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ABSTRACT 25 
Chromatin is essential for eukaryotic life. Tens of thousands of chromatin regulator (CR) 26 
proteins exist in eukaryotic genomes that are predicted to modulate chromatin states; however, 27 
their molecular functions remain largely untested experimentally. Here, we construct a library of 28 
over 300 full-length CRs from humans, plants, yeast, protozoa, and virus, each fused to DNA-29 
binding domains, and test their direct effect on transcriptional repression and activation in plants 30 
and human cells. We discover CRs with cross-kingdom functionality when transferred across 31 
eukaryotes, including CRs that outperform existing tools for programmable transcriptional 32 
repression and activation in plants and human cells. Using pooled CRISPR screens, we 33 
demonstrate a suite of CRISPR repressors that titrate gene expression at intermediate levels. 34 
Finally, we identify RCOR1 and MTA2 as universal eukaryotic repressors that retain repressive 35 
activity in plants, yeast, and human cells. Our toolkit advances synthetic eukaryotic engineering 36 
and expands our understanding of CR functionality across eukaryotes. 37 
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INTRODUCTION 48 
Eukaryotes package their genomes into chromatin that lays the foundation for DNA-templated 49 
processes such as transcription, repair, and genome organization1,2. Chromatin is dynamic in 50 
nature, reversibly switching between relaxed euchromatin and compacted heterochromatin. 51 
Proteins broadly referred to as chromatin regulators (CRs) can modulate chromatin states by 52 
reading, writing, and erasing post-translational epigenetic modifications or active remodeling of 53 
chromatin structure3–7. Along with transcription factors (TFs), CRs are key players in regulating 54 
eukaryotic gene expression and genome organization8. Recent phylogenetic reconstruction and 55 
proteomics of chromatin across highly divergent eukaryotes shows high conservation of CRs 56 
and histone modifications, highlighting the selective pressure for chromatin regulation 57 
throughout eukaryotic evolution9. Although genomics and proteomics approaches have 58 
identified the presence of CRs in all eukaryotes, the ability to experimentally test the functional 59 
activities of CRs within and across diverse eukaryotic species remains a challenge.  60 
 61 
Given the wide range of applications for CRs in genome engineering and synthetic biology, 62 
there is great interest in expanding the toolkit to control chromatin state and gene expression in 63 
eukaryotic cells10–12. Typically, CRs can be recruited to or directly fused to a programmable DNA 64 
binding domain (DBD) protein that targets the promoter of a gene, thereby enabling direct 65 
measurement of gene expression changes induced by CR recruitment13–16. For example, over 66 
two hundred full-length CRs from the yeast genome were synthetically fused to a zinc finger 67 
DBD and tested for transcriptional modulation of a synthetic gene reporter, ultimately yielding 68 
tools for site-specific repression and activation in S. cerevisiae17. Moreover, recent technological 69 
advances have enabled functional testing of thousands of CRs derived from human and viral 70 
genomes in a pooled or arrayed format in human cell lines18–23. These approaches rely 71 
frequently on amino acid fragments rather than full-length CRs. Many CRs possess multiple 72 
protein domains for their functional activity and thus, testing fragments offers partial or 73 
incomplete views of CR function24–26. In general, functional testing of full-length CRs encoded in 74 
different eukaryotic genomes remains less common due to the cost barriers associated with 75 
synthesis of larger, whole-protein constructs, leaving major gaps in our understanding of how 76 
CR functionality is conserved or divergent across eukaryotic species. 77 

Most synthetic chromatin engineering efforts have focused on well-established model systems 78 
such as yeast and human cell lines. However, there is growing interest in extending these 79 
approaches to less-studied eukaryotic systems. For instance, precise transcriptional control in 80 
plants holds promise for improving agronomic traits, yet most genome engineering tools in 81 
plants are derived from studies in human cells and yeast rather than plant systems27–29. Beyond 82 
plants, there exist six major eukaryotic supergroups that span over a billion years of 83 
evolutionary divergence, encompassing a vast range of unique biology and chemistries30. 84 
Despite this diversity, it is thought that many major chromatin modifications are highly 85 
conserved across eukaryotes31,32. Nonetheless, our ability to manipulate non-model eukaryotes 86 
remains limited, and it is not clear how CRs from one species may function in another. The lack 87 
of cross-species engineering systems raises the need for tools that are both versatile and 88 
broadly compatible across different host organisms33. Rather than needing to screen for 89 
functional CRs in each new species, developing CRs that are readily deployable across diverse 90 
eukaryotic hosts will accelerate both fundamental research and applied efforts – from disease-91 
relevant parasites (e.g., Apicomplexans), to crops (e.g., plants and algae), to organisms with 92 
biotechnological potential (e.g., filamentous fungi and diatoms). 93 

Here, we present a large-scale platform to dissect the functional roles of hundreds of full-length 94 
CRs that originate from the genomes of humans, plants, yeast, a parasitic protozoon, and giant 95 
viruses in gene regulation. To assess conservation of function across species, we tested each 96 
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CR for its ability to modulate gene expression in the model plant Nicotiana benthamiana, human 97 
cells, and, for a subset, in the budding yeast Saccharomyces cerevisiae to identify CRs that 98 
retain repressive activity across host backgrounds. Together, we discover new programmable 99 
CRs that outperform current state-of-the-art technologies for transcriptional control in humans 100 
and plants and uncover repressors with conserved activity across biological kingdoms, offering 101 
a general toolkit for modulating gene regulation that can be applied broadly across biology, from 102 
basic research to translational applications. 103 
 104 
RESULTS 105 
A multi-kingdom CR library enables programmable gene modulation across species 106 
To enable systematic discovery of chromatin regulator (CR) activities across eukaryotic 107 
genomes, we constructed a library of full-length CR genes derived from diverse phylogenetic 108 
sources and with varying predicted molecular functions (Figure 1A and Table S1). We 109 
reasoned that using evolutionary diverse CRs could reveal conserved and context-dependent 110 
mechanisms of gene regulation while also providing numerous effectors for engineering 111 
programmable transcriptional modulation. To this end, we curated a library of 423 CR genes 112 
from: Arabidopsis thaliana (n = 136), Homo sapiens (n = 95), Sorghum bicolor (n = 86), 113 
Saccharomyces cerevisiae (n = 60), Toxoplasma gondii (n = 35), and Megaviridae (n = 11) 114 
(Figure 1B). Including CRs from the Apicomplexan parasite Toxoplasma gondii and giant 115 
viruses extends our library beyond the canonical eukaryotic supergroups and broadens the 116 
search for CRs that may function across different hosts34–36.  117 
 118 
Each CR in the library was designed for direct fusion to modular DBDs, such as catalytically 119 
dead Cas9 (dCas9), synthetic zinc fingers, or the GAL4 DBD. These fusions enable us to recruit 120 
CRs to the promoters of either endogenous genes or synthetic reporters, establishing a toolkit 121 
for programmable gene regulation across multiple organisms. Importantly, CRs in our library 122 
vary in amino acid length, with proteins ranging from ~200 to over 2,500 amino acids and an 123 
average frequency around 500 residues (Figure 1C). This size variation reflects the complexity 124 
of CRs, many of which are large, multidomain proteins with scaffolding or enzymatic activities 125 
that are essential for their function in chromatin biology. While previous protein fragment-based 126 
approaches have been powerful for identifying minimal effector domains18–21, our approach of 127 
using full-length proteins preserves their native structure and function. 128 
 129 
To further characterize the molecular diversity of our library, we analyzed Pfam domain content 130 
across all full-length CR sequences. We observe broad representation of canonical chromatin 131 
regulatory domains, including SET domains, histone deacetylase domains, PHD fingers, 132 
chromodomains, BAH domains, and various zinc finger motifs (Figure 1D). Many CRs contain 133 
multiple annotated Pfam domains per protein, with some proteins having as many as 8-9 134 
annotated domains (Figure 1E), reflecting the structural complexity needed to perform their 135 
diverse regulatory functions and mediate interactions at specific genomic regions.  136 
 137 
With the library in hand, we sought to experimentally test each CR in two highly divergent 138 
eukaryotic kingdoms: Plantae and Animalia. We posit that heterologous expression of chromatin 139 
regulators in distinct evolutionary lineages enables testing of their functional conservation. In 140 
addition, this approach allows discovery of CRs whose activities could be masked by 141 
endogenous regulation, potentially improving or altering their function in a heterologous cellular 142 
background. For example, the human DNA demethylase TET1 has been utilized successfully in 143 
plants to alter DNA methylation and transcriptional regulation, demonstrating how cross-144 
kingdom transfer of CRs can be powerful in organisms with limited tools 27. 145 
 146 
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Taken together, our multi-kingdom, full-length CR library establishes a versatile platform for 147 
programmable gene modulation across species, enabling high-throughput and locus-specific 148 
investigations into CR based mechanisms of transcriptional regulation and providing a platform 149 
for uncovering both conserved and context specific modes of epigenetic gene regulation. 150 
 151 
Characterization of CRs in planta  152 
Compared to the extensive tool development in yeast and human systems, plant genetic 153 
engineering generally relies on a limited set of trans-elements largely borrowed from yeast and 154 
humans. While cis-regulatory elements such as promoters and enhancers have been leveraged 155 
across plant systems for gene modulation, trans-elements like targeted recruitment of CRs 156 
remain less characterized34–36. Only a handful of trans-elements have been characterized for 157 
plant genetic engineering, with many of them derived from previous yeast or human cell studies 158 
(e.g., the herpes simplex virus-derived transcriptional activator VP16)37,38. While recent efforts 159 
have begun to identify and use endogenous plant proteins as engineering tools, the broader 160 
toolkit remains narrow 39–41. Our CR library provides us with the opportunity to expand the plant 161 
engineering toolkit by testing CRs from highly divergent lineages to discover new regulators that 162 
function in plants. 163 
 164 
We tested the CR library using an agroinfiltrated synthetic transcriptional system previously 165 
developed for assaying transcriptional activators and repressors in Nicotiana benthamiana25 166 
(Figures 2A-B).Transient expression in N. benthamiana leaves can generate data in a few 167 
days, compared to the months-long process of generating stable transgenic plant lines, making 168 
it an ideal method for screening the activity of large protein libraries42. Our synthetic system 169 
consisted of N-terminal fusions of each CR to a GAL4 DBD and a GFP reporter construct. When 170 
co-expressed with the fluorescent reporter, the GAL4 DBD targeted the CR to binding sites 171 
upstream the promoter region of the reporter, enabling the CR to modulate GFP expression. To 172 
measure the dynamic range of the system, we used GAL4 DBD-VP16 as a control for 173 
activators43 and Gal4 DBD-SUPERMAN as a control for repressors44. CR activity on GFP 174 
expression was normalized to our neutral control, GAL4 DBD without a CR (GAL4 DBD alone) 175 
co-expressed with the reporter. CRs with a fold change GFP greater than 2.0 were classified as 176 
activators, and CRs with a fold change less than 0.7 were classified as repressors. CRs with 177 
activity in between these cutoffs were considered neutral.  178 
 179 
Of the CRs tested in N. benthamiana, 197 were neutral, 138 were repressors, and 4 were 180 
activators (Figure 2C). Of the four CRs that acted as activators in N. benthamiana, two were H. 181 
sapiens genes (P53_HUMAN and BMAL1_HUMAN), one was a S. bicolor gene 182 
(C5XLJ3_SORBI), and one was a T. gondii gene (S8GKJ0_TOXGM) (Figure 2D). 183 
P53_HUMAN and BMAL1_HUMAN are annotated as transcription factors, C5XLJ3_SORBI is 184 
annotated as a histone lysine methyltransferase, and the T. gondii gene is annotated as an 185 
ASF1-like histone chaperone. The strongest of these, P53_HUMAN (mean fold change GFP = 186 
5.76), a master transcriptional regulator and important gene in cancer regulation, increased 187 
GFP expression levels on par with VP16 (mean fold change GFP = 5.72)45. Plants do not have 188 
a homolog to P53_HUMAN, but a previous study identified increased homologous 189 
recombination rates and early senescence and fasciation in transgenic A. thaliana expressing 190 
P53_HUMAN, implicating the ability of P53_HUMAN to modulate plant gene expression46. 191 
P53_HUMAN contains two trans activation domains (TADs), but its ability to activate gene 192 
expression had not been tested in planta47. 193 
 194 
The 138 CRs that we identified as repressors in N. benthamiana were diverse in their origin and 195 
predicted functions. We found CRs from each sampled organism with repressive activity (A. 196 
thaliana = 37, H. sapiens = 36, S. cerevisiae = 29, S. bicolor = 18, T. gondii = 13, Megaviridae = 197 
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5) (Figure 2F) and a variety of annotated functions. The five most frequent annotated 198 
mechanisms of the repressor CRs are histone methylation (n = 24), histone deacetylation (n = 199 
17), chromatin remodeling (n = 11), histone acetylation (n = 9), and transcription repression (n = 200 
7) (Figure 2G). The strongest repressors from the plant screen originated from multiple species 201 
and had annotated functions related to known chromatin silencing mechanisms (Figure 2E). 202 
FHA2_ARATH, a plant-specific forkhead-domain subunit of the Arabidopsis thaliana ISW1 203 
chromatin remodeling complex, was the strongest repressor in N. benthamiana (fold change 204 
GFP = 0.23), comparable to the state-of-the-art repressive activity of the EAR domain motif 205 
SRDX in some contexts48. The S. bicolor homolog of FHA2_ARATH, A0A1B6PIN4_SORBI, was 206 
also one of the strongest repressors (fold change GFP = 0.31). A subunit of the H. sapiens BHC 207 
histone demethylase and deacetylase complex, RCOR1_HUMAN (fold change GFP = 0.30), the 208 
S. cerevisiae histone deacetylase RPD3_YEAST (fold change GFP = 0.33), and the S. 209 
cerevisiae histone chaperone VPS75_YEAST (fold change GFP = 0.35) also induced notable 210 
repressive activity on reporter expression49–51. Identification of these strong repressors expands 211 
the available toolkit for tuning gene repression in plants. As they function through a variety of 212 
mechanisms such as chromatin remodeling and histone deacetylation, these tools enable 213 
context-dependent tuning of gene expression. 214 
 215 
Additionally, we identified several CRs with unexpected activity on gene expression. For 216 
example, both catalytic and non-catalytic subunits of the human HBO1 histone acetyltransferase 217 
complex, KAT7_HUMAN, JADE1_HUMAN, and ING4_HUMAN displayed repressor activity (fold 218 
change GFP = 0.61, 0.51, and 0.47, respectively) despite annotations indicating activity typically 219 
involved in transcriptional activation. The HBO1 HAT complex deposits histone 3 lysine 14 220 
(H3K14), H4K5, H4K8, and H4K12 acetyl marks with KAT7_HUMAN, also known as HBO1, a 221 
MYST family histone acetyltransferase, being the catalytic subunit of the complex52,53. While it 222 
does not have catalytic activity, JADE1_HUMAN contains two PHD zinc finger domains and 223 
acts as a scaffolding subunit53. JADE1_HUMAN coordinates the complex to and mediates 224 
interactions between the complex and chromatin54. HBO1 complexes containing JADE proteins, 225 
as opposed to BRPFs, specifically catalyze H4 acetylation. ING4_HUMAN contains a PHD 226 
domain, which enables binding to methylated and acetylated lysine residues55. While MYST 227 
HATs are conserved in plants, the HBO1 complex is not56. Histone acetylation is broadly 228 
associated with gene activation across eukaryotes. Thus, the mechanism through which the 229 
HBO1 subunits are repressing gene expression in N. benthamiana is unclear57. 230 
 231 
Our findings highlight how heterologous expression of CRs can uncouple protein function from 232 
native context, potentially leading to unexpected regulatory outcomes. Taken together, we 233 
discover a set of repressors that control transcription through various mechanisms and at 234 
different strengths, which enables further development of a tunable toolkit for controlling 235 
transcription in planta (Figure 2C and 2G). 236 
 237 
Functional profiling of CR transcriptional activity in human cells 238 
Next, we utilized the CR library to modulate the expression of endogenous genes in human 239 
cells. We cloned each CR to the C-terminus of dCas9 with a blue fluorescent protein (BFP) 240 
serving as a linker, which allows us to measure dCas9-CR expression once expressed in cells 241 
(Figure S1A). We designed an arrayed screen that allows us to measure gene expression 242 
changes induced by each dCas9-CR in two different HEK293T lines, each with an non-essential 243 
endogenous gene tagged with GFP (CLTA-GFP and RAB11A-GFP)58, thus allowing us to 244 
perturb two native regulatory contexts. Each cell line constitutively expresses an sgRNA 245 
targeting the promoter of the tagged gene and gene expression changes were measured 246 
quantitatively by CLTA-GFP or RAB11A-GFP protein levels using single cell flow cytometry, as 247 
shown previously59 (Figure 3A). We utilize CRISPRi-KRAB (KOX1) as a positive strong 248 
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repressor60, dCas9 as a mild repressor, and dCas9-VP64-p65-Rta (VPR) as an activator61 249 
(Figure 3B). We note that CLTA and RAB11A are expressed natively at high levels, thus 250 
allowing us to discover potent activators that can further increase their expression. 251 
 252 
To compare CR activity systematically, we focused on Day 5 post-transfection of dCas9-CR 253 
expressing plasmids when GFP silencing and activation are near maximum and we calculated 254 
GFP fold change relative to baseline expression for each CR. We first identified functional CRs 255 
by measuring median GFP levels in transfected cells (ungated cell population, Figure 3C). CRs 256 
with fold change below dCas9 were classified as repressors, whereas CRs driving expression 257 
above baseline were identified as activators. Our analysis revealed a full spectrum of activity 258 
across CLTA and RAB11A reporters, spanning strong repression to measurable activation 259 
(Figures 3D-E and S1B-C). Using these metrics, we identified 160 repressors and 8 activators 260 
for CLTA-GFP, and 173 repressors and 2 activators for RAB11A-GFP. 261 
 262 
A plant protein induces robust programmable gene activation in human cells 263 
Surprisingly, only one CR, C5YUK9_SORBI, produced consistent activation of CLTA and 264 
RAB11A at levels comparable to our positive control dCas9-VPR (Figures 3F-G and S1D). 265 
C5YUK9_SORBI is an uncharacterized protein with a predicted serine/threonine protein kinase 266 
domain based on AlphaFold structure prediction62. We used Dali to perform a search for known 267 
human proteins with similar structures, which yielded KC1A_HUMAN as the top hit63. The 268 
alignment is restricted primarily to the AlphaFold structure kinase domain of KC1A, whereas the 269 
C-terminal domain of C5YUK9 has low structural homology to proteins in the human proteome 270 
(Figure 3H). 271 
 272 
To validate the activation activity of C5YUK9_SORBI, we next tested its ability to activate 273 
expression of multiple endogenous genes in HEK293T cells. We selected the endogenous gene 274 
CD2 and two fluorescently tagged genes, LAMP2-mNeonGreen and CLTA-GFP, the latter of 275 
which was previously silenced epigenetically via DNA methylation and H3K9me3 using 276 
CRISPRoff59. We chose these targets due to their relatively low expression compared to our 277 
previous reporters, providing a broader dynamic range to assess activation strength across 278 
different genes. Cells were co-transfected with plasmids expressing dCas9-CRs and four 279 
predicted CRISPRa sgRNAs per target64 (Figure 3I). Two days post-transfection, protein levels 280 
of the targets were measured by flow cytometry in single cells and we calculated fold change 281 
relative to wild type levels. Consistent with its activity on our original reporters, C5YUK9_SORBI 282 
induced the highest CD2 expression, while unexpectedly outperforming dCas9-VPR and TETv4 283 
that fuses dCas9 to the catalytic core of TET1 DNA demethylase59 (Figure 3J). Similarly, 284 
C5YUK9_SORBI increased CLTA-GFP and LAMP2-mNeonGreen expression, comparable to 285 
and exceeding our positive control activator (Figures 3K-L). Notably, the kinase domain of 286 
C5YUK9_SORBI retained most of the activation activity, suggesting its core transcriptional 287 
activation domain resides within this region. Although the mechanism of C5YUK9-mediated 288 
activation is unclear, previous work has shown that programmable phosphorylation of histone 289 
H3 at serine 28 (H3S28ph) with dCas9-MSK1 can induce transcriptional activation65.  290 
 291 
Our data highlight our unexpected discovery of a non-human CR that drives robust activation of 292 
endogenous human genes at levels similar to a state-of-the-art CRISPR activation platform. The 293 
activity of C5YUK9 indicates that CRs from different species can function effectively in human 294 
cells. This suggests that heterologous proteins may bypass endogenous regulation and retain 295 
their function outside their native context, as shown previously with human TET1 for DNA 296 
demethylation in plants27.  297 
 298 
Repressive activity of the CR library in human cells 299 
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To identify the strongest CRs, we next analyzed the GFP negative (GFP-) population rather 300 
than the ungated population (Figure 3C). While the ungated measurement shows overall shifts 301 
in reporter expression across the entire cell population, the GFP- gate selects for cells that have 302 
measurably reduced reporter expression compared to unperturbed cells, allowing us to 303 
quantitatively rank CRs by their repression strength. We define relative activity as the proportion 304 
of GFP-negative cells normalized to transfection efficiency, measured using a BFP marker at 305 
day 2 post-transfection (Figure S1A). GFP expression was measured over a time course (2-, 5-, 306 
7-, 10-, and 14-day post-transfection) to capture early repression and memory of silencing as 307 
cells dilute the plasmids expressing the dCas9 fusions throughout subsequent cell divisions.  308 
 309 
Our time course analysis yielded a range of target gene expression dynamics across CRs. 310 
dCas9 alone showed minimal repression across the reporter genes, while the positive repressor 311 
control CRISPRi (dCas9-KRAB) displayed the strongest repression across all CRs tested 312 
(Figure 4A and S1E). Generally, CR activity peaks at 5 days post-transfection and weakens 313 
throughout the time course, highlighting that the dCas9-CRs in our library do not induce long-314 
term epigenetic silencing of the gene reporters. Two notable exceptions are KRAB and TIF1B 315 
(TRIM28/KAP1), which are known physical interactors that establish repressive H3K9me3 and 316 
can induce longer-term epigenetic memory66. Of note, TRIM28 is a large protein with at least 317 
seven distinct domains that together function as a hub for epigenetic silencing67, highlighting the 318 
advantage of synthesizing full-length, multidomain CRs that can recapitulate their native 319 
biochemical activities in living cells. 320 
 321 
To distinguish the strongest repressor candidates, we focused on CRs that induced higher 322 
relative repressive activity with lower GFP fold-change and higher relative activity compared to 323 
dCas9 control (Figures 4B-C and S1F-G). We identify 92 CRs that induced stronger repressive 324 
activity compared to dCas9 alone, including 14 that are specific to CLTA-GFP, 62 specific to 325 
RAB11A-GFP and 16 shared across both reporters (Figures 4D and S1H). Of the 92 total 326 
repressors, about half were human and nearly all others were plant-derived, except for 327 
TTI1_YEAST, SUS1_YEAST, IES5_YEAST, and SNT1_YEAST. Functional annotation of the 328 
top repressors highlighted enrichment for canonical silencing mechanisms, with histone 329 
methylation, histone deacetylation, and chromatin remodelers as the most frequently 330 
represented (Figures 4E-F). 331 
 332 
The top 20 repressors for CLTA-GFP show that CRs within the same complex or pathway 333 
induce comparable repression strength, consistent with their distinct mechanisms in chromatin-334 
based silencing (Figure 4G). For example, CRISPRi (dCas9-KRAB), TIF1B_HUMAN (TRIM28), 335 
MCAF1_HUMAN (ATF7IP), and TASOR_HUMAN are involved in transposon silencing and 336 
were among the strongest repressors for CLTA68,69. Members of the SIN3A complex, including 337 
SAP25_HUMAN, SP30L_HUMAN, and SAP30_HUMAN, which recruit the SIN3A-HDAC 338 
complex, were in the top eight repressors70,71. Similarly, proteins involved in heterochromatin 339 
formation, CBX1_HUMAN (HP1-β), CBX5_HUMAN (HP1-α), and EHMT2_HUMAN (G9A), 340 
induced similar strengths of repression72,73. Lastly, MBD2_HUMAN and MBD3_HUMAN, which 341 
read DNA methylation and recruit additional repressive factors, produced repression at similar 342 
levels74. 343 
 344 
Surprisingly, RAB11A repression is more permissive to non-human CRs. Among the top 20 345 
repressors (Figure S1I), numerous plant-derived CRs showed activity alongside canonical 346 
human repressors. These included A0A1I9LNM3_ARATH, a histone methyltransferase, and 347 
C5XAP1_SORBI, a SET-domain-containing protein, both of which likely mediate repression 348 
through histone methylation. Additionally, HDA9_ARATH, a histone deacetylase known to 349 
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regulate gene silencing in plants, repressed RAB11A-GFP75. These findings show that RAB11A 350 
can be effectively repressed by CRs originating from different species. 351 
 352 
Interestingly, WDR82_HUMAN, ASH2L_HUMAN, and DPY30_HUMAN, all canonical members 353 
of the Set1/COMPASS complex that deposits transcriptional activating H3K4 trimethylation, 354 
induced reproducible repression although at weaker levels compared to CRISPRi76. This activity 355 
points to the possible context dependent interactions of CRs across different genes as shown 356 
previously in mammalian cells77,78. Together, our screen in human cells revealed a broad range 357 
of CR activity, highlighting previously unstudied proteins capable of programmable 358 
transcriptional repression of endogenous genes in mammalian cells. 359 
 360 
CR activity is generalizable across different genes and human cell lines 361 
Next, we sought to determine the broad utility of our newly identified dCas9-CR repressors 362 
across different endogenous genes in human cells. First, we selected a subset of CRs that 363 
yielded a range of repressive activity from our initial screen. Then, we performed multiplexed 364 
repression assays by transiently expressing each dCas9-CR in HEK293T cells that stably 365 
express sgRNAs targeting the nonessential genes CD55 and CD81 (Figure S2A). We 366 
simultaneously quantified CD55 and CD81 protein levels by antibody staining five days post-367 
transfection of the dCas9-CRs (Figure 4H and S2B-C). SAP25_HUMAN, MBD3_HUMAN, and 368 
RCOR1_HUMAN consistently induced simultaneous strong repression of CD55 and CD81. 369 
Other CRs such as WDR82_HUMAN and DPY30_HUMAN induced more intermediate levels of 370 
silencing relative to dCas9 alone and CRISPRi. Although human CRs generally outperformed 371 
non-human repressors, some non-human CRs such as CMT3_ARATH, A0A921RMW1_SORBI 372 
and CHZ1_YEAST also induced repression albeit at weaker levels. 373 
 374 
To assess repression strengths across CRs and gene targets in human cells, we normalized 375 
fold-change measurements per gene between 0 to 1 to enable comparison of relative 376 
repression strength across CRs and visualized these values as heatmaps (Figure 4I). This 377 
analysis highlighted broadly effective repressors such as RCOR1_HUMAN and 378 
SAP25_HUMAN that consistently produced strong repression, along with more gene specific 379 
CRs like MTA2_HUMAN and A0A921RMW1_SORBI. These results show that repressors 380 
identified in the initial arrayed screen can silence different endogenous gene targets, 381 
highlighting their general repressive activity in human cells. 382 
 383 
We next sought to evaluate the generalizability of our newly identified CR repressors across 384 
human cell types. First, we selected CRs that induced repression in HEK293T cells, including 385 
SWC2_ARATH, SAP25_HUMAN, WDR82_HUMAN, RCOR1_HUMAN, and we assessed their 386 
activity against the endogenous CD81 gene in K-562 leukemia cells. We generated stable cell 387 
lines each co-expressing a dCas9-CR fusion and sgRNAs targeting the CD81 promoter or non-388 
targeting sgRNA negative controls. We quantified CD81 protein levels by single cell flow 389 
cytometry (Figure 5A). Our results show conservation of repressive activity of CRs across cell 390 
types as we measured robust repressive activity for SAP25_HUMAN, RCOR1_HUMAN, and 391 
DPY30_HUMAN (Figure 5B). SAP25_HUMAN and RCOR1_HUMAN showed comparable 392 
repression strength to CRISPRi, while DPY30_HUMAN repression was intermediate to dCas9 393 
and CRISPRi. Meanwhile, CRs from non-human organisms basally silenced gene expression 394 
similar to dCas9 alone. Taken together, these findings indicate that the repressive activity of 395 
CRs is broadly retained across different human cell types. 396 
 397 
Previously, large-scale efforts to test CR functionality relied on 80 amino acid fragments instead 398 
of full-length proteins. To compare the repressor efficacy of full-length proteins with fragments, 399 
we compared the repressive activity of full-length CRs to their respective ~80 amino acid tiles 400 
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previously identified as repressors in published screens20. We generated six 80 amino acid 401 
fragments for MBD3 and SAP25 - two of the strongest repressors from our screen - and tested 402 
their activity on CD81 in K-562 cells that are stably expressing dCas9 fusions. Using CD81 403 
antibody staining, we observed that full-length MBD3 exhibited stronger silencing than its 404 
corresponding tiles, whereas four of the five SAP25 tiles performed similarly to the full-length 405 
protein (Figures 5C-D). These findings emphasize the advantage of using full-length CRs to 406 
capture their native biochemical properties and potential endogenous protein interaction 407 
partners, features that may be missed in tile-based approaches.  408 
 409 
A toolkit for programmable titration of cellular phenotypes in human cells 410 
Our identification of repressors that tune gene expression at distinct levels yields potentially new 411 
platforms for scalable titration of gene expression and cellular phenotypes in human cells. To 412 
test the generality of our newly identified CRs, we performed pooled CRISPR screens to target 413 
genes that are essential for cell proliferation in K-562 cells. Though cellular growth is non-linear, 414 
it can be used as a proxy for comparing repression strengths of CRISPR perturbation 415 
platforms79. 416 
 417 
We compiled a set of ~1,800 genes classified as essential for cancer cell viability based on the 418 
Cancer Dependency Map (DepMap)80. Since our initial arrayed screens assessed CR activity 419 
using one sgRNA per target gene, we profiled the broader repressive range of each CR by 420 
selecting four sgRNAs from previously published CRISPRi libraries. We included sgRNAs 421 
targeting non-essential genes and non-targeting controls, resulting in a final library of 8,086 422 
sgRNAs that we term the Ornelas essential gene library (Figures 5E-F and Table S5). We 423 
transduced the Ornelas library into K-562 cells expressing dCas9, CRISPRi, SAP25_HUMAN, 424 
RCOR1_HUMAN, DPY30_HUMAN, WDR82_HUMAN, or SWC2_ARATH, passaged the cells 425 
for ~12 population doublings, and calculated a γ score by comparing sgRNA abundance at the 426 
final time point (Tfinal) to the initial population (Tinitial). 427 
 428 
We first compared the distribution of γ scores across the seven CRISPR editors. Across all 429 
editors, we observed strong dropout for sgRNAs targeting essential genes, while non-essential 430 
and non-targeting controls remained largely unchanged, confirming that our assay effectively 431 
depletes essential genes over the time course (Figures S3 and S4A). Notably, SAP25 emerged 432 
as a potent and broad repressor, producing strong growth phenotypes across the sgRNA 433 
library. Volcano plots comparing gene-level phenotype scores (average of top three sgRNAs per 434 
gene) and associated Mann–Whitney p-values yielded thousands of statistically significant 435 
genes below a threshold for SAP25 (n= 1,095 genes) and CRISPRi (n= 1,229 genes), 436 
highlighting their robust repressive activity across over a thousand essential genes (Figures 437 
S4B-D). 438 
 439 
To directly compare the targeting profile across editors, we applied an empirically defined cutoff 440 
(γ < –0.1) to assess repression of essential genes using the strongest sgRNA per gene for each 441 
editor. Violin plots of the lowest phenotype score per gene showed that SAP25 silenced a 442 
greater number of genes than CRISPRi at this threshold, outperforming other candidates 443 
including RCOR1, WDR82, and DPY30 (Figure 5G). Interestingly, although DPY30 and 444 
WDR82 are canonical activators, they nonetheless produced widespread depletion of essential 445 
gene guides. The overlap analysis of gene hits revealed that SAP25 and CRISPRi shared the 446 
majority of hits (~79% gene hit overlap), but both also have unique targets that highlights their 447 
complementary use in functional genomics applications (Figure 5H). 448 
 449 
A comparison of per-gene phenotypes between SAP25 and CRISPRi showed a strong 450 
correlation (r = 0.79) but with a noticeable downward shift towards SAP25, indicating SAP25 as 451 
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a more potent repressor than KRAB-based CRISPRi (Figure 5I). Similarly, comparison of 452 
RCOR1 to CRISPRi revealed a strong correlation (r = 0.81) but with RCOR1 consistently 453 
producing intermediate phenotypes (Figure 5J). We next examined the 910 overlapping 454 
essential gene hits between RCOR1, SAP25, CRISPRi, and dCas9 alone, which yielded a 455 
gradient of phenotype scores across the CRs. Specifically, the median phenotype score for 456 
dCas9 was -0.037, whereas RCOR1, CRISPRi, and SAP25 induced stronger phenotypes with 457 
scores of -0.1467, -0.2513, and -0.2859, respectively (Figure 5K). Together, these results show 458 
that different CRs generate distinct levels of growth defects across a large set of essential 459 
genes.  460 
 461 
Importantly, among sgRNAs targeting the same gene, different CRs produced different levels of 462 
repression for the same sgRNA. This finding suggests that the dynamic repression strengths we 463 
observe are due to the CRs themselves and not an artifact of sgRNA choice, highlighting the 464 
robustness of the tunable phenotypes with these CRs (Figures S4E-F). Collectively, our pooled 465 
screening results establish SAP25 as a robust programmable repressor in human cells, capable 466 
of silencing thousands of endogenous genes with strength comparable to CRISPRi. 467 
Additionally, using cellular growth as a measurable cellular phenotype, these analyses 468 
demonstrate our development of a CR toolkit that can fine-tune phenotypes at defined levels in 469 
human cells.  470 
 471 
Proteomic characterization of SAP25 interaction partners 472 
Our identification of SAP25_HUMAN as a strong repressor motivated us to dissect its mode of 473 
repression by identifying its protein interaction partners in cells. We performed proximity-based 474 
labeling by fusing APEX2 to dCas9, KRAB and SAP25, enabling biotinylation of nearby proteins 475 
after effector recruitment to our reporter gene CLTA-GFP (Figure S5A). Cells were transfected 476 
with plasmids encoding APEX2-dCas9, APEX2-KRAB-dCas9 or APEX2-SAP25-dCas9. At 24 477 
hours post-transfection, cells were treated with biotin and biotinylated proteins were purified with 478 
streptavidin followed by mass spectrometry analysis to identify interaction partners that mediate 479 
the silencing of CLTA-GFP. 480 
 481 
We compared the enriched protein factors in CRISPRi and SAP25 to dCas9 alone to identify 482 
protein interactions that are specific to KRAB and SAP25 (Figures 5L-M and S5B-C). For 483 
SAP25, we detected strong enrichment of SIN3A, RBBP4/7, and SAP30 – known components 484 
of the SIN3A co-repressor complex – along with HDAC1 and HDAC2, key histone deacetylases 485 
that mediate transcriptional repression71. APEX2 profiling of CRISPRi recovered the canonical 486 
binding partner of KRAB, TRIM28, and heterochromatin proteins, consistent with the recruitment 487 
of KRAB-associated factors for transposon silencing in mammals66. The distinct set of 488 
interactors highlight that SAP25-mediated gene repression is mediated through the SIN3A-489 
HDAC pathway, while CRISPRi recruits KRAB specific proteins, confirming that these CRs 490 
function through distinct pathways.  491 
 492 
Altogether, our results highlight the utility in our expanded screen for CRs that can program 493 
transcriptional tuning of endogenous genes and is transferable across different cell types. By 494 
systematically testing full-length CRs from multiple origins, we discover transcriptional 495 
modulators such as SAP25 that recruit distinct chromatin-remodeling machinery. Sampling this 496 
broader set of CRs uncovered factors with distinct repression profiles that are different from 497 
KRAB and more broadly, expands the available toolkit for programmable repression in 498 
mammalian cells. 499 
 500 
Identification of universal CRs in the divergent eukaryote Saccharomyces cerevisiae 501 
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Our CR screens yielded repressors functional in two distinct eukaryotic kingdoms – Plantae and 502 
Animalia – suggesting that many CRs can retain functionality when transferred across divergent 503 
eukaryotes. We next investigated whether our newly identified CRs could be used as universal 504 
repressors, tools that can maintain consistent function and are utilizable across diverse 505 
eukaryotic hosts. To identify universal repressors, we further tested select CRs in the model 506 
budding yeast Saccharomyces cerevisiae (S. cerevisiae) which is a representative organism in 507 
the Fungi eukaryotic kingdom. 508 
 509 
We first filtered for CRs that functioned as repressors in both N. benthamiana and HEK293T 510 
cells. We identified 77 CRs that functioned as repressors in N. benthamiana, 80 repressors in 511 
HEK293T cells, and 29 CRs that acted as repressors in plants and human cells (Figure 6A). 512 
We refer to these 29 shared repressors as our candidate universal repressors. Our candidate 513 
universal repressors have diverse functions in chromatin regulation, with histone deacetylation 514 
as the most represented (Figure 6B). The annotated Pfam domains of the candidate universal 515 
repressors relatively matched annotated functions (Figure 6C). Notable candidate universal 516 
proteins included RCOR1_HUMAN, SAP25_HUMAN, SWC2_ARATH, and the HBO1 complex 517 
proteins KAT7_HUMAN, ING4_HUMAN, and JADE1_HUMAN. 518 
 519 
We evaluated the activity for 25 of the 29 candidate universal repressors in S. cerevisiae using 520 
a previously described synthetic zinc-finger (ZF)-CR screening system17. In this system, the ZF-521 
CR is recruited upstream of a minimal CYC1 promoter to modulate GFP expression after 522 
chemical induction. In the background strain YPH500, we integrated three cassettes: 1) a 523 
constitutive repressor construct that prevents expression of the ZF-CRs until release via the 524 
addition of chemical inducers, 2) the fluorescent reporter, and 3) the ZF-CR. To benchmark 525 
activity, we used S. cerevisiae Mig1 and Sir2 as control repressors and VP16 as an activator 526 
control. Correcting for background fluorescence, we defined repressors as CRs producing <0.7 527 
GFP fold change normalized to the reporter alone, and activators as CRs exceeding a fold 528 
change of 2.0 (Figure 6D). 529 
 530 
Given that humans and yeast are more closely related evolutionarily (both within the 531 
Opisthokonta eukaryotic supergroup) than humans and plants (Archaeplastida eukaryotic 532 
supergroup)81, we hypothesized that the candidate universal repressors would retain function in 533 
yeast. However, only 2 of the 25-candidate universal CRs – RCOR1_HUMAN and 534 
MTA2_HUMAN – induced repressive activity in S. cerevisiae, with RCOR1_HUMAN being 535 
amongst the strongest repressors in human and plant systems. In contrast, thirteen of the CRs 536 
functioned as activators in yeast with five, SWC2_ARATH, WDR5_HUMAN, PRDM5_HUMAN, 537 
HDT2_ARATH, and KAT7_HUMAN, showing activation stronger than our activator control 538 
VP16, while the remaining CRs were largely neutral. Notably, IES5_YEAST and TTI1_YEAST 539 
were previously identified as activators in yeast17, highlighting agreement with previous reports 540 
and differences from activities in other systems. 541 
 542 
Together, these findings show that most CRs have species-specific activity, but a small subset, 543 
including RCOR1_HUMAN and MTA2_HUMAN, maintain their repressive activity across 544 
evolutionary distant hosts (Figure 6E). Their consistent activity across human, plant, and yeast 545 
systems suggests a conserved repressive mechanism that can be harnessed for programmable 546 
gene modulation across eukaryotes from different biological kingdoms. 547 
 548 
 549 
 550 
 551 
 552 
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DISCUSSION 553 
Chromatin regulators are highly prevalent across the eukaryotic biological kingdoms with an 554 
estimate of >40,000 CRs that exist in available eukaryotic genomes9. However, the ability to test 555 
their functions in living cells has been limited. Here, we present the largest effort to date 556 
experimentally testing the functions of hundreds of full-length CRs in divergent eukaryotic hosts, 557 
thereby enabling us to decipher the direct effect of eukaryotic CRs on gene expression. 558 
 559 
Our study yielded new technologies for programmable transcriptional modulation in plants and 560 
human cells, including new CRs that outperform current state-of-the-art platforms. In plants, our 561 
discovery of potent CRs opens opportunities for applications in synthetic biology across a wide 562 
range of crops by expanding the available toolkit of trans-elements for genetic engineering. In 563 
human cells, we discover CRs that enable tuning of gene expression to defined intermediate 564 
levels, including SAP25, a potent repressor that outperforms CRISPRi-KRAB. We further apply 565 
our programmable CRs for large-scale tuning of over a thousand genes, thereby allowing us to 566 
titrate cell proliferation phenotypes at distinct rates. 567 
 568 
Our study highlights how the core repressive activities of CRs can be conserved when 569 
heterologously transferred across distinct eukaryotic kingdoms. In particular, repression through 570 
histone deacetylation appears to represent a conserved mechanism across eukaryotes, with 571 
HDAC-containing complexes being a unifying mechanism for gene silencing in plants, animals 572 
and fungi82. As such, SAP25 emerged as a potent repressor in human cells, outperforming 573 
KOX1-KRAB for functional genomics screens in K-562 cells. SAP25 and other members of the 574 
SIN3A complex also functioned as repressors in plants, emphasizing the evolutionary 575 
conservation of HDAC-mediated repression across kingdoms. In contrast, the state-of-the-art 576 
KRAB repressor in human cells, which harnesses the natural pathway of epigenetic repression 577 
of transposable elements in mammals through H3K9me3 deposition, is not a strong repressor in 578 
plants (Table S2). More generally, the relatively small overlap of common CRs between plants, 579 
humans and yeast sheds light into the context-dependent functions of chromatin regulators 580 
across the eukaryotic kingdoms. 581 
 582 
Unexpectedly, we observed numerous non-native CRs that retain their functionality when 583 
expressed outside of their native host, as seen with C5YUK9_SORBI and P53_HUMAN that 584 
produced the strongest activation in humans and plants, respectively. We hypothesize that 585 
these CRs may have less regulation when expressed heterologously, thereby enabling them to 586 
induce robust transcriptional activation27. Our unexpected discovery that C5YUK9_SORBI and 587 
P53_HUMAN outperform state-of-the-art synthetic activators in humans and plants highlights 588 
the novelty of our approach to experimentally test CRs outside their endogenous context and 589 
presents a prime opportunity for synthetic biology, where non-native regulators may offer 590 
modular control of gene expression. 591 
 592 
Finally, we identified the human-encoded RCOR1 and MTA2 proteins as universal CRs that 593 
retain their transcriptional repression activity in plants, human cells, and yeast, thereby 594 
signifying their utility for synthetic gene control in divergent eukaryotic hosts. Both are members 595 
of established repressive chromatin complexes, the CoREST complex and NuRD complex, 596 
respectively, which recruit histone deacetylases49,83. Their ability to function as repressors in 597 
three distinct eukaryotic kingdoms suggests that parts of these complexes, or their domains, are 598 
functionally conserved and can work independent of species-specific cofactors. Although yeast 599 
lack canonical NuRD and CoREST complexes, they retain CRs with analogous functions (i.e. 600 
deacetylases and remodeling complexes) that may enable these human repressors to function 601 
outside of their endogenous host. Our identification of RCOR1_HUMAN and MTA2_HUMAN as 602 
universal repressors establishes a set of effectors that offers a toolkit to implement for 603 
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transcriptional and epigenetic manipulation in non-model organisms where such tools are 604 
lacking. These findings highlight how leveraging evolutionary diversity can uncover CRs with 605 
conserved activity capable of functioning beyond their native context, enabling gene expression 606 
control in diverse hosts for use in biotechnology, agriculture, and therapeutic settings. 607 
 608 
 609 
MATERIALS AND METHODS 610 
 611 
Constructing the CR library 612 
To select plant genes for the CR library, we first sought to gather a representative list of 613 
Arabidopsis thaliana proteins from all major classes of histone modifiers, chromatin remodelers, 614 
and proteins involved in DNA methylation, as well as diverse set of proteins involved in 615 
epigenetic regulation. For three major classes of histone modifiers (deacetylases, 616 
acetyltransferases, and lysine methyltransferases), we selected all the annotated members in 617 
the A. thaliana TAIR10 genome. For the rest of candidate Arabidopsis CRs, we chose only one 618 
candidate when multiple close orthologs were found (>90% sequence identity). These 619 
Arabidopsis genes included representative histone lysine demethylases of the JMJ class and 620 
enzymes involved in other histone posttranslational modifications such as phosphorylation. 621 
Beyond histone modifiers, we selected all the Arabidopsis members of chromatin remodeler 622 
complexes including the CAF1 and FIE complex, Polycomb group (PcG) proteins, ISWI complex 623 
and ISWI-associated proteins, the INO80 complex, the SWR1/SRCAP complex, SWI/SNF 624 
components, and the NuA4 histone acetyltransferase complex. We also selected known 625 
H3K4me3 binding proteins, PHD chromatin readers, histone chaperones, and components of 626 
the nuclear pore and nuclear lamina. We also included all the genes known to be involved in the 627 
DNA methylation pathway at the level of establishment and readout of this mark. We next used 628 
this list of Arabidopsis genes to find their Sorghum bicolor homologs using sequence similarity. 629 
To this end, we used the Phytozome database84 and identified the closest S. bicolor homolog, 630 
regardless of which Sorghum variety the genes belonged to. To select T. gondii genes, we 631 
followed a similar approach by using representative genes from each of the aforementioned 632 
classes to guide a homology-based search using NCBI BLAST. However, unlike for the S. 633 
bicolor search, we prioritized the use of H. sapiens representative proteins for this selection, 634 
relying on annotated human CRs using the EpiFactors database85. S. cerevisiae proteins were 635 
selected from previously published datasets that were identified as repressors or activators17. 636 
Finally, for the selection of Megaviridae candidates we picked the longest protein from each 637 
major class of CRs found in this taxon. Sequences were codon-optimized for N. benthamiana 638 
flanked by BsaI sites for downstream cloning (see: cloning the CR library for expression in 639 
Nicotiana benthamiana).  640 
 641 
Cloning the CR library for expression in Nicotiana benthamiana  642 
The PMS7997 backbone {pMAS:GAL4 DBD-GGSGG-GFP dropout:tNOS} was digested with 643 
BsaI-HF®v2 to excise the GFP dropout. The digested backbone was purified from the gel using 644 
Zymogen™ Gel Cleanup Kit. CRs were digested using New England Biolabs® (NEB) BsaI-645 
HF®v2 and ligated into the BsaI-HF®v2-digested PMS7997 backbone using Thermo Scientific™ 646 
T4 DNA ligase. Ligation products were transformed into XL-1 blue Escherichia coli competent 647 
cells via heat shock, recovered in 1 mL liquid BD Difco™ LB (Luria-Bertani) Broth Miller at 37°C 648 
for 1 h, and streaked onto solid LB containing 50 mg/L Kanamycin. Colonies that survived 649 
selection were cultured, miniprepped using the QIAGEN plasmid prep kit, and sequenced 650 
(primer: 5’-CCTCTAATAAGGGTCAAAGAC-3’). Correct plasmids were electroporated into 651 
GV3101 Agrobacterium tumefaciens competent cells using the Bio-Rad GenePulser Xcell™ at 652 
2400 V, 25 μF, 200 Ω for 4-5 ms in 1 mm cuvettes. Transformed cells were recovered in 1 mL 653 
liquid LB at 30°C for 3h then plated on solid LB with 50mg/L Kanamycin, 30mg/L Gentamicin, 654 
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and 50mg/L Rifampicin (LB RGK). All plasmids and strains are available from the Joint 655 
BioEnergy Institute (JBEI) Inventory of Composable Elements (ICE) registry: (https://public-656 
registry.jbei.org/folders/941; Table S10). 657 
 658 
Nicotiana benthamiana growth conditions 659 
The N. benthamiana (accession LAB) plants were grown in a room at 25°C with 16h light: 8h 660 
dark cycle at 150 μmol m−2 s−1 photosynthetically active radiation (PAR; wavelength: 400–661 
700 nm) and 43% humidity. Seeds were planted in water-saturated Sunshine MIX #4 soil 662 
supplemented with 1 Tablespoon/2 gallons Osmocote Classic 14-14-14 covered with ~3 cm CR 663 
Premier Pro-Mix PGX topsoil in pots placed in a tray with a vented hood with the vents closed. 664 
After one week, seedlings were transplanted to individual pots without topsoil with eighteen pots 665 
in each tray. After the soil was saturated with water, excess water was drained, and the 666 
seedlings were transplanted. Vented hoods with the vents closed were placed on each tray. At 667 
two weeks of age, the vents of the hood were opened. At three weeks of age, the hoods were 668 
removed, and each tray received 1 L water supplemented with 1 teaspoon/gallon Peter’s 669 
Professional 20-20-20. At three weeks and five days, the plants were split into nine pots per tray 670 
and each tray received 1.5 L water supplemented with 1 teaspoon/gallon Peter’s Professional 671 
20-20-20. At 4 weeks of age, the N. benthamiana plants were agroinfiltrated.  672 
 673 
Nicotiana benthamiana agroinfiltration 674 
Transient expression is accomplished via “agroinfiltration”––pushing Agrobacterium tumefaciens 675 
cells into the apoplast of plant leaves where they can transfer DNA into the plant cells86. The 676 
day before agroinfiltration, excess water was drained from the plant trays and A. tumefaciens 677 
GV3101 strains containing either the reporter plasmid, PMS6370 {5X GAL4 binding sites-678 
pcoreWUSCHEL:GFP:tNOS}, or a CR plasmid {pMAS:GAL4 DBD-GGSGG-CR:tNOS} were 679 
cultured in liquid LB RGK. Cultures were grown at 30°C, shaking at 200 rpm for 18 h. After 18 h, 680 
the cultures were diluted in 4 volumes of LB RGK and grown at 30°C for 1-2 h or until the optical 681 
density at 600 nm (OD600) was between 0.5-2.0. The cultures were spun down at 3220 x g for 682 
15 min. The LB was removed, and the agrobacteria resuspended with 1X infiltration buffer (10 683 
mM magnesium chloride (MgCl2), 10 mM 2-(N-morpholino)ethanesulfonic acid (MES), 0.2 mM 684 
acetosyringone, pH 5.6). The volume of infiltration buffer to resuspend the agrobacteria in was 685 
calculated using the following formula: 686 
 687 

Volfinal = ODfinal x Volinitial/ODfinal 688 
 689 
The agrobacteria were placed on a rocking shaker for 1.5 h before infiltration. The reporter and 690 
CR strains were diluted to a final OD of 0.5. Individual CR strains were mixed with the reporter 691 
strain at a 1:1 ratio. Using a blunt syringe, each strain mix was infiltrated into two leaves of a 692 
plant for three plants per mix. The first two fully expanded leaves were infiltrated, approximately 693 
the fourth and fifth leaves counting from the shoot apical meristem (SAM). After agroinfiltration, 694 
the plants were placed back onto their tray and put back into the growth room. The day after 695 
agroinfiltration, each tray of agroinfiltrated plants received 1 L water.  696 
 697 
N. benthamiana fluorescence data collection 698 
Leaf fluorescence data was collected at 4 days post-infiltration (dpi). Using a hole punch, four 699 
samples of leaf tissue (“leaf punches”) were collected from each infiltrated leaf, typically two 700 
from each side of the leaf. Veins and syringe marks were avoided. Leaf 1 was considered the 701 
younger leaf (closer to the SAM) and leaf 2 was the older leaf (one node further from the SAM). 702 
Plants were labeled 1, 2, or 3 and any abnormalities were recorded, such as chlorosis or 703 
necrosis around the infiltration zone. Each well of a 96-well plate with a clear bottom was filled 704 
with 350 μL tap water and, using forceps, each leaf punch was placed on top of the water in a 705 
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well with the abaxial side of the leaf facing up. Using a BioTek Synergy H1 Microplate Reader, 706 
the fluorescence of each leaf punch was measured for GFP (Ex: 488 nm, Em: 520 nm).  707 
 708 
Nicotiana benthamiana agroinfiltration data analysis 709 
To calculate fold change GFP, the mean GFP fluorescence of each CR was divided by the 710 
mean GFP fluorescence of the reporter strain co-infiltrated with a plasmid containing the Gal4 711 
DBD but no CR (GAL4 DBD alone). As each week was functionally an independent experiment, 712 
all controls (GAL4 DBD alone, VP16, and SUPERMAN) were repeated each week, and each 713 
week’s data was normalized to the Gal4 DBD infiltration performed that week.  714 
 715 
Human cell culture  716 
All cell lines were obtained and authenticated by the UC Berkeley Cell Culture Facility. The 717 
CLTA-GFP and RAB11A-GFP HEK293T cell lines originated from a previous study58,59. 718 
HEK293T cells were cultured in DMEM (Gibco). K-562 cells were cultured in RPMI-1640 719 
(Gibco). All media was supplemented with 10% (v/v) FBS (VWR) and 100 U/mL streptomycin, 720 
100mg/mL penicillin (Gibco). Cell lines were cultured at 37°C with 5% CO2 in tissue culture 721 
incubators and routinely confirmed to be negative for Mycoplasma. 722 
 723 
Cloning the CR library for expression in human cells  724 
The pIZ48 backbone {pCAG:dCas9-TagBFP-GFP dropout} was digested with NEB PaqCI to 725 
excise the GFP dropout. The digested backbone was purified from the gel using Zymogen™ 726 
Gel Cleanup Kit. CRs were digested using NEB BsaI-HF®v2 and ligated into the PaqCI-digested 727 
pIZ48 backbone using NEB T7 DNA ligase. Ligation products were transformed into Stellar 728 
Escherichia coli competent cells (Takara Bio) via heat shock, recovered in 0.2 mL liquid (Luria-729 
Bertani) Broth Miller at 37°C for 1 h and streaked onto solid LB containing 100 mg/L 730 
Carbenicillin. Colonies that survived selection were cultured, miniprepped using the Qiagen 731 
plasmid prep kit, and sequenced (primer: 5’-AGGAGGCCAACAACGAGACCTACG-3’).  732 
 733 
Generation of stable sgRNA expressing cell line and lentiviral production 734 
To test the dCas9-CRs in human cells, HEK293T and K-562 cell lines were engineered to stably 735 
express sgRNAs that target various endogenous or reporter loci. In HEK293T cells, sgRNAs 736 
targeting the CLTA and RAB11A promoters were introduced into CLTA-GFP and RAB11A-GFP 737 
reporter lines, respectively. Additionally, sgRNAs targeting endogenous genes CD55 and CD81 738 
were delivered to generate stable knockdown lines. In K-562 cells, sgRNAs targeting the CD81 739 
promoter were stably expressed. 740 
 741 
Lentiviral particles were produced by transfecting standard packaging vectors into HEK293T 742 
using TransIT®-LT1 Transfection Reagent (Mirus Bio, MIR2306). Cells were seeded at a 743 
density of 4.0 × 105 cells per well in a 6-well BioLite Microwell plate (Thermo Fisher Scientific) 744 
and co-transfected the next day with standard packaging plasmids (0.1 μg each of gag-pol, 745 
REV, and TAT; 0.2 μg VSVG) and 1.5 μg of the lentiviral sgRNA expression vector (Addgene 746 
#217306) using Opti-MEM (Gibco) and TransIT®-LT1 Transfection Reagent (Mirus Bio), 747 
following the manufacturer’s instructions. Media was changed 24 hours post-transfection with 748 
complete DMEM. Viral supernatants were collected 48–60 hours post-transfection and filtered 749 
through a 0.45 μm PES syringe filter (VWR). Target cells were transduced with lentiviral 750 
particles and sorted based on mCherry expression to enrich for sgRNA-expressing populations, 751 
resulting in cell lines with >90% sgRNA expression (mCherry positive). 752 
 753 
dCas9-CR transfections and analysis 754 
Transient transfection experiments in HEK293T cells were performed in 96-well plates using 755 
TransIT®-LT1 (Mirus Bio) and Opti-MEM™ I Reduced Serum Medium (Thermo Fisher 756 
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Scientific). Cells at ~70–80% confluency were transfected with 150 ng of plasmid encoding each 757 
dCas9-CR construct. Transfection efficiency was measured by BFP fluorescence, with a 758 
minimum cutoff of 20% BFP+ cells required for inclusion in downstream analysis. Cells were 759 
collected at multiple time points: Day 2, 5, 7, 10, and 14 post-transfection for flow cytometry 760 
analysis. Relative activity was calculated as: (% GFP- cells on Day 2 / transfection efficiency) × 761 
100. To evaluate the strength of silencing, fold change was computed as: (Day 5 median GFP 762 
intensity in the GFP- gate / Day 5 median GFP intensity in untransfected cells). 763 
 764 
To evaluate the dCas9-CRs for multiplexed repression of CD81 and CD55, we first engineered 765 
HEK293T cell lines to stably express sgRNAs targeting CD55 and CD81. Cells were seeded in 766 
24-well plates and transfected at ~70–80% confluency with 300 ng of plasmid encoding select 767 
dCas9-CRs using TransIT®-LT1 Transfection Reagent and Opti-MEM™ I Reduced Serum 768 
Medium, according to the manufacturer’s protocol. At 5 days post-transfection, cells were 769 
harvested and stained with fluorophore-conjugated antibodies specific to CD55 and CD81. 770 
Surface protein expression in single cells was assessed by flow cytometry. Gates were defined 771 
based on isotype and untransfected controls to quantify silencing relative to baseline 772 
expression. 773 
 774 
Quantification of CD2, CD55 and CD81 protein levels were measured by cell surface antibody 775 
staining of live cells. Cells were incubated with APC- or FITC-labeled antibody (CD2: Miltenyi 776 
Biotec/ CD55 and CD81: BioLegend) for ~30 min in the dark at room temperature, washed twice 777 
with PBS containing 10% FBS, and protein expression was measured on a BD FACSymphony 778 
A1 Cell Analyzer (BD Biosciences) flow cytometer. All flow cytometry data generated was 779 
analyzed using FlowJo. 780 
 781 
Essential gene screen 782 
For the growth-based screen targeting essential genes in K-562 cells, an sgRNA library was 783 
designed based on a previously published genome-wide CRISPRi screen in K-562 cells and the 784 
DepMap CRISPR-inferred common essential 80,87. The library consists of 8,086 sgRNAs 785 
targeting 1,838 essential genes, along with non-essential and non-targeting control sgRNAs. 786 
Each essential gene is targeted by four sgRNAs, selected from previously published sgRNA 787 
library64,87. A list of protospacer sequences included in the essential-gene library is available in 788 
Table S5. 789 
 790 
sgRNA sequences were cloned into an expression plasmid obtained from Addgene 791 
(ID#217306), which includes a U6 Pol III promoter and a T2A-mCherry reporter to measure 792 
transduction efficiency. The sgRNA oligos were synthesized as a pooled library (Twist 793 
Bioscience) with the structure: 5’ – PCR adaptor – CCACCTTGTTGG – protospacer sequence 794 
– GCTAAGC – PCR adaptor – 3’. Oligo pools were PCR-amplified, digested with BstXI/BlpI, gel 795 
extracted, and ligated into the sgRNA lentiviral vector. The resulting plasmid library was 796 
transformed for amplification and validated by next-generation sequencing to confirm library 797 
representation and uniformity. 798 
 799 
To conduct the screen, K-562 cells stably expressing a dCas9 fusion protein were transduced 800 
with the lentiviral sgRNA library by spinfection (1000 × g for 2 hours at 33°C) with polybrene (8 801 
µg/mL, Sigma-Aldrich). Infection efficiency was assessed two days post-infection by flow 802 
cytometry, aiming for 20%–30% mCherry-positive (sgRNA-expressing) cells. Screens were 803 
performed with two technical replicates, maintaining a minimum representation of at least 1,000 804 
cells per sgRNA throughout the experiment. Two days post-transduction, puromycin was added 805 
to the media until ~90% of cells were sgRNA-positive, as indicated by mCherry fluorescence. 806 
After this, cell pellets were collected and frozen for each replicate to represent the initial time 807 
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point (Tinitial). Cell doublings were tracked throughout the experiment, and final samples (Tfinal) 808 
were collected at approximately 12 cell doublings. 809 
 810 
DNA libraries for Tinitial and Tfinal were prepared for deep sequencing following a previously 811 
described protocol64. Genomic DNA was extracted from cell pellets using the NucleoSpin Blood 812 
L kit (Macherey–Nagel). The genomic DNA was used as template for directPCR-amplification of 813 
the protospacer sequence (23 cycles) using NEBNext Ultra II Q5 PCR Master Mix (NEB) using 814 
primers with appended Illumina adapters and unique sample indices. Libraries were sequenced 815 
on a NovaSeqX platform with a 19 bp Read 1 and a 5 bp Index 1. 816 
 817 
APEX proteomic labeling 818 
HEK293T cells with stable expression of sgRNAs targeting the endogenous CLTA-GFP 819 
promoter were cultured in 15 cm dish and transfected with plasmids expressing APEX2-SAP25-820 
dCas9, APEX2-KRAB-dCas9 or APEX2-dCas9 only. 24 hours post-transfection, cells were 821 
treated with 500 µM biotin-tyramide (MilliporeSigma - SML2135) for 30 min. 1 mM final H2O2 822 
was added to each dish for a total labeling time of 1 minute. Cells were quenched with 2X 823 
quenching buffer (10 mM Trolox and 20 mM sodium ascorbate in DPBS), collected and washed 824 
twice with cold DPBS. Cell pellets were lysed with 500 µL cytoplasmic lysis buffer (10 mM Tris 825 
pH 8, 1.5 mM MgCl2, 10 mM KCl, 0.2% NP-40, and 1mM DTT) for 10 min on ice. After 826 
centrifugation at 2,500 x g for 5 min at 4°C, the pellets were collected and washed once with 827 
cold PBS. Cell pellets were lysed in 200 µL nucleus lysis buffer (20 mM Tris pH 8, 25% glycerol, 828 
400 mM NaCl, 1.5 mM MgCl2, 10 mM EDTA, 1 mM DTT, and 0.2 µL benzonase (Sigma-829 
Aldrich, E1014) and incubated on ice for 30 min. After centrifugation at 20,000 x g for 10 min at 830 
4°C, the supernatant was collected, combined with 800 µL of cold RIPA lysis buffer (110% 831 
glycerol, 25 mM Tris-HCl pH 8, 150 mM NaCl, 2 mM EDTA, 1% NP-40, 0.2% sodium 832 
deoxycholate, 5 mM Trolox, 10 mM sodium ascorbate, and 1x Protease Inhibitor), and 833 
incubated with Streptavidin beads (Pierce) at RT for 1 hr. Beads were washed twice with RIPA 834 
lysis buffer, once with 1 M KCl solution, once with 2 M Urea, pH 8, and twice with RIPA lysis 835 
buffer (without detergent or quenching reagents). Beads were washed three times with ABC 836 
buffer (50 mM ammonium bicarbonate, pH 8), rotated head-over-head at 4°C for 20 min. Beads 837 
were resuspended in 25 µL ABC buffer with 2.5 µL of trypsin (1 µg/µL) and incubated for 5 838 
hours at 37°C. Peptides were collected, quantified with Fluorescent Peptide Analysis, and 0.6 839 
µg of each sample was subjected to mass-spectrometry (MS)-based analysis. DIA data was 840 
analyzed using Spectronaut 18.4 (Biognosys Schlieren, Switzerland) using the direct DIA 841 
workflow with PTM localization selected. We identified 171 hits showing the most significant 842 
enrichment in APEX2-SAP25-dCas9 and 400 hits showing the most significant enrichment in 843 
APEX2-KRAB-dCas9 (Table S7 and Table S8). 844 
 845 
Cloning the CR library for expression in Saccharomyces cerevisiae 846 
Yeast expression plasmids were a gift from the Khalil lab and are as previously described in 847 
their paper17. We used the background strain YPH500 (MATα/ura3-52/lys2-801_amber/ade2-848 
101_ochre/trp1-Δ63/his3-Δ200/leu2-Δ1) and genomically integrated all plasmids. The yeast 849 
cells were transformed using the LiAc/SS carrier DNA/PEG method. A 5 mL culture of yeast 850 
was grown in YPD (1% yeast extract, 2% peptone, 2% dextrose) at 30°C, shaking at 200 rpm, 851 
overnight. The next day, 45 mL of YPD was inoculated with the overnight yeast culture and 852 
grown at 30°C, shaking at 200 rpm, until reaching an OD600 of 0.6-2.0. The cells were spun 853 
down at 3000 x g for 5 min and resuspended in 25 mL sterile dH2O. The cells were spun down 854 
again at 3000 x g for 5 min, resuspended in 1 mL 100 mM lithium acetate (LiAc), and aliquoted 855 
into 1.5 mL microcentrifuge tubes of 100 µL. The cells were incubated at 30°C for 15 minutes, 856 
shaking at 200 rpm, then spun down at 3000 x g for 30 s. After discarding the supernatant, 30 857 
µL of linearized plasmid (~1 – 5 µg DNA) was added to the cells. Next, 335 µL of the freshly 858 
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made T-mix (36% PEG 3350, 107 mM LiAc, 0.3 mg/mL boiled sheared salmon sperm DNA) 859 
was added to the cells and vortexed vigorously. The mix was incubated for 30 min at 30°C, 860 
shaking at 200 rpm, before incubation at 42°C in a water bath for 60 min. The mix was spun 861 
down at 1000 x g for 2 min to pellet the cells. After removing the supernatant, the cells were 862 
resuspended in 200 µL sterile dH2O, plated on YPD, and grown at 30°C. After colonies 863 
appeared, each plate was replica plated with velvets onto selective media and grown at 30°C 864 
until colonies grew.  865 
 866 
The constitutive repressor construct was transformed into YPH500 and selected on YPD with 867 
200 mg/L Hygromycin B (Thermo Fisher Scientific). The fluorescent reporter was transformed 868 
into the constitutive repressor strain and selected on SD media without uracil (0.65 g/L CSM-869 
His-Leu-Ura (Sunrise Science Products 1015-010), 1.7 g/L Yeast Nitrogen Base Without Amino 870 
Acids and Ammonium Sulfate (Millipore Sigma Y1251), 38 mM ammonium sulfate, 1.14 mM L-871 
Leucine, 450 µM L-Histidine (0.1M HCl), 200 mg/mL Hygromycin B, 2% dextrose). The ZF-CRs 872 
were transformed into the strain with both the reporter and constitutive repressor and selected 873 
on SD media without uracil and histidine (0.65 g/L CSM-His-Leu-Ura, 1.7 g/L YNB Without 874 
Amino Acids and Ammonium Sulfate, 38 mM ammonium sulfate, 1.14 mM L-Leucine, 200 875 
mg/mL Hygromycin B, 2% dextrose), except for the off-target 97-4 ZF-VP16 with was selected 876 
on SD media without uracil and leucine (0.65 g/L CSM-His-Leu-Ura, 1.7 g/L YNB Without Amino 877 
Acids and Ammonium Sulfate, 38 mM ammonium sulfate, 450 µM L-Histidine (0.1M HCl) , 200 878 
mg/mL Hygromycin B, 2% dextrose).  879 
 880 
The constitutive repressor construct (TetR, LacI, and GEV in pNH607) was linearized with PmeI 881 
(NEB) and integrated into the HO locus. The constitutive repressor prevented expression of the 882 
ZF-CR until release by addition of the chemical inducers anhydrotetracycline (1.0 ug/mL), IPTG 883 
(20 mM), and β-estradiol (100 nM). The fluorescent reporter (minimal pCYC1:yEGFP with 884 
upstream 43-8 ZF binding sites in pRS406) was linearized with StuI (Eco147I; Thermo Fisher 885 
Scientific) and integrated into the URA3 locus. The 43-8 ZF-CRs (ZF amino acid sequence: 886 
GAGTGAGGA; in pNH603) were linearized with AflII (Thermo Fisher Scientific) or SalI (Thermo 887 
Fisher Scientific) depending upon available cutsites. The ZF-CRs were integrated into the HIS3 888 
locus. Of the 29 candidate universal repressors, five were unable to be cloned: 889 
EHMT2_HUMAN, MBD3_HUMAN, PHF8_HUMAN, SUS1_YEAST, and A0A1B6PTU2_SORBI. 890 
 891 
Induction of the CRs in S. cerevisiae 892 
After transformation with the above-described cassettes, as available, three individual colonies 893 
were used to inoculate 500 µL SD media (synthetic dropout media with 2% glucose and amino 894 
acid compositions varying based on necessary selection) in Costar 2 mL 96-well assay blocks. 895 
Cultures were grown for 24-48 h at 30°C, shaking at 200 rpm. Next, 5 µL of each culture was 896 
used to inoculate 500 µL SD-complete media with or without the previously described chemical 897 
inducers and grown at 30°C for 12 h. 10µg/mL cycloheximide was added to inhibit protein 898 
synthesis before the cells were assayed via flow cytometry. 899 
 900 
S. cerevisiae flow cytometry and data analysis 901 
We set the event collection to 10,000 on a BD FACSymphony™ A1 Cell Analyzer and collected 902 
yEGFP fluorescence of the cells (Ex: 485 nm, Em: 510 nm). We gated the events using forward 903 
and side scattering and then calculated the median fluorescence of the induced and uninduced 904 
cells per strain per replicate. We subtracted the median autofluorescence of the induced and 905 
uninduced S. cerevisiae YPH500 (no integrations) strain from the median induced and 906 
uninduced fluorescence of the transformed strains, respectively. For each strain replicate, we 907 
divided median fluorescence of the induced cells by the median fluorescence of the uninduced 908 
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cells. We then calculated the mean fold change GFP of the three replicate medians to obtain the 909 
fold change GFP value.  910 
 911 
ACKNOWLEDGEMENTS 912 
We thank members of the Shih and Nuñez labs for thoughtful advice, discussions, and 913 
resources. We are grateful to Ben Williams for the thoughtful discussions. We thank Albert J. 914 
Keung and Ahmad 'Mo' S. Khalil for the plasmids used in the yeast experiments. We thank 915 
Donat Wulf for technical assistance. We thank the UCSF CAT and UCB QB3 genomics 916 
(supported by UCSF PBBR, RRP IMIA, and NIH 1S10OD028511-01 grants) for assistance with 917 
Illumina sequencing. This work was part of the DOE Joint BioEnergy Institute 918 
(https://www.jbei.org) supported by the U. S. Department of Energy, Office of Science, Office of 919 
Biological and Environmental Research, through contract DE-AC02-05CH11231 between 920 
Lawrence Berkeley National Laboratory and the U.S. Department of Energy. The work 921 
(proposal: 505883 DOI:10.46936/10.25585/60000931) conducted by the U.S. Department of 922 
Energy Joint Genome Institute (https://ror.org/04xm1d337), a DOE Office of Science User 923 
Facility, is supported by the Office of Science of the U.S. Department of Energy operated under 924 
Contract No. DE-AC02-05CH11231. J.K.N. acknowledges funding for this work from the Bakar 925 
Fellows Program (UCB 51474) and a Hanna Gray Fellowship from the Howard Hughes Medical 926 
Institute (GT15341). J.K.N. is funded as an Investigator of Biohub, San Francisco. I.J.O. is 927 
funded by a University of California, Berkeley Mentored Research Award, Graduate Research 928 
Fellowship from the National Science Foundation, and a Gilliam Fellowship from the Howard 929 
Hughes Medical Institute. At the time of the study, L.A.O. was supported by the National 930 
Institutes of Health-funded Genetic Dissection of Cells and Organisms Training Program 931 
(project number: 2T32GM132022-06) and the Arnon Fellowship from the University of 932 
California, Berkeley’s Department of Plant and Microbial Biology. N.P. acknowledges support 933 
from a University of California, Berkeley Mentored Research Award and a University of 934 
California Chancellor’s Fellowship. R.K.P. is funded by graduate fellowships from the University 935 
of California Cancer Research Coordinating Committee and the Shurl and Kay Curci 936 
Foundation. 937 
 938 
AUTHOR CONTRIBUTIONS 939 
I.J.O., S.A., P.M.H., N.F.C.H, and J.K.N. curated the chromatin regulator library. I.J.O, L.A.O, 940 
P.M.H. and J.K.N. led the study, designed the experiments, and wrote the manuscript with 941 
assistance from the co-authors. L.A.O. led the plant and yeast experiments, while I.J.O. 942 
performed the majority of the human experiments. M.G.H. assisted with the arrayed screen in 943 
human cells and performed the experiments for comparing domains to full-length proteins as 944 
transcriptional effectors. N.P. performed the APEX2 proximity labeling experiments and 945 
downstream proteomics analysis. R.K.P. assisted with the essential gene screen in K-562s. 946 
 947 
DECLARATION OF INTERESTS  948 
I.J.O., L.A.O., P.M.S., and J.K.N. have filed a patent application related to this work. J.K.N. is an 949 
inventor of patents related to CRISPRoff/on technologies, filed by The Regents of the University 950 
of California. P.M.S. has financial interests in BasidioBio and Totality Biosciences. 951 
 952 
RESOURCE AVALABILITY  953 
All plasmids containing CR sequences can be accessed from the JBEI public repository 954 
(https://public-registry.jbei.org/folders/941; Table S10). Plasmids encoding C5YUK9_SORBI, 955 
SAP25_HUMAN, RCOR1_HUMAN, and MTA2_HUMAN fused to dCas9 will be deposited on 956 
Addgene upon publication. The CR library sequences are available within the supplementary 957 
table. All other data are available in the manuscript or the supplementary materials. 958 
 959 

.CC-BY-NC-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted February 11, 2026. ; https://doi.org/10.64898/2026.02.10.705154doi: bioRxiv preprint 

https://public-registry.jbei.org/folders/941
https://doi.org/10.64898/2026.02.10.705154
http://creativecommons.org/licenses/by-nc-nd/4.0/


20 

REFERENCES 960 
1. Struhl, K. (1999). Fundamentally Different Logic of Gene Regulation in Eukaryotes 961 

and Prokaryotes. Cell 98, 1–4. https://doi.org/10.1016/S0092-8674(00)80599-1. 962 

2. Dinant, C., Houtsmuller, A.B., and Vermeulen, W. (2008). Chromatin structure and 963 
DNA damage repair. Epigenetics Chromatin 1, 9. https://doi.org/10.1186/1756-8935-964 
1-9. 965 

3. Berger, S.L. (2007). The complex language of chromatin regulation during 966 
transcription. Nature 447, 407–412. https://doi.org/10.1038/nature05915. 967 

4. Allis, C.D., and Jenuwein, T. (2016). The molecular hallmarks of epigenetic control. 968 
Nat. Rev. Genet. 17, 487–500. https://doi.org/10.1038/nrg.2016.59. 969 

5. Jenuwein, T., and Allis, C.D. (2001). Translating the Histone Code. Science 293, 970 
1074–1080. https://doi.org/10.1126/science.1063127. 971 

6. Kornberg, R.D., and Lorch, Y. (2020). Primary Role of the Nucleosome. Mol. Cell 79, 972 
371–375. https://doi.org/10.1016/j.molcel.2020.07.020. 973 

7. Villaseñor, R., and Baubec, T. (2021). Regulatory mechanisms governing chromatin 974 
organization and function. Curr. Opin. Cell Biol. 70, 10–17. 975 
https://doi.org/10.1016/j.ceb.2020.10.015. 976 

8. Voss, T.C., and Hager, G.L. (2014). Dynamic regulation of transcriptional states by 977 
chromatin and transcription factors. Nat. Rev. Genet. 15, 69–81. 978 
https://doi.org/10.1038/nrg3623. 979 

9. Grau-Bové, X., Navarrete, C., Chiva, C., Pribasnig, T., Antó, M., Torruella, G., 980 
Galindo, L.J., Lang, B.F., Moreira, D., López-Garcia, P., et al. (2022). A phylogenetic 981 
and proteomic reconstruction of eukaryotic chromatin evolution. Nat. Ecol. Evol. 6, 982 
1007–1023. https://doi.org/10.1038/s41559-022-01771-6. 983 

10. Keung, A.J., Joung, J.K., Khalil, A.S., and Collins, J.J. (2015). Chromatin regulation 984 
at the frontier of synthetic biology. Nat. Rev. Genet. 16, 159–171. 985 
https://doi.org/10.1038/nrg3900. 986 

11. Kim, J., Kim, J., and Park, M. (2024). Synthetic interventions in epigenome: 987 
Unraveling chromatin’s potential for therapeutic applications. Curr. Opin. Syst. Biol. 988 
37, 100504. https://doi.org/10.1016/j.coisb.2023.100504. 989 

12. Gardiner, J. (2025). Engineering chromatin and transcriptome regulation in plants: 990 
Strategies, challenges, and outlook. Curr. Opin. Plant Biol. 88, 102810. 991 
https://doi.org/10.1016/j.pbi.2025.102810. 992 

13. Kim, J.-S., Kim, J., Cepek, K.L., Sharp, P.A., and Pabo, C.O. (1997). Design of 993 
TATA box-binding protein/zinc finger fusions for targeted regulation of 994 

.CC-BY-NC-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted February 11, 2026. ; https://doi.org/10.64898/2026.02.10.705154doi: bioRxiv preprint 

https://doi.org/10.64898/2026.02.10.705154
http://creativecommons.org/licenses/by-nc-nd/4.0/


21 

gene expression. Proc. Natl. Acad. Sci. U. S. A. 94, 3616–3620. 995 
https://doi.org/10.1073/pnas.94.8.3616. 996 

14. Beerli, R.R., Dreier, B., and Barbas, C.F. (2000). Positive and negative regulation of 997 
endogenous genes by designed transcription factors. Proc. Natl. Acad. Sci. U. S. A. 998 
97, 1495–1500. https://doi.org/10.1073/pnas.040552697. 999 

15. Stege, J.T., Guan, X., Ho, T., Beachy, R.N., and Barbas III, C.F. (2002). Controlling 1000 
gene expression in plants using synthetic zinc finger transcription factors. Plant J. 1001 
32, 1077–1086. https://doi.org/10.1046/j.1365-313X.2002.01492.x. 1002 

16. Gilbert, L.A., Horlbeck, M.A., Adamson, B., Villalta, J.E., Chen, Y., Whitehead, E.H., 1003 
Guimaraes, C., Panning, B., Ploegh, H.L., Bassik, M.C., et al. (2014). Genome-1004 
Scale CRISPR-Mediated Control of Gene Repression and Activation. Cell 159, 647–1005 
661. https://doi.org/10.1016/j.cell.2014.09.029. 1006 

17. Keung, A.J., Bashor, C.J., Kiriakov, S., Collins, J.J., and Khalil, A.S. (2014). Using 1007 
Targeted Chromatin Regulators to Engineer Combinatorial and Spatial 1008 
Transcriptional Regulation. Cell 158, 110–120. 1009 
https://doi.org/10.1016/j.cell.2014.04.047. 1010 

18. Tycko, J., DelRosso, N., Hess, G.T., Aradhana, Banerjee, A., Mukund, A., Van, 1011 
M.V., Ego, B.K., Yao, D., Spees, K., et al. (2020). High-Throughput Discovery and 1012 
Characterization of Human Transcriptional Effectors. Cell 183, 2020-2035.e16. 1013 
https://doi.org/10.1016/j.cell.2020.11.024. 1014 

19. Ludwig, C.H., Thurm, A.R., Morgens, D.W., Yang, K.J., Tycko, J., Bassik, M.C., 1015 
Glaunsinger, B.A., and Bintu, L. (2022). High-Throughput Discovery and 1016 
Characterization of Viral Transcriptional Effectors in Human Cells. Preprint at 1017 
bioRxiv, https://doi.org/10.1101/2022.12.16.520835 1018 
https://doi.org/10.1101/2022.12.16.520835. 1019 

20. DelRosso, N., Tycko, J., Suzuki, P., Andrews, C., Aradhana, Mukund, A., Liongson, 1020 
I., Ludwig, C., Spees, K., Fordyce, P., et al. (2023). Large-scale mapping and 1021 
mutagenesis of human transcriptional effector domains. Nature, 1–8. 1022 
https://doi.org/10.1038/s41586-023-05906-y. 1023 

21. Tycko, J., Van, M.V., Aradhana, DelRosso, N., Ye, H., Yao, D., Valbuena, R., 1024 
Vaughan-Jackson, A., Xu, X., Ludwig, C., et al. (2024). Development of compact 1025 
transcriptional effectors using high-throughput measurements in diverse contexts. 1026 
Nat. Biotechnol., 1–14. https://doi.org/10.1038/s41587-024-02442-6. 1027 

22. Moon, H.C., Herschl, M.H., Pawluk, A., Konermann, S., and Hsu, P.D. (2024). A 1028 
combinatorial domain screening platform reveals epigenetic effector interactions for 1029 
transcriptional perturbation. Preprint at bioRxiv, 1030 
https://doi.org/10.1101/2024.10.28.620683 1031 
https://doi.org/10.1101/2024.10.28.620683. 1032 

.CC-BY-NC-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted February 11, 2026. ; https://doi.org/10.64898/2026.02.10.705154doi: bioRxiv preprint 

https://doi.org/10.64898/2026.02.10.705154
http://creativecommons.org/licenses/by-nc-nd/4.0/


22 

23. Wilson, C.M., Pommier, G.C., Richman, D.D., Sambold, N., Hussmann, J.A., 1033 
Weissman, J.S., and Gilbert, L.A. (2024). Combinatorial effector targeting (COMET) 1034 
for transcriptional modulation and locus-specific biochemistry. Preprint at bioRxiv, 1035 
https://doi.org/10.1101/2024.10.28.620517 1036 
https://doi.org/10.1101/2024.10.28.620517. 1037 

24. Rottach, A., Frauer, C., Pichler, G., Bonapace, I.M., Spada, F., and Leonhardt, H. 1038 
(2010). The multi-domain protein Np95 connects DNA methylation and histone 1039 
modification. Nucleic Acids Res. 38, 1796–1804. 1040 
https://doi.org/10.1093/nar/gkp1152. 1041 

25. Sha, L., Ayoub, A., Cho, U.-S., and Dou, Y. (2020). Insights on the regulation of the 1042 
MLL/SET1 family histone methyltransferases. Biochim. Biophys. Acta Gene Regul. 1043 
Mech. 1863, 194561. https://doi.org/10.1016/j.bbagrm.2020.194561. 1044 

26. Sharma, R., and Zhou, M.-M. (2015). Partners in crime: The role of tandem modules 1045 
in gene transcription. Protein Sci. Publ. Protein Soc. 24, 1347–1359. 1046 
https://doi.org/10.1002/pro.2711. 1047 

27. Gallego-Bartolomé, J., Gardiner, J., Liu, W., Papikian, A., Ghoshal, B., Kuo, H.Y., 1048 
Zhao, J.M.-C., Segal, D.J., and Jacobsen, S.E. (2018). Targeted DNA demethylation 1049 
of the Arabidopsis genome using the human TET1 catalytic domain. Proc. Natl. 1050 
Acad. Sci. 115, E2125–E2134. https://doi.org/10.1073/pnas.1716945115. 1051 

28. Wilde, R.J., Cooke, S.E., Brammar, W.J., and Schuch, W. (1994). Control of gene 1052 
expression in plant cells using a 434:VP16 chimeric protein. Plant Mol. Biol. 24, 1053 
381–388. https://doi.org/10.1007/BF00020175. 1054 

29. Atia, M., Jiang, W., Sedeek, K., Butt, H., and Mahfouz, M. (2024). Crop 1055 
bioengineering via gene editing: reshaping the future of agriculture. Plant Cell Rep. 1056 
43, 98. https://doi.org/10.1007/s00299-024-03183-1. 1057 

30. Brinkmann, H., and Philippe, H. (2007). The Diversity Of Eukaryotes And The Root 1058 
Of The Eukaryotic Tree. In Eukaryotic Membranes and Cytoskeleton: Origins and 1059 
Evolution (Springer), pp. 20–37. https://doi.org/10.1007/978-0-387-74021-8_2. 1060 

31. Postberg, J., Forcob, S., Chang, W.-J., and Lipps, H.J. (2010). The evolutionary 1061 
history of histone H3 suggests a deep eukaryotic root of chromatin modifying 1062 
mechanisms. BMC Evol. Biol. 10, 259. https://doi.org/10.1186/1471-2148-10-259. 1063 

32. Yu, Y., Wang, S., Wang, Z., Gao, R., and Lee, J. (2023). Arabidopsis thaliana: a 1064 
powerful model organism to explore histone modifications and their upstream 1065 
regulations. Epigenetics 18, 2211362. 1066 
https://doi.org/10.1080/15592294.2023.2211362. 1067 

33. Hummel, N.F.C., Markel, K., Stefani, J., Staller, M.V., and Shih, P.M. (2024). 1068 
Systematic identification of transcriptional activation domains from non-transcription 1069 

.CC-BY-NC-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted February 11, 2026. ; https://doi.org/10.64898/2026.02.10.705154doi: bioRxiv preprint 

https://doi.org/10.64898/2026.02.10.705154
http://creativecommons.org/licenses/by-nc-nd/4.0/


23 

factor proteins in plants and yeast. Cell Syst. 15, 662-672.e4. 1070 
https://doi.org/10.1016/j.cels.2024.05.007. 1071 

34. Cai, Y.-M., Kallam, K., Tidd, H., Gendarini, G., Salzman, A., and Patron, N.J. (2020). 1072 
Rational design of minimal synthetic promoters for plants. Nucleic Acids Res. 48, 1073 
11845–11856. https://doi.org/10.1093/nar/gkaa682. 1074 

35. Rizzo, P., Chavez, B.G., Leite Dias, S., and D’Auria, J.C. (2023). Plant synthetic 1075 
biology: from inspiration to augmentation. Curr. Opin. Biotechnol. 79, 102857. 1076 
https://doi.org/10.1016/j.copbio.2022.102857. 1077 

36. Xue, C., Qiu, F., Wang, Y., Li, B., Zhao, K.T., Chen, K., and Gao, C. (2023). Tuning 1078 
plant phenotypes by precise, graded downregulation of gene expression. Nat. 1079 
Biotechnol. 41, 1758–1764. https://doi.org/10.1038/s41587-023-01707-w. 1080 

37. Ordiz, M.I., Barbas, C.F., and Beachy, R.N. (2002). Regulation of transgene 1081 
expression in plants with polydactyl zinc finger transcription factors. Proc. Natl. 1082 
Acad. Sci. 99, 13290–13295. https://doi.org/10.1073/pnas.202471899. 1083 

38. Fujiwara, S., Sakamoto, S., Kigoshi, K., Suzuki, K., and Ohme-Takagi, M. (2014). 1084 
VP16 fusion induces the multiple-knockout phenotype of redundant transcriptional 1085 
repressors partly by Med25-independent mechanisms in Arabidopsis. FEBS Lett. 1086 
588, 3665–3672. https://doi.org/10.1016/j.febslet.2014.08.010. 1087 

39. Hummel, N.F.C., Zhou, A., Li, B., Markel, K., Ornelas, I.J., and Shih, P.M. (2023). 1088 
The trans-regulatory landscape of gene networks in plants. Cell Syst. 14, 501-1089 
511.e4. https://doi.org/10.1016/j.cels.2023.05.002. 1090 

40. Wang, M., Zhong, Z., Gallego-Bartolomé, J., Li, Z., Feng, S., Kuo, H.Y., Kan, R.L., 1091 
Lam, H., Richey, J.C., Tang, L., et al. (2023). A gene silencing screen uncovers 1092 
diverse tools for targeted gene repression in Arabidopsis. Nat. Plants 9, 460–472. 1093 
https://doi.org/10.1038/s41477-023-01362-8. 1094 

41. Markel, K., Sabety, J., Wijesinghe, S., and Shih, P.M. (2024). Design and 1095 
Characterization of a Transcriptional Repression Toolkit for Plants. ACS Synth. Biol. 1096 
13, 3137–3143. https://doi.org/10.1021/acssynbio.4c00404. 1097 

42. Belcher, M.S., Vuu, K.M., Zhou, A., Mansoori, N., Agosto Ramos, A., Thompson, 1098 
M.G., Scheller, H.V., Loqué, D., and Shih, P.M. (2020). Design of orthogonal 1099 
regulatory systems for modulating gene expression in plants. Nat. Chem. Biol. 16, 1100 
857–865. https://doi.org/10.1038/s41589-020-0547-4. 1101 

43. Sadowski, I., Ma, J., Triezenberg, S., and Ptashne, M. (1988). GAL4-VP16 is an 1102 
unusually potent transcriptional activator. Nature 335, 563–564. 1103 
https://doi.org/10.1038/335563a0. 1104 

44. Hiratsu, K., Ohta, M., Matsui, K., and Ohme-Takagi, M. (2002). The SUPERMAN 1105 
protein is an active repressor whose carboxy-terminal repression domain is required 1106 

.CC-BY-NC-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted February 11, 2026. ; https://doi.org/10.64898/2026.02.10.705154doi: bioRxiv preprint 

https://doi.org/10.64898/2026.02.10.705154
http://creativecommons.org/licenses/by-nc-nd/4.0/


24 

for the development of normal flowers. FEBS Lett. 514, 351–354. 1107 
https://doi.org/10.1016/s0014-5793(02)02435-3. 1108 

45. Ko, L.J., and Prives, C. (1996). p53: puzzle and paradigm. Genes Dev. 10, 1054–1109 
1072. https://doi.org/10.1101/gad.10.9.1054. 1110 

46. Ma, H., Song, T., Wang, T., and Wang, S. (2016). Influence of Human p53 on Plant 1111 
Development. PLoS ONE 11, e0162840. 1112 
https://doi.org/10.1371/journal.pone.0162840. 1113 

47. Raj, N., and Attardi, L.D. (2017). The Transactivation Domains of the p53 Protein. 1114 
Cold Spring Harb. Perspect. Med. 7, a026047. 1115 
https://doi.org/10.1101/cshperspect.a026047. 1116 

48. Hiratsu, K., Ohta, M., Matsui, K., and Ohme-Takagi, M. (2002). The SUPERMAN 1117 
protein is an active repressor whose carboxy-terminal repression domain is required 1118 
for the development of normal flowers. FEBS Lett. 514, 351–354. 1119 
https://doi.org/10.1016/s0014-5793(02)02435-3. 1120 

49. Andrés, M.E., Burger, C., Peral-Rubio, M.J., Battaglioli, E., Anderson, M.E., Grimes, 1121 
J., Dallman, J., Ballas, N., and Mandel, G. (1999). CoREST: A functional 1122 
corepressor required for regulation of neural-specific gene expression. Proc. Natl. 1123 
Acad. Sci. 96, 9873–9878. https://doi.org/10.1073/pnas.96.17.9873. 1124 

50. Rundlett, S.E., Carmen, A.A., Kobayashi, R., Bavykin, S., Turner, B.M., and 1125 
Grunstein, M. (1996). HDA1 and RPD3 are members of distinct yeast histone 1126 
deacetylase complexes that regulate silencing and transcription. Proc. Natl. Acad. 1127 
Sci. U. S. A. 93, 14503–14508. https://doi.org/10.1073/pnas.93.25.14503. 1128 

51. Selth, L., and Svejstrup, J.Q. (2007). Vps75, A New Yeast Member of the NAP 1129 
Histone Chaperone Family *. J. Biol. Chem. 282, 12358–12362. 1130 
https://doi.org/10.1074/jbc.C700012200. 1131 

52. Iizuka, M., and Stillman, B. (1999). Histone Acetyltransferase HBO1 Interacts with 1132 
the ORC1 Subunit of the Human Initiator Protein *. J. Biol. Chem. 274, 23027–1133 
23034. https://doi.org/10.1074/jbc.274.33.23027. 1134 

53. Foy, R.L., Song, I.Y., Chitalia, V.C., Cohen, H.T., Saksouk, N., Cayrou, C., Vaziri, 1135 
C., Côté, J., and Panchenko, M.V. (2008). Role of Jade-1 in the Histone 1136 
Acetyltransferase (HAT) HBO1 Complex∗♦. J. Biol. Chem. 283, 28817–28826. 1137 
https://doi.org/10.1074/jbc.M801407200. 1138 

54. Gaurav, N., Kanai, A., Lachance, C., Cox, K.L., Liu, J., Grzybowski, A.T., Saksouk, 1139 
N., Klein, B.J., Komata, Y., Asada, S., et al. (2024). Guiding the HBO1 complex 1140 
function through the JADE subunit. Nat. Struct. Mol. Biol. 31, 1039–1049. 1141 
https://doi.org/10.1038/s41594-024-01245-2. 1142 

.CC-BY-NC-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted February 11, 2026. ; https://doi.org/10.64898/2026.02.10.705154doi: bioRxiv preprint 

https://doi.org/10.64898/2026.02.10.705154
http://creativecommons.org/licenses/by-nc-nd/4.0/


25 

55. Doyon, Y., Cayrou, C., Ullah, M., Landry, A.-J., Côté, V., Selleck, W., Lane, W.S., 1143 
Tan, S., Yang, X.-J., and Côté, J. (2006). ING tumor suppressor proteins are critical 1144 
regulators of chromatin acetylation required for genome expression and 1145 
perpetuation. Mol. Cell 21, 51–64. https://doi.org/10.1016/j.molcel.2005.12.007. 1146 

56. Latrasse, D., Benhamed, M., Henry, Y., Domenichini, S., Kim, W., Zhou, D.-X., and 1147 
Delarue, M. (2008). The MYST histone acetyltransferases are essential for 1148 
gametophyte development in Arabidopsis. BMC Plant Biol. 8, 121. 1149 
https://doi.org/10.1186/1471-2229-8-121. 1150 

57. Hebbes, T.R., Thorne, A.W., and Crane-Robinson, C. (1988). A direct link between 1151 
core histone acetylation and transcriptionally active chromatin. EMBO J. 7, 1395–1152 
1402. https://doi.org/10.1002/j.1460-2075.1988.tb02956.x. 1153 

58. Leonetti, M.D., Sekine, S., Kamiyama, D., Weissman, J.S., and Huang, B. (2016). A 1154 
scalable strategy for high-throughput GFP tagging of endogenous human proteins. 1155 
Proc. Natl. Acad. Sci. 113, E3501–E3508. https://doi.org/10.1073/pnas.1606731113. 1156 

59. Nuñez, J.K., Chen, J., Pommier, G.C., Cogan, J.Z., Replogle, J.M., Adriaens, C., 1157 
Ramadoss, G.N., Shi, Q., Hung, K.L., Samelson, A.J., et al. (2021). Genome-wide 1158 
programmable transcriptional memory by CRISPR-based epigenome editing. Cell 1159 
184, 2503-2519.e17. https://doi.org/10.1016/j.cell.2021.03.025. 1160 

60. Gilbert, L.A., Larson, M.H., Morsut, L., Liu, Z., Brar, G.A., Torres, S.E., Stern-1161 
Ginossar, N., Brandman, O., Whitehead, E.H., Doudna, J.A., et al. (2013). CRISPR-1162 
Mediated Modular RNA-Guided Regulation of Transcription in Eukaryotes. Cell 154, 1163 
442–451. https://doi.org/10.1016/j.cell.2013.06.044. 1164 

61. Chavez, A., Scheiman, J., Vora, S., Pruitt, B.W., Tuttle, M., Iyer, E., Lin, S., Kiani, S., 1165 
Guzman, C.D., Wiegand, D.J., et al. (2015). Highly-efficient Cas9-mediated 1166 
transcriptional programming. Nat. Methods 12, 326–328. 1167 
https://doi.org/10.1038/nmeth.3312. 1168 

62. Abramson, J., Adler, J., Dunger, J., Evans, R., Green, T., Pritzel, A., Ronneberger, 1169 
O., Willmore, L., Ballard, A.J., Bambrick, J., et al. (2024). Accurate structure 1170 
prediction of biomolecular interactions with AlphaFold 3. Nature 630, 493–500. 1171 
https://doi.org/10.1038/s41586-024-07487-w. 1172 

63. Holm, L., Laiho, A., Törönen, P., and Salgado, M. (2023). DALI shines a light on 1173 
remote homologs: One hundred discoveries. Protein Sci. 32, e4519. 1174 
https://doi.org/10.1002/pro.4519. 1175 

64. Horlbeck, M.A., Gilbert, L.A., Villalta, J.E., Adamson, B., Pak, R.A., Chen, Y., Fields, 1176 
A.P., Park, C.Y., Corn, J.E., Kampmann, M., et al. (2016). Compact and highly 1177 
active next-generation libraries for CRISPR-mediated gene repression and 1178 
activation. eLife 5, e19760. https://doi.org/10.7554/eLife.19760. 1179 

.CC-BY-NC-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted February 11, 2026. ; https://doi.org/10.64898/2026.02.10.705154doi: bioRxiv preprint 

https://doi.org/10.64898/2026.02.10.705154
http://creativecommons.org/licenses/by-nc-nd/4.0/


26 

65. Li, J., Mahata, B., Escobar, M., Goell, J., Wang, K., Khemka, P., and Hilton, I.B. 1180 
(2021). Programmable human histone phosphorylation and gene activation using a 1181 
CRISPR/Cas9-based chromatin kinase. Nat. Commun. 12, 896. 1182 
https://doi.org/10.1038/s41467-021-21188-2. 1183 

66. Sripathy, S.P., Stevens, J., and Schultz, D.C. (2006). The KAP1 Corepressor 1184 
Functions To Coordinate the Assembly of De Novo HP1-Demarcated 1185 
Microenvironments of Heterochromatin Required for KRAB Zinc Finger Protein-1186 
Mediated  Transcriptional Repression. Mol. Cell. Biol. 26, 8623–8638. 1187 
https://doi.org/10.1128/MCB.00487-06. 1188 

67. Ryan, R.F., Schultz, D.C., Ayyanathan, K., Singh, P.B., Friedman, J.R., Fredericks, 1189 
W.J., and Rauscher, F.J. (1999). KAP-1 Corepressor Protein Interacts and 1190 
Colocalizes with Heterochromatic and Euchromatic HP1 Proteins: a Potential  Role 1191 
for Krüppel-Associated Box–Zinc Finger Proteins  in Heterochromatin-Mediated 1192 
Gene Silencing. Mol. Cell. Biol. 19, 4366–4378. 1193 
https://doi.org/10.1128/mcb.19.6.4366. 1194 

68. Basavapathruni, A., Gureasko, J., Porter Scott, M., Hermans, W., Godbole, A., 1195 
Leland, P.A., Boriack-Sjodin, P.A., Wigle, T.J., Copeland, R.A., and Riera, T.V. 1196 
(2016). Characterization of the Enzymatic Activity of SETDB1 and Its 1:1 Complex 1197 
with ATF7IP. Biochemistry 55, 1645–1651. 1198 
https://doi.org/10.1021/acs.biochem.5b01202. 1199 

69. Schultz, D.C., Ayyanathan, K., Negorev, D., Maul, G.G., and Rauscher, F.J. (2002). 1200 
SETDB1: a novel KAP-1-associated histone H3, lysine 9-specific methyltransferase 1201 
that contributes to HP1-mediated silencing of euchromatic genes by KRAB zinc-1202 
finger proteins. Genes Dev. 16, 919–932. https://doi.org/10.1101/gad.973302. 1203 

70. Shiio, Y., Rose, D.W., Aur, R., Donohoe, S., Aebersold, R., and Eisenman, R.N. 1204 
(2006). Identification and characterization of SAP25, a novel component of the 1205 
mSin3 corepressor complex. Mol. Cell. Biol. 26, 1386–1397. 1206 
https://doi.org/10.1128/MCB.26.4.1386-1397.2006. 1207 

71. Adams, G.E., Chandru, A., and Cowley, S.M. (2018). Co-repressor, co-activator and 1208 
general transcription factor: the many faces of the Sin3 histone deacetylase (HDAC) 1209 
complex. Biochem. J. 475, 3921–3932. https://doi.org/10.1042/BCJ20170314. 1210 

72. Fischle, W., Tseng, B.S., Dormann, H.L., Ueberheide, B.M., Garcia, B.A., 1211 
Shabanowitz, J., Hunt, D.F., Funabiki, H., and Allis, C.D. (2005). Regulation of HP1–1212 
chromatin binding by histone H3 methylation and phosphorylation. Nature 438, 1213 
1116–1122. https://doi.org/10.1038/nature04219. 1214 

73. Krishnan, S., Horowitz, S., and Trievel, R.C. (2011). Structure and Function of 1215 
Histone H3 Lysine 9 Methyltransferases and Demethylases. ChemBioChem 12, 1216 
254–263. https://doi.org/10.1002/cbic.201000545. 1217 

.CC-BY-NC-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted February 11, 2026. ; https://doi.org/10.64898/2026.02.10.705154doi: bioRxiv preprint 

https://doi.org/10.64898/2026.02.10.705154
http://creativecommons.org/licenses/by-nc-nd/4.0/


27 

74. Hendrich, B., Guy, J., Ramsahoye, B., Wilson, V.A., and Bird, A. (2001). Closely 1218 
related proteins MBD2 and MBD3 play distinctive but interacting roles in mouse 1219 
development. Genes Dev. 15, 710–723. https://doi.org/10.1101/gad.194101. 1220 

75. van Zanten, M., Zöll, C., Wang, Z., Philipp, C., Carles, A., Li, Y., Kornet, N.G., Liu, 1221 
Y., and Soppe, W.J.J. (2014). HISTONE DEACETYLASE 9 represses seedling traits 1222 
in Arabidopsis thaliana dry seeds. Plant J. Cell Mol. Biol. 80, 475–488. 1223 
https://doi.org/10.1111/tpj.12646. 1224 

76. Shilatifard, A. (2012). The COMPASS Family of Histone H3K4 Methylases: 1225 
Mechanisms of Regulation in Development and Disease Pathogenesis. Annu. Rev. 1226 
Biochem. 81, 65–95. https://doi.org/10.1146/annurev-biochem-051710-134100. 1227 

77. O’Geen, H., Bates, S.L., Carter, S.S., Nisson, K.A., Halmai, J., Fink, K.D., Rhie, 1228 
S.K., Farnham, P.J., and Segal, D.J. (2019). Ezh2-dCas9 and KRAB-dCas9 enable 1229 
engineering of epigenetic memory in a context-dependent manner. Epigenetics 1230 
Chromatin 12, 26. https://doi.org/10.1186/s13072-019-0275-8. 1231 

78. Policarpi, C., Munafo, M., Tsagkris, S., Carlini, V., and Hackett, J.A. (2022). 1232 
Systematic Epigenome Editing Captures the Context-dependent Instructive Function 1233 
of Chromatin Modifications. Preprint at bioRxiv, 1234 
https://doi.org/10.1101/2022.09.04.506519 1235 
https://doi.org/10.1101/2022.09.04.506519. 1236 

79. Przybyla, L., and Gilbert, L.A. (2022). A new era in functional genomics screens. 1237 
Nat. Rev. Genet. 23, 89–103. https://doi.org/10.1038/s41576-021-00409-w. 1238 

80. Arafeh, R., Shibue, T., Dempster, J.M., Hahn, W.C., and Vazquez, F. (2025). The 1239 
present and future of the Cancer Dependency Map. Nat. Rev. Cancer 25, 59–73. 1240 
https://doi.org/10.1038/s41568-024-00763-x. 1241 

81. Baldauf, S.L., and Palmer, J.D. (1993). Animals and fungi are each other’s closest 1242 
relatives: congruent evidence from multiple proteins. Proc. Natl. Acad. Sci. 90, 1243 
11558–11562. https://doi.org/10.1073/pnas.90.24.11558. 1244 

82. Yang, X.-J., and Seto, E. (2008). The Rpd3/Hda1 family of lysine deacetylases: from 1245 
bacteria and yeast to mice and men. Nat. Rev. Mol. Cell Biol. 9, 206–218. 1246 
https://doi.org/10.1038/nrm2346. 1247 

83. Hoffmeister, H., Fuchs, A., Erdel, F., Pinz, S., Gröbner-Ferreira, R., Bruckmann, A., 1248 
Deutzmann, R., Schwartz, U., Maldonado, R., Huber, C., et al. (2017). CHD3 and 1249 
CHD4 form distinct NuRD complexes with different yet overlapping functionality. 1250 
Nucleic Acids Res. 45, 10534–10554. https://doi.org/10.1093/nar/gkx711. 1251 

84. Goodstein, D.M., Shu, S., Howson, R., Neupane, R., Hayes, R.D., Fazo, J., Mitros, 1252 
T., Dirks, W., Hellsten, U., Putnam, N., et al. (2012). Phytozome: a comparative 1253 
platform for green plant genomics. Nucleic Acids Res. 40, D1178–D1186. 1254 
https://doi.org/10.1093/nar/gkr944. 1255 

.CC-BY-NC-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted February 11, 2026. ; https://doi.org/10.64898/2026.02.10.705154doi: bioRxiv preprint 

https://doi.org/10.64898/2026.02.10.705154
http://creativecommons.org/licenses/by-nc-nd/4.0/


28 

85. Marakulina, D., Vorontsov, I.E., Kulakovskiy, I.V., Lennartsson, A., Drabløs, F., and 1256 
Medvedeva, Y.A. (2023). EpiFactors 2022: expansion and enhancement of a 1257 
curated database of human epigenetic factors and complexes. Nucleic Acids Res. 1258 
51, D564–D570. https://doi.org/10.1093/nar/gkac989. 1259 

86. Nester, E.W. (2014). Agrobacterium: nature’s genetic engineer. Front. Plant Sci. 5, 1260 
730. https://doi.org/10.3389/fpls.2014.00730. 1261 

87. Replogle, J.M., Bonnar, J.L., Pogson, A.N., Liem, C.R., Maier, N.K., Ding, Y., 1262 
Russell, B.J., Wang, X., Leng, K., Guna, A., et al. (2022). Maximizing CRISPRi 1263 
efficacy and accessibility with dual-sgRNA libraries and optimal effectors. eLife 11, 1264 
e81856. https://doi.org/10.7554/eLife.81856. 1265 

.CC-BY-NC-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted February 11, 2026. ; https://doi.org/10.64898/2026.02.10.705154doi: bioRxiv preprint 

https://doi.org/10.64898/2026.02.10.705154
http://creativecommons.org/licenses/by-nc-nd/4.0/


29 

 1266 

Figure 1. Design and composition of the Chromatin Regulator (CR) library. 1267 
(A) Functional annotation of CRs in the library, pie chart depicts the distribution of annotated 1268 
functions. Schematic (right) illustrates cloning of full-length CRs as programmable DNA-binding 1269 
fusions (dCas9, ZF, or GAL4 DBD) for testing across species (H. sapiens, N. benthamiana, and 1270 
S. cerevisiae).  1271 
(B) Bar plot showing species composition of the CR library per species. 1272 
(C) Distribution of CR amino acid sizes in the library.  1273 
(D) Pfam domain representation of CRs. Bar plots show the top 25 most frequent domains 1274 
identified across the library.  1275 
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(E) Domain complexity of CRs, histogram shows the number of annotated Pfam domains per 1276 
protein. 1277 
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 1299 
Figure 2. Characterization of CRs in planta identifies effective repressors and activators. 1300 
(A) Schematic of the plant reporter assay, full-length CRs were fused to the GAL4 DBD and co-1301 
expressed with a GFP reporter plasmid in A. tumefaciens. 1302 
(B) Experimental workflow of co-agroinfiltration into N. benthamiana leaves. CR fusions were 1303 
delivered alongside the GFP reporter, and fluorescence was used to quantify repressive, 1304 
neutral, or activity effects on the reporter.  1305 
(C) Activity of CRs on GFP reporter. Log₂ fold-change GFP values are shown relative to GAL4 1306 
DBD alone (indicated by the black arrow). Bars represent individual CRs, with repressors (pink), 1307 
neutral (gray), and activators (green) distributed across the library. Error bars represent the 1308 
standard deviation. 1309 
(D) Bar plot showing the top 10 log₂ fold-change GFP CRs identified from plant screen. Light 1310 
gray CRs were not activators. Error bars represent the standard deviation. 1311 
(E) Bar plot showing the bottom 10 log₂ fold-change GFP CRs identified from plant screen.  1312 
(F) Species distribution of CRs identified as repressors in N. benthamiana. Error bars represent 1313 
the standard deviation. 1314 
(G) Top annotated functions of repressor CRs in the assay. The bar chart shows the most 1315 
frequent functional categories.  1316 
 1317 
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 1318 
Figure 3. Functional profiling of CR transcriptional activity in human cells. 1319 
(A) Schematic of the experimental workflow for transient transfection of dCas9-CR fusions in 1320 
HEK293T cells with sgRNAs targeting endogenous genes tagged with GFP (CLTA-GFP and 1321 
RAB11A-GFP). 1322 
(B) Example flow cytometry histograms CLTA-GFP for untransfected, dCas9, and CRISPRi 1323 
controls. 1324 
(C) Representative flow cytometry plots showing ungated and GFP- gated populations used to 1325 
measure reporter fold change. In untransfected CLTA-GFP cells, only background GFP- events 1326 
are detected, whereas CRISPRi-transfected cells show a large GFP- population, confirming 1327 
silencing and the gating strategy used for downstream analysis. 1328 
(D) Activity of CRs on CLTA-GFP reporter in human cells 5 days post-transfection. Log₂ fold-1329 
change values are shown relative to untransfected control. Bars represent the mean ± s.d. of 1330 
two biological replicates of CRs, with repressors (pink) and activators (green) distributed across 1331 
the library. 1332 
(E) same as in (C) but for RAB11A-GFP reporter in human cells 5 days post-transfection. 1333 
(F) Top five log₂ fold-changes for CLTA-GFP from the ungated analysis. 1334 
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(G) Representative flow cytometry histograms showing the distribution of GFP expression for 1335 
C5YUK9_SORBI throughout the time course at CLTA-GFP and RAB11A-GFP reporters. 1336 
(H) Two angles of a structure alignment between the predicted structure of C5YUK9_SORBI 1337 
from AlphaFold, showing the N-terminal kinase-like domain and C-terminal domain, and the 1338 
human protein KC1A_HUMAN (yellow) that aligns to the kinase-like domain of 1339 
C5YUK9_SORBI. 1340 
(I) Schematic of the activation assay workflow testing dCas9-CRs for transcriptional activation 1341 
across multiple targets (CD2, CLTA-GFP, LAMP2-GFP). 1342 
(J) Quantification of target gene fold-change by flow cytometry two days post-transfection 1343 
compared to untransfected cells. Data are presented as mean ± s.d. of 3 biological replicates. 1344 
(K) Same as in (J) but for CRISPR-off silenced CLTA-GFP reporter in human cells 2 days post-1345 
transfection. 1346 
(L) Same as in (J) but for LAMP2-GFP reporter in human cells 2 days post-transfection. 1347 
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 1361 
Figure 4. Repressive activity of the CR library in human cells. 1362 
(A) Time course of GFP silencing for CLTA-GFP reporter across tested CRs. 1363 
(B) Scatterplot of relative activity and GFP fold change for CLTA-GFP at 5 days post 1364 
transfection. 1365 
(C) Representative GFP distributions from flow cytometry for selected CRs in CLTA-GFP. 1366 
(D) Overlapping repressors identified from CLTA-GFP and RAB11A-GFP reporters.  1367 
(E) Top 10 annotated functions of repressive CRs in the assay for CLTA-GFP. The bar chart 1368 
shows the most frequent functional categories.  1369 
(F) Top 10 annotated functions of repressive CRs in the assay for RAB11A-GFP. The bar chart 1370 
shows the most frequent functional categories.  1371 
(G) Bar plot showing the CLTA-GFP log₂ fold-change for top 20 repressors identified from 1372 
human screen for the gated population. Fold changes were calculated using median GFP from 1373 
GFP- gate compared to untransfected control. Bars are colored by annotated function or 1374 
pathway.  1375 
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(H) Violin plots showing single-cell antibody fluorescence intensity for CRs with lower median 1376 
expression than dCas9 at CD55 and CD81. 1377 
(I) Heatmap summarizing per-gene min–max–normalized average GFP fold changes across 1378 
reporter assays for individual CRs. 1379 
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 1393 
Figure 5. Scalable tuning of cellular phenotypes with CR repressors. 1394 
(A) Schematic of targeting endogenous gene, CD81, in K-562 cells stably expressing sgRNAs 1395 
with antibody staining for dCas9-CR fusions. 1396 
(B) Flow cytometry histogram plots showing CD81 antibody staining in cells expressing selected 1397 
CRs 7 days post infection. 1398 
(C) Median fluorescence intensities of CD81 repression for full-length MBD3 compared to 1399 
corresponding domains. 1400 
(D) Median fluorescence intensities of CD81 repression for full-length SAP25 compared to 1401 
corresponding domains. 1402 
(E) Table detailing the sgRNA library composition of the Ornelas essential gene library.  1403 

.CC-BY-NC-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted February 11, 2026. ; https://doi.org/10.64898/2026.02.10.705154doi: bioRxiv preprint 

https://doi.org/10.64898/2026.02.10.705154
http://creativecommons.org/licenses/by-nc-nd/4.0/


37 

(F) Schematic of pooled CRISPR-based growth screening strategy in K-562 stably expressing 1404 
dCas9-CR fusions. 1405 
(G) Violin plots of the average lowest gene phenotype scores across CRs from two biological 1406 
replicates. 1407 
(H) Venn diagram comparing the number of gene hits between select CRs from the essential 1408 
gene screen. 1409 
(I) Scatter plot showing correlation of average phenotype scores between SAP25_HUMAN and 1410 
CRISPRi. 1411 
(J) Scatter plot showing correlation of average phenotype scores between RCOR1_HUMAN 1412 
and CRISPRi. 1413 
(K) Heatmap of average phenotype scores (γ) for overlapping essential gene hits (n = 910). 1414 
Each column represents a gene and each row an effector; lower scores reflect stronger 1415 
repression. 1416 
(L) Ranked enrichment plots of fold change of identified proteins from APEX2-KRAB-dCas9 1417 
(CRISPRi) compared to APEX2-dCas9 alone. The annotated protein hits are interactors of 1418 
KRAB and TRIM28 (pink) and known heterochromatin-associated factors. 1419 
(M) Same as in (L) but for APEX2-SAP25-dCas9 compared to APEX2-dCas9. The annotated 1420 
hits are known interactors of the SIN3A-HDAC complex. 1421 
 1422 
 1423 
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 1425 
Figure 6. Validation of candidate universal CRs in the divergent eukaryote 1426 
Saccharomyces cerevisiae. 1427 
(A) Venn diagram showing the overlap of repressors identified in N. benthamiana and H. 1428 
sapiens. 1429 
(B) Bar plot showing the annotated function of candidate universal CRs identified as repressors 1430 
from plant and human cell screen. 1431 
(C) Bar plots showing the top 5 most frequent domains identified for the universal CRs. 1432 
(D) Schematic of the assay workflow for testing transcriptional gene modulation by candidate 1433 
universal CRs in yeast. 1434 
(E) Bar plot showing the mean fold-change in GFP expression of 3 replicates for CRs tested in 1435 
the yeast reporter assay. Individual CRs are displayed as bars, with color indicating relative 1436 
activity (pink, repressors; gray, neutral; green, activators). The reporter alone is the neutral 1437 
control; ScSir2 and ScMig1 are repressor controls and VP16 is an activator control. Error bars 1438 
represent the standard deviation.  1439 
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(F) Heatmap showing the normalized fold change for universal repressor CRs, MTA2_HUMAN 1440 
and RCOR1_HUMAN, across biological organisms. 1441 
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 1454 
Figure S1. Gated analysis of CR activity in human cells and RAB11A-CR screen activity. 1455 
(A) Representative flow cytometry plots showing transfection efficiency using a BFP marker in 1456 
untransfected and CRISPRi-transfected HEK293T cells.  1457 
(B) Gated analysis of CLTA-GFP fluorescence to quantify repressive activity of CRs 5 days 1458 
post-transfection. Each bar represents the log₂ fold-change in reporter expression relative to 1459 
untransfected controls, with repressors shown in pink. 1460 
(C) Same as in (B) but for RAB11A-GFP reporter in human cells 5 days post-transfection. 1461 
(D) Top five-fold-changes for RAB11A-GFP from the ungated analysis. 1462 
(E) Time course of GFP silencing for RAB11A-GFP reporter across tested CRs. 1463 
(F) Scatterplot of relative activity and GFP fold change for RAB11A-GFP at 5 days post 1464 
transfection. 1465 
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(G) Representative GFP distributions from flow cytometry for selected CRs in RAB11A-GFP. 1466 
(H) Uniprot IDs for overlapping repressors identified from CLTA-GFP and RAB11A-GFP.  1467 
(I) Bar plot showing the RAB11A-GFP log₂ fold-change for top 20 repressors identified from 1468 
human screen for the gated population. Fold changes were calculated using median GFP from 1469 
GFP- gate compared to untransfected control. 1470 
 1471 
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Figure S2. Multiplex assessment of CRs repression across endogenous gene targets. 1473 
(A) Multiplex reporter assay for evaluating CR repression across endogenous targets CD55 and 1474 
CD81.  1475 
(B) Violin plots showing single-cell antibody fluorescence intensity for all CRs at CD55. 1476 
(C) same as in (B) but for CD81. 1477 
 1478 
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Figure S3. Replicate reproducibility of essential gene screen with CRs in K-562 cells.  1480 
(A) Scatterplots showing replicate correlations of sgRNA phenotype scores (γ) from pooled 1481 
essential gene screens performed in K-562 cells expressing dCas9 only. Each point represents 1482 
an individual sgRNA targeting essential, non-essential, or non-targeting control genes. Pearson 1483 
correlation coefficients (r) are indicated on each plot. 1484 
(B) Same as (A) but for cells expressing CRISPRi (dCas9-KRAB).  1485 
(C) Same as (A) but for cells expressing RCOR1_HUMAN (dCas9-RCOR1).  1486 
(D) Same as (A) but for cells expressing SAP25_HUMAN (dCas9-SAP25).  1487 
(E) Same as (A) but for cells expressing DPY30_HUMAN (dCas9-DPY30).  1488 
(F) Same as (A) but for cells expressing WDR82_HUMAN (dCas9-WDR82).  1489 
(G) Same as (A) but for cells expressing SWC2_ARATH (dCas9-SWC2).  1490 
 1491 
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 1492 
Figure S4. Tuning of cellular phenotypes across sgRNAs within the essential gene 1493 
library. 1494 
(A) Violin plots showing distribution of sgRNA phenotype scores across CRs and gene type 1495 
(non-essential, essential, and non-targeting). 1496 
(B-D) Volcano plots comparing the average gene growth phenotype of 3 top sgRNAs (x axis) 1497 
and the -log10 Mann-Whitney p-value for RCOR1_HUMAN, SAP25_HUMAN and CRISPRi. 1498 
Blue dots represent genes passing the threshold of significance and gray dots represent non-1499 
gene hits. 1500 
(E) Per-gene heatmaps showing sgRNA-level phenotype scores for four sgRNAs per gene 1501 
across dCas9, RCOR1, CRISPRi and SAP25. 1502 

.CC-BY-NC-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted February 11, 2026. ; https://doi.org/10.64898/2026.02.10.705154doi: bioRxiv preprint 

https://doi.org/10.64898/2026.02.10.705154
http://creativecommons.org/licenses/by-nc-nd/4.0/


47 

(F) Per-gene sgRNA-level phenotypes for representative essential genes targeted by four 1503 
independent sgRNAs across effectors. Each bar represents the average phenotype score (γ) for 1504 
individual sgRNAs targeting the indicated gene. 1505 
 1506 
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 1519 
Figure S5. Proximity labeling identifies chromatin interaction partners of CRISPRi and 1520 
SAP25 in HEK293T cells.  1521 
(A) Schematic of the APEX2-based proximity labeling workflow used to map protein interactions 1522 
of dCas9-fused repressors. HEK293T cells expressing dCas9-APEX2, dCas9-KRAB-APEX2, or 1523 
dCas9-SAP25-APEX2 with sgRNAs targeting CLTA-GFP were transfected and labeled with 1524 
biotin-phenol. Biotinylated proteins were enriched via streptavidin pulldown and analyzed by 1525 
mass spectrometry to identify proximal interactors. 1526 
(B) Volcano plots showing proteins significantly enriched in HEK293T cells expressing CRISPRi 1527 
(APEX2-KRAB-dCas9) compared to APEX2-dCas9 control after 24 hours of labeling. 1528 
(C) Same as in (B) but APEX2-SAP25-dCas9. 1529 
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