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Over10% of human genes encode proteins that localize to the nucleus
and function to regulate gene expression at the level of mRNA
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Transcriptional effectors are protein domains known to activate or repress
gene expression; however, a systematic understanding of which effector
domains regulate transcription across genomic, cell type and DNA-binding
domain (DBD) contextsis lacking. Here we develop dCas9-mediated
high-throughput recruitment (HT-recruit), a pooled screening method for
quantifying effector function at endogenous target genes and test effector
function for alibrary containing 5,092 nuclear protein Pfam domains across
varied contexts. We also map context dependencies of effectors drawn
from unannotated protein regions using alarger library tiling chromatin
regulators and transcription factors. We find that many effectors depend
ontarget and DBD contexts, such as HLH domains that can act as either
activators or repressors. To enable efficient perturbations, we select
context-robust domains, including ZNF705 KRAB, that improve CRISPRi
tools tosilence promoters and enhancers. We engineer acompact human
activator called NFZ, by combining NCOA3, FOXO3 and ZNF473 domains,
which enables efficient CRISPRa with better viral delivery and inducible
control of chimeric antigenreceptor T cells.

the expression of endogenous genes and long noncoding RNAs*'°" and
control synthetic gene circuits”? or endogenous regulatory elements™",

transcription'. These transcription factors (TFs) and chromatin
regulator proteins represent a reservoir of potentially useful effector
domains for constructing transcriptional and epigenomic perturba-
tion tools for synthetic biology and dissecting biological processes*®.
Transcriptional effector domains, also known as activators and repres-
sors, are the regions of these proteins that canincrease or silence tran-
scription of agene upon recruitment to its promoter"’. When fused to
DNA-binding domains (DBD), they can be used as tools to manipulate

which has therapeutic potential®™".

However, transcriptional effectors can function differently
dependingonthe biological context of their recruitmenttoagene. For
example, targeting of effector domains to the same genomic context
butindifferentcelllines™* orin different mouse developmental stages
invivo? canresultinvariable transcriptional and epigenetic effects. The
target locus of effector recruitment can also have a role*> >, wherein
recruitment of effector domains to different promoters and enhancers
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inthe same cell type resultsin distinct effects on transcription''81%2¢2,

Finally, the DBD can affect effector function'”.

We currently lack a system-level understanding of how frequently
effector function depends on the target, cell type or DBD context,
which is critical for identifying effectors that are robust across these
conditions. Recently, pooled screening methods that measure effector
strength for large libraries of domains have greatly expanded the list
of sequences known to function as effectors®*>*, but these scalable
methodsuse syntheticreporter genesinstead of targeting endogenous
loci and have not yet been used to compare activities across many
contexts. Meanwhile, other salient features like deliverability, size,
expression level and off-target toxicities remain uncharacterized for
the majority of effectors.

To address these questions, we performed high-throughput
recruitment (HT-recruit) to measure the effector function of 5,092
Pfam-annotated domains from human nuclear proteins (the Pfam
library) across 17 biological contexts and integrated this datawith two
pre-existing datasets™. By adapting HT-recruit to use the program-
mable DBD dCas9, we were able to target endogenous promoters
and enhancers. Using these large-scale datasets, we identify forms of
context-specificity, which varied by effector family and were striking
in the helix-loop-helix (HLH) family of domains. We then confirmed
and expanded these results with screens of 114,288 tiling sequences
fromall human chromatinregulators and TFs (the CRTF tiling library)
across two endogenous gene contexts, whichweintegrated with three
pre-existing reporter gene datasets**. This comprehensive testing of
short human effector domains in human cells across multiple con-
texts allowed us to select robust activators and repressors to be used
in synthetic biology tools. Finally, with additional measurements of
effector expression level, deliverability and cellular toxicity, we devel-
oped improved effectors for CRISPR interference (CRISPRi), CRISPR
activation (CRISPRa) and synthetic TF circuits. For repression, we find
Kriippel-associated box (KRAB) domains are the most potent, and from
the entire set of 336 human KRAB domains, we find several top KRAB
domains that outperform the traditionally used ZNF10 KRAB. From the
activation domains, we constructed a short potent combination com-
prising NCOA3, FOX03 and ZNF473 domains (NFZ) whose improved
utility for CRISPRa and synthetic TFs we demonstrate inmacrophages,
induced pluripotent stem cells (iPSCs) and T cells.

Results

HT-recruit quantifies effector function across contexts

We set out to measure transcriptional effectors quantitatively across
biological contexts by performing HT-recruit screens using two DBDs
(rTetR and dCas9) to recruit effectors to various gene targets in two
cell types (Fig. 1a and Extended Data Fig. 1a). First, to study different

promoter contexts while keeping other parameters constant, we devel-
oped a set of reporters with varied promoter origins and strengths
(Fig. 1b). To study how effector-promoter interactions differ across
celltypes, weinstalled these reporters at the AAVS1 safe harborinboth
K562 and HEK293T cells (Fig. 1a). As expected, all minimal promoters
(minimal cytomegalovirus (minCMV), non-TATA box-containing X chro-
mosome and chromosome 21 (NTX and NT21) promoters) started OFF
and could be activated with the VP64 activator domain (Fig. 1b). Two of
the constitutive promoters, pEFla and UbC, started ON and could be
repressed by the ZNF10 KRAB domain (Fig. 1b). The Rous sarcomavirus
(RSV) promoter was rapidly silenced uponinstallationin both cell types
(Extended DataFig.1b), sowe did not useit for screens. In certain cases
we observed promoter silencing to be cell-type specific—the phospho-
glycerate kinase 1 (PGK) promoter was constitutively ON in K562 cells
butwas background silenced in HEK293T cells (Fig. 1b). Based on this
observation, we decided to use PGK as arepressible promoterin K562
and as anactivatable promoter in HEK293T cells (Fig. 1b). Overall, the
expression levels for each promoter were similar across the two cell
types (R*= 0.86) except for the PGK promoter (Extended DataFig. 1c).

To extend HT-recruit to endogenous loci, we used dCas9 and
targeted the promoters of endogenous genes encoding cell surface
proteins. Targeting surface proteins allows us to use fluorescence
antibodies to immunostain cells, thus providing a way to monitor
single-cell gene expression variability during individual recruitment
assays by flow cytometry and to magnetically separate a large number
of ON and OFF cells during HT-recruit (Fig. 1a). For arepressible context,
we targeted the highly expressed surface marker CD43 in K562 cells.
First, weindividually recruited either dCas9 alone or dCas9-KRAB with
single guide RNAs (sgRNAs) targeting the CD43 transcriptional start
site (TSS) and found two sgRNAs, sg10 and sgl15, for which repression
depended onthe KRABrepressor. Similarly, we identified sgRNAs with
which dCas9-VP64 or VPR could activate the lowly expressed CD2,
CD20 and CD28 genes (Fig. 1c and Extended DataFig. 1d,e).

Then, we generated lentiviral libraries with 5,092 Pfam domains
fromnuclear-localized human proteins and 499 random and 362 nega-
tive control sequences tiling the nonnuclear protein DMD (hereafter
Pfam library) fused to rTetR or dCas9 and delivered them to cell lines
with alow multiplicity of infection (MOI) such that most cells express
one DBD-domain fusion. Using these components, we performed
eight rTetR-targeted screens across six synthetic reporter contextsin
two cell types and 11 dCas9-targeted screens with sgRNAs targeting
endogenous genes plus two dCas9 screens at reporters using asgRNA
targeting the TetO motif. We also integrated data from two previous
screens using rTetR and the Pfam library (Fig. 1d and Extended Data
Fig. 1f,g). To measure the activities of sequences beyond annotated
Pfam domains, we also used our recently designed 20x larger library

Fig. 1| HT-recruit quantifies transcriptional effector functions across DBD,
cell type and target gene contexts. a, Schematic representation of HT-recruit

to quantify transcriptional effector function while varying the context of DBDs,
celltype and target synthetic reporters or endogenous genes. A pooled library of
Pfam domains from human nuclear proteins of <80 amino acids is synthesized as
300-mer DNA oligonucleotides, cloned downstream of the DBD (context 1) and
delivered to cells (context 2) at alow MOI such that most cells express a single
domain. The synthetic reporters encode a synthetic surface marker (Igk-hlgGl-
Fc-PDGFRp) and fluorescent marker (citrine), while the endogenous target genes
encode surface markers (context 3). After the recruitment of Pfam domains,

ON and OFF cells were magnetically separated using beads that bind these
synthetic or endogenous surface markers, and the domains were sequenced in
the bound and unbound populations to compute enrichments. b, Expression of
synthetic reporters. Positive control effectors, such as ZNF10 KRAB repressor

or VP64 activator, were stably delivered by lentivirus. Cells were treated with
1,000 ng ml™ doxycycline for 5 days for repression and 2 days for activation
(oruntreated as a negative control), and citrine expression was measured by flow
cytometry after gating for rTetR delivery (mCherry*; n=2infection replicates

shown as histogram curves). ¢, Expression of endogenous surface marker
genesin K562 cells measured by immunostaining and flow cytometry. dCas9
fusions and sgRNAs were delivered by lentivirus and selected for by blasticidin
and puromycin, respectively. Data are gated for sgRNA delivery (mCherry*in
CD43 and GFP'in CD2 samples) and for dCas9 (BFP*; n =1infection replicate).

d, Transcriptional effector hits’ activation and silencing activity across different
target gene, DBD and cell-type recruitment contexts (n = 2 biological replicates
per screen). A subset of effectors (columns) are shown that are a hit ata high
threshold of 3 s.d. stronger than the median of the poorly expressed domains
in>2samples (rows; n =143). Unbiased column clustering shows three major
clusters of effectors (top). dCas9 targets pEFla and minCMV with sgTetO-1, CD2
withsg717 and CD43 with sg10 (upper two rows) and sg15. Column labels on the
bottom show the protein, Pfam domain and domain start position within the
protein; select Pfam domain families are colored. Rows are manually ordered,
with the targets that are predominantly repressible above the activatable targets.
e, Distribution of the number of screen contexts in which a Pfam domain was a hit
effector in two replicates. Domains that are shared hits in multiple contexts are
colored green.
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that tilesallhuman CRTFsin 80 amino acid tiles at ten amino acid steps
(n=128,565 elements, hereafter CRTF tiling library)** and recruited it
with dCas9to CD2and CD43in K562 cells (Extended Data Fig.2a,b). We
additionally integrated data from three previously performed rTetR
screens with the CRTF library at pEF, PGK and minCMV?**,

To minimize confounding effects due to proteinstability, weiden-
tified domains that were well-expressed in both cell types and when
fused to either DBD. Expression was measured by permeabilizing
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low protein expression level bins and then sequencing the domains
in those two cell populations (R*= 0.44-0.78 across comparisons of
replicates; Extended Data Fig. 3a). Overall, domain expression was
similarly correlated between cell types (R? = 0.6; Extended Data Fig. 3b)
and whether they were fused to rTetR or dCas9 (R? = 0.56; Extended
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expressed domains, which included most random sequence controls,
served asalarge set of negative controls for activation and repression
screens to set our hit threshold.

After filtering out poorly expressed domains, we conservatively
called activation and repression hit domains with log,(OFF:ON) scores
2s.d.beyond the median of poorly expressed elements (higher scores
forrepressors and lower for activators). This pipeline called 435 Pfam
domains as hits in both replicates of a context, with 71% of these hits
being rediscovered in multiple contexts (Fig. 1e and Supplementary
Tablel). Wealso called 1,261 tiled regions as hit domains from the larger
CRTF tilinglibrary (Methods; Supplementary Tables 2and 3). The hits
clustered into the following three categories: activators, repressors
and dual-function effectors that are context-dependent activators or
repressors (Fig.1d). Wethenset out toinvestigate the diverse categories
of context-dependent and context-robust effectors.

Activator function across targets and cell types

We first considered activator promoter-specificity when using rTetR
to target the Pfam library at minimal promoter reporters in K562
cells. We found that these core promoters responded very similarly
to activator recruitment, wherein 85% of well-expressed NTX activa-
tors also activate minCMV, and do so with well-correlated strengths
(R*=0.8; Fig. 2a,b and Extended Data Fig. 4a,b), which we indi-
vidually validated with flow cytometry. In contrast, only 9% of the
well-expressed minCMV activators, suchas FOXO3-TAD, were able to
re-activate the background-silenced PGK promoter in HEK293T cells
(Extended DataFig. 4c,d).

Toextend these experiments to endogenous gene targets, we used
dCas9 recruitment. First, we targeted the minCMV reporter using a
TetO-targeting sgRNA. dCas9 recruitment resulted in fewer hits than
rTetR at the same reporter, perhaps due to weaker and/or lower copy
number recruitment; however, the strongest hit, the Med9 mediator
component, was validated individually (Extended Data Fig. 4e-g). In
contrast, whenwe used dCas9 to target the Pfamlibrary to endogenous
genes, we found 68 hits targeting CD2 with sg717, which systematically
led to stronger activationthan any other sgRNA targeting CD2, CD20 or
CD28 (Fig.2c and Extended Data Fig. 4h-1). Only 19% of rTetR-activator
hits at minCMV recurred as dCas9 hits at CD2 (for example, ZNF473
KRAB and SMARCA2 QLQ); conversely, 89% of domains capable of
activating CD2were not hitsin therTetR- and reporter-based screens,
including 24 HLH domains (for example, NGN2 and HAND?2). The sec-
ondstrongest HLH activator domain was from HAND2, consistent with
arecent report that full-length HAND2 protein can be an activator in
arecruitment assay®. Indeed, 77% of the HLH activator domain hits
were from proteins that were also activatorsin that study (P=3.1x 1073,
Fisher’s exact test; Extended Data Fig. 4m). Meanwhile, the two MYB
LMSTEN domains were only activators when recruited with rTetR at
reporters. Using the larger CRTF tiling library, dCas9 recruitment to
CD2 identified 19 activator domains that were not hits with rTetR at
minCMV.Intotal, 42% of the CD2-only activators again overlapped with
HLH domains (for example,in MYOD1, PTF1A, MAX and ASCLS5), while
others were new activators that did not overlap any domain annota-
tion (for example, PBRM1; Extended Data Fig. 5a-d). Anotably strong
shared activator hitwithbothrTetR at minCMV and dCas9 at CD2 was
the DUX4 C-terminus, which interacts with histone acetyltransferase
P300 (ref. 35). Therefore, rTetR recruitment to different minimal pro-
moters identified similar activators, while dCas9 recruitment to an
endogenous geneidentified alargely distinct set of activatorsincluding
HLH domains (Supplementary Tables 1-3).

We then investigated the cell-type dependence of different acti-
vators by comparing their effects in HEK293T versus K562 cells when
recruited by rTetR at the minCMVreporter. Ingeneral, we found much
greater differences between activators targeted to the same promoter
in different cell types than when targeting distinct minimal promot-
ers within the same cell type. Overall, only 19% of activators in K562

cells were shared across the cell types, including strong activators
like FOXO-TADs, NCOAs and the ZNF473 KRAB domain (Fig. 2d,e
and Supplementary Fig. 1a). Meanwhile, several WW, SRC Homology
3 (SH3), plant homeodomain (PHD) and the poorly characterized
SMARCA2/SMARCA4 QLQ domains®***” were much stronger activa-
tors in K562 cells, despite being similarly expressed in the two cell
types as measured by FLAG staining (Fig. 2e, Extended Data Fig. 3¢
and Supplementary Fig. 1a-d). We hypothesized that one source of
cell-type dependence of an effector could arise from competition for
coactivatorswithitsendogenous copy, and found that knocking down
theendogenous SMARCA2/SMARCA4 resulted inincreased activation
by the recruited SMARCA2 QLQ (from 1.3% to 23.7% of HEK293T cells
ON; Supplementary Fig. 1e-i).

Overall, while we cannot rule out all technical reasons that these
activators are stronger in K562 cells (for example, related to the
reporter chromatin state or rTetR), these results show that some acti-
vators function very differently across cell types (for example, KIBRA
WW activates 91% of K562 versus 3% of HEK293T cells) while others
are more consistent (for example, FOXO3-TAD activates 93% of K562
versus 87% of HEK293T cells; Supplementary Fig.1a,b).

Repressor function across targets and cell types

We next tested repressor promoter-specificity using rTetR to target
pEFla, PGK and UbC promoters in K562 cells. We found repression
scores atthe moderate strength PGK and UbC were highly correlated
with each other, largely due to signal from KRAB repressors (R? = 0.74
for n=2,718 well-expressed Pfam domains; Supplementary Fig. 2a),
whereas the stronger pEF1a was more silenced by weaker repressors
such as HOX homeodomains (Supplementary Fig. 2b,c). We previ-
ously observed that HOX homeodomain repression strength cor-
related with the presence of an RKKR motif and positive charge in
the homeodomain N-terminal region®?, so we recruited motif- and
charge-modifying HOX mutants to the pEFla reporter and confirmed
they contribute to repression (Supplementary Fig. 2d,e). In sum, the
similarly strong PGK and UbC reporters responded similarly to repres-
sors, whereas the stronger pEFla reporter uniquely identified weak
non-KRAB repressors and thus could be used to characterize their
sequence dependencies.

To identify repressors of endogenous genes, we used dCas9
recruitment. When targeting the pEFla reporter with dCas9, we found
fewer hitsthan with rTetR (possibly due to lower recruitment copy num-
ber), and all the hits were KRAB repressors (Supplementary Fig. 2f-h).
In contrast, targeting dCas9 to the endogenous CD43, we found that
in addition to shared hits including KRAB domains and a zinc finger
from the IRF-2BP1 corepressor protein®, adistinct set of domains that
were not hitsinthe rTetR screens showed repressor activity, including
the NuRD-interacting methyl-binding protein domains such as the
P66_CC domain from P66A and the MBDa domain from MBD2 (which
bind one another®) (Fig. 2f and Supplementary Fig. 2i-k). Relatedly,
an MBD2B repressor was previously shown to silence a reporter in
HEK293T cells with dCas9 recruitment*’. Another repressor hit unique
totargeting CD43 with dCas9 was the SAM1 domain from the putative
polycomb protein LAMBTL4 (whose analog is involved in silencing
in Drosophila cells*). MBDa, P66_CC, IRF-2BP1 and SAM1 silencing of
CD43 depended on which sgRNA was used, while KRAB repressors were
efficient with either of two sgRNAs (Supplementary Fig. 2i,j). Mean-
while, chromo and chromoshadow domains were only hit with rTetR.

dCas9 recruitment of the CRTF tiling library to the CD43 promoter
confirmed these results, with the strongest shared repressors being
KRAB domains, and additionally revealing 274 repressor domains
that were not hits at pEF1q, including from additional methyl-binding
domain proteins (Extended Data Fig. 6a—-c). This larger library also
uncovered repressorsin the unannotated regions of proteins, includ-
ing CDCA7L, which is known to be a repressive protein* In total, 78%
of CD43 repressor domains were also hits in the rTetR screens, and
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Fig.2| Context-dependent transcriptional effectors. a, HT-recruit with

rTetR targeting two minimal promoters, minCMV and NTX, in K562 cells
(n=2biological replicates). Dashed lines show hit thresholds at 2 s.d. above the
median of the poorly expressed domains (samein ¢, d and f). b, Validation of
activator domains across minimal promoter reporters in K562 cells. Individual
rTetR-activator fusions or the rTetR-only negative control were delivered by
lentivirus, and, after selection, cells were treated with 1,000 ng ml™ doxycycline
for2 daystoinduce reporter activation. The percentage of cells activated was
measured by flow cytometry for the citrine reporter, after gating for delivery
with mCherry. Bars show the average percentage of cells ON normalized to
no-doxycycline control; error bars ares.d. (n =3 infection replicates shown
asdots). ¢, HT-recruit with dCas9 targeting endogenous gene CD2 with sg717
compared with rTetR targeting the minCMV reporterin K562 cells (n =2
biological replicates). d, HT-recruit with rTetR targeting the minCMV reporter
in K562 and HEK293T cells (n = 2 biological replicates per cell type). e, Individual
rTetR fusions were measured in minCMV reporter cells as inb (n = 2-3 infection

replicates shown as dots). f, HT-recruit with dCas9 targeting endogenous gene
CD43 with sgl5 compared with rTetR targeting the pEFla reporter in K562 cells
(n=2biological replicates).g, HT-recruit with dCas9 to activate CD2 using
sg717 compared with repression of pEF1a promoter with rTetR in K562 cells,
showing only the HLH domains within the Pfam library (n = 2 replicates per
screen). Black line shows the best linear fit. The conservative hit threshold
(black dashed line) was chosen to identify strong effectors. The gray dashed
vertical line is equivalent to the strength of the weakest repressor that was
individually validated (Methods). The HLH phylogenetic groups are shown in
colored solid circles**™*. h, rTetR recruitment to the pEFla reporter in K562
cells with 6 days of treatment with 1,000 ng ml™ of doxycycline (n =2 infection
replicates shown as histograms). i, dCas9 recruitment to CD2 in K562 cells
(n=2sgRNAs, sg717 in darker and sg718 in lighter shade). j, Full-length HLH
TFswere defined as not yet defined (none, n = 45), activators (A, n =13), both
(A+R,n=17) orrepressors (R, n=25),in previous studies reviewed in ref. 46.
Colors show the effector function of HLH domains from these TFs.
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they overlapped similar annotations for SUMOylation, short linear
interactions motifs and DBDs* (Extended Data Fig. 6d).

Wetheninvestigated the cell type-specificity of repressors using
rTetRtotarget the Pfamlibrary at pEFla reporters. The HEK293T screen
identified strong repressors that were inagreement across cell types,
suchthat 96% of repressor hitsin HEK293T cells were also hits in K562
cells (including >200 KRAB domains; Supplementary Fig. 3a-d). When
using the moderately strong UbC promoter, we found fewer hits than
with pEF1q, and again the majority were shared across cell types (for
example, >130 KRAB domains; Supplementary Fig. 3e). Altogether,
these results show that some repressors (for example, MDBa) strongly
depend onrecruitment context, while KRAB repressors are particularly
robust across cell type, target and DBD contexts.

HLH effectors can activate or repress depending on the context
Effector domains are classified as activators or repressors; however,
like the TFs that consist of these domains’, these effectors may have a
dual activator-repressor function®* that could be context-dependent.
When comparing most activatable and repressible contexts, we saw
no overlap in hits from the Pfam library; however, when considering
the most sensitive repressible context (rTetR at pEF1a in K562 cells),
we found some activators could repress (Supplementary Fig. 4a-d).
Certain minCMV strong activators either silence a percentage of the
pEF1a cells (that is, bifurcate the population) or super-activateitina
cell type-dependent manner (Supplementary Fig. 4e,f).

In addition, the large HLH family, which includes TFs shown to
function either as an activator or repressor depending on context
in yeast*, stood out as a major source of dual-functioning effectors.
Specifically, many of the same HLH effectors that activate CD2 when
recruited with dCas9 also repressed pEF1a when recruited with rTetR
with correlated strength (R*=0.53, n = 97 HLH domains; Fig. 2g-i and
Extended Data Fig. 7a). Furthermore, we found that effector function
is enriched within certain HLH phylogenetic groups***¢; for example,
HAND HLHs from group A are only activators, HEY HLHs from group
Eareonly repressive, ID HLHs from group D are dual-functioning and
other subfamilies (for example, HES from group E and all of group
B) did neither in the contexts tested here (Fig. 2g and Extended Data
Fig. 7b). These HLH effector functions partially corresponded with
annotations from previous studies of the HLH TFs as activators, repres-
sors or both (Fig. 2j)*°. These results were confirmed with the tiling
library, where 74% of proteins with a dual-function tile that activates
CD2 (but not minCMV) and represses pEF1a were again HLH pro-
teins. The hit tiles overlapped the HLH heterodimerization portion
of their bHLH domains, and deletion experiments showed that this
C-terminal portion was required for both activation and repression
with a dual-functioning HLH (Extended Data Fig. 7c-g)**.

Overall, while some effectors were highly context-dependent (for
example, HLH and WW domains), we noticed many of the strongest
effectors were consistent across contexts (for example, KRAB repres-
sors), which suggests they would improve synthetic tools for manipu-
lating transcription.

Efficient CRISPRi with ZNF705/ZNF471 KRAB repressors

Wesetouttoidentify repressors that are robust across contexts using
the Pfam library because it was screened against the largest number
of contexts. We performed anadditional screen with this library at the
GATAI locus to compare repressors at an enhancer (Supplementary
Fig.5a). GATAI is an essential gene, so we used the growth phenotype
associated with targeting dCas9-repressors to its enhancer (eGATA1)
as a proxy for repression strength'*. The KRAB domain found in
ZNF705B/ZNF705D/ZNF705F (here called ZNF705) and ZNF471 were
the strongest hit Pfam domains with the eGATA1 sgRNA, and they did
not have growth effects with a control safe-targeting sgRNA (Supple-
mentary Fig. 5Sb and Supplementary Table1). Meanwhile, some domains
did show growth effects with the safe-targeting sgRNA, suggesting

their expression is toxic. The most toxic were the cyclin-dependent
kinase inhibitor domains from CDKN1A/CDKNB, whichinhibit cell cycle
progressionby binding to CDK2 (ref. 48). The random sequences were
substantially more toxic than the Pfam domains or DMD tile controls
(Supplementary Fig. 5c,d), which could be due to random sequence
misfolding*. We confirmed these toxic domains were not confound-
ing repressor hits when targeting the nonessential gene, CD43 (Sup-
plementary Fig. 5e).

To identify strong repressors that function well across many
different contexts, we focused on the KRAB domains, which were
commonly top hits. Furthermore, despite some effort, we could not
identify more efficient non-KRAB repressors (Supplementary Note 1
and Supplementary Fig. 6a-I), consistent with KRAB repressors being
most potent across contexts in the screens. Previously, using a deep
mutational scan of the ZNF10 KRAB, we identified a mutant in the
N-terminal KRAB domain region, WSR7EEE, that provides increased
expression in cells and silencing strength when fused to rTetR*’. We
found the same is true when this mutant is fused to dCas9 (Fig. 3a,b
and Extended DataFig. 8a,b). This enhanced mutant KRAB specifically
silences endogenous genes via heterochromatinization (as marked
by H3K9me3), similar to reported data for the CRISPRi tools that use
the WT KRAB from ZNF10 (refs. 5,50; Fig. 3c). We previously found
that nearly all KRAB paralogs that repress in HT-recruit also interact
with KAP1 as measured by mass spectrometry and colocalize with
H3K9me3 by chromatinimmunoprecipitation followed by sequencing
(ChIP-seq), sowe expect they alsorecruit H3K9me3 (ref. 32). Therefore,
we used this enhanced ZNF10 KRAB(WSR7EEE) as abenchmark when
determining how well the KRAB repressor paralogs work.

We ranked 323 KRAB domains by their scores across all of the
repressor screens and found ZNF705 KRAB ranked 18 and ZNF471
KRAB ranked 1 (Fig. 3d). In agreement with a recent finding from a
screen of 57 KRABs, our approach also identified ZIM3 KRAB (13) as
a stronger repressor than ZNF10 KRAB (166)°**. Further support-
ing their context-robustness and reproducibility, we found ZNF705,
ZNF471and ZIM3 KRAB were hitsin both replicates of 8,7 and 6 of the
original 8 repressive contexts, respectively (Fig. 1e and Supplementary
Table 1). Directly comparing HT-recruit scores across contexts sug-
gested that these top KRAB domains were stronger than ZNF10 KRAB
but not meaningfully different from one another (n =12 contexts;
Extended DataFig. 8c).

We sset out to validate the top-ranked KRAB domains across differ-
ent target contexts compared to the strong ZNF10 KRAB(WSR7EEE).
Encouragingly, the KRAB domains from ZNF705 and ZNF471both out-
performthe ZNF10 KRAB(WSR7EEE) at silencing CD43 (Fig. 3e). To test
additional targets, we performed CRISPRiscreens withalibrary includ-
ing 405 sgRNAs targeting promoters of 37 essential genes (Extended
DataFig.8d,e) and found that the ZNF705KRAB consistently provides
~1.5x greater effect sizes across a range of ZNF10 baseline effects and
sgRNA distances from the TSS (Fig. 3f and Extended Data Fig. 8d-g).
We also found that ZNF705 KRAB consistently exhibits stronger effects
at candidate cis-regulatory elements (Fig. 3g). These KRABs also com-
pletely silence a reporter in HEK293T cells (Extended Data Fig. 8h,i).
Furthermore, ZNF705 KRAB more completely silenced an endogenous
gene than ZNF10 KRAB across a population of THP-1monocytes when
stably delivered by lentivirus (n =2 sgRNAs; Fig. 3h and Extended Data
Fig. 8j). ZNF705 matched ZNF10 KRAB when transfected into iPSCs,
which could beasaturated condition (Extended DataFig. 8k,I). We note
thatthe enhancing ZNF10(WSR7EEE) mutationisinaunique N-terminal
region thatis spliced onto the ZNF10 KRAB A-box from adistinct exon
not found in other KRAB genes. So, we could not transfer that same
mutation to further enhance ZNF705/ZNF471/ZIM3.

Toassess the KRAB repressorsinadifferent DBD context, we used
anengineered form of dAsCasl2a (dEnAsCas12a;1,308 amino acids)™*".
dCasl2a is weaker than dCas9 for recruiting repressors, so there is
more need toimproveits efficiency’®. Fusing ZNF705 KRAB to dCasl2a
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Fig. 3| Improved CRISPRi using ZNF705 and ZNF471KRABs. a, dCas9
recruitment in K562 cells. sgRNAs were delivered by lentivirus, followed by dCas9
constructs, and the cells were stained 7 days after dCas9 infection. The shaded
histogram shows the cells after gating for both the dCas9 (BFP) and the sgRNA
(mCherry), and their percentage of cells OFF is shown. The unshaded histogram
shows the cells from the same sample that express neither and serve as an
internal control (n =1infection replicate). b, Western blot of dCas9 only, ZNF10
KRAB and ZNF10 KRAB(WSR7EEE) fusions (n =1 biological replicate). dCas9

and KRAB fusions were tagged with 3xFLAG. The band intensity ratio is below.

¢, Chromatin modifications mapped by CUT&RUN after dCas9 recruitment

of ZNF10 KRAB(WSR7EEE) using sg15. Stable cell lines expressing the dCas9
fusion and the sgRNA were selected with antibiotics and fluorescent cell sorting
before chromatin was analyzed. d, KRAB domains ranked by repressionin HT-
recruit screens across the target, cell type and DBD contexts (a higher average
log,(OFF:ON) from two biological replicates is better ranked). The 323/336 KRAB
domains that had no missing data across contexts are included. The red target
labeled G shows the growth-based screen at the GATAlenhancer. The HEK293T
pEF screen has two time points as follows: a silencing measurement at 4 days
after doxycycline addition and amemory measurement at day 12 (8 days after
doxycycline removal). e, sgRNAs were delivered by lentivirus, followed by dCas9

dCas9

4 5
log,,(CD43-APC)
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log,,(CD43-APC)

constructs, and the cells were stained 9 days after dCas9 infection (n =1).

f, CRISPRi growth screen to compare KRAB repressors. AsgRNA library targeting
37 essential gene promoters was delivered into K562 cell lines that stably express
either dCas9-KRAB. Cells were passaged for 14 days, and then the guides were
sequenced to measure fitness effects (change from the original plasmid pool

to the final day 14 genomic DNA). Greater depletion is ameasure of stronger
silencing of the essential genes. Each dot shows the average effect for asgRNA,
and the error bars show the s.d. from two screen replicates (n = 405 sgRNAs).

The diagonal line represents the identity between KRAB domains. g, Results

are shownsimilarly for the sgRNAs in the library that target cCREs of growth
genes (n=10,155sgRNAs). h, sgRNAs were delivered to THP-1 monocytes by
lentivirus, followed by dCas9 fusions. Eight days later, cells were stained. Gating
and shadingasina(n =2 targeting sgRNAs shown as histograms). i, dCas12a
recruitment in K562 cells. dCas12a-KRAB fusions and then guide RNAs were
delivered by lentivirus. Nine days after guide RNA infection, cells were stained.
Data are gated for guide RNA expression (mCherry) and dCas12a expression
(hemagglutinin (HA)-tag stain). Infection replicates are shown as separate
histograms (n = 2 biological replicates shown as histograms). cCREs, candidate
cis-regulatory elements.

resulted inamean 1.5x more complete silencing of apopulation of cells
than ZNF10 KRAB across multiple targets (Fig. 3i and Extended Data
Fig. 8m). Encouragingly, a 99% identical ZNF705 family KRAB (from
ZNF705E) was ranked 12 of >1,000 repressor hit tiles recruited in three
contexts with the larger tiling library, further establishing ZNF705
KRAB as a particularly strong repressor (Extended Data Fig. 8n,0).
Other highly ranked KRABs likely perform similarly well. Concordant
with its low toxicity and previous RNA-sequencing (RNA-seq) results
with ZNF10 KRAB**¢, stable overexpression of dCas9-ZNF705 KRAB did
not perturb the baseline transcriptome relative to a dCas9-only control
(0.01% transcripts changed >4x by RNA-seq; Extended Data Fig. 8p).

Compact human activator combinations for lentiviral CRISPRa

We next ranked activators from HT-recruit measurements per-
formed across the target, DBD and cell-type contexts and selected
context-robust domains that were ahitinatleast five activation screens
(Fig. 4a). ZNF473 KRAB (Z) is an acidic domain that was a strong hit
withboth dCas9 recruitment to CD2 and most rTetR contexts. Mean-
while, NCOA3 (N) and FOXO3-TAD (F), which bind p300 (refs.57-59),
were rTetR hits and stronger than ZNF473 in HEK293T cells. Previous
ChIP experiments showed that the full-length proteins from which
we sourced these effectors are associated with active chromatin
marks—NCOA3 is enriched near H3K27ac and H3K4mel chromatin
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modifications®®, FOXO3 colocalizes with RNA polymerase Il and
H3K27ac®*? and ZNF473 is enriched at H3K27ac peaks*®. We found
that these domains were well-expressed across DBDs and cell types and
there was no toxicity associated with their expression (Extended Data
Fig.3d and Supplementary Fig. 5e). We had previously found that the
trimmed Pfam-annotated domains (Z = 44 amino acids, N =48 amino
acids and F =41 amino acids) for these three activators performed
equally to the 80 amino acid sequence centered on the domain with
rTetR*, so we used the trimmed sequences to build activator tools
(Fig.4b). This trimmed FOXO3 sequence was within the 11th activator
tileinthelarger library ranked by the average of the minCMV and CD2
screens (Supplementary Table 2).

We fused these trimmed activators, or two commonly used syn-
theticactivators (VP64 and VPR)****, individually to dCas9inalentiviral
vector with BFP as a delivery marker. Given previous observations of
synergistic activation from concatenated activators (including VP64
compared to VP16; VPR compared to its components VP64, p65 and
Rta; and the synergistic activation mediator (SAM), which combines
VP64 witha>450 amino acids MCP-p65-HSF1component recruited via
MS2 stem-loops in the sgRNA)***%%, we reasoned that fusing N, F and
Z could improve activation. Indeed, when we combined any of these
domains together as bipartite activators, we observed synergistic
activation ofthe CD2gene (Fig. 4c). Further fusion of all three domains
together to create the tripartite activator, NFZ, led to even stronger
activation (Fig. 4c).

At 145 amino acids long, NFZ is more compact than the tripartite
523 amino acid VPR and does not use viral components. We found
that NFZ was more efficiently delivered by lentivirus, more efficiently
generated stable cell lines after blasticidin selection and provided a
similar or higher level of activation across three target genes (Fig. 4c—f
and Extended Data Fig. 9a-d). Furthermore, we could use lentivirus to
deliver NFZ, but not VPR, toJ774 mouse macrophages, which are more
difficult to infect than K562 cells, and successfully select a stable line
in which we could activate endogenous genes (Fig. 4g and Extended
Data Fig. 9¢,f). NFZ was also a potent activator in THP-1 monocytes
and iPSCs (Fig. 4h,i). Additionally, by changing the N, F and Z domain
orientations, we identified NZF as a moderately stronger activator
with lentiviral delivery efficiencies between VPR and NFZ (Fig. 4f and
Extended DataFig.9a,b,g).

NFZ may be more deliverable by lentivirus than VPR due to dif-
ferences in transduction efficiency and/or cell toxicity related to the

expression of VPR. While VPRis the largest effector, the lentiviral insert
size (between central polypurine tract (cPPT) and woodchuck hepa-
titis virus post-transcriptional regulatory element (WPRE)) is 8.5 kb,
which does not exceed packaging limits®. Meanwhile, transcriptional
squelching is associated with VP16-derived activators’®”,and VPR can
be toxic in cell lines”, which could affect the packaging cells and/or
transduced cells. When using transient plasmid delivery, we observed
similar or better activation with VPR than NFZ (Extended DataFig. 9h,i),
despite observing lower expression of VPR transcripts (Extended
Data Fig. 9j,k; consistent with others’ observations of low dCas9-VPR
expression”’*), suggesting NFZ is specifically advantageous for
viral delivery.

Notably, the tripartite fusions were strong activators even with
dCas9 targeting CD20, CD28, CD2 (with its sgRNAs beyond sg717) or
the minCMV reporter, which were all contexts with poor activation
fromnearly any single domain in the Pfam library (Fig. 4c,f, Extended
Data Fig. 9g—-i,I-n and Supplementary Table 1). We found no further
improvement by fusing a fourth domain, QLQ, or using homotypic
combinations (Extended Data Fig. 91-o and Supplementary Note 2).

One of the most potent currently used CRISPRatoolsis the larger
SAM system®®, SAM consists of the following three components:
dCas9-VP64, a sgRNA engineered to contain the MS2 stem-loop and
a472 amino acid helper protein MPH (MS2-binding protein fused to
P65 and HSF1 human activators; Supplementary Fig. 7a). We found
thatwe could replace the viral VP64 in SAM with human NFZ/NZF and
activate endogenous CD2 with comparable efficiency (Supplemen-
tary Fig. 7b-g and Supplementary Note 3). We also found the two-
component dCas9-NFZ easier to deliver than the three-component
SAM (whichrequired an additional helper proteinvirus, thus resulting
in fewer cells co-infected with all components), but that SAM can be
more potent if successfully delivered.

Fusing compact activator NFZ to smaller CRISPR DBDs

dCas9is arelatively large DBD (1,368 amino acids), and it is difficult
to multiplex with multiple sgRNAs. To make a CRISPRa system that
can be multiplexed, we ported NFZ to dEnAsCas12a (1,308 amino
acids)**” and found that NFZ activated CD2 approximately tenfold
more strongly than VP64 (Fig. 4e,j and Supplementary Fig. 8a,b). As
with dCas9, we could notestablish astable dCas12a-VPR cell line using
lentivirus (7.6 kb) and blasticidin selection, but we were successful with
dCasl12a-NFZ (Supplementary Fig. 8c,d).

Fig. 4| Compact NFZ activator improves CRISPRa systems in different cell
types. a, HT-recruit scores for activators that were hitin >5 samples across

the target, cell type and DBD contexts (n = 2 replicates per rTetR screen and
n=1-2replicates per sgRNA for dCas9 screens shown as columns). The rows are
clustered in an unbiased manner. Labels for NCOA3 (1,045-1,092; N), FOX03
FOXO-TAD (604-644; F) and ZNF473 KRAB (5-48;Z) are colored.b, Size of N, Z
and F human activator domains and combinations compared to viral activators.
¢, The effectors were recruited with dCas9 in K562 cells. sgRNAs were delivered
by lentivirus, and cells were selected with puromycin. Then dCas9 fusions were
delivered by 10x concentrated lentivirus. Four days after dCas9 delivery, cells
were stained and measured by flow cytometry (n = 2 infection replicates shown
as histograms). Left, CD2 expression after gating cells for sgRNA delivery (GFP).
Middle, the average percentage of cells with dCas9 delivery (BFP) is written in
blue. Right, CD2 expression after gating for both sgRNA and dCas9 delivery.
The darker histogramis CD2 sg717, and the lighter shade is sg718. d, Comparison
of activation and dCas9-activator delivery (BFP) after gating for sg717 delivery
(GFP"). Color shows the smoothed density of flow cytometry data. The
percentage of BFP* cellsis labeled (n = 2 infection replicates). e, Schematics

of CRISPR activator systems using the NFZ tripartite activator fused to dCas9,
dEnAsCasl12a or dCasMINI_V4.f, dCas9 activators were delivered by

5x concentrated lentivirus into stable sgRNA-expressing cell lines; 5 days later,
blasticidin selection was started, and then 4 days later, cells were stained.

Top, the percentage of cells ON (APC) is shown after gating for the sgRNA
(GFP*) and dCas9 (BFP*). All of the VPR samples had <250 BFP* cells counted

(associated with poor infection and survival of blasticidin selection), while

all other samples had >6k BFP* cells (mean = 53k). Bottom, the percentage of
BFP’ cells is shown (n = 5-7 sgRNAs per effector). The CD28 sgRNAs infected
with VPR poorly survived blasticidin selection, and <300 cells total could be
counted, so they are not shown. g, dCas9-NFZ was stably delivered to)774
mouse macrophages by lentivirus and selected with blasticidin. Activation of
endogenous Gpr84 or Actcl measured by qPCR after lentiviral sgRNA delivery
(n=3 qPCRreplicates). NT sgRNAs are negative controls. h, THP-1monocytes
stably expressing the sgRNAs were generated using lentiviral delivery, followed
by infection with dCas9-activator lentiviruses. Cells were stained for CD2
expression 8 days later. Gated for sgRNA delivery (GFP) and dCas9 (BFP; n=1
infection per sgRNA).i, iPSCs were transfected with dCas9 activator and sgRNA
plasmids and then stained 2 days later. Gated for sgRNA delivery (GFP) and dCas9
(BFP; n=3transfection replicates shown as histograms). The percentage of
cells ON with the gene-targeting sgRNA, using the threshold shown by the black
verticalline, is shown. j, dEnAsCas12a activators on a marker-less plasmid were
co-electroporated into K562 cells withagRNA-mCherry expression plasmid.
After 3 days, cells were stained. Gated for high mCherry (n = 2 replicates).

k, dCasMINI activators on a plasmid with an mCherry marker were cotransfected
into HEK293T GFP reporter cells with agRNA-BFP expression plasmid. Two days
later, GFP reporter activation was measured by flow cytometry with gates for
BFP*/mCherry* cells (n = 6 transfection replicates shown as dots, and bar shows
mean). Np NLS, nucleoplasmin nuclear localization signal; NT, nontargeting.
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Recently, avery compact dCas12fDBD called dCasMINI (529 amino
acids) was engineered as a CRISPRa system in human cells”. We found
that dCasMINI-NFZ (2.2 kb) strongly activated HEK293T reporter cells
(Fig. 4e k and Supplementary Fig. 9a-e).

Inducible expression with the compact activator NFZ

Another useful application of compact human activators is engineer-
ing circuits that tunably control transgene expression using a syn-
thetic TF that conditionally activates a promoter in the presence of
a small molecule”. Previously, the zinc finger-homeodomain DBD
(ZFHD1)"® was fused to FK506 binding protein (FKBP)-dimerization
domains that recruit HSF1and pé5 activators in the presence of rapa-
mycin’”’. We designed a >1 kb smaller version of this design using NFZ
(Fig.5aand Supplementary Fig.10a). Upon transfection, we observed
rapamycin-dependent reporter transgene inducibility and low levels

of leakiness with NFZ relative to P65 + HSF1 (Fig. 5b and Supplemen-
tary Fig. 10b-d). Next, we used ZFHD1-NFZ to inducibly express the
human hepatocyte growth factor (HGF) gene (2.2 kb)*°-**and observed
arapamycin dose-dependent increase in secreted HGF protein, with
minimalleakinessinuntreated cells (Fig. 5c). This compact circuit could
enable longer proteins (such as HGF) to be inducibly expressed from
limited-size viral vectors like adeno-associated virus (AAV).
Inducible gene expression circuits can also expand the therapeu-
tic potential of chimeric antigen receptor (CAR) T cells by providing
control over CAR expression. Such a circuit, built using synthetic zinc
finger transcription regulators (synZiFTR), was recently shown to be
effective for dose- and time-dependent control of CARs in therapeuti-
callyrelevant primary T cellsbothin vitro and in mouse models of can-
cer®, To minimize immunogenicity, synZiFTRs use a human activator
domain. Here by replacing the previously used p65 activator with NFZ,
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Fig. 5| Compact NFZ activator improves therapeutically relevantinducible
systems. a, Schematic representation of the minimized rapamycin-inducible
transcription cassette using the ZFHD1 DBD fused to NFZ. b, Rapamycin-
inducible expression of citrine with ZFHD1 recruitment of NFZ or a control
activator combination, p65 + HSFL. In total, 3 pg of plasmids were transfected
into HEK293T cells; 1 day later, 10 nM rapamycin was added, and then 2 d later,
citrine MFI was measured by flow cytometry (n = 2 transfection replicates shown
as dots, and bar shows mean). ¢, Rapamycin-inducible expression of HGF with
ZFHD1recruitment of NFZ, after transfection in HEK293T cells. Secreted HGF
protein concentrations were measured in the cell culture supernatant by ELISA
after 2 days of rapamycin treatment with varied doses. Transfection of no plasmid
and a constitutive pEF1a-HGF plasmid served as a negative and positive control,
respectively (n =2 transfection replicates; the curve shows nonlinear regression
fit to dose-response data). d, Schematic representation of synZiF TR circuit for
drug-regulated control of CART cells. SynZiF TR uses the FDA-approved drug
Grazoprevir (GZV) toinducibly inhibit NS3 protease-mediated self-cleavage of

anengineered zinc finger activator. Uponinduction, the activator is recruited to
synthetic ZF10-binding motifs® to activate an anti-CD19 CAR fused to amCherry
reporter. Bottomillustration shows asynZiFTR CART cell targeting a CD19*
cancer cell. e, Efficiency of activating CAR-mCherry as measured using the
vertical threshold shown in Extended Data Fig. 10c (n =1-2 infection replicates
measured with two technical replicates each shown as dots, and bar shows

mean and error bars show s.d.). ‘Cons. CAR’ control is the constitutive spleen
focus-forming virus (SFFV) promoter, and ‘no synZF’ control only contains the
CAR-mCherry transgene. f, After 72 h of induction with GZV, SynZiFTR T cells
were cocultured in the continuous presence of GZV for 48 h with a CD19" NALM6
precursor leukemia B cell line engineered to express BFP. Killing efficiency was
estimated by measuring the reduction in BFP* cells compared to aNALMé6-only
negative control by flow cytometry (n =1-2 infection replicates measured with
three technical replicates each shown as dots, bars show mean and error bars
shows.d.).**P<0.005 and ***P < 0.00005, by two-sided unpaired ¢ test. UTD,
untransduced; MFI, mean fluorescence intensity.

we found that we could increase induced CAR expression in primary
T cells and correspondingly increase pro-inflammatory antitumor
cytokine secretion and CAR-dependent cancer cell-killing efficiency
(Fig. 5d-fand Extended Data Fig.10a-h).

Discussion

Abetter understanding of transcriptional effector context-specificity
is needed to improve strategies for manipulating transcription. Our
systematic effector measurements across cell type, genomic tar-
get and DBD contexts revealed both context-dependent effectors
(forexample, WW and HLH domains) and context-independent effec-
torsthat canimprove transcriptional perturbation tools (for example,
the tripartite NFZ activator and the ZNF705 KRAB repressor).

For activation, NFZ may overcome delivery challenges associated
with the size, number of components or reported toxicity of expressing
VPR and SAM">%%8 (Fig.4d). NFZ is acompact, nonviral and low-toxicity
activator that was better delivered by lentivirus than VPR (likely due to
lowerimpacts on packaging cell or recipient cell health) and than SAM
(becauseitdoes notrequire an additional helper protein component).
In some applications, the domain orientation NZF provides stronger
activation, but NFZ showed better lentiviral delivery and less leaky
activationinaninducible circuit. Furthermore, NFZ shows promise as
acompactand stably deliverable activator that could be easily multipl-
exable with dCasl12aif further optimized, potentially in combination
with other recent improvements for that DBD”>*", Overall, our data
suggest that NFZ could be preferable over VPR or SAM in contexts

where the larger systems cannot be equally well-delivered and where
human-derived activators are needed, such as synZiFTR CART cells.
However, we caution that the domainjunctions in NFZ could produce
immunoreactive peptides and that NFZ may not improve delivery
or avoid toxicity in all contexts. CRISPRi/CRISPRa expression alone,
with certain effectors, can perturb baseline gene expression of some
genes®*®%, inamanner that correlates with the effectors’ toxicity*, and
NFZ could still have this issue despite being less toxic than VPR.

Forrepression, we find that KRABs are the strongest family across
contexts and that ZNF705,ZNF471, ZIM3 and several other top-ranked
KRAB domains are all similarly strong, demonstrating that repressors
substantially stronger than ZNF10 KRAB are abundant upon screening
all 336 KRABs. This wealth of options of strong KRAB domains could
be useful to the field of synthetic biology, which now does not need to
rely ononly ZIM3 or ZNF10. Further studies could determine whether
there are meaningful differences between these top KRABs or whether
non-KRAB repressors fromthis resource outperform these top KRABs
singly or in combinations in certain contexts (for example, target sites,
cell types or recruiter fusion protein configurations).

Furthermore, our larger tiling library both confirmed context
effects we originally observed with fewer elementsin the Pfamlibrary
(for example, in the HLH, KRAB and MBD families) and provides a
valuableresource of transcriptional effectors, including from unan-
notated protein regions, that function on dCas9 at endogenous
genes. These transcriptional repressors and activators, in addition
to others®?**40517492% can now be combined with varied DBDs® to
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enable gene regulation tools that are more compact, humanized
and deliverable.

Looking beyondthe context-robust effectors, thisand otherrecent
work”® describe the extent of context dependence across effectors.
Overall, for both activators and repressors, differences across cell
types were more likely to be changes in magnitude, whereas differ-
ences across target and DBD were more likely to be complete changes
from effective to ineffective (or even from activating to repressing).
More specific trends can be found within domain families such as the
target-dependent HLH domains or the cell-type-dependent WW and
SH3 domains that interact with proline-rich motifs®*'°° that are com-
mon in activators'®’. This resource of effector domains measured at
endogenous sites provides useful starting points to explore mecha-
nisms that explain which domains work at which loci. Integrating this
effector function data with protein interaction maps could identify
cofactors that help explain context dependence.

Scalable synthetic systems can control for variability across
contexts and isolate a single biological variable to measure, but they
have technical limitations. For example, across effectors that function
as activators, repressors or both, we generally find stronger effects
in K562 versus HEK293T cells, and it seems possible that a global
effect, for example, on rTetR recruitment strength, contributes to
this result. While these cell lines are useful for screening and we vali-
dated someeffectorsinother cellsincluding)774 macrophages, THP-1
monocytes, primary T cells and WTC11iPSCs, further assessment of
effectors in a broader set of cell types, including primary and stem
cells, will be important to uncover dependencies that are particu-
larly relevant in disease and development. We also found that dCas9
HT-recruit screens varied in their dynamic range depending on the
sgRNA and target. Measurements in additional endogenous target
contexts'*'*, including sgRNAs with varied proximity to target TSS
and enhancers, will be needed to dissect the complex relationships
between target context and effector function. While 80 amino acid
domain libraries are powerful due to their scalability, programma-
bility, focus on short functional regions and the deliverability of the
compact domains, using longer sequences could uncover additional
forms of context dependence as longer sequences are more likely to
encode multiple functions and layers of regulation. Isolating domains
can reveal functions that are masked in the full-length context, but
these functions can also be unrelated to the protein’s normal func-
tion. Although termed transcriptional effectors, these assays do not
directly measure mRNA synthesis, and it is still possible that some hits
affect processes downstreamof transcription, such as mRNA matura-
tion. Toward understanding the mechanisms behind effector context
dependence, it would next be useful to better measure and manipu-
late the endogenous factors that co-occupy the targeted promoters
and enhancers.

Overall, our work highlights the utility of a high-throughput pro-
cess for protein engineering in synthetic biology that is enabled by
the ability to synthesize and test large pooled libraries of domains
for function directly in human cells. In the future, HT-recruit could
be adapted to systematically discover and characterize effectors for
the other forms of gene and epigenetic editing, including base and

prime editing'**.
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Methods

Celllines and cell culture

Experiments presented here were carried out in K562 (American
Type Culture Collection (ATCC), CCL-243, female), HEK293T (ATCC,
CRL-3216), LentiX-293T (Takara Bio, 632180), primary human CD8"
T cells, NALM6 (ATCC), MCF10a (ATCC), THP-1 (ATCC), WTC11 (Glad-
stone Institute) and J774 (ATCC) cells. Cells were cultured in a con-
trolled humidifier at 37 °C and 5% CO,. K562 cells were cultured in
RPMI 1640 (Gibco, 11-875-119) media supplemented with penicillin
(10,000 IU mI™), streptomycin (10,000 pg ml™), 2 mM L-glutamine
and 10% Tet-approved FBS (Omega Scientific, 20014T). HEK293T or
LentiX cells were maintained in Dulbecco’s modified Eagle medium
(DMEM; Gibco, 10569010) supplemented with 25 mM D-glucose
(Gibco), 1 mM sodium pyruvate (Gibco), 1x GlutaMAX (Gibco),
penicillin (10,000 IU ml™), streptomycin (10,000 pg mI™?) and 10%
Tet-approved FBS (Omega Scientific, 20014 T). When HEK293T cells
reached 80% confluence, they were gently washed with 1x Dulbec-
co’s phosphate-buffered saline (DPBS) (Life Technologies) and pas-
saged using 0.25% trypsin (Life Technologies). MCF10a cells were
maintained in DMEM/F12 (Invitrogen, 11330-032) supplemented
with insulin (10 pg ml™), cholera toxin (100 ng ml™), hydrocortisone
(0.5mg ml™), EGF (20 ng mI™), penicillin (10,000 IU ml™), streptomy-
¢in (10,000 pg ml™) and 5% horse serum (Invitrogen, 16050-122).)774
cellswere culturedin10 cm platesin DMEM media supplemented with
2 mM glutamine, 100 U mI™ penicillin, 100 pg ml™ streptomycin and
10% heat-inactivated FBS and were passaged two to three times weekly
by exchanging media when cells reached ~90% confluency, incubating
for 24 h and scraping. For long-term storage, cells were resuspended
in freezing media (10% dimethyl sulfoxide (Sigma-Aldrich) and cell
media) in a cryovial and frozen at -80 °C. THP-1 cells were cultured
in RPMI1640 (Gibco, 11-875-119) media supplemented with penicillin
(10,000 IU mI™?), streptomycin (10,000 pg ml™),2 mML-glutamine and
10% heat-inactivated FBS (Omega Scientific, 20014 T). WTC11 (Glad-
stone Institute) human iPSCs were cultured in mTeSR Plus medium
(STEMCELL Technologies) and cultured on Geltrex-coated plates
(Gibco). Cells were routinely passaged at approximately 80% conflu-
ency by enzymatic lifting with Accutase (Innovative Cell Technologies),
and mediawas supplemented with 10 uM Y27632 (MedChemExpress)
for the first 24 h after passaging. Primary CD8" T cells were isolated
using the EasySep Human CD8" T cell Isolation Kit (STEMCELL Tech-
nologies) fromthe whole peripheralblood provided by healthy donors
at the Blood Donor Center at Boston Children’s Hospital through a
protocol approved by the Boston University Institutional Review
Board. Cells were activated by Human T-activator CD3/CD28 for
T cell expansion and activation Dynabeads (Gibco, 11131D) and cul-
tured in X-Vivo 15 Medium (Lonza, 04-418Q) supplemented with
5% human AB serum (Valley Biomedical, HP1022), 10 mM N-acetyl
L-cysteine (Sigma-Aldrich, A9165), 55 uM 2-mercaptoethanol (Gibco)
and 100 U mlinterleukin 2 (PeproTech, 200-02). NALM6 target cell
lines were cultured in RPMI1640 medium supplemented with 5% FBS,
1% L-glutamine (Gibco, A2916801) and 1% penicillin-streptomycin.

Generatingreporter cell lines

The minCMV, human pEFla from the EEFIAI gene, RSV, human UbC
and human PGK promoters were selected to span a range of basal
expression levels. To include more minimal promoters with low
basal expression, two promoters (NTX and NT21, which both lack a
TATA box, in contrast to minCMV) were selected from a published
resource'®”. These promoters were each cloned into areporter plasmid
with homology arms for integration into the AAVS1 safe harbor locus
(Supplementary Table 4).

Reporter cell lines were generated by transcription activator-like
effector nuclease (TALEN)-mediated homology-directed repair via
integration of a donor construct into the AAVS1 locus of cells as
follows: 1.2 x 10° K562 cells were electroporated in Amaxa solution

(Lonza Nucleofector 2b, setting T-16), or 8 x 10* HEK293T cells were
transfected using Lipofectamine LTX (Invitrogen), according to manu-
facturer’s instructions, with 1,000 ng of reporter donor plasmid and
500 ng of each TALEN-L (Addgene, 35431) and TALEN-R (Addgene,
35432) plasmid (targeting upstream and downstream the intended
DNA cleavage site, respectively). Cells were selected with 500 ng ml™
puromycin (InvivoGen) starting 48 h after electroporation/transfection
for 5 days or until all of the negative control cells died. The TALEN plas-
mids were gifts from F. Zhang'°®. These cells were not authenticated.

Domain library design and cloning

The nuclear protein Pfam domain library was designed previously®.
Briefly, we queried the UniProt database'”” for human genes that can
localize to the nucleus. We then retrieved Pfam-annotated domains
using the ProDy searchPfam function'®®, We filtered for domains that
were 80 amino acids or shorter and excluded the C2H2 zinc finger
DBDs, which are highly abundant, repetitive and not expected to func-
tion as transcriptional effectors. We retrieved the sequence of the
annotated domain and extended it equally on either side to reach 80
aminoacids total. Duplicate sequences were removed, and then codon
optimization was performed for human codon usage, removing BsmBI
sites and constraining GC content to between 20% and 75% in every 50
nucleotide window using DNA Chisel'”’. A total 0f 499 random controls
of 80 amino acids lacking stop codons were computationally generated
ascontrols. A total of 362 elements tiling the DMD protein in 80 amino
acid tiles with a 10 amino acid sliding window were also included as
controls because DMD was not thought to be atranscriptional regula-
tor.Intotal, thelibrary consists of 5,954 elements.

The CRTF tiling library was previously designed®*. Briefly, 735
chromatin regulators and 1294 TF proteins were tiled with 80 amino
acid tiles with a 10 amino acid tile sliding window. In addition, 2,028
random sequence controls (lacking stop codons) were computation-
ally generated. Duplicate sequences were removed, sequences were
codon optimized for human codon usage, 7xC homopolymers were
removed, BsmBIrestrictionsites were removed, rare codons (less than
10% frequency) were avoided and the GC content was constrained to
be between 20% and 75% in every 50 nucleotide window (performed
with DNA Chisel'”). The library includes a total of 128,565 elements
(including small sublibraries that were not analyzed here), which were
split across five subpools that were separately amplified and cloned
into the dCas9 recruitment plasmid pJT216.

Oligonucleotides with lengths of 300 nucleotides to encode these
protein sequences and flanking cloning and amplification adapters
were synthesized as pooled libraries (Twist Biosciences; Supplemen-
tary Table 6). The methods used to amplify these oligonucleotides,
clonethemintoalentiviral dCas9 recruitment vector pJT216 (Addgene,
187320; Supplementary Table 5), produce lentiviral libraries and deliver
them to cells are described in detail in Supplementary Note 4.

We also used previously cloned plasmid libraries wherein these
domains were cloned onto the rTetR or rTetR(SE-G72P) mutant ver-
sion of rTetR withreduced leakyness***''°, In addition, we integrated
previous HT-recruit datasets that also used these previously cloned
libraries, with rTetR used for the Pfam library at the pEF reporter in
K562 cells and rTetR(SE-G72P) used for all other screens.

HT-recruit to measure repressor activity at reporters

For the nuclear Pfam domain repressor screens, 4 x 10" K562 PGK or
UbCreporter cells per replicate were infected with 72 ml of the lentiviral
library by spinfection. Cells were started in T150 flasks. Two days later,
cells were ~10% mCherry* by flow cytometry (ZE5 Cell Analyzer), and
selection began with 10 ug mi™ blasticidin (InvivoGen) in T225 flasks.
Cells were maintained in log growth conditions each day by diluting
cell concentrationsback to 5 x 10° cells per ml, with at least 1 x 108 cells
total remaining per replicate, such that the lowest maintenance cover-
age was >10,000x cells per library element. On day 7 postinfection,
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recruitment was induced by treating the cells with 1,000 ng mI™ doxy-
cycline (Tocris Bioscience) for 5 days, and then cells (>5,000x coverage)
were collected for magnetic separation.

HEK293T screens were performed in T225 flasks and split daily
via dissociation with 1x TrypLE (Gibco). For HEK293T cells with the
pEF reporter,1.25 x 107 cells per replicate were infected by spinfection
with 25 ml of virusin six-well plates with 5 ml per well, resulting in 85%
mCherry’ 2 days later. Two days after infection, 1 ug mI™ doxycycline
and 10 pg ml™ blasticidin were added. Four days later, 75% of cells
(-6,500x% coverage) were collected for magnetic separation, and the
remaining cells were washed twice and resuspended in fresh media.
Eight days later, those cells (10,000x coverage) were collected for
magnetic separation.

For HEK293T cells with the UbC reporter, 1.65 x 10 cells per repli-
cate wereinfected by overnightincubation with varied doses of virusin
T225flasks. The screen continued with the high dose (4.13 ml), resulting
in-24%mCherry* cells 2 days later. Two days after infection, 10 pg ml™
blasticidin was added. Five days later, the cells were frozen. Later, cells
were thawed, and then blasticidin was added and refreshed daily for
6 days. Then, 1 pg ml™ doxycycline was added, and 4 days later, cells
(>6,500x% coverage) were collected for magnetic separation followed
by sequencing (described in detail in Supplementary Note 4).

HT-recruit to measure activation activity at reporters

For the nuclear Pfam domain activator screens, 4 x 10’ K562 NTX or
NT21reporter cells per replicate were infected with 72 ml of the lenti-
viral library by spinfection. Cells were started in T150 flasks. Two days
later, cells were -10% mCherry* by flow cytometry (ZE5 Cell Analyzer),
and selection began with 10 pg ml™ blasticidin (InvivoGen) in T225
flasks. Cells were maintained inlog growth conditions each day by dilut-
ing cell concentrations back to 5 x 10° cells per ml, with at least 1 x 10°
cells total remaining per replicate, such that the lowest maintenance
coverage was >10,000x cells per library element. On day 7 postinfec-
tion, recruitment was induced by treating the cells with 1,000 ng mI™*
doxycycline (Tocris Bioscience) for 2 days, and then cells (>6500x
coverage) were collected for magnetic separation.

The protocol was similar for HEK293T cells, but cells were main-
tained daily inaT225 flask at >1.4 x 10 via dissociation with 1x TrypLE
(Gibco). For HEK293T cells with the minCMV and silenced PGK report-
ers,1.65 x 10 cells per replicate were infected by overnightincubation
withvaried doses of virus in T225 flasks. The screen continued with the
high dose (4.13 ml), resulting in ~24% mCherry* cells 2 days later. Two
days after infection, 10 pg ml™ blasticidin was added. The minCMV
screen continued—S5 days later, 1 pg ml™ doxycycline was added, and
2 days later, the cells (>2,000x coverage) were collected for magnetic
separation. Meanwhile, 5 days after blasticidin addition, PGK cells were
frozen. Later, PGK cells were thawed, and then blasticidin was added
and refreshed daily for 6 days. Then, 1 ug ml™” doxycycline was added,
and2 days later, cells (>6,500x% coverage) were collected for magnetic
separation followed by sequencing (described in detail in Supplemen-
tary Note 4). Additionally, cells from the HEK293T minCMV reporter
screen were collected for FLAG staining to measure fusion protein
expression levels (Supplementary Note 4).

CRISPR HT-recruit to measure transcriptional effectors at
endogenous genes and reporters
CRISPR HT-recruit screens were performed with dCas9 as the DBD and
asgRNA targeting either an endogenous surface marker (CD2, CD20,
CD28 or CD43) or the TetO site upstreama reporter with the synthetic
surface marker (TetO-minCMV or TetO-pEF1a; Supplementary Table 9).
First, the sgRNA was stably delivered to K562 cells by lentivirus and
selected with puromycin for 3-4 days. The cells were confirmed to be
>95% mCherry* by flow cytometry (BD Accuri C6).

For the first replicate of the CD2 (sg717 and sg718) and CD43
screens, 1.35 x 107 of these cell lines per replicate were infected with

20 ml of the 4x-concentrated (LentiX) lentiviral dCas9-Pfam library
by spinfection (split and spun in 2x 10 ml volumes in 50 ml Falcon
tubes). The cells were ~10% BFP* by flow cytometry (ZES) after 5 days
(asmeasured from aset-aside plate that did not receive antibiotic selec-
tion). For the CD20, CD28, other CD2 sgRNAs and the second replicate
of the CD2 sg717 screens, 1.35 x 107 of these cell lines per replicate
were infected with 20 ml of the 4x-concentrated (LentiX) lentiviral
dCas9-Pfam library by spinfection in 4 ml per well in six-well plates.
The cells were ~-68% BFP* by flow cytometry (ZES) after 5 days. For the
TetO sgRNA and the second replicate of the CD43 screens, 1.5 x 107 cells
were spinfected with 9 ml of 4x-concentrated virus splitin three wells
of asix-well plate, resulting in ~50% BFP* cells.

For all of these samples, cells were maintained in T175 flasks. Two
to three days after infection, selection began with 10 pg ml™ blastici-
din (InvivoGen). Cells were maintained in log growth conditions each
day by diluting cell concentrations back to 5 x 10° cells per ml (and
replenishingblasticidin), with at least 4.2 x 10’ cells total remaining per
replicate, such that the lowest maintenance coverage was >5,000x cells
per library element. Onday 10 postinfection, cells (>20,000x coverage)
were collected for magnetic separation.

For the dCas9-CRTF screens, lentivirus for the library was gener-
ated using 16 x 15 cm dishes of HEK293T cells and then concentrated
4x using LentiX. Then 1.15 x 10® K562-sgRNA cells (sg717 or sg15) per
replicate were infected with 72 ml of the lentiviral library by spinfec-
tion for 2 h with two separate biological replicates of the infection,
resulting in 18-23% BFP" cells in unselected cells after 4 days. Two
days after infection, the cells were selected with 10 pg ml™ blasticidin
(InvivoGen). Cells were >95% BFP* by the final time point. On day 11
postinfection, 5 x 10® cells (>3,000x coverage) were collected for
magnetic separation.

An additional growth-based CRISPR HT-recruit screen was per-
formed withthe Pfam domainlibrary and a sgRNA targeting the eGATA1
enhancer (which has afitness effect whenrepressed) or asafe-targeting
negative control with no fitness effect. For the first replicate, 1.35 x 10’
cells of these sgRNA cell lines per replicate were infected with 20 ml of
the 4x-concentrated (LentiX) lentiviral dCas9-Pfamlibrary by spinfec-
tion (split and spun in 2x 10 ml volumes in 50 ml Falcon tubes). Cells
were maintained in T175 flasks. The cells were ~10% BFP* by flow cytom-
etry (ZE5) after 5 days (as measured from a set-aside plate that did not
receive antibiotic selection). Three days after infection, cells were
selected with 10 pg ml™ blasticidin (InvivoGen) for 7 days. The second
replicate was performed later, with 1.5 x 107 cells spinfected with 9 ml of
virus splitin three wells of a six-well plate, resulting in~60% BFP" cells.
Cells were maintained in log growth conditions each day by diluting
cell concentrations back to 5 x 10° cells per ml (and replenishing blas-
ticidin), with at least 4.2 x 10’ cells total remaining per replicate, such
that the lowest maintenance coverage was >5,000x cells per library
element. On day 13 postinfection, cells (>20,000x coverage) were
collected for genomic DNA extraction and sequencing (described in
Supplementary Note 4). Additionally, screen cells with safe N4293 and
CD43sgl5were collected for FLAG staining to measure fusion protein
expression levels (Supplementary Note 4).

HT-recruit analysis

The HT-recruit-Analyze pipeline'' was used to run Bowtie to align
llluminasequencing reads to anindex of domain-encoding sequences
and compute effector enrichment scores. Sequencing reads were
trimmed to remove the 19-24 bp stagger plus constant primer handle
region from the beginning of the read. For most samples, reads were
further trimmed to retain only the first 131 bp of the domain-encoding
sequence. Alignment parameters were optimized for a high alignment
rate (>80%) and a low ambiguous alignment rate (<1%). With these
metrics, for the Pfam library, mismatch tolerance was set to Bowtie
-m 3 (as each domain is codon optimized so they can differ at more
DNA base pairs than amino acid residues), while for the tiling library,
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no mismatches were allowed. This mismatch tolerance approach is
tailored toward ignoring sequencing errors while removing reads
with synthesis or PCR errors because it allows mismatches if the sum
of their Q scores is <30 and the number of mismatches in the initial
28 bpislessthan-m.

Then, the log,(OFF:ON) score was computed using sample
depth-normalized counts in the OFF (unbound) and ON (bound)
samples. To avoid inaccurate measurements from low coverage, if an
element had fewer thanfive counts in one sample (bound or unbound
fraction), its count was set to five. If an element had fallen below that
threshold in both samples, it was removed from the data tables. For
downstream analyses, the Pfamand tiling libraries were further filtered
for elements with >5 or >20 counts, respectively, inboth samples.

Analysis was performed similarly for the FLAG-based expression
level measurements, using the FLAG high and low samples. An element
was defined as well-expressed if its log,(FLAG high:low) score was
greater than1s.d. above the median of the random controls.

Then, anelement fromthe Pfam library was defined as an activator
or repressor hit if its log,(OFF:ON) score was 2 s.d. below (for activa-
tors) or above (for repressors) the median of the poorly expressed
domains (as defined by FLAG measurements with that DBD and cell
type). This approach provided a conservative hit threshold that was
chosen to identify robust effectors, but subthreshold domains may
also have some effector activity. For some analyses of the pEFla rTetR
screenin K562 cells, we alsoreportalower threshold (0.9), equivalent
tothe strength of the weakest repressor (DUF1087) that was individu-
ally validated®. The tally of domains that are hits in both replicates of
ascreen excludes growth-based screens, screen memory time points
after doxycycline washoutand screens with onereplicate (sgCD2_718,
sgCD20_135, sgCD20_148, sgCD20_275, sgCD28_07, sgCD28_56,
sgCD28 94, sgCD2_39, sgCD2_42 and sgCD2_89). Additional analysis
ofthetilinglibrary is described in Supplementary Note 4.

CRISPRi effector benchmarking growth screens
Detailed descriptions of the methods for three CRISPRibenchmarking
screens using growth readouts are in Supplementary Note 4.

Individual recruitment assays

The methods used to perform individual recruitment assays are
described in detail in Supplementary Note 4. In total, these were per-
formed (1) by transient transfection or lentiviral delivery; (2) with
rTetR, dCas9, dCasl2a, dCasMINI, MS2, rapamycin-inducible ZFHD1 or
synZiFTRrecruitment; (3)in K562, HEK293T, THP-1,)774,iPSCor T cells.

Western blot for effector fusion expression

K562 cellswere transduced with alentiviral vector containing a dCas9-
3XFLAG-effector-T2A-BFP-BSD and 3 days later selected with blasticidin
(10 pg ml™) for 15 days until complete. Greater than 80% of the cells
appeared BFP* by microscopy. In total, 5-10 million cells were lysed
in lysis buffer (1% Triton X-100,150 mM NaCl, 50 mM Tris (pH 7.5) and
protease inhibitor cocktail). Protein amounts were quantified using
the Pierce BCA Protein Assay Kit (Bio-Rad). Equal amounts were loaded
onto a gel and transferred to a PVDF membrane. The membrane was
probed using FLAG M2 monoclonal antibody (mouse; Sigma-Aldrich,
F1804;1:1,000) and -actinantibody (rabbit; Abcam, ab8227;1:1,000)
asprimary antibodies. Antirabbit 680 (IRDye 680LT donkey antirabbit
IgG secondary antibody; Li-Cor, 926-68023) and antimouse 800 (IRDye
800CW goat anti-mouse IgG secondary antibody; Li-Cor, 926-32210)
at 1:10,000 dilution were used as secondary antibodies. Blots were
imaged on a Li-Cor Odyssey CLx. Band intensities were quantified
using ImageJ'.

Chromatin modification mapping and RNA-seq
Stable K562 cell lines expressing dCas9 fusions were analyzed by
CUT&RUN and RNA-seq (details are given in Supplementary Note 4).

Analysis software for flow cytometry data

The flow cytometry data were analyzed with the MATLAB program
EasyFlow (https://antebilab.github.io/easyflow/) or the Python pro-
gram Cytoflow (https://cytoflow.github.io/).

Statistical analyses

Nonlinear regression, the Kruskal-Wallis test and two-way analysis of
variance were performedin Prism 9.3.1. Other statistical analyses were
performed in Python using SciPy'. No methods were used to deter-
mine whether the datamet the assumptions of the statistical approach.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

Alllllumina sequencing data generated in this study are deposited in
the National Center for Biotechnology Information Sequence Read
Archive database (PRINA1160796)". Processed data are given in Sup-
plementary Tables 1-3 (https://doi.org/10.5281/zenod0.13756269)™.
Plasmids generated in this study are available from Addgene (https://
www.addgene.org/browse/article/28228872/). Anuncropped scan of
the westernblot is provided as source data. Source data are provided
with this paper.

Code availability

Code to analyze HT-recruit domain screens (https://github.com/
bintulab/HT-recruit-Analyze) and sgRNA screens (https://github.com/
elifesciences-publications/dmorgens-castle) is available online.

References

105. Haberle, V. et al. Transcriptional cofactors display specificity for
distinct types of core promoters. Nature 570, 122-126 (2019).

106. Sanjana, N. E. et al. A transcription activator-like effector toolbox

for genome engineering. Nat. Protoc. 7,171-192 (2012).

UniProt Consortium. UniProt: a hub for protein information.

Nucleic Acids Res. 43, D204-D212 (2015).

108. Bakan, A., Meireles, L. M. & Bahar, |. ProDy: protein dynamics inferred
from theory and experiments. Bioinformatics 27, 1575-1577 (2011).

109. Zulkower, V. & Rosser, S. DNA Chisel, a versatile sequence
optimizer. Bioinformatics 36, 4508-4509 (2020).

10. Roney, I. J., Rudner, A. D., Couture, J.-F. & Keern, M. Improvement
of the reverse tetracycline transactivator by single amino acid
substitutions that reduce leaky target gene expression to
undetectable levels. Sci Rep. 6, 27697 (2016).

1M1. Tycko, J. HT-recruit-analyze. GitHub github.com/bintulab/
HT-recruit-Analyze (2020).

12. Rueden, C.T. et al. ImageJ2: Imagel for the next generation of
scientific image data. BMC Bioinform. 18, 529 (2017).

113. Virtanen, P. et al. SciPy 1.0: fundamental algorithms for scientific
computing in Python. Nat. Methods 17, 261-272 (2020).

14. Tycko J., et al. Development of compact transcriptional effectors
using high-throughput measurements in diverse contexts.
Datasets. NCBI Sequence Read Archive https://www.ncbi.nlm.nih.
gov/bioproject/PRINA1160796 (2024).

15. Tycko J., et al. Development of compact transcriptional effectors
using high-throughput measurements in diverse contexts.
Datasets. Zenodo https://doi.org/10.5281/zenodo.13756269 (2024).

116. Morgens, D. W., Deans, R. M., Li, A. & Bassik, M. C. Systematic
comparison of CRISPR/Cas9 and RNAi screens for essential
genes. Nat. Biotechnol. 34, 634-636 (2016).

17. Leers, J., Treuter, E. & Gustafsson, J. A. Mechanistic principles
in NR box-dependent interaction between nuclear hormone
receptors and the coactivator TIF2. Mol. Cell. Biol. 18, 6001-6013
(1998).

107.

Nature Biotechnology


http://www.nature.com/naturebiotechnology
https://antebilab.github.io/easyflow/
https://cytoflow.github.io/
https://doi.org/10.5281/zenodo.13756269
https://www.addgene.org/browse/article/28228872/
https://www.addgene.org/browse/article/28228872/
https://github.com/bintulab/HT-recruit-Analyze
https://github.com/bintulab/HT-recruit-Analyze
https://github.com/elifesciences-publications/dmorgens-castle
https://github.com/elifesciences-publications/dmorgens-castle
https://github.com/bintulab/HT-recruit-Analyze
https://github.com/bintulab/HT-recruit-Analyze
https://www.ncbi.nlm.nih.gov/bioproject/PRJNA1160796
https://www.ncbi.nlm.nih.gov/bioproject/PRJNA1160796
https://doi.org/10.5281/zenodo.13756269

Article

https://doi.org/10.1038/s41587-024-02442-6

118. UniProt Consortium UniProt: a worldwide hub of protein
knowledge. Nucleic Acids Res. 47, D506-D515 (2019).

119. Jumper, J. et al. Highly accurate protein structure prediction with
AlphaFold. Nature 596, 583-589 (2021).

120. Varadi, M. et al. AlphaFold protein structure database:
massively expanding the structural coverage of protein-sequence
space with high-accuracy models. Nucleic Acids Res. 50,
D439-D444 (2022).

121. Horlbeck, M. A. et al. Compact and highly active next-generation
libraries for CRISPR-mediated gene repression and activation.
eLife 5, 19760 (2016).

122. Andersson, R. et al. An atlas of active enhancers across human
cell types and tissues. Nature 507, 455-461(2014).

Acknowledgements

We thank members of the Bassik Lab and Bintu Lab for helpful
conversations and assistance. We acknowledge the Program in
Cellular and Molecular Medicine Flow and Imaging Cytometry
Resource at Boston Children’s Hospital and help with their
cytometers from V. Haridas and A. Agarwal. We thank M.E.
Greenberg (Department of Neurobiology, Harvard Medical School)
for providing laboratory space for some experiments. JT. is
supported by the F99/K0O0 Fellowship of the National Institutes

of Health (NIH-1F99DK126120-01 and NIH-4KO0ODK126120-03).
M.C.B. is supported by a grant from Stanford ChEM-H and an NIH
Director’s New Innovator Award (1IDP2HD08406901). This work
was supported by grants from NIH/Encyclopedia of DNA Elements
(ENCODE) 5UMTHG009436-02 (to M.C.B.), NIH/National Institute
of General Medical Sciences (NIGMS) R35M128947 (to L.B.),
NIH/National Human Genome Research Institute (NHGRI)
5R0OTHGO011866 (to M.C.B. and L.B.), NIH/National Institute of
Biomedical Imaging and Bioengineering (NIBIB) RO1EB029483

(to A.S.K.), National Science Foundation Graduate Research
Fellowship Program (NSF GRFP) 2234657 (to T.S.0.) and NSF
EF-1921677 (to A.S.K.). M.V.V. was supported by the NIH T32 training
grant (T32GM007276). N.D. was supported by grants from NSF
GRFP (DGE-1656518) and ARCS Foundation. X.X. was supported by
the Chan Zuckerberg Initiative Neurodegeneration Collaborative
Pairs Phase 2. L.S.Q. is a Chan Zuckerberg Biohub—San Francisco
Investigator. A.S.K. is supported by the Department of Defense
Vannevar Bush Faculty Fellowship (NO0014-20-1-2825).

Author contributions
JT., M.C.B. and L.B. designed the overall study. JT., MVV., A.and C.L.
generated reporter cell lines. JT. and K.S. cloned pooled libraries.

JT., MVV. and A. performed HT-recruit, other screens and individual
validations. G.H. designed and tested sgRNAs. A. and K.L. designed
and performed dCas12a experiments. J.T., D.Y., N.D., A.X.M. and P.H.S.
designed oligonucleotide libraries. P.H.S. characterized homeodomain
mutants. J.T., A. and D.Y. performed CRISPRi benchmarking screens.
M.G. and R.A.K. performed experiments with J774 cells. K.L. performed
experiments with MCF10a cells. RV. and C.Z. performed experiments
with THP-1 cells. AV.-J. and S.A. performed experiments with iPSC.

A. and R\V. performed RNA-seqg. X.X. designed and performed
dCasMINI experiments with support from L.S.Q. J.T., V.K. and P.P.D.
designed and performed MS2-recruitment experiments. H.Y. designed,
performed and analyzed synZiFTR T cell experiments with support
from A.S.K. and assistance from T.S.0. JT. and M.V.V. analyzed the data
and prepared the figures, with additional analysis of the tiling library
by N.D. JT., MV.V,, L.B. and M.C.B. wrote the manuscript with input from
all authors.

Competing interests

JT., L.B. and M.C.B. are inventors on provisional patents related to
this work and acknowledge outside interest in Stylus Medicine.
L.S.Q. is a founder and scientific advisory board member of Epicrispr
Biotechnologies and Refuge Biotechnologies. X.X. and L.S.Q. are
inventors on provisional patents related to dCasMINI. A.S.K. is an
inventor on patents related to synZiFTR, is a scientific advisor for
and holds equity in Senti Biosciences and Chroma Medicine and

is a cofounder of K2 Biotechnologies. All other authors declare no
competing interests.

Additional information
Extended data is available for this paper at
https://doi.org/10.1038/s41587-024-02442-6.

Supplementary information The online version
contains supplementary material available at
https://doi.org/10.1038/s41587-024-02442-6.

Correspondence and requests for materials should be addressed to
Lacramioara Bintu or Michael C. Bassik.

Peer review information Nature Biotechnology thanks Prashant Mali
and the other, anonymous, reviewer(s) for their contribution to the
peer review of this work.

Reprints and permissions information is available at
www.nature.com/reprints.

Nature Biotechnology


http://www.nature.com/naturebiotechnology
https://doi.org/10.1038/s41587-024-02442-6
https://doi.org/10.1038/s41587-024-02442-6
https://doi.org/10.1038/s41587-024-02442-6
https://doi.org/10.1038/s41587-024-02442-6
http://www.nature.com/reprints

