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Abstract 
 

 
Tumor  heterogeneity is a major  challenge in cancer  research  because  het- 

erogeneity of tumors leads to mixed results from di  erent cancer clones present 
in a sample (Navin and Hicks, 2011). These makes the study of the population 
structure of a tumor and its progression very di  cult.  Nowadays,  with the 
development of single-cell sequencing (SCS) it is possible to quantify tumor di- 
versity at the single-cell level in clinical (Baslan  et al., 2012) thus allowing the 
study of complex cell mixes.  However, current technologies in SCS rely on sep- 
aration techniques  to isolate  single-cells from tissue  samples.   These  methods 
are labor intensive, produce  low throughput and some lose spatial  information 
within  the tissue.   To  overcome  this  challenge  we are  developing  a technique 
that will allow the characterization of genomic variations in tissue sections at 
a single-cell resolution.  Specifically, in this  study  we attempt to establish  an 
experimental workflow that will enable this characterization.  We created  DNA 
libraries  by hybridizing  and extending DNA on a solid surface, followed by an 
exome capture.  For DNA extension over a solid surface, we compared  the per- 
formance of Klenow Fragment (3Õ  æ 5Õ exo≠) (KF)  and Phi29 DNA polymerases 
by looking at the exome sequencing data.  From the preliminary analysis of the 
resulting data,  we observed  that Phi29 library  had a higher amplification  bias 
due to lower diversity when compared  to the KF exome library. 
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Chapter 1 
 
 

Introduction 
 
 
 
 

Tumor  heterogeneity is a key factor in studying tumor progression and response to 
therapy (Park  et al., 2010). Solid tumors are compounds  by di  erent types of cells. 
Some of these  populations are non-cancerous  cells such as fibroblasts,  endothelial 
cells, lymphocytes  and  macrophages  (Navin  and  Hicks, 2011).  When  analyzing  a 
multi-cell  sample,  the DNA  or  RNA  of the non-cancerous  cells contaminate  the 
sample  and  mask the “true”  cancer  signal (Navin  and  Hicks, 2011).  These  mixed 
signal make the analysis di   cult when comparing normal against cancer cells (Navin 
and  Hicks, 2011).  Additionally  to the mixed  normal  / cancer  population of cells, 
within the cancer cells, the clonal subpopulations of the tumor confounds in the 
sample making  impossible the deconvolution of tumor clonality (Navin  and Hicks, 
2011).  In the end, the obtained signal is either an average of all the clones present 
in the sample  or the signal  from the most  common  clone which  may  not  have  a 
great  contribution to the tumor malignancy  (Navin  and Hicks, 2011). 

Cancer  studies  had  reported  that heterogeneity,  metastasis  and  treatment re- 
sistance are consequences of subclonal  mutations within a tumor (Gerlinger  et al., 
2012; Ding et al., 2013).  For  example,  the level of diversity  within  the subclonal 
structure can be a biomarker  for progression  or malignancy  in Barrett esophagus 
(Merlo  et al.,  2010).  In breast  cancer  the diversity  of the tumor  is associated  to 
tumor  stage  and  subtype  of cancer  (Park  et al.,  2010).   Also, with  the study  of 
tumor diversity it is possible to predict the risk of resistance to therapy (Park  et al., 
2010), or whether these tumors will evolve and become invasive carcinomas  (Navin 
and Hicks, 2011).  At the end, information of the intra tumor heterogeneity can 
improve diagnosis, prognosis, and therapy in cancer (Park  et al., 2010). 

Each  tumor  presents  a unique  set  of mutations.   Therefore  it is necessary  to 
assess and diagnose each cancer and patient individually  (Greaves and Maley, 2012). 
The  characterization of tumor heterogeneity by genomic methods can provide  the 
researcher with a more detailed picture of the tumor and with predictive information 
that impact cancer treatment. 

Single-Cell Sequencing (SCS) has enabled researchers  to characterize tumor het- 
erogeneity by identifying the mutations present in single cells within a tumor (Baslan 
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et al., 2012; Li et al., 2012; Xu et al., 2012; Hou et al., 2012). This new technology 
has enabled the study of clonal evolution in cancer at the highest level of resolution 
(Ding et al., 2013). 

Single-cell sequencing is a method that performs whole genome amplification  of 
a single cell for massive parallel sequencing (Baslan  et al., 2012; Navin et al., 2011). 
After  processing  the sequencing  data,  a genomic profiling is obtained  based  on a 
copy number  or single nucleotide  variations. 

Unfortunately, SCS is dependent of separation techniques.  Laser capture micro 
dissection (LCM),  flow cytometry using fluorescence-activated cell sorting (FACS) 
and micromanipulation are techniques that can be used to isolate single cells (Navin 
and Hicks, 2011). 

However these techniques can be low-throughput, labor  intensive and  required 
highly qualified workmanship, e.g. LCM and micro manipulation (Navin and Hicks, 
2011; Shapiro et al., 2013). Also some isolation methods may disrupt the biological 
integrity of the sample, e.g. FACS. Finally  some of these isolation  technologies can 
be expensive,  e.g.  LCM and  FACS  (Navin  and  Hicks, 2011; Shapiro  et al., 2013). 
Furthermore isolation of single cells can bring sampling bias (Ke et al., 2013) failing 
to reflect the real composition of the tissue (Shapiro  et al., 2013).  In case of tissue 
samples only LCM can separate single cells from tissue sections whereas FACS and 
micro  manipulation only  deals  with  cells in  suspension  (Navin  and  Hicks,  2011; 
Shapiro  et al., 2013). 

LCM is the preferred  isolation  method  when dealing  with  clinical samples  be- 
cause  single cells can  be directly  isolated  from tissue  sections  (Navin  and  Hicks, 
2011), retaining  the spatial  information of an  isolated  cell (Shapiro  et al.,  2013). 
Furthermore,  to guide  the isolation  process,  the tissue  should  be stained  (Navin 
and Hicks, 2011). In cases where specific fluorescent or chromogenic antibodies are 
used  to identify  certain  cell types  (Navin  and  Hicks, 2011), the isolation  process 
relies in these  biomarkers,   and  it can  be endangered  when  these  biomarkers  are 
misused (Navin  and Hicks, 2011; Shapiro  et al., 2013). 

Nowadays, methods that provide characterization of nucleic acids in the context 
of tissue sections are being develop.  Innovative e  orts for RNA sequencing  within 
the tissue environment has been reported by Ke et al. (2013) or are currently being 
generated  in Science for Life Laboratory (SciLifeLab),  Stockholm, Sweden.  Profes- 
sor Joakim Lundeberg’s  group in SciLifeLab in collaboration with Professor  Jonas 
Frisén of Karolinska  Institute have recently developed a method that facilitates the 
determination  of gene expression  levels in individual  cells present  in a tissue  sec- 
tion.  This method is called Spatial Transcriptomics.  This technology allows the 
integration of gene expression information with tissue morphology. 

In the same line of Spatial  Transcriptomics, Professors  Joakim Lundeberg  and 
Jonas Frisén  have proposed  another  method that allows recoding  spatial  informa- 
tion of the genomic material (Spatial  Genomics).   Spatial Genomics  (SG) is the 
parallelization of single-cell exome sequencing of a tissue section using barcodes as- 
sociated to a spatial  location in a high density microarray. This method provides for 
each cell in a tissue section its genomic information and spatial  coordinates. With 
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the implementation  of SG, we will identify  inter-cell  genomic variability  within  a 
tissue section.  SG will be able to provide spatial  information that is important when 
analyzing complex tissues, i.e. a mix of di  erent population of cells (Ke et al., 2013). 
This information is useful in the context of cancer, where tumor heterogeneity is a 
big challenge. 

SG is a promising  technology  because  it provides  a platform  to combine  the 
analysis  of phenotypic and  genetic  diversity.   SG has  the potential  to be coupled 
with immunohistochemistry (IHC), allowing the detection of specific antigens in tis- 
sue sections.  For instance we will be able to visualize the expression of biomarkers 
in the tissue section with ICH, e.g.  HER2  and  hormone  receptors expression  in a 
breast cancer tumor samples Werner  et al. (2000) and have information about the 
genomic landscape  of such cells overexpressing  certain biomarker  and the environ- 
ment around  them. 

When  applying  both  methods  in the same tissue  section  we will have  a great 
tool to do a better characterization of the solid tumor. 

This  technique will also give the possibility to study the genomic landscape  of 
the section  to infer  population structure and  tumor  evolution.   Additionally  SG 
is a convenient technology because solves the problems associated  to mechanical 
separation of the cells in the tissue.  SG will allow the parallelization of sequencing 
genomic material at  an approximately single-cell resolution.  SG will tackle tumor 
heterogeneity and will provide  the necessary  information to infer clonality in solid 
tumors by simultaneous exome sequencing of barcoded  genomic DNA fragments. 

 
 

1.1     Problem  Statement 
 

Solid tumors  are  complex  cell mixes  where  every  cancer  cell presents  an  almost 
unique  genomic variation profile.  This  cell heterogeneity is di   cult to study with 
traditional sequencing techniques that rely on multi-cell samples to analyze genomic 
variations (Navin and Hicks, 2011). With the development of single-cell sequencing 
(SCS) technologies,  it has been possible to understand tumor clonality and  popu- 
lation  structure of solid tumors by looking at the genomic profile of individual  cells 
(Baslan  et al.,  2012; Li et al.,  2012; Xu et al.,  2012; Hou et al.,  2012).  However 
SCS relies in separation techniques  that are  labor  intensive,  some techniques  are 
low throughput (e.g.  micro manipulation) or lose spatial  information in the context 
of the tissue (e.g.  flow cytometry) (Shapiro  et al., 2013). 

Here we propose  to develop  a method  named  Spatial  Genomics  that aims  to 
profile genomic changes in cells within tissue sections while keeping spatial  infor- 
mation. 

Spatial  Genomics (SG) uses barcoded  primers with a random sequence to enable 
spatial  analysis.   A single-cell thin tissue  section  is placed  on an  array  that has 
features  (barcoded  primers)  attach to the surface.   Each  feature  will capture  the 
genomic material of approximately a single cell within the tissue.  After placing the 
specimen on the slide, the tissue is permeabilized  allowing the fragments of genomic 
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DNA to be captured by the probes on the array.  After hybridization, the material is 
extended over the surface with a DNA polymerase.  Then  the tissue is digested and 
the extended genomic material is released from the array.  After releasing the probes 
from the array,  the material is converted into a DNA library  and is enriched for the 
exome.  Finally,  the spatial  information of the genomic variations is deconvoluted 
by massive parallel  sequencing. 

In order  to develop the method  previously  mentioned,  a series of standardiza- 
tions are required.   To develop SG our approach  is to start from the simplest case 
scenario  (single stranded  DNA - ssDNA - directly  hybridized  onto  the array)  and 
gradually  scale up the complexity  of the problem  until we complete  the workflow 
for tumor tissue sections. 

The  first  step  is to establish  a  preliminary protocol  for SG  that works  with 
ssDNA as starting material for hybridization.  This  standardization  will allow us 
to benchmark crucial steps in the workflow such as hybridization and extension of 
DNA  onto  the array,  release  of probes  from  the surface  and  library  preparation 
steps. 

Once the best conditions are identified for ssDNA, we will use for hybridization 
double stranded DNA (dsDNA)  instead of ssDNA. The double strand nature of the 
genomic DNA poses a great  challenge in SG. This step will allow us to understand 
the best conditions for fragmenting and extending dsDNA onto the array. 

After testing with only DNA, the next step in complexity is to deal with cells 
placed and fixed onto the array.  The conditions standardize with only DNA should 
be tested  with  cells and  adjusted  to work with  a more complex sample.   Working 
with single cells we should be able to identify the best method to permeabilized  the 
cell and achieve fragmentation, hybridization, extension and library  preparation of 
the genomic material from every cell place onto the slide. 

Finally  when  Spatial  Genomics  workflow is established  with  single cells, thin 
tissue sections will be the last step towards complexity in the method development. 
Working with tissue sections, we will be able to tune all the conditions for SG: per- 
meabilization, fragmentation, hybridization, extension, tissue digestion and library 
preparation. 

Once  SG has  been  properly  established,  we will use it to answer  a biological 
question  in cancer.  For  example,  we could study  tumor  evolution  and  population 
structure on a breast cancer  tumor sample.  SG should  be able to provide  enough 
information to characterize  genomic  variations present  in  the sample.   This  will 
serve as a proof of concept for Spatial  Genomics. 

SG will enable the study of genomic variations present in tumor tissue sections 
without relying on separation techniques and preserving  spatial  distribution of the 
genomic diversity  within  the tissue  section  at  an approximately single-cell resolu- 
tion.  This information is needed to understand tumor evolution and population 
structure of the sample.  Furthermore SG is a promising technology because when it 
is coupled with immunohistochemistry it is possible to have phenotypic and  geno- 
typic information of the tissue section enabling a more complete characterization of 
the tumor tissue. 
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In this  thesis,  we surveyed  the experimental  workflow for permeabilizing,  cap- 
turing  and  extending  DNA  of mouse  olfactory  bulbs  thin tissue  sections  in  low 
density arrays.  Furthermore, we performed  initial standardizations on ssDNA and 
dsDNA for hybridizing  and extending over the solid surface with two distinct DNA 
polymerases.   The  resulting  libraries  were enriched  for the exome and  sequenced. 
This  preliminary work provided  us with  information about  issues that need to be 
address  during  the SG method development. 



 

 
 
 
 
 
 
 
 
 
 
 

Chapter 2 
 
 

Background 
 
 
 
 

Spatial  Genomics is a method proposed  as a follow up of Spatial  Transcriptomics. 
Both projects are being developed in Science for Life Laboratory (SciLifeLab, Stock- 
holm, Sweden) under the supervision  of Professor Joakim Lundeberg  and in collab- 
oration  with Professor  Jonas Frisén. 

 
 

2.1     Spatial  Transcriptomics  and Spatial  Genomics 
 

Spatial  Transcriptomics facilitates the determination of the transcriptional level of 
individual  cells within a tissue section.  The method is based on the initial introduc- 
tion of unique barcodes  into cells through a high density microarray. The captured 
transcriptome  of each individual  cell is then deconvoluted  by massive  parallel  se- 
quencing  (RNAseq).   After  analysis,  the obtained  transcriptional  patterns can be 
mapped  back  to the tissue  section,  enabling  comparison  of morphology  and  RNA 
levels. 

Figure 2.1 shows a print left by the extension of the hybridized  mRNA onto the 
array  of a mouse olfactory bulb tissue section. 

The  green  signal  in  Figure  2.1 comes from  the labeled  Cy3-dCTPs that  are 
incorporated during  the extension of the mRNA  onto the array.   The  green signal 
is cDNA and not tissue. 

Similarly,  Spatial  Genomics   (SG)  aims  to profile  single  cells within  a  tissue 
section  but in the genome level.   SG is a method  that uses a high  density  array 
with  probes  attached to the surface.   Each  set  of probes  has a unique  barcode  to 
keep spatial  information and a random  hexamer  to capture the genomic DNA. The 
first step of the method consists of placing a single-cell tissue section onto the array. 
Then the tissue is fixed and permeabilized.  The permeabilization creates “holes” in 
the tissue layer, allowing the genetic material to leak out of the cell and hybridize 
the probes onto the array.  After the hybridization, a DNA polymerase  extends the 
hybridized  genomic material.  Following this,  the tissue  is removed  from the slide 
and  the material is cleaved from the array.   From  the released  material, a library 
preparation is built for exome enrichment and sequencing. 
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Figure 2.1. Spatial Transcriptomics print of a mouse  olfactory bulb  tissue section 
 
 

2.2     Spatial  Genomics  workflow 
 

In this study, our goal is to establish a preliminary experimental protocol for Spatial 
Genomics  (SG).  The  aim  of the experimental  procedures  conducted  is to explore 
several conditions that allow us to identify the crucial steps in the SG workflow. 

The main type of experiments were a series of quality control arrays  using tissue 
or DNA extractions.  Figure 2.2 shows the experimental pipeline of Spatial Genomics 
followed in this  study.   To begin with  the tissue  section  was fixed over the array. 
Next  the tissue  was permeabilized  and  extended  with  a DNA polymerase.   In the 
situation where the tissue section was replaced with fragmented DNA, separate 
hybridization onto the array was required.  After the genomic material was extended, 
it was cleaved from the slide.  Then  the unused  probes  were eliminated  with a ST 
library clean–up  step  following the DNA library  construction.   Once  the libraries 
were completed, an exome capture of the libraries was performed.   The enriched 
libraries  were  then sequenced  in  a  MiSeq (Illumina  Inc.,  California,  USA).  The 
resulting exome sequencing data  was aligned.  Furthermore PCR duplicates  were 
removed  and  coverage calculations  for the target regions were performed  in order 
to assess enrichment metrics and exome coverage. 

 

 
in–house  arrays 

 
Spatial  Genomics  needs  a high  density  array  to reach  single-cell resolution.   Fig- 
ure 2.3 shows a high density array  with color coded probes to make reference to a 
spatial  position.  However, the experiments reported in this thesis were performed 
in in–house arrays.  These are Codelink® Activated Slides (SurModics®, Minnesota, 
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Figure 2.2. Spatial Genomics  workflow carried  out  during  this master thesis 
 
 
 

USA) printed in our laboratory with the SG probes.  The  tests carried  out in this 
type of array  were called quality control arrays. 

 

 
 

Figure 2.3.  Conceptual picture of a high  density array with barcoded probes  that 
record  spatial information.  Each  barcode  is represented by a color. 
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Fresh–frozen mouse  olfactory bulb 
 

When  our group  was developing  the method of Spatial  Transcriptomics they used 
fresh-frozen Mouse Olfactory Bulb (MOB) tissue. The remarkable di erential ex- 
pression of this tissue makes it an excellent example where Spatial  Transcriptomics 
can be applied  . 

This di  erential expression is a result of the neural encoding of the mouse’s sense 
of smell.  The  mouse senses the smell though specialized olfactory neurons  located 
in the nasal  epithelium.  These  odors are captured  from the environment  through 
specific olfactory  receptors.  Di  erent  olfactory  neurons  express di  erent  olfactory 
receptor genes (approximately 1000 di  erent genes).  A glomerulus is a region within 
the olfactory bulb that receives the smell signals from axons of the olfactory neurons 
expressing the same receptor.  That means that an odorant translates into a distinct 
physical  region,  glomerulus,  within  the mouse olfactory  bulb  (Mombaerts,  2006). 
Due to the fact  that glomeruli  are small and  not  anatomically distinguishable,  it 
has been impossible to characterize the gene expression  profile of each glomerulus 
or understand how many di  erent odorant receptor genes are expressed. 

Members of my group had previously used MOB as a proof of concept when de- 
veloping their Spatial  Transcriptomics method.  We wanted to capitalize from this 
experience in handling  MOB so decided to use this tissue in quality control arrays. 
The  experience  with MOB tissue creates  a number  of advantages when setting up 
the experimental workflow for Spatial  Genomics.  Firstly protocols  for the fixation 
and removal of MOB tissue were already  existent.  Furthermore there is a ready 
availability  of this  tissue  in our laboratory.  Finally  the characteristic  morphology 
of MOB  enables  a prompt  visual  assessment  of the prints on the array.   For  ex- 
ample  the print shown  in figure Figure  2.1 instantly  suggests  that the print was 
obtained  from a MOB tissue  section.  These  advantages  make MOB a good alter- 
native  to explore fixation, permeabilization and tissue removal in Spatial  Genomics 
experimental workflow. 

The  availability of protocols  for fixation  and  tissue removal  of MOB tissue are 
important because  they  enables  us to save time  in the wet  laboratory procedures 
performed  for this study.  This is especially true in the case of tissue removal stan- 
dardization. Di  erent types of tissue fixed with formalin behave di  erently when ex- 
posed to enzymatic  digestion for immunohistochemical applications (Hayashi  et al., 
1988).  Similarly the removal of fixed tissue from the Codelink® Activated Slide 
(SurModics®, Minnesota,  USA) gives a variable  e   ciency.  For instance, studies in 
our group have shown that fixed breast cancer tissue sections are more di   cult to 
remove than fixed mouse olfactory bulb tissue sections. 

 

 
2.2.1     Recording spatial information 

 
The  first  step  in  Spatial  Genomics  is the recording  of spatial  information.   The 
method  records  the spatial  information using barcodes  present  within  the probes 
on the slide.  This  method uses high density arrays  as previously  discussed in Fig- 
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Figure 2.4.  A mouse  olfactory  bulb  tissue  section  stained  with  hematoxylin  and 
eosin 

 
 

ure 2.3. However, in this project we used in–house arrays printed with forty di  erent 
barcodes.   Quality  control  arrays  have  immobilized  probes  without  a defined spa- 
tial distribution, that is, forty di  erent probes randomly  distributed over the array. 
High density arrays will be used when the standardization of Spatial  Genomics with 
the quality control array  is complete. 

 

 
Fixation of tissue 

 
The  tissue sections are fixed with formaldehyde  in order  to preserve  the morphol- 
ogy and integrity of the tissue after several treatments undergone  in the Spatial 
Genomics workflow. 

Formaldehyde is extensively used in tissue fixation because it is a  ordable,  easy 
to handle  and  preserves  the morphology  of the tissue  with  few artifacts  (Werner 
et al., 2000).  In addition  to this,  the advantage  of using formaldehyde  as the fix- 
ative in Spatial  Genomics is that it induces fragmentation in the genomic DNA 
(Srinivasan et al., 2002; Ludyga et al., 2012). Ludyga et al. (2012) has reported the 
influence of formalin fixation to the integrity of nucleic acids.  In the case of genomic 
DNA, the fragment length  was influenced by pH and time of exposure  to formalin 
(Ludyga  et al.,  2012).   The  fragmentation  is a consequence  of the formaldehyde 
reacting with the nucleobases  present in the nucleic acids, this reaction introduces 
hydroxymethylene bridges (Werner  et al., 2000; Shi and Taylor,  2010) which even- 
tually leads to the breakdown  of the DNA. 

The  fragmentation  of the genomic DNA will ensure  that more portions  of the 
DNA are captured by the Spatial  Genomic probes,  which will lead to a more even 
distribution of reads throughout the genome. 

 

 
Permeabilization of tissue 

 
The  permeabilization tests performed  in tissue  sections  were carried  out with  the 
ST permeabilizator.    The  purpose  of the ST permeabilizator   is to  induce  a  mild 
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damage  to the cellular  and  nuclear  membranes  of all the cells in the tissue.  With 
this treatment the genomic material is released without lysing the cells.  This  step 
is crucial  for the Spatial  Genomics workflow as it enables  successful hybridization 
of the genomic DNA onto the array  preserving  the spatial  resolution. 

 

 
DNA Extension over  a solid  surface 

 
In order to elongate  the hybridized  DNA over the array  we used Klenow Fragment 
(3Õ  æ 5Õ exo≠) and phi29 DNA polymerases. 

Klenow Fragment  (3Õ   æ 5Õ exo≠) refers to the large fragment  of the DNA poly- 
merase  I of Escherichia  coli that has been mutated to deactivate  the 3Õ  æ 5Õ  ex- 
onuclease  activity  (Derbyshire  et al., 1988).  The  optimal  temperature  of Klenow 
Fragment (3Õ  æ 5Õ exo≠) is 37 ¶C and it has an error rate  of approximately 100◊10≠6 

bases (New England Biolabs® Inc., Massachusetts, USA). This DNA polymerase 
enzyme is able to incorporate labeled  Cy3-dNTPs when polymerizing  DNA. This 
feature  allows us to visualize the extension over the array  when the chip is scanned 
with an Agilent Microarray  scanner  (Agilent Technologies,  California,  USA) at  10 
µm resolution with 100% PMT in the green channel.  Klenow Fragment (3Õ  æ 5Õ exo≠) 
also displays a moderate  strand displacement activity (New England  Biolabs® Inc., 
Massachusetts, USA) which is a good feature  when working with the extension of 
double stranded DNA (dsDNA)  over the solid surface. 

Phi29 is the replicative polymerase of the phage phi29 of Bacil lus subtilis (Blanco 
and  Salas, 1984).  This  polymerase  is a unique  polypeptide that has a DNA poly- 
merase domain and a 3’ æ 5’ exonuclease activity (Blanco et al., 1989). Phi29 does 
not  need accessory proteins  in order  to synthesize  long stretches  of DNA without 
dissociating  from the template (Blanco et al., 1989), this property is called proces- 
sivity.   Thanks  to the high  processivity,  this  enzyme  is able  to polymerase  DNA 
chains greater  than 70 Kb (Blanco et al., 1989). Also phi29 displaces DNA strands 
while simultaneously polymerizing  the second strand of DNA (Blanco et al., 1989). 
Finally,  the reason  why we decided  to use phi29 in our tests is because  it has the 
ability  to use double  strand DNA as a template  (Blanco  et al.,  1989).   This  is a 
major  feature  that indicates  the potential to use phi29 as the DNA polymerase  to 
extend over the solid surface.  Phi29 has an optimal activity at 30 ¶C (New England 
Biolabs® Inc.,  Massachusetts,  USA)  and  has  a high  fidelity.   Another  important 
feature  of phi29 is that this enzyme is active at  temperatures as low as 4 ¶C. This 
feature  will help us survey several ranges of temperatures when hybridizing  dsDNA 
onto the array. 

 

 
Cleavage 

 
The  cleavage  of the probes  attached covalently  to the array  is  performed  with 
USER™ enzyme (New England  Biolabs® Inc., Massachusetts, USA). USER™ en- 
zyme is a mixture  of Uracil  DNA glycosilase and  the DNA glycosylase-lyase  En- 
donucleas  VIII (New England  Biolabs® Inc.,  Massachusetts,  USA).  This  mixture 
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generates nucleotide gaps at uracil locations (New England Biolabs® Inc., Mas- 
sachusetts, USA). Spatial  Genomics probes are designed with two uracils after the 
C6 linker, this enables the release of the probes from the surface. 

 

 
2.2.2     Library preparation 

 
The library  construction used in Spatial  Genomics is a modification  of the Illumina 
sample  preparation protocol.   This  protocol  is the standard operating  procedure 
used in Spatial  Transcriptomics.  After permeabilizing,  capturing and extending the 
DNA over the solid surface of the chip, the experimental workflow is almost identical. 
Described  below are the crucial  steps for the library  preparation identified during 
this study. 

 

 
Elimination of unused probes 

 
When the probes are cleaved from the array,  extended and unused probes are mixed 
together in the sample.  For this reason a sample clean up is necessary prior to library 
construction.  The elimination  of idle probes prevents the unused probes overcoming 
the first  PCR  amplification  step  (Figure  2.2).  To remove idle probes  we used ST 
library clean–up. 

 

 
Quantitative PCR 

 
During  the library  construction,  the samples  should  be analyzed  with  a quantita- 
tive  PCR  (qPCR). The  qPCR  allows the determination  of the initial  amount  of 
target sequence  present  in the sample  (Bio-rad  Laboratories, Inc.).   Each  sample 
process in the Spatial  Genomics  workflow is submitted  to a qPCR  analysis  prior 
to amplification.    After  a  qPCR  run,  the quantification  cycle (Cq)  is measured. 
This measurement correlates  directly with the initial amount of DNA present in the 
sample.   If large amounts  of template  are present  at  the beginning  of the amplifi- 
cation,  the number  of cycles required  to give a fluorescent  signal higher  than the 
background will be lower than if less DNA is present in the sample (Bio-rad  Labo- 
ratories,  Inc.).  When the Cq value is known, it is possible to establish a number  of 
cycles for the PCR  amplification.   In this way it is possible to avoid overamplified 
samples, preventing high PCR  duplicates  in the sequencing data. 

 

 
PCR amplification 

 
Spatial  Genomics deals with low amounts of DNA. According to results in our labo- 
ratory, we expect to place 300 ng of DNA over the surface when working with mouse 
olfactory bulb  tissue.  This  quantity is based  on Lin et al. (2010) reporting that a 
cell has 10 pg of DNA. It is also based on the fact that previous results in our group 
estimated 30,000 cells in a 10 µm tissue section of MOB (both  bulbs).  Under these 
circumstances, an extra amplification  step during  the library  preparation workflow 
is required  in order to obtain enough working material to build DNA libraries. 
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2.2.3     Exome capture 
 

The exome capture performed in this study was a modification of the Nextera® Rapid 
Capture Exomes (Illumina Inc., California, USA). The Nextera® Rapid Capture En- 
richment kit allows simultaneous DNA fragmentation and tagging of the sequencing 
adaptors in a single step (Illumina  Inc., 2013a).  After tagmentation the library  is 
enriched  with  a  hybridization-based  technology  (Illumina  Inc.,  2013c).   This  en- 
richment kit was chosen to capture the exome of the obtained libraries  because it 
minimizes the total assay time (8 samples can be processed in three days (Illumina 
Inc.,  2013c)) and  has a low input DNA (50 ng (Illumina  Inc.,  2013c)).  The  Nex- 
tera® Rapid  Capture Exomes (Illumina  Inc., California,  USA) kit targets 201,071 
exonic regions comprising  of a total length  of 37,105,383 bases. 

 

 
2.2.4     DNA  sequencing 

 
The obtained libraries will be sequenced with an Illumina MiSeq sequencer (Califor- 
nia, USA). The amount of expected sequencing data  ranges from 4.5 to 5.1 Gb with 
2 x 150 read length  per run (Illumina  Inc., 2013b).  Illumina  sequencing technology 
is based  on sequencing  by synthesis  (SBS).  Illumina  uses a reversible  terminator- 
based  method to enable  detection of single bases when they are incorporated into 
growing DNA strands (Illumina  Inc., 2013d).  The  bias associated  with nucleotide 
incorporation is minimized with Illumina  technology because all four reversible ter- 
minated  dNTPs  are present in each sequencing cycle (Illumina  Inc., 2013d).  When 
multiplexing  two  samples  of a MiSeq run,  we will expect  about  3 Gb of data  per 
sample.  Illumina  shows that with 4 Gb of data,  80% of target regions can be cov- 
ered by at  least 1X (Illumina  Inc., 2013c).  Even though we are not  reaching  4 Gb 
of data  per sample, with a multiplexed run of MiSeq we are expecting enough data 
to understand if Spatial  Genomics is randomly  capturing fragments throughout the 
genome.  For  method  development  3 Gb of data  per sample  is more than enough 
to assess how e   cient  the Spatial  Genomics  workflow is working.  In this  way we 
are obtaining useful information about the experimental workflow without spending 
too much resources in the process. 

 

 
2.2.5     Data  processing 

 
After  data  processing  we want  to understand  whether  or not  we captured  a rep- 
resentative  portion  of the genome  and  to identify  how  e   cient  the preliminary 
Spatial  Genomics  Workflow  is.   For  doing  this  a  simple  data  processing  follows 
the sequencing  run.    To  process  the exome  sequencing  data   we first  assess  the 
quality of the raw reads with FastQC (http://www.bioinformatics.bbsrc.ac. 
uk/projects/fastqc).  FastQC enables a quality control check on the raw se- 
quencing data  and identifies plausible problems present in the sequencing data  that 
should  be taken  into  consideration before doing a more detailed  analysis.   For  ex- 
ample duplication rates,  base composition bias, quality score of the reads, etc. 
(http://www.bioinformatics.bbsrc.ac.uk/projects/fastqc). 

http://www.bioinformatics.bbsrc.ac/
http://www.bioinformatics.bbsrc.ac.uk/projects/fastqc)
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In this  study  we are  not  interested  in spatial  analysis,  especially  because  the 
arrays  used to obtain the DNA libraries  were quality control arrays  instead of high 
density arrays.  As a consequence of this, the forward reads need to be trimmed so 
the barcode  and the random  hexamer  are removed before alignment. 

After  trimming  the reads  to account  for methodological  bias,  the reads  will 
be aligned  with  Bowtie2  (Langmead  and  Salzberg,  2012).   Bowtie2  is a fast  and 
memory e   cient tool that allows the alignment of sequencing reads to long reference 
genomes (e.g.  Human)  (Langmead  and Salzberg, 2012). Bowtie2 supports di  erent 
types of alignment modes:  local, gapped,  paired-end  alignment (Langmead  and 
Salzberg, 2012). For this study, we decided to align the sequencing data using a local 
alignment and  a non deterministic approach. The  local alignment mode will align 
the reads to the reference genome without requiring  the ends of the reads to map. 
That is some characters from the ends can be “soft trimmed” to enable the alignment 
with the best possible score (Langmead  and Salzberg, 2012).  Additionally, Spatial 
Genomics we can use the information of the library  size distribution to improve the 
paired  end  alignment.   Bowtie2  allows the user  to set  up  the size range  in which 
paired-end  reads should be mapping  according  to the original DNA molecule. 

After  aligning  the sequencing  data  we should  mark  duplicates  and  proceed  to 
assess  the enrichment  metrics  and  the reached  coverage.   With this  information 
we will be able to draw  conclusions  about  the e   ciency of the Spatial  Genomics 
protocol. 



 

 
 
 
 
 
 
 
 
 
 
 

Chapter 3 
 
 

Methods 
 
 
 
 

In this chapter we explain how each process of the experimental workflow was carried 
out,  from printing  the in-house  arrays,  testing  hybridization and  extension  using 
tissue  sections  of mouse olfactory  bulbs  to data  analysis  of the exome sequencing 
data  produced  from hybridized  single stranded DNA directly onto the arrays. 

 
 

3.1     In–house  arrays 
 

To  develop  Spatial  Genomics  methodology,  we used  in–house  arrays.    In–house 
arrays  are Codelink® Activated Slides (SurModics®, Minnesota,  USA) (Figure  3.1) 
with immobilized Spatial  Genomics probes. 

 

 
 

Figure 3.1.  Codelink®  Activated  Slides  (SurModics®,  Minnesota,  USA)  are  glass 
slides  with  a  hydrophilic  polymer   containing  N-hydroxysuccinimide  ester  reactive 
groups  that covalently immobilize  amine-modified DNA (SurModics, 2011). 

 
 
 
 
 

15 
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3.1.1     Immobilized Spatial Genomics probes 
 

The Spatial  Genomics probes are oligonucleotides with an amino linker C6 in the 5Õ 

end.  Besides the amino linker,  each oligo has two uracils  followed by the Illumina 
handle for DNA paired end sequencing (A_handle) (5ÕACACTCTTTCCCTACACGACGCTC 
TTCCGATCT3Õ), an 18 mer ID-tag and a random  hexamer  in the 3Õ  end.  The probes 
were synthesized  by  Sigma–Aldrich  (Missouri,  USA).  Each  subarray in the slide 
had forty one di  erent ID-tags designed not similar to human,  mouse and zebrafish 
genomes (Gestsdottir, 2011). 

 

 
3.1.2     In–house  array printing 

 
In each slide four to six subarrays were printed.  A microarray hybridization cassette 
(Arrayit®,  California,  USA) (Figure  3.2) was used in order  to print the in–house 
arrays. 

 

 
 

Figure 3.2.  Arrayit® mask  and  holder  use for printing Codelink®  Activated Slides 
(SurModics®,  Minnesota, USA). The  mask creates multi-well microarrays on a single 
slide, each well is 7.5 x 7.5 mm in a 2 x 8 configuration. 
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The slides were both printed and blocked onto the slide according to Codelink® Ac- 
tivated Slides instructions (SurModics,  2011). 

 

 
3.1.3     Printing verification 

 
After printing a batch  of slides was completed the printing was verified by taking a 
slide and  hybridizing  Cy3 labeled  oligos complementary  to the Illumina  A handle 
(Cy3-A’). The hybridization and washing protocols  followed the Codelink® recom- 
mendations (SurModics,  2011). 

After hybridization and washing steps, the microarray was scanned with an Agi- 
lent Microarray  scanner (Agilent Technologies, California, USA) at 10 µm resolution 
with 5% PMT  in the green channel. 

Figure 3.3 shows the printed Codelink® slide. Each square represent a subarray. 
The  ring around  each subarray is the “doughnut”  e  ect  that is created  when the 
printing solution dries over the surface. 

 

 
 

Figure 3.3. Verifying  printing with Cy3-A’ oligos 
 
 
 
 

3.2     Fresh–frozen  mouse  olfactory  bulb 
 

We used  mouse  olfactory  bulbs  (MOBs)  for method  development.   The  mouse  is 
killed and then the brain  is removed and placed in cold Phosphate-Bu  ered Saline 
(PBS).  The olfactory bulb is removed while it is in PBS. The bulbs were submerged 
in cold isopentane (dry ice was added to isopentane until it reaches ≠ 40¶C), while in 
the cryostat (≠ 20¶C) the bulbs were placed in molds with frozen section medium 
(Thermo  Scientific*  Richard-Allan Scientific*  Neg ≠ 50 Frozen  Section  Medium, 
Thermo  Fisher  Scientific Inc., Massachusetts, USA). 



CHAPTER 3.   METHODS 18  
 
 

3.3  Quality  control  array using mouse  olfactory  bulb tissue 
sections 

 
Quality control arrays  are in–house  arrays  with fixed fresh-frozen MOBs sections. 
This  arrays  were used to survey  permeabilization of the tissue,  hybridization and 
extension  with  Klenow  Fragment  (3Õ    æ 5Õ exo≠).   Each  step  of the protocol  was 
performed  with an array  mask and holder (Arrayit®, California,  USA) (Figure  3.2) 
to provide  isolated  reaction  chambers  for each subarray and  the incubations were 
carried  out in an Eppendorf®  thermomixer (Eppendorf AG, Hamburg,  Germany). 
Previous to each incubation step, the array mask slide holder and the solutions were 
preheated to the designated  incubation temperature. 

 

 
3.3.1     Sectioning 

 

Fresh-frozen  MOBs were sectioned with a cryostat at ≠ 20 ¶C. 10 µm sections were 
placed on a printed Codelink® slide.  After placing the tissue sections in the slide, 
the slide was incubated for one minute at 37 ¶ C. 

 

 
3.3.2     Fixation 

 
For fixation  40% of paraformaldehyde (PFA) was diluted 1:10 in 1x PBS.  70 µl of 
4% PFA  was pipetted in each well of the array  mask and  holder  containing tissue 
sections  and  incubated at  room temperature  for 10 minutes.   Following  this  step, 
the slide was washed  in 1x PBS  and  dried  at  50 ¶  for 15 minutes  in order  for the 
tissue to attach. 

 

 
3.3.3     Permeabilization 

 
The permeabilization was perfomed with ST permeabilizator  according to the man- 
ufacturer instructions. 

 
3.3.4     Extension  with Klenow Fragment (3Õ  æ 5Õ exo≠) 

 
70 µl of extension  solution  was pipetted  in each  well and  incubated overnight  at 
37 ¶ C. The extension solution contained 1x NEBu  er 2 (New England Biolabs® Inc., 
Massachusetts, USA), 0.2 mM dATP, 0.2 mM dGTP, 0.2 mM TTP, 25 µM dCTP, 
1 µM Cy3-dCTP, 100 ng/µl Bovine  Serum  Albumin  (BSA)  (New  England  Bio- 
labs® Inc., Massachusetts, USA) and 0.4 Units/µl of Klenow Fragment (3Õ  æ 5Õ exo≠) 
(New England  Biolabs® Inc., Massachusetts, USA). 

 

 
3.3.5     DAPI staining 

 
DAPI  was diluted  1:1000 in 1x PBS.  70 µl of DAPI  dilution  was pipette  in each 
well and  incubated for 5 minutes  at  room  temperature.   The  solution  was  then 
removed from the wells and the slide was dipped  in MilliQ DNAse and RNAse free 
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water  (Millipore,  Massachusetts, USA). Finally,  the slide was dried at 50 ¶C for 15 
minutes.  The tissue sections were visualized in a Laser Capture Microdissection 
microscope (Molecular Machines  Industries, Glattbrugg, Switzerland) in the DAPI 
channel  at 4x and 40x. 

 

 
3.3.6     Tissue  removal 

 
MOB tissue sections were removed with the Proteinase K provided  in the RNeasy® 
FFPE Kit (QIAGEN,   Hilden,  Germany).   10 µl of QIAGEN  Proteinase K  was 
diluted in 150 µl of PKD bu  er. 70 µl of solution was incubated at 56 ¶C for 1 hour 
with mixing intervals (300 rpm for 3 seconds with 6 seconds of rest). 

 

 
3.3.7     Slide wash 

 
After tissue removal, the slide was washed to remove the solution from the wells by 
placing  the chip mask  and  holder  in 50 ¶ C 2x SSC/0.1%  Sodium  Dodecyl Sulfate 
(SDS)  (Wash  Solution  1) and  removing  the chip from the mask  and  holder.   The 
slide was incubated in Wash  1 solution  for 10 minutes  at  300 rpm  followed by an 
incubation with 0.2x SSC (Wash  Solution 2) 1 minute at 300 rpm at room temper- 
ature.   The  final step was a 1 minute incubation with 0.1x SSC (Wash  Solution 3) 
at 300 rpm at room temperature.  After incubations, the slide was spun dry. 

 

 
3.3.8     Scanning 

 
The slide was scanned with an Agilent Microarray  scanner (Agilent Technologies, 
California,  USA) at 10 µm resolution with 100% PMT  in the green channel. 

 

 
3.3.9     Visualization 

 
The  scanned  slides were visualized  with  the software  GenePix®  Pro  5 (Molecular 
Devices, California,  USA) with an excitation wavelength  to the image of 532 nm. 

 
 

3.4     Quality  control  array with fragmented  and genomic 
DNA  of U2OS  cells 

 
U2OS is a human  osteosarcoma cell line. We used DNA extractions of these cells in 
order to optimize the Spatial Genomics workflow as an alternative to tissue sections. 

 

 
3.4.1     Fragmentation of U2OS  genomic  DNA 

 
DNA extractions of U2OS cells were already  available  in the laboratory. We mea- 
sured the concentration of the DNA extraction with Qubit® dsDNA BR Assay Kit 
(Invitrogen,  California,  USA).  We took  5 µg of gDNA and  completed  volume  to 
120 µl. We sheared the sample to an average size 500 bp using a Covaris S2 system 
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(Covaris,  Massachusetts,  USA). Then,  the sheared  sample  was concentrated to 25 
µl with a PCR  Purification column (QIAGEN,  Hilden, Germany) and an additional 
25 µl of EB bu  er (QIAGEN,  Hilden,  Germany) was added  to complete  50 µl of 
the sheared  sample. 

 

 
CA-purification 

 
CA-purification was performed in a Magnatrix™ 1200 Biomagnetic Workstation 
(NorDiag  ASA, Oslo, Norway).   As a final step  to purify  the sheared  DNA,  CA- 
purification  was performed  according  to Lundin  et al. (2010) with 50 µl of sample, 
40 µl of beads with 10 minutes of binding  time and 100 µl of precipitation solution 
(0.9 M NaCl, 12.5% PEG). The sample was eluted in 15µl of EB bu  er (QIAGEN, 
Hilden, Germany). 

After  purification, we measured  the DNA concentration  of the sample  with  a 
Qubit® dsDNA BR Assay Kit (Invitrogen, California,  USA) and analyzed  the frag- 
ment size range with an Agilent 2100 bioanalyzer  (Agilent Technologies, California, 
USA). 

Figure  3.4 shows the sheared  U2OS DNA after CA-purification. 
 

 
 

Figure 3.4.  Fragmented  DNA  from  U2OS  cells.   To  analyze  the DNA  we did  an 
Agilent DNA 1000 Assay 

 
 
 

3.4.2     Hybridization of genomic  and fragmented DNA  of U2OS  cells 
 

Genomic DNA (gDNA), sheared double stranded DNA (dsDNA) and single stranded 
DNA (ssDNA)  were hybridized  to in–house  arrays  under  di  erent conditions.  Ta- 
ble 3.1 shows the di  erent conditions tested in hybridization. The amount of DNA 
hybridized,  hybridization temperature and time were assessed. 

In general for hybridization, 50 to 60 µl of hybridization mix (MilliQ water  and 
1x NEBu  er 2 (New England Biolabs® Inc., Massachusetts, USA)) was preheated to 
the designated  hybridization temperature.  The DNA (ss or ds) was then added and 
pipetted to each well. The wells were sealed to prevent evaporation and incubated 
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Condition  Levels 
 

Amount of DNA hybridized  200, 700 and 900 ng 
Hybridization temperature 50, 37 and 18 ¶C 
Hybridization time 30 minutes, overnight 

 
Table 3.1. Conditions assessed  to improve  hybridization e   ciency 

 
 
 

for the designated  time with constant mix of 300 rpm.  If dsDNA was needed,  the 
DNA was heated  to 95 ¶C for 5 minutes and  then the sample  was spun  down and 
immediately placed in the hybridization solution. 

 

 
3.4.3     Extension  of hybridized DNA  with Klenow Fragment 

(3Õ  æ 5Õ exo≠) and phi29 DNA  polymerase 
 

After  incubating the DNA,  we proceeded  with  the extension  step.   To  do so, we 
added  extension  solution  mix  to the wells with  the hybridization solution  for a 
final volume of 70 µl.  The concentration of each reagent in the extension mix was 
adjusted so the final concentrations of the extension reaction were reached at a final 
volume of 70 µl. Two DNA polymerases were tested:  Klenow Fragment (3Õ  æ 5Õ exo≠) 
and phi29 DNA polymerase.  Additionally, we tested di  erent extension times with 
each DNA poymerase.   For  phi29 we exended  3 and  4 hours  whereas  with Klenow 
Fragment (3Õ  æ 5Õ exo≠) we extended for 6 and 16 hours. 

 
• The Klenow extension reaction contained 1x NEBu  er 2 (New England  Bio- 

labs® Inc., Massachusetts, USA), 0.2 mM of each dNTP, 1x BSA (New Eng- 
land Biolabs® Inc., Massachusetts, USA) and 0.4 units/µl of Klenow Fragment 
(3Õ  æ 5Õ exo≠) (New England  Biolabs® Inc., Massachusetts, USA). The reaction 
was carried  out at 37 ¶C for the designated  time. 

 
• phi29 extension reaction contained 1x phi29 DNA Polymerase  Reaction Bu  er 

(New England  Biolabs® Inc., Massachusetts, USA), 0.2 mM of each dNTP, 1x 
BSA (New England  Biolabs® Inc., Massachusetts,  USA) and  0.2 units/µl of 
phi29 DNA Polymerase  (New England  Biolabs® Inc.,  Massachusetts,  USA). 
The reaction was carried  out at 30 ¶C for the designated  time. 

 
After the extension time was over, we washed the slide as previously  described 

in “Quality control array  using MOB tissue sections”. 
 

 
3.4.4     Cleavage 

 
We released  the probes  from the slide with  USER™  enzyme  (New England  Bio- 
labs® Inc.,  Massachusetts,  USA).  For  releasing  the materials in the six wells, we 
prepared   and  preheated at  37 ¶C  48 µl of NEB  ExoI  bu  er  (New  England  Bio- 
labs® Inc., Massachusetts, USA), 4.8 µl of 100x BSA (New England  Biolabs® Inc., 
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Massachusetts, USA), 379.2 µl of MilliQ water  and 48 µl of USER™ enzyme (New 
England  Biolabs® Inc.,  Massachusetts,  USA). 70 µl of the cleavage solution  were 
pipetted in each well and incubated for 1 hour at 37 ¶C with interval mixing (300rpm 
shake for 3 sec with 6 sec rest in between).  After incubation, 65 µl of each well was 
collected in 0.2 ml Thermo-Strips (Thermo  Scientific, Massachusetts, USA). 

 

 
3.4.5     Elimination of unused probes 

 
The  elimination  of unused  probes  was performed  with a ST library clean–up after 
cleaving the sample from the slide. The reaction to eliminate the idle probes followed 
the manufacturer instructions. 

 

 
3.4.6     Library preparation for sequencing 

 
After  cleaning  up the sample  this  purified  with  a MiniElute  PCR  Purification kit 
(QIAGEN,  Hilden, Germany), adenylated and  amplified.  After the first PCR  am- 
plification  we ligated  adaptors and indexated the sample for multiplexing. 

 

 
Adenylation 

 
For the adenylation we used the reagents from the CellAmp™ Whole Transcriptome 
Amplification  Kit (TaKaRa Bio  Inc.,  Shiga,  Japan).   For  one  sample,  the TdT 
master  mix had  5.3 µl Lysis Bu  er,  4.5 µl TdT  Bu  er,  0.5 µl dATP  (100 mM), 
4.4 µl MilliQ water  and  0.4 µl TdT  Enzyme  mix.   From  this  solution,  10 µl was 
pipetted into a 0.2 ml Thermo-Strip (Thermo  Scientific,  Massachusetts,  USA). 10 
µl of the eluted sample was added  and spun down.  The reaction was incubated in 
a thermocycler  with  heated  lid and  1 cycle of 37 ¶C for 15 minutes,  70 ¶ C for 15 
minutes and 4 ¶ C for Œ. 

 
 

Quantitative PCR 
 

Quantitative PCR  (qPCR) was performed  to determine  the number  of cycles in 
the first  PCR  amplification   reaction.    The  qPCR  reaction  had  1x  TaKaRa Ex 
Taq® Bu  er (Takara Bio Inc.,  Shiga, Japan), 0.2 mM dNTP  mix (each),  1x Eva- 
Green® (Biotium  Inc., California,  USA), 0.025 Units/µl TaKaRa Ex Taq® (Takara 
Bio Inc., Shiga, Japan) and 0.6 µM of each primer  (A_long and MmeI_dT21VN). 
The  reaction  volume  was 25 µl with  2 µl of adenylated sample.   A_long  was the 
primer  complementary to the Illumina  A_handle included in the Spatial  Genomics 
probe and Mme I_dT21VN was the primer with the MmeI recognition site followed 
by 21 thymidines, a V base (A, C or G but not  T)  and an N base (A, C, G or T) 
in the 3’ end.  The qPCR  was performed  in a Bio-Rad CFX96 Real-Time  Detection 
System (Bio-Rad  Laboratories Inc., CA, USA) with a heated  lid at 105 ¶ C, 1 cycle 
of 95 ¶C for 3 minutes,  50 ¶C for 2 minutes and  72 ¶C for 3 minutes and  29 cycles 
of 95 ¶C for 30 seconds, 67 ¶C for 1 minute and 72 ¶C for 3 minutes (The  plate  was 
read in this step). 
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First PCR amplification 
 

After  the Cq of the sample  was determined,  the first  PCR  amplification  was per- 
formed.  The PCR reaction had 1x TaKaRa Ex Taq® Bu  er (Takara Bio Inc., Shiga, 
Japan), 0.2 mM dNTP  mix (each),  0.025 Units/µl TaKaRa Ex Taq® (Takara Bio 
Inc., Shiga, Japan) and 0.6 µM of each primer  (A_long and MmeI_dT21VN). The 
reaction volume was 25 µl with 2 µl of adenylated sample.  We performed four PCR 
reactions  per  sample.    The  amplification  was  performed  in  a  thermocycler  with 
heated  lid at  105 ¶C, 1 cycle of 95 ¶C for 3 minutes, 50 ¶ C for 2 minutes and 72 ¶C 
for 3 minutes and x cycles of 95 ¶C for 30 seconds, 67 ¶C for 1 minute, 72 ¶C for 3 
minutes and  4 ¶C for Œ.  The  number  x of cycles was the Cq value of the sample 
rounded  to the next higher number. 

After  the first  PCR  amplification,   the sample  was purified  and  concentrated 
with QIAquick® PCR  Purification Kit (QIAGEN,  Hilden, Germany) following the 
standard protocol and eluted in 50 µl of EB bu  er.  The sample was submitted to a 
CA-purification according  to Lundin  et al. (2010) with 20 µl of beads (10 minutes 
of binding  time) and  100 µl of precipitation solution (0.9 M NaCl,  15-16% PEG). 
The sample was eluted in 15µl of EB bu  er (QIAGEN,  Hilden, Germany). Finally, 
the sample  was analyzed  with  an Agilent  2100 bioanalyzer  (Agilent  Technologies, 
California,  USA). 

The best two libraries extended with Klenow Fragment and phi29 DNA poly- 
merases  were chosen for sequencing.   We ligated  adaptors  and  indexed  these  two 
samples for sequencing. 

 

 
Adaptor ligation 

 
Before ligating the adaptor, the poly T tail was removed with the MmeI restriction 
enzyme.   The  reaction  had  1x NEB4  Bu  er  (New  England  Biolabs® Inc.,  Mas- 
sachusetts, USA), 50 µM NEB SAM (New England  Biolabs® Inc., Massachusetts, 
USA) and  0.06 Units/µl NEB MmeI (New England  Biolabs® Inc., Massachusetts, 
USA). The  reaction  volume was 50 µl with  10 µl of sample.   The  incubation was 
carried  out in a thermocycler with a heated  lid at  37 ¶ C for 30 minutes,  80 ¶C for 
25 minutes and 4 ¶C for Œ. 

The sample was purifed with a CA-purification according to Lundin et al. (2010) 
(20 µl of beads,  10 minutes of binding  time,  100 µl of precipitation solution – 0.9 
M NaCl, 15-16% PEG  –). 

After CA-purification, the Illumina handle for DNA paired end sequencing 
(B_handle) (5Õ   GATCGGAAGAGCACACGTCT 3Õ)  was ligated.   To  do so, we used  The 
Quick Ligation™  Kit (New England  Biolabs® Inc., Massachusetts, USA). The  re- 
action had 1x Quick Ligation Reaction Bu  er, 0.1 µM of B_handle and 100 Units/µl 
of Quick T4 DNA Ligase. The final reaction volume was 30 µl with 10 µl of purified 
sample.  The reaction was carried  out in a thermocycler with a heated  lid at 25 ¶C 
for 15 minutes  and  4  ¶C for Œ.  After  incubation, 20 µl of EB bu  er (QIAGEN, 
Hilden, Germany) was added  to complete 50 µl of sample. 
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After ligation the sample was purified with a CA-purification (20 µl of beads,10 
minutes of binding time, 100 µl of precipitation solution – 0.9 M NaCl, 12.5% PEG 
–) (Lundin  et al., 2010). 

 
 

3.4.7     Indexing libraries 
 

The  two  libraries  chosen  for sequencing  where  indexed  with  KAPA  HiFi™  Hot- 
Start ReadyMix  PCR  Kit (Kapa  Biosystems Inc., Massachusetts,  USA). For  each 
sample,  50 µl of the indexing reaction contained 1 Unit of KAPA  HiFi™ HotStart 
DNA Polymerase,  0.3 mM of each dNTP, 2.5 mM of MgCl2, 0.5 µM of InPE  1.0 (5Õ 

AATGATACGGCGACCACCGAGATCTACACTCTTTCCCTACACGACGCTCTTCCGATCT 3Õ), 0.01 µM 
of InPE  2.0 (5Õ  GTGACTGGAGTTCAGACGTGTGCTCTTCCGATCT 3Õ)  and  0.5 µM of Index 
primer  (5Õ  CAAGCAGAAGACGGCATACGAGAT(NNNNNN)index  GTGACTGGAGTTC 3Õ ).  The se- 
quences of the primers  (InPE 1.0, 2.0 and index)  are identical to the Multiplexing 
Sample  Prep  Oligo Only  Kit (Illumina  Inc.,  California,  USA).  The  PCR  had  the 
following cycling protocol:  95 ¶C for 5 minutes and 12 cycles of 98 ¶C for 20 seconds, 
65 ¶C for 30 seconds and 72 ¶C for 1 minute and 1 cycle of 72 ¶ C for 5 minutes and 
4 ¶C for Œ. 

After  a  CA-purification (20  µl of beads,10  minutes  of binding  time  and  100 
µl of precipitation  solution  – 0.9 M NaCl,  15-16% PEG  –) (Lundin  et al., 2010), 
the sample  was analyzed  with  an Agilent  2100 bioanalyzer  (Agilent  Technologies, 
California,  USA) and  the concentration  was measured  with  a Qubit®  dsDNA  HS 
Assay Kit (Invitrogen, California,  USA). 

 

 
3.4.8     Exome enrichment 

 
The exome enrichment was performed with Nextera ® Rapid Capture Exomes (Illu- 
mina Inc., California,  USA). We followed the standard protocol  of the kit from the 
first capture hybridization onwards.  338 ng of DNA per sample was pooled before 
the first hybridization. 

 

 
3.4.9     Exome sequencing 

 
The pooled enriched library  was sequenced with an Illumina  MiSeq sequencer (Cal- 
ifornia, USA) generating  5.2 Gb of 2 x 150 base pair reads. 

 

 
3.4.10     Exome sequencing  data processing 

 
A quality  control  check of the raw  sequencing  data  was performed  with  FastQC 
(http://www.bioinformatics.bbsrc.ac.uk/projects/fastqc).  The  reads  were 
trimmed to account for methodological bias with FASTX-Toolkit (http://hannonlab. 
cshl.edu/fastx_toolkit).   We disregarded  24 bases  of the forward  reads  and  4 
bases of the reverse reads.  The bases trimmed in the forward reads are from the ID- 
tag and the random  hexamer.  The bases in the reverse read are residual thymidines 
from the adenylation step in the library  preparation protocol. 

http://www.bioinformatics.bbsrc.ac.uk/projects/fastqc)
http://hannonlab/
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The trimmed reads were aligned with Bowtie2 version 2.1.0 (–local -t -I 200 
-X 2000 -p 8 –non-deterministic) (Langmead  and Salzberg, 2012) and the du- 
plicates were marked  using Picard  (http://picard.sourceforge.net).  For cover- 
age calculations  we used coverageBed  (Quinlan  and Hall, 2010). 

The  average  depth of coverage based  on the total number  of unique  reads  was 
calculated  as: 

 

(length  read 1 + length  read 2) ◊ total number  of unique reads 
2 ◊ length  of exome 

 
(3.1) 

With the length  of the target regions  of   37, 105, 383 bases.   The  uniformity 
of coverage that was the percentage of exome covered by at least one read was 
calculated  as: 

 
number  of bases covered in the target region 

length  of exome  
◊ 100 (3.2) 

For the target enrichment metrics, we expanded  the targeted regions 200 bp at 
both  sides of the interval.  The percentage of reads on target was calculated  as: 

 
reads mapped  to target regions 

reads mapping  to genome  
◊ 100 (3.3) 



 

 
 
 
 
 
 
 
 
 
 
 

Chapter 4 
 
 

Results 
 
 
 
 

The  experimental  implementation  of Spatial  Genomics  was greatly  based  on past 
experiences  in the Spatial  Transcriptomics approach. This  previous  knowledge di- 
rected  us to focus on specific optimizations  in di  erent  steps  of the protocol.   For 
instance, di  erent permeabilization times with the ST permeabilizator,  extension of 
hybridized  material with  two  di  erent  DNA Polymerases  and  distinct  treatments 
to eliminate  unused  probes before the first PCR  amplification  in the library  prepa- 
ration  step (Figure  2.2). 

This  chapter  describes  the most  relevant  results  obtained  in  the Spatial  Ge- 
nomics workflow, from experimental conditions that led to the construction of two 
DNA libraries to the analysis of the MiSeq sequencing data  of these very first Spatial 
Genomics DNA libraries. 

 
 

4.1  Quality  control  array using mouse  olfactory  bulb tissue 
sections 

 
Di  erent permeabilization times with the ST permeabilizator  were tested on 10 µm 
of mouse olfactory bulb (MOB)  tissue sections.  Di  erent times of permeabilization 
were visually  inspected.   Based  on the integrity  of the nuclei  we decided  that 12 
minutes  was the optimal  time  for permeabilization, i.  e.  after  12 minutes  of per- 
meabilization the nuclei looked di  used but not  completely  disrupted.  Figure  4.1 
shows the integrity of the nuclei after 8 and 12 minutes of permeabilization with the 
ST permeabilizator.   The  decreased  intensity  of the blue and  the lack of a defined 
shape at 12 minutes of treatment compared  to 8 minutes, indicates  di  usion of the 
genomic DNA. 

After deciding on the best permeabilization time, we performed a quality control 
array  using MOB tissue sections and Klenow Fragment (3Õ  æ 5Õ exo≠) to extend  the 
hybridized material. The images of the quality control array using random hexamers 
as probes are shown in Figure  4.2. 

Figure  4.2 shows extension  of the hybridized  material using Klenow Fragment 
(3Õ   æ 5Õ exo≠) and  SuperScript®  III Reverse  Transcriptase,  respectively.   The  print 
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8 minutes  12 minutes 
 

Figure 4.1. 10 µm of MOB tissue section stained with DAPI  after ST  permeabilizator 
treatment, 40X 

 
 
 

obtained from the Klenow Fragment (3Õ  æ 5Õ exo≠) extension is poor if compared with 
the print extended  with SuperScript®  III Reverse Transcriptase.  The high signal in 
some places of the array  is partially a consequence of the “doughnut” e  ect, which 
is the uneven  distribution  of probes  on the array  created  when printing  the slide 
in–house. 

 

 
Klenow  Fragment (3Õ  æ 5Õ exo≠)  SuperScript® III 

 
Figure 4.2. MOB  tissue section footprints using the Spatial Genomics  protocol 

 
 

After performing  a quality control array,  we realized that more testing is neces- 
sary to improve the footprint observed in Figure 4.2. A good footprint in the array 
means that enough genomic DNA “leaked” from each cell, hybridizing  the random 
probes  on the slide.   These  probes  serve  as primers  for the DNA  polymerase  to 
extend  the hybridized  material on the slide.  During  this  extension,  incorporation 
of fluorescent labeled dCTPs will produce  a signal that translates into a “drawing” 
of the tissue when the slide is scanned.  Therefore  an improved  print is required. 

To  improve  the footprint  observed  in  Figure  4.2,  we decided  to simplify  the 
problem  of handling  tissue  sections  by standardizing  hybridization and  extension 
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over the array  using only DNA. In addition to this, we surveyed  di  erent times for 
the ST library clean–up to improve the quality of our libraries. 

The standardizations previously mentioned were performed with 500 bp frag- 
mented DNA (fDNA) of U2OS cells instead of tissue sections and were assessed 
inspecting the DNA libraries  instead of the scanned  images.  The  fDNA simplifies 
the laboratory protocols and facilitates the comparison between di  erent conditions. 
Additionally, the results with fDNA allows us to benchmark the upcoming  Spatial 
Genomics workflow with tissue sections. 

 
 

4.2     Quality  control  array with fragmented  DNA  of U2OS 
cells 

 
Double stranded (ds) and single stranded (ss) DNA were used as starting material 
to hybridize  onto the array.   The  hybridization e   ciency of dsDNA is much  lower 
than the one obtained with ssDNA. As a consequence, most of the conditions were 
only tested  with  ssDNA. Table  4.1 displays  the di  erent  conditions  tested  in this 
thesis. 

 
Condition  Levels 

 

Amount of DNA hybridized  200 ng, 700 ng and 900 ng 
Hybridization temperature 50 ¶C, 37 ¶C and 18 ¶C 
Hybridization time 30 minutes, overnight 

Two DNA Polymerases  Klenow  Fragment  (3Õ    æ 5Õ exo≠) 
and phi29 

Extension time 3, 4, 6 and 16 hours 
ST library clean–up  30, 180 minutes 

 
Table 4.1. Conditions assessed to improve  hybridization e   ciency and DNA libraries 

 
 

After  comparing  di  erent  amounts  of DNA hybridized  onto  the array,  it was 
shown that higher  amounts  of genomic material had  a better performance  during 
the first amplification  in the library  preparation step (Figure  2.2).  This is expected 
because  the amount  of hybridized  and  extended  material is higher  that the un- 
used  probes  right  before the amplification  step,  avoiding  an  over-amplification of 
the unused  probes.   Nevertheless,  a very  good library  using  200 ng of fDNA was 
obtained. 

For a MOB tissue section of 10 µm we expect 300 ng of DNA over the surface. 
This quantity is based on Lin et al. (2010) reporting that a cell has 10 pg of DNA. 
It is also based on the fact that previous results in our group estimated 30,000 cells 
in a 10 µm tissue section of MOB (both  bulbs).  The successful amplification  when 
200 ng of DNA were placed onto the array  suggests that is likely to obtain a DNA 
library from a MOB tissue section, shown in Figure 4.2. The higher amount of DNA 
facilitates the library  preparation, however what  really ensures  the success of this 
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protocol  is the e   cient  elimination  of idle probes  after  releasing  the sample  from 
the slide. 

The hybridization temperatures that lead to successful DNA libraries vary from 
ssDNA to dsDNA. For ssDNA the best libraries  were the ones hybridized  at 50 ¶C. 
On the other hand,  dsDNA libraries were better when the genetic material was 
hybridized  at  18 ¶C. This  is also expected  since weak interactions  of DNA (either 
unspecific or short  stretches)  are more stable  at  low temperatures,  promoting  hy- 
bridization and further extension.  Libraries with di erent hybridization times of 
ssDNA yielded similar results.  We were able to obtain equally good libraries  when 
the material was  hybridized  for  30 minutes  and  overnight.    Indicating that  hy- 
bridization time has little influence in the the hybridization e   ciency.  Both  DNA 
polymerases  were able to extend the hybridized  ssDNA on the array  and  produce 
successful libraries.   As a consequence,  we decided  to compare  its  performance  by 
analyzing  the sequencing data  produced  from both  DNA libraries. 

When  dsDNA  was hybridized,  Klenow Fragment  (3Õ   æ 5Õ exo≠) displayed  poor 
results compared  to phi29 DNA polymerase.  However, the libraries  produced  with 
dsDNA  using  phi29 were not  good enough  to be sequenced.   The  dsDNA  library 
displayed  a considerable  amount of overamplified probes (Figure  4.3).  The good 
performance  of phi29 extending hybridized  dsDNA was expected because of its 
exceptional  strand displacement  activity.    The  over  amplification   of idle  probes 
reflects a lower amount of extended material with respect to the probes prior PCR 
amplification.   The main reason for this is that there is a decrease in hybridization 
and  extension  e   ciency  when  dsDNA  is put on the array.    In  order  to produce 
successful dsDNA  libraries  we need  to improve  the hybridization conditions,  the 
extension  reaction  with  phi29 and  the elimination  of unused  probes.   Phi29  DNA 
polymerase is required to produce dsDNA libraries in Spatial  Genomics because the 
exceptional strand displacement activity and processivity.  Ultimately, high strand 
displacement activity and processivity are the two qualities of the DNA polymerase 
that will facilitate the extension of long stretches of genomic DNA on the array. 

Due to the fact that phi29 has 3’æ5’ exonuclease activity, the extension times 
required  standardization.  The  optimization  of the extension  time  is important to 
ensure that phi29 will extend all the hybridized  material but will not digest it when 
the nucleotides  are consumed  (Pan  et al., 2008).  Pan  et al. (2008) has previously 
reported  optimal  reaction  times  in whole genome  amplification  with  phi29.   Pan 
et al.  (2008)  also states that the optimal  time  correlates  with  the exhaustion  of 
nucleotides  / primers in the reaction.  In the case of Klenow Fragment (3Õ  æ 5Õ exo≠), 
the extension time is not a matter of concern because Klenow fragment (3Õ  æ 5Õ exo≠) 
does not  have  a read  proof activity.   The  best  extension  time  that was tested  for 
phi29 was 4 hours. 

After extending the hybridized  material and releasing the probes from the solid 
surface,  an  elimination  of unused  probes  is required  prior  to library  preparation. 
3 hours  of ST library clean–up  were necessary  to obtain  libraries  from ssDNA as 
starting material and to confirm extension of dsDNA on the slide.  This treatment 
was enough  to yield  good libraries  from  ssDNA  but was insu   cient  to generate 
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libraries  from dsDNA.  Therefore  other  treatments should be exploited to decrease 
the excess of unused probes in the library  preparation step.  Also a heavy stan- 
dardization of the hybridization is necessary with dsDNA to increase the e   ciency 
of hybridization.  As a consequence  of this,  we will increase  in the quantity of the 
captured material. 

After changing the above conditions and comparing the resulting DNA libraries, 
it is shown  that unused  probes  present  in  high  quantities  cause  a  hindrance   in 
the quality  of the library  preparation steps.   When  the gDNA is hybridized  onto 
the array,   most  of the probes  are  unused.    As a  consequence  of this,  when  the 
genomic material is released from the slide, both  extended and unextended probes 
are present in the sample.   This phenomenon  presents a challenge in the library 
preparation step  due  to high  amounts  of unused  probes  having  an  advantage  on 
the first PCR  amplification.   Figure 4.3 shows the consequence of the unbalance 
quantities, described  above, when the hybridized  material is dsDNA. 

The  library  in Figure  4.4 was obtained from fragmented dsDNA hybridized  at 
18 ¶C  and  extended  with  phi29  DNA  polymerase  for 4 hours.   Figure  4.3 shows 
the sample after the first PCR  amplification.  The same conditions were tested with 
Klenow Fragment (3Õ  æ 5Õ exo≠) but the results were unsatisfactory (data not shown). 
The  better performance  of phi29 was expected  because  phi29 has a higher  strand 
displacement activity than Klenow Fragment (3Õ  æ 5Õ exo≠). 

 

 
 

Figure 4.3. 700 ng of fragmented dsDNA hybridized at 18 ¶ C overnight and extended 
with phi29 DNA polymerase for 4 hours 

 
 

Due to the large amount of idle probes observed in Figure 4.3, the following 
experiments were carried  out using only ssDNA as the starting material. 

We  compared  the performance  of Klenow  Fragment  (3Õ    æ 5Õ exo≠) and  phi29 
DNA polymerases.  In order to compare  these, we hybridized  700 ng of fragmented 
ssDNA at 50 ¶C overnight.  This hybridized material was then extended with Klenow 
Fragment  (3Õ   æ 5Õ exo≠) and  phi29 DNA polymerases.   The  resulting  libraries  were 
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sequenced and compared. 
For future reference the two libraries  will be called Klenow  and phi29  libraries 

(color coded in all Figures  in blue and red, respectively). 
Figure 4.4 shows the Klenow and phi29 libraries after the first PCR amplification 

in the library  preparation step. 
 

 
 

Figure 4.4.  Libraries after  first  PCR  amplification  step.  Klenow  Fragment  (3Õ   æ 
5Õ exo≠) in blue (≥418 bp),  phi29  DNA polymerase in red (≥348 bp) 

 
 

In the amplification  step, the number of cycles for each sample were chosen based 
upon the quantification cycle (Cq value) of the qPCR (CFX96 Bio-rad Laboratories, 
Inc.).  The Cq value in the qPCR  is the cycle number  at  which the fluorescence of 
the sample has increased  above background. This measurement correlates  directly 
with the initial amount of nucleic acids present in the sample.  Therefore  lower Cq 
values indicate  more nucleic acids present in the initial sample prior to amplification 
(Bio-rad  Laboratories, Inc.). 

The  Klenow library  (Cq=16.04)  was amplified  16+1 cycles, whereas  for phi29 
(Cq=19.69) the library was amplified 21+1 cycles. The lower Cq value of the Klenow 
library  indicates  a higher  amount  of DNA present  in the sample  compared  to the 
phi29 library. 

The average fragment size in the Klenow library  is ≥418 bp and in the phi29 li- 
brary  it is ≥348 bp.  Figure 4.5 shows the resulting libraries following the ligation of 
the standard Illumina  B handle (Illumina,  Inc.)  and indexation with 12 cycles (sec- 
ond PCR  amplification,  Figure 2.2).  Compared  to Figure 4.4, the average fragment 
size has overall increased for both  libraries,  shifting to the right in Figure 4.5. This 
shift is due to the addition of the sequencing handles  and index for multiplexing. 

After confirming the indexing reaction, the samples were quantified with Qubit® flu- 
orometer.  The  Klenow library  had a concentration of 19.9 ng/µL while phi29 had 
a concentration of 38.8 ng/µL. In order to obtain more material for the exome en- 
richment,  a second indexing  reaction  was performed  with  the remaining  material 
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Figure 4.5. Indexed  Libraries, Klenow Fragment (3Õ  æ 5Õ exo≠) in blue (≥ 496 bp), 
phi29  DNA polymerase in red (≥ 463 bp) 

 
 
 

left from both  libraries  (3µL). The second round  of indexing reactions yielded con- 
centrations of 12.1 ng/µL for the Klenow library  and concentrations of 21.7 ng/µL 
for the phi29 library. 

 
 

4.3     Exome  Capture  of Klenow  and phi29  libraries 
 

After  library  preparation, Klenow and  phi29 DNA libraries  were pooled together 
and enriched  using Nextera® Rapid  Capture kit (Illumina,  Inc.).  Since we use the 
library  preparation protocol  of Spatial  Transcriptomics, only the enrichment steps 
of the protocol  were followed as shown in the methodology workflow (Figure  2.2). 
The resulting library  after the enrichment is shown in Figure  4.6. 

It is worth  saying that we enriched  the libraries  with  less input material than 
recommended  by Illumina  in the Nextera® Rapid  Capture Guide  (Illumina,  Inc.). 
And also we obtained a higher fragment size range (≥250≠2,000 bp) than the one 
recommended  by the kit (≥150≠1,000 bp).  These two factors may have a negative 
influence on the e   ciency of the exome capture. 

 
 

4.4  Exome  Sequencing Data  from Klenow  and phi29 
libraries 

 
The quality control check of the exome sequencing data  indicated  high per base and 
per sequence  quality  scores (per  base score >30 and  per sequence  score ≥38).  It 
also indicated  a bias in the sequence composition in both  libraries  (first 24 bases in 
the forward reads and 4 bases in the reverse reads)  and high duplication rates. 
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Figure 4.6.  Nextera®  Rapid  Capture of pooled  libraries, average  fragment  size is 
≥500 bp 

 
 
 

Spatial  genomics introduces bias in the sequence composition of both  reads.  In 
the forward  reads,  the first  24 bases represent:  18 bases of the barcode  recording 
spatial  information and 6 bases of the oligonucleotides used to capture the DNA on 
the slide.  For  the reverse  strand, a homo polymer  of 4 thymidines  is the residue 
left from the homopolymer  tailing strategy used to ligate the B Illumina handle 
(Illumina,  Inc.).  This bias was safely removed by trimming the first 24 bases of the 
forward reads and the first 4 bases in the reverse reads. 

After checking the quality of the raw reads, we proceeded to map the sequencing 
data  with  Bowtie2.  After  the alignment  both  libraries  had  over 95% of the reads 
mapping  to the genome.  Table  4.2 summarizes  the sequencing data  obtained from 
the MiSeq run and the performance  of the enrichment. 

 
Stats from  seq.  data Klenow phi29 
Total  number  of reads 15,331,038 19,737,558 
% of duplication 57 85 
Average depth of coverage 24.19 11.28 
% exome with at least 1X 19.22 6.03 
% of reads on target 16.12 12.30 
Total  length  of target regions  37,105,383 

 
Table 4.2.  Summary of the exome sequencing  data of Klenow  and  phi29 libraries 

 
 

In  general,  both  libraries  are  highly  duplicated, specially  phi29.   In  addition 
to the high duplication, the target enrichment metrics reveals a low percentage of 
enrichment:  16% and 12% of the libraries  have reads mapping  on target regions. 

Despite the fact the enrichment was ine   cient, both libraries were prepared  un- 
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Klenow  library 

 

 
phi29  library 

 
Figure 4.7.  Number of reads  normalized by the length of the target region 

 
 
 

der the same conditions.  Therefore  the negative e  ects of the protocol are expected 
to impact both libraries in the same way.  If we assume this is true, then we can say 
that the Klenow library  diversity is higher than the phi29 library  diversity.  Which 
results  in a better performance  of Klenow fragment (3Õ  æ 5Õ exo≠) in extending  the 
hybridized  material over the solid surface. 

Figure  4.7 shows the number  of reads mapped  to each exon normalized  by the 
length  of that target region.  The  green line represents  the locations  of the target 
regions that had  zero coverage.  Figure  4.7 shows that the target regions with  no 
coverage (green line) seem spread  across all the exome.  Showing that both  Klenow 
and phi29 libraries  captured fragments from all parts of the genome. 



 

 
 
 
 
 
 
 
 
 
 
 

Chapter 5 
 
 

Discussion 
 
 
 
 

The last chapter summarized  the most important results obtained in the project, so 
far.  In this chapter we will discuss the overall results and we will propose possible 
solutions to the problems  we encountered. 

 
 

5.1  Experimental  challenge:   permeabilization  of 10 µm 
tissue  sections 

 
The  permeabilization is a crucial  step  in Spatial  Genomics.   We permeabilized  in 
order to have access to the genomic DNA (gDNA) and conserving as much as possi- 
ble the integrity of the cells within the tissue.  To access the gDNA, the cellular and 
nuclear  membranes  of the cell need to be partially disrupted.  As a consequence of 
this, the permeabilization step is a di   cult task and needs to be carefully considered 
because it can greatly  influence the results. 

The  quality  of the printed  in–house  arrays  influences  the visualization of the 
print in the slide.  Due to the “doughnut” e  ect, the printed probes  are unequally 
distributed  in the slide, leaving  areas  of high  probe  density.   These  areas  lead  to 
overexposed  regions  when  the slide is scanned.   This  phenomenon  is observed  in 
Figure 4.2, where the overexposed region overlaps with the MOB tissue print making 
the identification of the morphology  di   cult. 

Although, 12 minutes of ST permeabilizator  (Figure  4.2) were enough to leave 
a print in the slide, it is uncertain  if the scarcity  of definition  in the print is be- 
cause of the permeabilization treatment, the hybridization e   ciency, the extension 
with Klenow or the uneven  distribution of probes  observed  in the in–house  array. 
Further optimization  in the in–house  printing  protocol  will help better assess the 
permeabilization and elongation  steps and eventually to accomplish a print similar 
to the one shown in Figure  2.1. 
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5.2  Experimental  challenges:  hybridization,  extension over 
solid surface  and elimination  of idle probes 

 
This study has shown that Spatial  Genomics method works when ssDNA is directly 
hybridized onto the array.  Exome sequencing data of the resulting libraries displayed 
high duplication rates,  suggesting low diversity in the original DNA libraries.  This 
low diversity  in the DNA library  can be attributed to a suboptimal  hybridization 
of the DNA and extension over the array. 

The  same hybridization and  extension conditions used to obtain libraries  from 
ssDNA become negligible when dsDNA is used instead of ssDNA. dsDNA represents 
a higher challenge in the experimental workflow, this was shown in Figure 4.3 where 
the library  produced  from dsDNA exhibits overamplification of unused  probes. 

Further optimizations in hybridization and extension need to be address in order 
to capture and extend dsDNA successfully.  Although a low hybridization tempera- 
ture was confirmed to work better when dealing with dsDNA, even lower tempera- 
ture profiles are worth testing to see if there is an increase in the yield of the DNA 
library. 

The failure of Klenow Fragment (3Õ  æ 5Õ exo≠) to extend dsDNA and the positive 
extension with phi29 is evidence in that the later  polymerase  have the potential to 
extend successfully dsDNA over a solid surface.  However we still need to find the 
best conditions that will enhance  phi29 performance.   phi29 has great  potential in 
our method because this enzyme couples strand displacement with polymerization, 
it has proofread  activity  and  it is an extremely  processive enzyme (Blanco  et al., 
1989).  However, we should be careful with phi29 extension times.  The 3’æ5’ 
exonuclease  activity  of phi29 can bring  complications  to the extension  step.   Pan 
et al. (2008) reports a correlation  between exhaustion of nucleotides  or primers  in 
the reaction and the optimal reaction time.  The proofread activity of phi29 has 
encouraged  the use of 3’æ5’ exonuclease resistant primers  to increase the priming 
e   ciency (Hutchison et al., 2005). 

Additional to the extension, we could try to improve the ST library clean–up by 
testing accessory proteins  that might improve the elimination  of unused  probes. 

The work reported in this thesis has revealed that the factors that challenge the 
most the construction of DNA libraries, specially from dsDNA are the hybridization, 
extension e   ciency and excess of idle probes.  Therefore  these are the factors that 
we should  pay  attention in our  future  work.   Here,  we have  found  a strategy  to 
improve the ST library clean–up treatment for Special Genomics applications. 
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5.3     Exome  sequencing data  suggest suboptimal  conditions 
in hybridization,  extension and release  of probes  in the 
Spatial  Genomics  workflow 

 
The purpose of analyzing the exome sequencing data  was to asses the library prepa- 
ration  steps of the proposed  Spatial  Genomics experimental workflow. 

After processing the exome sequencing data  of the obtained Klenow and phi29 
libraries,  low enrichment  metrics  and  high  duplication rates  were  observed  (Ta- 
ble 4.2). 

The low enrichment e   ciency can be a consequence of libraries  that have a size 
distribution  larger  than recommended  by Nextera®  Rapid  Capture  kit (Illumina, 
Inc.).  Moreover,  the amount of experience  by the researcher  doing exome capture 
could have a negative  impact in the enrichment results. 

The percentage of on-target reads is influenced by the fragment size distribution 
of the libraries.   Nextera® Rapid  Capture kit (Illumina,  Inc.)  recommends  a final 
size distribution of 150 ≠ 1,000 bp.  However the resulting pooled enriched  library 
displayed  a size distribution of 250 ≠ 2,000 bp.  In general we obtained an enriched 
library  with larger DNA fragment size. 

Larger  DNA  fragments  may  result  in more  o  -target reads  (Nextera®  Rapid 
Capture Guide,  Illumina  Inc.).  Nextera® Rapid  Capture kit uses 80 mer baits for 
capturing  target regions  in the DNA  library.    Since these  baits  are  smaller  than 
the fragments  in the library,  in general  it is expected  that some reads  fall in the 
neighboring  regions  of the target (Kota  et al.,  2012).   For  this  reason,  when  we 
calculate  percentage  of reads  within  target regions we expand  each  target region 
to account  for this  phenomenon.   However if the fragment  size is larger  than the 
size optimized by the company,  we should expect an increase of o  -target reads and 
therefore a lower enrichment e   ciency. 

On  the other  hand  we have  high duplication rates  in both  libraries.   The  low 
percentage of unique reads can be consequence of three factors.  The first one is the 
bias introduced  in each PCR  amplification  step.  The  second one is the low input 
DNA used for the enrichment  protocol.   And finally, the third factor  is the scarce 
diversity of the Klenow and phi29 libraries. 

We could improve  the number  of unique  reads in the library  by optimizing the 
PCR amplification steps in the library construction protocol.  Since the amplification 
steps were optimized for the Spatial  Transcriptomics approach, a careful review of 
the PCR  protocols  can help minimize the bias that is influencing the final library 
diversity. 

In  addition  to this,  a low quantity of DNA  as input material for enrichment 
(lower than the recommended  by Nextera® Rapid  Capture kit) can introduce more 
bias in the amplification  steps of the enrichment workflow because we are using less 
material than the one they use to standardize the amplification  conditions. 

We can attribute high duplication rates  to the fact that both  Klenow and phi29 
libraries  had  a  reduced  amount  of initial  fragments.    This  low diversity  can  be 
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explained with suboptimal conditions for hybridization, extension and probe release 
protocols. 

Further hybridization, extension and probe release optimizations are necessary 
to increase  the original  diversity of the libraries.   For  hybridization, di  erent tem- 
perature profiles should  be exploited  to promote  greater  amounts  of DNA to hy- 
bridize the random  hexamers.  For extension, more standardizations with di  erent 
DNA polymerases  should  be performed  to maximize  the polymerization over the 
solid surface.   Finally,  the release  of the probes  has  been  considered  as  a possi- 
ble cause of decreased  diversity.  Due to the extended material over the array,  the 
USER™  enzyme  (New England  Biolabs® Inc.,  Massachusetts,  USA) can be seen 
having some steric problems to reach the uracils located close to the surface.  Recent 
experiments performed  in the group showed that it is necessary to release twice the 
material from the slide so more fragments can be recovered  from the surface.  The 
suboptimal conditions of hybridization, extension and probe release lead to reduced 
library  diversity and therefore to elevated  duplicates  after successive amplification 
steps present in the Spatial  Genomics protocol. 

Hou et al. (2012) and Xu et al. (2012) report a method to do an early diagnosis 
of the diversity  of their single-cell sequencing  libraries.  Hou et al. (2012) and  Xu 
et al. (2012) amplified ten housekeeping  genes spread  in di  erent chromosomes  to 
assess genome coverage after whole genome amplification and prior to sequencing the 
samples.  This quality control check could be used in our approach  to assess diversity 
of the captured material and therefore, assess improvement on the hybridization / 
elongation  e   ciency conditions without having to sequence the sample. 

 

 
Exome sequencing  data suggests that  Klenow fragment (3Õ  æ 5Õ exo≠) 
outperforms phi29 DNA polymerase when extending  over a solid surface 

 
Looking at  the duplication rate  of both  libraries,  phi29 library  is more duplicated 
(85%) when compared  to the Klenow library  (57%).  Since the experimental condi- 
tions were constant for both  libraries,  i.e.  the e  ect of the low input DNA for the 
enrichment step, the PCR  bias was the same for both  libraries,  the diversity of the 
samples  is the di  erential  factor.  From  the exome sequencing  information we can 
deduce  that the initial  diversity  of the Klenow library  is better when compare  to 
the phi29 library.   This  means that under  the tested conditions, Klenow Fragment 
(3Õ  æ 5Õ exo≠) performs better than phi29 when extending DNA over a solid surface. 

As mentioned before, e  orts to optimize the performance  of di  erent DNA poly- 
merases extending over solid surfaces, specially phi29, are necessary for the Spatial 
Genomics approach. Phi29 displays  an exceptional processivity, proofread  activity 
and  it is able to use double  stranded  DNA as template  for extension.  This  prop- 
erties are required  in Spatial  Genomics to extend fragments of genomic DNA over 
the surface. 
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5.4  Exome  sequencing data  was inconclusive  when 
assessing distribution  of reads in the  target  regions 

 
Besides  evaluating the experimental  workflow of Spatial  Genomics,  we aimed  to 
understand  if Spatial  Genomics  is able to capture  a representative  portion  of the 
genome. 

With the number  of reads  obtained in the MiSeq run  for each library  we were 
expecting  su   cient  mean  depth to assess whether  or not  the reads  where spread 
out in the target regions.  However the exome sequencing data  generated  from the 
Klenow and phi29 libraries failed to determine with certainty that Spatial  Genomics 
approach  captures a representative portion of the genome.  This is due to the high 
duplication rates  and low enrichment metrics. 

The  high  duplication rates  and  the low enrichment  e   ciency  decreased  the 
amount  of data  available  to determine  if the reads  within  the target regions dis- 
tribute randomly  over the exome. 

In the future to avoid experimental problems  in the enrichment step, we could 
sequence in a MiSeq run the generated  library  without enrichment.  This data  will 
have low depth coverage (approximately 3X) but we will be better able to determine 
how the reads distribute across the genome. 

For  the applications of Spatial  Genomics  in cancer  research,  deep  sequencing 
is necessary  to reach  the required  amount of data  needed to infer tumor clonality. 
Hou  et al.  (2012);  Li et al.  (2012);  Xu  et al.  (2012)  infer  tumor  clonality  with 
single-cell sequencing,  the data  that they  reported  has an average  mean  depth of 
30≠40X. With this depth they report 50≠60% of the target regions covered by at 
least 5X (Hou et al., 2012; Li et al., 2012; Xu et al., 2012). Based on this information 
it is certain that highly e   cient protocols are needed to obtain high quality libraries 
able to produce  useful data  for downstream analysis. 

In  this  study,  the exome  sequencing  data  revealed  low enrichment  e   ciency 
and  high  duplication rate  for both  libraries  (Table  4.2),  these  two  factors  make 
it impossible  to determine  if Spatial  Genomics  is able  to capture  representative 
regions of the genome.  However, the relatively  even distribution  of the non cover 
regions (green line in Figure 4.7) and the presence of mapping  reads across all 
chromosomes  suggests  that the Spatial  Genomics  probes  are  randomly  capturing 
DNA fragments across the genome.  Further e  orts to clarify this are necessary  to 
assess the randomness  of the genome capture in Spatial  Genomics. 

Summing up, the work reported in this thesis has shown that Spatial  Genomics 
is feasible in ssDNA and  promising  for dsDNA.  The  evaluation of di  erent exper- 
imental conditions have shown that the challenges in Spatial  Genomics are the 
optimization of hybridization, extension over a solid surface and the elimination  of 
unused  probes  before the DNA library  preparation step.  Additionally,  the exome 
sequence data  analysis  of two libraries  produced  from ssDNA hybridized  onto the 
slide, revealed that Klenow Fragment (3Õ  æ 5Õ exo≠) outperforms phi29 when extend- 
ing DNA over a solid surface under  the tested conditions.  As a consequence of the 
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high duplication rate  and  the low e   ciency of the exome enrichment  the amount 
of useful sequencing data  was insu   cient to assess with certainty that Spatial  Ge- 
nomics probes  are unbias  when capturing  DNA fragments  of the genome.  Never- 
theless,  the obtained  data  allowed us to identify  problematic steps  in the Spatial 
Genomics experimental protocol  which is crucial when developing a technology. 



 

 
 
 
 
 
 
 
 
 
 
 

Chapter 6 
 
 

Conclusions and Future Work 
 
 
 
 

In this study we attempted to establish a preliminary workflow of Spatial  Genomics, 
a method that aims to characterize genomic variations in thin tissue sections while 
preserving  spatial  information. 

To achieve this goal, we decided to survey every step in the protocol and identify 
major challenges in Spatial Genomics.   For this reason, two main experimental 
approaches  were  carried  out:   a  quality  control  array  with  mouse  olfactory  bulb 
tissue  sections  and  a quality  control  array  hybridizing  single and  double  stranded 
DNA. 

Experiments with mouse olfactory bulb tissue showed the possibility to per- 
meabilized  a tissue section over a slide, capture its DNA using random  hexamers, 
extend  the hybridized  DNA with  Klenow Fragment  (3Õ   æ 5Õ exo≠) and  visually  in- 
spect  the extension  scanning  the slide to see the Cy3 labeled  dCTPs (Figure  4.2) 
incorporated during  the elongation  step.  The footprint left by the tissue indicated 
that optimizations  in the permeabilization, hybridization and  extension  steps  are 
necessary to reach a better spatial  definition. 

Based on these results we decided to compare di  erent experimental conditions 
to promote  hybridization and  extension  of the DNA.  Additionally,  we generated 
DNA  libraries  from  dsDNA  and  ssDNA  hybridized  and  extended  on the surface 
with two DNA polymerases:  Klenow Fragment (3Õ  æ 5Õ exo≠) and phi29. 

The  best  DNA libraries  were based  on ssDNA hybridized  onto  the array.   Al- 
though, the experiments with dsDNA confirm an extension of the hybridized  mate- 
rial, the quality of the library was insu   cient for sequencing (Figure 4.3). Therefore, 
two libraries  from ssDNA were selected for sequencing.  Exome sequencing data  re- 
vealed a greater  diversity in the Klenow library  suggesting that Klenow Fragment 
(3Õ  æ 5Õ exo≠) is able to elongate DNA over the slide more e   ciently than phi29 under 
the tested conditions. 

The  sequencing  run  yielded high quality reads  with 95% of the reads  mapping 
to the genome.    Further e  orts  optimizing  the hybridization, extension,  library 
construction and enrichment steps for the DNA libraries are necessary to obtain 
sequencing data  with lower duplication rates  and higher target enrichment metrics. 
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With better diversity in the libraries  we will be able to assess if Spatial  Genomics 
can capture a representative portion of the genome by looking at the uniformity of 
the exome coverage. 

Further improvements  in the protocol  should  aim  to increase  diversity  in the 
DNA libraries.   This  diversity can be improved  by increasing  the amount of DNA 
capture in the array,  enhancing  the DNA polymerase activity in the elongation step 
and optimizing the PCR  conditions and the exome capture.  These actions are the 
future work in Spatial  Genomics. 

In order to find the right conditions for hybridization and extension, we need to 
simplify even further  our starting conditions.  The  results  presented  in this  thesis 
used denatured fragmented  genomic DNA to hybridize  onto  the array.   As future 
work, instead of denaturing the DNA we will optimize the hybridization and exten- 
sion with real ssDNA, for example  the single stranded viral DNA M13mp18 (New 
England  Biolabs® Inc., Massachusetts, USA). 

The optimization for extension should be done in two steps:  assess the extension 
in solution and compare it with the extension over the surface.  It is expected a lower 
e   ciency when the extension is performed  over solid surfaces due to steric e  ects. 

Di  erent  polymerases  should  be  compared  so we can  find  the most  suitable 
for our  approach.  Phi29  and  Bst  Polymerases  are  our  best  candidates for future 
testings.  As previously  stated, phi29 has exceptional strand displacement activity, 
processivity  and  high fidelity  (Blanco  et al.,  1989).  These  features  are  needed  in 
Spatial  Genomics.   However  the optimal  temperature  of phi29  is 30 ¶ C  and  this 
can pose a problem  when secondary  structures in the DNA are present.  When  we 
compare  di  erent libraries  produced  from di  erent hybridization temperatures we 
found that 50 ¶ C was the best temperature to hybridize  ssDNA. This is because at 
this  temperature,  the random  hexamers  of the probes  are  less likely to hybridize 
themselves  or neighboring  probes.   To  overcome  this  problem,  Bst  polymerase  is 
a  great  candidate to test extension  because  it is able  to extend  DNA  at  65 ¶C 
(New England  Biolabs® Inc.,  Massachusetts,  USA).  Moreover,  it presents  strand 
displacement activity, which will allow us to extend dsDNA onto the array. 

Another  possibility  for the decreased  diversity  has  been  recently  found.   The 
release of the probes  from the solid surface was suboptimal.  This  means  that not 
all the captured and extended material on the array  was being used for the library 
construction step.  After doing some testing, we found out that the release treatment 
should be performed  twice in order to recover a higher amount of material from the 
array. 

Once we have  improved  the previous  conditions  we should  move from testing 
with  DNA to cells.  When  we place cells instead  of DNA we should  optimize  per- 
meabilization and fragmentation of the genomic DNA. Then a further step towards 
complexity should be taken.  When  the experimental workflow is working for cells, 
we will be ready to test it in tissue sections.  Further challenges when working with 
tissue should be addressed.  For example, tissue removal and permeabilization should 
be a priority.  Previous  tests in our laboratory with breast cancer tissue have shown 
that removing  the tissue  from the slide it is not  an  easy task.   The  extracellular 
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matrix  and fat in the tissue makes di   cult its removal from the surface. 
The  results  in  this  inquiry  demonstrates  that spatial   genomics  is  a  feasible 

method of research,  which is able to capture spatial  information within a tissue. 
Preliminary analysis of the exome sequencing data  suggests a better performance  of 
Klenow Fragment (3Õ  æ 5Õ exo≠) when compared  to phi29 to extend the DNA on the 
array.  Furthermore, experiments with tissue sections and fragmented DNA indicate 
that more  optimizations  in the hybridization, extension  and  PCR  amplifications 
steps are needed to improve the diversity of the DNA libraries. 
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