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The ability of cells to maintain distinctidentities and respond to transient
environmental signals requires tightly controlled regulation of gene networks'>.
These dynamic regulatory circuits that respond to extracellular cues in primary
human cells remain poorly defined. The need for context-dependent regulation is
prominentin T cells, where distinct lineages must respond to diverse signals to mount
effective immune responses and maintain homeostasis* . Here we performed CRISPR
screens in multiple primary human CD4" T cell contexts to identify regulators that
control expression of IL-2Ra, a canonical marker of T cell activation transiently
expressed by pro-inflammatory effector T cells and constitutively expressed by
anti-inflammatory regulatory T cells where it is required for fitness® ™. Approximately
90% of identified regulators of IL-2Ra had effects that varied across cell types and/or
stimulation states, including a subset that even had opposite effects across conditions.
Using single-cell transcriptomics after pooled perturbation of context-specific screen
hits, we characterized specific factors as regulators of overall rest or activation and
constructed state-specific regulatory networks. MED12 — a component of the Mediator
complex — serves as adynamic orchestrator of key regulators, controlling expression
of distinct sets of regulators in different T cell contexts. Immunoprecipitation-mass
spectrometry revealed that MED12 interacts with the histone methylating COMPASS
complex. MED12 was required for histone methylation and expression of genes
encoding key context-specific regulators, including the rest maintenance factor KLF2
and the versatile regulator MYC. CRISPR ablation of MED12 blunted the cell-state
transitions between rest and activation and protected from activation-induced cell
death. Overall, this work leverages CRISPR screens performed across conditions to
define dynamic gene circuits required to establish resting and activated T cell states.

Each cell type expresses a distinctive set of genes to maintainits iden-
tity and respond to external cues. Context-specific networks of trans-
regulatory proteins are required to coordinate these gene expression
programs but are not fully mapped in human cells**?*, The intrica-
cies of conditional gene regulation are exemplified within the human
immune system, where diverse cell types must specialize as well as
sense and respond dynamically to stimuli to maintain homeostasis®”.
Cell-type-specific and context-specific expression of receptors and
other key molecules enable coordinated immune responses and
have been targeted inimmune-modulating therapies™¢. However,
the trans-regulatory mechanisms that allow for conditional expres-
sion of the genes encoding these proteins remain poorly understood.
Decipheringthese systems will advance our understanding of nuanced
generegulationrequired for human health and improve our ability to
modulate the immune system with effective immunotherapies.

Within the CD4" T cell compartment, regulatory T (T,.,) cells and
effector T (T) cells functionally oppose each other, servingimmuno-
suppressive and immunostimulating roles, respectively. However,
their relatively late-stage differentiation results in a high degree of
similarity at the gene expression level between the two cell types*>2.
Both possess the ability to respond to a set of shared environmental
signals, albeit with key differences. The cytokine IL-2 drives cellular
fitness of T,,, cells and activated T cells, and competition for this
signal can shape immune responses in health and disease'®"”. The IL-2
receptor high-affinity subunit IL-2Ra (also known as CD25) enhances
receptor affinity for IL-2 and is carefully regulated to control sensi-
tivity to the cytokine™". T, cells constitutively express high levels
of IL-2Ra at rest and mildly increase expression of the receptor upon
activation, whereas T cells express low levels of IL-2Ra at rest but
transiently upregulate the receptor for days following TCR stimulation®.

A list of affiliations appears at the end of the paper.
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Fig.1|Identification of context-dependentregulators of IL-2Ra expression.
a, IL-2Ra surface expression levels by flow cytometry. b, Schematic of the
context-specific trans-regulatory CRISPR screens. Schematic includes content
fromS. Pyle and BioRender (https://biorender.com). ¢, Venn diagram of
regulatorsidentified across screen conditions. d, Consistent regulators of
IL-2Raidentified as significantin the same direction across all three screens
(FDR<0.05; n=2donorsfor the T, screen, n=3 donors for theresting T,

Numerous therapeutic strategies have been used to improve the cel-
lular specificity and longevity of IL-2 signalling, some of which utilize
the distinct expression patterns of IL-2Ra across subsets to promote
efficacy and prevent adverse events™®. IL2RA represents a clinically
relevant gene to study for mechanisticinsights into cell-type-specific
and stimulation-specific gene regulation.

Context-specific IL-2Ra regulator screens

We applied pooled CRISPR knockout screens to identify upstream
trans-regulators of IL-2Ra across cell-type and stimulation conditions.
We utilized a library of 6,000 single guide RNAs (sgRNAs) to target
trans-factor genesexpressedin T cells (approximately 1,350 transcrip-
tion factors and chromatin modifiers) as well as selectimmune regula-
tors and control genes®?°. We isolated, edited and expanded primary
human T, cells (CD4'IL-2Ra"¢"CD127"") and T cells (CD4 IL-2Ra"*").
We then screened for regulators of IL-2Rain resting T.ecells (IL-2Ra°")
and resting T . cells (IL-2Ra#") 10 days after initial stimulation, as well
asrestimulated T, cells (IL-2Ra"®"; 72 h post-stimulation; Fig. 1a,b and
Extended Data Fig.1a). Screens were performed at high coverage (700~
1,000x cells per sgRNA per donor) and had similar positive control
sgRNA effect sizes across conditions, as well as high donor-to-donor
correlations and the resting T screen replicated published results"
(Extended Data Fig. 1b-d).

The screens collectively detected over 100 trans-regulators (FDR <
0.05; Fig.1cand Supplementary Table 1) whose perturbation altered
IL-2Ra surface expression in at least one context. Only 16 regulators
were hitsin all three screens, 75% of which shared the same direction
of effect across conditions (Fig. 1d). These 12 ‘consistent regulators’
of IL-2Ra included members of the JAK-STAT pathway. Among the

screenand n=3donors for the stimulated T.screen). e-g, Comparisons of
IL-2Ra screenresults (resting versus stimulated T IL-2Ra screens (e), resting
T,g versusresting T IL-2Ra screens (f) and resting T, versus stimulated

T IL-2Rascreens (g)) coloured by significance and direction of effectin both
screens (significant denotes FDR < 0.05; n=2donors for the T, screen,n=3
donors for the resting T.iscreen and n =3 donors for the stimulated T, screen).

consistent regulators, the effect sizes of several trans-regulators var-
ied greatly between conditions. GATA3, for example, was a particu-
larly potent positive regulator of IL-2Ra in stimulated T, cells, with a
medianlog, fold change in sgRNA enrichmentin the IL-2Ra low/high
binof 2.47 compared with 0.95and 0.49 in resting T, cells and resting
T, cells, respectively (Fig.1d and Extended Data Fig. 1d). The major-
ity ofidentified IL-2Ra regulators were significant in only one or two
conditions, demonstrating cell-type-specific or stimulation-specific
effects (Fig. 1c), although most regulators were expressed (based on
bulk RNA sequencing (RNA-seq)) across conditions (Extended Data
Fig.1e). We compared the direction and magnitude of effect of the per-
turbations across the three screens to categorize context-dependent
regulators of IL-2Ra. Of note, few strong negative regulators were
identified in stimulated T, cells compared with resting T, cells. For
example, KLF2, MYB and ZNF217 were only identified as significant
negativeregulatorsintheresting state (Fig.1e). These data highlight
broad differences in the network upstream of IL-2Ra between acti-
vation states, including fewer negative-regulatory forces following
stimulation.

Although both T, cells and activated T cells express high levels
of IL-2Ra, there were fewer shared IL-2Ra regulators between the rest-
ing T,.; and stimulated T screens than the resting T, and resting T
screens, indicating that T, cells and stimulated T cellsrely on differ-
entsystemsto achieve high expression (Fig.1c-g). Overall, the screen
performedin T, cellsyielded a particularly large number of significant
hits, including both positive and negative regulators specific to the con-
dition, such as FOXO1, USP22 (ref. 21) and MYC (Extended Data Fig. 2a).
IL-2Ra is required for the fitness of T, cells", and the large network of
positive and negative regulators probably acts as a buffering system
to maintain relatively consistent expression.
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Fig.2|Temporalregulation of IL-2Ra« following stimulation by distinct
factors. a, Representative flow cytometry histograms of IL-2Ra expression
after arrayed knockout. AAVSI safe harbour control knockout results are shown
ingrey, and the yaxisisnormalized to the mode. Timepoints represent time
after restimulation starting with 0 h (no restimulation). b, Quantification of
theknockout effect onIL-2Ra expression across stimulation timepoints for
selectregulators.log, Fold change IL-2Ra median fluorescentintensity (MFI)

Afewregulators exerted effects in opposing directions across con-
ditions. Of note, MED12, CBFB and PRDM1 were identified as posi-
tive regulators of IL-2Ra in stimulated T cells but strong negative
regulators in resting T cells (Fig. 1e). MED12 and, to a lesser extent,
MEDI11 - components of Mediator of RNA polymerase Il (Mediator) —
were both identified as positive regulators of IL-2Ra in resting T,
cellsbut negative regulators of IL-2Ra in resting T, cells. These strong
‘differential’ context-dependent effects were particularly striking for
components of acomplex with generalroles in transcription. Inaddi-
tion, BATF and IRF4, which co-bind genomic sites in T cells??, were
identified as differential regulators with negative effects on IL-2Rx
levels in resting T, cells and positive effects on IL-2Ra expression
in both resting and stimulated T cells (Fig. 1f,g). Of note, BATF has
been highlighted as akey regulator of T,., tissue homing and stability
invivo?>?. Our characterization of BATF and IRF4 as negative regula-
tors of IL-2Ra in ex vivo human T, cells suggests a nuanced role with
potential differences across species or contexts. Comprehensively,
the screening approach led to the identification of cell-type-specific
and stimulation-specific regulators upstream of IL-2Ra;, as well as the
unexpected class of regulators that promote and repress expression
of IL-2Ra in distinct contexts.

Dynamicregulation of IL-2R«x

To validate and characterize the function of cell-type-specific hits
fromour screens, we ablated 18 factors and quantified IL-2Ra protein
expression in both T, cells and T cells, prioritizing genes with dis-
cordant effects across cell types or T,-specific effects. The arrayed
CRISPR knockout results confirmed condition-specific regulatory
roles for many factors (Extended Data Fig. 2b—e). Components of
Mediator (MED12, MED11 and MED30) and SAGA (TAF5L, USP22 and
ATXN7L3), which are both ubiquitous transcriptional coactivator
complexes, demonstrated cell-type-specific and stimulation-specific
effects. Consistent with screen results, MED12 had the most dynamic
role (Extended DataFig. 2e,f) despite steady expression levels across
conditions (Extended Data Fig. 1e). Ablation of MED12 consistently
increased the levels of IL-2Ra in resting T, cells but decreased the
levels of IL-2Ra in stimulated T, cellsand in T, cells (both resting and
stimulated). We dissected the kinetics of stimulation-responsive regu-
lation through arrayed knockout with an extended series of collection
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timepoints. Much like the screen, many perturbations thatincreased
IL-2Ra inresting T, cells (for example, ZNF217, MED12 and PRDM1) had
minimal effects onIL-2Ra expression or even decreased its expression
48-72 h after stimulation (Fig. 2a,b). By contrast, fewer IL-2Ra regu-
lators with distinct stimulation-responsive effects were observed in
T, cells than in T cells; no negative regulators of IL-2Ra in resting
T, cells became positive regulators during activation or vice versa.
Despite differences in activation responses, both T, cells and T
cells appeared reliant on KLF2 and CBFB to repress IL-2Ra at resting
timepoints (Fig. 2a,b).

Although our pooled screens captured regulators of maximum and
minimum levels of IL-2Ra expression at specific timepoints, the arrayed
knockout time course experiments also revealed regulators that govern
transitions between states. We identified several factors that enable
the transition from activated IL-2Ra levels to rest levels (approximately
96-144 h) with particularly large effects in T cells, whichundergo the
greatest fluctuations in IL-2Ra expression. TAFSL, BPTF and SOCS3
contributed to this reduction of surface IL-2Ra as cells returned to
rest (Fig.2b,c). CTLA-4, another receptor thatis transientlyinducedin
stimulated T.cells and constitutively expressed in T, cells, exhibited
similar patterns of temporal regulation by the perturbed genes, sug-
gesting that the regulators control a broader network of dynamically
expressed genes (Extended DataFig. 2g). In summary, many regulators
contribute toactivation-associated and rest-associated gene regulation
in temporally defined stages, with some regulatory systems specific
toeach T cell subset.

MEDI12 facilitates rest and activation

Stimulation-induced expression of IL-2Ra is a canonical marker of
T cell activation. We suspected that many of the effects of the regula-
tors were not limited to IL-2Ra and were reflections of altered overall
activation states. To characterize such global effects, we performed
Perturb-CITE-seq (pooled CRISPR perturbations coupled with
single-cell RNA-seq and surface proteomics) in resting and stimulated
(48 hpost-stimulation) T, cells and T, cells. We used CRISPR interfer-
ence (CRISPRi), to knock down 28 regulators of IL-2Ra, prioritizing
trans-factors with state-specific effects. We confirmed perturbation
efficiency via transcript expression of the targeted regulator and
observed significant changes to the transcriptome and key cell-surface
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receptors (Extended DataFig. 3a-c). We next assessed resulting changes
tothe overall T cell activation states based on a global transcriptional
signature®., Many context-specific regulators of IL-2Ra served as broad
modulators of rest or activation, confirming our hypothesis. In rest-
ing T cells, KLF2, MYB and SOCS3 stood out as strong repressors of
activation, whereas STAT5B, MYC, BATF and IRF4 appeared particularly
important to promote activation in stimulated cells (Fig. 3a). Most
notably, knockdown of MED12 increased the activation scores of resting
cells but lowered the activation score of stimulated cells in both cell
types (Fig. 3a and Extended Data Fig. 3d). Collectively, these results
reveal core regulators of global state-specific gene expression within
our screen hits and distinguish MED12 as a dynamic factor governing
bothrest and activation programs.

Cell-state regulators often operate in hierarchical networks?. We
constructed state-specific and cell-type-specific gene regulatory net-
work maps to visualize how regulators affect one another (Fig. 3b,c,
Extended DataFig.3e and Supplementary Table 2). Among rest main-
tenance factors, there were many positive-regulatory connections
converging on KLF2, ETS1 and MYC, which were downstream of the
largest number of genes (Fig. 3b and Extended Data Fig. 3e). Of note,
MED12 strongly promoted expression of these core resting-state
maintenance factors. The network structure of regulators control-
ling gene expression in stimulated T, cells was distinct from that
in resting T, cells. In stimulated T, cells, we found few instances of
strong positive connections, with the exception of MED12 promot-
ing the expression of MYC (Fig. 3c). Instead, MED12, MYC, STAT5B
and BATF (all factors that promote activation following stimulation;
white, Fig. 3¢) were required to repress expression of genes encod-
ing several resting-state maintenance factors that did not affect acti-
vation following stimulation, including SOCS3, NF-kB2 and FOXO1
(colouredin dark grey, Fig. 3¢c). This network structure echoes the
general structure observed in our IL-2Ra screens and arrayed assays,
in which we found reduced negative-regulatory effects following
stimulation relative to the resting state. Even SOCS3, the strongest
negative regulator of IL-2Ra identified in the stimulated T.screen, was
more specifically characterized as an early return-to-rest repressor of
IL-2Ra (Fig. 2b). Perturb-seq further clarifies that SOCS3 and other rest
maintenance or rest-promoting factors are repressed in stimulated
cells by activation-promoting factors, allowing the cells to transiently
reach an activated state. These results lead to a model in which the
resting state is actively reinforced by a self-promoting network of
regulators, and the transition to peak activation state requires repres-
sion of factors that promote rest. MED12 orchestrates the expression
of key regulators of both rest and activation within these networks.

MEDI12 controls key regulators of IL-2R«

To further probe the mechanism of dynamic regulation by MED12, we
knocked out the gene and performed bulk RNA-seq. Inboth Tsand T,
cells, knockout of MED12 caused resting cells to prematurely upregulate
or downregulate genes that are normally differentially expressed in
response to stimulation (as assessed in AAVSI-knockout control cells;
Fig. 4a). Conversely, in stimulated cells, we observed dampening of
stimulation-induced changes in gene expression in MED12-knockout
relative to AAVSI-knockout cells. Abinomial test also confirmed aber-
rant expression of stimulation-specific genes in all MED12-knockout
conditions (Extended DataFig. 3f). Together, along with our Perturb-seq
activation scoring, these results demonstrate that without MED12, CD4*
T cells are unable to reach a full rested state or achieve peak levels of
activation and instead exist in an intermediate state.

Overall, regulators of IL-2Ra identified in our pooled screens were
enriched in the differentially expressed genes downstream of MED12
across all conditions and revealed routes of context-specific regulation
by MED12 (Fig. 4b and Supplementary Table 3). For example, knockout
of MED12 causedincreased expression of IRF4inresting Tgand T, cells,

but decreased IRF4 levels in the stimulated cell conditions (Fig. 4c).
Ablation of MED12 markedly decreased levels of the positive IL-2Ra regu-
lator GATA3in stimulated T, cells, and decreased levels of the negative
IL-2Ra regulator (and rest-maintenance factor) KLF2in resting T.and
T.egcells (Fig. 4c,d). Additional experiments revealed functional changes
resulting from transcriptional reprogramming of MED12-knockout cells,
including reduced suppressive capacity in vitro by T, cells relative to
AAVSI-knockout cells,impaired IL-10 secretion by T, cells,andimpaired
T helper 2 (T,;2)-associated cytokine secretion by T, cells (Extended
Data Fig. 4a—e). Collectively, these results reveal that MED12 directs
anetwork composed of cell-type-specific and stimulation-specific
regulators to achieve context-dependent expression.

MED12is part of the kinase domain of Mediator, which can function as
aninhibitory componentbecause its presence prevents binding of the
complex to RNA polymerase I, We perturbed one subunit fromeach
functional Mediator module and performed bulk RNA-seq in resting
and stimulated T,.;and T cells. Much like the screen, MEDI2 and core
Mediator knockouts often shared the same direction of effect, reflected
by a positive correlation between MED12-regulated genes and those
genes regulated by core subunits MED11, MED14 and MED31 (Fig. 4e
and Extended DataFig. 5a,b). We also compared the effects of different
Mediator component knockouts on surface protein levels of IL-2Ra.
Here we noted that MED12-knockout effects could be stronger and even
partially discordant with other Mediator subunit knockouts, depend-
ing on the cell-type and stimulation context (Extended Data Fig. 6a,b).
Collectively, these data reveal partially shared effects by MED12 and
core Mediator, and depict MED12 as particularlyimportant to promote
expression of context-specific regulators of CD4* T cell state.

We next assessed the effect of ablating key IL-2Ra regulators on
the chromatin landscape at the /L2RA locus. H3K27ac is a mark of
active enhancers and varies considerably between cell types and
states®°. We performed H3K27ac CUT&RUN following knockout of
genes encoding select context-specific regulators: Mediator subunits
(MED12, MED11 and MED24), SAGA subunits (TAF5L, ATXN7L3 and
USP22), BATF and ZNF217. Perturbation of several regulators, espe-
cially MED12, resulted in significant changes in acetylation compared
with AAVS1-knockout samples (Extended Data Fig. 6¢). Downstream
of the /L2RA transcription start site (TSS) showed significantly less
levels of H3K27ac in MED12-knockout samples, specifically in T,,,
cells. MED12-knockout T cells had increased levels of acetylation in
aregion upstream of the TSS that is normally more acetylated in T,
cells, which we previously characterized as a T,,-specific element
called CaRE3 (ref. 6) (Extended Data Fig. 6d). T, chromatin immu-
noprecipitation followed by sequencing (ChIP-seq) data® contained
prominent STAT5A peaks within CaRE3, suggesting that increased
STATS5signalling could contribute to more T,-like gene expressionin
MED12-knockout resting T, cells (Extended DataFig. 6d). We observed
that genome-wide regions of differential acetylation in the TAF5L
knockout were highly correlated with MED12, including increased
acetylationin T cells at the /L2RA CaRE3 locus, suggesting a possible
shared downstream regulator (Extended Data Fig. 6e-h). Collectively,
these changes demonstrate a loss of context-specific chromatin fea-
tures required for cell identity and state dynamics as the result of
regulator perturbations.

MEDI12 shapes chromatin at core genes

To probe the mechanism of context-specific gene regulation by MED12
inhuman CD4" T cells, we sought to define its interaction partners.
MED12 lacks a DNA-binding domain and enzymatic function but
possesses several intrinsically disordered regions ideal for protein-
protein interactions. We performed endogenous immunoprecipi-
tation mass spectrometry (IP-MS) of MED12 in resting and stimulated
T.rcellsand identified 203 significant interaction partners across con-
ditions (Bayesian FDR < 0.05), including all members of the Mediator
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samples compared with control AAVSI-knockout samples (Wald test with
Benjamini-Hochberg multiple test correction, adjusted P < 0.05; n=3donors
perknockout) are grouped according to their stimulation-responsive behaviour
inAAVSI-knockout control cells. The Bonferroni-adjusted Pvalue resulting
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group to the non-stimulation-responsive group (Methods). Box plot centre
linedenotes the median; box limitsindicate upper and lower quartiles; and
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versus non-regulators (NSs) whose expression levels are affected by MED12
knockout (KO). One-sided Fisher’s exact test for regulators of IL-2Roc downstream
of MED12 (Methods) was used. ¢, Heatmap of IL-2Ra regulators differentially

complex, except MED25, MED26 and MED12L (Extended Data Fig. 7a
and Supplementary Table 4). The subset of proteins with over 100-fold
enrichment in the MED12 pull down included numerous members of
COMPASS, a histone-methylating complex (Fig. 5aand Extended Data
Fig.7b). Although COMPASS has several configurations, one particular
assembly was represented including SETD1A, an H3K4mel-3 meth-
yltransferase, and CXXC1, a DNA-binding protein. Western blotting
further confirmed co-precipitation of SETD1A and CXXC1with MED12
(Extended DataFig. 7c,d).

The interaction of MED12 with COMPASS led us to suspect that it
may affect targeted H3K4 methylation. H3K4mel and H3K4me2 are
associated with poised and active enhancers, whereas H3K4me3 is
concentrated at active TSSs and has been shown to directly promote
transcription®>**, CUT&RUN demonstrated widespread changes
to H3K4mel-3 distribution in MED12-knockout T, cells compared
with control cells (Fig. 5b and Extended Data Fig. 8a). Changes in
H3K4me3 were correlated strongly with altered gene expressionin
the MED12-knockout samples (Extended Data Fig. 8b). We defined
genes bound by MED12 across states using ChIP-seqin AAVS1-knockout
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condition.

T cells, using MED12-knockout samples to establish the background,
resulting in high-confidence MED12 peaks (Methods). We intersected
these peaks with regions of differential methylation or gene expression
inthe MED12-knockout samples and found that bound regions were pre-
dominantly associated with decreased levels of H3K4me3 and reduced
expression (Fig. 5b and Extended Data Fig. 8c). A number of IL-2Ra
regulators and T cell rest maintenance and activation-promoting fac-
tors were among these genes, including KLF2, MYC and ETSI at rest
and MYC and SATBI after stimulation, suggesting that MED12 directly
promotes their conditional expression. Again, using ChIP-seq, we
found that CXXC1was also present at many of these lociin resting cells,
intersecting 52% of MED12-bound regions and 82% of MED12-bound
genes (Fig. 5c and Extended Data Fig. 8d-f). CXXC1 peaks were less
abundant in stimulated samples, suggesting that the protein may be
displaced following activation, at which point MED12 localization
also changes (Extended Data Fig. 8d-g). H3K27ac was also affected
at several regulators, including the KLF2 locus in resting T, and
T,z cells (Extended DataFig. 8h). Comprehensively, these datasuggest
that COMPASS and MED12 colocalize at several key activation-state
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Fig.5|MED12shapes chromatinlandscapesto promote cell-type-specific
and stimulation-specificregulation. a, Proteins enriched in CD4" T, MED12
IP-MS with more than100-fold enrichment relative to IgG controlin one or
more conditions (Bayesian FDR < 0.05; n =3 donors). The pinklinesindicate
enrichmentinimmunoprecipitation, and the grey lines are reported physical
interactionsinthe STRING database. b, Gene loci with H3K4me3 altered by
MEDI12-knockout relative to AAVSI-knockout control T, cells determined by
CUT&RUN (n =3 donors per condition). Significant regions intersecting MED12
high-confidence ChIP-seq peaks (Methods; n=2donors per condition) are
colouredinredwithselectgeneslabelled. c, KLF2and MYClocidepicting
differential H3K4me3 and RNA polymerase (Pol) Il C-terminal domain

regulatory genes where MED12 functions as a positive regulator of
gene expression.

Loss of H3K4me3 has been associated with increased RNA poly-
merase Il pausing, which results in an accumulation of polymerase
at the TSS and coordinated loss in the gene body****. Using ChIP-seq
inresting and stimulated T, cells, we found that pausing decreased
globally following stimulation in AAVSI-knockout cells. However,
MED12 ablation increased pausing in stimulated T, cells relative to
AAVS1-knockout cells and decreased pausingin resting T, cells, result-
ing in diminished differences in pausing between states (Extended
Data Fig. 9a,b). This effect is consistent with hyperactivation in rest
and blunted stimulation response as we previously described. Accu-
mulation of NELFA at the TSS of genes in stimulated MED12-knockout
cells relative to AAVSI-knockout samples and decreased polymerase
PS5and PS2in the gene body relative to the TSS provided additional
evidence ofincreased pausing after activation, including at the /L2RA
locus, which did not have significantly altered H3K4me3 (Extended
Data Fig. 9¢,d). Inresting MED12-knockout cells, reduced polymer-
ase at the TSS was a prominent global feature, suggesting inhibited
recruitment (Extended Data Fig. 9a). Collectively, reduced pausing
atrest and increased pausing after stimulation was a genome-wide
trend for MED12-knockout cells.
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(CTD) occupancy between the MED12-knockout (purple and turquoise) and
AAVSI-knockout (grey) conditions fromarepresentative donor. Thelightgrey
boxesindicate theregion of differential H3K4me3 between the MED12 knockout
and AAVSI knockout (adjusted P< 0.05; n=3 donors). The coloured boxes
indicate CXXC1 peaks and MED12 high-confidence peaksin AAVSI-knockout
Tcells (n=2donors).d, Differentially expressed genes (DEGs) downstream of
MED12andKLF2inresting CD4" T cells asdescribed in Fig. 4c. KLF2-regulated
genesare from Freimer etal.” (adjusted P). e, Gene set enrichment analysis with
Benjamini-Hochberg multiple test correction depicting significantly reduced
enrichment of MYC signature genes (MYC_UP.V1_UP from msigdb) in MED12-
knockout cells versus AAVSI-knockout control cells.

Althoughglobal changesin polymerase activity reflect the altered acti-
vationstate of the knockout cells, core regulators of rest and activation
bound by MED12 exhibited more consistent changes in transcription.
The TSS of the rest maintenance factor KLF2 had significantly reduced
H3K4me3 andincreased pausing at restin MED12-knockout cells, deviat-
ing from the overall trend (Fig. 5¢c). MYC, which participates in mainte-
nance of bothrestand promotion of the activation response, had reduced
H3K4me3inbothstates and exhibited reduced polymerase recruitment
atrestandincreased pausing following stimulation. The resulting strong
downregulation of these genes following MED12 ablation (Fig. 4c) sug-
gestsamodelinwhich MEDI2 drives expression of context-specific regu-
lators. To assess the significance of these particular loci, we looked for
evidence of theirrolein broader MED12 signalling. Using bulk RNA-seq
datainresting CD4" T cells, we found that ablation of KLF2 alone was
able to account for 30% of differentially expressed genes downstream
of MED12 (Fig. 5d). In lieu of bulk RNA-seq for MYC-knockout T cells,
we found that a strong negative enrichment of MYC overexpression
inducedgenesinboth resting and stimulated MED12-knockout samples
(Fig.5e). Of note, MYC has been characterized as a pause release factor
and may contribute to global changes following activation®. Although
we did not exhaust the important factors downstream of MED12 that
probably contributed toits effects, we demonstrated that by promoting
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expression of several coreregulatory factors, MED12is able to establish
central governance over broad regulatory networks.

We next asked whether the Mediator kinase CDK8 and the homo-
logue CDK19 participate in MED12-driven regulation of activation. We
used SEL120-34A, which is an inhibitor specific to CDK8 and CDK19.
Treatment was sufficient to reproduce elevated levels of IL-2Ra in
resting T, cells; however, when the cells were stimulated, IL-2Ra
remained significantly higher than vehicle (H,0) control-treated cells,
whereas MED12-knockout T cells had lower IL-2Ra expression than
AAVSI-knockout cells (Extended Data Fig. 9e,f). Next, we assessed
changes in H3K4mel-3following kinase inhibition. We first confirmed
thatthe vehicle-treated control cells responded to stimulation similarly
to AAVS1-knockout cells, finding high correlation between stimulation-
responsive sites (Extended DataFig. 9g). However, differentially meth-
ylated sites between SEL120-34A and vehicle-treated cells were poorly
correlated with MED12-knockout effects, with the notable exception of
sharedreduced H3K4me3 at KLF2, MYCand ETS1inthe resting condition
(Extended Data Fig. 9h). Reduced expression of the gene encoding the
resting-state maintenance factor KLF2is consistent with elevated levels
of IL2Ra observed in the kinase inhibitor-treated cells. Collectively, these
datasuggest acomplexrole for the Mediator kinase, which contributes to

counts,dose 0: P=0.68,0.1: P=0.14,0.25:**P=0.0026,1:*P=0.036 and 2.5:
**P=0.0017).c,Model of core regulatory networks controlling T cell restand
activation, both coordinated by MED12. The solid linesindicate regulatory
effectson other factors, the dashed lines represent effects on overall states,
andthesolid black linesindicate potential direct regulation by MED12 as
supported by ChIP-seqdata. d, Phenotypic effects of MED12 ablationin CD4*
Tcells. Dashed lines represent the effects on overall states. Schematicsin
panelsc,d were created using BioRender (https://biorender.com).

theregulation of several rest maintenance factors, but does not explain
the MED12-mediated regulation of stimulation responses.

MEDI12 knockout limits activation-induced death

Synthetic perturbation of key regulators is a promising strategy to
improve adoptive T cell therapies. Recently, MED12 knockout was
nominated by a genome-wide CRISPR screen in CAR-T cells to pro-
mote fitness. Ablation of MED12 resulted inimproved CAR-T cells with
sustained expansion and tumour control in preclinical models®®. We
speculated that an unreported but critical part of the therapeutic suc-
cess of these experiments may be mediated by altered activation-state
transitions, avoiding complete rest and a state of peak activation.
Using bulk RNA-seq data from Freitas et al.*®, we generated an acti-
vation score using genes upregulated in control CARs after stimula-
tion. We then applied this score to the control and MED12-knockout
CARs and found a significant decrease in activation for the stimu-
lated MED12-knockout CARs compared with the controls (Extended
Data Fig. 10a). Within our Perturb-seq pool, MED12-targeted cells
experienced the largest increase in total T, cell counts, especially

stimulated cells (Fig. 6a). Stimulated MED12-targeted T, cells also
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exhibited similar effects (Extended Data Fig. 10b). We asked why
MED12-targeted cells with reduced activation capacity would be more
abundant than non-targeting controls. On the basis of cell-state sig-
naturesin Perturb-seq, MED12-targeted cells showed aslightincrease
in the proportion of proliferative cells in the resting condition but
asubstantial decrease in the proportion of proliferative cells in the
stimulated condition compared with non-targeting cells (Extended
Data Fig.10c). Across the perturbed T cell pool, the percentage of
proliferative cells and total cell abundance were not well correlated,
possibly due to decreased viability.

We reasoned that the reduced stimulation responses in MED12-
targeted cells may instead improve cell durability by limiting
activation-induced cell death. Consistent with this hypothesis,
genes associated with ‘apoptosis’ were enriched among genes differ-
entially expressed between MED12-knockout and AAVSI-knockout
cells, driven by a mix of both upregulated and downregulated genes
(Extended Data Fig.10d,e and Supplementary Table 5). To determine
whether MED12 knockout altered apoptosis in response to stimula-
tion (activation-induced cell death), we performed a dose-response
of stimulation strength using anti-CD3-CD28-CD2 soluble tetram-
ers and quantified apoptosis via caspase-3/7 activation. As expected,
apoptosis increased with stimulation dose in AAVS1-knockout con-
trol T cells (Fig. 6b and Extended Data Fig. 10f). By marked contrast,
MEDI12-knockout cells underwent minimal apoptosis in response to
even strong stimulation. The apoptosis-initiating receptor FAS was
elevated on MED12-knockout cells throughout the assay, which was pos-
sibly the result of an affected feedback loop (Extended Data Fig.10g).
The MED12-knockout-associated reductions in apoptosis translated to
improved live cell abundance, providing an explanation forimproved
cell durability following MEDI12 ablation in the stimulated condition
(Fig. 6¢,d).

Discussion

CRISPR screens in multiple primary cell conditions collectively defined
adynamic network of trans-regulators that enable cell-type-specific
and state-specific expression of IL-2Ra. We uncovered marked differ-
ences in regulation between T, cells with constitutively high levels
of IL-2Ra and stimulated T, cells with transiently high levels. T cells
utilize waves of regulators to maintain rest (KLF2and MED12), achieve
peak expression (GATA3 and MED12) and return to a resting state
(TAF5L and SOCS3), whereas T, cells appear to utilize a more static
butexpansive network of regulators to maintain IL-2Ra levels. One key
insight that emerged is that the resting state depends on multiple rest
maintenance factors that forman overwhelmingly positive-regulatory
network, collectively promoting expression of a core rest factor KLF2.
Activation-promoting factors repress this rest maintenance network
following stimulation to achieve amaximal activated cell state. MED12
serves as a dynamic regulator of state-specific gene expression via
orchestration of downstream factors across these networks. Mediator
accumulation is a feature of super-enhancers and has been associ-
ated with their activity in diverse cell types, suggesting that MED12 is
recruited to the locus of key regulatory genes that are under precise
enhancer regulation®”,

Multiple studies have suggested that cycles between T cell rest and
activation caninfluence the durability of adoptive T cell therapies®*°.
Our findings suggest thatloss of MED12 tunes T cell activation responses
and limits activation-induced apoptosis to improve durability. This
resistance to apoptosis appears to functionindependent of FAS (which
was upregulated following MED12 ablation), another pathway that
has been targeted to enhance cell therapy persistence*. Targeting
MED12 and other context-dependent regulators may offer additional
advantages by enhancing the fitness of T, cells, but reducing IL-2Ra
expression and the suppressive capacity of T, cells (cells that could
limit the efficacy of bulk CAR-T products®). Increased expression of
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IL-2Ra by resting T cells and decreased expression by T,
help T, cells to compete more effectively for IL-2.

Here we limited our study to trans-regulators withinthe CD4" T cell
compartment to comprehensively profile T, cells and T, cells across
stimulation conditions, but additional screening conditions, per-
turbations and phenotypic readouts would provide further insight
into context-specific gene regulatory networks. The current work
revealed the architecture of the gene regulatory networks controlling
dynamic expression of IL-2Ra across cell types and activation states.
More broadly, it provides fundamental insights into the regulation of
T cell identity and mechanisms governing transitions between rest
and activation.
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Methods

Primary humanT cell isolation and expansion

CD4" regulatory and effector T cells were isolated from fresh periph-
eralblood Leukopaks (70500, STEMCELL Technologies) from healthy
human donors with institutional review board-approved informed
written consent (STEMCELL Technologies). The contents of the Leu-
kopaks were washed twice with a 1X volume of EasySep buffer (DPBS,
2%FBSand1 mMEDTA (pH 8.0)) using centrifugation. The washed cells
were resuspended at 200 x 10° cells per millilitre in EasySep buffer
andisolated with the EasySep Human CD4"CD127°*CD25* Regulatory
T CelllsolationKit (18063, STEMCELL Technologies), accordingto the
manufacturer’s protocol. Followingisolation with thekit, T,  cells were
stained Alexa Fluor 647 anti-human IL-2Ra antibody (302618, BioLeg-
end; diluted 1:25), phycoerythrin anti-human CD127 (557938, Beckon
Dickinson; diluted 1:50) and Pacific Blue anti-human CD4 antibody
(344620, BioLegend; diluted 1:50) and isolated with FACS performed on
aBDFACS ARIAFusion1(656700) to ensure apure population without
contaminating effector cells. After sorting pure CD4*CD127"°*CD25"
T,z cells, the cells were seeded at 1 x 10° cells per millilitre in XVIVO-15
(02-053Q, Lonza) supplemented with 5% FCS, 55 uM2-mercaptoethanol,
4 mM N-acetyl L-cysteine and 200 U mI™ IL-2 (10101641, Amerisource
Bergen). T, cells were seeded at 1 x 10° cells per millilitre in RPMI-1640
supplemented with10% FCS, 2 mM L-glutamine (25030081, Fisher Sci-
entific),10 mM HEPES (H0887-100ML, Sigma), 1X MEM non-essential
amino acids (11140050, Fisher), 1 mM sodium pyruvate (11360070,
Fisher Scientific), 100 U ml™ penicillin-streptomycin (P4333-100ML,
Sigma) and 50 U mI™ IL-2 (10101641, Amerisource Bergen). Both cell
subsets were then stimulated with ImmunoCult human CD3/CD28/
CD2T cell activator (10990, STEMCELL Technologies) at 25 pl ml™ for
T, cellsand 6.25 pl ml™ for Ty cells. Cells were cultured at 37 °C with
5% CO,. Following activation and electroporation, cells were split 1:2
every 48 h to maintain an approximate density of 1 x 10 cells per mil-
lilitre and supplemented with respective doses of IL-2.

Pooled CRISPR knockout screen trans-regulator editing

Pooled screens were performed following the protocol described
previously”. Inbrief, 24 h after stimulating and plating the T cells, the
trans-regulator lentiviral library” was added to each culture (Supple-
mentary Table 6). The cells were counted before transduction, and
virus was added at a multiplicity of infection of 0.8, using gentle mix-
ing to disperse the viral media without disrupting cell bundling. The
cells were then incubated at 37 °C for an additional 24 h, pelleted by
centrifugation, and viral media were replaced with fresh media sup-
plemented with IL-2.

Twenty-four hours after washing, the cells were pelleted by cen-
trifugation at150g for 10 min, resuspended at 1.5 x 10° cells per17.8 pl
supplemented with P3 Primary Cell Nucleofector Buffer (component
of V4SP-3960, Lonza) and combined with 7.2 pl ribonucleoprotein
particle (RNP)/1.5 x 10¢ cells in a sterile 10-ml reservoir. After mixing
the cells and RNPs, 25 pl of the mixture was distributed to the wells of
a96-wellNucleocuvette Plate (component of V4SP-3960, Lonza). Cells
were nucleofected using code EO-115 for T, cells and EH-115 for T
cells on the Lonza 4D-Nucleofector System with the 96-well Shuttle.
Immediately after nucleofection, 90 pl pre-warmed cell-appropriate
medium was added to each well, and the cells were incubated at 37 °C
for 15 min. Following incubation, cells were seeded at 1 x 10° cells per
millilitre in media supplemented with IL-2.

IL-2Ra screensorting and library preparation

Transduced and electroporated cells were expanded for aminimum of
6 days following editing before sorting. Cell sorting was performed 10
days followingisolation for the resting screens. For the stimulated T
screen, cells were restimulated with ImmunoCult human CD3/CD28/
CD2Tcellactivator (10990, STEMCELL Technologies) 9 days following

initialisolation, and sorting was performed 72 h after restimulation, at
the time of peak IL-2Ra expression. Before sorting, cells were counted,
washed once with EasySep buffer and stained with Alexa Fluor 647
anti-human IL-2Ra antibody (302618, BioLegend; diluted 1:25). Cells
were then washed and resuspended in EasySep buffer. During sort-
ing, cells were gated on the GFP* population (lentiviral sgRNA library
marker) and the top and bottom 20% of IL-2Ra-expressing cells were
sorted into 15-ml conical tubes coated with FCS. Isolated cells were
pelleted, counted and lysed. Genomic DNA extraction was performed
using phenol-chloroform extractions, and sgRNA libraries were ampli-
fied and prepared for sequencing using custom primers. Libraries were
sequenced on an lllumina HiSeq 4000 at the UCSF CAT.

Screen analysis

All pooled screens were analysed with MAGeCK* (v0.5.9.5). MAGeCK
count was performed on all donors using --norm-method none fol-
lowed by MAGeCK test --sort-criteria pos to identify genes that resulted
in a statistically significant change in IL-2Ra expression. Results are
calculated as the IL-2Ra'®" bin/IL-2Ra"&" bin. Screen visualization is
represented as the IL-2Ra"&" bin/IL-2Ra'*" bin by flipping the sign for
the fold change. All genes with an FDR-adjusted P < 0.05 were consid-
ered significant.

Arrayed CRISPR knockout of select regulators

Guide-loaded Cas9 RNPs were assembled with custom CRISPR RNAs
(crRNAs) (Dharmacon), whichwere resuspended in IDT duplex buffer
(11-01-03-01, IDT) at 160 M. Sequences are provided in Supplemen-
tary Table 6. Dharmacon Edit-R CRISPR-Cas9 synthetic tracrRNA
(U-002005-20, Dharmacon) also resuspended in nuclease-free duplex
buffer at160 pMwas combined at al:1molar ratioina 96-well plate and
incubated at 37 °Cfor 30 min. Single-stranded donor oligonucleotides
(sequence: TTAGCTCTGTTTACGTCCCAGCGGGCATGAGAGTAACAAG
AGGGTGTGGTAATATTACGGTACCGAGCACTATCGATACAATATGTGTCA
TACGGACACG; 100 pM stock) was added to the complex atal:1 molar
ratioandincubated at 37 °C for 5 min. Finally, Cas9 protein (MacroLab;
40 puM stock) was added at a 1:2 molar ratio and incubated at 37 °C
for 15 min. The resulting RNPs were frozen at —80 °C until the day of
electroporation and were thawed to room temperature before use.
Forty-eight hours following T cell activation, the cells were pelleted
at100g for 10 min and resuspended in room temperature P3 Primary
CellNucleofector Buffer (V4XP-3032, Lonza) at 1.5 x 10° cells per 17.8 pl.
Cells (1.5 x 10°) were transferred to each RNP-containing well and mixed
gently. Of the combined RNP cell solution, 25 pl was transferred to a
96-well electroporation cuvette plate (VVPA-1002, Lonza) and nucleo-
fected with pulse code DS-137. Immediately following electroporation,
the cellswere gently resuspendedin 90 plwarmed mediaand incubated
at 37 °C for 15 min. After recovery, the cells were cultured in 96-well
round-bottom plates at 1 x 10° cells per millilitre for the duration of
the experiment. To prevent edge effects, the sgRNAs were randomly
distributed across each plate, and the first and last columns and rows
of each plate were filled with PBS to prevent evaporation. Unless
otherwise specified, CRISPR-Cas9-edited cells were restimulated on
day 8 followingisolation for stimulation response arrayed assays with
ImmunoCulthuman CD3/CD28/CD2T cellactivator (10990, STEMCELL
Technologies).

Genotyping of arrayed knockouts

Onthefinal day of the respective assay, genomic DNA wasisolated using
DNA QuickExtract (QE09050, Lucigen) according to the manufacturer’s
protocol. Primers were designed to flank each sgRNA target site. Ampli-
cons of the region were generated by adding 1.25 pl each of forwards
andreverse primerat10 pMto 5 plof sample in QuickExtract,12.5 pl of
NEBNext Ultra Il Q5 master mix (M0544L, NEB) and H,O toatotal 25 pl
reaction volume. Touchdown PCR was used with the following cycling
conditions: 98 °C for 3 min, 15 cycles of 94 °C for 20 s followed by 65 °C



to 57.5°C for 20 s (0.5 °C incremental decreases per cycle) and 72 °C
for 1 min, and a subsequent 20 cycles at 94 °C for 20 s, 58 °C for 20 s
and 72 °C for 1 min, and a final 10-min extension at 72 °C. Amplicons
were diluted 1:200 and Illumina sequencing adapters were then added
inasecond PCR. Indexing reactions included 1 pl of the diluted PCR1
sample, 2.5 pl of each the forwards and the reverse Illumina TruSeq
indexing primers at 10 pM each, 12.5 pl of NEB Q5 master mix and H,0
toatotal 25 pl reaction volume. The following PCR cycling conditions
were used: 98 °Cfor 30 s, followed by 98 °Cfor10 s, 60 °C for 30 sand
72 °Cfor 30 sfor 12 cycles, and a final extension period at 72 °C for
2 min. Samples were pooled at an equivolume ratio and SPRI purified
before sequencing onanlllumina MiSeq with PE150 reads. Analysis was
performed with CRISPRess02 (v2.2.7)** CRISPRessoBatch --skip_failed
--n_processes 4 --exclude_bp_from_left 5 --exclude_bp_from_right 5
--plot_window_size 10.

Flow cytometry analysis of arrayed knockouts

The BioLegend FoxP3 Fix/Perm kit (421403, BioLegend) was used for
staining according to the manufacturer’s protocol. Cells were washed
in EasySep buffer before extracellular staining. Cells were stained
with Alexa Fluor 647 anti-human IL-2Ra (CD25) antibody diluted 1:25
(302618, BioLegend), Ghost Dye Red 780 diluted 1:1,000 (13-0865-T500,
Tonbo) and BV711 anti-human CD4 diluted 1:50 (344648, BioLegend)
for 20 min at 4 °C and then washed once with EasySep buffer. After
fixing and permeabilizing according to the kit, intracellular staining
was performed with phycoerythrin anti-mouse/human Helios anti-
body (137216, BioLegend), KIRAVIA Blue 520 anti-human CD152 (also
known as CTLA-4) antibody (349938, BioLegend) and Pacific Blue
anti-human FOXP3 antibody (320116, BioLegend) each diluted 1:50 in
permeabilization buffer for 30 min at room temperature. Cells were
subsequently washed in permeabilization buffer and resuspended in
EasySep buffer before running on the Thermo Fisher Attune NxT flow
cytometer (A29004). Analysis of flow data was performed in FlowJo
(v10.8.1). Gating was performed to select for lymphocytes, singlets,
live cells (Ghost Dye negative) and CD4" cells in the specified order.
This population was then used to calculate the median fluorescence
intensity for IL-2Ra or CTLA4. Visualization was performed in R using
ggplot2 (v3.4.1).

Cloning and lentivirus preparation

CRISPRi sgRNAs for Perturb-seq were selected from the Dolcetto
library** and cloned into the LGR2.1 plasmid backbone (Addgene
#108098). A lenti EF1a-Zim-3-dCas9-P2A-BSD was generated using
Gibson assembly as previously described*. Lentivirus was prepared
according to the a previous protocol®.

Perturb-seq

Twenty-four hours after stimulation of isolated human T,, cells and
T cellsfrom two donors, the cells were transduced with Zim3-dCas9
lentivirus at 3% v/v. The following day, Perturb-seq sgRNA library lentivi-
rus was added at 0.75% v/v (multiplicity of infection of 0.3). Forty-eight
hours after transduction with Zim3-dCas9, 10 mg ml™ blasticidin
(A1113903, Gibco) was added to each sample to select for dCas9* cells.
Blasticidin wasreplenished every 48 huntil the cells were processed for
sequencing. Eight days after initial isolation and stimulation of cells,
half of the T, and T cell culture was restimulated with ImmunoCult
human CD3/CD28/CD2T cell activator (10990, STEMCELL Technolo-
gies). On the tenth day after initial isolation, the resting and 48-h res-
timulated samples were collected for 10X single-cell sequencing. First,
cells fromeach donor within the same stimulation and cell-type condi-
tion were pooled at equal concentrations. Sorting was performed to
isolate live GFP* cells from each condition. Sorted cells were processed
according to the Chromium Next GEM Single Cell 5" HT Reagent Kits v2
(Dual Index) with Feature Barcode technology for CRISPR Screening and
CellSurface Protein guide User Guide, CGO0O0S513. In brief, sorted cells

were pelleted and washed once with cell staining buffer (420201, Bio-
Legend). Next, the samples were blocked with Human TruStain FcX Fc
Blocking reagent (422302, BioLegend). Meanwhile, TotalSeq-C Human
Universal Cocktail V1.0 (399905, BioLegend) was prepared using cell
staining buffer (420201, BioLegend), and TotalSeq-C0251 anti-human
hashtagantibodies1-4 (394661, BioLegend) were added to aliquots of
the cocktail. After blocking, cells were stained with TotalSeq-C cock-
tail including one hashtag per cell and stimulation condition. After
staining, the cells were washed three times in cell staining buffer. The
samples were then resuspended in PBS with 1% BSA (Gibco) for final
counting. The resulting samples were pooled across conditions and
approximately 65,000 cells per well were loaded into eight wells of
a Chromium Next GEM Chip N Single Cell Kit (1000375, 10X Genom-
ics) for GEM generation. The samples were prepared for sequencing
using the Chromium Next GEM (Gel Bead-in-emulsion) Single Cell 5/
HTKitv2(1000374), 5’ Feature Barcode Kit (1000256) and 5’ CRISPRKit
(1000451) according to the manufacturer’s protocol. GEM generation
and library preparation were performed by the Gladstone Genomics
Core.Theresulting libraries were sequenced using aNovaSeqX Series
10B flowcell (20085595, lllumina) at the UCSF CAT.

Perturb-seq analysis
Fastqs for each 10X well were concatenated across lanes and flow cells.
Alignment of Perturb-seq data and count aggregation for the gene
expression, CRISPRsgRNA and antibody-derived tag (ADT) libraries was
performed with cellranger*® count (v7.1.0) using the default settings
and -expect-cells=45000 -chemistry=SC5P-R2. Gene expression fastqs
werealignedto ‘refdata-gex-GRCh38-2020-A’ humantranscriptome ref-
erence acquired from10X Genomics. SgRNA sequences were aligned to
acustomreference file using the pattern TAGCTCTTAAAC(BC), whereas
ADTs were aligned to the TotalSeq-C-Human-Universal-Cocktail-399
905-Antibody-reference-UMI-counting.csv provided by BioLegend,
alsoincluding the hashtagoligo (HTO) sequences, whichwere used to
distinguish each cell-type and stimulation condition. Counts for each
respective library were aggregated across wells with cellranger aggr
using the default settings. Cells were assigned to adonor using genetic
demultiplexing with Souporcell* (https://github.com/wheaton5/
souporcell). For each well, souporcell_pipeline.py was run using the
bam file and cellranger count output barcodes.tsv asinputinaddition
to the reference fasta. Donor calls shared across wells were identified
using shared_samples.py using the vcffile outputs from Souporcell.
Perturb-seq analysis was performed in R (v4.3.1) using Seurat*®
(v4.3.0.1) based on code previously published*. Count matrices were
imported into R using the Seurat Read10X function. After creating a
Seurat object with CreateSeuratObject, quality filtering was performed
to retain cells with more than 1,000 RNA features identified and less
than 7.5% mitochondrial RNA. Cells without a singular donor assign-
ment were also excluded from the object as well as cells with more
than one HTO assignment as determined after running HTODemux.
Low abundance transcripts were filtered using the threshold of ten
cells per feature and TCR genes were removed from the primary RNA
assay as they were found to be a major source of variance in the data-
set. No sgRNA targets were removed as the number of cells in each
condition exceeded the threshold set of 150 cells. After filtering, gene
expression counts were normalized and transformed using the Seu-
rat SCTransform function with regression of both S phase score and
G2/Mphasescore, as described on Satija (https://satijalab.org/seurat/
articles/cell_cycle_vignette.html). ADT counts were normalized using
the centred log-ratio (CLR) normalization method of NormalizeData.
After generating principal component analysis of both normalized and
transformed RNA and ADT data, Harmony** (v0.1.1) was used to correct
for donor-associated variability in the dataset. The resulting normal-
ized and transformed counts were used for downstream analysis unless
otherwise specified. Uniform manifold approximation and projections
(UMAPs) were generated using the transformed and corrected RNA and
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ADT counts with Seurat function FindMultiModalNeighbors followed
by RunUMAP using weighted.nn. Before cell-type-specific analysis, T,.,
cellswere manually filtered to include only cells belonging to clusters
with FOXP3 and IKZF2 expression to maximize cell purity (clusters1,
7,8,15,6,4,19,20,17 and 23).

Activation scoring was performed according to Schmidt et al.>*’.
In brief, Seurat FindMarkers was used to identify differentially
expressed genes between stimulated and resting non-targeting con-
trol cells within the T, cells and T, cellsindividually. Genes thathad a
log,-transformed fold change of more than 0.25 and were detected in
10% of restimulated or resting cells were used to generate gene weights
for the score calculated as sum(GE x GW/GM), where GE is the normal-
ized/transformed expression count of agene, GW is the weight of the
gene, and GM is the mean expression of the gene in non-target control
cells of the respective cell type. Wilcoxon tests were performed to
determine significance compared with non-targeting control cells with
Bonferroni correction for multiple hypothesis testing (Supplementary
Table 7). To observe the effect of each sgRNA within independent cell
and stimulation conditions, the cells were subset by HTO. RNA and
ADT normalization, transformation and donor variability correction
were repeated for each subset as described above for the combined
dataset. UMAPs were generated using the transformed and corrected
RNA and ADT counts with Seurat function FindMultiModalNeighbors
followed by RunUMAP using weighted.nn. Cell cycle quantification for
each subset was performed using cycle assignments generated using
the Satija cell cycle vignette referenced above.

Pseudobulking of resting and stimulated T, and T.cell samples was
performed using Seurat AggregateExpression grouped by HTO, target
gene and donor pulling fromthe counts slot (sgRNAs targeting the same
gene were collapsed within the same donor). Differential expression
analysis was performed with the resulting pseudobulked raw counts
for both RNA and ADTs. DESeq2 (v1.32.0)> was used to identify dif-
ferentially expressed genes and proteins between each sgRNA and
non-targeting control sample within each cell-type and stimulation
condition, using donor information as a covariate. Network plots of
differentially expressed gene connections were visualized in R using
influential®*(v2.2.7) and ggraph® (v2.1.0), including only genes with an
adjusted P< 0.05. Other visualization of differentially expressed genes
and surface proteins was performed using ggplot2 (v3.4.1).

Bulk RNA-seq

At their respective timepoints, resting and 48-h restimulated cells
were pelleted and resuspended at 1 x 10° cells per 300 pl of RNA lysis
buffer (R1060-1-100, Zymo). Cells were pipette mixed and vortexed to
lyse and frozen at =80 °C until RNA isolation was performed. RNA was
isolated using the Zymo-Quick RNA micro prep kit (R1051) according
to the manufacturer’s protocol with the following modifications: after
thawing the samples, each sample was vortexed vigorously to ensure
totallysis before loading into the extraction columns. The optional kit
provided DNAse step was skipped, and instead RNA was eluted from
theisolation column after the recommended washes and digested with
Turbo-DNAse (AM2238, Fisher Scientific) at 37 °C for 20 min. Following
digestion, RNA was purified using the RNA Clean & Concentrator-5 kit
(R1016, Zymo) according to the manufacturer’s protocol. The purified
RNA was submitted to the UC Davis DNA Technologies and Expression
Analysis Core to generate 3’ Tag-seq libraries with unique molecular
indices (UMIs). Barcoded sequencinglibraries were prepared using the
QuantSeq FWD kit (Lexogen) for multiplexed sequencing on a NextSeq
500 (Illumina).

Bulk RNA-seq analysis

RNA-seq datawere processed using the pipeline previously described®.
Inbrief, fastq adapter trimming was performed with cutadapt (v2.10).
Low-quality bases were trimmed with seqtk (v0.5.0). Reads were then
aligned with STAR> (v2.7.10a) and mapped to GRCh38. UMI counting

and deduplication was performed with umi_tools* (v1.0.1) and gene
counts were generated from the deduplicated reads using feature-
Counts (subread v2.0.1) using Gencode v41basic transcriptome anno-
tation. Quality control metrics were generated for each sample with
Fastqc’® (v0.11.9), rseqc® (v3.0.1) and Multiqgc®® (v1.9). Differentially
expressed genes between Mediator knockouts and AAVS1-knockout
samples as well as stimulated and resting AAVSI-knockout samples
(Supplementary Table 8) were identified from the deduplicated count
matrix using DESeq2 (v1.32.0)*' in R (v4.1.0). Comparisons were made
within each cell-type and stimulation condition across three donors,
using donor ID as a covariate in the model. Normalized counts were
generated using a DESeqDataSet containing all samples, followed by
estimateSizeFactors and counts(normalized=TRUE). AAVS1-knockout
normalized sample counts were then subset and averaged across
donors for visualization.

Differentially expressed genes for MED12-knockout versus AAVSI-
knockoutsamples were defined by a cut-off of adjusted P < 0.05 (Supple-
mentary Table 3). Comparison of the effects of MED12-knockout differ-
entially expressed genes across stimulation-responsive categories was
performed by grouping MED12-knockout versus AAVSI-knockout dif-
ferentially expressed genes according to their stimulation-responsive
behaviour in control cells (stimulation response = adjusted P < 0.05
and abs(log, fold change) >1). The Bonferroni-adjusted Pvalue result-
ing from a two-tailed t-test is displayed (Fig. 4a), comparing each
stimulation-responsive group to the non-stimulation-responsive
group. Theboxplot centre line denotes the median; the box limits indi-
cate the upper and lower quartiles; the whiskers denote the 1.5-times
interquartile range (genes per group (downregulated, not stimula-
tion responsive and upregulated) = resting T, cells: 272, 954 and 218;
stimulated T,y cells:242,1,432 and 467; resting T, cells: 269,1,491and
241; and stimulated T, cells: 245,1,945 and 426).

A one-sided Fisher’s exact test for regulators of IL-2Ra within the
differentially expressed genes downstream of MED12 was determined
using screen results from the matched cell-type and stimulation condi-
tions (Fig.4b). Genes were subset to those targeted in the screenlibrary
and detectedinCD4" T cell bulk RNA-seq (genes per group: regulators,
non-regulators=resting T.cells: 62 and 807; stimulated T cells: 41and
824;andresting T, cells: 82and 787). Pathway analysis was performed
using PathfindR* (v1.6.4) including KEGG, Reactome and GO-BP gene
sets and the lowest Pvalue is displayed. Visualization was performed
after removing KEGG disease pathways. Apoptosis pathway visualiza-
tion was performed using Cytoscape® (v3.8.2). Gene set enrichment
analysis was performed with clusterProfiler® (v4.10.1) using msigdbr
(v7.5.1) on all human gene sets.

SEL120-34A treatment

SEL120-34A (S8840, Selleckchem) was reconstituted in ultrapure
H,0 according to the manufacturer’s recommendations. Cells were
treated every 48 h with a1l pM dose, and treatment was started 48 h
following cellisolation to align with the time at which cells are edited in
CRISPR-based experiments. Restimulation of cells for flow cytometry
and CUT&RUN was performed 10 days after initial isolation.

Endogenous immunoprecipitation of MED12

Immunoprecipitation base buffer (0.05 M Tris-HCIpH 7.5, 0.15 M NaCl,
0.001 M EDTA and AP MS water) was prepared the day of the experi-
ment. Of resting and 48-hour restimulated cells, 20 x 10 cells per sam-
ple and immunoprecipitation were washed twice with PBS. Samples
were then lysed in 500 pllysis buffer per 10 x 10° cells (Base buffer, 1X
PhosphoStop (04906837001, Roche), 1X Complete mini-EDTA pro-
tease inhibitor cocktail tablets (11836170001, Sigma-Aldrich), 0.50%
NP-40 Surfact-Amps Detergent Solution (85124, Thermo Scientific)
and incubated on nutator for 30 min at 4 °C. To digest chromatin, tip
sonication was performedinround withincubationonice betweeneach
step:7s12%,7s12%,7 s12% and 7 s 15% with four rounds of sonication



total. Cell lysate was clarified by centrifugation at 3,500g for 10 minat
4 °C. Abicinchoninicacid (BCA) assay was performed for each sample,
and protein concentrations were normalized across conditions. Of
whole-cell lysate, 10% was reserved for input, and samples were split
into MED12 (14360, Cell Signaling Technologies) immunoprecipitation
and rabbit IgG isotype control (3900, Cell Signaling Technologies)
immunoprecipitation conditions. In each case, 10 pg antibody was
addedtoal.5 mlproteinlobindtube containing clarified proteinand
samples were incubated overnight at 4 °C, with rotation on a nutator.
Inthe morning, Pierce protein A + G magnetic beads (88802, Thermo
Fisher) were washed four times using 1 ml of lysis buffer per 1 ml of bead
slurry, allowing the beads to bind toamagnet between each wash before
removing the buffer. After the final wash, beads were resuspended in
lysis buffer at the original bead slurry volume, and 50 pl was added to
each sample. The lysate-antibody-bead mixture was then incubated
at4 °Cfor2 hwithrotationonanutator. Afterincubation, beads were
boundtoamagnetic tube rackand washed one time withimmunopre-
cipitation buffer + NP-40 (immunoprecipitation buffer + 0.05% NP-40)
followed by three washes with a 900 pl immunoprecipitation buffer.
Theresulting purified proteins were processed for mass spectrometry
or western blot.

Mass spectrometry

After immunoprecipitation, bound proteins were lysed in 8 M urea +
25 mM ammonium bicarbonate followed by reduction (5 mM dithi-
othreitol for1hat 37 °C), alkylation (10 mMiodoacetamide for 45 min
atroomtemperature in the dark) and digestion overnight with 1 pg of
trypsin (Promega). Peptide samples were applied to activated columns,
and the columns were washed three times with 200 pl of 0.1% trifluoro-
acetic acid. Peptides were eluted with 140 pl of 50% acetonitrile and
0.1% trifluoroacetic acid and dried down by speedvac.

Samples were resuspended in 0.1% formic acid and separated by
reversed-phase chromatography using an EASY-nLC instrument
(Thermo Fisher Scientific) with a 15-cm PepSep column (inner diam-
eter of 150 um; Bruker). Samples were acquired by data-dependent
acquisition. Mobile phase A consisted of 0.1% formic acid in water,
and mobile phase B consisted of 80% acetonitrile and 0.1% formicacid.
Peptides were separated at a flow rate of 500 nl min~ over the following
60 min gradient:4-35% B in 44 min, 35-45%Bin 5 minand 10 min at 88%
B. Peptides were analysed by an Orbitrap Lumos MSinstrument (Thermo
Fisher Scientific). Data were collected in positive ion mode with MS1
resolution 0f 240,000, 350-1,350 m/zscan range, maximum injection
time of 50 ms, radiofrequency lens of 30%. For data-dependent acqui-
sition, MS2 fragmentation was performed on charge states 2-5 with
a20-s dynamic exclusion after a single selection and 10 ppm + mass
tolerance. All raw mass spectrometry data were searched using Max-
Quant (v2.4.7) against the human proteome (UniProt canonical protein
sequences, downloadedin September 2022) using default settings and
with a match-between-runs enabled®.

Mass spectrometry analysis

Protein spectral counts as determined by MaxQuant search results
were used for protein—protein interaction (PPI) confidence scoring
by SAINTexpress® (v3.6.1). Rabbit IgG pulldown samples were used as
control. The total list of candidate PPIs was filtered to those that met
the criteria of SAINTexpress Bayesian FDR < 0.05. To quantify changes
ininteractions between resting and stimulated T cell states, we used
alabel-free quantification approach in which statistical analysis was
performed using MSstats (v4.8.7)%* from the artMS (v1.18.0) R package.
Visualization was performed in Cytoscape with additional connections
included from the STRING database®.

Westernblots
After affinity purification of proteins, beads were resuspended in 100 pl
2X sample buffer (4x Laemmli Sample Buffer; 1610747, Bio-Rad) with

1:10 3-mercaptoethanol (63689-25ML-F, Sigma) diluted 1:1with 500 pl
lysis buffer. Samples were boiled for 5 minat 95 °C and stored at —20 °C
until further processing. Westernblots were performed as previously
published®. Inbrief, cell lysates were subjected to SDS-PAGE on 4-15%
acrylamide gels and electroblotted to polyvinylidene difluoride mem-
branes. Blocking and primary (diluted 1:1,000) and secondary antibody
incubations ofimmunoblots were performed in Tris-buffered saline +
0.1% Tween-20 supplemented with 5% (w/v) BSA (antibodies are pro-
videdin Supplementary Table 9). Horseradish peroxidase-conjugated
goatanti-rabbit and IgG (Southern Biotech) were used at a dilution of
1:30,000, and immunoreactive bands were detected using Pierce ECL
Western Blotting Substrate (32106) according to the manufacturer’s
instructions.

CUT&RUN

CUT&RUN was performed on resting and 48-h restimulated cells
according tothe manufacturer’s protocol withthe EpiCypher CUTANA
ChIC/CUT&RUN Kit and provided reagents. Samples for H3K27ac
CUT&RUN were lightly crosslinked before isolation using 0.1% for-
maldehyde (252549, Sigma) for 1 min and quenched with 125 mM gly-
cine (50046, Sigma). In brief, 5 x10° T cells per reaction were washed
with PBS before nuclearisolation using the EpiCypher recommended
lysis buffer consisting of 20 mM HEPES pH 7.9 (Sigma-Aldrich), 10 mM
KCI (Sigma-Aldrich), 0.1% Triton X-100 (Sigma-Aldrich), 20% glycerol
(Sigma-Aldrich),1mMMnCl, (Sigma-Aldrich), 1X cOmplete Mini-Tablet
(11873580001, Roche) and 0.5 mM spermidine (Sigma-Aldrich). The
cells were resuspended in 100 pl per reaction cold nuclear extrac-
tion buffer and incubated on ice for 10 min. Following lysis, nuclei
were pelleted and resuspended in 100 pl per reaction of nuclear
extraction buffer. The isolated nuclei were then frozen at -80 °Ciin
extraction buffer until DNA isolation. After thawing the samples at
37 °C, the nuclei were bound to activated conA beads. After adsorp-
tion of nuclei to beads, permeabilization was performed with 0.01%
digitonin-containing buffer. Antibodies for H3K27ac (13-0045, EpiCy-
pher), H3K4mel (13-0057, EpiCypher), H3K4me2 (13-0027, EpiCypher),
H3K4me3 (13-0041, EpiCypher) and IgG (13-0042, EpiCypher) were
added at 500 ng per reaction. Following overnight antibody binding,
pAG-MNase addition and chromatin cleavage, 0.5 ng of the provided
Escherichia coli DNA was added to each sample following chromatin
cleavage by MNase. Before DNA isolation, crosslinked samples were
digested overnight with proteinase K (AM2546, Invitrogen) as rec-
ommended. The provided spin columns and buffers were used for
DNA isolation and purification. The resulting DNA was prepared for
sequencing using the CUTANA CUT&RUN Library Prep Kit (14-1002)
according to the manufacturer’s protocol.

CUT&RUN analysis

Pooled libraries were sequenced on a NextSeq 500 (H3K27ac) and
NextSeq 2000 with 2 x 75 or 2 x 50 paired-end reads, respectively.
Bcl2fastq (v2.19) with the settings --minimum-trimmed-read-length
8 was used to generate fastqs. CUT&RUN data analysis was performed
according Zheng et al. with the recommended settings unless oth-
erwise specified below?. In brief, the fastqs were trimmed with
cutadapt (v1.18). Bowtie2 (v2.2.5) was used to align the trimmed
fastqs to GRCh38 using settings --local --very-sensitive --no-mixed
--no-discordant --phred33--dovetail -110-X 700 -p 8 -q and E. coli (EMBL
accession U00096.2) with settings --local --very-sensitive --no-overlap
--no-dovetail --no-mixed --no-discordant --phred33-110-X 700 -p 8 -q.
Bam files were generated with SAMtools®®”° (v1.9) view -bS -F 0 x 04
and bam-to-bed conversion performed with bedtools (v2.30.0) bam-
tobed -bedpe. Bedfiles were filtered to include only paired reads of
less than 1,000 bp with the command awk ‘$1==$4 & & $6-$2 <1000
{print $0} samplename.bed before generating bedgraph files using
bedtools (v2.30.0) genomecov -bg. Peak calling was performed using
thebedgraph files as input with SEACR” (v1.3). Each target bedgraph
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file was compared to the respective donor and knockout condition IgG
file toidentify peaks above the background using the norm and strin-
gent options for H3K27ac samples. Spike-in scaling was performed
before methylation peak calling with SEACR using the IgG file as back-
ground without normalization (non option) and with the stringent
option.

Before generating a peak by sample matrix for each target, ChIP-
seq blacklist regions were removed from the data. The sample matrix
was reduced across all peaks within the dataset, and H3K27ac peaks
were segmented into regions of 5,000 bp maximum length. Regions of
differential acetylation or methylation between the regulator knock-
outs and AAVSI-knockout samples were identified for the peaks called
across any of the samples from bam files using DESeq2 (v1.32.0)* inR
(v4.1.0; Supplementary Table 10). Comparisons were made withineach
cell-type and stimulation condition using AAVS1s prepared in the same
batch of samples. Gene annotation was performed using the gene with
the nearest TSS to each region with the GenomicRanges’ (v1.44.0)
nearest function. Final bedgraph scaling was performed based on peak
coverage across all samples and conditions using DESeq2 (v1.32.0)
sizefactors. SEL120-34A and H,O treatment samples were compared
asdescribed for MED12-knockout and AAVSI-knockout samples, using
the peak matrix from MED12-knockout and AAVS1-knockout samples
to maximize detection of overlapping regions across datasets.

ChIP-seq

Aportionofedited T, cells were restimulated with ImmunoCult human
CD3/CD28/CD2T cell activator (10990, STEMCELL Technologies) 10
days followingisolation and collected 48 hlater. Up to1-2 x 10° T, cells
were crosslinked in PBS with 1% methanol-free formaldehyde (28908,
Thermo) for 10 min at 18-22 °C followed by quenching in glycine at
125 mM final concentration. Crosslinked cell pellets were snap-frozenin
liquid nitrogen and stored at -80 °C. Nuclei wereisolated fromthawed,
crosslinked cells via sequential lysis in LB1 (50 mM HEPES-KOH pH
7.5,140 mM NaCl, 1 mM EDTA, 10% glycerol, 0.5% IGEPAL CA-360 and
0.25% Triton X-100), LB2 (10 mM Tris-HCI pH 8,200 mM NaCl, 1 mM
EDTA and 0.5 mM EGTA) and LB3 (10 mM Tris-HCIpH 8,100 mM NacCl,
1mMEDTA, 0.5 mMEGTA, 1% sodium deoxycholate (NaDOC) and 0.5%
N-laurylsarcosine) supplemented with 0.5 mM phenylmethylsulfonyl
fluoride (PMSF; P7626, Sigma) and 0.5X protease inhibitor cocktail
(PIC; P8340, Sigma). Chromatin was sheared on a Covaris E220-focused
ultrasonicator using 1-mImilliTubes (520128, Covaris) with140 W peak
incident power, 5% duty factor, 200 cycles per burst, 6 °C temperature
setpoint (minimum of 3 °C and maximum of 9 °C), fill level 10, and
time 12-14 min to obtain a target size of 200-700 bp. Formaldehyde
crosslinked, sheared mouse CD8" T cell chromatin was spiked in at
2.5% of human T, chromatin based on fluorometric (Qubit, Q33238,
Thermo) or OD260 (Nanodrop, 912A1099, Thermo) quantification.
Triton X-100 was added to a final concentration of 1% before immu-
noprecipitation for 16 h at 4 °C with 2-8 pg of indicated antibodies
(Supplementary Table 9) bound to a 1:1 mixture of protein A and pro-
tein G magnetic beads (10001D and 10003D, Thermo). Bead-bound
antibody-chromatin complexes were sequentially washed three times
with wash buffer1(20 mM Tris pH 8,150 mM NaCl,1 mMEDTA, 0.5 mM
EGTA, 1% Triton X-100, 0.1% SDS and 0.1% NaDOC), twice with wash
buffer2 (20 mM Tris-HCIpH 8,500 mM NaCl,1 mMEDTA, 0.5 mM EGTA,
1% Triton X-100, 0.1% SDS and 0.1% NaDOC), twice with wash buffer 3
(20 mM Tris-HCI pH 8,250 mM LiCl,1 mM EDTA, 0.5% IGEPAL CA-360
and 0.5% NaDOC), twice with TET (10 mM Tris-HCI pH 8,1 mM EDTA
and 0.2% Tween-20) and once with TEQ.1(10 mM Tris-HCIpH 8,0.1 mM
EDTA, 0.5 mM PMSF and 0.5X PIC) supplemented with 0.5 mM PMSF
and 0.5X PIC. Beads wereresuspendedin TT (10 mM Tris-HCIpH 8 and
0.05% Tween-20) before on-bead library preparation using the NEBNext
Ultrall DNA Library Prep Kit (E7370L, NEB) as previously described”.
ChlIP-seqlibraries were multiplexed for paired-end (2 x 50 bp) sequenc-
ing on an lllumina NextSeq 2000 instrument.

ChIP-seq analysis

Reads were trimmed to remove adapters and low-quality sequences
and aligned to the hg38 and mm10 reference genome assem-
blies with bwa™ (v0.7.17-r1188) before filtering to remove dupli-
cates and low-quality alignments including problematic genomic
regions” using the nf-core/ChlP-seq pipeline” (v2.0.0; https://
doi.org/10.5281/zen0do0.3240506) with default parameters. Nor-
malization to mouse spike-in chromatin was performed by scaling
counts to the quotient of the ratios of human:mouse ChIP reads
and human:mouse input reads as previously described””. CXXC1
peaks for visualization were identified using bam files from all
AAVSI-knockout donors for MACS2 (v2.2.6)7 callpeak -q 0.05 with
input samples used to define the background. High-confidence
MEDI2 peaks were identified using bam files from all AAVS1-knockout
donors for MACS2 callpeak -q 0.05 with MED12-knockout samples
used to define the background (Supplementary Table 11). Utiliza-
tion of high-confidence peaks generated from knockout controls
reduced potential false-positive signals from the ChIP samples, pro-
viding a more rigorous assessment of MED12 binding”®%. ChIP-seq
blacklist regions were removed from CXXC1land MEDI12 peaks before
analysis.

Polymerase pausing analysis

The polymerase pausing index was calculated as previously described®
as (TSS coverage/TSS length)/(gene body coverage/gene body length).
Gencodev43 genestructures were selected for APRIS genes and filtered
toinclude only genes expressed in T.bulk RNA-seq data (defined from
AAVSI T RNA-seq base mean >10). The TSS region of each gene was
defined as 200 bp upstream and downstream of the TSS. The gene
body was defined as the region 400 bp downstream from the TSS plus
400 bp past the final exon of the gene. Rtracklayer®! (v1.62.0) was used
to import spike-in scaled RNA Pol Il CTD bigwigs, and GenomicAlign-
ments (v1.38.2) summarizeOverlaps() was used to determine the cover-
age within the defined gene regions.

CUT&RUN and ChIP-seq visualization

Visualization of scaled tracks was performed with rtracklayer (v1.62.0)
and ggplot2 (v3.5.1) with smoothing. APRIS gene structure was used
for gene annotation with gggenes (v0.5.0). CD4" T,, STAT5A ChIP-seq
data were accessed from ChIP Atlas®?, SRX212432 and GSM1056923,
and generated by Hoffmann et al.>’. Deeptools (v3.5.5)% was used
to generate profile plots of ChIP-seq data using computeMatrix
scale-regions-b3000 --regionBodyLength 5000 -a3000 -skipZeros
with scaled bigwigs, and a bed file of all expressed genes (defined from
AAVSI T+ RNA-seq base mean >10) as input, followed by plotProfile
-perGroup.

MED12 CAR activation scoring

MED12 CAR RNA-seq data from Freitas et al. was accessed from the
Gene Expression Omnibus, using the downloader to retrieve the raw
counts file (GSE174279_raw_counts_GRCh38.p13_NCBI.tsv.gz). First,
DESeq2 (v1.32.0) was used to identify differentially expressed genes
between AAVSI-knockout stimulated and resting samples. The top
upregulated genes were defined using the following criteria: adjusted
P<0.01, log, fold change > 2 and base mean > 10. The resulting 797
genes were used to generate a gene signature of activation. Normal-
ized counts for the MED12-knockout and AAVS1-knockout resting and
stimulated samples were generated with DESeq2 vst and convertedto a
summarized experiment with SummarizedExperiment® (v1.22.0). The
normalized count matrix and activation score were used as input for
GSVA® (v1.40.1) using the gsva function with min.sz=10, max.sz=6000,
kcdf = ‘Poisson’. Visualization of the resulting gene scores was per-
formed with ggplot2(v3.4.1) and adjusted P values were generated
using rstatix (v0.7.2).
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Activation-induced cell death assays

Activation-induced cell death assays were performed using titrated
amounts of ImmunoCult human CD3/CD28/CD2 T cell activator
(10990, STEMCELL Technologies) inaddition to 50 U ml™ of IL-2. Active
caspase-3/7 staining was performed 72 h following addition of stimu-
lus using the CellEvent Caspase-3/7 Green Flow Cytometry Assay Kit
(C10427,Invitrogen) according to the manufacturer’s protocol. Gating
of the apoptotic population was performed on the lymphocyte gate
and defined as active caspase-3/7 positive and SYTOX nucleic acid stain
negative. FAS staining was performed using phycoerythrin anti-human
CD95 (Fas) antibody (305608, BioLegend; diluted 1:50).

Luminex assays

Onday12followingisolation for T.cells and day 8 followingisolation
for T, cells, cells were plated in 96-well plates in cytokine-free medium
atadensity of 2 x 10° cells per well. Cells were restimulated with Immu-
noCult human CD3/CD28/CD2T cell activator (10990, STEMCELLI
Technologies) and supernatant was collected after 24 h. The superna-
tant was stored at —80 °C until processing by EVE Technologies with
the Luminex XMAP technology on the Luminex 200 system. After a
serial titration to determine appropriate dilutions, samples were run
in technical duplicate, and Luminex 48 plex human panel A was run
for T cells (diluted 1:20) and T, cells (diluted 1:5). The multi-species
TGF 3 plex panel was also run for T, cells (undiluted). Technical rep-
licates were averaged by EVE for each sgRNA and donor combination
to determine protein concentration. Cytokines with more than one
sample out of range were removed from the analysis to exclude low
abundance proteins (Supplementary Table 12).

Suppression assays

Donor-matched T, cells were isolated and frozen at -80 °C without
activation until 24 h before the assay. T, cells were thawed and cul-
tured overnight at 2 x 10° cells per millilitre with 10 U mI IL-2. On the
day of the assay, T, cells were counted and stained with CellTrace
Violet (C34557, Invitrogen) according to the manufacturer’s proto-
colusing a1:2,000 dilution of dye. Assay plates were assembled with
1x10° T, cells per well in 96-well round bottom plates with titrated
amounts of T, cells ranging from 1:.1to 8:1 T cells: T, cells. One well
per condition was also included of 1 x10° T, cells and 5 x 10* T cells
(1:2 T cells:T,, cells), as well as resting and stimulated T, cells and
Tercellsindividually as controls. T,., Suppression Inspector (130-092-
909, Miltenyi Biotec) iMACS particles were prepared and added to
the appropriate wells according to the manufacturer’s recommenda-
tions. Assays were performed in technical triplicate for four donors,
and plates were incubated for 96 h at 37 °C. At the time of readout,
cells were stained with Alexa Fluor 647 anti-human IL-2Ra (302618,
BioLegend), BV711 anti-human CD4 (344648, BioLegend) and Ghost
Dye Red 780 (13-0865-T500, Tonbo), and analysed on the Attune NxT
flow cytometer (A29004).

Analysis of flow data was performed in FlowJo (v10.8.1) with gating
to select for lymphocytes, singlets, live cells (Ghost Dye negative),
CD4" T cells and T, cells (CellTrace Violet+CD25""). A gate was then
set for each donor using the non-stimulated T.-only control (CellTrace
Violet high peak) to establish a proliferative T, count. A gate was also
set for IMACS beads by selecting non-lymphocytes, beads using for-
ward scatter area (FSC-A) and Ghost Dye. An absolute proliferating
T, cell count was then established using the formula (proliferative
T.rcell count x input bead count)/(beads), which adjusts for variations
in stimulation and collection abnormalities. Percentage suppression
was calculated as (100 - (absolute proliferating T, cell count/abso-
lute proliferating T, cell count of stimulated responder only condi-
tion)) X 100. The median of the technical replicate collection plates
was used to calculate percent suppression and absolute proliferating
T cell count per donor for visualization.

Reporting summary
Furtherinformation onresearch designisavailablein the Nature Port-
folio Reporting Summary linked to this article.

Data availability

IL-2Ra screens, CUT&RUN, ChIP-seq, bulk RNA-seq and Perturb-CITE-
seq data are accessible at the NCBI Gene Expression Omnibus (GEO)
within GEO SuperSeries GSE271090. Mass spectrometry proteomics
data have been deposited to the ProteomeXchange Consortium via
the PRIDE partner repository with the dataset identifier PXD056255.
Publicly available data used in this study are accessible from the follow-
ingsources: KLF2-knockout differentially expressed genes are available
in Freimer et al.”®. MED12 CAR-T bulk RNA-seq data are available in the
GEO: GSE174279. CD4" T, STAT5A ChIP-seq data are available in the
ChIP Atlas with the identifiers SRX212432 and GSM105692. Source data
are provided with this paper.

Code availability

The code for main figure generation and key analyses is available on
Zenodo® (https://doi.org/10.5281/zen0do.13924126).
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indicated cell identities. Color indicates the log, fold change of differentially
expressed genes inbulk RNAseq (Wald test with BH multiple test correction,
padj<0.05,n=3donors) comparing stimulated MED12 KO to AAVSI KO control

samples. Data are shownin Teffs (left) and Tregs (right). d. Cytokine expression
measured by Luminex. Heatmaps represent the log, fold change cytokine
concentrationinthe MED12 KO sample supernatant relative to AAVSI KO
control supernatant. Teffheatmap values display the average concentration of
2sgRNAs per gene KO (n=4 donors per cell type x 2 sgRNA for Teff or 1sgRNA
for Tregs). e. Cytokine concentrations as represented in d for select cytokines.
Two-tailed T test comparing MED12 KO and AAVSI KO samples (paired for Tregs
only) (n =4 donors x2sgRNAs per KO (Teff only); Teff cytokines: IL-13: p = 0.054,
IL-4:p=0.025,IL-5:p=0.0099,IL-8: p = 0.0095, CXCL10 (IP-10): p=0.00072,
CXCL9:p=0.0096; Treg cytokines: IL-10: p = 0.043, TGF-B1: p= 0.54, TGF-p2:
p=0.84, TGF-3:p=0.19).
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Extended DataFig. 5| Partially-shared transcriptional effects of MED12 respective condition (Wald test with Benjamini-Hochberg (BH) multiple test
and other Mediator subunits. a. Comparison of the transcriptional effects correction, padj<0.05,n=3 donors per KO). The horizontal annotation barson

of MED12 KO compared to KO of Mediator subunits MED14 (middle/backbone),  thetop ofthe figure represent the stimulation condition (dark grey for resting
MED31(middle), MED24 (tail), MED30 (tail) asdescribed in Fig. 4e.b.Regulators  andlight for restimulated) and the vertical annotation barsrepresent the effect
of IL2Rain the network downstream of several Mediator complex subunits. oftheregulatorintheIL-2Ra screens (colored boxes = statistically significant
Differentially expressed genes as assessed by bulk RNAseq are displayed as the FDR < 0.05, navy = positive regulator of IL-2Ra and gold = negative regulator of
log, fold change gene expressionin the subunit KO/AAVS1 KO samples for the IL-2Ra).
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Extended DataFig. 6 | Mediator and SAGA complexes shape context-
dependentregulation of IL-2Ra. a. Mediator complex subunit KO effects on
expression of IL-2Ra as quantified by flow cytometry across contexts. Each
colorrepresents aMediator complex structural module (n =3 donors for Teffs
and 2 donors for Tregs x1sgRNA per condition). b. Amplicon-seq genotyping of
arrayed validation KOs to confirm editing. The mean percent modified (edited)
reads as quantified by NGSis depicted for each of the targeted genes (Teff
genotypingn=3donors, Tregs genotypingn =2 donors). c.Select regulators of
IL-2Ra affect H3K27ac distributionin CD4 + T cells. The number of differentially
H3K27 acetylated regionsin each KO cell population compared to control
AAVSIKO cellsis displayed on the y axis (Two-tailed Wald test with BH multiple
testcorrection, padj<0.05,n=2donors perKO). The directionin whichH3K27ac
wasalteredis depicted as the color of the bar.d. Trackplot of the [L2RA

locus depictingregions of differential acetylation between the MED12 KO
(solid color) and AAVSI control KO (grey transparent) conditions from a

representative donor. Light grey boxes distinguish regions of significantly
differential acetylation between the MED12 KO and the AAVSIKO (Two-tailed
Wald test with BH multiple test correction, padj <0.05, n =2 donors per KO).
IL2RA CaRE enhancer elements®are annotated in grey boxes below gene tracks.
STATS5A ChIP datasourced from public data (Methods). e. Venn diagram
depicting differentially acetylated regions (relative to AAVSI KO control cells)
for MED12, TAF5L,and MED11 KO samples. Differentially acetylated regions
determined as described inc.f. Histogram depicting the distribution of
differentially acetylated regions based on distance to the transcription start
siteof the nearest gene. The peak heightis the proportional to the number of
differentially acetylated regions across the samples. g. Correlation of TAF5SL
and MED12 differentially acetylated regions. Regions as described in c. depicted
asthelog,fold change acetylation for the respective perturbations. h. Trackplot
of H3K27ac as described ind for TAFSLKO instead of MED12 KO.
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Extended DataFig.7|SETD1A/COMPASS complex members areenriched
within an extensive MED12 proteininteraction network within CD4+ Teffs.
a.MEDI12interaction partnersin CD4+ Teffs. Proteins enriched in MED12
immunoprecipitation mass spectrometry (IP-MS) relative to IgG

control (BFDR <=0.05,n=3donors).Pinklinesindicate enrichmentin
immunoprecipitationand grey lines are derived from reported physical
interactionsin STRING database®*. b. Proteins froma. plotted by log, fold
change enrichment demonstrate high representation of SETD1A/COMPASS

members. c. Western blot confirmation of MED12 protein loss with MED12 KO
sgRNA s2770targeting MED12 using antibody clone D9KS5J used in IP experiments.
Two donorswere processed in one experiment. For gel source data, see
SupplementaryFig.1.d. MED12IP validation of select interactors by western
blot. Westernblot ofIgGand MED12 IP samples demonstrating interaction
between MED12 and SETD1A, CXXC1,and MED17 inresting and stimulated Teffs
intwo humandonors. For gel source data, see Supplementary Fig. 1.
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Extended DataFig. 8| MED12 ablation disrupts chromatin atlociencoding
regulators of restand activation. a. Sites of H3K4me2/1altered by MED12 KO

relative to AAVSIKO Teffs (n =3 donors per condition) determined by CUT&RUN.

Significantregionsintersecting high-confidence MED12 peaks, assessed by
ChlIP-seq (Methods, n=2donors per condition), are colored inred with select
geneslabeled.b. Correlationbetween genes with differential H3K4me3 and
transcript expression comparing MED12 KO to AAVS1KO Teffs. c. Genes
differentially expressed in MED12 KO relative to AAVS1KO (n =3 donors per
condition) colored asina.d. Intersection of MED12 high-confidence peaks and
CXXCl1peaks (left plot) and MED12 high-confidence bound genes and CXXC1
boundgenes (middle plot) inresting Teffs. Intersection of MED12 high-
confidence peaks betweenresting and stimulated states (right plot,n=2
donors per condition). e. Genes differentially expressed in MED12 KO relative

to AAVS1KO Teffs. CXXC1bound genes determined by ChIP-seq (Methods,n=2

3.0Kb

donors per condition) are colored indark blue with select genes labeled.

f. Trackplots of ETSIand GATA3loci depicting differential H3K4me3 and RNA
PolIICTD occupancy between the MED12 KO (purple and turquoise) and AAVSI
KO control (grey) conditions from arepresentative donor. Light grey boxes
definessignificantly differential H3K4me3 peaks comparing MED12 KO and
AAVSIKO control (padj<0.05,n=3donors). Colored boxes indicate CXXC1
peaks and MED12 high-confidence peaks (padj<0.05, n =2 donors, Methods).

g.CXXClbindingdistribution at expressed genesin CD4+ Teffs determined via

ChlIP-seq. h. Trackplots of KLF2and SOC3loci depicting regions of differential

H3K27acbetween the MED12 KO (solid color tracks) and AAVSI control KO (grey

transparent tracks) conditions fromarepresentative donor. Light grey boxes

distinguish regions of significantly differential acetylation between the MED12

KO and the AAVS1KO control (padj<0.05,n=2donors).
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Extended DataFig.9|MED12 ablationresultsinwidespread changesin
polymerase pausing. a. Mean Pausing Index (left) and polymerase abundance
atthe TSS’sdepicted for all genes expressed in Teffs (n =2 donors per condition).
Boxplots are separated by presence or absence of MED12 high-confidence
peak(s) at the loci. Boxplot center line, median; box limits, upper and lower
quartiles; whiskers, 1.5x interquartile range. b. Empirical cumulative distribution
function plot displaying the mean pausingindex for all genes expressed in Teffs
(n=2donors per condition, left). RNA Pol CTD distribution across genes (right).
c. Teff ChIP-seq binding distributions across genes expressed in Teffs (n =2
donors per condition).d. Trackplot of the /L2RA locus depicting differences
inoccupancy of RNA Polymerase [l CTD and NELFA in MED12 KO (turquoise

and gold) and AAVSI control KO (grey tracks) conditions from arepresentative
donor. Colored boxes indicate CXXC1 (blue) peaks and MED12 high-confidence
peaks (red, Methods). e. IL-2Ra expression of CRISPR perturbed or kinase
inhibitor (SEL120-34A) treated samples. Statistics performed using a paired
two-tailed T test (MED12KO: n =4 donors,SEL120-34A:n=7 donorsall

Signficant padj < 0.05
MED12 KO - SEL120 treatment opposite
MED12 KO - SEL120 treatment shared

Not shared

timepoints except T144 where n =4 donorsand T48 where n = 6 donors for
SEL120-34A assay; MED12 KO assay: O hrs: p = 0.015,24 hrs:p=0.00013, 48 hrs:
p=0.025,96 hrs:p=0.75,144 hrs: p=0.02; SEL120-34A assay: O hrs: p = 0.045,
24 hrs:p=0.002,48hrs:p=0.0015,96 hrs: p=0.024,144 hrs: p=0.052).
f.Representative flow plots frome. g. Stimulation responsive histone
methylation shared between AAVSIKO control cells and vehicle-treated control
cells. Top plot compares significantly differentially methylated sitesin AAVSI
KO resting vs stimulated Teffs (x axis) and vehicle (H,0)-treated resting vs
stimulated Teffs (y axis). Euler plots below depict the overlap of all differentially
methylated stimulation responsive sites displayed in the scatter plot (padj
<0.05significance threshold, n =3 donors per condition). h. Top plot compares
significantly differentially methylated sites in MED12 vs AAVSI KO Teffs (x axis)
and SEL120-34A vs vehicle (H,0)-treated Teffs (y axis). Euler plots below depict
the overlap of all differentially histone methylated sites displayed inscatter
plot (padj<0.05,n=3 donors per condition).
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Extended DataFig.10|Activation-induced cell death pathways are
dysregulatedin MED12KO T cells.a. MED12 KO CAR-T gene expression
activationscores based on gene expression signature analysis of RNAseq data
fromFreitasetal. (GEO series GSE174279). The GSVA activation score for each
group of samplesis compared using atwo-tailed T test and the Bonferroni
adjusted p value displayed for significantly different groups. Boxplot center
line, median; box limits, upper and lower quartiles; whiskers, 1.5x interquartile
range (n=3donors per KO). b.Rank plot of cellabundance within the Perturb-seq
single cell pools for each CRISPRi gene target for resting and stimulated Tregs.
Cellabundance normalized by the sgRNA distribution in the plasmid library
and represented as the log, fold change compared to non-targeting control

cells. The dashed lineindicates the abundance of non-targeting control cells.
c.Proliferative cell ratios assessed by gene signature of cycling cells within
each CRISPRiregulator knockdown conditionin the Perturb-seq pool.

The estimated ratio of G2M/G1 cells within each conditionis represented onthe
xaxis.*Used to denote MED12. d. Differentially expressed genes (padj <0.05)
fromstimulated Teff MED12 KO vs AAVSI KO control cellbulk RNAseq data
areillustrated on aschematic of the Apoptosis-Homo sapiens pathway from
WikiPathways. e. Top pathways affected by MED12 KO inbulk RNAseq data.
Apoptosis pathway genes were dysregulated by MED12 KO in stimulated Teffs.
f.Flow cytometry gating strategy for activation-induced cell death (AICD)
apoptosis assays. g. FAS cell surface expressionin MED12 KO and AAVS1KO
control cells (FAS MFl as quantified by flow cytometry is compared across
perturbation conditions). Starsindicate significantly different MFlin MED12
KO cells compared to control AAVSIKO cellsusing atwo-tailed T test (n=2
donorsx2sgRNAs per gene; Dose 0: p=0.019,0.1:p=0.0071,0.25:p=0.0056,
1:p=0.0047,2.5:p=0.0018).
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For all statistical analyses, confirm that the following items are present in the figure legend, table legend, main text, or Methods section.
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|X| The exact sample size (n) for each experimental group/condition, given as a discrete number and unit of measurement
|X| A statement on whether measurements were taken from distinct samples or whether the same sample was measured repeatedly

|X| The statistical test(s) used AND whether they are one- or two-sided
Only common tests should be described solely by name; describe more complex techniques in the Methods section.

A description of all covariates tested
A description of any assumptions or corrections, such as tests of normality and adjustment for multiple comparisons

A full description of the statistical parameters including central tendency (e.g. means) or other basic estimates (e.g. regression coefficient)
AND variation (e.g. standard deviation) or associated estimates of uncertainty (e.g. confidence intervals)
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For null hypothesis testing, the test statistic (e.g. F, t, r) with confidence intervals, effect sizes, degrees of freedom and P value noted
Give P values as exact values whenever suitable.

For Bayesian analysis, information on the choice of priors and Markov chain Monte Carlo settings

For hierarchical and complex designs, identification of the appropriate level for tests and full reporting of outcomes
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Estimates of effect sizes (e.g. Cohen's d, Pearson's r), indicating how they were calculated

Our web collection on statistics for biologists contains articles on many of the points above.

Software and code

Policy information about availability of computer code

Data collection  Cell sorter data collection was performed with BD FACSDiva v9.0.1. Attune Cytometric software (v6.0.1) was used for data collection. RNAseq
data was collected on an Illlumina NextSeq 500, CUT&RUN and ChIPseq data were collected on an Illlumina NextSeq 500 and NextSeq 2000,
Perturb-seq was collected on an Illumina NovaSeq X.

Data analysis Screen analysis
All pooled screens were analyzed with MAGeCK (v0.5.9.5).

RNAseq data was processed using the pipeline described in Freimer et al. Fastq adapter trimming was performed with cutadapt (v2.10). Low-
quality bases were trimmed with seqtk (v0.5.0). Reads were then aligned with STAR(v 2.7.10a) and mapped to GRCh38. UMI counting and
deduplication was performed with umi_tools (v1.0.1) and gene counts were generated from the deduplicated reads using featureCounts
(subread v2.0.1). Quality control metrics were generated for each sample with Fastqc (v0.11.9), rseqc (v3.0.1), and Multigc (v1.9).
Differentially expressed genes between Mediator KOs and AAVS1 KO samples as well as stimulated and resting AAVS1 KO samples were
identified from the deduplicated count matrix using Deseq247 (v1.32.0) in R (v4.1.0) Pathway analysis was performed using PathfindR (v1.6.4).
Pathway visualization was performed using Cytoscape (v3.8.2).

CUT&RUN data analysis was performed according Zheng et al. with the recommended settings unless otherwise specified below62. In brief,
the fastgs were trimmed with cutadapt (v1.18). Bowtie2 (v2.2.5) was used to align the trimmed fastgs. Bam files were generated with
samtools(version 1.9) and bam to bed conversion performed with bedtools (v2.30.0). Bedgraph files were generated with bedtools (version
2.30.0). Peak calling was performed using the bedgraph files as input with SEACR (v1.3). Regions of differential acetylation or methylation
between the regulator KOs and AAVS1 KO samples were identified for the peaks called across any of the samples from bam files using
Deseq261 (v1.32.0) in R (v4.1.0). Gene annotation was performed using the gene with the nearest transcription start site to each region with
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the GenomicRanges (v1.44.0) nearest function. Bedgraph scaling was performed based on peak coverage across all samples and conditions
using Deseq?2 (v1.32.0) sizefactors.

ChlIP-seq analysis

Reads were trimmed to remove adapters and low-quality sequences and aligned with bwa59 (v0.7.17-r1188) before filtering to remove
duplicates and low-quality alignments including problematic genomic regions60 using the nf-core/ChIP-seq pipeline61 (v2.0.0, doi: 10.5281/
zenodo.3240506) with default parameters. Normalization to mouse spike-in chromatin was performed by scaling counts to the quotient of
the ratios of human:mouse ChIP reads and human:mouse input reads as described62. CXXC1 and MED12 high confidence peaks for
visualization were identified using bam files from all AAVS1 KO donors for MACS2 (v2.2.6).

Polymerase pausing analysis

The polymerase pausing index was calculated as described in Wang et al. as (TSS coverage/TSS length)/(Gene body coverage/gene body
length).34 Gencode V43 gene structures were selected for APRIS genes and filtered to include only genes expressed in CD4+ T cells using
AAVS1 KO bulk RNAseq data. The TSS region of each gene was defined as 200 bp up- and downstream of the TSS. The gene body was defined
as the region 400 bp downstream from the TSS plus 400 bp past the final exon of the gene. Rtracklayer (v1.62.0) was used to import spike-in
scaled RNA Pol Il CTD bigwigs and GenomicAlignments (v1.38.2) summarizeOverlaps() was used to determine the coverage within the defined
gene regions.

CUT&RUN and ChlP-seq visualization
Visualization of scaled tracks was performed with rtracklayer (v1.62.0) and ggplot2 (v3.5.1). Gene annotation was performed with gggenes
(v0.5.0). Deeptools (v3.5.5) was used to generate profile plots.

Perturb-seq analysis

Perturb-seq analysis was performed in R (v4.3.1) using Seurat (v4.3.0.1).Harmony (v0.1.1) was used to correct for donor associated variability.
DeSeq?2 (v1.32.0) was used to identify differentially expressed genes and proteins. Network plots of differentially expressed gene connections
were visualized in R using influential (v2.2.7) and ggraph (v2.1.0). Other visualization of differentially expressed genes and surface proteins
was performed using ggplot2 (v3.4.1). Activation scoring was performed according to Schmidt et at 2022.

Mass Spectrometry analysis

All raw MS data were searched using MaxQuant (v2.4.7). Protein spectral counts as determined by MaxQuant search results were used for PPI
confidence scoring by SAINTexpress (v3.6.1). Rabbit IgG pulldown samples were used as control. The total list of candidate PPIs was filtered to
those that met the criteria of SAINTexpress BFDR <= 0.05. To quantify changes in interactions between resting and stimulated T cell states, we
used a label-free quantification approach in which statistical analysis was performed using MSstats (v4.8.7) within the artMS (v1.18.0) R
package.

MED12 CAR activation scoring
DeSeq2 (v1.32.0), SummarizedExperiment (v1.22.0), GSVA68 (v1.40.1) and rstatix (v0.7.2) were used.

For manuscripts utilizing custom algorithms or software that are central to the research but not yet described in published literature, software must be made available to editors and
reviewers. We strongly encourage code deposition in a community repository (e.g. GitHub). See the Nature Portfolio guidelines for submitting code & software for further information.

Data

Policy information about availability of data
All manuscripts must include a data availability statement. This statement should provide the following information, where applicable:

- Accession codes, unique identifiers, or web links for publicly available datasets
- A description of any restrictions on data availability

- For clinical datasets or third party data, please ensure that the statement adheres to our policy

IL2RA screens, CUT&RUN, ChIP-seq, Bulk RNAseq, and Perturb-CITE-seq data are accessible at NCBI Gene Expression Omnibus within GEO SuperSeries GSE271090.
Mass spectrometry proteomics data have been deposited to the ProteomeXchange Consortium via the PRIDE partner repository with the dataset identifier
PXD056255. Source data has been provided for figures where the data is not accessible from the supplementary tables. MED12 CAR-T bulk RNAseq data is available
on GEO: GSE174279. CD4+ Treg STATSA ChIP-seq data was accessed from ChIP Atlas- SRX212432, GSM105692.

Research involving human participants, their data, or biological material

Policy information about studies with human participants or human data. See also policy information about sex, gender (identity/presentation),
and sexual orientation and race, ethnicity and racism.

Reporting on sex and gender Donors were recruited by StemCell technologies and were used in this study without regard to sex or gender.

Reporting on race, ethnicity, or = Donors were recruited by StemCell technologies and were used in this study without regard to race, ethnicity, or other social

other socially relevant groupings.
groupings
Population characteristics For experiments with large quantities of regulatory T cells, donors were requested under the age of 40 with a BMI of less

than 30 to improve regulatory T cell yield. Beyond this criteria, blood was accepted as available from STEMCELL Technologies
without other selection criteria. STEMCELL provides the following information, "Subjects are voluntary, healthy donors,
recruited from the general community, and compensated for their time and effort. Criteria for entry into the program
includes age (minimum: 18 years old; maximum: 55 years old or higher, depending on the donor site), and donors without

o]
Q
==
=
(D
°
©)
=,
g
>
®
o
©)
=
-]
Q
wn
C
3
3
Q
=
<




Recruitment

Ethics oversight

any pre-existing conditions such as cancer, cardiac, lung, blood, or autoimmune disorders. Subjects are recruited without
regard for ethnicity, although US citizenship is required."

All samples were purchased through STEMCELL Technologies who was soley responsible for recruitment of donors.
STEMCELL Technologies collects blood from healthy human donors.

All biospecimens were purchased through STEMCELL Technologies which collects after institutional review board—approved
informed written consent.

Note that full information on the approval of the study protocol must also be provided in the manuscript.

Field-specific reporting
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Life sciences study design

All studies must disclose on these points even when the disclosure is negative.

Sample size

Data exclusions

Replication

Randomization

Blinding

Sample sizes were selected based on standards for the specific data type and downstream analysis pipelines. Human biological replicate
samples were used in all experiments and in some cases multiple CRISPR guides targeting the same gene. We determined sample sizes based
on prior experiments performed in our labs and published findings of the same data type. The chosen sample sizes reproducibly yielded
reported effects.

For screens, donors with insufficient cell yield after isolation, cell culturing, or sorting were excluded from the analysis. Only donors with over
500x coverage were included in the dataset to ensure appropriate data quality (resulting in the exclusion of 1 Treg donor with poor
expansion). In arrayed flow cytometry experiments, samples with insufficient total events (ie less than 1000 total cells per well) were removed
from the analysis using a consistent threshold across the entire dataset. Samples with insufficient reads at the edited locus were excluded
from genotyping analysis with a consistent threshold used across the entire dataset (ie less than 100 reads). A pilot experiment donor was
processed for ChIP-seq but excluded due to poor signal to noise ratio and the use of non-optimal antibodies. ChIP-seq included in the
manuscript was carried out after replacing sub-optimal antibodies and improving the stringency of washes.

Human biological replicates were used in all experiments to ensure reproducibility. For most experiments, cells from multiple donors were
cultured in parallel in batches of 1-4 donors at a time. For several large arrayed assays, downstream processing of each donor was performed
separately for each donor. Reproducibility across donors and batches of donors was high. Many of the findings in this work were validated or
reproduced with a secondary method. Specifically, all featured IL2RA screen hits were assessed in an arrayed KO format with flow cytometry
using independent donors. Mediator RNAseq analysis was performed with CRISPR KO in an arrayed format and CRISPRi scRNAseq in individual
donors. Conclusions were drawn from results observed using both CRISPR and sequencing modalities. CUT&RUN data peak calling was
performed using the most stringent setting of SEACR, including IgG controls for background thresholding generated from each sample.
Activation induced cell death flow data was generated in two separate experiments with two donors and two guides per gene in each
experiment. All attempts at replication were successful and are included in the figures. ChIPseq peak calling was performed using the input as
background for each sample and MED12 KO samples for MED12 peaks in AAVS1 KO control samples. IgG controls were used for all IP-MS and
IP-western blot experiments.

CRISPR perturbations performed in an arrayed format were randomized prior to the start of each experiment, including the exclusion of edge
wells whenever possible. High throughput genomic assays that required batch processing were conduced with control samples evenly
distributed within each batch to prevent inconsistencies. Each donor sample was included in the experimental and control groups of each
assay performed. Several assays were performed in a pooled setting to eliminate potential variability, including all screens and CRISPRi scRNA-
seq/ CITE-seq.

Blinding was not possible as the individual who designed the experiments was often involved in conducting the experiment. To avoid biases,
distribution of control and experiment conditions were integrated as well as possible for arrayed assays (example: each row of CRISPR KOs
contains an AAVS1 KO control, or AAVS1 KO controls are present in plate every 20 wells) prior to the start of the experiment and multichannel
pipetting techniques were used whenever possible to ensure equal treatment of all samples. For large scale culture experiments not in a
plate, cells were cultured in parallel for each donor with same media and split at equal densities at the same frequency.

Reporting for specific materials, systems and methods

We require information from authors about some types of materials, experimental systems and methods used in many studies. Here, indicate whether each material,
system or method listed is relevant to your study. If you are not sure if a list item applies to your research, read the appropriate section before selecting a response.
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Materials & experimental systems Methods

Involved in the study n/a | Involved in the study
Antibodies [] ChIP-seq
Eukaryotic cell lines |:| Flow cytometry
Palaeontology and archaeology |X| |:| MRI-based neuroimaging

Animals and other organisms
Clinical data

Dual use research of concern

NXXNXNXX[] S
O00000OK

Plants

Antibodies

Antibodies used Target Species/Isotype/Clone Vendor Cat. No.
MED12 Rabbit polyclonal IgG Bethyl/Thermo A300-774A
CXXC1 Rabbit monoclonal IgG (D1R5R) Cell Signaling 406725
NELF-A Mouse monoclonal IgG2bk (G-11) Santa Cruz sc-365004
RNA Polll CTD Mouse monoclonal IgG1 (4H8) Cell Signaling 2629
RNA Polll phospho-Ser2 Rabbit polyclonal IgG Abcam ab5095
RNA Polll phosphor-Ser5 Rabbit polyclonal IgG Abcam ab5131
H3K27ac Rabbit Monoclonal (2114-3E4) EpiCypher 13-0045
H3K4me1l Rabbit Monoclonal (2088-1F4) EpiCypher 13-0057
H3K4me2 Rabbit Monoclonal (clone not provided by manufacturer website) EpiCypher 13-0027
H3K4me3 Rabbit Monoclonal (2909-3D7) EpiCypher 13-0041
1gG Rabbit EpiCypher 13-0042
MED12 Rabbit monoclonal IgG (D9K5J) Cell Signaling 14360
1gG Normal Rabbit IgG Cell Signaling 2729S
MED12 Rabbit monoclonal IgG (D9K5J) Cell Signaling 14360
1gG-HRP conjugate Mouse Anti-rabbit IgG (Conformation Specific) (L27A9) Cell Signaling 51275
CXXC1 Rabbit monoclonal IgG (D1R5R) Cell Signaling 40672S
SET1A Rabbit mAb (D3V9S) Cell Signaling 61702
MED17 Rabbit mAb (E3V6Y) Cell Signaling 64733S
GAPDH Rabbit mAb D16H11 Cell Signaling 5174
Alexa Fluor® 647 anti-human IL2RA Mouse 1gG1, k (BC96) Biolegend 302618
Ghost Dye™ Red 780 NA Tonobo 13-0865-T500
BV711 anti-human CD4 Mouse 1gG1, k (SK3) Biolegend 344648
PE anti-mouse/human Helios Armenian Hamster IgG, 22F6 Biolegend 137216
KIRAVIA Blue 520™ anti-human CD152 (CTLA-4) Mouse 1gG1, k (L3D10) Biolegend 349938
Pacific Blue™ anti-human FOXP3 Mouse IgG1, k (206D) Biolegend 320116
PE anti-Human CD127 Mouse IgG1, k (HIL-7R-M21) Beckon Dickinson 557938
Pacific Blue™ anti-human CD4 Mouse IgG1, k (SK3) Biolegend 344620
PE anti-human CD95 (Fas) Mouse 1gG1, k (DX2) Biolegend 305608
TotalSeq™-C0251 anti-human Hashtag Antibodies 1-4 Mouse IgG1 (LNH-94; 2M2) Biolegend 394661
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Validation All flow cytometry antibodies were validated and quality tested on the manufacturer website including a histogram of positive and
negative cells stained with the respective product. Prior to using each antibody, we performed testing on the cell types of interest
using relevant fixation methods to determine specificity and robust detection without significant spillover into the channels of other
markers used in the study.

Biolegend antibody statement (manufacturer of most flow antibodies used) At BioLegend, one way that we address reproducibility in
research is through antibody validation. We guarantee antibody specificity of all of our antibody products.

Manufacturer validation flow antibodies:

Alexa Fluor® 647 anti-human IL2RA Mouse IgG1, k (BC96) Biolegend 302618 NA Flow cytometry https://www.biolegend.com/de-at/
products/alexa-fluor-647-anti-human-cd25-antibody-3254

Ghost Dye™ Red 780 NA Tonobo 13-0865-T500 NA Flow cytometry

BV711 anti-human CD4 Mouse 1gG1, k (SK3) Biolegend 344648 NA Flow cytometry https://www.biolegend.com/fr-ch/products/
brilliant-violet-711-anti-human-cd4-antibody-16013?Group|D=GROUP28

PE anti-mouse/human Helios Armenian Hamster IgG, 22F6 Biolegend 137216 NA Flow cytometry https://www.biolegend.com/ja-jp/
products/pe-anti-mouse-human-helios-antibody-6481

KIRAVIA Blue 520™ anti-human CD152 (CTLA-4) Mouse IgG1, k (L3D10) Biolegend 349938 NA Flow cytometry https://
www.biolegend.com/fr-fr/products/kiravia-blue-520-anti-human-cd152-ctla-4-antibody-20315

Pacific Blue™ anti-human FOXP3 Mouse IgG1, k (206D) Biolegend 320116 NA Flow cytometry https://www.biolegend.com/de-at/
products/pacific-blue-anti-human-foxp3-antibody-3053

PE anti-Human CD127 Mouse IgG1, k (HIL-7R-M21) Beckon Dickinson 557938 NA Flow cytometry https://www.bdbiosciences.com/
en-us/products/reagents/flow-cytometry-reagents/research-reagents/single-color-antibodies-ruo/pe-mouse-anti-human-
cd127.557938

Pacific Blue™ anti-human CD4 Mouse 1gG1, k (SK3) Biolegend 344620 NA Flow cytometry https://www.biolegend.com/en-gb/
products/pacific-blue-anti-human-cd4-antibody-6507

PE anti-human CD95 (Fas) Mouse 1gG1, k (DX2) Biolegend 305608 NA Flow cytometry https://www.biolegend.com/en-gb/products/
pe-anti-human-cd95-fas-antibody-643




CUT&RUN antibodies were certified by Epicypher and in the case of I1gG provided as a control within the commercial kit used for
sample processing. All CUT&RUN antibodies were tested in primary human T cells as recommended by EpiCypher prior to generation
of data included in this manuscript.

EpiCypher's statement of quality:

- H3K427ac "This antibody meets EpiCypher’s “SNAP-ChIP® Certified” criteria for specificity and efficient target enrichment in a ChIP
experiment (<20% cross-reactivity across the panel, >5% recovery of target input). Histone H3 is one of the four proteins that are
present in the nucleosome, the basic repeating subunit of chromatin, consisting of 147 base pairs of DNA wrapped around an
octamer of core histone proteins (H2A, H2B, H3 and H4). This antibody reacts to H3K27ac and no cross reactivity with other lysine
acylations in the EpiCypher SNAP-ChIP K-AcylStat panel, is detected."

- H3K4me3 (histone H3 lysine 4 trimethyl) antibody meets EpiCypher’s lot-specific SNAP-Certified™ criteria for specificity and efficient
target enrichment in CUT&RUN. This requires <20% cross-reactivity to related histone PTMs determined using the SNAP-CUTANA™ K-
MetStat Panel of spike-in controls (EpiCypher 19-1002, Figure 1). High target efficiency is confirmed by consistent genomic
enrichment at 500k and 50k starting cells (Figures 2-4). This antibody targets histone H3 trimethylated at lysine 4, which is enriched
at active promoters near transcription start sites (TSS).

- H3K4me2:This antibody meets EpiCypher’s lot-specific SNAP-Certified™ criteria for specificity and efficient target enrichment in
CUT&RUN. This requires <20% cross-reactivity to related histone PTMs determined using the SNAP-CUTANA™ K-MetStat Panel of
spike-in controls (EpiCypher 19-1002, Figure 1). High target efficiency is confirmed by consistent genomic enrichment at 500k and
50k starting cells (Figures 2-4). This antibody targets histone H3 dimethylation at lysine 4, which is enriched in promoters of
transcriptionally active genes and genes primed for expression during cell development [1].

- H3K4me1 (histone H3 lysine 4 monomethyl) antibody meets EpiCypher’s lot-specific SNAP-Certified™ criteria for specificity and
efficient target enrichment in both CUT&RUN and CUT&Tag applications. This requires <20% cross-reactivity to related histone PTMs
determined using the SNAP-CUTANA™ K-MetStat Panel of spike-in controls (EpiCypher 19-1002, Figures 1 and 4). High target
efficiency is confirmed by consistent genomic enrichment at varying cell inputs: 500k and 50k cells in CUT&RUN (Figures 2-3); 100k
and 10k cells in CUT&Tag (Figures 5-6). High efficiency antibodies display similar peak structures at representative loci (Figures 3 and
6) and highly conserved genome-wide signal (Figures 2 and 5) even at reduced cell numbers. H3K4me1 either flanks H3K4me3 at the
transcription start site (TSS) or coincides with H3K4me3 (Figures 2-3, 5-6) [1].

Antibodies used for IP and western blot were validated for the respective assay by the manufacturer. The following statements detail
validation strategies utilized by the relevant manufacturers.

Cell Signaling Antibody Validation for Western Blotting

Cell Signaling Technology (CST) provides the highest quality primary and secondary antibodies available for western blotting. CST™
antibodies are produced in-house and validated extensively according to a rigorous protocol.

Validation Steps Include

Examination of several cell lines and/or tissues of known expression levels allows accurate determination of species cross-reactivity
and verifies specificity.

Treatment of cell lines with growth factors, chemical activators or inhibitors, which induce or inhibit target expression, verifies
specificity. Phosphatase treatment confirms phospho-specificity.

The use of siRNA transfection or knockout cell lines verifies target specificity.

Side-by-side comparison of lots to ensures lot-to-lot consistency.

Optimal dilutions and buffers are predetermined, positive and negative cell extracts are specified, and detailed protocols are already
optimized, saving valuable time and reagents.

We performed secondary validation of the antibody used for MED12 IPs using western blot after CRIPSR KO of MED12. We found
that in our hands the antibody was both sensitive and specific for MED12. (Extended data figure).

Manufacturer validation:

MED12 Rabbit monoclonal IgG (D9K5J) Cell Signaling 14360 10 IP https://www.cellsignal.com/products/primary-antibodies/med12-
d9k5j-rabbit-mab/143607?srsltid=AfmBOogk6__ foBrMyq1Gt4Er80ayxQJpOMtfSAM3trtTGTg70Asgsecd

1gG Normal Rabbit 1gG Cell Signaling 2729S 10 IP https://www.cellsignal.com/products/primary-antibodies/normal-rabbit-igg/2729
MED12 Rabbit monoclonal IgG (D9K5J) Cell Signaling 14360 NA Western blot https://www.cellsignal.com/products/primary-
antibodies/med12-d9k5j-rabbit-mab/143607srsltid=AfmBOogk6__ foBrMyq1Gt4Er80ayxQJpOMtfSAM3trtTGTg70Asgsecd

1gG-HRP conjugate Mouse Anti-rabbit IgG (Conformation Specific) (L27A9) Cell Signaling 5127S NA Western blot https://
www.cellsignal.com/products/secondary-antibodies/mouse-anti-rabbit-igg-conformation-specific-127a9-mab-hrp-conjugate/5127°?
srsltid=AfmBOoqIM4WDa0H1xDhjGVUk4F9j7da0gbRCIVXXCoi8vX-Mz8fd4ZnA

CXXC1 Rabbit monoclonal IgG (D1R5R) Cell Signaling 40672S NA Western blot https://www.cellsignal.com/products/primary-
antibodies/cxxc1-d1rSr-rabbit-mab/40672?srsltid=AfmBOopbUWhOQpRmMNLLUgTS3FzsprF7rOaNPYwhYexWWZ6golhmblgph
MED17 Rabbit mAb (E3V6Y) Cell Signaling 64733S NA Western blot https://www.cellsignal.com/products/primary-antibodies/
med17-e3v6y-rabbit-mab/64733?srsltid=AfmBOoqEtvuLb6Q79sMY_Rr7IAUGfM8junXdNkZOAskKrvOwWNHkQVNKS

SET1A Rabbit mAb (D3V9S) Cell Signaling 61702 NA Western blot https://www.cellsignal.com/products/primary-antibodies/set1a-
d3v9s-rabbit-mab/61702?srsltid=AfmBOorAh-Owsg-rUpoHiSAmgkag4v7gkVmdUbalxyjoUBPDQkJrKbidg

GAPDH Rabbit mAb D16H11 Cell Signaling 5174 NA Western blot https://www.cellsignal.com/products/primary-antibodies/gapdh-
d16h11-xp-rabbit-mab/5174?srsltid=AfmB0O00-z5k8jbSK_ITrDOLRomimur8oB5Ic10Q6LIMV2QKvByQ-Sqle

Cell signaling and Abcam ChlIP-seq antibodies were validated by the manufacturer. The following statement is provided regarded
manufacturer validation of antibodies.

Cell Signaling ChIP-seq Antibody Validation Steps

All ChIP-seq validated antibodies are first subjected to the ChIP-qPCR validation protocol.

Antibody sensitivity for ChIP-seq is then confirmed by analyzing the signal:noise ratio of target enrichment across the genome in
antibody:input control comparisons. The antibody must provide an acceptable minimum number of defined enrichment peaks and a
minimum signal:noise threshold compared to input chromatin.

For sequence-specific DNA-binding transcription factors, antibody specificity is determined by performing motif analysis of enriched
chromatin fragments.

Antibody specificity is further determined by comparing enrichment across the genome using multiple antibodies against distinct
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target protein epitopes.

Antibody specificity is confirmed using antibodies against different subunits of a multiprotein complex.

Antibody specificity is further confirmed by comparing enrichment across the genome to published ChIP-seq data (ie, ENCODE) using
additional antibodies for a given target protein.

Relevant citation for the products include:

CD4 SK3 clone:

Garcia—Perez JE, et al. 2019. Front Immunol. 10:998. PubMed
Chiu Y, et al. 2016. Sci Rep. 6:19227. PubMed

Kuo HH, et al. 2018. Immunity. 48:1183. PubMed

Kariminia A, et al. 2016. Blood. 127: 3082 - 3091. PubMed

CD25 BC96 clone:

Lin JR et al. 2018. eLife. 7 pii: €31657. PubMed

Kilpelainen A, et al. 2022. Front Immunol. 13:815041. PubMed

Tiittanen M, et al. 2013. PLoS One. 7:78420. PubMed

Singh KS, et al. 2021. Nature. 589:597. PubMed

Keck S, et al. 2021. Cellular and Molecular Gastroenterology and Hepatology. 12(2):507-545. PubMed

Helios 22F6 clone:

Nagai V, et al. 2019. Front Immunol. 10:174. PubMed
Sasaki K, et al. 2019. Nat Commun. 10:3878. PubMed
Dean JW, et al. 2020. J Autoimmun. 108:102417. PubMed
Baine |, et al. 2013. J Immunol. 190:1008. PubMed

Trotta E, et al. 2018. Nat Med. 24:1005. PubMed

FoxP3 206D clone:

Raghavan S, et al. 2009. Ann Rheum Dis. 68:1908. PubMed
Purvis H, et al. 2010. Blood. 116:4829. PubMed
Hartigan-O'Connor D, et al. 2007. J Exp Med. 204:2679. PubMed
Harshe RP, et al. 2020. Nat Commun. 11:5894. PubMed

MED12 Rabbit monoclonal IgG (D9K5J) Cell Signaling 14360- Western blot and IP
https://www.cellsignal.com/products/primary-antibodies/med12-d9k5j-rabbit-mab/143607?

srsltid=AfmBOoqV3X0w8 caN70wpaCb5x8S9PLtlw4leAHf NI_XHcpfxTGrfD3

Chen H, et al. Mol Cancer Ther. 2022 Jul 5;21(7):1076-1089. doi: 10.1158/1535-7163.MCT-21-0841. PMID: 35439318; PMCID:
PM(C9769698.

Siraj AK, et al. MED12 is recurrently mutated in Middle Eastern colorectal cancer. Gut. 2018 Apr;67(4):663-671. doi: 10.1136/
gutjnl-2016-313334. Epub 2017 Feb 9. PMID: 28183795; PMCID: PMC5868237.

H3K27ac- CUT&RUN (Epicypher)
Shah et al., Mol Cell 2018

MED12 Rabbit polyclonal IgG Bethyl/Thermo A300-774A - ChlPseq
https://www.fortislife.com/products/primary-antibodies/rabbit-anti-med12-antibody/BETHYL-A300-774

Freitas KA, et al. Science. 2022 Nov 11;378(6620):eabn5647. doi: 10.1126/science.abn5647. Epub 2022 Nov 11. PMID: 36356142;
PMCID: PMC10335827.

Sooraj D, et al. Mol Cell. 2022 Jan 6;82(1):123-139.e7. doi: 10.1016/j.molcel.2021.11.015. Epub 2021 Dec 14. PMID: 34910943.

CXXC1 Rabbit monoclonal IgG (D1R5R) Cell Signaling 406725
https://www.cellsignal.com/products/primary-antibodies/cxxc1-d1r5r-rabbit-mab/40672?
srsltid=AfmBO0q090PFx92lhzjmhpiRTgjLEKN3w-rtroxknfptKql1fYMDh3Bj8

Ding Y, et al. PLoS Pathog. 2021 Sep 7;17(9):e1009847. doi: 10.1371/journal.ppat.1009847. PMID: 34492084; PMCID: PMC8448337.
Zhang Q, et al. 2020 Jan-Dec;19:1533033820971306. doi: 10.1177/1533033820971306. PMID: 33174521; PMCID: PMC7672768.

SET1A Rabbit mAb (D3V9S) Cell Signaling 61702
https://www.cellsignal.com/products/primary-antibodies/set1a-d3v9s-rabbit-mab/617027?
srsltid=AfmBOopMvZZBAgJhgNCISyv4vABVzcekCTbuGYWGZ1VKCexRfWmtH4NE

Sparbier CE, et al. Nat Cell Biol. 2023 Feb;25(2):258-272. doi: 10.1038/s41556-022-01056-x. Epub 2023 Jan 12. PMID: 36635503;
PMCID: PMC7614190.

Bhattacharya A, Commun Biol. 2023 Oct 11;6(1):1030. doi: 10.1038/s42003-023-05395-9. PMID: 37821650; PMCID: PMC10567710.

RNA Polll CTD Mouse monoclonal IgG1 (4H8) Cell Signaling 2629
https://www.cellsignal.com/products/primary-antibodies/rpb1-ctd-4h8-mouse-mab/2629?
srsltid=AfmBOopmEKLzM|j34JLEQvykLb16Nz4yPNWIION_i-zkOo5pMkylWmUG

Pang J, et al. Resveratrol intervention attenuates chylomicron secretion via repressing intestinal FXR-induced expression of scavenger
receptor SR-B1. Nat Commun. 2023 May 9;14(1):2656. doi: 10.1038/s41467-023-38259-1. PMID: 37160898; PMCID: PMC10169763.
Zaurin R, et al. Nucleic Acids Res. 2021 Dec 16;49(22):12716-12731. doi: 10.1093/nar/gkab1125. PMID: 34850111; PMCID:
PM(C8682742.

RNA Polll phospho-Ser2 Rabbit polyclonal IgG Abcam ab5095
https://www.abcam.com/en-us/products/primary-antibodies/rna-polymerase-ii-ctd-repeat-ysptsps-phospho-s2-antibody-ab5095
Shin H, et al. Biochim Biophys Acta Gene Regul Mech. 2018 May;1861(5):481-496. doi: 10.1016/j.bbagrm.2018.03.002. Epub 2018
Mar 8. PMID: 29524612; PMCID: PMC6053077.

Baugh LR, et al. Science. 2009 Apr 3;324(5923):92-4. doi: 10.1126/science.1169628. Epub 2009 Feb 26. PMID: 19251593.
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Plants

RNA Polll phosphor-Ser5 Rabbit polyclonal IgG Abcam ab5131
https://www.abcam.com/en-us/products/primary-antibodies/rna-polymerase-ii-ctd-repeat-ysptsps-phospho-s5-antibody-ab5131#
Fullwood MJ, et al. An oestrogen-receptor-alpha-bound human chromatin interactome. Nature. 2009 Nov 5;462(7269):58-64. doi:
10.1038/nature08497. PMID: 19890323; PMCID: PMC2774924.

Schones DE, et al. Cell. 2008 Mar 7;132(5):887-98. doi: 10.1016/j.cell.2008.02.022. PMID: 18329373; PMCID: PMC10894452.

Seed stocks

Novel plant genotypes

Authentication

ChlIP-seq

Report on the source of all seed stocks or other plant material used. If applicable, state the seed stock centre and catalogue number. If
plant specimens were collected from the field, describe the collection location, date and sampling procedures.

Describe the methods by which all novel plant genotypes were produced. This includes those generated by transgenic approaches,
gene editing, chemical/radiation-based mutagenesis and hybridization. For transgenic lines, describe the transformation method, the
number of independent lines analyzed and the generation upon which experiments were performed. For gene-edited lines, describe
the editor used, the endogenous sequence targeted for editing, the targeting guide RNA sequence (if applicable) and how the editor
was applied.

Describe any authentication procedures for each seed stock used or novel genotype generated. Describe any experiments used to
assess the effect of a mutation and, where applicable, how potential secondary effects (e.g. second site T-DNA insertions, mosiacism,
off-target gene editing) were examined.

Data deposition

|X| Confirm that both raw and final processed data have been deposited in a public database such as GEO.

|X| Confirm that you have deposited or provided access to graph files (e.g. BED files) for the called peaks.

Data access links

ChIP and CUT&RUN data is available for reviewers at GEO SuperSeries GSE271090

May remain private before publication.

Files in database submission Scaled bedgraph files have been provided for all ChIP and CUT&RUN data, as well as MACS2 or SEACR defined peaks in the

Genome browser session
(e.g. UCSC)

Methodology

Replicates

Sequencing depth

Antibodies

form of a bed file. Input or 1gG control sample unscaled bedgraphs have been provided as well.

https://genome.ucsc.edu/s/maya.arce/hg38_cutnrun_IL2RA
note that not all files were loaded due to size restrictions, please see GEO data for full dataset

CUT&RUN was performed with 2 human donors (biological replicates) per KO, cell type, and stimulation condition for H3K27ac.
CUT&RUN was performed with 3 human donors (biological replicates) per KO, cell type, and stimulation condition for H34me1-3.
ChlIPseq was performed with 2 human donors (biological replicates) per KO, cell type, and stimulation condition for each target.

All CUT&RUN samples were sequenced to a depth of 6-7 M PE reads per sample, with samples from the same donor and cell type run
within the same batch . The human genome alignment rate was ~75-95% for each sample with 50-70% of reads aligning only once.
The read length was 75 bp paired end for a total read length of 150 bp. An E.coli spike in was included in each sample at a rate of
approximately 1% of reads.

ChlIPseq samples were sequenced to a mean depth of 32 M PE reads per sample, with samples from the same donor and cell type
run within the same batch . The alignment rate was between 87-100% for each sample with 32-100% of reads aligning only once.
The read length was 50 bp paired end for a total read length of 100 bp. Mouse chromatin was spiked in at an estimated percentage
of 2.5% of reads.

MED12 Rabbit polyclonal IgG Bethyl/Thermo A300-774A ChlIPseq

CXXC1 Rabbit monoclonal IgG (D1R5R) Cell Signaling 40672S ChIPseq
NELF-A Mouse monoclonal IgG2bk (G-11) Santa Cruz sc-365004 ChlIPseq
RNA Polll CTD Mouse monoclonal IgG1 (4H8) Cell Signaling 2629 ChIPseq
RNA Polll phospho-Ser2 Rabbit polyclonal IgG Abcam ab5095 ChiPseq
RNA Polll phosphor-Ser5 Rabbit polyclonal IgG Abcam ab5131 ChliPseq
H3K27ac Rabbit Monoclonal (2114-3E4) EpiCypher 13-0045 CUT&RUN
H3K4mel Rabbit Monoclonal (2088-1F4) EpiCypher 13-0057 CUT&RUN
H3K4me2 Rabbit Monoclonal EpiCypher 13-0027 CUT&RUN
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Peak calling parameters

Data quality

Software

Flow Cytometry

H3K4me3 Rabbit Monoclonal (2909-3D7) EpiCypher 13-0041 CUT&RUN
IgG Rabbit EpiCypher 13-0042 CUT&RUN

CUT&RUN analysis

Pooled libraries were sequenced on a NextSeq 500 (H3K27ac) and NextSeq 2000 with 2x75 or 2x50 paired end reads, respectively.
Bcl2fastq (v2.19) with the settings --minimum-trimmed-read-length 8 was used to generate fastgs. CUT&RUN data analysis was
performed according Zheng et al. with the recommended settings unless otherwise specified below62. In brief, the fastgs were
trimmed with cutadapt (v1.18). Bowtie2 (v2.2.5) was used to align the trimmed fastgs to GRCh38 using settings --local --very-
sensitive --no-mixed --no-discordant --phred33 --dovetail -| 10 -X 700 -p 8 -q and E. coli (EMBL accession U00096.2) with settings --
local --very-sensitive --no-overlap --no-dovetail --no-mixed --no-discordant --phred33 -1 10 -X 700 -p 8 -g. Bam files were generated
with samtools(version 1.9) view -bS -F 0x04 and bam to bed conversion performed with bedtools (v2.30.0) bamtobed -bedpe.
Bedfiles were filtered to include only paired reads of less than 1000 bp with the command awk '$1==54 && $6-52 < 1000 {print SO}'
samplename.bed before generating bedgraph files using bedtools (version 2.30.0) genomecov -bg. Peak calling was performed using
the bedgraph files as input with SEACR63 (v1.3). Each target bedgraph file was compared to the respective donor and KO condition
1gG file to identify peaks above the background using the norm and stringent options for H3K27ac samples. Spike-in scaling was
performed prior to methylation peak calling with SEACR using the IgG file as background and non and stringent options.

ChlIP-seq analysis

Reads were trimmed to remove adapters and low-quality sequences and aligned to the hg38 and mm10 reference genome
assemblies with bwa65 (v0.7.17-r1188) before filtering to remove duplicates and low-quality alignments including to problematic
genomic regions66 using the nf-core/chipseq pipeline67 (v2.0.0, doi: 10.5281/zenodo.3240506) with default parameters.
Normalization to mouse spike-in chromatin was performed by scaling counts to the quotient of the ratios of human:mouse ChIP
reads and human:mouse input reads as described68. CXXC1 peaks for visualization were identified using bam files from all AAVS1 KO
donors for MACS269 callpeak -g 0.05 with input samples used to define the background. High confidence MED12 peaks were
identified using bam files from all AAVS1 KO donors for MACS2 callpeak -g 0.05 with MED12 KO samples used to define the
background. Utilization of high confidence peaks generated from KO controls eliminated potential false positive signals from the ChIP
samples, providing a more rigorous assessment of MED12 binding70,71. ChIPseq blacklist regions were removed from CXXC1 and
MED12 peaks prior to analysis.

SEACR, the gold standard peak caller for CUT&RUN data, was used to process CUT&RUN using the most stringent setting which
included an 1gG control for background thresholding. One IgG sample was generated for every donor, KO, cell type, and stimulation
condition ample for the most accurate peak calling. MACS2, a standard peak calling program, was used for ChIPseq data with a
sample matched input control file. For MED12 peak calling, a donor and condition matched MED12 KO sample was used as the
background.

CUT&RUN data analysis was performed according Zheng et al. (CUTTag_tutorial https://yezhengstat.github.io/CUTTag_tutorial) with
the recommended settings unless otherwise specified. ChIPseq analysis was performed using the nf-core/chipseq pipeline (v2.0.0,
doi: 10.5281/zen0do.3240506).

Plots

Confirm that:

|X| The axis labels state the marker and fluorochrome used (e.g. CD4-FITC).

|X| The axis scales are clearly visible. Include numbers along axes only for bottom left plot of group (a 'group’ is an analysis of identical markers).

|X| All plots are contour plots with outliers or pseudocolor plots.

|X| A numerical value for number of cells or percentage (with statistics) is provided.

Methodology

Sample preparation

CD4+ regulatory and effector T cells were isolated from fresh Peripheral Blood Leukopaks (STEMCELL Technologies, #70500)
from healthy human donors, after institutional review board—approved informed written consent (STEMCELL Technologies).
The contents of the Leukopaks were washed twice with a 1X volume of EasySep buffer (DPBS, 2% fetal Bovine Serum (FBS),
1mM pH 8.0 EDTA) using centrifugation. The washed cells were resuspended at 200E6 cells/mL in EasySep buffer and
isolated with the EasySep™ Human CD4+CD127lowCD25+ Regulatory T Cell Isolation Kit (STEMCELL Technologies, #18063),
according to the manufacturer’s protocol. Following isolation with the kit, Tregs were stained Alexa Fluor® 647 anti-human
CD25 Antibody (Biolegend, #302618), PE anti-Human CD127 (Beckon Dickinson, #557938), and Pacific Blue™ anti-human CD4
Antibody (Biolegend, #344620) and isolated using FACS to ensure a pure population without contaminating effector cells.
After sorting pure CD4+CD127lowCD25+ Regulatory T Cells, the cells were seeded at 1x106 cells/mL in XVIVO-15 (Lonza,
#02-053Q) supplemented with 55 uM 2-mercaptoethanol, 4 mM N-acetyl L-cysteine, and 200 U/mL IL-2 (Amerisource
Bergen, #10101641). Teffs were seeded at 1x106 cells/mL in RPMI-1640 supplemented with 10% FCS, 2 mM L-Glutamine
(Fisher Scientific #25030081), 10 mM HEPES (Sigma, #H0887-100ML), 1X MEM Non-essential Amino Acids (Fisher,
#11140050), 1 mM Sodium Pyruvate (Fisher Scientific #11360070), 100 U/mL Penicillin-Streptomycin (Sigma,
#P4333-100ML), and 50 U/mL IL-2 (Amerisource Bergen, #10101641). Both cell subsets were then stimulated with
ImmunoCult™ Human CD3/CD28/CD2 T Cell Activator (STEMCELL Technologies, #10990) at 25 ul/mL for Tregs and 6.25 ul/
mL for Teff. Following activation and electroporation, cells were split 1:2 every 48 hours to maintain an approximate density
of 1x106 cells/mL and supplemented with respective doses of IL-2.
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The Biolegend FoxP3 Fix/Perm kit (Biolegend, #421403) was used for staining according to the manufacturer protocol. Cells
were washed in EasySep buffer prior to extracellular staining. Cells were stained with Alexa Fluor® 647 anti-human CD25
Antibody diluted 1:25 (Biolegend, #302618), Ghost Dye™ Red 780 diluted 1:1000 (Tonobo, #13-0865-T500) and BV711 anti-
human CD4 diluted 1:50 (Biolegend, #344648) for 20 minutes at 4C and then washed once with EasySep buffer. After fixing
and permeabilizing according to the kit, intracellular staining was performed with PE anti-mouse/human Helios Antibody
(Biolegend #137216), KIRAVIA Blue 520™ anti-human CD152 (CTLA-4) Antibody (Biolegend #349938), Pacific Blue™ anti-
human FOXP3 Antibody (Biolegend, #320116), and PE/Dazzle™ 594 anti-human/mouse Granzyme B Recombinant Antibody
(Biolegend, #372216) diluted 1:50 in permeabilization buffer for 30 minutes at room temperature. Cells were subsequently
washed in permeabilization buffer and resuspended in EasySep buffer before running on the ThermoFisher Attune NxT flow
cytometer.

Instrument Flow cytometry data was collected with the ThermoFisher Attune NxT flow cytometer (Cat #A29004). Cell sorting was
performed on a BD FACS ARIA Fusion 1 (#656700).

Software Cell sorter data collection was performed with BD FACSDiva. Attune Cytometric software was used for data collection with
instrument compensation prior to sample collection. Analysis of flow data was performed in FlowJo (v10.8.1). Visualization
was performed in R using ggplot2 (v3.4.1).

>
Q
9
C
(D
o)
o
=
o
=
@
o)
o)
=
>
te)
(%2
-
3
3
eV)
5
2

Analysis of flow data was performed in FlowJo (v10.8.1). Gating was performed to select for lymphocytes, singlets, live cells
(Ghost Dye negative), and CD4+ cells in the specified order. This population was then used to calculate the median
fluorescence intensity (MFI) for CD25 (IL2RA), CTLA-4, or Granzyme B. Visualization was performed in R using ggplot2 (v3.4.1).

Cell population abundance For Treg sorting, purity was around 80-90% at the time of assay readout (generally 10-14 days post purity sort) as determined
by FoxP3+Helios+ Treg populations after gating to select for lymphocytes, singlets, live cells (Ghost Dye negative), and CD4+
cells . During the sort, purity was routinely checked and accepted between 95-100% using surface markers CD4
+CD25hiCD127lo by running an aliquot of the collected sample back through the cell sorter. For screens, the same QC metrics
were used during the sort where aliquots from IL2RA high and low bins were run back through the instrument to ensure
distinct populations were collected.

Gating strategy For marker quantification across conditions, gating was performed to select for lymphocytes, singlets, live cells (Ghost Dye
negative), and CD4+ cells in the specified order. This population was then used to calculate the median fluorescence intensity
(MFI) for CD25 or CTLA-4. Negative control samples were used to confirm gating strategies and gates were set using AAVS1
safe harbor control samples and applied to the rest of samples within the donor and cell type/stimulation condition. For
apoptosis assays, cells were gated on lymphocytes and then a quadrant gate was used to distinguish Caspase-3/7+ and
SYTOX- populations. Gate placement was determined using apoptosis negative control samples (no stimulation and AAVS1
safe harbor KO samples) and applied to all the samples from the donor. For all assays, gates were always applied consistently
across KO conditions that were being compared. For example, all MED12 KO samples within the same donor, cell type, and
stimulation condition were grouped with the AAVS1 KO samples that they would be compared to and the gates synced within
groups.

|X| Tick this box to confirm that a figure exemplifying the gating strategy is provided in the Supplementary Information.
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