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The transcriptional repression of alternative lineage genes is critical for cell fate commitment. Mechanisms by
which locus-specific gene silencing is initiated and heritably maintained during cell division are not clearly un-
derstood. To study the maintenance of silent gene states, we investigated how the Cd4 gene is stably repressed in
CD8+ T cells. Through CRISPR and shRNA screening, we identified the histone chaperone CAF-1 as a critical
component for Cd4 repression. We found that the large subunit of CAF-1, Chaf1a, requires the N-terminal KER
domain to associate with the histone deacetylases HDAC1/2 and the histone demethylase LSD1, enzymes that also
participate in Cd4 silencing. When CAF-1 was lacking, Cd4 derepression was markedly enhanced in the absence of
the de novo DNAmethyltransferase Dnmt3a but not the maintenance DNAmethyltransferase Dnmt1. In contrast
to Dnmt1, Dnmt3a deficiency did not significantly alter levels of DNA methylation at the Cd4 locus. Instead,
Dnmt3a deficiency sensitized CD8+ T cells to Cd4 derepression mediated by compromised functions of histone-
modifying factors, including the enzymes associated with CAF-1. Thus, we propose that the heritable silencing of
the Cd4 gene in CD8+ T cells exploits cooperative functions among the DNA methyltransferases, CAF-1, and his-
tone-modifying enzymes.
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The establishment of distinct gene expression programs in
given lineages and their maintenance through subsequent
cell divisions are important features of animal develop-
ment. These properties are readily observed in hematopoi-
esis, during which stem cells give rise to numerous cell
lineages of diverse functions. Among cells of the adaptive
immune system, the development of the major subsets of
T cells—the CD4+ helper or regulatory T cells and the
CD8+ cytotoxic T cells—provides an example of a binary
decision followed by maintenance of cell lineage proper-
ties. Expression of the coreceptors CD4 and CD8 is cou-
pled to the unique transcriptional programs of these
functionally distinct lineages. In addition, CD4 and CD8
expression mark distinct stages of maturation in the thy-
mus, and investigation of their transcriptional regulation

has been widely used to understand lineage commitment
and cellular memory (Taniuchi 2016). Early thymic pre-
cursors are double-negative (DN) for both CD4 and CD8,
and, following selection for productive rearrangements
of the Tcrb locus (β selection), there is up-regulation of
both CD4 and CD8 (double-positive [DP] stage). During
the DP stage, T cells rearrange the genes encoding
TCRα, and those cells with heterodimeric TCRs that in-
teract with self-peptide bound to MHC class II and class
I undergo selection and differentiate into either CD4
single-positive (CD4SP) or CD8 single-positive (CD8SP)
cells, respectively, that subsequently exit the thymus as
mature helper/regulatory and cytotoxic T cells.

6These authors contributed equally to this work.
Corresponding author: dan.littman@med.nyu.edu
Article published online ahead of print. Article and publication date are
online at http://www.genesdev.org/cgi/doi/10.1101/gad.322024.118.

© 2019 Ng et al. This article is distributed exclusively by Cold Spring
Harbor Laboratory Press for the first six months after the full-issue publi-
cation date (see http://genesdev.cshlp.org/site/misc/terms.xhtml). After
six months, it is available under a Creative Commons License (Attribu-
tion-NonCommercial 4.0 International), as described at http://creative-
commons.org/licenses/by-nc/4.0/.

GENES & DEVELOPMENT 33:669–683 Published by Cold Spring Harbor Laboratory Press; ISSN 0890-9369/19; www.genesdev.org 669

mailto:dan.littman@med.nyu.edu
http://www.genesdev.org/cgi/doi/10.1101/gad.322024.118
http://www.genesdev.org/cgi/doi/10.1101/gad.322024.118
http://genesdev.cshlp.org/site/misc/terms.xhtml
http://genesdev.cshlp.org/site/misc/terms.xhtml
http://genesdev.cshlp.org/site/misc/terms.xhtml
http://creativecommons.org/licenses/by-nc/4.0/
http://creativecommons.org/licenses/by-nc/4.0/
http://creativecommons.org/licenses/by-nc/4.0/
http://genesdev.cshlp.org/site/misc/terms.xhtml


CD4 expression during development is achieved by the
coordinated activity of multiple enhancers and a silencer
at the Cd4 locus (for review, see Issuree et al. 2017). The
Cd4 silencer (S4) resides in the first intron of the Cd4
gene, and its activity is mediated by direct binding of
Runx1 and Runx3 transcription factors (Sawada et al.
1994; Taniuchi et al. 2002; Setoguchi et al. 2008). Deletion
of S4 or Runx complexes during T-cell development leads
toCd4 derepression in DN thymocytes and a failure to es-
tablish silencing in CD8SP cells (Zou et al. 2001; Setogu-
chi et al. 2008). In contrast, deletion of S4 or deficiency of
Runx factors inmature CD8+ T cells does not result in up-
regulation of CD4, consistent with earlier establishment
of heritable epigenetic marks that silence the locus (Zou
et al. 2001; Shan et al. 2017). Thus, S4 mediates the estab-
lishment of silencing during T-cell development but is
later dispensable for its maintenance in CD8+ T cells. Re-
cently, some of the molecular processes responsible for
maintaining Cd4 repression in proliferating CD8+ T cells
were described as involving DNA methylation and cova-
lent histone modifications (Sellars et al. 2015; Verbaro
et al. 2018). In mammals, DNAmethylation occurs at cy-
tosines predominantly in the context of theCpGdinucleo-
tide and is generally associated with transcriptional
repression, although the extent of its instructive role in
gene silencing remains an area of investigation (Bestor
et al. 2015; Schübeler 2015). The DNA methyltransferase
(DNMT) enzymes critical in establishingmethylation pat-
terns during embryogenesis and gametogenesis are
Dnmt3a, Dnmt3b, and Dnmt3c and are often referred to
as the de novo DNA methyltransferases. In contrast,
Dnmt1 has been ascribed the predominant role in main-
taining methylation after DNA replication and is referred
to as the maintenance DNA methyltransferase (Li and
Zhang 2014; Barau et al. 2016). Dnmt1 is recruited to the
replication fork through interactionswith PCNA, the slid-
ing clamp, and Uhrf1, which binds to hemimethylated
DNA (Smith andMeissner 2013).

In eukaryotes, genomic DNA is organized into chroma-
tin, in which the basic subunit is the nucleosome. The nu-
cleosome is composed of ∼147 bp of dsDNA wrapped
around a histone octamer core particle comprised of one
tetramer of H3–H4 flanked by two dimers of H2A–H2B,
and these core particles are connected through linker
DNA. Posttranslational modifications (PTMs) of nucleo-
somal histones provide marks that can regulate gene
expression (Bannister and Kouzarides 2011). Examples in-
clude H3/H4 acetylation and H3K4 methylation, which
are generally associated with activated or permissive tran-
scription states, and H3K9 and H3K27 methylation,
which are generally associated with gene silencing (Jenu-
wein and Allis 2001). These dynamic changes have been
involved in regulating cell fate decision and maintenance
of cell identity (Yadav et al. 2018). Deficiencies in the
DNA methyltransferases or the histone methyltransfer-
ase G9a, which catalyzes H3K9 monomethylation and
dimethylation (H3K9me1/2), can cause Cd4 derepression
in CD8+ T cells during cell proliferation (Sellars et al.
2015; Verbaro et al. 2018). Furthermore, DNA methyla-
tion is regulated during T-cell development. CD4SP cells

undergo demethylation at the Cd4 locus, relative to DP
and CD8SP cells, in a differentially methylated region
(DMR) spanning +3.2 to −0.7 kb relative to the Cd4 tran-
scriptional start site (TSS) (Sellars et al. 2015). Interesting-
ly, DP thymocytes harbor active histone modifications at
the Cd4 locus despite having hypermethylated DNA.
This configuration suggests cross-talk and hierarchical in-
teractions between these regulatory pathways (Yu et al.
2008; Chong et al. 2010; Sellars et al. 2015). Thus, the
study of the Cd4 locus represents an attractive system
to understand howDNAmethylation and other epigenet-
icmodificationsmay cooperate to regulate transcriptional
memory, an integral component of vertebrate develop-
ment (Cedar and Bergman 2009).

In this study,we sought to identify additional factors in-
volved in themaintenance ofCd4 silencing and askedhow
they cooperate with the DNA methylation machinery to
confer heritability of the repressed state. ThroughCRISPR
and shRNAscreening,we identified thehistone chaperone
complex CAF-1 as another factor required for Cd4 silenc-
ing. CAF-1 is a conserved heterotrimeric complex com-
prised of Chaf1a, Chaf1b, and Rbbp4 that promotes H3–
H4 deposition during DNA replication in S phase (Smith
and Stillman 1989; Kaufman et al. 1995). The CAF-1 com-
plex has well-established roles in the maintenance of
heterochromatin and cell identity, but its function in reg-
ulating gene expression inprimary somatic cells and its co-
ordination with DNAmethylation in gene silencing have
been largely unexplored (Tchenio et al. 2001;Krawitz et al.
2002; Houlard et al. 2006; Dohke et al. 2008; Quivy et
al. 2008; Huang et al. 2010; Heyd et al. 2011; Cheloufi
et al. 2015; Ishiuchi et al. 2015; Roelens et al. 2017).Mech-
anistically, we found that the CAF-1 subunit Chaf1a asso-
ciates with the histone deacetylases (HDACs) HDAC1/2
and thehistone demethylase LSD1, enzymes that counter-
act histone marks associated with active transcription.
CAF-1 deficiency also induced accumulation of “active”
histone marks at theCd4 locus in CD8+ T cells. In assess-
ing concomitant Dnmt1 and CAF-1 deficiency, we found
that CD8+ T cells exhibited a modest increase in Cd4 de-
repression with hypomethylation of the Cd4 locus. Re-
markably, CAF-1 combined with Dnmt3a deficiency did
not cause significant demethylation of the Cd4 locus but
markedly increased Cd4 derepression. Furthermore, loss
of Dnmt3a led to Cd4 derepression that was significantly
enhanced by pharmacological inhibition of HDACs or
deficiency of CAF-1-associated histone-modifying en-
zymes. Thus, CAF-1 and the DNAmethyltransferases co-
operate to maintainCd4 silencing and thereby contribute
to CD8+ T-cell function and lineage integrity.

Results

The histone chaperone CAF-1 is required for the
maintenance of Cd4 repression in CD8+ T cells

We used CD8+ T cells to screen for factors involved in the
maintenance of Cd4 silencing. We targeted 648 genes as-
sociated with chromatin with a retroviral shRNA library
consisting of 5048 shRNA clones. Transduced cells in
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the CD8+CD4+ and CD8+CD4− fractions were sorted, and
shRNA clones enriched in the former set of cells were
identified by DNA sequencing (Supplemental Fig. S1A,
B). Retroviral shRNA clones corresponding to subunits
of the histone chaperone complex CAF-1 (Supplemental
Fig. S1C, blue) and Dnmt1 (Supplemental Fig. S1C,
orange) were identified in the screen and found to up-reg-
ulate CD4 expression to varying degrees in validation ex-
periments (Supplemental Fig. S1C). To further validate
these identified chromatin regulators, we performed in
parallel a candidate-based Cd4 derepression screen with
retroviral sgRNA transduction of CD8+ T cells from
Cas9Tg mice (Fig. 1A; Supplemental Table 1). Multiple
guide RNAs (gRNAs) for CAF-1 subunits (Fig. 1A, blue)
and the maintenance DNA methylation machinery (Fig.
1A, orange) induced CD4 up-regulation relative to nega-
tive control guides targeting genes lowly expressed in
CD8+ T cells, the olfactory receptor Olfr2, and the CD4+

lineage transcription factorThpok (Fig. 1A, black).We val-
idated these initial findings by repeating the sgRNA tar-
geting of all three CAF-1 subunits (Chaf1a, Chaf1b, and
Rbbp4) (Fig. 1B, blue), which reproducibly up-regulated
CD4 expression similarly to the previously reportedmedi-
ator ofCd4 silencing,Dnmt1 (Fig. 1B, orange; Sellars et al.
2015). Although CAF-1 has a well-established role in the
proliferation and viability of mammalian cells, the limit-
ed time frame of the sgRNA cultures and CAF-1 protein
half-life were likely mitigating factors allowing us to tar-
get these essential genes.
To begin dissecting potential interactions of CAF-1 and

theDNAmethyltransferases inCd4 silencing, we next as-
sayed the effects of combined targeting of both sets of fac-
tors. CAF-1 knockdown (KD) resulted in enhanced Cd4
derepression in CD8+ T cells from mice hypomorphic for
Dnmt1 (Dnmt1chip/+) (Tucker et al. 1996) compared with
wild-type (WT) mice (Fig. 1C). When cells were concomi-
tantly deficient in CAF-1 and the de novo DNA methyl-
transferases (Cd4-Cre; Dnmt3af/f Dnmt3bf/f, referred to
here as 3A3B knockout [KO]), we found a markedly en-
hanced effect, with the majority of repression due to
Dnmt3a (Supplemental Fig. S1D). We further confirmed
the critical role of Dnmt3a by targeting the CAF-1 sub-
units with sgRNAs transduced into Cas9Tg CD8+ T cells
deficient for Dnmt3a (Cd4-Cre; Dnmt3af/f, referred to
here as 3A KO), observing an enhancement similar to
that seen with the shRNA KD (Fig. 1D). Thus, both CAF-
1 and the DNA methyltransferases are essential for the
maintenance of Cd4 silencing in cytotoxic T cells.

Dnmt3a deficiency enhances the repressive effects
mediated by other replication fork-associated factors

From our candidate-based sgRNA screening, we also iden-
tified several other factors involved inCd4 silencing—no-
tably, the chromatin remodeling enzyme Smarca5 and the
replicative helicase component Mcm2. Both factors have
been found to be associated with replication foci, and
Mcm2 has been implicated recently to have an additional
role as aH3–H4histone chaperone (Poot et al. 2004;Huang
et al. 2015).We validated their functions by gene targeting

using CRISPR and observed marked enhancement with
Dnmt3a deficiency (Supplemental Fig. S2A,B). These
data suggest that replication fork-associated factors in ad-
dition toCAF-1 also participate inCd4 silencing and coop-
erate with Dnmt3a to bolster repressive function.

Dnmt3a represses Cd4 in mature CD8+ T cells,
and its absence sensitizes to HDAC inhibitor-mediated
derepression

Because we observed significantly greater Cd4 derepres-
sion by combining deficiencies of CAF-1 and Dnmt3a,
we further explored their relationship in gene silencing.
Previously, we reported that several CpGs acquire meth-
ylation during the differentiation of DP thymocytes
into CD8SP cells in the thymus (Sellars et al. 2015).
This raised the possibility that thymic deficiency of
Dnmt3a (achieved by Dnmt3a deletion with Cd4-Cre)
might lead to latent defects in silencing thatmanifest dur-
ing T-cell activation. Thus, we decided to test Dnmt3a for
a postthymic maintenance role in Cd4 repression by
targeting theDnmt3a and controlDnmt1 geneswith elec-
troporated sgRNA amplicons in naïve nonproliferating
CD8+ T cells from Cas9Tg mice (Supplemental Fig. S3A).
The electroporated cells were then activated and trans-
duced with retroviral sgRNA targeting Chaf1a. Targeting
Dnmt3a resulted in substantial Cd4 derepression as com-
pared with targeting Dnmt1 (Supplemental Fig. S3A). We
further tested for a postthymic role for Dnmt3a by ectop-
ically expressing it in 3A KO CD8+ T cells and found that
it could rescue Cd4 repression after Chaf1a KD (Fig. 2A).
This depended on an intact DNA methyltransferase
domain, as the catalytic-dead Dnmt3a_V712G mutant
was unable to rescue silencing (Zhang et al. 2018). These
results indicate that Dnmt3a is required for silencing in
mature proliferating CD8+ T cells.
Evidence for a repressive role of Dnmt3a in mature

CD8+ T cells led us to speculate that it might also partic-
ipate in DNA methylation maintenance with Dnmt1, as
has been suggested in postmitotic neurons and other con-
texts (Feng et al. 2010;Hervouet et al. 2018). Therefore,we
next assessed levels of DNAmethylation by bisulfite PCR
amplicon sequencing of regions within the Cd4 DMR. In
agreement with our previous work, we observed demeth-
ylation from the DP thymocyte to the CD4+ T-cell stage
and persistent DNA methylation within CD8+ T cells at
the TSS and +1600 bp downstream in the first intron, ad-
jacent to the regulatory elements S4 and the maturation
enhancer (E4M) (Supplemental Fig. S3B,C; Sellars et al.
2015; Issuree et al. 2018; Kojo et al. 2018). We next as-
sessed DNA methylation after CRISPR targeting of
Dnmt3a by electroporating sgRNAs into Cas9Tg CD8+

T cells and could not detect an appreciable difference in
methylation within the +1600 region of the DMR as com-
paredwith theOlfr2 targeted control in sorted CD8+CD4+

cells or in the bulk population that was combined with
Chaf1a deficiency (Fig. 2B; Supplemental Fig. S3D).
To systematically address changes inDNAmethylation

and rule out the possibility that methylation changes oc-
cur at other important sites within the Cd4 locus, we

CAF-1 and DNMT3 cooperation in gene silencing
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performed whole-genome methylation analysis on DNA
from CD8+CD4+ T cells after targeting Dnmt3a or
Dnmt1 with electroporated sgRNA (Supplemental Fig.
S3E). Consistent with the bisulfite PCR amplicon se-
quencing, there was little change in DNA methylation
along the entirety of the Cd4 locus in CD8+CD4+ T cells
after Dnmt3a targeting, with total levels of DNAmethyl-
ation similar to those inOlfr2 targeted control CD8+CD4−

T cells. In contrast, Dnmt1 targeting induced widespread
hypomethylation in CD8+CD4+ T cells.

The contrasting roles of Dnmt1 and Dnmt3a in con-
trolling DNA methylation in mature T cells led us to

hypothesize that disabling the two classes of DNA meth-
yltransferases would lead to enhanced Cd4 derepression.
Consistent with our previous results (Sellars et al. 2015),
in 3A3BKOCD8+T cells, therewasmarkedCd4 derepres-
sion after Dnmt1 KD, suggesting that widespread DNA
methylation remained an intact mechanism of repression
at the Cd4 locus (Supplemental Fig. S4). Thus, given the
lack of gross defects in DNA methylation after loss of
Dnmt3a and the retained sensitivity to Dnmt1 inhibition
in 3A3B KO cells, we explored whether Dnmt3a may in-
fluence Cd4 derepression through the effects of histone
modifications, such as histone acetylation and

A

B

C

D

Figure 1. CRISPR screening identifies histone chaperone CAF-1 as regulator of Cd4 silencing in mature CD8+ T cells. (A) One-hundred-
eighty-two retroviral sgRNA constructs targeting 141 genes were transduced into Cas9Tg CD8+ T cells to screen for Cd4 derepression.
Negative controls (Olfr2 and Thpok) are shown in black, CAF-1 subunits are shown in blue, and maintenance DNA methyltransferase
components (Dnmt1 and Uhrf1) are shown in orange. (B) Validation of candidate genes from A by sgRNA transduction of Cas9Tg

CD8+ T cells. Data are means ± SD. n =4. (∗∗) P< 0.01; (∗∗∗) P <0.001 by Student’s t-test. (C ) CD8+ T cells from wild-type (WT)
or Dnmt1Chip/+ mice were isolated and transduced with the indicated shRNAs. Data are means± SD. n= 5. (∗) P<0.05; (∗∗) P<0.01; (∗∗∗)
P< 0.001 by Student’s t-test. (D) Dnmt3a-deficient or Dnmt3a-sufficientCas9Tg CD8+ T cells were transducedwith the indicated sgRNAs
targeting CAF-1. Data are means ± SD. n =4. (∗∗) P<0.01; (∗∗∗) P <0.001 by Student’s t-test.
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deacetylation, prominent mechanisms of gene regulation
(Jenuwein and Allis 2001). Treatment of 3A KO CD8+ T
cells with the pan-HDAC inhibitor trichostatin A (TSA)
potently enhanced Cd4 derepression (Fig. 2C). In con-
trast, there was only a modest effect of TSA on CD4 ex-
pression in WT CD8+ T cells, and this was not further
accentuated by Dnmt1 deficiency (Fig. 2D). Taken to-
gether, these data support a role for Dnmt3a in repressing
Cd4 expression at least in part through sensitizing

cells to changes in histone modifications, such as histone
acetylation.

CAF-1 and Dnmt1 regulate gene expression through
distinct mechanisms

To further elucidate the connection between the DNA
methyltransferases and CAF-1 inmaintainingCd4 silenc-
ing, we compared DNA methylation and chromatin

A

B

C

D

Figure 2. Dnmt3a deficiency inmature CD8+ T cells potentiatesCd4 derepressionmediated by CAF-1 deficiency and activating histone
modifications. (A) 3AKOCD8+T cells were cotransducedwith retroviral shRNA targetingChaf1a togetherwith retroviral overexpression
vectors encoding WT or mutant Dnmt3A. Data are means ± SD. n =3. (ns) Not statistically significant; (∗∗) P <0.01 by Student’s t-test.
(B) T cells fromCas9Tg mice were electroporated with the indicated amplicons (e_sgRNA) and subsequently sorted according to CD4 ex-
pression.GenomicDNAwas isolated for bisulfite PCR sequencing of the +1600 regionwithin theDMR.The schematic shows the relative
density of CpG dinucleotides assessed (open circles), and arrowheads indicate the +1600 region and regulatory elements S4 and E4M.
(C ) WT or 3A KO CD8+ T cells were treated with increasing doses of pan-HDAC inhibitor trichostatin A (TSA). Data are means± SD.
n=4. (∗∗) P <0.01; (∗∗∗) P<0.001 by Student’s t-test. (D) Dnmt1Chip/+ or WT CD8+ T cells were treated with the HDAC inhibitor TSA
and assayed for CD4 up-regulation. Data are means± SD. n≥ 4. (ns) Not statistically significant by Student’s t-test.
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accessibility in cells in which Cd4 derepression was
achieved through KD of either Chaf1a or Dnmt1. As ex-
pected from the results following inactivation of both
Chaf1a and Dnmt3a (Supplemental Fig. S3D), there was
no appreciable change in demethylation after Chaf1a KD
even in sorted cells that up-regulated CD4 expression
(Fig. 3A; Supplemental Fig. S5A). The absence of DNA
demethylation followingCAF-1 deficiencywas consistent
with previous reports in Arabidopsis thaliana and a mu-
rine fibroblast cell line (Tchenio et al. 2001; Schönrock
et al. 2006). In contrast, after Dnmt1 KD, we observed
marked DNA demethylation, with greater demethylation
correlating with Cd4 derepression.

Since we did not detect changes in DNA methylation
after CAF-1 deficiency, we used ATAC-seq to assess
changes in chromatin accessibility, whichwas shown pre-
viously to be influenced by CAF-1 (Tchenio et al. 2001;
Cheloufi et al. 2015). In the first intron of the Cd4 locus,
CD4+ T cells have increased accessibility at E4M and de-
creased accessibility at S4 (Supplemental Fig. S5B). How-
ever, after Chaf1a KD in CD8+ T cells, we did not detect
significant changes in accessibility in the first intron of
cells in which Cd4 was derepressed, as compared with
CD8+ T cells treated with control shRNA (Fig. 3B). In con-
trast, Dnmt1 KD led to reduced accessibility at the
silencer element in CD8+ T cells, which resembled chro-
matin accessibility in CD4+ T cells (Fig. 3B). Consistent
with a role for DNAmethylation in altering chromatin ac-
cessibility at regulatory elements S4 and E4M, there was
no notable change in CD8+CD4+ T cells after Dnmt3a
sgRNA targeting (Supplemental Fig. S5C). It should be
noted that there was a modest increase in accessibility
at the Cd4 promoter after Dnmt3a targeting, which may
reflect an alternative pathway to activation.

Because of the differences in DNA methylation and
chromatin accessibility at theCd4 locus following Chaf1a
versus Dnmt1 KD, we sought to determine whether these
changeswere representative of genome-wide effects under
each of these conditions. After sorting cells based on Cd4
derepression, we found that the CD8+ T-cell transcrip-
tomes clustered according to shRNA treatment rather
than CD4 expression status. Themajority of differentially
expressed genes relative to control shRenilla transduction
were unique, indicating primarily nonoverlapping roles
for both Chaf1a and Dnmt1 in CD8+ T cells (Fig. 3C).
Chaf1a deficiency dysregulated more genes than Dnmt1,
suggesting that DNA methylation had more limited ef-
fects on gene regulation relative to chromatin-mediated
activities of CAF-1. Notably, the populations with CD4
derepression did not up-regulate characteristic genes of
the CD4+ lineage (Fig. 3D). Furthermore, ATAC-seq sam-
ples clustered by shRNA treatment rather than CD4 ex-
pression and separately from CD4+ T helper cells (Fig.
3E). This suggests that the derepression of theCd4 gene it-
self did not confer a change in accessibility sufficient to
uniquely separate this population. Taken together, these
results indicate that the CD8+ T cells that derepress Cd4
do not undergo lineage conversion.

Both Dnmt1 deficiency and Chaf1a deficiency were in-
volved primarily in gene repression (Supplemental Fig.

S6A). To gain more insight into the underlying mecha-
nism, we next compared genome-wide the magnitude of
change in gene expression with the corresponding magni-
tude of change in chromatin accessibility. We focused on
genes that were divergently expressed following Chaf1a
versusDnmt1KDand found thatgeneaccessibilityandex-
pression correlated to a higher degree after deficiency of
Dnmt1 compared with CAF-1, albeit with modest R2 val-
ues (Supplemental Fig. S6B). The modest correlation was
likely due to several confounding factors, including small
percentages of cells undergoing stochastic gene derepres-
sion, changes in accessibilityof distal enhancers that could
not be assigned to specific genetic loci, and complex forms
of regulation occurring in trans. Notably, in both sets of
data, there were examples of significant changes in gene
expression with andwithout corresponding changes in ac-
cessibility (Supplemental Fig. S6C).

Characterization of Chaf1a domains involved
in Cd4 silencing

Togainmore insight into themechanismusedbyCAF-1 to
silence Cd4, we performed complementation assays with
shRNA-resistant Flag-tagged Chaf1a constructs. We co-
transduced retroviral shRNA and Chaf1a cDNA con-
structs into 3A KO CD8+ T cells to provide a larger
signal to noise ratio. Full-length (FL) Chaf1a rescued Cd4
repression efficiently relative to empty vector (EV) (Fig.
4A). Previous studies identified N-terminal truncations
of Chaf1a that were capable of rescuing essential CAF-1
function in vivo (Hoek et al. 2011). OtherN-terminal trun-
cations were shown to act as dominant-negative mutants
that impairedgene repression andheterochromatin forma-
tion in mammalian cells (Tchenio et al. 2001; Reese et al.
2003). We assessed two N-terminal truncation mutants,
referred to as T1 (amino acids 338–911) andT10 (amino ac-
ids 409–911) (Fig. 4B). T1 rescuedChaf1a deficiency equal-
ly well to FL Chaf1a (Fig. 4C). The rescue effect was
specific to Chaf1a deficiency, as Dnmt1 KD was not res-
cuedbyectopic expressionofT1or FL. Furthermore,T1 re-
quired the ED domain (glutamate-rich and aspartate-rich
region) (Fig. 4B, green box), as its internal deletion abrogat-
ed rescue function without affecting its expression level
(Supplemental Fig. S7A,B). Analysis of construct T10
showed that it possessed dominant-negative activity, as
it enhanced Cd4 derepression in the context of Renilla or
Dnmt1 KD (Fig. 4C) but did not further enhance derepres-
sion upon Chaf1a KD. The T10 protein, which lacks the
KER domain, had a greatly reduced ability to interact
with PCNA and histone H3 in transfected Plat-E cells
but retained its association with CHAF1B relative to the
FL and T1 molecules (Fig. 4D; Supplemental Fig. S7C).

Chaf1a contains two PCNA-interacting peptide (PIP)
motifs: PIP1 and PIP2. The N-terminal PIP1, absent in
T1, was not required for rescue. PIP2 was shown to be es-
sential for nucleosome assembly in vitro and for CAF-1
function in vivo (Rolef Ben-Shahar et al. 2009). Further-
more, its disruption was reported to result in interference
with gene repression in yeast and in loss of PCNA binding
(Krawitz et al. 2002). To determine the effect of disrupting
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the Chaf1a–PCNA interaction on Cd4 derepression, we
assessed the function of a PIP2 mutation within the T1
backbone—T1-PIP2 (Chaf1a_F428A)—that was unable
to rescue silencing (data not shown). This molecule
showed dominant-negative activity in CD8+ T cells, con-
ferring increased CD4 expression relative to EV or T1 (Fig.
4E). Similarly to T10, the T1-PIP2 protein retained associ-
ation with the other subunits of CAF-1, suggesting that
dominant-negative Chaf1amutantsmay sequester endog-
enous CAF-1 subunits away from the replication fork, as

hypothesized previously (Supplemental Fig. S7D; Tchenio
et al. 2001; Ye et al. 2003). Interestingly, the T1-PIP2 con-
struct had a less severe phenotype than T10 (which was
also evident in WT CD8+ T cells) despite a similar loss
in PCNA binding (Supplemental Fig. S7E). This suggests
that additional functions of the KER region, such as poten-
tially mediating histone binding (Supplemental Fig. S7C)
or its recently reported role in DNA binding, might also
be relevant for Cd4 silencing (Sauer et al. 2017). Thus,
from our structure–function analysis, we conclude that

A

B

C D E

Figure 3. CAF-1 deficiency induces Cd4 expression without significant changes in DNA methylation or chromatin accessibility.
(A) Bisulfite PCR amplicon sequencing of the Cd4 +1600 region was performed after shRNA transduction and sorting of T cells of the
indicated phenotype (two independent biological replicates are shown). The schematic shows the relative density of CpG dinucleotides
assessed (open circles), and arrowheads indicate the +1600 region and regulatory elements S4 and E4M. (B) ATAC-seq tracks of the Cd4
locus of the indicated T-cell samples. The regulatory elements E4M and S4 are indicated by downward arrowheads. (C ) Principal compo-
nent analysis (PCA) of RNA-seq fromCD8+ T cells transduced with the indicated shRNAs and sorted based on the indicated phenotypes.
(D) Heatmap depicting expression levels of selectedCD4+ lineage genes in the indicated samples. (E) PCA of ATAC-seq fromCD8+ T cells
transduced with the indicated shRNAs and sorted based on the indicated phenotypes.
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both the PCNA interaction and the KER region are essen-
tial for Chaf1a to repress Cd4.

Chaf1a associates with histone-modifying enzymes
that are also required for the maintenance of Cd4
silencing

CAF-1 is reported to contribute to the maintenance of
heterochromatin integrity through its association with
factors and enzymatic activities enriched at heterochro-
matin loci (Reese et al. 2003; Sarraf and Stancheva 2004;
Heyd et al. 2011; Yang et al. 2015; Cheloufi and Hoched-
linger 2017). Using the rescue and dominant-negative con-
structs T1 and T10, respectively, we screened for binding
partners by mass spectrometry in transfected Plat-E cells.
The top hits for T1 and T10 after subtracting the EV neg-
ative control pull-down were CHAF1B and RBBP4, the
other two subunits of the CAF-1 complex (Fig. 5A; Supple-
mental Table 2). Interestingly, T1, but not T10, associated
with HDAC1 and HDAC2 and the histone H3K4 deme-
thylase LSD1, proteins within transcriptional corepressor
complexes that are involved in removing active histone

modifications (Delcuve et al. 2012). These protein associ-
ations were reported previously with the FL Chaf1a, and
we confirmed their interactions with the T1 construct
in transfected Plat-E cells (Fig. 5B; Heyd et al. 2011;
Yang et al. 2015). These data suggest that the KER region
is required for the interaction of Chaf1a with these epige-
netic modifiers. Furthermore, the association of HDACs
and LSD1 with T1 did not occur indirectly through
PCNA, as it was observed even with the PCNA-binding
mutant T1-PIP2.

We next assessed whether these histone-modifying en-
zymes function in the maintenance of Cd4 silencing by
targeting their genes with sgRNAs in Dnmt3a-sufficient
or 3A KO CD8+ T cells. Modest CD4 up-regulation oc-
curred after targetingHdac1 or Lsd1 in Dnmt3a-sufficient
cells, and thiswas substantiallyenhanced in the absenceof
Dnmt3a (Fig. 5C). Similarly, pharmacological inhibitionof
LSD1 showed Dnmt3a-dependent enhancement (Sup-
plemental Fig. S8). Finally, to determine whether CAF-1
deficiency may affect the histone modification status im-
posed by HDACs and LSD1, we assessed by ChIP-qPCR
for the presence of H3K9ac and H3K4me2 as well as for

A

B

C

E

D

Figure 4. PCNA binding and the KER re-
gion are required for Chaf1a-mediated re-
pression of Cd4. (A) 3A KO CD8+ T cells
were cotransduced with shRNA targeting
Chaf1a (shChaf1a.3118) plus shRNA-resis-
tant FL Chaf1a or EV control, and doubly
transduced gated cellswere evaluated for ex-
pression of CD4. (B) Schematic of domain
organization of mouse FL Chaf1a protein,
the rescue truncation (T1), and the domi-
nant-negative truncation (T10). Flag tag
was added to the C termini of all constructs
(not depicted). Colored regions indicate the
PCNA-interacting peptide 1 (PIP1; black),
heterochromatin-associated protein 1
domain (red), PEST domain (gray), KER
domain (orange), PIP2 (black), ED domain
(green), and dimerization domain (“D,”
blue). (C ) 3A KO CD8+ T cells were cotrans-
duced with the indicated retroviral shRNA
and rescue constructs and assessed for
CD4 expression. Data are means ± SD. n≥
4. (ns) Not statistically significant; (∗) P <
0.05; (∗∗) P <0.01; (∗∗∗) P<0.001 by Student’s
t-test. (D) Immunoprecipitation of Flag-
tagged Chaf1a constructs transfected into
Plat-E cells and probed for the ability to
pull down PCNA and CHAF1B. (E) CD4 ex-
pression after transduction of the indicated
Chaf1a constructs into 3AKOCD8+ T cells.
Data are representative of two independent
experiments.
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H3K4me3, a modification that marks active promoters
(Fig. 5D). After Chaf1a KD, CD8+ T cells that had up-regu-
lated CD4 also had increased levels of H3K4me3, H3K9ac,
and H3K4me2. Thus, CAF-1 deficiency leads to increased
levels in active histone modifications at the Cd4 locus.
These data indicate that CAF-1 enables removal of “ac-
tive” or “permissive”marks at the Cd4 locus, potentially
by promoting the deacetylase and demethylase activities
of HDACs and LSD1, respectively.

Discussion

The discovery that sustained Cd4 silencing in mature
T cells is independent from the DNA sequence required
for its establishment led to the proposal that epigenetic
factors were involved in maintaining the repressed state
(Zou et al. 2001). Both DNA and histone modification-
based mechanisms of Cd4 silencing have been invoked,
but their potential cooperation and cross-talk were not ex-
plored (Sellars et al. 2015; Verbaro et al. 2018). In this
study, we used shRNA and sgRNA screening to identify
chromatin-associated factors that repress Cd4 expression
in mature CD8+ T cells. We further characterized their
relationships with the DNAmethyltransferases, enzymes
identified previously as mediating the maintenance of
Cd4 silencing (Henson et al. 2014; Sellars et al. 2015). Al-
though we focused on the replication-coupled H3–H4 his-
tone chaperone CAF-1, we also found additional Cd4
repressors in our candidate sgRNA screen, including the
chromatin remodeling enzyme Smarca5 and the replica-
tive helicase component Mcm2. Like CAF-1, the repres-
sive capacity of these factors in silencing Cd4 was
potentiated by Dnmt3a, suggesting a general role for rep-
lication fork-associated factors and the de novo DNA
methyltransferases in gene regulation. Future study of ad-
ditional factors that participate in Cd4 repression based
on our candidate screening may help in further under-
standing the relationship between chromatin-based and
DNA-based mechanisms of heritable transcriptional
silencing.
Investigation of combined Dnmt1 and CAF-1 defi-

ciency revealed modest but reproducible enhancement
of Cd4 derepression. CAF-1 and Dnmt1 deficiencies
showed differences with respect to alterations in chroma-
tin accessibility and DNA methylation at the Cd4 locus.
These distinct effects of Dnmt1 and CAF-1 deficiencies
weremirrored in their unique gene expression profiles. In-
terestingly, in contrast to thymic deficiency in the ab-
sence of histone methyltransferase G9a, another
maintenance factor in Cd4 silencing, we did not observe
a CD4+ lineage-like phenotype in CD8+ T cells that had
up-regulated CD4 (Verbaro et al. 2018). This may reflect
differences in the studies, as we targeted the genes in ma-
ture cells after thymic maturation. Conditional deletion
of CAF-1 components during development followed by
transcriptomic analysis will help determine any potential
relationship between CAF-1 and G9a activities.
In contrast to Chaf1a KD or Dnmt3a targeting, reduced

Dnmt1 resulted in hypomethylation of the Cd4 DMR,

whose extent correlated with CD4 up-regulation. The in-
termediate DNA methylation level after Dnmt1 KD seen
in CD4− cells may indicate that there is a threshold of
DNAdemethylation that is required forCd4 derepression.
Alternatively, targeted CD4− and CD4+ cells may be
equally prone to derepression, and further demethylation
in the derepressed fraction may be a consequence of tran-
scription, as noted in other contexts (Bestor et al. 2015).
Interestingly, our recent study found that failure to de-
methylate theCd4 locus duringCD4+ T-cell development
due to TET enzyme deficiency resulted in unstable CD4
expression in activated helper T cells but did not affect ex-
pression of CD4 in CD4SP thymocytes (Issuree et al.
2018). Thus, DNA demethylation at the Cd4 locus may
not be involved in establishing CD4 expression but rather
may serve to stabilize its expression state during cell
division.
Dnmt1 KD also induced Cd4 locus accessibility re-

sembling that in CD4+ helper T cells, and this effect
was more pronounced in the CD4+ fraction in a fashion
analogous to the increased DNA demethylation observed
in this population. Although the functional consequenc-
es of DNA methylation altering the chromatin landscape
of S4 and E4M are unclear, nucleosome positioning in
the first intron of Cd4 was found to correlate with its ex-
pression status (Sellars et al. 2015). Additionally, such
changes in chromatin accessibility may modulate the
stability of Cd4 derepression despite our previous finding
that this region is dispensable for heritable silencing
(Zou et al. 2001). In this regard, testing Cd4 expression
levels over time after induction of CAF-1 or Dnmt1 defi-
ciency will be informative. Interestingly, Dnmt3a defi-
ciency did not incurr either significant demethylation
or notable changes in chromatin accessibility, lending
further support to the hypothesis that the accessibility
in the first intron of the Cd4 locus is sensitive to meth-
ylation status.
In our analysis of Cd4 silencing, we found strong syner-

gies inCd4derepressionwhenDnmt3andCAF-1 deficien-
cies were combined. We found previously that several
cytosine residues acquired de novo methylation—likely
due to Dnmt3 enzymatic activity—during progression
from the DP to the CD8SP stage (Sellars et al. 2015).
Here, we observed that Dnmt3 activity was also required
forCd4 silencing in peripheral CD8+ T cells. Unexpected-
ly,wecouldnot observe significant changes inDNAmeth-
ylation in mature CD8+ T cells that had up-regulatedCd4
expression after targeting Dnmt3a or in cells that were
doubly deficient with Chaf1a. Furthermore, Dnmt1 KD
in 3A3B KO cells potently up-regulated CD4 expression,
a finding consistentwith the interpretation that, in the ab-
sence of the Dnmt3 enzymes, methylated CpGs were still
available to be passively demethylated, with consequent
Cd4 derepression. However, as the catalytic domain of
Dnmt3a was required for rescuing 3A KO CD8+ T cells,
there may be individual CpG residues affected that hold
disproportionate importance forCd4 repression (although
full-genome methylation sequencing revealed no obvious
loss of methylation at any residues within the locus), or
there may be indirect effects from the up-regulation of
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other factors that can promote Cd4 expression. Alterna-
tively, the mutation of the Dnmt3a catalytic domain
may alter its interaction with binding partners, as has
been reported with DNMT3A R882 mutants, and this
may subsequently influence the heritable silencing of
Cd4 independently of changes in DNA methylation
(Koya et al. 2016).

The specific sensitization of Dnmt3a-deficient CD8+

T cells to Cd4 derepression upon treatment with
histone-modifying drugs or genetic targeting of Chaf1a-
associated histone-modifying enzymes suggests a func-
tional coupling of Dnmt3a to the regulation of histone
modifications.Althoughwe focusedon the removalor pre-
ventionof activatinghistonemodifications, another possi-
bility is that Dnmt3a facilitates repressive histone marks
that counteract the activating effects of histone acetyla-
tion and H3K4 methylation. Also, as is the case with
DNA methylation, the extent of a transcriptionally in-
structive role for histonemodifications remains uncertain
(Ptashne 2013). In light of the increasedH3K4methylation
and H3K9 acetylation induced by CAF-1 deficiency and
strong correlation with CD4 induction, the Cd4 locus
may be a good model to test for potential instructive and

heritable functions of thesemodifications, such as by con-
ditionally and specifically targeting histone-modifying en-
zymes, now made feasible with gene-editing tools.

To gain more insight into the mechanism by which
CAF-1 participates in gene silencing, we identified do-
mains of the protein that are critical for its repressive
function. We identified N-terminal truncations that ei-
ther can rescue or have dominant-negative function in
the repression of Cd4. This allowed us to use mass spec-
trometry to identify binding partners specific to our
rescue-competent and dominant-negative mutants. We
found that the KER region, but not the PIP2 motif, was
required for the association of Chaf1a with multiple
histone-modifying enzymes, including the HDACs
HDAC1/2 and histone demethylase LSD1. CRISPR tar-
geting of these molecules led to Cd4 up-regulation that
was significantly potentiated by Dnmt3a deficiency, em-
phasizing the connection of Dnmt3a to the regulation of
histone modifications. However, compared with the tar-
geting of Chaf1a, we could not achieve similar levels of
Cd4 derepression when targeting Lsd1 orHdac1 individu-
ally. This likely reflects in part the combinatorial func-
tions of these and potentially other CAF-1-associated

BA
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Figure 5. Chaf1a associates with histone-
modifying enzymes that are required for
the maintenance of Cd4 silencing in CD8+

T cells. (A) Immunoprecipitation-mass
spectrometry results from anti-Flag pull-
down of extracts from Plat-E cells transfect-
ed with EV and T1 and T10 constructs. T1
and T10 were plotted with EV subtracted
as background. CAF-1 components shared
between T1 and T10 and repressive his-
tone-modifying enzymes specific for the
T1 rescue construct are highlighted in ma-
roon. (B) Flag pull-down from transfected
Plat-E cells, blotted for the histone-modify-
ing enzymes shown in A. (C ) Retroviral
sgRNA constructs were transduced into
Cas9Tg or 3A KO Cas9Tg CD8+ T cells,
and CD4 expression was assessed. Data are
means ± SD. n≥4. (∗) P <0.05; (∗∗) P<0.01
by Student’s t-test. (D). Histone modifica-
tions were assessed in sorted CD8+CD4+ T
cells adjacent to the Cd4 TSS after shRNA
KD of Chaf1a (shChaf1a.3118) or in sorted
CD8+CD4− T cells after control transduc-
tion (shRenilla.713). Data are averaged
from two biological replicates.
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enzymes. Deficiency of CAF-1-mediated nucleosome as-
semblymay also affect gene repression in an indirectman-
ner that is not mutually exclusive to its role in recruiting
histone-modifying enzymes. For example, defective nu-
cleosome assembly by CAF-1 could lead to compensatory
recruitment of the histone variant H3.3, which has been
suggested to participate in gene activation (Ray-Gallet
et al. 2011; Weber and Henikoff 2014). As reported previ-
ously for gene repression in yeast, we found that associa-
tion with PCNA was critical for CAF-1-mediated Cd4
repression, specifically through the internal PIP2 motif,
which is required for recruitment to replication foci and
replication-coupled nucleosome assembly (Krawitz et al.
2002; Rolef Ben-Shahar et al. 2009; Zhang et al. 2016).
Similarly, we found that the KER region, a predicted
coiled-coil domain,was also required for Chaf1a-mediated
silencing. This may be due to its roles in nucleosome as-
sembly and inmediating DNA binding, as shown recently
for the yeast homolog of Chaf1a (Sauer et al. 2017). In fu-
ture studies, it will be important to distinguishKER-medi-
ated recruitment of histone-modifying enzymes from its
function in chromatin assembly by using mutants specif-
ically disabling each activity.
TheCd4 locus serves as a model to investigate the heri-

table repression of alternative lineage genes in primary
somatic cells. In this study, we found a novel connection
between CAF-1, repressive histone-modifying enzymes,
and DNAmethylation in the repression of the alternative
lineage gene Cd4 in CD8+ T cells. We delineated mainte-
nance roles in Cd4 silencing for both Dnmt3a and
Dnmt1 and found unique synergy between Dnmt3a and
CAF-1 that involved the inhibition of gene activation-
associated histone acetylation and methylation. Thus,
wepropose thatchromatin-basedmechanismsof silencing
through CAF-1 and histone-modifying enzymes collabo-
rate with the DNMTs in the repression of Cd4 (Supple-
mental Fig. S9). Given the evolutionarily conserved role
of CAF-1 in the maintenance of heterochromatin and
cell identity, further clarifying how it functions at the
crossroads with other epigenetic pathways will likely pro-
vide important insight into gene regulation, differentia-
tion, and development.

Materials and methods

Mice

Cd4-Cre, Dnmt1chip, Dnmt3af/f , and Dnmt3bf/f mouse strains
were described previously (Lee et al. 2001; Sellars et al. 2015).
Mice harboring the Cas9 transgene (Cas9Tg) were purchased
from Jackson Laboratories. The Cas9 strains with constitutive
(stock no. 026179) or conditional (stock no. 026175 and crossed
toCd4-Cre) expression of Cas9were used interchangeably. Exper-
imentswere performed onmale and femalemice age 6–12wk. All
mice were maintained in the animal facility at the Skirball Insti-
tute. Experiments with animals were conducted according to ap-
proved protocols for the New York University Institutional
Animal Care and Usage Committee.

Primers and antibodies

All primers and antibodies are listed in Supplemental Table 3.

Plasmids and rescue experiments

The retroviral sgRNA expression vector pSIN-U6-sgRNA-
EF1as-Thy1.1-P2A-Neo was generated by mutating a pSIN vec-
tor backbone and the 5′ LTR to remove BbsI sites and assembl-
ing a hU6-BbsI-filler-BbsI-tracr EF1as-Thy1.1-P2A-Neo cassette
downstream from the packaging signal, and shRNA vectors
LENG (MSCV-miRE-pgk-Neo-IRES-GFP) and LENC (MSCV-
miRE-pgk-Neo-IRES-mCherry) have been described previously
(Fellmann et al. 2013). For rescue experiments, murine Chaf1a
cDNA or Dnmt3a cDNA was cloned into an MSCV-IRES-
Thy1.1 retroviral vector. The catalytic-dead Dnmt3a mutant
was made using Gibson (New England Biolabs), where the
V712 codon, equivalent to human V716, was mutated (Zhang
et al. 2018). Flag tag (amino acids DYKDDDDK) was added to
the C termini and N termini of Chaf1a and Dnmt3a rescue
constructs, respectively. For the T1-ED construct, the ED
domain (amino acids 518–613) was replaced with a Gly–Ser–
Gly–Ser linker. Rescue constructs were transduced into 3A
KO CD8+ T cells interchangeably with 3A KO Cas9Tg CD8+

T cells.

In vitro culture of CD8+ T cells and retroviral transduction

T cells were isolated frommouse spleen and lymph nodes and pu-
rified by positive selection withMACS anti-CD8magnetic beads
according to themanufacturer’s protocol (Miltenyi Biotech) or by
cell sorting for naïve cells (TCRβ+CD8+CD25−CD62L+CD44−) on
FACSAria (BD Biosciences). For T-cell activation, wells were pre-
coated with 1 mg/mL goat antihamster IgG at 1:40 dilution (MP
Biomedicals). T cells were resuspended in T-cell medium
(TCM): RPMI (Fisher Scientific) supplementedwith 10%FBS (At-
lanta Biologicals), 4 mM glutamine, 50 μM β-mercaptoethanol,
and 20mMHEPES. For activation, TCMwas further supplement-
ed with 1 µg/mL anti-CD3 (Bio X Cell) and 1 µg/mL anti-CD28
(Bio X Cell). After overnight activation, T cells were transduced
by spin infection with retroviral particles with 10 µg/mL poly-
brene (Sigma). Spin infection was performed by centrifugation
at 850g for 1.5 h at 32°C. T cells were kept in TCM supplemented
with 100 U/mL human IL-2 (Peprotech) for 4–6 d prior to analysis
for CD4 expression.

shRNA screen

An shRNA library focused on 625 epigenetic regulators was
cloned into the LENG vector and used to generate a retroviral
pool for infection (Cheloufi et al. 2015). CD8+ T cells were isolat-
ed from the spleens and lymph nodes of C57BL/6 (WT) mice by
MACS anti-CD8 magnetic beads (Miltenyi), activated as de-
scribed above, and cultured an additional 6 d prior to cell sorting.
DNAwas extracted by standard methods, and barcoded sequenc-
ing libraries were prepared using a nested PCR strategy with
AmpliTAQ Gold polymerase (Thermo Fisher): 20 PCR cycles us-
ing primers MA389 and MA391 followed by a secondary PCR for
25 cycles with barcoding primers. The resulting libraries were
submitted for Illumina SR50 sequencing. Average reads in each
of the three replicates corresponding to each shRNA in each frac-
tion were used to determine enrichment.

Retrovirus production

The Plat-E cell line was used to prepare ecotropic retroviral parti-
cles for T-cell transduction using Mirus (Mirus Bio) or jetPRIME
(Polyplus) transfection reagents (Morita et al. 2000).
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Electroporation of sgRNA amplicons

NaïveCas9Tg CD8+ T cells were sorted and immediately electro-
porated with 4D-Nucleofector (Lonza) using 0.5 µg of sgRNA
amplicon obtained by PCR amplification from retroviral sgRNA
vector. After electroporation, cells were activated for 48 h, trans-
duced with the indicated retroviral sgRNAs (as described above),
and cultured inTCMsupplementedwith IL-2 (as described above)
for another 48–72 h before analysis.

HDAC and LSD1 inhibitor treatment

TSA (HDAC inhibitor; Sigma), GSK2879552 (LSD1 inhibitor;
Cayman Chemical), or DMSO was added to T cells after 4 d
of culture and analyzed either 24 or 48 h later by flow
cytometry.

Bisulfite PCR sequencing

DNA was isolated from T cells using either phenol–chloroform
extraction or Qiagen DNEasy kit. Purified genomic DNA was
subjected to bisulfite treatmentwith theQiagen EpiTect bisulfite
kit and PCR-amplified with KAPA Taq DNA polymerase (Kapa
Biosystems). The PCR amplicon coordinates shown are relative
to the mm9 genome. Amplicons were TA-cloned using pGEM-
T Easy Vector systems (Promega) and transformed into Stbl3 bac-
teria for subsequent plasmid extraction with Qiagen Spin Mini-
prep kit followed by sequencing. Analysis of Sanger-sequenced
clones was performed with QUMA (Kumaki et al. 2008).

Whole-genome DNA methylation sequencing

DNA was isolated from T cells using phenol–chloroform extrac-
tion. For each sample, 100 ng of input DNA was sheared with a
Covaris LE220 instrument aiming for 450-bp fragments. Sheared
DNAwas preparedwith an EM-Seq kit (NewEngland Biolabs) fol-
lowing themanufacturer’s instructions. Briefly, the treatment in-
cluded a TET2-mediated oxidation of 5mCs to 5hmCs. This was
followed by APOBEC cytosine deaminase treatment, resulting in
conversion of unmethylated cytosines to uracil and their appear-
ance as thymidines in the final sequencing data. Methylated and
hydroxymethylated cytosines were indistinguishable from each
other and were present as cytosines in the sequencing data.
Unmethylated (λ) and fully CpG methylated (pUC19) DNA
were spiked into each sample and used as internal control for con-
version efficiencies. The final sequencing librarieswere amplified
with four cycles of PCR, and librarieswere sequenced on Illumina
HiSeqX targeting 30× coverage per sample. After sequencing, the
FASTQ files were processed as follows: Adapter sequences (Illu-
mina TruSeq, “AGATCGAAGAGAC”) were hard-clipped from
raw paired-end FASTQs using Trim Galore version 0.4.4 (https
://github.com/FelixKrueger/TrimGalore). The resulting reads
were then aligned with default parameters for bwa-meth (https
://github.com/brentp/bwa-meth) to a reference genome com-
prised of concatenated mm10, pUC19, and λ sequences, with
the exception of inclusion of the “bwa mem -Y” flag and flagging
of quality control-failed reads (0 × 200 flag) when alignment
length was <0.2× read length. Aligned BAMs were split into sep-
arate mm10, pUC19, or BAMs for downstream analysis. These
split BAMs were duplicate-marked using Picard version 2.8.0
(http://broadinstitute.github.io/picard). Methylation genotyping
was performed on each using MethylDackel version 0.1.13
(https://github.com/dpryan79/MethylDackel). Methylation se-
quencing was deposited in the Gene Expression Omnibus
(GEO) database under accession number GSE126472.

ATAC-seq

Samples were prepared as described (Buenrostro et al. 2013).
Briefly, WT or Cas9Tg T cells were activated and transduced
with retroviral shRNA constructs or electroporated with sgRNA,
respectively. After five additional days of culture, 50,000 cells
were sorted based on CD8 and CD4 expression. Cells were
washed, nuclei were isolated, and libraries were submitted to
the New York University Langone Genome Technology Center
for sequencing. Fastq files were obtained from 50-bp paired-end
reads and analyzed by aligning reads to the mm9 genome with
Bowtie2 using default settings on the Galaxy platform (Afgan
et al. 2018). The resulting BAM files were filtered for PCR dupli-
cates (using sambamba), mitochondrial DNA alignments,MAPQ
<30 alignment quality, ENCODE blacklisting, and imperfect
paired-end reads. Filtered BAM files were down-sampled when
possible to ∼13million filter-aligned reads, the third lowest com-
plexity-filtered BAM file size, before visualization on Integrative
Genomics Viewer by generating bigWig files with bamCoverage
on default settings on the Galaxy platform (Robinson et al.
2011). ATAC-seq data were deposited in the GEO database under
accession number GSE126472.

RNA-seq

T-cell samples were cultured in the same way as ATAC-seq
(above). RNA was isolated from cells sorted into TRIzol (Invitro-
gen) followed by treatment with DNase I and cleanup with
RNeasy MinElute kit (Qiagen). T-cell RNA libraries were pre-
pared with Nugen Ovation Ultralow library system V2 by Hud-
sonAlpha. Sequencing was performed with Illumina HiSeq 2500
version 4. FASTQ files were processed through kallisto using an
mm10 kallisto index from an ENSEMBL GTF annotation file.
Count estimates from kallisto were extracted and aggregated to
gene-level counts by summation. Principal component analysis
(PCA) was conducted using prcomp on a CPM matrix filtered
for genes that had >5CPM in at least two samples.Differential ex-
pression analysis was conducted on the entire countmatrix using
voom and limma, with an additive model for the main perturba-
tional effect (i.e., shDnmt1) and theCD4+ effect to control for var-
iability seen in the PCA. Differential expression genes were
considered with an FDR of <0.05 (Benjamini-Hochberg-corrected
P-value) and an absolute log2(fold change) of >1. RNA-seq data
were deposited into the GEO database under accession number
GSE126472.

Combined genome-wide analysis of ATAC-seq and RNA-seq

Differentially expressed genes from RNA-seq described above
were used for analysis as follows: ATAC-seq peaks and reads
within those peaks were annotated to the nearest gene TSS with-
in 30 kb using the Bedtools closest command.Unannotated peaks
were discarded. Readswithin peakswere then aggregated down to
gene level by summation, and differential expression analysis was
annotated as with RNA-seq and plotted by log10 fold change.

Western blotting

For Western blotting, samples were transferred from polyacryl-
amide gel to nitrocellulose membrane by wet transfer for 4 h on
ice at 60 V. Blots were blocked in PBS blocking buffer (Licor)
and then stained overnight with primary antibody at 4°C. The
next day, membranes were washed three times in PBST (PBS
and 0.1% Tween-20), stained with fluorescently conjugated sec-
ondary antibodies (Licor) at 1:10,000 dilution in PBS blocking
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buffer for 1 h at room temperature, and then imaged in the 680-
and 800-nm channels.

Flag tag coimmunoprecipitation and mass spectrometry

Transfected Plat-E cells were cultured for 48–72 h, detached from
10-cm dishes by pipetting, and subsequently washed in PBS. Nu-
clei were isolated by resuspending cell pellets in 500 µL of IPMS
buffer (0.5%NP-40, 100 mMNaCl, Tris-HCl at pH 8.0, 1× prote-
ase inhibitor [Sigma]) and rotating for 30 min at 4°C. Samples
were homogenized by passing through a 23.5-gauge needle
10–15 times. Cellular debris was spun down, and the supernatant
was precleared with protein A beads (Dyna beads) for 1 h prior to
incubation with 10 µg of Flag antibody overnight at 4°C with ro-
tation. For samples used to assess for histone binding (Supple-
mental Fig. S8C), 0.625 µg of human recombinant H3.1–H4
tetramer (New England Biolabs) was spiked in. The next day, pro-
tein-bound beads were washed five times in IPMS buffer, and
bound proteins were eluted by boiling samples in loading buffer.
Sampleswere either submitted toNewYorkUniversity School of
Medicine Proteomics Laboratory for mass spectrometry or used
for Western blot. The mass spectrometry proteomics data were
deposited to the ProteomeXchange Consortium via the PRIDE
partner repository with the data set identifier PXD012669
(Perez-Riverol et al. 2019).

ChIP-qPCR

T cells were transduced and cultured for 5 d. Next, 100,000
CD8+CD4− shRenilla.713-treated or CD8+CD4+ shChaf1a.3118-
treated T cells were isolated by cell sorting and processed
for ultralow input micrococcal nuclease-based native ChIP
(ULI-NChIP) (Brind’Amour et al. 2015). For immunoprecipita-
tion, 3 µg of antibody was used per reaction. Immunoprecipitated
and input DNAwere used for qPCR with SYBR Green 2× master
mix (Roche).

Cell sorting and flow cytometry

Sampleswere FACS-sorted on a FACSAria (BD Biosciences). Flow
cytometry was performed on an LSRII (BD Biosciences), and anal-
ysis was performed using Flowjo (Treestar).
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