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Abstract

Epigenetic memory for signal dependent transcription has remained elusive. So far, the
concept of epigenetic memory has been largely limited to cell-autonomous, preprogramed
processes such as development and metabolism. Here we show that interferon B (IFNB)
stimulation creates transcriptional memory in fibroblasts, conferring faster and greater
transcription upon restimulation. The memory was inherited through multiple cell divisions and
led to improved anti-viral protection. Of ~ 2,000 IFNB stimulated genes (ISGs), about half
exhibited memory, which we define as memory ISGs. The rest, designated non-memory ISGs,
did not show memory. Surprisingly, mechanistic analysis showed that IFN memory was not due
to enhanced interferon singling, or retention of transcription factors on the 1SGs. We
demonstrated that this memory was attributed to accelerated recruitment of RNA polymerase Il
and transcription/chromatin factors, which coincided with acquisition of the histone H3.3 and
H3K36me3 chromatin marks on memory ISGs. Similar memory was observed in bone-marrow
macrophages after IFNy stimulation, suggesting that IFN stimulation modifies the shape of
innate immune response. Together, external signals can establish epigenetic memory in
mammalian cells that imparts lasting adaptive performance upon various somatic cells.

Significance Statement

Epigenetic memory for experience-based gene expression has not been well studied in higher
organisms. Here we demonstrate that cells previously exposed to interferons exhibit a memory
response, and mount faster and higher transcription upon restimulation in fibroblasts and
macrophages. Genome-wide analysis showed that memory was ascribed to accelerated
recruitment of transcription factors to the genes. This process rested upon a distinct chromatin
state involving the histone H3.3 and H3K36 maodification. Our findings provide mechanistic
framework for the previously proposed idea of "trained innate immunity" representing memory,
independent of adaptive immunity. Together, this study highlights learning as a fundamental
faculty of mammalian somatic cells.
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Linage specific gene expression in differentiated cells is somatically inherited through
epigenetic mechanisms, conveyed in part by chromatin(1-3). In particular, enhancer DNAs and
associated chromatin modifications, such as H3K4mel and H3K27ac have a large impact on
lineage specification and extension(4-7). In addition, the replacement histone, H3.3 contributes
to epigenetic memory during transition to embryonic pluripotency(8-10). H3.3 is deposited in
the genome by coupling with transcription and distributed across actively expressed genes(11-
15).

Epigenetic memory for signal dependent transcription has not been well studied in
multi-cellular organisms, although transcriptional memory has been reported in yeast following
environmental cues (16-19). Nutrient response genes in yeast, such as GAL1 and INOL1, are
induced more rapidly and at higher levels when cells had previously experienced nutrient
signaling. This trait is transmitted across cell generations and may involve histone H2A.Z and
other pathways(20-22).

Given the conservation of transcriptional processes in the eukaryotes, one can assume
that the mechanism of signal dependent memory has also withstood evolutionary selection. An
impetus for studying transcriptional memory for interferon (IFN) stimulated genes (ISGs) came
from our previous observation that ISGs accumulate histone H3.3 as they are transcribed after
IFN treatment(10, 23, 24). IFNs, both type | IFN (o/p) and type Il IFN (IFNy) stimulate many
ISGs in various cell types and enhance anti-microbial activity (25-27). Here we show that IFN
stimulation confers transcriptional memory that permits faster and greater ISG transcription in
mouse embryonic fibroblasts (MEFs) and bone-marrow (BM) derived macrophages. The
memory was attributed to faster and greater recruitment of phospho-STAT1 and RNA
polymerase Il (Pol 11), but not Pol Il pausing. Further, memory establishment coincided with
acquisition of chromatin marks by H3.3 and H3K36 trimethylation. This study highlights a
previously ill-defined epigenetic process through which external signals give rise to
transcriptional memory that endows adaptive behavior in response to changing external milieu.

IFNB Stimulation Generates Heritable Transcriptional Memory

To investigate whether IFN affords epigenetic memory, MEFs were treated with IFNP (hereafter
IFN) for 3 h or 24 h, washed, and left without IFN for 24 h. Pretreated cells were then
restimulated with IFN, and ISG induction was compared with naive cells that were not treated
with IFN before (See experimental diagram in Fig. 1a, top). Time course analysis in Fig. 1a and
S| Appendix, Fig. Sla showed that typical ISGs, such as Mx1, Ifitl, Oasla, and others were
induced faster and at higher levels in pretreated cells than naive cells. Another ISG, Irfl and
constitutive Gtf2b did not (see below also). Thus, pretreated cells exhibited a memory
response similar to that in yeast. To assess the duration of memory, pretreated cells were left
without IFN for up to 96 h and then restimulated to examine memory. Mx1, Ifitl, Oasla and
other ISGs maintained memory over this period (Fig. 1b and SI Appendix, Fig. S1b). Moreover,
Oasla and Mx1 retained memory farther, for up to eight days (Fig. 1c). IFN memory was also
detected with nascent ISG transcripts, showing that this memory response represents de novo
transcription, rather than mRNA carry-over (SI Appendix, Fig. S1c). Some ISGs, such as Irfl,
did not exhibit memory, in that induction levels were similar in naive and pretreated cells,
indicating variability in memory formation (Fig. 1a,b). Additionally, the memory response was
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not detected in constitutively expressed genes that did not respond to IFNs (e.g., Gtf2b in Fig.
1la,b). Flow cytometry analysis of CFSE stained cells showed that both naive and pretreated
cells divided multiple times equally up to 8 days, demonstrating that IFN memory was
transmitted across cell divisions (Fig. 1d). Other MEF cell lines and NIH3T3 fibroblasts
displayed similar memory responses after IFN stimulation (SI Appendix Fig. S1d). Thus, IFN
stimulation generates epigenetic memory that confers some ISGs faster and greater
transcription upon restimulation.

To assess the functional significance of the memory, we examined IFN’s anti-viral
activity. Naive and memory cells were infected with encephalomyocarditis virus (EMCV) with
or without brief IFN treatment. Naive cells underwent extensive cytopathic death after infection,
irrespective of IFN treatment, as detected by sparse crystal violet staining (Fig. 1e and SlI
Appendix, Fig. S1e). In contrast, most of pretreated cells remained viable upon viral infection.
Accordingly, the EMCV viral titers in supernatants were >10 fold higher in naive cells
compared to pretreated cells. Thus, IFN memory provides improved antiviral activity,
suggesting the ability to create adaptive response.

IFNp activates JAK/STAT signaling pathway to elicit its biological activity(25). To assess
whether the memory is ascribed to changes in IFN signaling, we tested expression of IFNAR1
receptor and phosphorylated (p) STAT1, critically required for ISG transcription. Flow cytometry
and Western data (Fig. 1f,g) showed that expression of IFNAR1 and pSTAT1 was virtually
identical in naive and pretreated cells. These data support the view that IFN memory is not
attributed to substantial changes in IFN signaling, but to a subsequent event(s).

Memory Response Is Selective: RNA-seq Analysis

To globally identify ISGs that gain memory after IFN treatment, RNA-seq analysis was
performed for naive and pretreated MEFs that were restimulated by IFN up to 6 h (Fig. 2a).
About 2,000 ISGs were upregulated or downregulated by IFN both in naive and pretreated
cells (SI Appendix, Fig. S2a and Fig. S2b for GO analysis)(28). Of upregulated 1SGs,
approximately half (1,057 genes) displayed a typical memory response, showing faster and/or
higher expression in pretreated cells at some point during 6 h of IFN stimulation (Fig. 2b). Of
these, 546 ISGs showed strong memory (RPKM levels >2 fold higher in pretreated cells than
naive cells). The rest of 511 ISGs showed somewhat weaker memory where mRNA levels in
pretreated cells were higher than naive cells, but by less than two-fold. On the other hand,
about 600 ISGs did not show memory, and were classified as non-memory ISGs, since their
RPKM levels were similar in naive and pretreated cells. This group included Irfl that did not
show memory in the initial gRT-PCR analysis (see Fig. 1a,b). Moreover, additional 275 genes
were designated refractory I1SGs, as they were induced in naive cells but not in pretreated
cells. gRT-PCR data in SI Appendix, Fig. S2c confirmed the loss of induction in pretreated cells
for these ISGs. This acquired unresponsiveness is analogous to "endotoxin tolerance" caused
by bacterial lipopolysaccharide (LPS)(29-31). GO analysis showed that memory and non-
memory ISGs share overlapping and related categories, such as innate immune- and defense-
responses (S| Appendix, Fig. S2d). In contrast, GO categories enriched in refractory 1SGs
were unrelated to those in memory and non-memory ISGs, pointing to negative transcriptional
regulation, indicating distinct functional traits for this group of ISGs. Kinetic profiles of memory
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ISG expression in Fig. 2c highlighted faster transcript induction in pretreated cells compare to
naive cells. A fraction of ISGs showed somewhat elevated expression levels at 0 h in
pretreated cells, suggestive of carry-over transcripts. Nevertheless, their expression greatly
exceeded that in naive upon subsequent restimulation, verifying authentic memory response.
Thus, IFN stimulation imparts transcriptional memory to more than 1,000 ISGs. Further, this
memory response varied in different ISGs, revealing selectivity in memory formation. These
data indicate that the second IFN stimulation does not produce a carbon copy of the first
response, but it likely imposes reprogramming of gene expression patterns.

Pol Il Is Recruited to Memory ISGs Faster and at Higher Levels Upon Restimulation

RNA polymerase Il (Pol Il) is paused near the transcription start sites (TSS) of various
genes(32, 33). Some genes with paused Pol I, such as heat shock genes and LPS responsive
genes are induced rapidly after stimulation(34-36). However, we previously observed that
many ISGs do not have paused Pol Il prior to IFN, rather Pol Il is recruited after stimulation
along with binding of phosphorylated STAT1 and BRD4(24, 37). Here we asked whether IFN
memory is attributed to a change in the Pol Il binding status, from non-paused to paused state.
gChlIP analysis of memory ISGs (Mx1, Ifitl Oasl) showed virtually no Pol Il on the TSS prior to
restimulation both in naive and pretreated cells (Fig. 3a). However, upon restimulation, Pol I
was recruited to the 1SGs faster in pretreated cells than naive cells. In contrast, Irfl, a non-
memory ISG had sizable amounts of prebound Pol Il in both naive and pretreated cells where
Pol 1l was recruited similarly after restimulation. As expected, Pol Il binding on Gtf2b was not
affected by IFN treatment. Likewise, memory ISGs had neither prebound pSTAT1, nor
prebound BRD4. But these factors were recruited faster in pretreated cells upon restimulation
(Fig. 3b,c). Mirroring the Pol Il data, pSTAT1 and BRD4 binding was very similar for the non-
memory ISG, Irfl in naive and pretreated cells. These data support the possibility that
accelerated Pol Il recruitment, rather than Pol Il pausing accounts for IFN memory.

To further evaluate this possibility, ChlP-seq was performed for global Pol Il occupancy
on memory and non-memory ISGs (Fig. 3d and S| Appendix, Fig. S3a,b). Consistent with the
above qChIP data, little to no prebound Pol Il was detected on memory ISGs prior to IFN
restimulation, both in naive and pretreated cells. After 30 min of IFN restimulation, however,
Pol 1l was recruited at higher levels in pretreated cells than in naive cells. Thus, memory ISGs
lose Pol Il after IFN washout and are without it until restimulation. In contrast, non-memory
ISGs were already bound by Pol Il prior to IFN stimulation in both naive and pretreated cells
(Fig. 3d and SI Appendix, Fig. S3b). Interestingly, refractory genes also had prebound pol 1l (Sl
Appendix, Fig. S3c). Constitutively expressed genes had constitutive Pol Il binding, whereas
silent genes were without Pol II, as expected (Fig. 3d). Together, memory and non-memory
ISGs showed contrasting Pol Il binding patterns. These results show that memory and non-
memory ISGs differ in the Pol 1l binding status and that acquisition of IFN memory is not due to
conversion of Pol Il binding status, but to enhanced factor accessibility.

Memory ISGs Are Marked by the Histone H3.3 and H3K36me3
Given that Pol Il and other transcription factors do not remain on memory ISGs after IFN
washout, but gain improved accessibility, IFN memory information may be stored elsewhere,
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presumably in the chromatin milieu. To identify chromatin marks that coincide with IFN
memory, we investigated distribution of replacement histones, H3.3 and H2A.Z, since they are
reported to play a role in epigenetic memory(8, 9, 20). The H3K36me3 mark was also tested,
since we previously found that IFN stimulation triggers H3K36me3 marking on ISGs along with
H3.3 deposition(23, 24). ChlP-seq analysis was performed for these marks in naive and
pretreated cells without restimulation (Fig. 4a-c). For H3.3, we analyzed MEFs derived from
mice in which the endogenous H3f3b was replaced by the HA-tagged H3.3 cDNA. The HA-tag
on H3.3 allowed us to detect H3.3 distribution with higher reliability than using anti-H3.3
antibodies. Memory and non-memory ISGs exhibited disparate H3.3 distribution patterns.
Memory ISGs did not have H3.3 in naive cells, but gained this mark in pretreated cells.
Conversely, non-memory ISGs were already marked with H3.3 in naive and pretreated cells.
To delineate whether the gain of H3.3 mark is important for memory response, we knocked
down H3.3 in pretreated cells by siRNA during 48 h of IFN washout (S| Appendix, Fig. S4a, b).
H3.3 specific siRNA, but not control siRNA significantly reduced IFN memory response, as
evidenced by reduced ISG mRNA expression and reduced Pol Il recruitment. However, H3.3
siRNA, when added to naive cells, did not inhibit ISG induction as much under these
conditions. These data are in line with the idea that H3.3 deposition contributes to the
acquisition of functional IFN memory. We also observed reduced ISG induction in cells stably
expressing H3.3 shRNA relative to control shRNA (SI Appendix, Fig. S4c). The H3K36me3
mark displayed the same feature, showing a clear dichotomy between memory and non-
memory ISGs. Thus, memory ISGs acquired H3.3 and H3K36me3 marks only after initial IFN
stimulation, while non-memory ISGs possessed these marks without IFN stimulation. Like Pol
Il binding, refractory ISGs also possessed both H3.3 and H3K36me3 (S| Appendix, Fig. S4h).
As expected, both marks were present in constitutively expressed genes, irrespective of IFN,
whereas they were absent in silent genes, (Fig. 4a,b). In contrast, H2AZ did not show an
obvious correlation with ISG memory: H2AZ showed a sharp peak at the TSS of all ISGs and
constitutively expressed genes (Fig. 4c-e, and Sl Appendix, Fig. S4d-h) (12). Other histone
marks representing expressed genes such as H3K4me3 and H4ac did not show a clear
correlation with memory, although H3K4mel, an enhancer mark showed a modest correlation
(S Appendix, Fig. S4i-p).

IFNy Stimulation Generates Transcriptional Memory in Macrophages

To test if memory is generated in other cells, we next examined IFNy stimulated BM derived
macrophages. IFNy activates another JAK/STAT pathway distinct from IFNp to establish anti-
microbial activity(25, 26). Macrophages are a major cell type responsible for innate immunity in
the body and unlike MEFs, they are post-mitotic under normal conditions. Naive and
pretreated macrophages were stimulated with IFNy, and tested for ISG expression
(experimental diagram in Fig. 5a). Initial qRT-PCR analysis found that some ISGs were
expressed higher in prestimulated macrophages, indicative of IFN memory (SI Appendix, Fig.
Sbha). Microarray analysis found that naive macrophages expressed about 425 ISGs (Sl
Appendix, Fig. S5b and SI Appendix, Fig. S5c.d for GO analysis). Of these, 66 ISGs were
deemed memory ISGs, as their expression was at least >1.5-fold higher in prestimulated
macrophages than naive ones (Fig. 5b, e.g. Gbp), while 251 ISGs were judged non-memory
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ISGs, as their levels were similar in naive and prestimulated macrophages (e.g., Irfl in Sl
Appendix, Fig. S5a). In addition, as many as 108 ISGs were found refractory genes, in that
their expression was abrogated or markedly lower upon restimulation (e.g., 1112d in Sl
Appendix, Fig. S5a). Clustering profiles in Fig. 5c illustrate that memory ISGs were expressed
earlier and/or higher in prestimulated macrophages than naive cells, whereas, refractory ISGs
were not induced or reduced in prestimulated macrophages. Some memory and non-memory
ISGs were found both in MEFs and macrophages (e. g., Mx1, Irf7, Ifi44 for memory, Irf1 for
non-memory ISGs), suggesting a common feature, while others were unique to IFNy and/or
macrophages (Nos2, 1112br, Ciita, Tlr11l). GO analysis revealed that memory and non-memory
ISGs have similar processes and pathways related to immunity and defense (S| Appendix, Fig.
S5d). In contrast, refractory 1SGs showed distinct categories such as biosynthesis and
transcription, a feature similar to MEFs. These results indicate that IFNy pretreatment alters the
overall character of macrophage host defense programs.

To assess if IFN memory generated in macrophages and fibroblasts share a common
mechanism, we tested the status of Pol Il recruitment. ChlP-Seq analyses were performed for
global distribution of Pol Il along with H3.3 and K3K36me3 in naive and pretreated
macrophages, without restimulation. For Pol Il, binding was tested 1 h after IFNy stimulation as
well. IGV examples of memory ISGs (Gbp cluster), and non-memory ISG (ll4ra) (Fig. 5d, upper
and lower panels) showed a remarkable similarity with those in fibroblasts. For Gbp genes, Pol
Il was absent before stimulation, but vigorous binding ensured after stimulation.

Global Pol Il distribution shown Fig. 5e largely reproduced the pattern in fibroblasts, in that Pol
Il was already bound to non-memory and refractory ISGs even in naive cells, while memory
ISGs were without prebound Pol Il. We noted that a fraction of memory ISGs exhibit prebound
Poal I, suggesting contribution of paused Pol Il to memory or to other aspects (38).

The H3.3 and H3K36me3 marking pattern found in macrophages were also similar to those in
fibroblasts MEFs: memory ISGs gained these marks after IFNy stimulation, whereas these
marks were present in non-memory and refractory ISGs even in naive cells before IFNy
stimulation (Fig. 5f,g, and SI Appendix, Fig. S5e-g). Other histone mark, H3K4mel showed a
modest correlation (S| Appendix, Fig. S5e-h). Together, transcriptional memory, generated by
different IFNs in different cell types, exhibited similar molecular features, underscoring a
shared mechanism and biological significance.

Discussion
IFN stimulation generated lasting transcriptional memory in MEFs and macrophages,
conferring faster and higher 1SG induction upon restimulation. This memory was inherited
through mitoses in MEFs, while sustained in a post-mitotic state in macrophages. The memory
led to improved resistance to viral infection, despite that not all ISGs acquired memory. The
memory was largely attributed to accelerated Pol Il recruitment along with accelerated binding
of phosphor-(p) STAT1, rather than Pol Il pausing, which were associated with acquisition of
H3.3 and H3K36me3 marks.

A salient feature of IFN memory was faster ISG induction both in MEFs and
macrophages. Faster induction is also a main characteristic of transcriptional memory in
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yeasts(16-19, 39). IFN memory we observed here also share common features with that
reported for HeLa cells and mouse macrophages upon IFNy stimulation(6, 38).

Genome-wide analyses revealed three types of ISGs, memory, non-memory and
refractory ISGs in both cell types, highlighting non-uniformity among ISGs. Memory and non-
memory I1SGs shared a number of GO categories that were mostly related to innate immune
responses in both cell types. In contrast, GO categories for refractory ISGs were unrelated to
innate immunity. This indicates that the memory response is not a simple repeat of ISG
expression, but represents readjustment of gene expression programs in the cell to
accommodate changing environments.

Pol Il binding status in memory ISGs differed from that in non-memory and refractory
ISGs in both cell types. Pol Il occupancy was promptly lost from memory ISGs after IFN
washout, while some prebound Pol Il was present on non-memory and refractory genes even
without IFN. Likewise, p-STAT1 was recruited to memory ISGs only after IFN stimulation in
both naive and pretreated cells. Thus, Pol Il pausing and STAT1 signaling are not likely to be a
major mechanism of memory. However, paused Pol Il was shown to be associated with
memory in some genes in yeast and IFNy treated HelLa cells(38). This report and our results
are not mutually exclusive, since multiple mechanisms likely contribute to transcriptional
memory. Indeed, prebound Pol Il was detected in a small fraction of memory ISGs in
macrophages in this study as well. Given that Pol Il was prebound on non-memory ISGs and
refractory ISGs, it is possible that these ISGs have already been epigenetically engaged
before IFN stimulation.

Acquisition of IFN memory correlated with the histone H3.3 and H3K36me3 chromatin
marks in both MEFs and macrophages. On memory I1SGs, these marks were absent in naive
cells but accorded after IFN stimulation. Our study identifies H3.3 as a chromatin signature that
denotes IFN memory. Our data that H3.3 knockdown during IFN washout decreased memory
response may support the possibility that this mark has a functional importance. With an
additional correlation found between FN memory and H3K4mel, albeit weaker, IFN memory
may be associated with the recently proposed “latent enhancers”(6, 7). While constitutive and
poised enhancers, which already carry Pol Il and certain chromatin marks, latent enhancers do
not have prebound Pol Il, but is associated with cytokine stimulation(6). H3.3 deposition was
another memory feature found in our study, suggesting that memory acquisition is linked to
histone replacement. The role of H3.3 histone replacement in transcriptional memory was
reported during iPS transition in frog embryos(9, 10).

There is growing evidence that innate immune responses have a memory aspect,
termed “trained” innate immunity, that is independent of classical immunological memory,
which depends on lymphocyte-mediated adaptive immunity (40, 41). For example, earlier non-
lethal infection with Candida albicans provides resistance to the subsequent lethal infection in
mice (42). This memory depends on cells of the monocyte/macrophage lineage and is
associated with changes in chromatin. Trained Innate immunity to candida is shown to require
intact STAT1, but not STAT3(30). Given that ISG induction depends on STAT1, we surmise that
trained innate immunity may partly include IFN memory described here. Also, BCG that
stimulates IFNy response is shown to provide protection against heterologous, viral or bacterial
infection(43). In contrast to IFNs which increase innate protection, LPS exposure, after a brief
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burst of inflammatory responses, leads to a period of profound tolerance and
immunosuppression(30). While detailed mechanisms are still elusive, LPS tolerance is shown
to depend on the transcription factor ATF7(44). LPS tolerance likely affects the course of
various infectious diseases, particularly sepsis, a prevalent, but hard-to-treat disease. It is
interesting to note that since ISGs are induced after LPS through IFNB dependent feedback,
LPS tolerance may well be modulated by aspects of IFN memory.

In conclusion, this study offers new insight into signal-induced epigenetic memory that
conveys enhanced adaptive performance upon ordinary cells.



Materials and Methods

Cells and treatment.

MEFs and BM derived macrophages were prepared from wild type and mutant mice in which
the H3f3b locus was replaced by a H3.3-HA cDNA. Details of the derivation of the mouse
strain will be presented elsewhere. The procedures used in this work were approved by the
NICHD animal care and use committee with the ASP # 14-044. MEFs were prepared from day
13.5 embryos and maintained in Dulbecco's minimal essential medium (DMEM) with 10% fetal
bovine serum (FBS) and antibiotics, and treated with 100 U/ml of murine recombinant IFNf
(PBL Interferon Source) for indicated periods. BM derived macrophages were cultured in
DMEM/F12 medium containing 10% FBS, 20% L929 conditioned medium as a source of M-
CSF, 10% glutamine, and antibiotics treated with 100 U/ml of murine recombinant IFNy
(Invitrogen) for indicated periods (45).

For EMCV infection, MEFs treated with or without IFNJ for 3 h were infected with
EMCV (Moi =10) in serum-free and antibiotics-free medium for 1h at 37°C, washed and
allowed to proceed in culture for 24h. Cells were fixed with methanol and incubated with crystal
violet solution (1% crystal violet, 10% ethanol) for 20 min at room temperature. For viral
titration, plague assays were performed with L929 cells incubated with serial dilutions of
culture supernatants (102 ~10°) followed by incubation with agar overlay for 24h at 37°C. The
plaques were visualized by staining with a 0.02% neutral red. The viral titers were expressed
as plaque forming units (pfu).

Cell proliferation assay was carried out with 1.5 yM CellTrace CFSE (Molecular
Probes) according to the manufacturer's instructions and fluorescent signals were detected by
flow cytometry in FACSCalibur (BD) with the Flow Jo Software.

ISG mRNA, ISG nascent transcripts detected by gqRT-PCR with appropriate primers
(24, 37) listed in SI Appendix, Dataset S3. pSTAT1, total STAT1 and surface IFNAR1 were
detected by immunoblot assay and flow cytometry, respectively. Antibody for murine pSTAT1
was from Santa Cruz Biotechnology (sc-417), STAT1 Cell Signaling Technology (#9172), and
PE anti-mouse IFNARL1 from Biolegend (#127311).

For siRNA transfection to knockdown H3.3, negative control (si-Ctrl) siRNA and siRNA
for H3.3a and H3.3b were transfected into MEF cells with Lipofectamine 2000 (Invitrogen) for
48 h prior to IFN stimulation. H3f3a and H3fb sSiRNA oligomers were purchased from Life
Technology. siRNA  sequences  tested here are for H3f3a Sense
GAUUGCGAGUGGAAACAUALt Antisense UAUGUUUCCACUCGCAAUCat (5'-4"). Si RNA
ID#: s234173M. And for H3f3b: Sense CAGCAUCAUCUAUUACUAALt Antisense
UUAGUAAUAGAUGAUGCUGGt. Si RNA ID#: s67338 and ): Sense
CCCAGGAUUUCAAAACCGALt Antisense UCGGUUUUGAAAUCCUGGGcg, si RNA ID#:
s67336.

Knockdown of H3.3 were performed by lentiviral vectors and transduction or siRNA
transfection. The shRNA expressing lentiviral vector to knockdown both H3f3a and H3f3b
genes was constructed with pLKO.1-puro vector and same shRNA sequence as described
previously (23). pLKO.1-puro control shRNA vector (CAACAAGATGAAGAGCACCAA) was
used as a control. The shRNA lentiviruses were produced by transient transfection of
HEK293T cells with a pLKO.1l-puro vector and the packaging plasmids using
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Polyethyleneimine following the standard procedure. Lentiviral supernatants were collected at
24 and 48 h and MEF cells were transduced with lentiviruses with 8 pug/ml Polybrene (Sigma).

RNA-seq.

Total RNA was obtained from TRIzol (Invitrogen) and purified by the RNeasy mini kit (Qiagen).
Oligo(dT) selection was performed by using Dynal magnetic beads (Invitrogen) according to
the manufacturer's protocol. mMRNAs were fragmented by heating at 94 °C for 3 min in the
fragmentation buffer (40 mM Tris-acetate (pH 8.2), 100 mM potassium acetate and 30 mM
magnesium acetate). RNA fragments were precipitated with GlycoBlue (Ambion) as a carrier
and reverse transcribed by SuperScript Il reverse transcriptase (Invitrogen) with random primer
and RNasin (Promega). Second-strand cDNAs were synthesized using E. coli DNA
polymerase | and RNaseH (Invitrogen). Purification of second-strand cDNAs was performed
with ZYMO DNA clean & concentrator-5 kit. Library preparation, including ligating barcode was
conducted using a Mondrian SP (NuGEN Technologies Inc.) and the Ovation SP Ultralow
Library system (NuGEN). Fragments ranging from 250 to 450 b.p. were selected and
subjected to paired-end sequencing on a HiSeq2000 (lllumina). For RNA-Seq analysis,
paired-end reads were aligned to the Mus musculus reference genome mml0 using
Bowtie/Tophat allowing up to two mismatches. Transcript abundance was quantified using
Cufflinks 1.2.1. Genes showing an RPKM of more than 2-fold increase in treated samples at
least one time point during IFN treatment (1, 2, 4, 6 h) over untreated samples (0 h) were
considered upregulated genes (ISGs) and were analyzed further. Raw data files are available
at the NCBI Gene Expression Omnibus (GEO) server under the accession number 89440.

gChIP and ChlP-seq.

qChIP was performed essentially as described (24, 37). Chromatin (4x10° cells) was
incubated with antibodies bound to Dynabeads protein G (Invitrogen) for 3 h, followed by
immunoprecipitation, de-crosslinking, DNA purification and qPCR. The following antibodies
were used: Antibody for RNA polymerase 1l (8WG16) obtained from Covance, antibodies for
HA (ab9110), H3 (ab1791), H3K36me3 (ab9050), H3K4mel (ab8895), H3H4me3 (ab8580)
were from abcam, antibody for H4Ac antibody (06-866) was from Millipore. BRD4 was
described (37) Primer sequences are listed in SI Appendix, Dataset S3.

For ChIP-seq, cells were crosslinked with 1% formaldehyde for 10 min and nuclei were
pelleted after sequential wash and resuspended in sonication buffer (10 mM Tris-HCI, 1 mM
EDTA, 0.1% SDS, protease inhibitor cocktail) and sonicated in a Bioruptor (Qsonica) to shear
the chromatin into 200-300 b.p. fragments. Chromatin from 2-10 x 10° cells was used for each
ChiP-seq experiment. Chromatin was incubated with antibody and Protein G beads
(Dynabeads) at 4 °C for overnight, washed sequentially with RIPA buffers. Immunoprecipitated
chromatin was de-crosslinked and DNA purified. ChlP-seq libraries were constructed using a
Mondrian SP (NuGEN Technologies Inc.) and the Ovation SP Ultralow Library system
(NuGEN). Fragments ranging from 250 to 450 b.p. were selected for single-read sequencing
on a HiSeg2000 (lllumina). Resulting reads were aligned to the mouse reference genome
(mm10) using BWA(Li H. and Durbin R. (2009)) with default parameters. Uniquely mapped
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reads were retained for downstream analysis. Peak calling was performed using SICER
(Bioinformatics 25:1952-1958). SICER was used with window size setting of 200 b.p., a gap
setting of 600 b.p., and FDR setting of 0.001. Data from immunoprecipitated samples were
compared to those with input DNA. Raw data files are available at the NCBI Gene Expression
Omnibus (GEO) server under the accession number 89440.

Microarray analysis of BM macrophages.

Macrophages were stimulated with 100 U/ml IFNy and total RNA purified with the RNeasy mini
kit (Invitrogen), and then subjected to microarray analysis using the Mouse Exon 1.0 ST Array
(Affymetrix) essentially as described (46). Quality analysis of total RNA, cDNA synthesis,
hybridization, and data extraction were performed at Expression Analysis, Inc. Data were
analyzed using the GeneSpring software (Silicon Genetics). Values with p<0.05 and two-fold
cut-off were considered significant. ANOVA was used to identify differentially expressed
genes. Genes showing more than twofold increase or decrease with p<0.05 either at 3 or 6 h
after IFNy treatment were considered up- or downregulated genes. Among upregulated genes
(ISGs), those showing >1.5-fold higher expression (p<0.05) in pretreated macrophages over
naive macrophages were selected as memory ISGs. Genes whose expression levels did not
differ (<1.5-fold difference) in pretreated and naive cells non-memory ISGs. ISGs that did not
increase the expression (<1.5 over 0 h) in prestimulated macrophages after 3 or 6 h of IFNy
were classified as refractory ISGs. Raw data files are available at the NCBI Gene Expression
Omnibus (GEO) server under the accession number 89440.
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Figure Legends:

Fig. 1. IFNp Stimulation Generates Transcriptional Memory in MEFs

(a) Top: experimental design. Naive and pretreated MEFs were first treated with vehicle alone
or 100 U/ml of IFN (IFN) or for 24 h, respectively, washed and incubated without IFN for 24 h.
These MEFs were then stimulated with IFN (100 U/ml) for indicated times (h).

Bottom: ISG mRNAs were measured by gRT-PCR, normalized by Gapdh and expressed as
fold induction. Mx1, Ifitl and Irfl are examples of memory response and non-memory
response, respectively. Constitutively expressed Gtf2b was run as a control. The data
represent the mean of three independent experiments +/- S.D. Statistically significant
differences are indicated (Student's t test, *p<0.05, **p<0.01).

(b) Naive and pretreated cells were left without IFN for indicated times (h) and stimulated with
IFN for 3 h. ISG mRNAs were measured as above. See S| Appendix, Fig. S1c for nascent ISG
MRNA.

(c) Naive and pretreated cells were left without IFN for 196 h (8 days), stimulated with IFN for
1 hor 3 h, and ISG mRNAs were measured as above. The data represent the average of three
independent experiments +/- S.D. Statistically significant differences are indicated (Student's t
test, *p<0.05, **p<0.01).

(d) Naive and pretreated cells were labeled with CFSE, treated with or without IFN for 24 h,
washed and then incubated without IFN for indicated days. CFSE staining was detected by
flow cytometry. Repeated cell divisions were detected for in three separate 96 h washout
experiments.

(e) Naive and pretreated cells were treated with IFN for 2 h and infected with EMCV for 24h
(moi=10). Cell survival was assessed by crystal violet staining (top), and EMCYV viral titers in
the culture supernatants were determined by plague assay (bottom). Similar data were
obtained in three independent assays. This applies to Figure 1f and 1g below.

(f) Naive and pretreated cells were stimulated with IFN for 6 h and IFNAR1 surface expression
was detected by flow cytometry using anti-mouse IFNAR1 antibody.

(g9) Naive and pretreated cells were stimulated with IFN for indicated times (h) and expression
of pSTAT1 and STAT1 was detected by immunoblot analysis of whole cell extracts using
corresponding antibodies. —actin was used as a loading control. Uncropped western blots are
presented in SI Appendix, Fig. S1f.

Fig. 2. Memory Response is Selective RNA-seq Analysis

(a) Experimental design for RNA-seq. Naive and pretreated cells were stimulated with IFN for
0,1, 2, 4 and 6 h. ISGs were defined by those genes showing >2-fold higher transcript
expression (RPKM) at any time point during 6 h of IFN treatment in naive cells.

(b) Total memory ISGs (1057) were subdivided into two groups. Strong memory: ISG mRNA
levels were more than 2-fold higher in pretreated cells than naive cells (>2 in RPKM). Weak
memory: ISG mRNA levels were more than 1.5-fold higher (>1.5 in RPKM), but less than 2-fold
(<2 in RPKM). Non-memory ISGs were those with similar expression levels in naive and
pretreated cells (difference less than 1.5-fold (<1.5 in RPKM). Refractory ISGs showed more
than 1.5-fold lower levels of expression in pretreated cells than naive cells (>1.5 in RPKM).
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See gRT-PCR examples in Sl Appendix, Fig. S2c, GO analysis in SI Appendix, Fig. S2d.
Expression data for individual 1ISGs are available on the website. Strong memory 1SGs and
Non-memory ISGs were subjected to further analysis. List of Memory, Non-memory, and
Refractory ISGs is in S| Appendix, Dataset S1.

(c) Hierarchical clustering analysis for memory ISGs (strong) was performed by the Ward's
minimum variance method using JMP software (JMP®, SAS Institute). ISG expression levels
are depicted by differential coloring. The clustering analysis was done by using Ward’'s
minimum variance method for upsupervised hierarchical clustering.

Fig. 3 Pol Il Is Recruited to Memory ISGs Faster and at Higher Levels Upon Restimulation
(a,b,c) Naive and pretreated cells (24 h pretreated and 6 h interval time) were stimulated with
IFN for indicated times (0, 1, 3h) and qChIP assays were performed to detect binding of Pol Il
(a), pSTAT1 (b), and BRD4 (c) at the TSS/promoter region of memory ISGs (Mx1, [fitl), non-
memory ISG (irfl) and Gtf2b (control). Values represent the average of three independent
experiments + S.D.

(d) ChlP-seq analysis for global distribution of Pol Il on the memory ISGs, non-memory ISGs,
constitutively expressed genes or silent genes. See Sl Appendix, Fig. S3a-c for IGV examples.

Fig. 4. Memory ISGs Are Marked by the Histone H3.3 and H3K36me3

(a,b,c) ChlP-seq analysis was performed for genome-wide distribution of H3.3 (a), H3K36me3
(b) and H2AZ (c) over memory ISGs, non-memory ISGs (left panels), and constitutively
expressed or silent genes (right panels) in naive or pretreated MEFs without restimulation.
Pretreated cells were left without IFN for 48 h. See Sl Appendix, Fig. 4Sd-h for IGV examples.

(d) IGV images of H3.3, H3K36me3 and H2AZ peaks over memory ISGs (Mx1, Mx2) in naive
and pretreated cells.

(e) IGV images of H3.3, H3K36me3 and H2AZ peaks over non-memory ISG (Irfl) in naive and
pretreated cells.

Fig. 5. IFNy Stimulation Generates Transcriptional Memory in Macrophages

(a) Experimental design for microarray analysis.

(b) ISGs were defined as those genes expressed at least 2 fold higher in naive macrophages
treated with IFNy for 3 or 6 h than untreated macrophages (p<0.05). ISGs were classified into
three groups. Memory ISGs: showing at least 1.5-fold higher in expression (>1.5) in
prestimulated macrophages than naive cells. Non-memory ISGs: showing less than 1.2-fold
(<1.2) difference between naive and prestimulated macrophages. Refractory ISGs: showing at
least 1.5-fold less (<1.5) expression in prestimulated macrophages with IFNy for 3 or 6 h. List
of Memory, Non-memory, and Refractory ISGs is in S| Appendix, Dataset S2.
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(c) Hierarchical clustering of memory (left) and refractory ISGs (right). Memory ISGs exhibited
faster and/or greater ISG induction in prestimulated macrophages than naive cells. Refractory
ISGs failed to express or showed reduced ISG expression in prestimulated macrophages.

(d) IGV images of Pol I, H3.3 and H3K36me3 distribution over the Gbp gene cluster (memory
ISGs) and ll4ra (non-memory ISG).

(e) Global Pol Il distribution was analyzed for naive and prestimulated macrophages at 0 h or 1
h after IFNy stimulation. Distribution of H3.3 and H3K36me3 was tested for untreated naive
and memory Macrophages (24 h after IFN washout).

(f,g) Global distribution of H3.3 (f) and H3K36me3 (g) over memory I1SGs, non-memory ISGs
or refractory ISGs in naive and prestimulated macrophages.
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