Article for BSHG news 2008, 38:47-50
chris.mattocks@salisbury.nhs.uk
Diagnostic application of new sequencing technologies.

Introduction

Over the past two years a new generation of sequencing technologies has become commercially available.  Whilst the details of the new technologies differ in detail, the basic principle is the same.  Very high throughputs have been achieved by massively increasing the density of analyses that can be performed in a single run.  With conventional Sanger sequencing by capillary electrophoresis up to 384 sequences (more usually 96) can be generated in a single run.  In contrast, the new technologies are capable of performing hundreds of thousands to many 10s of millions of analyses in parallel, hence the descriptive tag ‘massively parallel’.  The key to this level of analysis is the capability to anchor each sequencing reaction to a particular location on an array and read the results of the reaction in real time.
Another common feature of these technologies is that each analysis represents the sequence of a single DNA molecule from the original sample.  However, with all the current systems, the signal from a single molecule is too low to be detected in itself, so a ‘clonal amplification’ step is employed.  This generates multiple copies of each DNA fragment before the actual sequencing run.  

The consequence of sequencing individual DNA molecules is that to detect mixed sequence, for example with heterozygous mutations, multiple analyses of the same region need to be examined (referred to as depth).  This means that the quoted capacities of the instruments (usually in bp/run) are substantially higher than the actual useable sequence that can be obtained; probably by a factor of at least x50. This contrasts with conventional sequencing where mixed sequence needs to be de-convoluted from a single reaction that represents many thousands of DNA molecules from the same region.

Three main platforms have been launched to date; Roche have the GS-FLX,  Illumina have the Genome Analyser, and Applied Biosystems (AB) offer the SOLiD system.  These differ in a number of attributes, some of which are summarised in the table below.  A fourth system, from Helicos, is soon to be available (at least there is pricing on the website).  This fundamentally differs from the other technologies in that no pre-amplification of the DNA fragments is required – Helicos term this ‘true single molecule sequencing’ or tSMS.
	Company
	Platform
	Pre-amplification
	Basis of sequencing
	Capacity (bp/run)

	Roche
	GS-FLX
	Emulsion PCR
	Pyrosequencing
	1 x 108

	Applied Biosystems
	SOLiD
	Emulsion PCR
	Extension by ligation
	3 x 109

	Illumina (Solexa)
	Genome Analyzer
	bridge amplification
	Reversible termination
	1 x 109

	Helicos
	Heliscope
	none
	Reversible termination 
	7.5 x 109


Diagnostic utility

In order to determine the utility of these technologies for use in diagnostic laboratories many factors will need to be examined in detail.  However some general conclusions can be drawn from the general attributes of the technologies and the experience gained by early users.
Firstly the capacity of these instruments is very high.  For example even the lowest capacity (Roche GS-FLX) is capable of sequencing around 40 samples through the entire coding region of BRCA1 and BRCA2 in a single run.  At the other end of the scale AB SOLiD and  the Illumina systems could cope with somewhere in the region of 600 full breast cancer screens in a single run.  Given that running cost is calculated on a per run basis, this means that some form of centralising the technology, either by collaboration or outsourcing is virtually inevitable to permit economical use of the runs.  The capacity of these platforms raises three main issues that will need to be addressed if the potential of these new technologies is to be realised in diagnostics.
Sample identification

If many different samples need to be analysed for the same region on a single run, then some means of identifying the sample derivation of each individual analysis needs to be employed.  There are two main approaches available. Firstly, the sequencing array can be divided into sample specific regions by using some kind of physical barrier.  In practice the separation available with the current systems is still not fine enough to allow economic use of the capacity for diagnostic purposes.  That is, the partitioned areas each have more capacity than would normally be used for diagnostic analysis of a sample.
The alternative is to ID tag samples.  This involves adding a known, unique sequence tag to each fragment derived from a particular sample.  Different tags can be used for each sample to be analysed on the same run so that the identity of each analysis can be determined by reading the tags, which are sequenced along with each fragment.  Whilst this methodology could potentially be used on any of the new sequencing platforms not all the manufacturers are supporting such a protocol and this may be a significant factor in choice of technology.
Targeting

In its current form DNA diagnostics is a very targeted process.  For each sample only a very small section of the total DNA is analysed.
The simplest way to achieve targeting with massively parallel sequencing is to analyse PCR products rather than whole DNA.  This is not straightforward for a number of reasons.  Firstly there is the sheer number of PCR products that must be generated in order to fill a run.  We have all had experience with the introduction of automation to increase the capacity and throughput of traditional methods over the past few years.   Whilst this approach may be feasible to generate enough products for a run on the Roche GS-FLX (5000-10000 PCRs or 50-100 plates), a run with 10 to 20 times this capacity, such as those on a SOLiD or Illumina run starts becoming more difficult to envisage.  In addition, since each analysis represents a single molecule in the original analyte, the representation of each species in the final analysis is essentially proportional to the concentration of that species in the original sample.   This means that all PCR products need to be mixed together in (more or less) equivalent proportion before the sequencing run.  Technically this is an extremely difficult process adding both time and cost to the sample preparation.  
It is worth bearing in mind that all this work needs to be done for all fragments before any analysis can be performed.  This contrasts with current methodologies where fragments can be analysed in a serial manner and any failures repeated as and when they arise.  Such process problems are likely to be a feature of this type of technology.
It therefore seems likely that new multiplex methods for amplifying specific target regions and normalising their concentration in a mixture will be important for diagnostic implementation.  Several methods have been suggested.  The use of an array to pull down specific target regions from a fragmented DNA sample has been shown to be effective.  Again, however, the capacity of this method is, on the face of it, too high for the current diagnostic application. Analysis of even 10 genes may only require several hundred different fragments to be isolated and this would represent a significant underutilisation of an array.  Thus use of this method is liable to severely restrict the application of massively parallel sequencing to disorders where very large investigations are required.  
Another approach is massively multiplexed PCR and/or probe based targeting.  These methods rely on probe based circularisation of the fragments of interest and elimination of the unwanted material by exonuclease digestion (see refs).  This is an adaptation of the padlock probe and molecular inversion probe technologies which have been used effectively at plex levels of many thousands.  The advantage of this approach is that probe sets can be specifically tailored to each different diagnostic scenario and new fragments of interest can be readily added as and when they become relevant.  Nevertheless significant technical problems need to be addressed before this approach becomes feasible.
Data handling
The first issue here is the sheer quantity of data generated by runs on the new instruments.  This is in the order of terabytes (1012) and will require significant investment in both infrastructure and training to handle.
The other main issue is how the data are analysed.  At a very basic level analysis is a simple case of aligning results to a reference sequence and counting the different species.  Obviously the detail is considerably more complex and only experience will determine the best approaches.  Currently ‘off the shelf’ analysis packages are very limited and have not been designed with the application to diagnostics in mind.  Experience with analysis packages designed for technologies that have been established for many years should indicate the level and nature of potential difficulties that may arise.  
Key questions will be determination of the quality of the data, the depth of coverage (i.e. the number of analyses for each region) required to detect a particular level of mutation (e.g. heterozygous), and the particular technical limitations of each technology (for example reading through homopolymer regions).

Future technologies

The three platforms briefly discussed above are just the beginning of a revolution in the way in which DNA investigations will be carried out in the future.  Several technologies are already in the pipeline, which have capacities several orders of magnitude greater than the market forerunners and costs will decrease over time.  However, until it is both possible and economical to sequence an entire genome in order to investigate a particular disorder, economical use of massively parallel sequencing in diagnostics will need to be targeted.  
The advent of whole genome sequencing may not be as far off as you may imagine.  Firstly we should carefully examine what we mean by ‘whole genome’ in this context.  Clearly for diagnostic purposes the vast majority of the genome is not particularly useful since no meaningful clinical interpretation can be applied to most variations detected.  We could define ‘whole genome’ as all the coding exons in the genome or perhaps more usefully a subset of these we are interested in for diagnostic investigation.  Some of the major technical issues discussed above are related to the pre-amplification step required for the current technologies.  However the next generation of instruments like the new Helicos system require no pre-amplification step so many of these problems do not arise.  
So ignoring the many technical (and ethical) issues for a moment what is theoretically possible with current technology.  The Heliscope is capable of generating 7.5 x 109 bp in one run, which takes about 2 weeks.  This is enough capacity to sequence 330 samples for every exon of every gene currently on the UKGTN list of tests (~300 genes) to a depth of 50x, which would be sufficient for most purposes.  The run costs for this would be under £30 per sample.
Nevertheless it is likely that much more directly targeted investigation will be an essential feature for some time to come.  Unless the current work portfolio in diagnostics dramatically increases, there is a limit to the capacity that can realistically be used for diagnostic purposes. Exactly what this limit is, is debatable, but it seems sensible to aim any implementation at bridging the gap between current testing schemes and the advent of whole genome sequencing.  
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Web sites
https://www.roche-applied-science.com/sis/sequencing/flx/index.jsp
http://www.illumina.com/pages.ilmn?ID=204
http://marketing.appliedbiosystems.com/mk/get/SOLID_KNOWLEDGE_LANDING
http://www.helicosbio.com/
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