhibitors such as PD-1 [programmed 
death-1] inhibitors and anti-CTLA4 [anti-cytotoxic T-lympho-
cyte antigen 4] drugs with CAR T cells,” Eshhar says. 

A frenzy of deal making
Over the past few years, the industry has been a hive of activity, with
a half dozen companies forging deals valued at more than a half 
billion dollars in total. In addition to the perceived financial poten-
tial of these therapies, the feeding frenzy may in part be attribut-

NEW AND IMPROVED CARs: Zelig Eshhar and Steven Rosenberg constructed the first CAR T cells using a modular design, including a specific cancer-
targeting antibody outside the cell, a transmembrane component, and an intracellular costimulatory signaling domain that amplifies the activation of the
CAR T cells. Second- and third-generation CAR T-cell technologies have added additional costimulatory domains within the cells, as well as additional
receptors to improve targeting of the T-cell attack and minimize side effects.
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able to the fact that regulatory authorities are giving CAR T-cell
treatments priority review for filling unmet medical needs. Many 
of these therapies are receiving orphan or breakthrough status from 
the US Food and Drug Administration (FDA), bringing expedited 
regulatory review, which translates into earlier realization of finan-
cial benefits from more rapid market entry. In November 2014, 
for example, the FDA granted orphan status to Juno’s JCAR015. 
Kite’s KTE-C19 for refractory aggressive non-Hodgkin’s lymphoma 
also recently received the designation from both the FDA and the 
European Medicines Agency. And the University of Pennsylvania /
Novartis’s CTL019 for ALL received breakthrough status last July.

A new report by EP Vantage, a financial analysis company, 
notes that while investor enthusiasm for this sector is unlikely to 
diminish anytime soon, “there may be hidden dangers” for those 
in it to make a big return. “CAR T therapy looks like it’s becoming 
little short of a revolution in the treatment of some cancer types, 
but numerous risks are being lost in the hype,” writes report author 
Jacob Plieth, a biochemist by training. “It is important to appreci-
ate the risks as well as the opportunities to have a clear understand-
ing of the market potential of these therapies and their developers.”

Clinical results spark hope
In 2011, the Penn group described the results of an early trial of its
CTL019 CAR T-cell treatment in three advanced chronic lympho-
cytic leukemia (CLL) patients (Sci Transl Med, 3:95ra73, 2011). The 
findings—including two patients who have now remained in remis-
sion 4.5 years after their treatment—served as an early demonstra-
tion that CAR T cells can successfully treat patients with late-stage 
disease. The team has now tested CAR T-cell therapies in about 125 
people, with six different trials underway for pediatric and adult 
ALL, CLL, multiple myeloma, and non-Hodgkin’s lymphoma. Other 
CAR T-cell therapies are in trials for solid tumors, including ovarian, 
breast, and pancreatic cancers, and mesothelioma and glioblastoma. 

“One of the exciting things about these cells is that they 
expand to high numbers and maintain long-term functional per-
sistence,” says David Porter, a leukemia specialist and director of 
blood and marrow transplantation at Penn. 

In a recent Penn study of 30 children and adults with relapsed 
or refractory ALL who received CTL019, 90 percent achieved 
total remission, and 78 percent were still living at the end of 
the study two years later (NEJM, 371:1507-17, 2014). Moreover, 
“very few patients—three—got a bone marrow transplant after 
CTL019, suggesting that this could be a replacement for bone 
marrow transplant and not just a bridge to transplant,” added 
senior author Stephan Grupp, director of translational research 
for the Center for Childhood Cancer Research at the Children’s 
Hospital of Philadelphia. 

At ASH, Grupp discussed a follow-up study, including 39 pedi-
atric patients, which showed a 92 percent complete remission rate 
following CTL019 treatment. Of those, 76 percent remain in com-
plete remission after six months (ASH 2014, Abstract 380, 2014). 
“The first ALL patient treated is still in remission nearly three years 
later,” says Grupp. In September, Novartis pledged $20 million to 
build a Center for Advanced Cellular Therapeutics to manufacture 
CAR T cells on the Penn campus, to be completed next year. Penn is 
now conducting pilot trials aimed at solid tumors, including meso-
thelioma; ovarian, breast, and pancreatic cancers; and glioblastoma. 

A team at the National Cancer Institute, including Rosenberg, 
has also reported successes with CAR T cell therapy, focusing on 
patients with refractory diffuse large B-cell lymphoma, an aggres-
sive disease for which survival without treatment is measured in 
months. Following treatment with CD19-targeting T cells, 22 of 
27 patients had either complete or partial remissions; 10 have 
remained cancer free for up to 37 months (ASH 2014, Abstract 
550, 2014). These and other trials have demonstrated that CAR 

CAR T-CELL DEALS

Institution/Company Date Partner Terms

University of 
Pennsylvania August 2012 Novartis Undisclosed

Celgene March 2013 Bluebird Bio, Baylor 
College of Medicine

Unspecified upfront payment plus up to $225 million per product in 
option fees and milestone payments

Cellectis June 2014 Pfizer $80 million upfront plus up to $185 million per product and royalties

Cellectis January 2015 Ohio State University Undisclosed

Kite Pharma January 2015 Amgen $60 million upfront and up to $525 million per product in milestone 
payments, plus royalties on sales and IP licensing

MD Anderson January 2015 Ziopharm, Intrexon $100 million in stock and $15–20 million/year for 3 years

CAR T-CELL BIOTECH IPOs

Company Date Value

Kite Pharma June 2014 $134.1 million

Bellicum December 2014 $160 million

Juno December 2014 $264.6 million

Cellectis February 2015 $115 million
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T-cell therapies can successfully treat leukemias and lymphomas
in some patients for whom there are no other treatments. 

There are currently many other CAR T-cell trials underway in 
leukemia and lymphoma, and more beginning in the near future. 
Scientists in this arena are energized by these and other results, 
and many see CAR T-cell therapies as the future of cancer treat-
ment. “I believe these trials indicate that chemotherapy may be 
on its way out,” says MD Anderson’s Cooper.  g

Vicki Brower is a freelance science writer living in New York City.

sAVE TIME

sAVE MONEY

 Antibodies    ELISA Kits  
 Biochemicals  Primary Cells  
 Cell Lines    Growth Media
 Proteins    Cytokines  
  Inhibitors/Compounds 

… and much, much more!

www.cedarlanelabs.com/SAVE

Search by manufacturer product code 
and view live USD pricing when shop-
ping for research kits and reagents at  

www.cedarlanelabs.com/SAVE

SAFETY CONCERNS
Despite the growing number and length of remissions using 
CAR T-cell therapy to treat leukemias and lymphomas, key 
challenges remain—first and foremost, safety. There have 
been a half-dozen treatment-related deaths in the Univer-
sity of Pennsylvania and Juno trials in the past few years 
that involve a major side-effect of CAR T-cell therapy called 
cytokine-release syndrome (CRS). T-cell activation causes 
the release of inflammatory cytokines, producing symptoms 
including high fevers, aches, hypotension, and, more rarely, 
pulmonary edema and neurologic effects such as delirium. 

Researchers tie the severity of what they call a “cytokine 
storm” to tumor burden—a patient’s total mass of cancer tissue 
or quantity of malignant cells. One hypothesis for this is that 
higher tumor burden seems to incite a stronger immune reac-
tion. Moreover, the deaths have all occurred in adults, some of 
whom had serious underlying medical issues, and others who 
had undiagnosed infections. Interestingly, children seem rela-
tively resistant to severe CRS and, when they get it, are more 
easily managed, says Michel Sadelain of Memorial Sloan Ket-
tering and Juno. “Adults do not tolerate the treatment as well as 
children, in whom the cells differ in speed of action and persis-
tence,” Sadelain says. Treatment with an anti-IL6 antibody, or 
in severe cases, corticosteroids, can mitigate a cytokine storm’s 
severity, as can dosing with lower numbers of CAR T cells.

“In our trial [on diffuse large B-cell lymphoma], we saw that 
toxicity was reduced in patients who received low-dose chemo-
therapy rather than high-dose [prior to CAR T-cell treatment], 
and lower numbers of engineered T cells [than given previously],” 
says James Kochenderfer of the National Cancer Institute (NCI). 

Bellicum is partnering with the University of Leiden in the 
Netherlands and the NCI, among others, to develop “suicide 
switches,” or safety on-and-off switches that are incorporated 
into CAR T-cell candidates to control T-cell activation and 
proliferation. And Juno’s second-generation “armored” CAR 
technologies include mechanisms to dampen T-cell activation. 
“It will be important to find new ways to overcome toxicity of 
CAR T cells,” says the Weizmann Institute’s Zelig Eshhar.
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READING FRAMES

In 2002, Larry Donehower of Baylor Col-
lege of Medicine in Houston, Texas, was 
creating a mouse model to explore the 

workings of the tumor suppressor gene 
p53 when he made a surprisingly fruitful 
mistake. Donehower had used an unfa-
miliar technique to create a mouse with 
p53 knocked out, and so, instead, he ended 
up with mice in which the gene was not 
only still present, but hyperactive. Predict-
ably, his super-p53 critters proved highly 
resistant to developing tumors. But what 
no one expected to see was that they aged 
exceptionally fast: within months their 
fur was bedraggled and gray, their backs 
hunched, and they died prematurely, losing 
about 30 percent of their normal life span.

That aging and cancer were related was 
common knowledge, since the risk of can-
cer increases with age. But few suspected 
they might be two sides of the same coin, 
sharing a mechanism through which the 
scales could be tipped either way.

As I researched and wrote p53: The Gene 
That Cracked the Cancer Code, I became 
intrigued by how often apparent experimen-
tal failures have provided vital clues to unrav-
eling the mysteries of this particular gene.

Even the discovery of p53, in 1979, 
was arguably the result of failure. By coin-
cidence, four different labs, working inde-
pendently and unaware of each other’s 
quests, discovered p53 simultaneously. 
Three were working with the oncogenic 
monkey virus SV40, trying to isolate the 
specific viral gene and its protein prod-
uct responsible for causing tumors. But no 
matter how hard they tried, none of the 
groups was able to separate the viral pro-
tein from one produced by the host cell—
a protein with a molecular weight of 53 
kilodaltons, which seemed to piggyback 
on the viral protein. Fellow scientists were 
apt to dismiss the pesky cell protein as a 

contaminant. Fortunately, the research-
ers—David Lane in London, Arnie Levine 
in Princeton, and Pierre May in Paris—
recognized something significant, though 
they had little clue as to just how signifi-
cant it would turn out to be. They pub-
lished their results and turned their atten-
tion to figuring it all out.

The first step was to clone the gene 
coding for the mysterious piggybacking 
host protein in order to obtain endless 
copies for research. But those early clones 
turned out to be mutants, which led 
everyone up a blind alley. They suggested 
p53 was an oncogene, a tumor driver, 
rather than a tumor suppressor. It was 
only when Levine’s clone failed repeatedly 
to reproduce everyone else’s results that 
the light bulb went on: his was the only 
normal clone, and it didn’t cause cancer. 
Clearly, normal p53 was not an oncogene.

Not long after researchers recognized 
p53 as a tumor suppressor, experiments 
showed that the gene product’s modus 
operandi is to ensure faithful copying of 
DNA when cells divide. If DNA is damaged 
during mitosis, p53 stops the cell cycle in 
its tracks, and sends in the repair team 
before allowing the process to proceed. 
Once again, it was a failed experiment that 
revealed yet another, more potent ploy 
in the gene’s  anticancer repertoire: p53’s 
product can induce senescence and even 
suicide in cells that are beyond repair. 

At Israel’s Weizmann Institute in 
1990, Moshe Oren was moving his small 
lab to another room. Unbeknownst to him 
and his team, the thermostat malfunc-
tioned on one of two cabinets containing 
rat embryo fibroblast cultures with iden-
tical p53 mutants plus the oncogene ras. 
In the affected cabinet, where the tem-
perature was lower, the cells’ transfor-
mation was inhibited and their growth 

was arrested, while they continued to 
transform and proliferate in the neigh-
boring cabinet under what the research-
ers believed were the exact same condi-
tions. It took time and repeated failure of 
the experiment in the faulty cabinet for 
Oren to grasp what was happening, and 
to realize that they had stumbled across 
an invaluable tool in molecular biology: a 
p53 mutant that was temperature-sensi-
tive, behaving like wild type below 32 °C 
and a mutant at 37 °C. But most impor-
tantly, working with this new tool they 
soon made the heady discovery that the 
wild-type gene can force cancer cells to 
kill themselves by apoptosis.

Many other apparent failures pep-
per the study of p53, and most suggest 
a universally relevant lesson: never be 
too ready to dismiss as scientific failures 
things that don’t go the way we expect, 
for setbacks may prove fruitful after all. g

Sue Armstrong is a science writer and
foreign correspondent. Her previous book, 
A Matter of Life and Death: Inside the 
Hidden World of the Pathologist, was 
published in 2010. Read an excerpt of 
p53: The Gene That Cracked the Cancer 
Code at www.the-scientist.com.

The tale of p53, a widely studied tumor suppressor gene, illustrates
the inventiveness of researchers who turn mishaps into discoveries.

BY SUE ARMSTRONG

Setbacks and Great Leaps

Bloomsbury USA, February 2015
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CAPSULE REVIEWS

Junk DNA: A Journey Through
the Dark Matter of the Genome 
Nessa Carey 
Columbia University Press, March 2015

Can we please stop call-
ing non-protein–coding 
DNA “junk?” We’ve had 
more than a decade—since 
researchers first sequenced 
the human genome in 
2001—to come to grips with 

the fact that 98 percent of our DNA doesn’t 
get translated directly into proteins. And in 
the intervening years, what was initially con-
sidered perplexingly abundant detritus has 
evolved into a wondrous genomic landscape 
that hasn’t disappointed intrepid explorers. 
Imperial College London molecular biol-
ogist and author Nessa Carey details this 
transformation and the progress science has 
made in her latest book, Junk DNA.

Carey examines the importance of 
noncoding DNA, from its role in control-
ling gene expression to the ways in which 
it influences RNA behavior, disease pro-
gression, and sex determination. Although 
we can now be sure that 98 percent of 
the human genome is anything but junk, 
researchers are only just beginning to fully 
appreciate the complex influence of all 
that once-maligned genomic material.

Junk DNA serves as a nice primer for 
the still-uninitiated, but here’s to hoping 
that continued research, and the emerg-
ing view that genomes behave like net-
works rather than a string of isolated 
genes, soon relegates the J-word to the 
junk pile of science history.

Cuckoo: Cheating by Nature 
Nick Davies 
Bloomsbury, April 2015

Cuckoos are masters 
of the art of deception. 
The medium-size, gray-
ish birds have evolved 
a reproductive strategy 
called brood parasitism, in 
which they lay their eggs 

in the nests of other bird species, duping 
those hapless parents into rearing cuckoo 

young. Although there are other brood
parasites among birds, fish, and insects, 
behavioral ecologist Nick Davies has made 
the cuckoo the lens through which he 
views the fascinating adaptation. 

In Cuckoo, he relays the history of 
how science has viewed the behavior—
from early observers, who struggled to 
fathom why the Creator made an animal 
with so little affection for its own off-
spring, to Charles Darwin, who reasoned 
that the interplay between cuckoo and 
host bird species reflected the same evo-
lutionary arms race he’d noted between 
predator and prey.

Davies shares insights into his years of 
research on the specifics of how the cuckoo 
evolved brood parasitism. His obvious pas-
sion for observing cuckoos, their host birds, 
and the behavioral and physical traits that 
make them nature’s perfect cheat is liable 
to spark similar stirrings in aspiring natu-
ralists who read this book.

Sapiens: A Brief History of Humankind 
Yuval Noah Harari 
Harper, February 2015

Human beings are the most 
destructive force this planet 
has ever seen. We change 
the climate, extirpate entire 
species, and transform eco-
systems. But just how has 
our species come to domi-

nate the Earth? Such is the weighty ques-
tion tackled by historian Yuval Harari in 
his latest book, the international best-seller 
Sapiens: A Brief History of Humankind. 
“The most likely answer is the very thing 
that makes the debate possible,” he writes. 
“Homo sapiens conquered the world thanks 
above all to its unique language.”

And with language, Sapiens (as 
Harari refers to the species in the book) 
has created powerful myths about gods, 
money, politics, and human rights. These 
myths, when codified and shared, can 
draw together multitudes of individuals 
into cohesive groups. And in numbers, 
there is strength.

Harari recounts the meteoric rise 
of our species in light of the advantages 

bestowed upon us by our supple and
descriptive language. But the attribute 
that made us so powerful could be our 
undoing. The author decries the seeming 
aimlessness with which Sapiens wields 
its unique skill set. “We are more power-
ful than ever before, but have very lit-
tle idea what to do with all that power,” 
he writes. “We are consequently wreak-
ing havoc on our fellow animals and on 
the surrounding ecosystem, seeking little 
more than our own comfort and amuse-
ment, yet never finding satisfaction.”

 
Cool: How the Brain’s Hidden Quest  
for Cool Drives Our Economy  
and Shapes Our World 
Steven Quartz and Anette Asp 
Farrar, Straus and Giroux, April 2015

Fads may come and go, 
trends fluctuate, but cool 
is always in style. Even the 
word, likely co-opted to 
mean something hip or au 
courant around the late 19th 
century, retains its meaning 

among toddlers and tweens, the middle-
aged and octogenarians. But why are we so 
universally attracted to things that are cool? 
The answer may lie deep in our brains, argue 
cognitive scientist Steven Quartz and politi-
cal scientist Anette Asp in Cool. 

The authors suggest that the brain’s 
cool circuits, which probably involve the 
medial prefrontal cortex and the stria-
tum, likely drive the consumerism that so 
dominates myriad human cultures. Cool, 
in fact, is intimately related to our desire 
to possess, Quartz and Asp write. “Cool 
turns out to be a strange kind of eco-
nomic value that our brains see in prod-
ucts that enhance our social image.”

The evidence for their model comes 
from studies involving functional mag-
netic resonance imaging (fMRI)—not the 
most rigorous of neuroscientific tech-
niques—but they make a compelling 
case, in a series of consumer scenarios, 
that our modern-day spending habits 
reach back deep into our evolutionarily 
enhanced drive to be socially accepted. 

 —Bob Grant
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Successful Transfection of CRISPR & Co.
Successful genome editing using ZFN, 
TALEN or CRISPR requires efficient delivery 
of such tools into the cell type of interest. 
Lonza’s non-viral Nucleofector™ Technology 
has been shown to work as a reliable and 
sufficient method for co-transferring the 
required DNA- or RNA-based components 
into hard-to-transfect cell types, e.g., pri-
mary T cells, human embryonic or induced 
pluripotent stem cells (hESC or hiPSC).

LONZA WALKERSVILLE, INC.
1-800-521-0390
scientific.support@lonza.com 
www.lonza.com/genome-editing

Label-Free Automated Cell  
Migration Assay
The ECIS (Electric Cell-Substrate Impedance
Sensing) Wound Healing Assay replaces the
traditional “scratch” or “scrape” assay. Instead  
of disrupting the cell layer mechanically with  
a toothpick, needle or pipette tip and following
the migration of cells to “heal” the wound 
with a microscope, electric signals are used to 
both wound and monitor the healing process. 
Additionally, the ECM protein coating on the 
electrode is not damaged (or modified) if using  
the electric fence method.

APPLIED BIOPHYSICS
Phone: (866) 301-3247
www.biophysics.com

New 2015-16 Worthington Enzyme  
Product Guide/Catalog Available
Worthington’s 2015-16 Catalog & Product Guide 
features enzymes, biochemicals and primary cell 
isolation kits for applications in Life Science Research, 
Diagnostics & Biotechnology. New and existing 
products are included for applications in Primary 
Cell Isolation & Cell Culture, Protein Sequencing, 
Enzymology & Molecular Biology. New products 
include Animal Origin Free (AOF) STEMxyme® Collagenase/Neutral Protease 
(Dispase®) Blends, Collagenases, DNase, RNase T2 and other enzymes for 
regenerative medicine, biopharma  & vaccine production applications. As an 
ISO9001 Certified primary manufacturer, Worthington can meet enzyme 
requirements from research-scale to bulk bioprocessing quantities. 

WORTHINGTON BIOCHEMICAL CORP.
730 Vassar Ave, Lakewood, NJ  08701
Tel: 800.445.9603/732.942.1660 • Fax: 800.368.3108/732.942.9270
Worthington-Biochem.com

Stellaris FISH (fluorescence in situ hybridization) is an RNA 
visualization method that allows for simultaneous detection, 
localization, and quantification of individual RNA molecules using 
fluorescence microscopy. The Stellaris RNA FISH technology is 
versatile toward many sample types and applications. Our suite of 
RNA FISH products: Buffers, DesignReady Assays, ShipReady Assays, 
and Custom Assays, contribute to a more robust system for RNA 
detection and analysis. 

Stellaris ShipReady Assays 
ShipReady Assays significantly improve ease of use for the Stellaris 
technology by providing convenient, ready-to-ship positive controls 
against mouse or human reference and long non-coding RNAs. These 
products have been verified on cell lines and produce the expected signal. 
Stellaris ShipReady Assays have a 1 nmol delivery and are available in the 
Quasar 570 dye. 

Stellaris DesignReady Assays 
Biosearch Technologies’ DesignReady Assays take the guess-work out 
of designing your own assay. These pre-designed, catalogued assays 
have gone through rigorous bioinformatic analysis to ensure specificity. 
DesignReady Assays are made-to-order, with a 5 nmol delivery, and 
many of them are available in the following dyes: CAL Fluor® Red 590, 
Quasar® 570, CAL Fluor Red 610, and Quasar 670.

Stellaris RNA FISH Buffers 
Stellaris RNA FISH Hybridization and accompanying Wash Buffers 
provide a convenient workflow solution for Stellaris applications.  
The buffers contain proprietary additives to enhance detection, 
particularly for assays that typically exhibit more pronounced background 
fluorescence. We have updated our current protocols so that you may 
effortlessly integrate these new buffers into your experiments.

BIOSEARCH TECHNOLOGIES, INC.
415-883-8400
1-800-GENOME-1 (US & Canada Only)
Stellaris@biosearchtech.com
www.biosearchtech.com

Now, You Have More Options  
with Stellaris® RNA FISH
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The QX200™ AutoDG™ Droplet  
Digital™ PCR System Is Here

Bio-Rad Laboratories, Inc.
1000 Alfred Nobel Drive
Hercules, CA 94547
Tel: 1-510-741-1000
www.bio-rad.com

In a Complicated World, the Future Just Got Simpler

Bio-Rad’s Droplet Digital™ PCR (ddPCR™) Systems gave scientists 
the power to unveil new discoveries through precise and absolute 
nucleic acid quantification. The new Automated Droplet Generator 
(AutoDG) simplifies the ddPCR workflow, making digital PCR both 
scalable and practical.

Simplifies the ddPCR Workflow and Minimizes Hands-On Time

• Generates droplets for 96 ddPCR reactions in less than 45 minutes

• Guides setup in less than 5 minutes with large,  
   color touch-screen interface

• Requires no supervision or hands-on activity during  
  droplet generation

Eliminates User-to-User Variability and Offers Flexibility

• More consistent droplet counts across users and plates

• User-definable plate layout 

• A single AutoDG can keep multiple QX100™ or QX200™  
  Droplet Readers running

Learn more at bio-rad.com/info/autodg4

Sigma-Aldrich has combined scientific expertise with a history  
of working with pharma, resulting in a focus to strengthen and support 
Translational Research to improve the quality of life. As your partner  
in drug discovery, Sigma-Aldrich provides the information and 
resources you need to make critical discoveries and stay on the leading 
edge of cancer research. Trust Sigma-Aldrich for cancer research 
solutions, from high-quality biochemical reagents to innovative 
research tools. Sigma-Aldrich provides you with the broadest range  
of cancer research products, backed by unrivaled scientific knowledge, 
and best-in-class customer and technical service.

Sigma-Aldrich offers a comprehensive portfolio of solutions to 
support every stage of drug discovery for cancer research, including:

• Cancer Model Systems

• Cellular Analysis

• Signaling Pathway Analysis

• Cancer Genomics

• Targeted Gene Analysis

 
Sigma-Aldrich delivers scientific expertise along the drug discovery 
pipeline, from target selection through clinical trials, connecting 
biologist, chemists, academia and pharma along the way. Rediscover 
the power of your research with accurate and reproducible cancer 
research tools from Sigma-Aldrich.

©2015 Sigma-Aldrich Co. LLC. All rights reserved. SIGMA-ALDRICH  
and SIGMA are registered trademarks of Sigma-Aldrich Co. LLC,  
registered in the US and other countries.

SIGMA-ALDRICH
3050 Spruce Street
St. Louis, MO 63103
sigma-aldrich.com/cancer

Solutions for Cancer Research
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We’re all about making protein analysis simpler, and boy do we 
have some big things in store for you! We’re talking two new Simple 
Western assays: one for total protein detection and another for high 
molecular weight protein analysis. How’s that for a double-whammy?

Regardless of your application, Simple Western assays on Wes  
are still a POC (piece of cake!). Just add your samples and primary 
antibody or labeling reagent to the pre-filled assay plate. Pop in Wes’ 
capillary cartridge and load the plate. Push start and in just 3 hours  
get quantitated size-based separation data on up to 25 samples.  
After the run, toss the used cartridge and plate and you’re done.

Want to find out how you can get your hands on Wes and the new 
assays? Shoot us an email at info@proteinsimple.com - we’ll be on 
our toes =)

ProteinSimple
3001 Orchard Parkway
San Jose CA 95134
Phone: 408-510-5500
Toll-free: 888-607-9692
Email: info@proteinsimple.com
proteinsimple.com

Simple Westerns just got even simpler.

Figure: The Effectiveness of Four MEK Inhibitors in Seven Cancer Cell Lines was Assessed 
using R&D Systems ELISAs.

R&D Systems ELISAs can provide the same amount of data as 
approximately eight Western blots and in less time. More important, 
the data obtained from our ELISA assays exhibit excellent correlation 
with results from Western blots performed in parallel. These 
ELISA-based formats provide a more efficient way to optimize your 
experimental conditions and clarify the best way forward.

Choose From 3 Intracellular ELISA Formats to Optimize  
Your Research:

• DuoSet® IC ELISA Development Systems
• Cell-Based ELISA Kits
• Surveyor™ IC ELISA Kits

Interact with the data above and learn more about our ELISA 
formats for intracellular targets at RnDSystems.com/Optimize.

Get to the Bottom of Your Signal  
Transduction Research Faster

R&D SYSTEMS, INC.
RnDSystems.com/Optimize
1-800-343-7475
info@RnDSystems.com
www.rndsystems.com



82 THE SCIENTIST | the-scientist.com

 T
he

 G
ui

d
e

Figure: Standard cDNA samples serially diluted 5-fold and amplified in 5 replicates. 

When preparing biological samples, you need a lab assistant you 
can trust, one that is focused on consistency and reproducible 
results across 10s and 100s of samples. Advancing your science and 
increasing the pace of your experiments is your job; being tied to the 
bench for routine pipetting tasks doesn’t have to be! Free up your 
time for scientific analysis and publications, work with fewer technical 
replicates and improve experimental accuracy across a breadth of 
different applications:qPCR, NGS, cell toxicity assays, serial dilutions, 
and more.

qPCR assays
Numerous technical replicates are often included in the experimental 
design in order to compensate for user inconsistencies; however, that 
wastes samples, time and reagents. PIPETMAX® prepares every assay 
with proven consistency, delivering high precision and accuracy in 
routine pipetting tasks. The versatility of PIPETMAX allows you to run 
a multitude of different applications, providing you with an accurate, 
multi-tasking, experiment-driven assistant allowing you to save bench 
space and  money. PIPETMAX supports many types of labware, 
devices, and samples with hardware and software built to meet your 
specific methods.

qPCR Assistant software carries out the qPCR method setup for 
you, reducing technical variability and eliminating sample cross-
contamination... all at your fingertips on your PIPETMAX touch  
screen tablet!

• Maximize qPCR sample prep accuracy and reproducibility 
• Eliminate inherent variability 
• Eliminate sources of contamination
• Increase data import/export consistency in seconds

Learn more about qPCR experimental accuracy:   
www.pipetmax.com

GILSON, INC.
www.gilson.com
3000 Parmenter Street
Middleton, WI 53562
800-445-7661

How can you improve your experimental  
accuracy and traceability?

In 2012, Lonza was awarded a contract to manufacture a clinical grade induced 
pluripotent stem cell (iPSC) master cell bank for NIH Center for Regenerative 
Medicine. Because existing technologies had their limitations, Lonza first needed 
to develop a robust, xeno-free and defined culture system in order to create this 
clinical grade master cell bank. The resulting L7TM hPSC Culture System supports 
every-other-day feeding of hPSCs while maintaining pluripotency, differentiation 
potential and normal karyotype.

Components of the culture system includes:

• L7™ hPSC Passaging Solution – non-enzymatic, chemically-defined  
   PSC subculture reagent

• L7™ hPSC BulletKit – culture medium optimized to support maintenance  
   of hiPSCs and hESCs under every other day feeding conditions

• L7™ hPSC Matrix -  chemically-defined matrix supporting the feeder- 
   free culture of hPSCs

• L7™ hPSC Cryosolution - Allows cryopreservation of precious hPSCs  
   under defined conditions

LONZA WALKERSVILLE, INC.
1-800-521-0390
scientific.support@lonza.com 
www.lonza.com/stem

L7™ hPSC Culture System

Challenges with Using  
Stem Cells

Variability – Lot to lot variation of 
culture system components cause 
unpredictable results.

Translational potential – Most 
research products are not suitable 
for clinical manufacturing.

Differentiation bias – Leading 
products have high FGF in the medium 
which can interfere with downstream 
differentiation processes. 

Issues associated with traditional 
passaging methods  – Low viability, 
enzymatic stress, and single cell 
suspensions post detachment cause 
unforeseen downstream issues.  

L7™ Solution

Defined – All components of the 
L7™ hPSC Culture System are 
defined creating a robust system 
for hESCs and hiPSCs.

Regulatory Friendly – L7™ is xeno-
free, defined and GMP-compatible 
which allows for a more straight-
forward path to clinical applications.

Optimized formulations – New 
basal medium for hPSCs and 
optimized supplement supports 
efficient differentiation to cells from 
all three germa layers.

Simplified passaging – L7™ hPSC 
Passaging Solution detaches hPSCs 
as multi-cellular aggregates with 
high viability and reattachment 
while maintaining normal karyotype.
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Methotrexate is a drug used in the treatment of cancer and autoimmune 
disease. It is designed as an anti-folate to inhibit the metabolism of folic 
acid. Monitoring methotrexate levels is important to assure appropriate 
levels are maintained during therapy or treatment. High levels of 
methotrexate can lead to toxicity and potential renal failure as well as 
immunosuppression. Additionally, methotrexate is known to interact with 
a wide variety of drugs leading to additional complications. Determining 
the presence of methotrexate in samples from subjects in blinded research 
studies can assist in the interpretation of study results.

The Methotrexate ELISA (ENZ-KIT142) enables monitoring levels of 
methotrexate in both preclinical and clinical research. The methotrexate 
assay is also appropriate for the detection of methotrexate contamination 
after its use as a selective agent for recombinant protein production in 
mammalian cell lines.  

• Ultra-sensitive measurement of methotrexate, detecting as little  
   as 0.087 ng/ml

• Broad dynamic range suitable for a large variety of samples  
   (serum, plasma, urine)

• Validated for human, mouse and rat samples

• High throughput format with results in 1.5 hours for up to 38  
   samples in duplicate

• Fully quantitative results that surpass semi-quantitative  
   Western blot analysis

Like all Enzo Life Sciences ELISA kits, the Methotrexate ELISA kit is complete, 
flexible, and put through rigorous fit-for-purpose validation and stability testing 
to ensure high precision, accuracy, sensitivity, and specificity. It is supplied with 
an easy-to-follow protocol, pre-coated microtiter plate and liquid color-coded 
reagents to save the user time and reduce errors. The 96-well break-apart strip 
plate design provides throughput flexibility to minimize waste. 

ENZO LIFE SCIENCES, INC.
10 Executive Blvd
Farmingdale, NY 11735 USA
Phone • Toll Free: 1-800-942-0430
Fax: 610-941-9252
E-mail: info-usa@enzolifesciences.com
Technical Service:  
techserv-usa@enzolifesciences.com
www.enzolifesciences.com
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Strategies for Studying Protein-Protein InteractionsCOMINGSOON

TOPICS TO BE COVERED:
·   The use of small molecules to study protein-protein interactions
·   Protein interactomes
·   Applications for the study of disease pathology and drug interactions

Complex protein interactions underlie many physiological processes involved in development and disease. Over the last decade the traditional toolset used  
to study protein interactions has expanded. Biological and chemical approaches have been identified that enable high throughput analysis and the 
identification of molecular probes and drug targets. The Scientist brings together a panel of experts to discuss emerging technologies for studying protein-
protein interactions. Attendees will have an opportunity to interact with the experts, ask questions, and seek advice on topics that are unique to their research.

WEBINAR SPONSORED BY:

MICHELLE ARKIN, PhD 
Associate Professor, Pharmaceutical Chemistry
Associate Director, Small Molecule Discovery Center
University of California, San Francisco

THURSDAY, APRIL 9, 2015
2:30–4:00 PM EDT

MARC VIDAL, PhD 
Director, Center for Cancer Systems Biology, 
Dana-Farber Cancer Institute
Professor, Department of Genetics
Harvard Medical School

REGISTER NOW! 
www.the-scientist.com/proteininteractions 
The webinar video will also be available at this link.

Characterization of ADA response. 
How much do you need to know?

Characterization of the anti-drug antibody (ADA) response caused by biotherapeutics, such as multidomain biologics, antibody-drug conjugates, 
and some monoclonal antibody drugs, can provide valuable information about the safety and efficacy of the drug, but can also pose a significant 
challenge to assay developers. As experience is gained with the increasing number of biologics and biosimilars on the market and in development, 
a more complete characterization of the clinical impact of ADA on these therapies will be critical to successful launch and post-launch strategies. 
The Scientist brings together a panel of experts to discuss strategies to study and characterize immune responses and to highlight emerging 
bioanalytical techniques used for their assessment. The panelists will discuss the use of automation to characterize biologics-induced ADA, 
including both the use of assays to mitigate soluble target interference and the detection of IgG4 ADAs. Attendees will have an opportunity  
to interact with the experts, ask questions, and seek advice on topics that are unique to their research needs.

MICHAEL ANDERSON, PhD 
President and Chief Scientific Officer
BDS ImmunoAssay Services 

WEDNESDAY, APRIL 8, 2015
2:30–4:00 PM EDT

REGISTER NOW! 
www.the-scientist.com/ADAresponse
The webinar video will also be available at this link.

WEBINAR SPONSORED BY:

COMINGSOON

SHENG DAI, PhD 
Principal Scientist, Biologics Clinical Pharmacology
Janssen Research & Development, LLC
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ONDEMAND PCR: Moving Beyond Traditional Methods
Conventional PCR has been widely adapted as a reliable way to quantify nucleic acids. Next-generation PCR techniques are emerging 
offering higher sensitivity and greater reproducibility. In this webinar our panel of experts discuss advances in quantitative PCR and emerging 
technologies, including digital PCR. 

WATCH NOW! www.the-scientist.com/PCRadvances

ANDREW T. LUDLOW, PhD 
Postdoctoral Research Fellow
University of Texas Southwestern Medical Center

WEBINAR SPONSORED BY:

JIM HUGGETT, PhD 
Principal Scientist
Nucleic Acid Research
LGC, United Kingdom

JO VANDESOMPELE, PhD 
Professor
Ghent University, Belgium
CSO and co-founder
Biogazelle

ONDEMAND New Models and Tools for Studying  
Synaptic Developmemt and Function

Establishment of neural circuits is a tightly regulated process coordinated by a series of cellular and molecular mechanisms. Within the neural 
circuitry, electrical and chemical information is transferred at the synapse. Dysregulation of synapse formation or function has been linked to 
a variety of neurological diseases including autism, schizophrenia, addiction, dementia, and Alzheimer’s disease. In this webinar our panel of 
experts discuss emerging technologies for studying synapse development and function.

WATCH NOW! www.the-scientist.com/synapticdevelopment

LOREN LOOGER, PhD 
Group Leader
HHMI
Janelia Farm Research Campus

DONALD ARNOLD, PhD 
Professor 
Department of Biological Sciences
University of Southern California

ED BOYDEN, PhD 
Associate Professor 
MIT Media Lab and McGovern Institute
MIT Department of Biological Engineering 
  and Brain and Cognitive Sciences

WEBINAR SPONSORED BY:
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Discounted Registration Deadline: April 7, 2015
Abstracts can be submitted online through this date. 

To see the full program and for additional details,  
visit www.keystonesymposia.org/15E5.

Join Keystone Symposia
for the 2015 conference on:

MicroRNAs and  
Noncoding RNAs in Cancer 
June 7–12, 2015 
Keystone Resort 
Keystone, Colorado, USA
Scientific Organizers: Frank J. Slack, Manel Esteller and Lin He
This meeting focuses on the exciting biology of microRNAs and noncoding RNAs in controlling 
developmental and cancer processes like cell proliferation, differentiation, cell cycle, apoptosis 
and metastasis, as well as the latest efforts to harness the power of these RNAs as agents in the 
fight against cancer. In addition, this meeting brings together the best researchers working in 
small RNAs and cancer in one place for critical discussions that should advance the field and 
accelerate the benchside-to-bedside use of this technology. It will also provide a stimulating 
environment in which students, postdocs and junior investigators can present and discuss  
their research in the company of the best minds in the field.

Session Topics: 
•  Small RNAs in Development
•  MicroRNAs in Development
•  MicroRNAs in Animal Development
•  MicroRNAs and Cancer I, II & III
•  Noncoding RNA in Development and Physiology
•  Long ncRNAs and Cancer

CONFIRMED SPEAKERS 
(as of January 21, 2015):

Irene Bozzoni
George A. Calin
Carlo M. Croce*
George Q. Daley
Aurora Esquela-Kerscher
Manel Esteller
Elsa R. Flores
Richard I. Gregory
Helge Großhans
Mitchell Guttman
Lin He
Eva M. Hernando
Eran Hornstein
Joshua T. Mendell
Silvia Monticelli
Kevin V. Morris
Pier Paolo Pandolfi
Amy E. Pasquinelli
John L. Rinn
Michael G. Rosenfeld
Anita G. Seto
Frank J. Slack
David L. Spector
Joan A. Steitz*
Markus Stoffel
Sohail F. Tavazoie
Andrea Ventura
Xiao-Fan Wang
Anton Wutz 

*Keynote speaker

•  Workshop 1: miRNA Biogenesis/ 
  Turnover/Mechanism
•  Workshop 2: Industry Applications
•  Workshop 3: Breaking News

PO Box 1630 | 160 US Highway 6, Suite 200 | Silverthorne | Colorado | USA
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Register Early for Savings up to $400!
Please mention Keycode O75 when registering

PEGSummit.com

Cambridge Healthtech Institute’s 11th Annual

Companies A-K: 
Jason Gerardi  
Manager, Business Development 
781-972-5452  
jgerardi@healthtech.com

Companies L-Z: 

Carol Dinerstein 
Director, Business Development 
781-972-5471  
dinerstein@healthtech.com

For sponsorship and exhibit information, please contact:
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In 1837, over the objections of skeptical
colleagues, Alfred François Donné set 
up 20 microscopes at his own expense 

in the lecture hall of the Medical Fac-
ulty of Paris. There, he provided practi-
cal microscopy lessons to students. His 
goal was to make microscopy a standard 
part of medical practice, an aim he had 
already championed with the invention 
of a foldable pocket microscope. 

When Louis Daguerre presented his 
brand-new photographic technique in 
1839, Donné leapt at the chance to mod-
ify it to capture his microscopic images 
to spice up his lectures to ever-growing 
audiences. Donné’s adoption of such cut-
ting-edge technology established him as a 
pioneer in the use of photographs—rather 
than hand-drawn sketches—to communi-
cate scientific discoveries.

One of Donné’s students, John Hughes 
Bennett, only briefly attended the French-
man’s microscopy course in 1841, but four 
years later would credit Donné’s enthu-
siasm for inspiring his own microscopic 
investigation of a patient with an enlarged 
spleen and liver. In the patient’s blood, 
Bennett found a large number of “color-
less corpuscles,” or white blood cells. He 
named the disease leucocythemia, a con-
dition we now know as leukemia.

A case describing leukemia-like symp-
toms was first published in 1811, but the few 
early reports suggested that patients’ thick 
and milky-white blood was not the result 
of an overabundance of living white blood 
cells, but rather due to the blood’s deterio-
ration into pus, which contains dead leuko-
cytes. “When we get samples from patients, 
we always see the white layer, and for us, 
it’s normal,” says Kim Kampen, a leukemia 
researcher at the University Medical Cen-
ter Groningen in the Netherlands who has 
written a history of the disease’s discovery 
(Leukemia Research, 36:6-13, 2012). “But 
[back then] they didn’t know what it was.”

Bennett was the first physician to rec-
ognize that leukemia was a systemic dis-

ease rather than a localized infection, but 
he was not the first to produce microscopic 
images of diseased blood. That distinc-
tion instead belongs to Donné. In 1845, 
Donné published 80 engravings based on 
his daguerreotypes of crystals, cells, milk, 
pus, blood, and more, most at 400x mag-
nification. Some of the samples pictured in 
the supplement to his 1844 book, Cours de 
Microscopie Complémentaire des Études 
Médicales, were sent to him by colleagues 
in 1839, and were taken from a woman 
who died of an abdominal tumor (see 
image). At first, Donné also thought that 
the blood might contain pus, “but in the 
end, I was able to observe a clear-cut dif-
ference between [pus] cells, and the white 
cells,” he wrote. “What you see here is a 
representation of what you still see when 
you extract the bone marrow from a leu-
kemic patient,” Kampen says.

Today, the credit for the discovery of 
leukemia often goes to Rudolf Virchow,  

who gave the disease the name we now 
know it by in 1847. But the contribu-
tions of Donné, Bennett, and others were 
critical, Kampen says. “They talked to 
each other and learned from each oth-
er’s knowledge. . . . You really accomplish 
much more if you collaborate, and I think 
that’s still the case.” 

BY JENNY ROOD

Leukemia Under the Lens, 1845

OF BLOOD AND PUS: Alfred Donné’s micro-
scopic views of bodily fluids, published in  
the supplement to Cours de Microscopie in 1845, 
allowed for a clearer distinction between white 
blood cells and pus, which were often confused 
by Donné’s contemporaries. Such investiga-
tions provided a clue to the origins of leuke-
mia as a disease. A) Red and white blood cells 
from a leukemic patient; B) and C) “mucous 
globules,” or white blood cells, from the same 
patient; D) mucous globules treated with  
acetic acid to visualize nuclei; E) recently 
secreted pus globules from a different patient; 
F) pus globules treated with acetic acid to  
visualize nuclei. 



As a U.S. based primary manufacturer of the highest quality detection 
reagents, Vector Laboratories is able to provide our products to 
customers in standard, bulk and OEM formats, at low cost directly from 
our facilities.

Producers of innovative products including: VECTASTAIN® ABC Kits  •   ImmPRESS™ 
Enzyme Polymer Reagents  •   Mouse on Mouse (M.O.M.™) Kits  •   ImmPACT™ Substrates   
Avidin/Biotin Systems  •   Secondary Antibodies  •   NEUROBIOTIN™ Tracers  •   Lectins  
VECTASHIELD® Mounting Media

PIONEERS in State of the Art

Labeling & Detection 
In Situ Hybridization
DNA/RNA Applications
Immunofluorescence
Immunohistochemistry
Multiple Antigen Labeling
Neuronal Tracing
Blot Detection
Enzyme Immunoassays
Glycobiology Studies
Cellular Imaging
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Issues with your tissues?
Process all your slides in 
a SNAP for streamlined IHC.
Variability – it’s the challenge you face in traditional 
immunohistochemistry (IHC) experiments. If you’re 
handling slides manually, using pap pens, pipetting, 
dipping and pouring, you risk slide-to-slide process 
variability, which may affect your results. 

Experience a controlled vacuum force that removes 
solutions evenly from all your slides at once – in seconds.

Experience minimal slide handling, with blocking, 
washing, antibody and staining solutions contacting your 
tissues in self-contained reservoirs.

The SNAP i.d.® 2.0 system has been delighting Western 
blot users for years. Now we’ve applied its power to IHC.

EMD Millipore is a division of Merck KGaA, Darmstadt, Germany

Enhance your research with  
the SNAP i.d.® 2.0 system.   
www.emdmillipore.com/IHC

EMD Millipore, the M logo and SNAP i.d. are registered trademarks of Merck KGaA, Darmstadt, Germany. 
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