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Synthetic biology

Motivation:
* In eukaryotic cells a single genome can give rise to many distinct functional and cellular states
due to the implementation of complex gene regulatory programs.
— Ex: Developmental biology, response to environmental/endogenous signals, mitosis, etc.

* Methods to artificially control gene expression in eukaryotic cells provide valuable tools:
— to probe the mechanisms of cell differentiation and functions.

— to construct designer cells for therapeutic or biotechnological applications (e.g. production of
biofuels and commodity chemicals).

Synthetic biology is the implementation of engineering principles to the fundamental
components of biology

 Fundamental challenge in building gene circuits is the shortage of functional parts that can
operate together in one cell without crosstalk.

»  The ability to build transcriptional regulatory devices depends on the availability of
programmable, sequence-specific, and effective synthetic transcription factors (TFs).



CRISPR-based synthetic transcription factors

. A CRISPR-based transcriptional regulator comprises /
two parts: a single guide RNA (sgRNA) and a
deactivated Cas9 (dCas9) protein that may be fused
to a transcription regulatory domain.

. sgRNA consists of modular domains:

—  crRNA: contains both sequence complementary to the
genomic DNA target and additional nucleotides which
are complementary to the tracrRNA.

—  tracrRNA: hybridizes to the crRNA and binds to the

dCAS9 protein.

- The resulting dCas9-sgRNA complex can repress

or activate a gene of interest.

sgRNA
(crRNA+linker loop+tracrRNA)

linker loop

crRNA  / A
4 \tracrRNA

Tar%etDNA_ G RITRRTT

AN A fli

q{r qr )| (LY Ayl
IP‘."'?_/"

protospacer element T — " PAMsite

https://eu.idtdna.com/

Mammalian

(A) ERMAs: site-specific targeting

Transcriptional repression

dCas9, dCas9-fusions: transcriptional regulation \

dCazd

S e 8
i CaCl == U

Simplicity of design: can design TFs against any locus of interest as dCas9 targeting

depends entirely on the associated sgRNA.

Modified dCas9 variants can achieve strong transcriptional activation/repression of

mammalian genes with a single gRNA per gene

CRISPR system offers an unprecedented ease in designing synthetic TFs that
could regulate multiple genes simultaneously

B. Jusiak et al., Trends in Biotechnology (2016)
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« Transform sgRNA into a scaffold RNA by extending sgRNA sequences to include effector protein recruitment
sites. - Scaffold RNAs encode both target locus and regulatory action.

By combing in sets of scaffold RNAs they generated synthetic multigene transcriptional programs in yeast and
human cells.



Aim & approach

« Aim: Engineer novel gene regulatory programs in which many loci
are targeted simultaneously but with distinct types of regulation at
each locus.

« Took inspiration from natural regulatory systems that encode both
target specificity and regulatory function in the same molecule

— Ex.: IncRNA molecules proposed to act as assembly scaffolds that recruit key
epigenetic modifiers to specific genomic loci.

RNA-Mediated Scaffolding

effector

proteins execute function

at targeted loci

4

protein effector protein-RNA
recruitment modules recognition
|
DNA targeting base-pairing
module recognition

%

recognize specific
Genomic loci genomic loci

. eftector
— precruitment

IncANA _targ ating

RNA “scaffold”



Approach: sgRNA encodes target & function
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When function is encoded in dCas9 or dCas9-effector fusion proteins, the sgRNA recruits the same function to every target
site.

Convert CRISPR sgRNA into a scaffold RNA (scRNA) by extending the sequence with modular RNA domains that recruit
RNA-binding proteins.

scRNA approach allows distinct types of regulation to be executed at individual target loci, thus allowing
simultaneous activation and repression.



Modification of CRISPR/dCas9 technology for locus-
specific transcriptional programming

RNA-directed gene expression program
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CRISPR scRNAs specifically and efficiently activate
gene expression in yeast

» Yeast strain with tet promoter driving a reporter gene.
» Transformed to express dCas9, scRNAs targeting the tet operator and corresponding VP64-fusion protein(s).
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dCas9-VP64 fusion protein.

- Potential for simultaneous, independent regulation of
multiple target genes.



Optimizations of CRISPR scRNAs
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. Increasing length of linker resulted in weaker reporter gene expression.

. scRNAs with recruitment sequences attached to 5’ end of SgRNA gave no significant activation.
Multivalent recruitment to sScCRNAs (i.e. increasing the number of RNA hairpins in scRNA) decreased reporter gene

expression

. Northern blot analyses:
- RNA levels correlate with functional activity.
- Increasing linker length or number of MS2 hairpins decreases steady-state RNA levels

- RNA stability is limiting for these multi-hairpin scRNAs



Multivalent recruitment to scRNAS

» Constructed alternative scRNAs using double-stranded linkers between the two repeats of the
recruitment hairpins to enforce stable, local hairpin formation.

» Also constructed a scRNA construct with a mixed hairpin construct containing two different
recruitment motifs (MS2 & 6) specific for the MCP-VP64 effector protein.
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- Alternative designs produced stronger reporter gene activation for both MS2 and PP7 modules
relative to the analogous single-hairpin scRNAs.

- Northern blot analysis: 2x constructs with double-stranded linkers have steady-state RNA levels
comparable to single-hairpin scRNA and unmodified sgRNA constructs.



Heterologous scRNA
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A mixed MS2-PP7 scRNA using the 2x double-stranded linker architecture
recruits both MCP-VP64 and PCP-VP64 fusion proteins - increased
reporter gene expression.

- Distinct RNA-binding proteins can be recruited to the same target site

- Provides an effective approach to combinatorially recruit multiple effectors
for the logical control of target genes.



CRISPR scRNAs can mediate activation and repression
of reporter and endogenous genes in human cells

CRISPR scRNAs tested in HEK293T cell lines encoding a tet-driven reporter and stably expressing dCas9:
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- Expression of an scRNA (targeting tet) with the corresponding VP64 fusion protein effector produced substantial
activation of the GFP-reporter gene for all three RNA-binding modules.
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- scRNAs recruit MCP-VP64 and Com-KRAB to activate and repress expression of endogenous CXCRA4, respectively.
- Comparatively weaker activation/repression observed in cells with dCas9-VP64/KRAB and unmodified sgRNA.



Simultaneous ON/OFF Gene Regulation in Human
Cells

*  Simultaneous ON/OFF gene regulatory switches mediated by orthogonal RNA-binding proteins fused to
transcriptional activators (VP64) or repressors (KRAB).

* Targeted endogenous CXCR4 for activation with MCP-VP64 while simultaneously targeting an additional
endogenous BAGALNT1 gene for repression with COM-KRAB in HEK293T cells.
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- Observe simultaneous activation of CXCR4 and repression of BAGALNT1 measured by RT-qPCR,
at similar levels to when single genes were targeted.

- Activation and repression are mediated by a single scRNA for each target gene and requires a single
pool of dCas9.

- Platform could, in principle, be used for largescale screening of pairwise combinations of genes
that yield a target phenotype when one gene is activated and the other is repressed.



SCRNA multigene ON/OFF transcriptional programs to
redirect metabolic pathway output in yeast

Violacein pathway produces the violet pigment violacein and branch points at the last two enzymatic steps (VioD
and VioC) can direct pathway output among four distinctly colored products.

Designed a yeast reporter strain with two key control points: the first (VioA) regulates total precursor flux into
the pathway, and the second regulates flow at the VioC/VioD branch point.

—  Turning VioA ON will drive flux into the pathway, and flipping the ON/OFF expression states of VioC and VioD will

redirect the product output - 5 distinct output states
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- The scRNA/dCas9 platform flexibly and efficiently generates each of the multigene transcriptional states
necessary to yield all possible metabolic outputs of the violacein pathway.



Summary

Expanded the CRISPR toolkit to link functional effector domains to
specific genomic targets.

— Modular scaffold RNA: Extended sgRNA to encode both target sequence and the
particular regulatory function to be executed at that site, thus creating a modular
scaffold RNA.

Expression of multiple RNA scaffolds simultaneously permits
independent, programmable control of multiple genes in parallel.

Provides a straightforward method to implement simultaneous
multigene ON/OFF regulatory switching programs.
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. Similar approach to Zalatan et al. (i.e. also extended sgRNA to encode function), but taken further.
CRISPR-Display: a targeted localization method that uses dCas9 to deploy large RNA cargos to DNA loci.



Adapting CRISPR-dCas9 as an RNA display
device (CRISP-Disp)

Where can insertions within the dCas9-bound RNAs be tolerated and how large they can be?

e  Created 5 model cofactor RNAs (TOP1-TOP4 and INT) in which structured, 81- to 250-nt accessory
domains were either inserted within the sgRNA or appended to the termini.

* The largest of these constructs (357nt) adds 3-fold more sequence than the longest modified sgRNA
previously reported.

 Each accessory domain carried a cassette of stem-loops recognized by the PP7 phage coat.

*  GLuc reporter HEK293FT cells transiently transfected or transduced with the new sgRNA constructs, dCas9
and PP7-VP or dCas9-VP plasmids

CRISPR transcription activation assay:
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CRISP-Disp enables deployment of large RNA
domains to genomic loci

Targeting CRISP-Disp to endogenous loci in HEK293FT cells:
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Observed varying degrees of direct activation with all five topologies using transient reporters (modified sgRNAs remained

functional)

Bridged activation only observed with TOP1, TOP3 and INT > other constructs do not retain functional accessory domains
in mature dCas9 complexes (RIP-gRT-PCR: TOP2 accessory domain partially degraded)



CRISPR-Display supports artificial and natural
INCRNAS

» Engineer CRISP-Disp for use with even longer ncRNAs - required replacing the
conventional RNA polymerase Il promoter used previously with an RNA polymerase |l
promoter and terminator.

» Generated a series of ‘artificial IncRNA’ scaffolds with ~650-nt accessory domains:

— Expanded TOP1 and TOP2 constructs with a second P4—P6 domain, bearing stem-loops
recognized by the MS2 phage coat protein
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» Also generated a series of sgRNAs modified with different natural human IncRNA domains
appended



CRISPR-Display supports artificial and natural IncRNAs
v s %E&:\ e 8)

« All 3 constructs induced measurable

sowe 07 onse Skl direct & bridged activation.
» Activity increased upon co-
b c expression with PP7~VP, MS2~VP
265 = :'“:;'Ef;;a';";n =ty - or both activator proteins, indicating
il Ivain 1 .
2007, B No sig. adtivation 14 mIgG, pt that the RNA constructg retained
£ fg: “*P <0005 12 ™ lgG, po both P4—-P6 domains in mature
£ 160 & dCas9 complexes.
o T —
= 1204 =
S 100 g 8
S 80- -
3 5 ©)
@ 80 c 8
w1l ' S 4 * Integrity of double TOP1&TOP2:
T = essentially stoichiometric yields of
b b 1y it e i 5 sgRNA core and double accessory
RNA - Lsgana —Low opoll ow, Tortll ow, Topz) FINA: ‘A Double TORIADmble TOR! domain.
€ ] W FLAG, p1 m IgG, pi
g m FLAG,GSP1  m IgG, GSP1 E)
87 nt W FLAG,GSP2  ® IgG, GSP2 f .
12|07 m FLAG,GSP3 W IgG, GSP3 * LncRNA accessory domains
] i SRk G mi e ® ANA-mediated regulation remain intact in CRISP-Disp
& =] 7 i ! Bridged repression
% ¥ / 322"' 296 = No sig. requlation COmplexes'
= nt -
3 61 LI 2ol s . + Overall dCas9 complexation
s 5 531 nt f0ll — 1h.B.B appeared to decline with increasing
g 4 1129 LI - § 081 SgRNA-IncRNA length.
® sl 179;’ e g 06 » Observed nearly quantitative yields
)} / pomam el of intact IncRNA domains relative to
2 4,799 g 021, i
, ‘o the corresponding sgRNA core.
dCasg = + -+-+ -+ = =4 = 4
D_ | I_INTJ J OJI_ \JI_&_I_\?_I
IncAMNA L pANA 1L FALEC —ILTREANATJL— ncHN.ﬁ aa —IL__ XIST-RepA — L HOTTIP 1 PP7- SlDQ rﬂg’
(Length) 87 nt) (566 nt) (596 nt) (1,461 nY) (4,819 nt) F)

— Repressors ——— .ﬁc‘twatols —_—

» Most of the natural INcRNA
constructs repressed or activated
GLuc expression as expected.

-> Plausibility of large-scale IncRNA functional studies with CRISP-Disp
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CRISP-Disp with sgRNA-INT designs
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Very good bridged activation with sgRNA-INT constructs 2 sgRNA-engineered loop might provide a universal insertion point for
exogenous RNA domains.

Generated INT-like constructs bearing:

— (a) 25-137 nt cassettes of PP7 stem-loops

—  (b) ~250-nt domain equivalent to those of TOP1-4

—  (c) Pool of 1.2x 1076 unique sgRNAs displaying internal cassette of 25 random nucleotides (INT-N,sPool)

— (e) functional RNA domains comprising natural protein-binding motifs or artificial aptamers that bind proteins or small molecules
Each construct induced activation in all assay formats (also worked when targeting endogenous loci, not shown)

dCas9 can easily accommodate even large, structurally discontinuous inserts within the sgRNA core.
CRISP-Disp is not intrinsically limited by the sequence of an internal insert.



CRISP-Disp enables multiple concurrent functions
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- In presence of RNA-binding proteins fused to effector proteins (PP7-VP64
or MS2-VP64) only the genes targeted by sgRNAs bearing the cognate
RNA-binding motif were activated.

 Co-expressed a set of orthogonal effector-RNA-binding fusion proteins and sgRNAs

- No cross-talk
- CRISP-Disp enables modular control of gene expression.



CRISP-Disp enables multiple concurrent functions

 Simultaneously activate one locus and image another, using two CRISP-Disp
constructs in GLuc reporter HEK293FT cells:

— Bridged imaging of targeted loci (telomeres) using dCas9, MS2~mCherry and INT-like
[3XMS2] constructs

— Bridged activation at GLuc using a dCas9, MS2~mCherry and INT-like [3xMS2] constructs
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- Each function could be individually or concomitantly controlled by expression
with PP7~VP64, MS2~mCherry or both.



CRISP-Disp with autonomous RNA domains

Use CRISP-Disp to target autonomously
functional RNA domains (i.e. ribozymes,
aptamers and regulatory devices) to
individual loci.

Targeted the Spinach2 aptamer to
telomeres.
— Spinach2 fluoresces upon binding the cell-
permeable dye DFHBI-1T13.
Co-express a Spinach2-appended
telomere-targeting sgRNA with dCas9 and
treated cells with DFHBI-1T

Observed numerous nuclear fluorescent
foci, only when dCas9 present

Proof-of-principle that artificial RNA
domains can provide dCas9 with novel
properties.
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Summary CRISPR-Display

CRISP-Disp limits the function of dCas9 to DNA targeting and ‘outsources’ all other roles to RNA
domains - basis for an even wider array of methods

CRISP-Disp allows independent cargo-specific functions to manifest at several target sites
simultaneously using a common toolkit

— Not limited by RNA cargo length or sequence
Breadth of distinct functions accessible in a single experiment is limited only by the number of
orthogonal RNA domains or RNA-binding-protein pairs available
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« Extending sgRNAs to include modified riboswitches that recognize specific signals >
Create CRISPR-Cas9-based ‘signal conductors’ that regulate transcription of
endogenous genes in response to external or internal signals of interest.



Aim & approach

Aim: Engineer synthetic devices for efficient sensing, processing and control of
biological signals, to create a synthetic link allowing the control of endogenous
proteins and RNAs.

Approach: repurpose CRISPR-dCas9 system for signal control and assignment, by
combining ligand-responsive riboswitches and sgRNAs thereby creating a new
class of engineered signal conductors.



Construction of CRISPR—-Cas9-based signal conductors

Reengineered the sgRNA :

— Traditional sgRNA modules for DNA substrate targeting and to recruit dCas9 or dCas9-VP64
— Addition of a riboswitch module (signal-responsive aptamer) to recognize a specific signal
— Aptamer stem modified to base pair with guide region of sSgRNA
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- Converts the traditional sgRNA into a scaffold RNA that couples the detection of one
input signal with the production of another output signal.

- Thus linking signal concentrations to gene-expression events.



Control of endogenous gene expression

» Generated 4 sgRNAs targeting VEGF & incorporating a tetracycline aptamer at the 3’

end

 Transfected HEK293T cells encoding VEGF protein with sgRNAs and dCas9 or

dCas9-VP64:
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- Dose-dependent repression (b) or activation (c) of VEGF expression upon treatment

with tetracycline



Construction of Boolean logic gates

Logic gates
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\‘ Conductor
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* Integrated modified aptamers recognizing endogenous p53 or HSF-1 signals into the 3' end of each sgRNA targeting RLuc
— Gates use p53 and HSF1 as the input signals and output is a luciferase signal.
— Tenovin-6 and ethanol can be used to elevate p53 and HSF1 protein levels, respectively.

» 2 NOT logic gates were constructed using signal conductors in HEK293T cells stably expressing Rluc:
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- By integrating different combinations of reprogrammed sgRNAs (signal conductors), they
could construct various logic gates to combine signals to make a decision in a single cell.

Note: Also constructed AND, NAND, OR, NOR, XOR, XNOR logic gates (not shown)



Artificial networks connecting two signaling pathways

Can sgRNA based signal conductors redirect the output responses of native signaling pathways by establishing artificial
networks?

« Designed two artificial connections between B-catenin and NF-kB, using two signal conductors:
— sgRNA targeting NF-kB encoding B-catenin aptamer)
— sgRNA targeting B-catenin encoding NF-«B aptamer
« Expressed signal conductors and dCas9 or dCas9-VP64 in human bladder cancer T24 cells (express NF-kB and -catenin proteins

highly ):
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LTD4 treatment:

2>  mRNA expression levels of two genes downstream of B-catenin (DPAGT1 and APCDD1) were elevated.

-  Compared with dCas9-VP64 or a control device, the signal conductor increased the mRNA levels of genes downstream of NF-
kB (BEL1 and MET)

TNF-a treatment:
- Activated expression of BEL1 and MET in cells expressing the signal conductor or the controls.
->  Only cells expressing the signal conductor displayed decreased expressions of DPAGT1 and APCDD1




Redirecting oncogenic signaling to an anti-oncogenic
pathway

Nucleophosmin (NPM) is an oncogenic signal that activates the MAPK pathway and promotes
cell proliferation in progression of bladder cancer.

Constructed a signal conductor that activates transcription of 2 tumor suppressors (P53 and
P21) in response to cellular NPM proteins—> rewired NPM signaling from the proliferation
pathway to quiescence in bladder cancer.
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-> Inhibition of cell growth was observed in the group transfected with signal conductor (knockdown
of NPM ablated this effect).



Redirecting oncogenic signaling to an anti-oncogenic
pathway

 Ets-1is an oncogenic signal that activates the transcription of matrix metalloproteases (MMPs)
and promotes cell migration in bladder cancer cells.

» Constructed a signal conductor that activates the transcription of a tumor migration suppressor
(E-cadherin) in response to Ets-1 - rewired Ets-1 signaling from the migration pathway to
guiescence in bladder cancer
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—> Inhibition of cell migration was observed in the group transfected with signal conductor
(knockdown of Ets-1 ablated this effect).




Simultaneous activation and repression of genes

Redirect oncogenic signal by simultaneous activation and repression of genes:

. Bcl2/Bax protein ratio is closely associated with the sensitivity of cells to apoptosis.
. Alpha-fetoprotein (AFP) can be used as an oncogenic signal.

. Constructed reprogrammed sgRNAs to repress BCL2 with MS2—-dCas9 and to activate BAX with Rev—dCas9-VP64 in
human liver cancer HepG2 cells (possess a high level of AFP):

Relative expression level

HepG2 cell

Megative conirol mutant
Signal conductor

-

|

o B o 5
L 0 & I 3 1

&
L

¥ ™

<
L

T

T T
BCL2 BAX

I “a
‘?':"'."-’ | - w e
1111 N
J e d
P ™
—

Transcription AP Transcription Fr Tl -
repression activation W=ed VB
m il i i

H-

Signal MS2-dCasd Rev=0Cas3-VP&4
conducior +sgAMNAZE sgRNAZS

Signal conductor  Signal conductor  Megative control
+ shAMA-MNC + shRMA-AFP mutant

AFP-treated cells expressing signal

conductor:

- (b) Showed a decrease in BCL2
expression and increase in BAX
expression

- (c) Exhibited stronger blue
fluorescence, revealing typical
apoptotic characteristics (knockdown
of AFP by shRNA ablated these
effects).

- The control devices (MS2—
dCas9+sgRNA38 or Rev—dCas9-
VP64+sgRNA39), which activated BAX
expression or repressed BCL2
expression alone, didn’t increase the
apoptotic rate.




Synthetic AND gate circuit selectively & efficiently
Influences cancer cells

Constructed a two-input AND gate that used two oncogenic signals as the inputs and had a high output only if both inputs were high,
to test if synthetic AND gate circuit could selectively & efficiently influence cancer cells.

Programmed sgRNA targeting NF-kB was used to suppress BCL2 & programmed sgRNA targeting B-catenin was used to activate
BAX expression.

Signal conductor expressed in different cells lines engineered to stably express GFP:
—  Cancer cell lines (T24, HepG2 and ACHN) express high levels of NF-kB and B-catenin
—  Normal cell lines (SV-HUC1, HEK-293T and WRL-68), don’t express NF-kB and B-catenin
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—> Signal conductor was able to reduce GFP intensity (triggered apoptosis) only in the cancer
cells (knockdown of NF-kB or Bcl2 partly reversed effect)

2937

WRL-68.



Synthetic AND gate circuit reduces in vivo tumor
development

Anticancer effect of the synthetic NF-kB/B-catenin AND gate circuit on in vivo tumor development:

e Cancer cells were subcutaneously injected into nude mice and tumors developed several days
after cell inoculation.

e Direct intra-tumoral injection of circuit-expressing plasmids:
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- The sizes of tumors treated with the AND gate circuit were dramatically smaller than
those treated with the negative control mutant.



Summary

 Combined truncated sgRNAs with various aptamers to
create signal conductors.

« Signal conductors allow highly responsive, dose-
dependent and dynamic control of gene expression.

* First description of the use of riboswitch-based CRISPR
to integrate information about different biomolecules and
used in a preclinical tumor study.



Conclusion

 CRISPR-based technologies can be extended and
modulated to generate complex gene regulatory circuits.

* General approach: use a deactivated Cas9 and modify
SgRNA to recruit effector domains to target loci.

« Applications include basic research, therapeutic
purposes and biomolecule production processes.



Thank you for your attention
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