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Editor’s introduction: There has been a long wait for the Theory of Sampling (TOS) to make any inroads within the medical
profession. Indeed, a few intrepid explorers have tried, but this has resulted only in getting nowhere fast... so far. This column
lays out what can only be described as a paradigm shift within the field of tumour diagnostics, nothing less. And it all came
about because of a young scientist's inspired application of the TOS; indeed “all that was needed” was... a blender. Here our
readers are treated to a fascinating summary of what happened, and how. Talk about structured heterogeneity; talk about a
clean break with grab sampling; talk about inspired use of blending—this column is a shear TOS delight!

A lightbulb moment

Thirty seconds after | was told by Kate
Leith, PhD, to “get a blender” | realised
she was right. By the time | returned
to my desk | had stopped thinking the
suggestion was the most ridiculous thing
| had ever heard, and began wonder-
ing about where | was going to get the
right blender. You see | am a cancer biol-
ogist looking to solve a specific spatial
heterogeneity problem, and Dr Leith is a
biostatistician who is an expert in statis-
tical power analysis. In the days follow-
ing the sentence that forever changed
my career back in 2015, | came to
better understand Pierre Gy's Theory of
Sampling (TOS) and have been work-
ing to apply representative sampling to
cancer diagnostics ever since.

Background: cancer biology

A tumour develops from a single cell that
has incurred enough DNA mutations for
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the cell to begin to proliferate uncontrol-
lably, as the normal checks and balances
within a cell are broken. From that single
cell, a tumour composed of billions and
billions of cancer cells begins to form.
However, as the tumour grows, individ-
ual cancer cells continue to gain unique
mutations. Some of these unique muta-
tions will aid in tumour development
and, therefore, that cancer cell will gener-
ate more cells. This process happens
over and over within a growing tumour
and can generate many distinct popula-
tions of cancer cells, with each popula-
tion containing unique mutations. Thus,
solid tumours are a heterogeneous
mass of distinct cancer cell populations:
a process cancer biologists call tumour
heterogeneity.

A great analogy for thinking about
tumour heterogeneity, borrowed from
my collaborator Dr Charles Swanton, is
a tree. The trunk of the tree represents
all of the DNA mutations found in every
cancer cell within a tumour because they
were the first set of mutations that led to
the formation of the tumour. The bottom
branches represent early DNA mutations
that generated distinct populations of
cancer cells with unique growth proper-
ties within the tumour. As you move up
the tree, each branch is yet another set
of DNA mutations generating yet another

distinct population of cancer cells within
the tumour. The movement from the
bottom of the tree to the top represents
the lifespan of the tumour, such that
the base of the tree is the initiating cell,
and the leaves are the most recent cells.
In this way, a palm tree is similar to a
tumour with a very recent burst of DNA
mutations (low tumour heterogeneity),
whereas an oak tree represents a tumour
with significant DNA mutations through-
out the lifespan of tumour development
(very high tumour heterogeneity).

How it is done traditionally
While readers of this column are very
familiar with Gy's TOS, and have applied
the kind of composite sampling needed
to counteract spatial heterogeneity many
times over, we in cancer biology have
only come to appreciate the full scale
of this problem over the last decade.
While many researchers had under-
stood that cancer cells within a tumour
are not identical for over a century, only
after the technology that enabled the
sequencing of the human genome was
applied to tumours did we fully appre-
ciate the scale of the heterogeneity of
solid tumours. In fact, the initial paper
that demonstrated the sampling prob-
lem in solid tumour diagnostics was
published in 2012," amazingly recent
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given the long history of the practice of
medicine.

The endeavour of cancer biology is
well over 100 years old, and many of the
techniques and methods used to sample
and process tumours date back to the
late 1800s. These innovations enabled
scientists and doctors to cut out portions
of a tumour, cut them into thin slices
(less than half the diameter of a strand of
hair), and place them on a glass slide for
microscopic examination. This approach
has served the medical profession, and
patients well—but they are not fully opti-
mised as we came to realise.

The same instruments and methods
are still used today to provide samples
for cancer diagnosis and more advanced
complex DNA-based tests. Applying
this sampling approach to the tumour
tree analogy, the current solid tumour
sampling method is akin to taking the
trunk and a single branch from an oak
tree. We can tell it is an oak tree, and
can likely determine what DNA muta-
tions caused the first branch to form, but
we are blind to the rest of the tree. To
continue the tree analogy, once we have
taken the sample of the tree and deter-
mined what type of tree it is, we burn
the rest. Quite literally, unused surgical
tumour tissue is routinely and universally
incinerated. My lab takes tumour tissue
that would otherwise be discarded and
uses it as the input for representative
sampling through homogenisation.

What's new
In collaboration with teams led by
Dr Samra Turajlic at the Francis Crick
Research Institute and the Royal Marsden
Hospital, NHS Foundation Trust, we
published the first manuscript describ-
ing our new representative sampling
approach for solid tumours in 2020.2
In this article we compared homogeni-
sation of tumour tissue to many individ-
ual standard biopsy samples taken from
different spatial locations (65 in total),
all from the same tumour. A standard
tissue biopsy sample is akin to drilling
out a core sample in soil or a drill core
through a mineralised rock (ore)—a cylin-
drical excision from solid tissue.

In what may not be all that surprising
to practitioners of the TOS, representative
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Figure 1. Tumours are spatially heterogeneous mixtures of multiple populations of cancer cells
with distinct DNA mutations. Current sampling strategies fail to address the heterogeneity of
tumours as individual biopsy samples cannot capture the diversity of the entire tumour—they are
in fact just grab samples. These standard samples generate biased data depending on the area
of the tumour that was sampled, being blind to the area that was not sampled. Representative
sampling through blending of the residual tumour tissue not taken by pathologists creates a
homogenate that contains the full diversity of the original solid tumour mass. Reproduced from K.
Litchfield et al., “Representative sequencing: unbiased sampling of solid tumor tissue”, Cell Rep.

31(5), 107550 (2020).

sampling of solid tumour tissue enables
the detection of more DNA muta-
tions than do individual samples.
Representative sampling also gener-
ates reproducible aliquots of the origi-
nal homogenised sample, whereas
each individual standard biopsy sample
will contain different combinations of
DNA mutations (Figure 1). We are very
excited about this new approach and are
currently working to expand these find-
ings to more tumours and across more
tumour types (we originally focused on
kidney cancer).

Further refinement
Another aspect of the TOS that we have
integrated into our work (although | must

admit | only realised this after the fact)
is defining the appropriate particle size
for analysis of a heterogeneous lot.* The
tumour tissue that we are homogenising
is transformed from a pliant soft mate-
rial to a very ridged and dense mate-
rial through a process called formalin
fixation. Homogenising fixed tissue in a
blender (very similar to, or possibly the
same blender you have at home in your
kitchen) generates fragments of tumour
tissue containing hundreds to thousands
of cells. We can take that homogenate
and immediately purify DNA or protein
molecules by taking a sub-sample of the
homogenate and breaking down all of
the molecules into a liquid, and specif-
ically purifying just the DNA. However,
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as the unit of heterogeneity within our
sample is a single cell, we wanted to be
able to further process the homogenate
into single cells.

Next, we developed a protocol to
break the fragments of tumour from
the homogenate into individual nuclei.
The nucleus of a cell contains the DNA
molecules that we are testing, so nuclei
are an appropriate proxy for individual
cells. We can then assess the character-
istics of millions of nuclei taken from a
representative sample of a tumour, and
collect only the nuclei from cancer cells,
separating them away from the nuclei
of other normal cells that innervate the
solid tumour mass. This process dramati-
cally improves our analytic sensitivity to
DNA mutations because we are testing
predominantly cancer nuclei, rather than
a combination of cancer and normal
nuclei (which do not have the DNA
mutations).

Impact on patient care:

personalised healthcare

In solid tumours, every distinct popula-
tion of cancer cells could harbour genetic
mutations that confer resistance to ther-
apeutics. Armed with this knowledge,
over the past few decades, treatment
strategies have evolved from treating all
patients with the same type of cancer

with the same drug, to linking specific
DNA alterations to specific drugs. This
strategy is called personalised health-
care and has produced amazing results
for some patients. Researchers and clini-
cians continue to look for new person-
alised targets of therapy in hopes that
the personalised healthcare strategy
can expand to include more and more
patients. Fundamental to this work is
our ability to find mutations that can
be linked to specific therapies, hence
applying the TOS to heterogeneous
tumours is critical.

My initial conversations with Kate
("pre-TOS enlightenment”) were simply
thought experiments, focused on deter-
mining “how many individual samples
were needed to detect DNA mutations
present in a small portion of a large
tumour”. At this point | was “functionally
fixed" to the current standards, hoping
that if we simply did more of what
we currently do, we could solve the
sampling problem.

The problem with this line of thought
is that it misses one of the most impor-
tant aspects of the TOS. In order to be
able to design a sampling plan—"how
much” should be sampled and "how"—
one must first understand, and be able
to characterise, the level of heterogeneity
present in the original sample material.
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This intuitive feature of the TOS has had
the most impact on my thoughts around
how solid tumours should be sampled.
There is no way of knowing upfront how
heterogeneous a solid tumour is at the
level of DNA. Yet linking the right treat-
ment to the right patient requires that we
detect as many of the DNA mutations
within a tumour as possible.

Therefore, in solid tumour oncol-
ogy, representative sampling is truly a
matter of life or death.
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