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Eukaryotic Gene Expression

NUCLEUS

Central Dogma of Biology
* DNA —> mRNA -> Protein

 Gene expression previously
measured in ‘bulk’ methods

Intron
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Transcriptionl

where all RNA from a batch N slcing| ™~ g
of cells is collected to  Ommmmm——
analyze apEAiels s S e
* Quantitative RTPCR CLLTEIT
« Target must be known 1nmmm¢ mie
- Bulk RNA Sequencing OB

Protein

« Can only trace transcripts to
whole input tissue or cell
suspension

 All population context lost
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Eukaryotic Gene Expression

Complexity of cellular
populations lost in bulk

analysis

Bulk gene
p
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Average gene expression from all cells
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Eukaryotic Gene Expression

Single Cell Gene

= Expression
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Single Cell Sequencing Techniques

True Single Cell Sequencing

10bp -:r'lz" AAAA
TTTT [UMI] [BC] [PCR] < TTTT [UMI] [BC] [PCR]

* Glass pipette picked or FACS- Ro—— —
Sorted Single Cells . -

e Similar processing steps to o= M_.L/ﬂ!j
regular bulk RNA seq, but -t
with ultra-low input Ik \

* Low throughput, high cost é/ ) \B
per cell

* Currently used for very AT
specific purposes | :

1-384 Cells




Single Cell Sequencing Techniques

Single Cell Barcoding techniques

* Barcode the cDNAs from each Allgned cDNA Cell barcode
cell with a cell identifier

* Process as bulk RNA Cell 2 ////
Cell 2 1z 1
e Use the identifier to assign . s
. gene c —Cell 1 — i
transcript counts to
individual cells gene ¢ —<Q1 00 e
* Moderate to high throughput 1 1
 Expensive, but low cost/cell cDNA created Cell identifier
from mRNA barcode
transcripts

10X Genomics



https://pages.10xgenomics.com/rs/446-PBO-704/images/10x_LIT000144_Demystifying_Single_Cell_Sequencing_Letter.pdf

Single Cell Sequencing




Single Cell Sequencing

* With bulk RNA sequencing,
all messages are mixed
together!

* |If we add handles, we can
now figure out the source of
each message




Single Cell Sequencing

* With bulk RNA sequencing,
all messages are mixed

together!
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Single Cell Sequencing

e With bulk RNA sequencing,
all messages are mixed
together!

* If we add handles, we can
now figure out the source of
each message

* Provide context to the groups
of messages

e Determine contributions to
each conversation




Single Cell Sequencing Techniques

Single Cell Barcoding techniques

Microfluidic
Droplet Based
Partitioning

Combinatorial
Barcoding

Gravity Loaded
Nano-well

Arrays

* Use various methods to
give cells unique barcodesy -~

. | P 1o CellLoad Scan

when mRNA is captured ® PEIR505

1 Load Cells

* Moderate to high
throughput 2 L_t.:judBnu..r:.is

Bead Load and
Bead Wash Scan

(Lysis + PCR
‘ "H 1”‘\‘

* Expensive, but low
cost/cell

| Atrsaquencing,sachsinge cl anscrpome s assambled by
i " i barcod

Genes 123 4

Sequence ..

@ 99,
Single Cell

10X Genomics oems
Chromium

BD Rhapsody
Up to 100 000
cells/sample

Parse Biosciences
Up to 1 000 000
cells/sample -

Up to 10 000
cells/ sample



https://www.10xgenomics.com/instruments/chromium-family?gclsrc=aw.ds&utm_medium=search&utm_source=google&utm_campaign=sem-goog-2022-website-page-ra_g-brand-mixed-emea&useroffertype=website-page&userresearcharea=ra_g&userregion=emea&userrecipient=customer&usercampaignid=7011P0000015V8RQAU&gad=1&gclid=CjwKCAjw2K6lBhBXEiwA5RjtCSOv3_leHx1z7z4leURgpQ9rQLqrx6ZYsucX2ViUWUz0l2qhqlDPqBoCULIQAvD_BwE
https://www.bdbiosciences.com/en-ca/products/instruments/single-cell-multiomics-systems/rhapsody
https://www.parsebiosciences.com/?utm_term=parse biosciences&utm_campaign=SO-Brand&utm_source=adwords&utm_medium=ppc&hsa_acc=2102361796&hsa_cam=13426955429&hsa_grp=132369215427&hsa_ad=559252349457&hsa_src=g&hsa_tgt=kwd-1298702185867&hsa_kw=parse biosciences&hsa_mt=e&hsa_net=adwords&hsa_ver=3&gad=1&gclid=CjwKCAjw2K6lBhBXEiwA5RjtCZtxK31jaEZYnsulxk7hZ64lnwld4Lf_K_g02VIAGQesr80L_lvAtxoCgz8QAvD_BwE

Droplet Microfluidic Partitioning

SsCcRNASeq

Fluidic Partitioning

Create o0il droplet ¢‘chambers’ that will contain single cell reactions

Coll Reverse
ollect Transcrlptlon
10x Barcoded

Gel Beads | »\- ».,,,\\
Cells /, V- .c \\ // N \'~,

Enzyme ] ? ' [ "
\. ? \; \»//

Single Cell 10x Barcoded cDNA and
GEMs Feature Barcode DNA

Single Cell 3'

Cells | C ‘ ‘ ‘ ‘ ié{ v3 Gel Bead
10X Chromium e
Salomon 2019

Pool

Remove Oil

10x Barcoded cDNA and
Feature Barcode DNA

Beads contain:
Poly-dT capture sequence
TruSeq for Illumina Sequencing
10x Single Cell Barcode
Unique Molecule Identifier (UMI)

Polymerases and buffer components
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https://pages.10xgenomics.com/rs/446-PBO-704/images/10x_LIT000144_Demystifying_Single_Cell_Sequencing_Letter.pdf
https://pubs.rsc.org/en/content/articlelanding/2019/lc/c8lc01239c

Droplet Microfluidic Partitioning scRNASeq

Fluidic Partitioning Reagent Beads with Individual Cells

Reverse Pool
Transcription Remove Oil
‘ \ Gene Expression and Feature Barcode Profiling of Individual Cells
\ / | . ' )
| Colll.. o ; . .
L/ ] L] ] ] L]
Gene 1 Gene 2.. Gene 2,000 Feature 1 Feature 100
I I ) ) L
y ) : N ; >
.C . 3> A / N Cell5000 * : : ‘ :
f (58] ’ ) ' | ' | Gene 1 Gene 2. Gene2000  Feature | Feature 100
““.\\ ‘ / "“ ‘.\l \ /“ /
’/ \\__ D ,,./ N Sequence and demultiplex
Single Cell 10x Barcoded cDNA and 10x Barcoded cDNA and
GEMs Feature Barcode DNA Feature Barcode DNA
Emulsion Melting of beads Remove partition
Partitioning And cell lysis process the sample
Single cell barcoding the same as bulk RNA

10X Genomics H
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Library Preparation and Sequencing

Read 1 UMl poly(dTIVN

lEnzymalic Fragmentation

2o
S

Library prep:
 Fragment and prepare the cDNA

End Repair, A-tailing, Ligation l
Read 2

. ! B O —
-For sequenC1ng * mRNA BarCOdEd transcript Cleanup & Priming l Slanrgé);e
Sequencing by synthesis L transcripts cDNA —
. l" P5 Sample Index PCR
a.m p.L i'Fica.tiO n P5 Read 1U3'_'::'-:}&UMI Poly(dT)VN
Build clusters of identical Bind to flow cell Bridge PCR 10X Genomics
fragments ey | ’
Change the nucleotides to Ui ¢ 1 l l 0o n ‘ |u“ J
fluorescent tagged versions with 1oxBarcodedconaand 1 DL ,.' '
i

chemical stops Feature Barcode DNA 1

e Clusters emit the fluorescence
of the current nucleotide Cluster formation Sequencing

* Chemically cleave the
fluorescent and repeat
- TGCT C
4-channel
Base calling
IMumina T

Primers on Next Gen Sequencing (illumina)
National Center for Genome Analysis Support Blog

https://www.youtube.com/watch?v=fCd6B5HRaZ8



https://blogs.iu.edu/ncgas/2021/09/17/introduction-to-illumina-sequencing/
https://www.youtube.com/watch?v=fCd6B5HRaZ8
https://assets.ctfassets.net/an68im79xiti/1eX2FPdpeCgnCJtw4fj9Hx/7cb84edaa9eca04b607f9193162994de/CG000204_ChromiumNextGEMSingleCell3_v3.1_Rev_D.pdf
https://www.illumina.com/science/technology/next-generation-sequencing/sequencing-technology/2-channel-sbs.html

Data Processing and Quality Control

Once Sequencing 1s complete, still a long way to go!

Quality control and downstream processing is a
huge part of scRNAseq

« Align sequences to identify genes

Experimental Design

« De-multiplex all barcodes (samples, cells, UMI) Analysis begins with design. [l Lab Workflow
and to create gene expression matrices ﬂﬁﬁﬁ%ﬁﬁ@&s Use analysis-aware VisuzNzation & Intareatation

o set your course. execution to avoid

Arrive at biological insights and

road-blockin
2 o address research questions with

technical artifacts.

* Remove dead cells

Loupe Browser and community-
developed tools.

« Empty Droplet Detection

b Ad j Ll S t 'F 0 I‘ a.m b i e n t R N A Resea“ih Goals S Normalization
T Batch Correction
 Correct batch effects > e I .
eplicates i Differential Expression

* Unsupervised clustering can be heavily impacted by batch ! Data files

effects before correction and aggregation Cell Annotation. | Clustering

More!
Cell OIidering Y

Ox-Ranger Pipelines

Data Integration

{ fon
S v
: M
B - el A ke
~ qy o o .;;‘3" o 4
o _ 2 I
L - 10X Genomics

Batch Effect Batch Effect Correction 16
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Sequence Alignment and Binning

a Sequencing reads Unique Molecule
Identifier

Aligned cDNA ‘Cellbarcode UMI

UMI 2
UMI 2
gene c — Cell 1 — UMI 3
gene ¢ —JEINWFE— UMI 4

17
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https://www.nature.com/articles/s41581-020-0262-0/figures/2

Sequence Alignment and Binning

a Sequencing reads Unique Molecule
Identifier

Aligned cDNA ‘Cellbarcode UMI

UMI 2 * 3 genes detected
UMI 2

gene c — Cell 1 — UMI 3

gene ¢ EINNFR— UMI 4

|

cDNA fragment is aligned
against a reference genome

18
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https://www.nature.com/articles/s41581-020-0262-0/figures/2

Sequence Alignment and Binning

a Sequencing reads Unique Molecule
Identifier
Aligned cDNA ‘Cell barcode |UMI
Cell 2 UMI 2 e 3 genes detected
Cell 2 UMI 2 e 2 cells detected

gene ¢ — Cell 1— UMI 3
gene ¢ S Cell 2 ST
‘ Identifies

source cell

cDNA fragment is aligned
against a reference genome

Wu & Zhang Nature 2020



https://www.nature.com/articles/s41581-020-0262-0/figures/2

Sequence Alignment and Binning

a Sequencing reads Unique Molecule
Identifier

Aligned cDNA ‘Cellbarcode UMI

Cell 2 UMI 2 e 3 genes detected
Cell 2 UMI 2 e 2 cells detected

gene ¢ —CeTU'T— UMI 3 4 unique original transcript molecules
gene c —WPE— UNI 4
1 4
Identifies
source cell
cDNA fragment is aligned

against a reference genome . .
9 9 Identifies source

mRNA molecule

Wu & Zhang Nature 2020



https://www.nature.com/articles/s41581-020-0262-0/figures/2

Sequence Alignment and Binning

a Sequencing reads Gene expression matrix
Cells

Aligned cDNA | Cell barcode |UMI
‘ 1 2 3 L = n Cells

1.2 0.3 2.1 3.6 ...
UMI 2

GERENb I Il UM 2 _ ;é:ﬁ g;;; .....
gene c —[Cell'1— UMI 3 0 4.6 Vo Z.2 ...

genenc _roYNmER UNI & 0.6 3.3 09 44 .

Genes
O A oo

t t Ho
Identifies n genes
source cell

) , 20 000 gene dimensions!!!
cDNA fragment is aligned

against a reference genome At 10 000 cells/ sample:

Identifies source R ) 0
nmRNA molecule 500 million data points per sample!!!

21
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Quality Control

Many scenarios of imperfect droplets that can affect your

data!
= ‘\ .:..J o

Droplet J
Barcode bead Cell

Ambient mRNA ) Quality Control ®° :

J Empty .
‘® .2 s —_—> " e @

22
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https://www.sc-best-practices.org/preprocessing_visualization/quality_control.html

Single Cell Gene Expression

Dimension Reduction

* Very difficult to visualize 3Dimensionstyy T =__ij== ]
thousands of dimensions of data = v
a.t 0 n c e . i Cluster 1 (14 ]

Gene Count Matrices B 3 cuser2

 Use fancy stats and data = S r———

science techniques (clustering) Cellx 1 1= 8 cusrs o

. => 10000 [~ | Cluster 6 (204

to find patterns and 8] . = ——
associations within the data to % et .
group ==‘ Cluster 10 (4 B
4 o, Cluster 11 (« 0
0 . . a‘ M Cluster 12 @)
« Supervised (Semi) Clustering Gene 2 et | g cemert? :
+ Takes user input on cluster number oo .

. Cluster 16 2
 Unsupervised Gene x -
. . -> 20000 Cluster 18 ]
* Will make as many clusters as it Graph-Based: Up-Regulated Genes Per Cluster B | @ clucter 19 -
thinks exists, depending on variance 20 000 genes *10 000 cells/ sample: el Gl et o Pee | dwrt 6 | @ Cuser2) =

limits for specific algorithms 500 million data points per sample!!! o

Not necessary to understand the underlying data science mathematics in order to = = S e —

understand what the algorithm functions. This is an excellent resource for = . e —

learning about data science and machine learning techniques without needing e aams ot o "

any coding or advanced mathematic knowledge:
https://machinelearningmastery.com/start-here/#algorithms 10X Genothics
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https://machinelearningmastery.com/start-here/#algorithms

Single Cell Gene Expression

Now can do some really interesting analyses!

Analysis Trajectory Analysis

 Clustering . . .
 What direction are progenitor cells

« Differential expression differentiating to, in what

+ Associated genes proportions? How is this affected by

. Endless data mining experimental conditions?
Revisit previous experiments with new genes of . i P
interest

Neutrophils

louvain groups NKG7
3 o
25 _!/
2 ‘
iy
« 1.5
LLI 4
b *aen®s 1
n O
= oo
T ot 0.5
A °
ﬁ 05
-1
tSNE1 tSNE1
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Additional Single Cell Assays

Protein Expression

« Tag cell surface moieties with antibodies

bound to a Capture Sequence and Feature
Barcode CITE-Seq)

 Acts in place of a transcript once in the
partitioned barcoding reaction

UMI - Allows Quantification

Nextera Read 1 10x UMI
(Read 1N) BC

ﬁﬁntibody

B Cell and T Cell receptor sequencing

Capture Feature TruSeq
Seq1l Barcode Read?2

Full length transcript sequencing for splice

DNA availability

Transposase—accessible chromatin with
sequencing (ATAC-Seq)

variants (PacBio long read sequencing)

— ——

-_— T —

ﬁ

a
Pool DNA pl
Coliect ammm:al-on Removeol
]
—> OOOQOQO.O‘Q = 5 1 T
4 I’y | I
mw S U
gel beads
Transcription
ONA— RNA
Tra SP““”" of Siny g! uclet Barcoded accessible
nuciel in bulk DNA fragments
¢ Ll LLLl
20 kb
= 200
Omni-ATAC-seq Tlrarls ali?n‘ 5
(50,000 celis) l[ L M Lll 1 L RNA — Prote
—— .
I~ 200
SCATAC-seq .
(4.484 celis) 11 L L M Jll J L Protein o o o o O
A
0
- 200
scATAC-seq .
(282 celis) Adenine (A)
IA ° s Thymine m
mm— Cytosine (C)
-—_—_—_—_—m———_—,.,—e— . Guanine @)
31 N | " S PIEE FET Uracil (V)
g ks o RSO T B H ;
scATAC-seq | "5 3 ey = 2 VB % E Amino aci
(100 of 4,484 celis) |- ,I' < »}xi_i & - o
31 ST~ B ..f .
¥ X - 'Y 3 c
5 § i = 23 3 3 5
SCATAC-seq ﬁ e 3 SR % 3 Z0 |
(100 of 282 cells) | % : : = & S
- 4 I3 ¥
F 8 ! : {
£ i ¥ S ’ Strand
NG| — AS Mr2s HikeE - DU Lé el PROSERS
W e ] UPK ZBTER? -. 1GFLR1 b—-—“—- l ARH 53
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Single Cell Sequencing

Now we can see which cells are
contributing to the total gene
expression conversation!




Single Cell Sequencing

(" -\

]

al

|

Gl

- C_
Now we can see which cells are \_ Gl
contributing to the total gene Gl
expression conversation! )
But what if we add spatial \a )

context as well!l?

‘nmn N
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Spatial Transcriptomics

Bulk and single cell sequencing Spatial genomics with true single cell resolution

Next big field in genomics
Many technologies available

28



Fluorescence In-Situ Hybridization

Tar.get A~ sequences
* Single Molecule In-Situ \™ p o
/ Sy Hybridization (smFISH) e o
* 1 gene transcript with a ot

W oo /l:,er::t:;t
y specific fluorophore A\ -
captured with a microscope \1\_/ ;/ \_/

* Multiplexed Error-Robust (merFISH) 1 ;
* Hundreds (thousands) of gene targets T
* Probes designed along the length of a gene oundN
with multiple readout sequences \ y \ Potan
N v L - X

1100....1
https://europepmc.org/article/MED/27625426



merFISH — How 1t works

* Multiplexed Error-Robust Fluorescences In-Situ
Hybridization
e Spots are read in sequence

N F N L,
N\~ N o e .
1100....1
D Hybridization round hyb1 hyh hyb3 hyb4
12345678 910111213141516
£2f0004004 0040400 0 0EGFR 8"5@ “V”Q
3100001 0100004 00 0AJFLNA
€40 0001000001001 do0[TLNI &
©5t0 0001 0000010O0@1 OTLNI @
NDe6t0 00001100010 O0®O O|LRP
70 0000000O0O0GOO O 01 0|unidentified
* 1 miss-call can be corrected


https://www.science.org/doi/10.1126/science.aaa6090

Spatial Transcriptomics
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Spatial Transcriptomics
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Doublet and Empty Droplet Removal

Gene counts, identified genes and mitochondrial gene
expression all important

*Can be heavily impacted by specific biology of cell Ambient mRNA ®
populations 5 Empty

A 3000+ B droplet
160 -
b 140

25004
7004
120 .
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