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STAT1 is required to establish but not maintain
interferon-c-induced transcriptional memory
Sahar SH Tehrani1,2 , Pawel Mikulski1, Izma Abdul-Zani1, Jo~ao F Mata2, Wojciech Siwek1,*,† &

Lars ET Jansen1,**

Abstract

Exposure of human cells to interferon-c (IFNc) results in a mitoti-
cally heritable yet reversible state called long-term transcriptional
memory. We previously identified the clustered GBP genes as
strongly primed by IFNc. Here, we discovered that in primed cells,
both interferon-responsive transcription factors STAT1 and IRF1 tar-
get chromatin with accelerated kinetics upon re-exposure to IFNc,
specifically at promotors of primed genes. Priming does not alter
the degree of IFNc-induced STAT1 activation or nuclear import, indi-
cating that memory does not alter upstream JAK–STAT signaling. We
found STAT1 to be critical to establish transcriptional memory but
in a manner that is independent of mere transcription activation.
Interestingly, while Serine 727 phosphorylation of STAT1 was main-
tained during the primed state, STAT1 is not required for the herita-
bility of GBP gene memory. Our results suggest that the memory of
interferon exposure constitutes a STAT1-mediated, heritable state
that is established during priming. This renders GBP genes poised
for subsequent STAT1 and IRF1 binding and accelerated gene activa-
tion upon a secondary interferon exposure.
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Introduction

The innate immune system, in contrast to adaptive immunity, has

classically been considered nonspecific and transient with no mem-

ory of prior infections. However, it has become apparent that in

some cases, activation of an innate immune response can lead to a

primed state that results in enhanced resistance to reinfection, even

to a different pathogen (Netea et al, 2011; Peignier & Parker, 2020).

Such priming can last for weeks or months, is reported to be inde-

pendent of the adaptive immune system, and is referred to as

trained immunity (Netea et al, 2011). Examples include exposure of

mice that lack functional B and T lymphocytes to BCG vaccine

(Bacillus Calmette–Gu�erin), Candida albicans, or b-glucan (a com-

ponent of the fungal cell wall) that induce a primed response

resulting in enhancement of inflammatory cytokine production upon

a secondary infection (Kleinnijenhuis et al, 2012; Quintin

et al, 2012). This innate immune priming correlates with molecular

changes including chromatin accessibility and modification (Lau

et al, 2018), transcription of long noncoding RNAs (lncRNAs)

(Fanucchi et al, 2019), DNA methylation (Verma et al, 2017) and

reprogramming of cellular metabolism (Natoli & Ostuni, 2019; Netea

et al, 2020). At present, most of these molecular signatures are cor-

relative, yet understanding the mechanistic basis of “trained immu-

nity” would enable us to exploit this phenomenon for clinical

applications such as vaccination, as well as for the prevention and

treatment of conditions such as chronic inflammation.

While the molecular drivers of trained immunity remain elusive

and correlative, an analogous priming effect can occur at the level

of gene expression that may contribute to trained immunity. This

effect, called long-term transcriptional memory is observed upon

exposure to inflammatory cytokines such as TNF-a and interferons

even in nonimmune cells (Gialitakis et al, 2010; Light et al, 2013;

Zhao et al, 2020). Transcriptional memory is also observed outside

of the mammalian immune system in a variety of species ranging

from yeast to plants, allowing organisms to adapt faster to previ-

ously encountered environmental stress conditions such as nutrient

deprivation (D’Urso & Brickner, 2017), heat (Ding et al, 2013;

L€amke et al, 2016) and cold stress (Song et al, 2012).

Possible mechanisms of transcriptional memory can be broadly

categorized as “cis-acting” constituting factors such as DNA or his-

tones modification, which may be locally inherited through the cell

cycle (Moazed, 2011; Quintin et al, 2012); and “trans-acting” such

as soluble transcription factors that initiate and/or maintain the

memory of the signal even in its absence, for example, through

rewiring of signaling cascades or transcription factor networks

(Moazed, 2011).

Several lines of evidence indicate that local cis-regulated factors

can contribute to memory. For instance, DNA demethylation has a

positive impact on TNF-a-mediated transcriptional memory genes

1 Department of Biochemistry, University of Oxford, Oxford, UK
2 Instituto Gulbenkian de Ciência, Oeiras, Portugal

*Corresponding author. Tel: +48505313995; E-mail: siwek@molbio.mgh.harvard.edu
**Corresponding author. Tel: +441865613428; E-mail: lars.jansen@bioch.ox.ac.uk
†Present address: Department of Molecular Biology, Massachusetts General Hospital, Harvard Medical School, Boston, MA, USA

� 2023 The Authors. Published under the terms of the CC BY 4.0 license The EMBO Journal 42: e112259 | 2023 1 of 18

https://orcid.org/0000-0001-5315-5928
https://orcid.org/0000-0001-5315-5928
https://orcid.org/0000-0001-5315-5928
https://orcid.org/0000-0002-2720-5191
https://orcid.org/0000-0002-2720-5191
https://orcid.org/0000-0002-2720-5191
https://orcid.org/0000-0002-2158-0345
https://orcid.org/0000-0002-2158-0345
https://orcid.org/0000-0002-2158-0345


(Zhao et al, 2020). Additionally, dimethylation of histone H3 on

lysine 4 (H3K4me2) has been widely associated with the mainte-

nance of a prime state. For instance in yeast, COMPASS and media-

tor play a role in maintaining H3K4me2 in the context of the

memory of INO1 expression (D’Urso et al, 2016). In plants, both

H3K4me2 and 3 are implicated in retaining the transcriptional mem-

ory of a prior stressor such as acquired thermotolerance (L€amke

et al, 2016). Besides the role of local chromatin factors in transcrip-

tional memory, trans-acting transcription factors have also been

implicated in the initiation or maintenance of priming. The yeast

transcription factors, Sfl1 and Tup1, are critical for maintaining

poised transcription, and the loss of those factors disrupts the tran-

scriptional memory of INO1 and GAL1, respectively (D’Urso

et al, 2016; Sood et al, 2017). Moreover, transcription factor MYC2,

which is induced upon dehydration stress and HSFA2 for heat

stress, is required for memory (L€amke et al, 2016; Liu &

Avramova, 2016).

The widespread occurrence of transcriptional memory suggests

that some basic principles and mechanisms may underlay this phe-

nomenon and may thus be driven by mechanisms that are not

unique to one cell type or system. In the context of the innate

immune system, it is striking that cytokine signals such as inter-

ferons induce transcriptional memory even in nonimmune cells

(Gialitakis et al, 2010). This creates an opportunity to discover gen-

eral principles of transcriptional memory underlying trained immu-

nity without the confounding effects of immune signaling and cell

differentiation that can be induced by cytokines.

A well-established paradigm in innate immune transcriptional

memory is the priming of genes by interferon-c (IFNc). In this case,

a subset of IFNc-activated genes can maintain a heritable poised

state in the absence of active transcription of the primed genes. Yet,

the primed state leads to an enhanced expression upon re-exposure

to IFNc (Fig 1A). Early studies showed that an IFNc target gene,

HLA-DRA undergoes priming, which correlates with the mainte-

nance of RNA polymerase II (RNA PolII) (Light et al, 2013; D’Urso &

Brickner, 2017) and H3K4me2 on the promoter of HLA-DRA in

primed cells (Gialitakis et al, 2010), at least short term up to 48 h

post an IFNc pulse. However, other reports did not detect RNA Pol

II poising following the priming of mouse fibroblasts by IFNb and

A

B

C

Figure 1.

▸Figure 1. Long-term transcriptional memory of GBP genes.

A Top: Principle of IFN-induced transcriptional memory. Among IFNc induc-
ible genes, those with memory show faster and stronger expression upon a
second induction with IFNc. Bottom: Experimental outline for transcrip-
tional memory; HeLa cells were primed with IFNc for 24 h, followed by
IFNc washout. After 48 h, na€ıve and primed cells were induced by IFNc for
24 h.

B RNA-seq data (obtained from dataset reported by Siwek et al, 2020). Statis-
tical significance was determined using two-way ANOVA. Data are shown
as mean. Error bars, SD; n = 3 biological replicates.

C HeLa cells were harvested at indicated time points and processed for
western blotting probed for GBP1 and 5 protein levels, a-Tubulin (Tubulin)
as a loading control.

Source data are available online for this figure.
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IFNc or HeLa cells (Kamada et al, 2018; Siwek et al, 2020). Addi-

tionally, H3.3 and H3K36me3 were observed as a memory mark,

maintained on primed genes, albeit for a short 2-day period follow-

ing an IFNc pulse (Kamada et al, 2018; Siwek et al, 2020).

We previously reported that genes showing strong interferon-c
induced transcriptional memory tend to reside in genomic clusters

and that the long-term memory of these genes is locally restricted

by cohesion (Siwek et al, 2020). Here we aim to understand the role

of transcription in priming and explore the contribution of the STAT

and IRF transcription factors in IFNc-mediated transcriptional mem-

ory. We find that in the primed state, the kinetics of the upstream

JAK–STAT signaling cascade to activate STAT1 is not altered.

Instead, we find that the chromatin of memory target gene pro-

moters is more accessible in primed cells and that STAT1 and IRF1

are recruited faster specifically at the primed GBP cluster. Interest-

ingly, memory is not driven by target gene transcription but

depends on a STAT1-dependent state that is established during

priming, after which STAT becomes dispensable for the mainte-

nance of the primed state.

Results

GBP genes show long-term transcriptional memory

Exposure of cells to interferon-gamma (IFNc) leads to a heritable,

primed state resulting in enhanced activation of target genes follow-

ing a second exposure (Gialitakis et al, 2010). Using this principle as

an assay (outlined in Fig 1A), we previously identified genes

encoding the guanylate binding proteins, including GBP1, GBP4,

and GBP5 that show mitotically stable memory that is propagated

for at least a week in proliferating cells (Siwek et al, 2020; Fig 1B).

Using a standardized protocol with a 2-day memory window

(Fig 1A), we validated these findings by directly measuring protein

levels for GBP1 and GBP5 in HeLa cell lines (Fig 1C). In this study,

we use GBP genes as a readout of memory, particularly GBP5, 4,

and 1 as they showed the strongest reinduction upon a second IFNc
exposure.

Transcription of GBP1 is not sufficient to induce a local prime
state

We previously reported that, based on single-cell RNA sequencing

that, at least for GBP5, priming is manifested by an increased proba-

bility of primed cells to engage in target gene expression, correlating

with the strength of the initial GBP5 activation (Siwek et al, 2020).

Furthermore, earlier work has shown that priming results in

enhanced Pol II recruitment or retention of promoter-bound poly-

merase in the absence of ongoing transcription (Light et al, 2013;

Kamada et al, 2018). This suggests that transcription of the target

gene itself may be sufficient to induce the prime state regardless of

upstream signaling. To test this hypothesis directly, we artificially

forced GBP transcription using CRISPR/Cas9 Synergistic Activation

Mediator (CRISPRa-SAM) (Fig 2A), a method previously used for

activation of a variety of genes in different cell types (Konermann

et al, 2014; Chavez et al, 2016). In this way, we bypass the need for

IFNc and can determine the role of transcription in gene priming.

We successfully established conditions for the CRISPRa-SAM

activation of GBP1. A combination of 3 gRNAs targeting the GBP1

promotor, but not gRNAs for the unrelated ASCL1 control gene, is

sufficient for GBP1 activation, as validated by RT–qPCR (Fig 2B).

Titration of the concentration and duration of IFNc exposure

revealed that a 24 h treatment of cells with only 1 ng/ml of IFNc is

sufficient to activate GBP1 (Figs 2B and EV1A and B) and induce a

primed state that is heritable for at least 48 h (Fig EV1A and C). This

level of IFNc-mediated GBP1 mRNA is comparable to the level of

induction by CRISPRa-SAM (Fig 2B). Interestingly, when combining

IFNc with CRISPRa-SAM, we observe further activation of GBP1

(Fig 2B). To determine whether GBP1 expression per se is sufficient

for priming we transfected HeLa cells with CRISPRa-SAM, targeted

by either gRNAs specific for GBP1 or a control gene (ASCL1). We

allowed CRISPRa-SAM-driven GBP1 expression to build up for 48 h

and then allowed cells to dilute out, prior to induction with IFNc as

outlined in Fig 2C. Our results demonstrate that IFNc induction of

GBP1 is not primed by prior CRISPRa-SAM activation despite similar

transcriptional output to IFNc priming (Fig 2B). Additionally, we

combined CRISPRa-SAM activation with IFNc to prime cells

(Fig 2D). Under these conditions, IFNc primes GBP1 for enhanced

re-expression irrespective of any prior CRISPRa-SAM activation.

This demonstrates that despite enhanced expression during priming

(Fig 2B) CRISPRa has no impact on the degree of priming, consistent

with our finding that CRISPRa alone cannot prime GBP1. Combined,

unexpectedly, our results indicate that the mere recruitment of Pol II

and the activation of the general transcription machinery at GBP1 is

not sufficient to induce a prime state and that IFNc signaling and its

downstream transcription factors are necessary to initiate priming.

Increased promoter accessibility of GBP4 and GBP5 in primed
cells

As mere transcription does not appear to be the initiator of priming,

we reasoned that IFNc-specific transcription factors upstream of

transcription initiation may be required for inducing long-term

memory. We started out by determining promoter accessibility as

an indirect readout of the degree of transcription factor binding and

target gene activation during induction, memory, and reinduction.

We performed ATAC-seq in na€ıve and primed HeLa cells after

inducing with IFNc for 0, 1, and 3 h (Fig EV2A). We find that the

promoters of GBP5, and the adjacent GBP4 gene are selectively

accessed during IFNc activation (Fig EV2B). Interestingly, the GBP1

promoter is already in an accessible state in na€ıve cells and is not

significantly opened further by IFNc activation (Fig EV2B). Interest-

ingly, in primed cells, the GBP5 promoter and, to a lesser extent,

GBP4 show accelerated opening during reinduction, particularly

after 1 h of IFNc, but not at IFNc target genes that do not show

priming such as IRF1 and TAP1 (Fig EV2B; Siwek et al, 2020).

In agreement with our previous report (Siwek et al, 2020) there

is no indication of maintenance of an IFNc-opened nearby enhancer

site in primed cells, indicating that latent enhancers are not driving

the accelerated reactivation of the GBP genes (Fig EV2C).

STAT1 and IRF1 are required for GBP5 expression

The increased ATAC signals at GBP promoters upon IFNc induction

suggest specific transcription factors target these promotors that

may play a role in transcriptional memory. To explore this further,
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Figure 2. Transcription of a memory gene is not sufficient to induce a primed state.

A Experimental outline; targeting of CRISPR/Cas9 Synergistic Activation Mediator (CRISPRa-SAM), results in forced gene activation, followed by IFNc to determine the
priming state.

B Top: Experimental outline of CRISPRa targeting of GBP1 and ASCL1 (control) by transient transfection with plasmids containing dCAS9-SAM. Bottom: HeLa cells were
transfected with dCas9-SAM technology with gRNA for indicated genes, either alone or in combination with a 24 h exposure to IFNc. RNA was isolated, and GBP1
mRNA expression was measured by RT–qPCR after 48 h of transfection and normalized to ACTB expression. Statistical significance was determined using two-way
ANOVA. Data are shown as mean. Error bars, SD; n = 3 biological replicates.

C Top: Experimental outline of CRISPRa targeting of GBP1 and ASCL1 (control) by transient transfection with plasmids containing dCAS9-SAM, followed by induction
with IFNc. Bottom: RNA was isolated, GBP1 mRNA level was determined as indicted in experimental outline at top, by RT–qPCR and normalized to ACTB mRNA level.
Statistical significance was determined using Ordinary one-way ANOVA. Data are shown as mean. Error bars, SD; n = 3 biological replicates.

D Experiment as in (C) but with the addition of IFNc during priming. Statistical significance was determined using Ordinary one-way ANOVA. Data are shown as mean.
Error bars, SD; n = 3 biological replicates.

Source data are available online for this figure.
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we first examined the role of transcription factors as effectors of this

pathway. The STAT and IRF family of proteins are the main tran-

scription factors responding to interferons (Mogensen, 2018). There

are seven members in the STAT family (STAT1, 2, 3, 4, 5A, 5B, and

6) and nine in the IRF family (IRF1-9), which target genes in

response to different cytokines (Delgoffe & Vignali, 2013; Antonczyk

et al, 2019). STAT1 is well-established as the key transcription fac-

tor in IFNc signaling (Antonczyk et al, 2019). Upon stimulation,

STAT1 is activated by the IFNc receptor-bound JAK kinase. Phos-

phorylation results in homodimerization or heterodimerization with

other STATs, leading to translocation into the nucleus and target

gene activation (Rawlings et al, 2004). Genes encoding IRF tran-

scription factors are activated by STAT1 that then cooperate with it

to further induce downstream interferon-target genes (Schroder

et al, 2004). One possible way of achieving a primed state is for a

specific transcription factor to respond to IFNc stimulation in a feed-

forward fashion. In such a scenario, IFNc stimulation results not

only in transcription factor activation but also in its continued

expression, even after the removal of the cytokine. To determine

whether any of the STATs or IRFs behave like this, we mined our

RNA-seq dataset (Siwek et al, 2020) to determine their expression

after induction, when primed and in the reinduction state (Fig 3A).

As expected, several STAT and IRF members were strongly induced

by IFNc but following washout, all returned to baseline levels

(Figs 3A and EV3D). Thus, a model in which the key drivers of

IFNc-mediated gene expression engage in self-propagating expres-

sion is unlikely. However, while the mRNA levels of these genes

return to baseline, they may nevertheless be required to establish

and/or maintain the primed state upon IFNc exposure. To dissect

the putative role of STAT and IRF proteins in priming in more detail

in the HeLa model, we generated CRISPR/Cas9 knockout cell lines

of a representative set of transcription factors. These include those

most strongly activated by IFNc; STAT1, STAT2, STAT3, and IRF1,

as well as STAT5B and IRF9 (Fig EV3A). Consistent with earlier

reports, GBP5 induction is lost in STAT1 and IRF1 knockout cells

(Fig 3B; Ramsauer et al, 2007), while STAT2, STAT5B, and IRF9 are

dispensable both for induction (Fig EV3B), as well as priming

(Fig EV3C). Interestingly, STAT3 depletion had the opposite effect,

leading to an increase in GBP5 induction (Fig EV3B). From this anal-

ysis, we conclude that both STAT1 and IRF1 are required for GBP5

induction. Next, we asked whether these two key transcription fac-

tors have any role in establishing or maintaining GBP5 priming.

STAT1 and IRF1 enrichment within the GBP cluster is accelerated
during early reinduction

The enhanced promoter accessibility of primed genes upon IFNc
reinduction (Fig EV2B) may be driven by a different rate of pro-

moter binding by the essential transcription factors for GBP5 induc-

tion, STAT1, and IRF1. To assess this, HeLa cells were induced with

IFNc for 0, 1, and 3 h, both in na€ıve and primed cells, followed by

CUT&RUN (Cleavage Under Targets and Release Using Nuclease)

(Meers et al, 2019b) for STAT1 and IRF1 (Fig 3C). These results

show that STAT1 and IRF1 target the GBP gene promoters within

the first 3 h of IFNc induction. Interestingly, both bind faster upon

reinduction of primed genes GBP5 and GBP4, GBP1P1, as well as an

element distal to GBP5 named E1 (Fig 3D and E, Appendix Fig S1A).

By contrast, both STAT1 and IRF1 target the GBP1 promoter rapidly

within an hour of IFNc that is not further enhanced in primed cells

(Appendix Fig S1A), consistent with the enhanced chromatin acces-

sibility (Fig EV2B). Moreover, unbiased genome-wide analysis in

primed vs na€ıve cells at the promoter of genes (�3 kb to +3 kb rela-

tive to TSS) revealed that GBP5, GBP1, and GPB4 were among the

top loci for accelerated STAT1 and IRF1 recruitment at least at the

early time point (Fig 3F).

To explore non-promotor binding sites, we expanded our search

to whole genes with 3 kb upstream and downstream of the gene

body. Interestingly, there are only 12 sites, genome-wide that show

accelerated binding of both STAT1 and IRF1 (Fig 3G, Appendix

Fig S1B), and among those, seven map within the GBP cluster

(numbered 1–7 in Appendix Fig S1B). Moreover, visual inspection

of the GBP cluster identified one additional site with faster STAT1

and IRF1 recruitment in primed cells, which were outside of our

defined search range (�3 kb of gene body), and mapped distal to

the GBP5 promoter (Fig 4A, Element 2). Together, these results sug-

gest that faster recruitment of both STAT1 and IRF1 upon reinduc-

tion is a feature strongly associated with the GBP cluster (Fig 4B),

both at primed gene promoters, as well as 2 elements 16 and 37 kb

upstream of the GBP5 promoter. Next, we aimed to determine

whether the accelerated binding of both STAT1 and IRF1 in primed

cells is the consequence of changes in upstream signaling.

GBP5 priming is not dependent on the regulation of IFNc-induced
STAT1 expression

One possible explanation for GBP5 priming and enhanced promoter

binding by STAT1 is STAT1 priming itself. Our RNA-seq analysis

shows that STAT1 is strongly induced by IFNc (Siwek et al, 2020;

Fig 3A, as previously reported Cheon & Stark, 2009). Although this

bulk RNA-seq analysis does not show a significant enhancement of

the expression of STAT1 in primed cells, our single-cell RNA

sequencing data from the same study (Siwek et al, 2020), did show

a modest degree of priming of STAT1 mRNAs (Fig 5A). To deter-

mine whether priming of STAT1 expression is relevant for GBP5

priming, we expressed STAT1 from a constitutive promoter in cells

in which endogenous STAT1 was deleted (Fig 5B). Effectively, in

these cells, STAT1 expression is uncoupled from IFNc induction and

maintained at a level similar to that of induced cells (Fig 5C). Inter-

estingly, while STAT1 is no longer IFNc-regulated we find that

GBP5 expression remains strictly IFNc-dependent and priming still

occurs (Fig 5D). It should be noted that endogenous STAT1 is

expressed as different isoforms (Schindler et al, 1992; Zakharova

et al, 2003). We opted to clone and express the main isoform that,

although having a lower apparent molecular weight, it is functional

in supporting IFNc-indued expression of GBP genes. Thus, while

overall GBP5 expression in these cells is consistently lower (Fig 5D,

Appendix Fig S2A), it has no bearing on the degree of memory

(Fig 5D, Appendix Fig S2B), indicating that STAT1 expression is not

rate limiting in priming.

Upstream STAT1 phospho-dynamics and import, are not altered
in primed cells

Upon IFNc stimulation, STAT1 is activated by phosphorylation at

Tyr701 via JAK kinase (Darnell et al, 1994). One possible mecha-

nism of retention of the primed state is that after IFNc induction,
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JAK proteins remain active at a low level or stay in a poised state

leading to faster activation upon reinduction. To determine the

impact of JAK/STAT signaling on GBP gene induction and the

maintenance of transcriptional memory, we inhibited JAK kinase

using a specific inhibitor (CP-690550, here abbreviated as JAKi).

Upon JAK inhibition during IFNc induction GBP5 expression was

◀ Figure 3. STAT1 and IRF1 are essential for GBP5 expression and show enhanced recruitment to target gene promoters during early reinduction.

A Top: Experimental outline of IFNc induction and reinduction regime. Bottom: mRNA levels of STAT and IRF family members at indicated time points based on the
experiment outlined in the top (obtained from dataset reported by Siwek et al, 2020). Transcription factors are ordered by their expression level. Data are shown as
mean. Error bars, SD; n = 3 biological replicates.

B Stable CRISPR knockouts were generated for indicated genes in HeLa cells. Knockout (KO) cells or their parental controls (WT) were induced with IFNc for 24 h or
left untreated and prepared for SDS–PAGE and immunoblotting. Blots incubated with GBP5 antibody assess gene expression. a-Tubulin (Tubulin) was used as a
loading control. Note that GBP5 and Tubulin blot of parental cells is as in Fig 1C.

C Scheme describing STAT1 and IRF1 transcription factor enrichment by CUT&RUN.
D–G HeLa cells were primed with IFNc for 24 h, followed by IFNc washout. After 48 h, na€ıve and primed cells were induced by IFNc for 1 and 3 h. Cells were harvested

at indicated time points and processed for CUT&RUN. Representation of processed data of CUT&RUN for STAT1 (D) and IRF1 (E) occupancy at GBP5 and GBP4
genes. Sequenced reads were mapped to the human genome (hg38), and coverage data are displayed as reads per million (RPM) at equal scaling. (F) Violin plot
showing log2 fold change of STAT1 and IRF1 enrichment upon treatment of primed relative to na€ıve cells at the promoter (�3 kb to +3 kb relative to TSS) of all
annotated genes as measured by CUT&RUN. Data (primed/na€ıve) is plotted for 1 and 3 h IFNc treatment. (G) Venn diagram displaying overlap of STAT1 and IRF1
enrichment for genes (�3 kb of TSS and +3 kb of TTS) that have more than 1.5-fold change differences between primed and na€ıve upon 1 h of IFNc treatment.

Source data are available online for this figure.

A

B

Figure 4. Accelerated recruitment of STAT1 and IRF1 across the primed GBP cluster.

A Tracks of processed CUT&RUN data for STAT1 and IRF1 occupancy across the GBP cluster following 1 h of our IFNc induction in na€ıve and primed cells. Results of
sequenced reads were mapped to the human genome (hg38), and coverage data are displayed as reads per million (RPM) at equal scaling. GBP gene positions are
indicated.

B Quantification of STAT1 and IRF1 enrichment in primed cells relative to na€ıve cells, 1 h after IFNc induction. Fold change is shown for the 7 loci within the GBP
cluster listed in Fig 3G and Appendix Fig S1B, as well as an additional site (E2) distal to GBP5 (green data points). Enrichment ratios for nonprimed genes (gray) are
shown for comparison. Each dot represents one biological replicate. The line shows the mean of the data.

Source data are available online for this figure.
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lost (Fig 5E), consistent with prior reports (Ramana et al, 2000;

Migita et al, 2011). Having established conditions to effectively

inhibit JAK, we then treated cells with JAKi immediately following

the initial IFNc induction and kept JAK inhibited during the memory

window until just before the second induction (Fig 5F). These

results indicate that inhibition of JAK after priming does not signifi-

cantly affect transcriptional memory indicating that JAK/STAT sig-

naling is required for GBP induction but is dispensable for

maintaining memory. While JAK-mediated signaling is not required

after priming, it may be hyperactive upon IFNc exposure, leading to

accelerated STAT1 phosphorylation and enrichment on GBP

promoters. To determine this, we measured STAT1 Y701 phosphor-

ylation in na€ıve and primed cells after IFNc induction at different

time points. We find that STAT1 phosphorylation is fast both in

na€ıve and primed cells with a possible minor increase in rate at

early time points (Fig 5G). To further test whether priming has a dif-

ferential impact on STAT1 activity, we measured STAT1 import into

the nucleus, which is the downstream consequence of STAT1 acti-

vation (Ramana et al, 2002). For this, we employed a cell line con-

stitutively expressing a GFP-tagged STAT1 transgene (described in

detail below) and measured STAT1-EGFP levels by live cell imaging

(Fig 5H). Treatment of cells with IFNc leads to STAT1 accumulation

A

C

D

G H

B

E F

Figure 5.
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in the nucleus; however, STAT1 is not retained in primed cells, and

nuclear accumulation during induction and reinduction is indistin-

guishable. We also imaged STAT1 protein by immunofluorescence

to quantify nuclear and cytoplasmic pools (Fig EV4A). Consistent

with the live cell data, the rate of STAT1 import into the nucleus is

not detectably different between the 1st and 2nd induction, and

STAT1 is not maintained in the nucleus after the removal of IFNc
(Fig EV4B). These results indicate that the rates of JAK-mediated

STAT1 activation and import are not significantly altered in primed

cells compared with na€ıve cells.

STAT1 phosphorylation at Ser727 is maintained after removal of
IFNc

In addition to JAK-mediated phosphorylation at Tyr701, STAT1 is

also phosphorylated at Ser727, which is required for maximal

STAT1 activation and transcriptional activity (Wen et al, 1995). A

previous study has shown that CDK8, a chromatin-associated kinase

known to target Ser727 (Bancerek et al, 2013), remains active in

primed cells (D’Urso et al, 2016). We determined the degree of both

Tyr701 and Ser727 phosphorylation before and after IFNc induction

in na€ıve and primed cells. Interestingly, while Tyr701 phosphoryla-

tion is rapidly lost after the removal of IFNc, Ser727 phosphoryla-

tion is maintained for up to 7 days after priming (Figs 6A and

EV5A). To test the necessity of STAT1 phosphorylation at Ser727 in

transcriptional memory, we rescued the STAT1 knockout cell line

(Fig 3B) with a transgene expressing STAT1 in which Ser727 was

mutated to alanine (S727A) (Fig EV5B). Immunoblotting with

phospho-specific antibodies for S727P confirmed loss of phosphory-

lation (Fig EV5C). While STATS727A expression levels were lower

compared with IFNc-induced levels, this mutant form retained par-

tial functionality as revealed by its ability to support IFNc-mediated

IRF1 induction, which is STAT1-dependent (Fig EV5C). Neverthe-

less, this level of STAT1 activity was insufficient to detectably

induce GBP5 expression as our readout for transcriptional memory

(Fig EV5D and E). This indicates that STAT1 phosphorylation at

Ser727 plays a critical role in GBP5 expression, which precluded us

from further exploring this mutant. We then asked whether a consti-

tutively phosphorylated-like variant of STAT1 impacts on expres-

sion and memory. We generated cells in which we expressed

STAT1-bearing phosphomimetic negative charge mutations at the

S727 (S272E and S727D) in a STAT1 knockout background (Fig 6B).

Unlike the nonphosphorylatable mutant, these phosphomimetic

mutants are still able to robustly support GBP expression (Fig 6C)

indicating that S727 phosphorylation is required for expression.

However, the addition of charged residues does not lead to

enhanced memory. Instead, the degree of priming is reduced as

judged by the ratio of expression between reinduction and priming

(Fig 6C). This suggests that the differential phosphorylation of this

residue between na€ıve cells (no S727 phosphorylation) and primed

cells (memorized S272 phosphorylation) is functionally relevant for

memory and may depend on the dynamic of control of the phos-

phorylated state.

STAT1 is required during priming to establish GBP5
transcriptional memory but is dispensable during memory of the
primed state

Thus far we showed that STAT1 binds to GBP target gene promotors

more rapidly in primed cells (Fig 3D) and that STAT1 activation

leads to multiday retention of Ser727 phosphorylation with func-

tional consequences for GBP expression and memory (Fig 6). To cir-

cumvent this limitation and directly test the hypothesis that STAT1

itself carries the memory of prior IFNc induction, we constructed a

STAT1 allele tagged with a destruction tag (dTAG) composed of a

modified FKB12 protein, that can be selectively degraded with the

small molecule dTAG13 (Nabet et al, 2018). This allows us to deter-

mine whether STAT1 has a role in the maintenance of the primed

state without affecting its essential role in GBP gene expression

upon IFNc exposure. We expressed STAT1 C-terminally tagged with

EGFP-dTAG in HeLa STAT1 knockout cells (Fig 6D). To characterize

the functionality of the degron we tested STAT1 dynamics in the

context of our IFNc induction and reinduction regime. Following

IFNc priming, we can effectively remove the vast majority of STAT1

◀ Figure 5. STAT1 expression, activation and import are not rate limiting for priming.

A Single-cell RNA-seq from HeLa cells for STAT1 from data described in (Siwek et al, 2020). Each dot represents STAT1 expression in one cell in na€ıve (n = 91), induction
(n = 90) and reinduction (n = 92). Error bars, SEM.

B Scheme outlining genotype of STAT1 knockout cell line, rescued with constitutive expression of STAT1 from a lentiviral vector.
C Blot probing for STAT1 before and after IFNc induction in STAT1 knockout (STAT1KO), STAT1 rescued (STAT1, constitutive), and parental control (WT), to confirm

knockout and rescue status. a-Tubulin (Tubulin) was used as a loading control.
D STAT1 rescue cells and their parental control were subjected to IFNc induction and reinduction regime as outlined in Fig 1A. Cell extracts were processed for western

blotting and probed for GBP5 expression before and after induction and reinduction as indicated in Fig 1A. a-Tubulin (Tubulin) was used as a loading control.
E Top: Scheme describing HeLa cells treated with JAK inhibitor CP-690550 (JAKi, 10 lM) or DMSO vehicle control for 25 h together with IFNc induction for 24 h. Bottom:

RT–qPCR analysis of GBP5 expression in induced cells treated with JAK inhibitor CP-690550 (JAKi, 10 lM) or DMSO vehicle control. Error bars, SD; n = 3 biological
replicates.

F Top: Schematic overview of JAK inhibitor treatment during memory window experiment; HeLa cells primed with IFNc for 24 h, were treated with JAK inhibitor CP-
690550 (JAKi, 10 lM) or DMSO vehicle control for 47 h, followed by drug washout. After 1 h, cells were reinduced with IFNc for 24 h. Bottom: GBP5 mRNA level after
induction and reinduction in the context of JAKi and DMSO was determined by RT–qPCR and normalized to ACTB mRNA level. Statistical significance was determined
using two-way ANOVA. Error bars, SD; n = 3 biological replicates.

G Cells constitutively expressing STAT1 (as in B) were primed with IFNc, followed by IFNc washout. After 48 h, na€ıve and primed cells were induced by IFNc for
different time points (5, 15, 30, 60, 180 min). Cell extracts were prepared at indicated time points and processed for western blotting. Immunoblot of pSTAT1-Y701,
and a-Tubulin (Tubulin) as a loading control.

H STAT1-EGFP-dTAG cells were primed with IFNc, followed by IFNc washout. After 48 h, na€ıve and primed cells were induced with IFNc and prepared for live cell imag-
ing. Images were acquired 10 min after IFNc addition at 10-min intervals. The ratio of STAT1-EGFP in the nucleus over cytoplasm was quantified. Each dot represents
the ratio of EGFP fluorescence intensity in one cell. The line shows the mean of data.

Source data are available online for this figure.
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within 24 h of dTAG13 addition, while DMSO controls retain STAT1

levels (Fig 6E). By 48 h post removal of dTAG13, STAT1 levels are

fully recovered, prior to IFNc reinduction. Having established condi-

tions in which we can selectively remove STAT1 only after priming

and re-express prior to reinduction, we determined the effect of

STAT1 removal on transcriptional memory (Fig 6F). We find that

STAT1 depletion immediately after priming does not impair GBP5

memory and allows for enhanced GBP5 expression upon IFNc rein-

duction, similar to controls (Fig 6G). These results demonstrate that

STAT1 and its associated posttranslational modifications are not

necessary for the maintenance of GBP5 transcriptional memory. To

further explore the role of STAT1, we aimed to determine the

requirement of STAT1 during priming. While STAT1 is necessary

for GBP5 induction, whether it plays a role in priming has not been

determined. Possibly, IFNc signaling leads to priming via factors

other than STAT1. To test this directly, we depleted STAT1 with

dTAG13 prior to, and during IFNc priming (Fig 6F). We then let

STAT1 levels recover before IFNc reinduction. Strikingly, under

these conditions, GBP5 expression is not enhanced after the 2nd

IFNc induction. Despite STAT1 presence during reinduction, the

cells behave as if na€ıve despite prior exposure to IFNc (Fig 6G).

These results demonstrate that STAT1 is necessary during cell prim-

ing, not only to induce GBP expression but also to establish tran-

scriptional memory.

Discussion

In this report, we dissected the role of STAT1 in the establish-

ment and maintenance of IFNc-induced transcriptional memory.

We focused on GBP5, GBP4, and GBP1 as target genes that show

strong priming upon IFNc induction, as previously described

(Gialitakis et al, 2010; Siwek et al, 2020) to understand transcrip-

tional memory (Fig 1A). Prior work showed that RNA polymerase

II (Pol II) is retained at promoters following IFNc priming (Light

et al, 2013) or is recruited more rapidly following reinduction

(Kamada et al, 2018). An increase in both chromatin accessibility

(Fig EV2) and Pol II recruitment (Kamada et al, 2018) can be due

to the alteration of local chromatin structure induced by transcrip-

tion, regardless of upstream signaling. However, we find that

transcription per se, induced using CRISPRa-SAM-mediated gene

activation is not sufficient to provoke the primed state nor does it

add to the ability of IFNc to prime cells (Fig 2). Artificial

CRISPRa-mediated gene activation is known to bring RNA Pol II,

the general transcription machinery, and increases the acetylation

levels in nucleosomes (Gim�enez et al, 2016). Nevertheless, the

recruitment of these factors is not sufficient to prime the GBP tar-

get gene, implying a specific IFNc-mediated factor is required.

Furthermore, these results suggest that while RNA polymerase II

has been detected on promoters of primed HLA genes (Light

et al, 2013), it may itself not be the primary driver of transcrip-

tional memory. In line with this, recent elegant experiments in

yeast have shown that in the case of INO1 transcriptional mem-

ory, RNA polymerase II is poised but not required for memory

(Sump et al, 2022).

We showed both STAT1 and IRF1 are required for GBP5 induc-

tion, and both display an accelerated recruitment to the promoters

of primed genes during reinduction (Fig 3). Intriguingly, the set of

loci that show enhanced recruitment of both STAT1 and IRF1 is

largely restricted to the GBP cluster (Figs 3G and 4). We excluded

priming of STAT1 expression or the presence of STAT1 protein to be

involved in the maintenance of memory (Figs 5D and 6E). Com-

bined, these results lead us to propose that the primed state,

induced by IFNc exposure, does not involve upstream JAK–STAT

signaling nor is a consequence of mere target gene expression.

Instead, memory appears to be restricted to a state induced by

STAT1 that may include changes in local chromatin structure, spe-

cifically at memorized GBP genes that facilitate accelerated recruit-

ment of STAT1 and IRF1. Interestingly, we detected Ser727

phosphorylation of STAT1 in primed cells (Figs 6A and EV5A) for

up to 7 days of memory. While our STAT1 depletion experiments

demonstrate that this phosphorylation is not the carrier of the

primed state (Fig 6G), it is possible that the underlying chromatin

maintains the capacity to rapidly activate STAT1 upon rebinding to

promoters. Indeed, our mutational analysis of Ser727 suggests that

phosphorylation of this residue contributes to robust priming

(Fig 6C). In this vein, it is noteworthy that the putative kinase for

STAT1 Ser727, CDK8 is maintained on target gene chromatin in

IFNc-primed cells (D’Urso et al, 2016) and that CDK8 occupancy

correlates with STAT1 S727 phosphorylation (Bancerek et al, 2013).

Other possible changes in chromatin structure and composition may

include SMARCA4 (BRG1), an SWI/SNF-related remodeling

◀ Figure 6. STAT1 phosphorylation at Ser727 is inherited after removal of IFNc but not required for priming.

A HeLa cells were subjected to IFNc induction and reinduction regime as outlined in Fig 1A with 2 and 7 days recovery time (primed state) after IFNc washout. Cell
extracts were prepared at indicated time points, processed for western blotting, and probed for STAT1, pSTAT1-Y701, and pSTAT1-S727. a-Tubulin (Tubulin) as a load-
ing control.

B Schematic overview of expression of a STAT1 variant with S727E or S727D mutations from a constitutive promoter.
C (H) STAT1KO::STAT1-S727E and STAT1KO::STAT1-S727D expressing cells or their parental controls (WT) were subjected to IFNc induction and reinduction regime as

outlined in Fig 1A, RNA was isolated and GBP5 mRNA level was determined by RT–qPCR and normalized to ACTB mRNA level. Statistical significance was determined
using Ordinary one-way ANOVA. Data are shown as mean (error bars, SD; n = 3 biological replicates).

D Schematic overview of STAT1 KO cells rescued with STAT1-EGFP-dTAG (FKB12F36V) from a constitutive promoter.
E Characterization of dTAG-induced destruction and recovery. STAT1-EGFP-dTAG expressing cells were induced with IFNc for 24 h, then treated with dTAG13 (100 nM)

for DMSO vehicle control (I) or STAT1 depletion (II) for 24 h. To determine recovery of STAT1 expression, cells were washed three times with medium and harvested
48 h after IFNc washout (120 h time point, lane 4). In parallel, (III) cells were treated with dTAG13 (100 nM) for 48 h during 24 h induction with IFNc. Immunoblot
of STAT1-GFP-dTAG at indicated treatments confirms STAT1 depletion and recovery, respectively. a-Tubulin (Tubulin) was used as a loading control.

F Experimental outline of dTAG13 depletion and recovery experiment for STAT1 during and after induction [analogous to C but separately outlined for control (I),
depletion after induction (II), and depletion during induction (III)].

G RNA was isolated and GBP5 mRNA level as indicated in (F) was determined by RT–qPCR, normalized to ACTB mRNA level. Statistical significance was determined
using two-way ANOVA. Data are shown as mean (error bars, SD; n = 3 biological replicates).

Source data are available online for this figure.
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complex (Sif et al, 2001) that can be recruited by STAT1 to GBP

genes (Ni et al, 2005).

In sum, our work defines that IFNc priming results in STAT1-

dependent changes of primed genes, excluding effects in upstream

signaling or downstream transcription activation. This focuses

future efforts on identifying what factors cause local chromatin

changes that enhance target gene expression upon IFNc re-

exposure.

Materials and Methods

Reagents and Tools table

Reagent/Resource Reference or source
Identifier or catalog
number

Experimental models: cell lines

Human: HeLa WT ATCC Cat#CCL-2; RRID: CVCL_0030

Human: HeLa Kyoto https://web.expasy.org/cellosaurus/
CVCL_1922

RRID: CVCL_1922

Human: HEK293 ATCC CRL-1573; RRID: CVCL_0045

Human: HeLa STAT1 knockout polyclonal This study N/A

HeLa STAT1 knockout clonal This study N/A

HeLa constitutive STAT1 polyclonal This study N/A

HeLa constitutive STAT1S727A polyclonal This study N/A

HeLa constitutive STAT1-GFP-FKB12F36V (dTAG13) polyclonal
population

This study N/A

HeLa STAT2 knockout polyclonal This study N/A

HeLa STAT3 knockout polyclonal This study N/A

HeLa STAT5B knockout polyclonal This study N/A

HeLa IRF1 knockout polyclonal This study N/A

HeLa IRF9 knockout polyclonal This study N/A

Recombinant DNA

lentiCRISPR v2 Sanjana et al, 2014; Addgene Addgene #52961

psPAX2 Addgene Addgene #12260

pMD2.G Addgene Addgene #12259

lentisgRNA(MS2)_Puro Addgene Addgene #73795

lentiMS2-P65-HSF1_Hygro Addgene Addgene #61426

lenti dCas9-VP64_Blast Addgene Addgene #61425

pRosetta Addgene Addgene ##59700

pRosetta _STAT1 This study N/A

pRosetta _STAT1S727A This study N/A

EGFP-dtag-HA Jansen Lab N/A

Antibodies

GBP5 Cell Signaling Technology Cat#67798

GBP5 Abcam Cat#ab96119

EGFP Merck Cat#G1544

a-TUB Merck Cat#T9026

Anti-rabbit (fluorophore conjugated) LI-COR Cat#926-32211

Anti-mouse (fluorophore conjugated) Rockland Cat#610-744-124

STAT1 Cell Signaling Technology Cat#9172

pSTAT1 (701) Cell Signaling Technology Cat#9167

pSTAT1 (727) Cell Signaling Technology Cat#9177
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Reagents and Tools table (continued)

Reagent/Resource Reference or source
Identifier or catalog
number

STAT2 Santa Cruz Biotechnology Cat#sc-1668

STAT3 Santa Cruz Biotechnology Cat#sc-8019

STAT5B Santa Cruz Biotechnology Cat#sc-1656

IRF1 Cell Signaling Technology Cat#8478

IRF9 ThermoFisher Scientific Cat#702322

Rabbit IgG Epicypher Cat#13-0042k

Oligonucleotides and other sequence-based reagents

CRISPRa gRNAs This study Appendix Table S1

CRISPR/Cas9 gRNAs This study Appendix Table S1

qPCR primers This study Appendix Table S1

GeneArt Strings DNA Fragments (STAT1 cDNA) ThermoFisher NA

Bacterial and virus strains

ER2566 Jansen Lab N/A

DH5alpha Jansen Lab N/A

Chemicals, peptides, and recombinant proteins

Interferon gamma (IFNc) Merck Cat#SRP3058; CAS: 9008-11-
1

Vybrant DyeCycle Ruby Stain ThermoFisher Cat#V10309

Tofacitinib citrate Merk Cat# PZ0017

dTAG13 Merck Cat #SML2601-1MG

T4 DNA Polymerase New England Biolabs Cat#M0203S

Lipofectamine LTX with Plus Reagent ThermoFisher Cat# A12621

Software

CellProfiler v. 3.1.9 https://cellprofiler.org/ N/A

ImageJ v. 1.52h https://imagej.nih.gov/ij/ N/A

GraphPad Prism 9.5.1 https://www.graphpad.com/scientific-software/
prism/

N/A

RStudio v. 1.3.1093 https://www.rstudio.com/ N/A

Deeptools v. 3.5.0 https://anaconda.org/bioconda/deeptools N/A

Samtools v. 1.15 https://anaconda.org/bioconda/samtools N/A

Bowtie2 v. 2.4.5 https://anaconda.org/bioconda/bowtie2 N/A

GPP sgRNA Designer software https://portals.broadinstitute.org/gpp/ N/A

Biorender https://biorender.com/ N/A

Other (Kits, instrumentation, laboratory equipment, lab ware etc)

Monarch® RNA Cleanup Kit New England Biolabs Cat#T2040L

RNA-to-cDNA Kit Applied Biosystems Cat#4387406

CUTANATMCUT&RUN kits EpiCypher Cat#14_1048

NEBNext Ultra II DNA Library Prep Kit for Illumina New England Biolabs Cat#E7645S

TDE1 Tagment DNA Enzyme Illumina Cat#15027865

Methods and Protocols

Human cell lines
i HeLa (female, RRID: CVCL_0030); used in Figs 1, 3, 5, 6 and

EV2–EV5.

ii HeLa Kyoto (female, RRID: CVCL_1922); used in Figs 2–4 and

EV1, Appendix Fig S1.

iii HeLa STAT1 knockout polyclonal; used in Fig 5.

iv HeLa STAT1 knockout clonal; used in Figs 5 and EV5C.

v HeLa constitutive STAT1 polyclonal; used in Fig 5, Appendix

Fig S2.

vi HeLa constitutive STAT1S727A polyclonal; used in Fig EV5.

vii HeLa constitutive STAT1S727E polyclonal; used in Fig 6.

viii HeLa constitutive STAT1S727D polyclonal; used in Fig 6.
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ix HeLa constitutive STAT1-GFP-FKB12 F36V (dTAG13) poly-

clonal; used in Figs 5 and 6.

x HeLa STAT2 knockout polyclonal; used in Fig EV3.

xi HeLa STAT3 knockout polyclonal; used in Fig EV3.

xii HeLa STAT5B knockout polyclonal; used in Fig EV3.

xiii HeLa IRF1 knockout polyclonal; used in Figs 3 and EV3.

xiv HeLa IRF9 knockout polyclonal; used in Fig EV3.

xv HEK239T (female, RRID: CVCL_0045); used for virus production.

Cell lines and culture conditions
All cell lines were incubated at 37°C, 5% CO2, and grown in

Dulbecco’s Modified Eagle Medium (DMEM) containing high glu-

cose and pyruvate (ThermoFisher, 41966-029) supplemented with

10% NCS (newborn calf serum, ThermoFisher, 16010-159) and 1%

Penicillin–Streptomycin (ThermoFisher, 15140-122). For passaging,

cells were washed using 1× DPBS (ThermoFisher), detached using

TrypLE Express phenol red (ThermoFisher), and resuspended in

DMEM. Cells were counted using CountessTM Cell Counting

according to the manufacturer’s instructions (Thermo Fisher Scien-

tific). Transfection of cells was performed using Lipofectamine LTX

(Thermo Fisher Scientific) according to the manufacturer’s instruc-

tions. Cells were routinely tested for Mycoplasma contamination.

Method details
Reagents

All chemicals, unless otherwise noted, were obtained from Thermo-

Fisher or Merck. Enzymes were obtained from New England Biolabs.

The following drugs/dyes were used for this work: IFNc (final con-

centration of 50 ng/ml, Merck), dTAG13 (final concentration of

100 nM, Merck), Vybrant DyeCycle Ruby Stain (final concentration

of 5 lM, ThermoFisher) and Tofacitinib citrate also known as CP-

690550 (JAK inhibitor, concentration of 10 lM, Merck). The follow-

ing antibodies were used for this work: GBP5 (Cell Signaling Technol-

ogy, 67798; Abcam, ab96119), STAT1 (Cell Signaling Technology,

9172), Phospho-STAT1 (Ser727) (Cell Signaling Technology, 9177),

Phospho-STAT1 (Tyr701) (58D6) (Cell Signaling Technology, 9167),

STAT2 (Santa Cruz Biotechnology, sc-1668), STAT3 (Santa Cruz Bio-

technology, sc-8019), STAT5B (Santa Cruz Biotechnology, sc-1656),

IRF1 (Cell Signaling Technology, 8478), IRF9 (ThermoFisher Scien-

tific, 702322), a-TUB (Merck, T9026), anti-rabbit (fluorophore-

conjugated) (LI-COR, 926-32211), anti-mouse (fluorophore-

conjugated) (Rockland, 610-744-124), Rabbit IgG (Epicypher, 13-

0042k).

DNA constructs and genome engineering

A constitutively expressed STAT1 was constructed in the pRosetta

plasmid (Addgene ##59700). First, the EGFP sequence was deleted

by PCR from the plasmid backbone using primers (500-gaagcggag
ctactaacttcagcctgctgaagcagg-300, 500-ggtggatccccctggggagagaggtcg-300).
The product was blunted by T4 DNA Polymerase (New England

Biolabs) and self-ligated with T4 DNA Ligase (New England Biolabs).

A synthetized fragment was cloned into this vector carrying the cDNA

of the a isoform of STAT1 with a silent PAM site mutation and 25 bp

homology arms by the SLIC method (Jeong et al, 2012).

To construct the STAT1S727A variant in the pRosetta-STAT1 plas-

mid, mutations were introduced using the primers 500-ACAACCTGC
TCCCCATGGCTCCTGAGGAGTTTGACG-300 and 500-CGTCAAACTCC
TCAGGAGCCATGGGGAGCAGGTTGT-300, replacing Serine 727 in

STAT1 to Alanine (The underline nucleotides are the introduced

mutations).

To construct the STAT1S727E variant in the pRosetta-STAT1 plas-

mid, mutations were introduced using the primers 500-CCCCATGG
AACCTGAGGAGTTTGACGAGGTGTCTCG-300 and 500-CGTCAAACT
CCTCAGGTTCCATGGGGAGCAGGTTGT-300, replacing Serine 727 in

STAT1 to Glutamic acid (The underline nucleotides are the intro-

duced mutations).

To construct the STAT1S727D variant in the pRosetta-STAT1 plas-

mid, mutations were introduced using the primers 500-CGTCAAA
CTCCTCAGGATCCATGGGGAGCAGGTTGT-300 and 500-CCCCATGGA
TCCTGAGGAGTTTGACGAGGTGTCTCG-300, replacing Serine 727 in

STAT1 to Aspartic acid (The underline nucleotides are the intro-

duced mutations). To construct the STAT1-GFP-FKB12 F36V (dTA

G13), the EGFP-FKB12 F36V fragment was first amplified from

EGFP-dtag-HA plasmid using primers (500-GAATTCGACAGTATGA
TGAACACAGTAGCCATGGTGAGCAAGGGCGAGGAG-300, 500-AGGC
TGAAGTTAGTAGCTCCGCTTCCGCTAGGTGCATAGTCCGGGACAT

CATACG-300) and inserted into pRosetta-STAT1 plasmid in frame

with the STAT1 C-terminus by the SLIC method (Jeong et al, 2012).

All plasmid inserts were verified by DNA sequencing. Expression

plasmids were co-transfected with lentiviral packaging plasmid

psPAX2 (Addgene #12260), and envelope plasmid pMD2.G

(Addgene #12259) into HEK293T cells at a molar ratio of 4:3:1,

respectively. Lentiviral particles were harvested as described (Dull

et al, 1998). The lentivirus containing the desired construct was

then transduced into HeLa cells (see below in CRISPR/Cas9 knock-

out and lentivirus packaging section).

Transcriptional memory assay

Cells were primed with IFNc (Merck) or left untreated for 24 h,

followed by IFNc washout with DPBS (ThermoFisher) and trypsini-

zation by TrypLE (ThermoFisher) to harvest cells. Cells were cul-

tured with fresh medium for another 48 h unless stated otherwise.

Next, na€ıve and primed cells were induced by IFNc for 24 h. After

24 h, cells were trypsinized and harvested, and the pellets were

processed for subsequent experiments.

ATAC-seq

The ATAC-seq procedure was adapted from Omni-ATAC protocol

(Corces et al, 2017). Briefly, 50,000 naive or primed cells treated

with IFNc for 1 and 3 h and nontreated cells were centrifuged for

5 min at 500 g, resuspended in 50 ll of cold ATAC lysis buffer

(10 mM Tris–HCl pH 7.4; 10 mM NaCl; 3 mM MgCl2; 0.1% NP-40;

0.1% Tween-20 and 0.01% Digitonin), and incubated on ice for

3 min. Next, 1 ml wash buffer was added to the pellets (10 mM

Tris–HCl pH 7.4; 10 mM NaCl; 3 mM MgCl2; 0.1% Tween-20), cells

were resuspended and immediately centrifuged for 10 min at 500 g

at 4°C. Next cell pellets were resuspended in 50 ll tagmentation

reaction buffer [25 ll 2 × TD buffer, 16.5 ll 1× PBS, 0.1% Tween-

20, 0.01% Digitonin, 5.4 ll nuclease-free water and 2.5 ll TDE1

(Tn5 enzyme, Illumina)] followed by incubation at 37°C for 30 min.

DNA was then purified using MinElute PCR Purification Kit

(QIAGEN) (10 ll elution).
DNA library preparation was performed as previously reported

(Siwek et al, 2020). In brief, the purified DNA was amplified by Q5

Hot start DNA polymerase using described indexing primers (Buen-

rostro et al, 2013). The thermal cycling process was programmed as
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follows: 72°C for 5 min and 98°C for 30 s, and five cycles of (98°C

10 s; 63°C 30 s; 72°C 1 min); followed by subsequent library quanti-

fication using qPCR with the following program: 95°C for 30 s, 95°C

for 10 s, 58°C for 30 s, 72°C for 1 min, and additional PCR amplifi-

cation that is needed for each sample to reach 1/3 of saturated sig-

nal. DNA library was purified and size selected using a double-sided

bead purification protocol with AMPure XP beads that removes both

unwanted small and large fragments (Beckman Coulter). The QuBit

dsDNA HS Assay (Thermo Fisher Scientific) was used to determine

DNA concentration according to the manufacturer’s protocol. Frag-

ment size was estimated by DNA TapeStation (Agilent High Sensi-

tivity D1000) prior to mixing of multiplexed libraries diluted to

2 nM concentration (calculated based the on Qubit dsDNA HS Assay

Kit) for sequencing using the NextSeq 500/550 v2.5 kit (Illumina,

75 bp single-end reads). Finally, sequenced reads were mapped to

the human genome (hg38) using bowtie2 (Langmead & Salzberg,

2012). Coverage bigwig files were generated using bamCompare

(Ram�ırez et al, 2016), with 50 bp bin size. Data were normalized to

reads per million (RPM).

CRISPRa-SAM

CRISPRa-SAM transfection was performed as described (Konermann

et al, 2014) with the following modifications: Guide RNAs (gRNAs)

for GBP1 and GBP5 were designed using GPPWeb Portal (Broad Insti-

tute). gRNAs were designed 200–300 bases upstream of the TSS. All

oligo sequences can be found in Appendix Table S1. Cells were tran-

siently transfected with Cas9 component plasmid (Addgene #61425),

gRNAs plasmid (Addgene #73795), andMS2-P65-HSF1 activator plas-

mid (Addgene #61426) at a molar ratio of 1:1:1, respectively. Lipofec-

tamine LTX (ThermoFisher) transfection was performed according to

the manufacturer’s protocol. After 4 h, the cells were cultured in fresh

medium and incubated for 2 days at 37°C. Transfected cells were

harvested and processed for further experiments.

CRISPR/Cas9 knockout and lentivirus packaging and transfection

To mutate STAT and IRF genes, gRNAs were selected from the

Toronto KnockOut (TKO) CRISPR Library (Appendix Table S1). The

lentiCRISPR plasmids (Addgene #52961) with cloned gRNAs were

co-transfected (as described above) with lentiviral packaging plas-

mid psPAX2 (Addgene #12260) and envelope plasmid pMD2.G

(Addgene #12259) into HEK293T cells at a molar ratio of 4:3:1,

respectively. Cells were incubated for 3 days at 37°C, prior to

collecting the medium containing the virus and filtering through a

0.45 lm filter. HeLa cells were incubated in a medium containing

8 lg/ml of polybrene (Merck) for 1 h, then infected with filtered

viruses carrying Cas9 with gRNAs targeting STAT and IRF genes.

The cells were left to grow for 48 h followed by selection with puro-

mycin (1 lg/ml).

RT–qPCR

RNA was extracted using TRIzol (Invitrogen) based on the manufac-

turer’s instructions. DNA was removed with DNase I (New England

Biolabs) and RNA was purified using Monarch� RNA Cleanup Kit

(New England Biolabs). Complementary DNA (cDNA) was gener-

ated using High-Capacity RNA-to-cDNA Kit (Applied Biosystems)

and the cDNAs were diluted 10-fold prior to qPCR measurements.

The qPCR assay was performed with iTaq Universal SYBR Green

Supermix (BioRad) on CFX384 Real-Time System machine (BioRad).

qPCR primers are listed in Appendix Table S1. All experiments were

performed in technical and biological triplicates. Primer efficiency

and qPCR quantification were analyzed as previously described

(Siwek et al, 2020).

Immunoblotting

Cell pellets were resuspended in protein sample buffer (125 mM

Tris–HCl pH 6.8, 10% Glycerol, 1% SDS, 0.2% (w/v) Orange G, 5%

b-mercaptoethanol) and incubated in 98°C for 5 min. Benzonase

(50 U) was added to the lysates and incubated at room temperature

for 30 min, followed by incubation at 98°C for 5- and 10-min centri-

fugation. Soluble extracts were separated on a 10% or 12% SDS–

PAGE gel (BioRad), then transferred to nitrocellulose membranes

(BioRad Transblot Turbo), blocked with Intercept (PBS) Blocking

Buffers (LI-COR) for 1 h and incubated overnight with primary anti-

bodies at 4°C. The following day, blots were washed three times

with TBST (20 mM Tris–HCl pH 7.5, 150 mM NaCl, 0.1% Tween-

20) and incubated with secondary antibodies for 1 h, with subse-

quent three times TBST washing. The blots were analyzed by Odys-

sey Imaging System (LI-COR) and quantified using ImageStudio.

CUT&RUN

For CUT&RUN (preprint: Meers et al, 2019a), samples were

processed using CUTANATM CUT&RUN kit (EpiCypher) according to

the manufacturer’s instructions. In brief, cells were fixed with 1%

formaldehyde for 1 min at room temperature, followed by

quenching in 25 ml of 125 mM glycine in PBS. Cells were harvested

by low-speed centrifugation, 500,000 cells were washed with wash-

ing buffer, then incubated with preactivated Concanavalin A-coated

beads for 10 min at room temperature, followed by overnight incu-

bation at 4°C with antibodies (0.5 lg) in antibody-buffer containing

0.01% digitonin. Next, ConA beads bound cells were washed twice

with permeabilization buffer containing 0.01% digitonin, then incu-

bated with protein A-MNase fusion for 10 min at room temperature

and washed to remove unbound protein A-MNase. Cleavage was

performed at 4°C for 2 h by the addition of calcium chloride to a

final concentration of 100 mM. After incubation, the reaction was

stopped by the addition of the STOP buffer (containing fragmented

genomic E. coli DNA as spike-in). Fragmented DNA samples were

extracted after 10 min of incubation at 37°C, followed by phenol-

chloroform extraction. For preparation of DNA libraries, fragmented

DNA was processed using NEBNext Ultra II DNA Library Prep Kit

for Illumina (New England Biolabs) according to the manufacturer’s

instructions. Next, the material was purified and size selected using

a double-sided bead purification protocol with AMPure XP beads

(Beckman Coulter). Purified multiplexed libraries were diluted to

2 nM concentration (calculated based on the Qubit dsDNA HS Assay

Kit) for sequencing using NextSeq 500/550 v2.5 Kit (Illumina, 35 bp

paired-end reads). Finally, sequenced reads were mapped to the

human genome (hg38) using bowtie2 (Langmead & Salzberg, 2012).

Coverage bigwig files were generated using bamCompare (Ram�ırez

et al, 2016), with 50 bp bin size. Coverage data were normalized to

reads per million (RPM).

Immunofluorescence

Immunofluorescence protocols were adopted by Bodor et al (2012).

In brief, cells were fixed on poly-l-lysine coated glass coverslips with

4% formaldehyde (Thermo Scientific) for 10 min followed by
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permeabilization with in PBS with 0.1% v/v Triton-X-100 (PBS-TX)

(ThermoFisher), blocked for 30 min at 37°C, then incubated with

STAT1 antibody (1:50, Cell Signaling Technology) for 1 h at 37°C.

Coverslips were washed with PBS-TX and incubated with

fluorescein-conjugated anti-rabbit IgG (1:200, Rockland Immuno-

chemicals) for 30 min at 37°C. Nuclei were stained using DAPI

(Merck). Coverslips were mounted in Mowiol and stored at 4°C until

imaging.

Microcopy

Imaging was performed on Leica Microsystems DMI 6000B inverted-

light microscope at 40× magnification using a 1.4 NA oil objective

(HC PLAN APO) to capture 0.2 lm Z-stacks. Images were quantified

using ImageJ macros. CRaQ is described previously (Bodor

et al, 2012), andmodified to calculate the whole DAPI signal as region

of interest (ROI). The macro quantifies the median of whole cell

STAT1 levels and nuclear STAT1 levels (using DAPI as mask).

Live cell imaging was performed on Leica Microsystems DMI

6000B inverted-light microscope at 20× magnification, a microscope

stage incubator maintained at 37°C in a humidified atmosphere.

HeLa STAT1 KO cells constitutively expressing STAT1-GFP-FKB12

F36V (dTAG13) were seeded in chamber slides (ThermoFisher) and

grown in Live Cell Imaging solution (ThermoFisher) containing

10% FBS and 1% Penicillin–Streptomycin (ThermoFisher, 15140-

122). Vybrant DyeCycle Ruby Stain (ThermoFisher) was added for

1 h before imaging at a final concentration of 5 lM to mark cell

nuclei. Images were acquired every 10 min immediately after IFNc
induction and quantified using CellProfiler (Carpenter et al, 2006).

FACS

Cells were harvested and resuspended in ice-cold conditional

medium (1:1 mixture of fresh complete medium and filtered

medium collected from proliferating cell cultures) supplemented

with 20% Fetal Bovine Serum, 0.25 mg/ml Fungizone (Thermo

Fisher Scientific), 1% Penicillin–Streptomycin (ThermoFisher,

15140-122), and filtered through a 5 ml polystyrene round-bottom

tubes with cell-strainer caps (Falcon) before sorting (FACSCalibur)

(BD Biosciences). Cells were collected in the conditional medium.

Quantification and statistical analysis

RT–qPCR and STAT1CUT&RUN data were collected in triplicate,

and IRF1 CUT&RUN data were collected in duplicate (with the

exception of the IRF1 primed 3 h data point for which only one rep-

licate is shown). For ATAC-seq one replicate experiment is shown.

Standard deviation is reported. Statistical analyses and P-value cal-

culations for the RT–qPCR data were performed by one-way or two-

way analysis of variance (ANOVA) (GraphPad prism, v9.3.1) and

can be found in the figures.

Data availability

The datasets produced in this study are available in the following

databases: ATAC-seq: ArrayExpress E-MTAB-12624 https://www.ebi.

ac.uk/biostudies/arrayexpress/studies/E-MTAB-12624?accession=E-

MTAB-12624; CUT&RUN: ArrayExpress E-MTAB-12625 https://www.

ebi.ac.uk/biostudies/arrayexpress/studies/E-MTAB-12625?

accession=E-MTAB-12625.

Expanded View for this article is available online.
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Expanded View Figures

A

C

B

Figure EV1. Titration of minimal IFNc pulse to prime GBP1.

A Experimental outline of GBP1 priming with different concentrations of IFNc and incubation times. HeLa cells were induced with 1, 3, or 50 ng/ml of IFNc for 4
and 24 h, followed by IFNc washout.

B, C After 48 h, na€̌ve and primed cells were induced with IFNc (50 ng/ml) for 24 h and harvested for GBP1 mRNA analysis by RT–qPCR after induction (B) and
reinduction (C), normalized to ACTB mRNA level. Statistical significance was determined using Ordinary one-way ANOVA. Data are shown as mean (error bars, SD;
n = 3 biological replicates).

Source data are available online for this figure.
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A

C

B

Figure EV2. Promoter accessibility of GBP genes upon IFNc stimulation.

A Scheme describing chromatin accessibility (ATAC-seq) experiment. HeLa cells were primed with IFNc for 24 h, followed by IFNc washout. After 48 h, na€̌ve and
primed cells were induced by IFNc for 1 and 3 h. Cells were harvested at indicated time points and processed for ATAC-seq.

B Results of sequenced reads were mapped to the human genome (hg38), and coverage data is displayed as reads per million (RPM) at equal scaling for two genes
showing priming, GBP1, GBP4, and GBP5 (Left) and two IFNc-induced genes, IRF1 and TAP1 (Right). The data across samples are scaled equally for each locus.

C No nearby enhancers accessible in primed cells. Representation of processed data for ATAC-seq at the GBP5 gene and upstream region. Sequenced reads were
mapped to the human genome (hg38), and coverage data are displayed as reads per million (RPM) at equal scaling.

Source data are available online for this figure.
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A

D

B C

Figure EV3. Knockout cell lines of all relevant STAT and IRF genes to determine the requirement of GBP5 expression.

Stable CRISPR knockouts were generated for indicated genes in HeLa cells. Knockout (KO) cells and their parental controls (WT) were induced with IFNc for 24 h or left
untreated.
A–C Immunoblots probing for (A) STAT and IRF transcription factors to confirm knockout status, (B) probing for the effect on GBP5 expression (C) probing the effect on

GBP5 priming. Experiment performed as outlined in Fig 1A. a-Tubulin (Tubulin) was used as a loading control. Note that GBP5 and Tubulin blot for parental cells is
as in Fig 1C.

D HeLa cells were subjected to IFNc induction and reinduction regime as outlined in Fig 1A with 2 days recovery time (primed state) after IFNc washout. Cell
extracts were prepared at indicated time points, processed for western blotting, and probed for STAT1, IRF1. a-Tubulin (Tubulin) as a loading control.

Source data are available online for this figure.
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A

B

Figure EV4. Priming does not change rate of STAT1 nuclear import.

A Constitutive STAT1 expressing cells were subjected to IFNc induction and
reinduction regime as outlined in Fig 1A. Cells were fixed following
indicated treatments as per the scheme in Fig 1A, followed by
immunostaining for STAT1 and DAPI and imaging. Scale bar is 5 lm.

B Quantification of the ratio of STAT1 in the nucleus over cytoplasm in fixed
cells. Statistical significance was determined using Ordinary one-way
ANOVA. Data are shown as mean (error bars, SD; n = 10, biological
replicates).

Source data are available online for this figure.
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A

D

B

C

E

Figure EV5. STAT1 phosphorylation at Ser727 is essential for GBP5 expression.

A Biological replicates of experiments shown in Fig 6A, blots probed for pSTAT1-S727 and a-Tubulin (Tubulin) as a loading control.
B Schematic overview of STAT1 KO cell line rescued with a STAT1 variant with an S727A mutation under a constitutive promoter.
C STAT1KO::STAT1-S727A expressing cells or their parental controls (WT) were induced with IFNc for 24 h or left untreated and processed for western blotting. Extracts

were probed for STAT1, pSTAT1-S727, and IRF1 to confirm the mutation and to assess STAT1S727A function.
D STAT1-S727A expressing cells or their parental controls (WT) were subjected to IFNc induction and reinduction regime as outlined in Fig 1A, and cell extracts were

immunoblotted to determine the GBP5 protein level. a-Tubulin (Tubulin) was used as a loading control.
E In parallel to (D), RNA was isolated and GBP5 mRNA level was determined by RT–qPCR and normalized to ACTB mRNA level. Statistical significance was determined

using Ordinary one-way ANOVA. Data are shown as mean (error bars, SD; n = 3 biological replicates).

Source data are available online for this figure.
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Appendix Figure S1. Accelerated STAT1 and IRF1 binding in primed genes (A) Representation of processed 

CUT&RUN data for STAT1 and IRF1 occupancy at the selected GBP genes loci (GBP1P1, LOC729930 and GBP1). 

(B) List of loci showing enhanced STAT1 and IRF1 binding in primed cells as in Figure 3G (−3kb of TSS and +3kb 

of TTS with a minimum of 1.5-fold difference between primed and naïve upon 1 hour of IFNγ treatment).  
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Appendix Figure S2 . Replicates of experiment show in Figure 5D. Two independent clones of STAT1 rescue cells 

and their parental control were subjected to IFNγ induction and reinduction regime as outlined in Figure 1A. (A) Cell 

extracts were processed for western blotting and probed for GBP5 expression before and after induction and 

reinduction as indicated in Figure 1A. α-Tubulin (Tubulin) was used as a loading control. Note that GBP5 and 

Tubulin blot for STAT1 (constitutive-1) are as in Figure 5D, STAT1 (constitutive). (B) Western blot signal 

quantification of blot in 6A. Data are shown as fold change of reinduction to induction.   
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Appendix Table S1. list of gRNAs and primes used in this study. 

CRISPRa gRNA 

Primer name # sequence(5'->3') 

F_GBP1_SAM_gRNA1 CACCGAATTAGTGGAGTGTGCCAG 

F_GBP1_SAM_gRNA2 CACCGAAATCTTTAAACCCTCCCAC 

F_GBP1_SAM_gRNA3 CACCGTAGAACATGAGTACAACACA 

R_GBP1_SAM_gRNA1 AAACCTGGCACACTCCACTAATTC 

R_GBP1_SAM_gRNA2 AAACGTGGGAGGGTTTAAAGATTTC 

R_GBP1_SAM_gRNA3 AAACTGTGTTGTACTCATGTTCTAC 

F_ASCL1_gRNA1 CACCGCGGGAGAAAGGAACGGGAGG 

R_ASCL1_gRNA1 AAACCCTCCCGTTCCTTTCTCCCGC 

CRISPR/Cas9 

Primer name # sequence(5'->3') 

IRF1B_F CACCGCATGGCTGGGACATCAACA 

IRF9B_F CACCGAGGGCTCAGCAACATCCATG 

STAT1B_F CACCGAGAACACGAGACCAATGGTG 

STAT2B-F CACCGAAGAATAGCATGGTAGCCT 

STAT3A-F CACCGCTACAGTGACAGCTTCCCAA 

STAT5BA-F CACCGTGCGGCATTATTTATCCCAG 

ContorlA-F CACCGTATTACTGATATTGGTGGG 

ControlB-F CACCGTTCCGCGTTACATAACTTA 

IRF1B_R AAACTGTTGATGTCCCAGCCATGC 

IRF9B_R AAACCATGGATGTTGCTGAGCCCTC 

STAT1B_R AAACCACCATTGGTCTCGTGTTCTC 

STAT2B-R AAACAGGCTACCATGCTATTCTTC 

STAT3A-R AAACTTGGGAAGCTGTCACTGTAGC 

STAT5BA-R AAACCTGGGATAAATAATGCCGCAC 

ContorlA-R AAACCCCACCAATATCAGTAATAC 

ControlB-R AAACTAAGTTATGTAACGCGGAAC 

qPCR 

Primer name # sequence(5'->3') 

GBP1_qPCR_F GTGGAACGTGTGAAAGCTGA 

GBP1_qPCR_R CAACTGGACCCTGTCGTTCT 

GBP5_trancC_F TTCAATTTGCCCCGTCTGTG 

GBP5_trancC_R AGGCAGTGTTTCAAGTTGGG 

b-actin Forward  AACTGGAACGGTGAAGGTGACAGC 

b-actin Reverse  TGGCTTTTAGGATGGCAAGGGAC  
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