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Workshop Outcomes

« Make and defend a claim based on evidence that genetic
variations result from a variety of factors.

« Understand how the Cas9 protein binds to a specific
sequence of double-stranded DNA at a PAM site and cuts it.

« Explain how CRISPR technologies are applied to edit
genomes.

« Have fun!
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Construct a chromosome

e Start with one centromere

e Add 3 to 4 chromosome connectors
to each side of the centromere

* Add a cap piece to each end of
the chromatid.
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Construct a chromosome

e Start with one centromere

e Add 3 to 4 chromosome connectors
to each side of the centromere

* Add a cap piece to each end of
the chromatid.
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Construct a chromosome

e Start with one centromere

“ e Add 3 to 4 chromosome connectors
to each side of the centromere

* Add a cap piece to each end of
the chromatid.
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Create a sister chromatid

* Create a duplicate copy of the
chromosome to make a sister
chromatid.
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Create a sister chromatid

* Create a duplicate copy of the
chromosome to make a sister
chromatid.
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Examine this beta-globin DNA gene sequence.

3 AC CC C5
5'CC A A 3

il
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insert pieces to assemble the maternal
chromosome
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Use insert pieces to assemble the maternal
chromosome

Human B-globin is located on the p-arm of chromosome 11.

The human B-globin locus is a 60-kb segment on the short arm and
contains five functional genes and two pseudogenes. We will look at a
small part of this locus.

It is responsible for the creation of the beta parts of the oxygen
transport protein, hemoglobin. (13
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Examine this beta-globin DNA gene sequence.

3 ACACC C5°
5'CC A 3
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Use insert pieces to assemble the paternal
chromosome
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Use insert pieces to assemble the paternal
chromosome
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Use insert pieces to assemble the paternal
chromosome

G-C
A-T
G-C




What is the difference between the two sequences?

G

The Genetic Codon Chart°

U C A G
UUU = Phe F| |UCU = Ser S UAU = TyrY
UUC = Phe F| |UCC = Ser S UAC = TyrY
UUA = leul| |[UCA = SerS UAA = Stop UGA = Stop
UUG = LeulL| |UCG = SerS UAG — Stop UGG =» Trp W
CUU=-leul| [CCU=ProP CAU = His H
CUC =»leul| CCC = ProP CAC = His H
CUA = leulL| |[CCA=ProP CAA = GInQ
CUG=leulL| |[CCG=ProP CAG = GInQ
AUU = Tle 1 ACU = ThrT| |AAU = AsnN| |AGU — Ser S
AUC = Jle 1 ACC = ThrT AAC = AsnN AGC = Ser S
AUA = Tle T| |[ACA = ThrT -
AUG = Met M| ACG = ThrT
GUU = Val Vv GCU = Ala A GGU = Gly G
GUC = Val v GCC = Ala A GGC = Gly G
GUA - ValV| GCA = AlaA GGA — Gly G
GUG = Val Vv GCG = Ala A GGG = Gly G

Amino Acid Properties

D Translation Start Codon I:‘ Hydrophobic / Non-polar . Negative Charge . Cysteine

D Translation Stop Codon D Hydrophilic / Palar

. Positive Charge

OrocCc OrocCc OrOc Ornc

Molecular

.where molecules becoime real ™
Jdmoleculardesigns. com
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How might that affect the resulting protein?




What is the difference between the two sequences?

G

The Genetic Codon Chart°

) C A G
UUU = Phe F| |UCU = Ser S UAU = TyrY
UUC = Phe F| |UCC = Ser S UAC = TyrY
UUA = leul| |[UCA = SerS UAA = Stop UGA = Stop
UUG = LeulL| |UCG = SerS UAG — Stop UGG =» Trp W
CUU=leulL| |[CCU = ProP CAU = His H
CUC = LleulL| CCC = ProP CAC = His H
CUA = leulL| |[CCA=ProP CAA = GInQ
CUG=leulL| |[CCG=ProP CAG = GInQ
AUU = Tle 1 ACU = ThrT| |AAU = AsnN| |AGU = Ser S
AUC = Jle I ACC = ThrT| |AAC = AsnN| |AGC = Ser S
AUA = Tle T| |[ACA = ThrT -
AUG = MetM| |[ACG = ThrT
GUU = Val Vv GCU = Ala A GGU = Gly G
GUC = val Vv GCC = Ala A GGC = Gly G
GUA - ValV| GCA = AlaA GGA — Gly G
GUG = Val Vv GCG = Ala A GGG = Gly G

Amino Acid Properties

D Translation Start Codon I:‘ Hydrophobic / Non-polar . Negative Charge . Cysteine

D Translation Stop Codon D Hydrophilic / Palar

. Positive Charge

OrocCc OrocCc OrOc Ornc
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How might that affect the resulting protein?




The Genetic Codon Chart°

) C A G
UUU = Phe F| |UCU = Ser S UAU = TyrY
UUC = Phe F| |UCC = Ser S UAC = Tyr Y
UUA = leul| |UCA = SerS UAA — Stop UGA — Stop
UUG = Leu L UCG = Ser S UAG = Stop
CUU =leul| [CCU=ProP CAU = His H
CUC = leulL| |[CCC = ProP CAC = His H
CUA = leulL| |CCA = ProP CAA = GInQ
CUG = leul| |[CCG = ProP CAG = GInQ
AUU = Jle 1 ACU = ThrT| |AAU = AsnN| |AGU = Ser S
AUC = Ile 1 ACC—=ThrT AAC = AsnN AGC — Ser S
AUA - Tle T| |[ACA - ThrT
AUG = Met M| ACG = ThrT
GUU = Val Vv GCU = Ala A GGU = Gly G
GUC=ValV| GCC = AlaA GGC = Gly G
GUA alV | |GCA — AlaA GGA = Gly G
(GUG = ValV)D GCG = Ala A GGG = Gly G

Amino Acid Properties

D Translation Start Codon I:‘ Hydrophobic / Non-polar . Negative Charge . Cysteine

D Translation Stop Codon D Hydraphilic / Polar

. Positive Charge

What is the difference between the two sequences?

OFr0O0C OFPOC OPFPOC O NOC

Molecular

«.where molecwes become real ™
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How might that affect the resulting protein?




The Genetic Codon Chart°

U C A €

UUU = Phe F UCU = Ser S UAU = TyrY
UUC = Phe F UCC = Ser S UAC = TyrY
UUA = Leu L UCA = Ser S UAA — Stop UGA — Stop
UUG = Leu L UCG = Ser S UAG = Stop
CUU = leu L CCU = Pro P CAU = His H
CUC = Leu L CCC = ProP CAC = His H
CUA = leulL| |CCA = ProP CAA = GInQ
CUG = Leu L CCG = ProP CAG = GInQ
AUU = Ile 1 ACU = Thr T AAU = Asn N AGU = Ser S
AUC = lle 1 ACC = ThrT AAC — AsnN AGC — Ser S
AUA - Tle T| |[ACA = ThrT
AUG = MetM| |ACG = ThrT
GUU = Val V GCU = Ala A GGU = Gly G
GUC=ValV| GCC = AlaA GGC = Gly G
G V GCA = Ala A GGA = Gly G

UG = Val GCG = Ala A GGG = Gly G

Amino Acid Properties

D Translation Start Codon I:‘ Hydrophobic / Non-polar . MNegative Charge . Cysteine

D Translation Stop Codon D Hydrophilic / Polar

. Positive Charge

OHOr0OC OFrPOC OFPOC O 0OC

Molecular

«.where mofecwles: become real ™
Idmolecuwlardesigns. com

What is the difference between the two sequences?

Healthy
Blood Cell

Sickled
Blood Cell
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How might that affect the resulting protein?
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Beta-globin




The Genetic Codon Chart°

U C A €

UUU = Phe F UCU = Ser S UAU = TyrY
UUC = Phe F UCC = Ser S UAC = TyrY
UUA = Leu L UCA = Ser S UAA — Stop UGA — Stop
UUG = Leu L UCG = Ser S UAG = Stop
CUU = leu L CCU = Pro P CAU = His H
CUC = Leu L CCC = ProP CAC = His H
CUA = leulL| |CCA = ProP CAA = GInQ
CUG = Leu L CCG = ProP CAG = GInQ
AUU = Ile 1 ACU = Thr T AAU = Asn N AGU = Ser S
AUC = lle 1 ACC = ThrT AAC — AsnN AGC — Ser S
AUA - Tle T| |[ACA = ThrT
AUG = MetM| |ACG = ThrT
GUU = Val V GCU = Ala A GGU = Gly G
GUC=ValV| GCC = AlaA GGC = Gly G
G V GCA = Ala A GGA = Gly G

UG = Val GCG = Ala A GGG = Gly G

Amino Acid Properties

D Translation Start Codon I:‘ Hydrophobic / Non-polar . MNegative Charge . Cysteine

D Translation Stop Codon D Hydrophilic / Polar

. Positive Charge

OHOr0OC OFrPOC OFPOC O 0OC

Molecular
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What is the difference between the two sequences?

Healthy
Blood Cell

Sickled
Blood Cell
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How might that affect the resulting protein?
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Understanding Codominance

Sickle Cell Anemia DNA sequence

Possible Genotypes and Phenotypes

SS
Homozygous
Typical beta-globin

Ss
Heterozygous Carrier
Typical beta-globin and Atypical beta-globin m m

SS
Homozygous
Atypical beta-globin
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A visit to the genetic counselor

Two individuals with
sickle

cell trait want to
know their chances
of having a child
with sick cell
anemia. Complete
the Punnett square
using DNA
sequences to fill in
each of the squares. &
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A visit to the genetic counselor
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Teacher Notes - How to Generate Interest in CRISPR

Below is a suggestion as to how you might get your kids interested in this topic. We suggest that you challenge
your class to consider the question: Could you have discovered CRISPR?

The first report of what was later to become known as the CRISPR system appeared in a paper from a
Japanese research group) in 1987. These researchers noticed an unusual pattern in the sequence of
nucleotides that occurred just downstream from an E. coli gene they were studying. They had no idea what this
sequence meant, only that it was interesting, and worth reporting to the scientific community.

Over the next ten years, other nucleotide sequences with this pattern were reported in the genomes of other
bacteria. Eventually, this pattern was named CRISPR — Clustered Regularly Interspaced Short Palindromic
Repeats.

So, here is the challenge: Give your students the following sequence of nucleotides. . .

GGAGTTCTACCGCAGAGGCGGGGGAACTCCAAGTGATATCCATCATCGCATCCAG
TGCGCCCGGTTTATCCCCGCTGATGCGGGGAACACCAGCGTCAGGCGTGAAATCT
CACCGTCGTTGCCGGTTTATCCCTGCTGGCGCGGGGAACTCTCGGTTCAGGCGTT
GCAAACCTGGCTACCGGGCGGTTTATCCCCGCTAACGCGGGGAACTCGTAGTCCA
TCATTCCACCTATGTCTGAACTCCCGGTTTATCCCCGCTGGCGCGGGGAACTCG

. . .and ask them if they can see the unusual pattern in this sequence of nucleotides.
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1. Adaptation

Bacteriophage
Bacteriophage .. .
Genome Addition of Viral DNA
Bacteria Cell into CRISPR Arra:
Membrane (\ $ v
Segment of
1w Bacteriophage

| £ DNA
) Bacterial

Genome

CRISPR Locus

\

/ Segment of CRISPR Array
Bactenophage A
Repeat Repeat Repeat

Casd Gene

Spacer

tracrRNA Leader Spacer )
Gene
CRISPR Locus

MM

2. Expression of CRISPR Locus Genes

Building Cas9 Surveillance Complexes

Bacteria
Genome

CRISPR Locus
_.A-__

Repeat Repeat

ﬁ Cas9 Gene

tracrRNA
Gene

Transcribed into tracrRNA copies \

Transcribed into pre-crRNA

“—\/

Translated on R\bosomes into Cas9 Proteins
Processed and Assembled into Guide RMA Complexes

e Ao

Assembled into Functioning Cas9 Surveillance Complexes
(RNA-guided Endnnm.lt.ascs

&

Transcribed into mRNA

!
w

iii-
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Bind PAM
Sequence in

3. Invader Silencing

Cutting the DNA of an Incoming Virus

Separate
Strands of
Viral DNA

Viral DNA

Invading
Virus DNA

Interrogate Cut the
the Viral DNA Viral DNA
with Spacer

Sequence

PRI
—r | XEKKX)
=l

R R R R R e
scssaaasiaaasssss AP I
BA410368854 > '

— |

'i‘rnnﬂflnﬁ‘

W TREYLS

W

‘ x Bacteria Cell
x\ \ d Membrane
\’ &
)} 2
d
Bacteriophage ( ﬂ’-

¢ Genome

Invading Bacteriophage
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The NEW ENGLAND
JOURNAL of MEDICINE

ORIGINAL ARTICLE | f X in

CRISPR-Cas9 Gene Editing for Sickle Cell
Disease and p-Thalassemia

Authors: Haydar Frangoul, M.D., David Altshuler, M.D., Ph.D., M. Domenica Cappellini, M.D., Yi-Shan
Chen, Ph.D., Jennifer Domm, M.D., Brenda K. Eustace, Ph.D., Juergen Foell, M.D., +18 , and Selim
Corbacioglu, M.D. Author Info & Affiliations

K(

Published December 5, 2020 | N Engl | Med 2021;384:252-260 | DOI: 10.1056/NE]M0a2031054
VOL. 384 NO. 3 | Copyright © 2020




A Transition from Fetal to Adult Hemoglobin

BCL11A is a transcription factor
responsible for the repression
of HbF expression

Fetal (HbF)

Adult (HbA)

100
& 75
A
8 :
£ 50 i«—— Onset of symptoms
n : in TDT and SCD
{4
-
G 25
0 T T f T T
9 3 3 6 9

Months before Birth

Months after Birth

B Targeting of Editing Site

Guide RNA

DNA

BCLITA .

Erythroid
enhancer region

BCL1IA /‘:-q’/:ﬂ:l - HE

sgRNA target sequence PAM

[ L 1
TAGTCTAGTGCAAGCTAACAGTTGCTTTTATCACAGGCTCCAGGAAG
ATCAGATCACGTTCGATTGTCAACGAAAATAGTGTCCGAGGTCCTTC

L)

GATAL binding site

C Fetal Hemoglobin after Editing

Fetal Hemoglobin (% of total hemoglobin)

45 7

40

357

30

25

20

15

10

Control

D Identification of Potential Sites of Off-Target Editing

Sequence similarity Laboratory-based
Computational identification of all Empirical detection with GUIDE-seq
genomic sites with <3 mismatches;
or <2 mismatches and 1 DNA/RNA bulge

of sites with potential for DNA
double-stranded breaks

A A

Candidate regions identified
N = 1 on-target site (positive control) N =1 on-target site (positive control)
N =171 candidate off-target sites

Candidate regions identified

N = 52 candidate off-target sites

/ \

Hybrid-capture high-coverage sequencing of candidate regions
Number of CD34+ HSPC donor samples: N=4
Number of sites (on-target and candidate off-target): N = 224 regions
Sequencing depth (median): 15,188-fold
Editing detection threshold: >0.2%
Edited On-target region (editing detection): lofl
Candidate off-target region (editing detection): 00f223
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BCL11A

Erythroid
enhancer region

BCL11A fgf_)#:-—‘{_/ — i

PAM
181

TAGTCTAGTG CAAGCTAACAGT—I'GC'I—I_TTATCACAG GCTCCAGGAAG
ATCAGATCACGTTCGATTGTCAACGAAAATAGTGTCCGCGAGGTCCCT TC

GATALlL binding site

sgRNA target sequence

b
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Roman numerals
indicate order of
pieces

Folded
Tracr RNA
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What do you notice about this sequence?

CAUGGUGCACCUGACUCCUG

3!
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What do you notice? What questions do you have?

3’
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What do you notice about this sequence?

TCTGTGGTACCACGTGGACTGAGGACTCCTCTTCAGACGG S
AGACACCATGGTGCACCTGACTCCTGAGGAGAAGTCTGCC

3’
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Cas9: RNA-guided DNA cutter

Protospacer PAM

MGGGGTTTTTCCNGG dSDNA
& >
= a :
v

TTTTCCCCAAAAGGGGNCC

EENHELEE IR
5' AAAAGGGGUUUUCCCC

Spacer
3l
guide RNA

<ing the Cut with CRISPR-Cas9’
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Clinical genome editing to treat
sickle cell disease—A brief
update

Parinaz Zarghamian®23, Julia Klermund @ %2 and
Toni Cathoment2*

‘Institute for Transfusion Medicine and Gene Therapy, Medical Center — University of Freiburg,
Freiburg, Germany, - Center for Chronic Immunodeficiency (CCl), Faculty of Medicine, University of
Freiburg, Freiburg, Germany, “Ph.D. Program, Faculty of Biology, University of Freiburg, Freiburg,
Germany
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A LCR HbF
E
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¥z Y1 ] B
disruption correction /@
= ——f—\--'/_. \‘1
¥z Y1 b B
8 Gene Addition c Gene Editing o Base/Prime Editing
Reverse
@) Transcriptace
Cash )
f o ( pegRNA
%? dsDNA
Deaminase
B-globin(like) shRNA NHEJ HDR
TR 11111311 Sl 11111 .’j...l-m-
Beglaain é [ |
- - S
Gene Disruption Gene Correction
ARU-1801 BCH-BB694 CTX001 GPH101 Beam-101
LentiGlobin-BB305 EDIT-301
BAS3-FB
FIGURE 1

Schematic of clinical genome editing approaches for SCD. (A) The p-globin locus. The locus encompasses HBE (encoding e-globin), HBGZ and
HBG1 {y-globin), HBL (8-globin) and HBE (B-globin). A locus contrel region (LCR) and various factors (depicted are BCL11A and NuRDJ regulate
developmental stage-specific expression of the hemoglobin genes. A point mutation in HBEB (red box) leads to expression of HbS. Therapeutic
gene editing strategies aim at correcting HEB via HDR (green box] or at disrupting cis-requlatory elements in the HBG2/HBGI promoters or in
BCL11A via NHED to re-activate y-globin expression (red Xs), resulting in the expression of HbA (asp2) or HBF (asy2), respectively. (B—D) Platform
technologies used for the treatment of SCD. Clinically employed are (A) lentiviral vectors to transfer fi-globin like genes or an shRNA targeting
BCL11A mRNA, (B) genome editors to disrupt cis-regulatory elements by NHEJ or correct HBB by HDR, or (C) base and prime editors to disrupt
cis-regulatory elements or off-set the mutation in HBB. The respective autologous, genome-engineered cell products are listed on the bottom

[Created with BioRender.com).
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Knocking Out a Gene
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Nicking One Strand
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What about Casgevy?

Gene therapy to cure sickle cell anemia

1. 2. 3. 4.
Extract stem cells Infuse stem cells Condition Insert treated
from patient’s bone with normal gene patient’s bone stem cells into
marrow for hemoglobin marrow to receive patient

new stem cells

|

A2 s B
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BCL11A

Erythroid
enhancer region

BCL11A fgf_)#:-—‘{_/ — i

PAM
181

TAGTCTAGTG CAAGCTAACAGT—I'GC'I—I_TTATCACAG GCTCCAGGAAG
ATCAGATCACGTTCGATTGTCAACGAAAATAGTGTCCGCGAGGTCCCT TC

GATALlL binding site

sgRNA target sequence

b
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Additional Resources

. CRISPR: History of Discovery (youtube.com)

. The Heroes of CRISPR: Cell

. CRISPR-Cas9 Gene Editing for Sickle Cell Disease and B-Thalassemia | New England Journal of Medicine
(hejm.org)

. Treatment by CRISPR-Cas9 Gene Editing — A Proof of Principle | New England Journal of Medicine (hejm.org)

. Clinical genome editing to treat sickle cell disease—A brief update - PMC (nih.gov)

. FDA approves Casgevy, 1st gene-editing therapy to treat sickle cell (sicklecellanemianews.com)



https://sicklecellspeaks.com/understanding-sickle-cell/
https://pubmed.ncbi.nlm.nih.gov/10791557/
https://www.youtube.com/watch?v=RKh2mi3tsmc
https://www.cell.com/cell/fulltext/S0092-8674(15)01705-5
https://www.nejm.org/doi/full/10.1056/NEJMoa2031054
https://www.nejm.org/doi/full/10.1056/NEJMoa2031054
https://www.nejm.org/doi/full/10.1056/NEJMe2034624
https://pmc.ncbi.nlm.nih.gov/articles/PMC9868311/
https://sicklecellanemianews.com/news/exa-cel-now-casgevy-wins-fda-approval-treat-sickle-cell-disease/

e it

Additional Resources

The status of the human gene catalogue | Nature
Human Genome Is Much More Than Just Genes | Science |

AAAS
An integrated encyclopedia of DNA elements in the human

genome | Nature



https://www.nature.com/articles/s41586-023-06490-x
https://www.science.org/content/article/human-genome-much-more-just-genes
https://www.science.org/content/article/human-genome-much-more-just-genes
https://www.nature.com/articles/nature11247
https://www.nature.com/articles/nature11247
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Digital Modeling Hub

We're enhancing our kits and models to inspire more hands-on learning with our classic content, Interactables,
short content videos, and much more!! Check it out!

Look at our new
Digital Modeling Hub for
additional resources to use with
the Chromosome Connection Kit
and CRISPR Making the Cut Kit.

Double-Stranded DNA

The nitrogenous bases from
two DNA strands form
hydrogen bonds, resulting in
double-stranded DNA

3d rgolecular Identifying Regions
ESIgNS on a Chromosome
Digital Modeling Hub » i " Ruth Hatson

-
-
P
—
=
—
—
p——

These base pairs follow
pairing rules, with Adenine
(A) pairs with Thymine (T),
and Guanine (G) pairs with
Cytosine (C).

AT base pairs have two
hydrogen bonds and G-C
base pairs have three
hydrogen bonds.

Exploring PCR mm

Getting Started
Today you are going to model the PCR process using foam nucleotides. Before we start, acquaint yourself with

the foam pieces.
Compare the foam nucleotide to the plastic model on left and gs on the p page.

Nitrogenous base
N oA

{
Phosphate group .
(monophosphate) o Sugar = Phosphate group
o grouj (monophosphate) Hydroxyl group
5~ (deoxyribose) o
7 ¥~ Hydroxyl group* Sugar group (deoxyribose)

3

Nitrogenous base

*The hydroxyl group (OH) shown in the above illustration has been added to the photo of the nucleotide, since this particular model of
a nucleotide doesn't show the hydroxy! group.

| Examine the diagrams to the right. ° Nitrogenous
1 \C/ \c

+ In the image rep ing the foam nucleotide on the i
bottom right, label the locations of the 3' and 5' carbons. :‘\'.' 74
e—°¢
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Visit Our Booth!

Continue your exploration of our dynamic kits and models at Booth 418

Augmented Reality Experience Zone

= g Moy Enzymes in
= Q tiioggen Aol
L ;Amon Kit
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AR Enhancements

We're enhancing our kits and models to inspire more hands-on learning with new augmented reality features!

Stop by Booth 418 to
check out our new
Augmented Reality Enhancements!




d nc']olecular /
esigns Ay

i

Summer Course 2025 - Modeling the Molecular World

Join us in Milwaukee for hands-on discovery and professional development on July 7 — 11.
Registration begins in October. Check out 3D Molecular Designs website for more information.

Bring an empty suitcase!
You'll take home all these classroom resources! @
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We value your opinion!

Let us know what you
think.

Scan the QR
Code and
complete this
short survey.
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A visit to the genetic counselor
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