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Super-Enhancers are:

large clusters of transcriptional enhancers formed by binding of
master transcription factors

@® are associated with genes that control and define cell identity

are enriched for disease-associated DNA sequence variation

are associated with oncogenes that become active during the
process of tumor pathogenesis



Superenhancers are defined for the higher enrichment of signals
extended to regions

SE are bound with master TFs, Med1 and are marked with H3K27Ac
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IDENTIFICATION AND CHARCTERIZATION
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Methods to study Superenhancers:
From prediction of SE by ChIP-Seq

to experimental validation



Convergence of Developmental
and Oncogenic Signaling Pathways
at Transcriptional Super-Enhancers
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SUMMARY

Super-enhancers and stretch enhancers (SEs) drive

expression of genes that play prominent roles in BACKGROUND
normal and disease cells, but the functional impor-

tance of these clustered enhancer elements is poorly AlM

understood, so it is not clear why genes key to cell
identity have evolved regulation by such elements.
Here, we show that SEs consist of functional constit-
uent units that concentrate multiple developmental
signaling pathways at key pluripotency genes in em-
bryonic stem cells and confer enhanced responsive-
ness to signaling of their associated genes. Cancer
cells frequently acquire SEs at genes that promote
tumorigenesis, and we show that these genes are
especially sensitive to perturbation of oncogenic
signaling pathways. Super-enhancers thus provide
a platform for signaling pathways to regulate genes I
that control cell identity during development and
tumorigenesis.
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QUESTION: HOW DOES SUPER-ENHANCER COSTITUENTS
REGULATE GENE EXPRESSION IN VIVO?
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CRISP-Cas9
https://youtu.be/4YKFw2KZA50



WHAT IS CRISP?



CRISPR is an acronym for Clustered Regularly Interspaced Short
Palindromic Repeat. This name refers to the unique organization of short,
partially palindromic repeated DNA sequences found in the genomes of
bacteria and other microorganisms.
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CRISPR is an acronym for Clustered Regularly
Interspaced Short Palindromic Repeat. This name
refers to the wunique organization of short, partially
palindromic repeated DNA sequences found in the
genomes of bacteria and other microorganisms.

While seemingly innocuous, CRISPR sequences are a
crucial component of the immune systems of these simple life
forms. The immune system is responsible for protecting an
organism’s health and well-being. Just like us, bacterial cells can
be invaded by viruses, which are small, infectious agents. If a
viral infection threatens a bacterial cell, the CRISPR immune
system can thwart the attack by destroying the genome of the
invading virus. The genome of the virus includes genetic
material that is necessary for the virus to continue replicating.
Thus, by destroying the viral genome, the CRISPR immune
system protects bacteria from ongoing viral infection.



The CRISPR immune system works to protect bacteria from repeated viral attack via three
basic steps [5]:

Step 1) Adaptation — DNA from an invading virus is processed into short
segments that are inserted into the CRISPR sequence as new spacers.

Step 2) Production of CRISPR RNA — CRISPR repeats and spacers in the bacterial DNA
undergo transcription, the process of copying DNA into RNA (ribonucleic acid). Unlike the
double-chain helix structure of DNA, the resulting RNA is a single-chain molecule. This RNA
chain is cut into short pieces called CRISPR RNA:s.

Step 3) Targeting — CRISPR RNAs guide bacterial molecular machinery to destroy the viral
material. Because CRISPR RNA sequences are copied from the viral DNA sequences
acquired during adaptation, they are exact matches to the viral genome and thus serve as
excellent guides.



as arrays within the bacterial host gEIlDH_IE (Fig,_?xa). Transcripts
from the CRISPR repeat arrays are processed into CRISPR RNAs
(crRNAs), each harboring a variable sequence transcribed from the

invading DNA, known as the “protospacer” sequence, and part of the
CRISPR repeat. Each crRNA hybridizes with a second RNA, known as

the transactivating CRISPR RNA (tracrRNA 1‘5, and these two RNAs

complex with the Cas9 nuclease’. The protospacer-encoded portion
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FORMATION OF COMPLEX
crRNA and trancrRNA with protein Cas9
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In type Il CRISPR (clustered regularly interspaced short
palindromic repeats)-Cas (CRISPR-associated) systems, the

endonuclease Cas9 associates with a dual-RNAguide structure consisting
of a CRISPR RNA (crRNA) and a trans-activating CRISPR RNA (tracrRNA) to
cleave double-stranded DNA (dsDNA) using its HNH and RuvC nuclease
Domains.
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NUCLEASE DOMAINS

RNA-directed nucleases

Sa Cas9

Cas9

Target DNA strand

5" HNH 3"
s Mo s
| Nontarget DNA strand
PAM

W Cleavage site

PAM-interacting domain- PI

complementary strands, leading to a double-stranded break (DSB). Cas9 is a naturally evolved, RNA-guided nuclease that recognizes
its target DNA through approximately 20 nucleotide (nt) base-pairing interaction between a single guide RNA (sgRNA) and its
targeted DINA strand. Cas9 also interacts with the protospacer-adjacent motif (PAM) of its DNA target through its PAM-interacting
(PT) domain at its C terminus. Cas9 uses its two nuclease domains (HNH and RuvC) to cleave the double-stranded DNA, creating
DSBs. The HNH, RuvC, and PI domains, as well as an evolutionarily divergent wedge domain (WED), all reside in the Cas9 nuclease
(NUC) lobe. The recognition (REC) lobe of Cas9 contains other regions that interact with the sgRNA-DNA duplex. (Bottom right)
Crystal structures of Sp Cas9 and Sa Cas9. Crystal structures of Streprococens pyogenes Cas9 (Sp Cas9; Protein Data Bank number 4UN3,
1368 AA) (84) and Staphylococcns aurens Cas9 (Sa Cas9 Protein Data Bank number 5CZZ, 1053 AA) (70) were obtained from RCSB
Protein Data Bank (htep://www.resb.org/pdb/), compared using PyMOL (PyMOL Molecular Graphics System, Version 1.3,
Schridinger LLC, https://www .pymol.org/), and domains are annotated according to References 70, 81, 83, 84. The orientation of
the target DNA strand is also shown. (#) Cas9 in genomic editing. The DSB generated by Cas9 activates the nonhomologous end
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The Cas9 nuclease encloses the guide RNA and binds the structure with specific
interactions in a number of domains. Specifically, the REC1 and REC2 domains bind the
complementary region of the guide RNA, and eventually the guide RNA target DNA
heteroduplex upon DNA binding. Mutations to the REC2 domain causes a small decrease
in Cas9 activity, while mutations in the REC1 domain eliminate activity completely. The
Recl domain is likely essential for Cas9 activity because it binds the repeat/anti-repeat
duplex. The Protospacer Adjacent Motif (PAM) Interacting (PI) domain and RuvC
nuclease domain bind the stem loops on the guide RNA. Overall, the exact process of
guide RNA binding by the nuclease is unknown. However, a dramatic conformational
change upon binding has been shown to produce an activated Cas9 nuclease capable
of binding and cleaving specific sequences of double-stranded DNA
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RNA-guided DNA recognition and cleavage strictly require the presence of a

protospacer adjacent motif (PAM) in the target DNA.
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D10A
Cas9 nickase

CCTGAGCCTAATCGGCGCTGAGG
HNH

GGACTCGGATTAGECGCERC TCC
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Table 1 Published examples of cell types and organisms modified

by Cas9
Cell type or Reference
organism Cas9 form Cell type numbers
Human cells Cas9 nuclease HEKZ293FT, HEK293T, 9,13-16,47,
HEK293, K562, iPSC, 49-51,54,59,
HUES9, HUES], 84,85
BJ-RiIPS, Hela, Jurkat,
U208
Cas9 nickase HEKZ293FT, HEK293T 13,14,47,49
dCas9 (gene regulation) HEK293FT, HEK293T 70-72,74,82
dCas9 (imaging) HEKZ293T, UMUC3, Hela 81
Mouse or Cas9 nuclease Embryos 14,24-26
mouse cells Cas9 nickase Embryos 47
dCasO (gene regulation) NIH3T3 74
Rat Cas9 nuclease Embryos 26,36
Rabbit Cas9 nuclease Embryos 27
Frog Cas9 nuclease Embryos 28
Zebrafish Cas9 nuclease Embryos 17,33,37,60,85
Fruit fly Cas9 nuclease Embryos 29,30,61
Silkworm Cas9 nuclease Embryos 31
Roundworm Cas9 nuclease Adult gonads 32,62-67
Rice Cas9 nuclease Protoplasts, callus cells 21,23
Wheat Cas9 nuclease Protoplasts 21
Sorghum Cas9 nuclease Embryos 23
Tobacco Cas9 nuclease Protoplasts, leaf tissue 19,20,23
Thale cress  Cas9 nuclease Protoplasts, seedlings 19,23
Yeast Cas9 nuclease Saccharomyces 18
cerevisiae
Bacteria Cas9 nuclease Streptococcus 8
pneumoniae, E. coli
dCas9 (gene regulation) E. coli 69,70

HEK, human embryonic kidney; iP3Cs, induced pluripotent stem cells; UMUC3,
human bladder cancer.



CRISPR-CAS9 system:
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Genome Editing

Super-enhancer constituent enhancers (~400 bp) were deleted in V6.5 murine
ESCs using the CRISPR/Cas9 system. sgRNAs were cloned into the pX330
vector (Addgene: 42230) containing Cas9. Cells were transfected with two
plasmids expressing Cas9 and an sgRNA complementary to each end of the
targeted super-enhancer constituent using X-fect reagent (Clontech). A
plasmid expressing PGK-puroR was co-transfected for selection. 1 day after
transfection, cells were re-plated on DR4 MEF feeder layers. 1 day after re-
plating, puromycin (2 ng/ml) was added for 3 days. Subsequently, puromycin
was withdrawn for 3-4 days. Individual colonies were picked and genoctyped
by PCR. Deletion alleles were verified by sequencing.



Map Image for pX330-U6-Chimeric_BB-CBh-hSpCas?

Map uploaded by the depositor.
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Genome editing

Genome editing was performed using CRISPR/Cas9 essentially as described (Wang et
al., 2013). Briefly, target-specific oligonucleotides were cloned into a plasmid carrying a
codon-optimized version of Cas9 (pX330, Addgene: 42230). The genomic sequences
complementary to guide RNAs are listed in Supplemental Table 2. V6.5 murine ESCs @
were transfected with two plasmids expressing Cas9 and sgRNA targeting regions

around 200 basepairs up- and down-stream of the center of the targeted SE-constituent @

(as defined by OCT4/SOX2/NANOG co-binding; see below), respectively. A plasmid
expressing PGK-puroR was also co-transfected. Transfection was carried out with the X-
fect reagent (Clontech) according to the manufacturer's instructions. One day after @
transfection, cells were re-plated on DR4 MEF feeder layers. One day after re-plating
puromycin (2ug/ml) was added for three days. Subsequently, puromycin was withdrawn
for three to four days. Individual colonies were picked, and genotyped by PCR, and the
edited alleles were verified by Sanger sequencing. All cell lines used in subsequent
experiments were homozygous deletion lines. Reference and deletion allele sequences

are listed in Supplemental Table 2.






OVERVIEW CRISPR-CAS SYSTEM APPLICATION
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CRISPR/Cas9 in Genome
Editing and Beyond
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https://youtu.be/UCC20ILE7i0
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CONTRIBUTIONS OF SUPER-ENHANCER COSTITUENTS
TO GENE EXPRESSION IN VIVO
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LUCIFERASE ACTIVITY AND DELETION
OF SPECIFIC ENHANCER
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LUCIFERASE ACTIVITY AND DELETION
OF SPECIFIC ENHANCER
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IDENTIFICATION OF INTERACTION
BETWEEN SPECIFIC COSTITUENTS ENHANCERS
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SUPER-ENHANCERS ENRICHMENT
OF TRANSCRIPTION FACTORS PATTERN



SPECIFIC MULTIPLE TRANSCRIPTION FACTORS BIND
SUPER-ENHANCERS

LIF TGF-b

Su perer\\qer Cnlf}tltuents 46)

O
o

m — om0 —
OB Z el 0004 Nm=—
S O Z B 222 %X DAY
20F0L>Cn- 122000 <m
OFOEN>ZWnYynnZ 0Ly =~

-1 05 0 05 1

Wnt

c-MYC
TCFCP2L1
CTCF
RONIN
ZFX
YY1
NRSA2
ESRRB
STAT3
KLF4
SMAD1
SMAD3
NANOG
OCT4
SOX2
TCF3
PRDM14
KAP1
TBX3
TFES3

P 2~ T Pearson’s r

Typical enhancer constituents (9981)

RONIN
A
ZFX
CTCF
KAP
c-MYC
TFE3
SMAD1
SMAD3
KLF4
MRSAZ
ESRRB
STAT3
PRDOM14
TCFCP2L1
SOX2
OCT4
NANOG
TCF3
TBX3

RONIM
YY1

ZFX
CTCF
KAP1
c-MYC
TFE3
SMAD1
SMAD3
KLF4
NR5A2
ESRRB
STAT3
PRDM14
TCFCP2L1
SOX2
OCT4
NANOG
TCF3

TBX3

M T Pearson’'s r
-1 05 0 05 1

Hierarchical clustering of 20 transcription factor ChlP-seq binding profiles at
super-enhancer and typical enhancer constituents. A set of factors with binding
profiles similar to OCT4, SOX2, and NANOG is highlighted in green.



enhancers. An examination of the pattern

of transcription factor binding to super-
enhancer constituents provided a hy-
pothesis to resolve this conundrum
(Figure 3A, Table S3). The terminal TFs

of the Wnt (TCF3), TGF-p (SMAD3), and

LIF (STATS3) signaling pathways, which

play essential roles in transcriptional con-

trol of the stem cell state (Ng and Surani,
2011; Young, 2011), were among the TFs
whose binding pattern to SE constituents

was most similar to that of OCT4, SOX2,

and NANOG at SE constituents (Fig-

ure 3A). Most SE constituents (75%)
were occupied by at least one of these
three TFs, whereas only 43% of typical
enhancer constituents were bound by

one of the three (Figure S3A). More impor-
tantly, 98% of super-enhancers were 1TF
bound by at least one, 86% were bound 2TFs
46% were bound by all three signaling 3TFs
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TCF3, SMAD3, STATS3,
pathways, bind constituent enhancers in SE.

No same pattern in randomized set of typical
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Binding motifs for TCF3, SMAD3, and STAT3 and the
p values for their enrichment in super-enhancer
constituent enhancers in murine and human ESCs. The
motif of CTCF is not found enriched and serves as a
negative control.

C
murine human
ESC ESC
TF Motif P-value P-value

-27 -28
TcF3  cf[|cy, T, 546107 22310

smap3 +CTOTG.Cr 931410 33410

STAT3  Tioo ol 280"10"° 6.26*10”
P
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Gene expression analyses

RNA-Seq RPKMs were calculated for two replicates each of murine ESCs treated with
LIF for 1h (E-MTAB-1796 Arrayexpress dataseti(Martello et al., 2013)) . Reads for each
replicate were aligned to the mm9 reference genome using Tophat2 (Trapnell et al.,
2009) version 2.0.11, using Bowtie version 2.2.1.0 and Samtools version 0.1.19.0.
RPKMs per Refseq transcript were calculated from aligned reads using RPKM_count.py
from RSeQC (Wang et al., 2012). Fold-changes for +/-LIF conditions were calculated by

averaging RPKMs for each condition for all transcripts with the same gene name,

dividing the —LIF by the +LIFlaverage RPKM (adding one pseudocount each), and
transforming by log2. Gene expression changes afterfjblocking TGF-B signaling by the

inhibitor SB431542 were downloaded from a previous study (Mullen et al., 2011). Gene
expression changes after stimulation of the Wnt pathway by Wnt 3a conditioned medium

were downloaded from a previous study (Cole et al., 2008).



Gene set enrichment analysis (GSEA) of gene
expression changes after manipulation of the Wnt, TGF-
b, and LIF pathways. “SE-genes” and “TE-genes”

indicate genes associated with SEs and typical
enhancers, respectively.
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If super-enhancers confer responsiveness to the Wnt, TGF-B,
and LIF pathways more frequently than typical enhancers, then
stimulation or perturbation these pathways should have a
more profound effect on super-enhancer-associated genes than
typical enhancer-associated genes. The results of transcriptional
profiling and gene set enrichment analysis in ESCs confirm this
prediction (Figure SD!; suEer-enhancer associated genes were

found enriched among the genes whose exEressinn exhibited

the most Ernfnund changes after Eath way stimulation or Eertu rba-
tion (Wnt:p < 0.01; TGF- B: p < 0.01; LIF: p < 0.01). In contrast, the

enrichment for genes associated with typical enhancers was more
moderate (Figure 3D). The super-enhancer-associated genes that
showed a profound response to signaling included previously
reported targets of these pathways that play key roles in ESC
self-renewal and differentiation (Figure 3D, Figure S3G). A subset
of the Prdm14 SE constituents that are bound by signaling TFs
were found to be responsive to perturbation of these signaling
pathways in reporter assays (Figure S3H). These results lead us
to propose that key cell identity genes have evolved a clustered
enhancer structure to provide a means to respond directly to
these developmentally important signaling pathways.




SE function on c-Myc locus
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ChiP-seq binding profiles for
H3K27Ac at the c-MYC locus in
colon and colorectal cancer
cells (HCT-116).

Wnt: V6.5 mESCs were cultured
in media containing 3uM IWP-2
(STEMGENT) for 24 hours prior
to transfection to suppress Wnt
signaling. Cells were then
transfected either in media
containing 3uM IWP-2 or in media
containing 50ng/ul recombinant
Wnt3a (R&D). Transfected cells
were incubated for 24 hours, and
luciferase measurements were
performed as described above.



Left: ratio of H3K27Ac in CRC (HCT-116) versus normal colon tissue used
densities at the union of SEs identified in the two samples. Right: metagene
representation of H3K27Ac and TCF4 ChiIP-seq densities at the regions
corresponding to the top 100 acquired super-enhancers.
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ure 4C). Genes associated with these acquired super-enhancers
were enriched for expression changes after stimulation or
blockage of the Wnt pathway (stimulation: p < 0.01; blockage:
p < 0.01), although not all super-enhancer genes showed this
response (Figure 4D). These results indicate that acquired su-
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SEs in breast cancer cell lines
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DISCUSSION



Super-enhancers control genes that play
especially prominent roles Iin cellular
physiology and disease (Brown et al,
2014; Chapuy et al.,, 2013; Groschel
et al., 2014; Herranz et al., 2014; Hnisz
et al., 2013; Loven et al., 2013; Mansour
et al., 2014; Northcott et al., 2014; Parker
et al.,, 2013; Siersba=k et al., 2014;
Whyte et al., 2013), but there is a limited
understanding of the functions of these
clustered elements and, thus, why they
have evolved to drive genes that play
key roles in cell-type-specific biology.
Our results reveal that SEs can provide
a platform for signaling pathways to regu-
late genes that control cell identity during

deuelngment and tumnrigenesis.



Several lines of evidence argue that the constituent enhancers SEs characteristics
of at least some super-enhancers can act as an interdependent
structural and functional unit to control their associated genes.
Our results show that ESC SEs generally consist of clusters of @ QCT4 binding in ESC
active enhancers that have OCT4-dependent and ESC-specific
functions (Figure 1) and demonstrate that optimal transcriptional @ SE regulates transcription
activity of target genes is dependent on the presence of most of
the constituent enhancers (Figure 2). Chromatin interaction data @ SE chromatin interaction
indicate that constituent enhancers physically interact within the
SEs; indeed, the interactions among SE constituents in ESCs
appear to be morefrequentthan interactions between the SE con-
stituents and their associated gene promoters, and interactions
between typical enhancers (Dowen et al., 2014). We previously
noted that enhancer clusters can be gained or lost as a unitduring @ SE role in oncogenesis
development or oncogenesis (Hnisz etal., 2013)and have shown
that large tumor SEs can collapse as a unit when depleted of the
enhancer cofactor BRD4 (Loven et al., 2013) or when a constitu-
entis deleted (Mansour et al., 2014). Insome T cell acute lympho-
blastic leukemia (T-ALL) cells, a small mono-allelic insertion that
creates a binding site for a master transcription factor can
nucleate the formation of an oncogenic super-enhancer that in-
volves establishment of additional transcriptional components
in adjacent sites (Mansour et al., 2014). Super-enhancers pro-@ eRNA linked to SE
duce relatively high levels of enhancer RNAs (Hnisz et al., 2013),
and a recent study showed that inflammation-dependent super-
enhancers form domains of coordinately regulated enhancer® jnflammation linked to SE
RNAs (Hah et al., 2015). These results, taken together, suggest
that the constituent enhancers of super-enhancers can interact
physically and functionally to coordinate transcriptional activity.



Our results reveal that SEs are occupied more frequently by
terminal transcription factors of the Wnt, TGF-B, and LIF signaling
pathways than typical enhancers in ESCs, and genes driven by
SEs show a more pronounced response to the manipulation of
these pathways than genes driven by typical enhancers (Figure 3).
Thus, the clustered enhancer architecture of SEs may have
evolved, at least in part, to provide a conduit for these signaling
pathways to signal maintenance or change at genes that are
key to control of cell identity. Our results also suggest that one
reason that tumor cells evolve SEs at key oncogenes is to
enhance the connection to oncogenic signaling pathways. The
recent report of NOTCH1-driven SEs in T-ALL likely represents
another example of this phenomenon (Herranz et al., 2014;
Wang et al., 2014). An implication of this model is that therapies
that target both oncogenic signaling pathways and super-
enhancer components may be especially effective in tumor cells
that have signaling and transcriptional dependencies.
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OUR COORDINATED EXPRESSION OUR PEOPLE PLATFORM PROGRAMS

An Expression
Makes a World of
Difference

At Syros, we are pioneering a new area of medicine focused on

controlling the expression of genes. The genes expressed - turned on, off,
up or down - in any given cell determine its type and function, and when
wrong genes are expressed at the wrong time or in the wrong amounts, it
can lead to disease. By creating medicines to control the expression of
genes, we aim to make a profound difference in the lives of patients and
their families. Join us in understanding the coordinated expression of the
Syros team in fulfilling our mission.




WE ARE A THERAPEUTICS COMPANY PASSIONATELY COMMITTED TO APPLYING OUR SCIENTIFIC LEADERSHIP IN

'I[;Il-lsEEEgEESI?GING FIELD OF GENE CONTROL TO TRANSFORM THE LIVES OF PATIENTS WITH CANCER AND OTHER

Founded by world-leading experts in gene regulation, and led by a seasoned management team, Syros is focused on developing new medicines that
control genes that cause disease. Central to our approach is a proprietary drug development platform of integrated gene control assay technologies,
computational biology, chemistry, and deep biclogic insights that gives us an unprecedented understanding of and control over gene regulation. Our
picneering research and drug development capabilities provide us with the distinctive ability to identify new, important disease and patient-targeted
gene control medicines.

Working together to

transform patients’ lives
through the creation of
novel gene control
medicines




OUR PLATFORM

Syros is solely focused on gene control. Building on the seminal discoveries of our scientific founders, we have developed what we believe is the first
proprietary platform designed to systematically and efficiently analyze non-coding regions of the genome to identify alterations in gene expression
programs.

“:hmmmmmﬁm By doing so, we believe our gene control platform will allow us to:

Gene control platform @

s |dentify a wide array of potential new drug targets across a range of

firi e diseases
i Computational e Provide a new lens for diagnosing and segmenting patients, including
osese e _'_ by sbe s __/ those with.com plex, multi-factorlial diseases that have eluded
patients Gene control Sl S segmentation with other genomic-based approaches
:::: 3.‘“;.‘*'“&,' Bt \ s Advance a new wave of medicines with the potential to influence
Bt S— multiple drivers of disease through a single target, making them less
. o susceptible to drug resistance and providing patients with a more
s :'” profound and durable benefit than many of today’s targeted therapies.

Learn more about our platform



DRUGS DISCOVERY FROM SYROS PHARMACEUTYCAL

Syros
Commercial
Program Indication Preclinical Early Clinical Mid-Clinical Pivotal Rights
R/R AML
Newly-diagnosed,
older unfit AML
North
SY-1425 .
R/R high-risk MDS America
(RARa agonist) and Europe
Lower-risk transfusion-
dependentMDS
Breast cancer
Solid tumors
SY—'I 3’65 TNBC, ovarian, SCLC
(CDKT7 inhibitor)  Bjood cancers
AML and ALL
Oral CDK7
inhibitor Cancer
CDK12/13 Worldwide
Inhibitor Cancer
Program 5 litfna;z:ru{nnonl
ogy

Program 6 Cancer .

*SY-1425 is approved in Japan as Amnolake® (tamibarotene) for patients with relapsed/refractory APL
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What is CRISPR,
its scientific and ethical impact?

https://youtu.be/TdBAHexVYzc



