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Abstract

Various pathogens systematically reprogram gene expression in innate immune cells, but the
underlying mechanisms are largely unknown. We investigated whether the enteropathogen
Yersinia enterocolitica alters chromatin states to reprogram gene expression in primary
human macrophages. Genome-wide chromatin immunoprecipitation (ChlP) seq analyses
showed that pathogen-associated molecular patterns (PAMPs) induced up- or down-
regulation of histone modifications (HM) at approximately 14500 loci in promoters and
enhancers. Effectors of Y. enterocolitica reorganized about half of these dynamic HM, with
the effector Y opP being responsible for about half of these modulatory activities. The
reorganized HM were associated with genes involved in immune response and metabolism.
Remarkably, the altered HM also associated with 61 % of all 534 known Rho GTPase
pathway genes, revealing a new level in Rho GTPase regulation and anew aspect of bacterial
pathogenicity. Changesin HM were associated to varying degrees with corresponding gene
expression, e. g. depending on chromatin localization and cooperation of the HM. Overal, .
enterocolitica profoundly reorganizes HM in human macrophages to reprogram key gene

expression programs of the innate immune response.

Author Summary

Human pathogenic bacteria can affect epigenetic histone modifications to modulate gene
expression in host cells. However, a systems biology analysis of this bacterial virulence
mechanism in immune cells has not been performed. Here we analyzed genome-wide
epigenetic histone modifications and associated gene expression changes in primary human
macrophages infected with enteropathogenic Yersinia enterocolitica. We demonstrate that
Yersinia virulence factors extensively reprogram the histone modifications and associated

gene expression triggered by the pathogen-associated molecular patterns (PAMPSs) of the
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bacteria. The epigenetically modulated genes areinvolved in several key pathways of the
macrophage immune response, including the Rho GTPase pathway, revealing anovel level of
Rho GTPase regulation by abacterial pathogen. Overall, our findings provide an in-depth
view of epigenetic and gene expression changes during host-pathogen interaction and might

have further implications for understanding of the innate immune memory in macrophages.
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| ntroduction

Macrophages play an essential role in the response to bacterial infection. They sense
pathogen-associated molecular patterns (PAMPs) like lipopolysaccharide (LPS), nucleic acids
or flagellin through Toll-like, RIG-1-like or NOD-like pattern recognition receptors (PRRS),
respectively (Zhang & Mosser, 2008; Takeuchi & Akira, 2010). RIG-I-like and NOD-like
PRRs are part of inflammasomes that process and release the mgor pro-inflammatory
cytokinesinterleukin (IL)-1p and IL-18 (Broz & Dixit, 2016; Lupfer et al., 2015). While
PRRs recognize awide variety of PAMPs, their downstream signaling often converges on
mitogen activated protein kinase- (MAPK), nuclear factor kB- (NF-xB) and type | interferon
(IFN) signa pathways (Mogensen, 2009; Takeuchi & Akira, 2010). These pathways include
activation of transcription factors that control expression of genes for cytokines, chemokines,
and inflammasome components, as well as genes for metabolism, cytoskeleton regulation, and
transcriptional regulation (Takeuchi & Akira, 2010; Christgen et a., 2020; Ryan & O’Nelll,
2020; Doyle et a., 2004; Roach et al., 2007). Thousands of functionally diverse genes are up-
or downregulated by PAMPs in macrophages. Many of these genes belong to elaborate
transcriptional programs that drive macrophage functions during infection. Such programs
contribute crucialy to the immunological phenomena of priming, tolerance
(immunaosuppression) and trained immunity (Park et al., 2017; Saeed et al., 2014). The
inflammatory gene expression programs in macrophages form an intricate network that is
characterized by crosstalk and feedback loops (Park et al., 2017; Kang et a., 2019).

Because of their central role in immune defense, numerous pathogenic bacteria have

devel oped mechanisms to suppress or modulate macrophage gene expression (Diacovich &
Gorvel, 2010).

Pathogenic Yersinia species, which comprise the entero-pathogens Y. pseudotuber culosis and

Y. enterocolitica as well as the plague agent Yersinia pestis, proliferate extracellularly in
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lymphoid tissues of animal hosts (Balada-Llasat & Mecsas, 2006; Viboud & Bliska, 2005).
Therefore, the bacteria suppress phagocytosis, migration and immune signaling in resident
cells of the innate immune system (Viboud & Bliska, 2005; Marketon et al., 2005). The major
virulence mechanism of pathogenic yersiniaeis atype Il secretion system (T3SS) by which
they inject effector proteins, named Yersinia outer proteins (Y ops), into immune cells
(Cornelis & Wolf-Watz, 1997; Galan & Wolf-Watz 2006; Viboud & Bliska, 2005). The seven
known Y ops exert different activities to suppress immune cell functions. E.g., YopE, YopT
and Y opO block cytoskeletal reorganization by modifying the activity of Rho GTP binding
proteins (Aktories et al., 2000; Aepfelbacher & Wolters, 2017). Further, Y opP/J, and Y opM
inhibit the inflammatory responses triggered by the PAMPs or the damage associated
molecular patterns (DAMPs) elicited by the bacteria (Brodsky et al., 2010; Chung et al., 2016;
Mukherjee et al., 2006; Schubert et a., 2020). Production of DAMPs is a consequence of
bacterial virulence activities in host cells and DAMPs are also sensed by PRRs. Yersinia-
induced DAMPs are e.g. produced in response to membrane damage caused by the T3SS
translocation pore or by deactivation of Rho GTPases through Y opE and YopT (Schubert et
al., 2020). Y opP/J acetylates and inhibits components of NF-xB and MAPK pathways and
thereby profoundly suppresses pro-inflammatory gene expression downstream of TLRs
(Mukherjee et al., 2006). Y opM acts by both, increasing production of the anti-inflammatory
cytokine IL-10 and counteracting activation of the pyrin inflammasome, which istriggered by
the Y op-induced deactivation of Rho GTPases (McPhee et al., 2012; Berneking et a., 2016;
Chung et al., 2016). Thus, on one hand pathogenic yersiniae contain immunosti mulatory
PAMPs and their T3SS effectors elicit DAM Ps that strongly alter gene expression in
macrophages. On the other hand, the bacteria employ an arsenal of activitiesto systematically
modulate and antagonize the PAM P- and DAMP triggered immune responses (Philip et al.,

2016; Schubert et al., 2020).
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Epigenetic mechanisms play a master role in the regulation of macrophage gene expression.
Amongst others they i) determine the phenotypes of macrophages in different tissues and
disease states, ii) control trained innate immunity, iii) regulate priming and immune tolerance
and iv) integrate stimulus triggered responses (lvashkiv, 2013; Park et al., 2017; Glass &
Natoli, 2015; Saeed et al., 2014). Gene expression in response to external stimuli is controlled
by the concerted activity and binding of macrophage lineage-determining transcription factors
and stimulus-regulated transcription factors to accessible cis-regulatory elements (promoters
and enhancers) in the cellular chromatin (lvashkiv, 2013; Glass & Natoli, 2015). DNA
accessibility is determined by the pre-existing epigenomic landscape, which is the sum of
DNA methylation, nucleosome occupancy, pre-bound factors and histone modifications
(Klemm et al., 2019). The types of histone modifications located at gene promoters and
enhancers determine DNA accessibility and transcriptional activity. For instance, a
trimethylated lysine at position 4 in histone 3 (H3K4me3) is characteristic for active
promoters, H3K 27ac indicates active promoters and enhancers while H3K9me3 signifies
repressed, transcriptionally inactive heterochromatin (Rada-lglesias et a., 2011; Barski et al.,
2007; Wang et a., 2008). Most posttranslational histone modifications are transient and their
turnover is regulated by enzymes that mediate their deposition or deletion (Yun et al., 2011;
Allis & Jenuwein, 2016).

Bacterial PAMP-induced signaling has been shown to intensely modulate histone
modifications and this has been implicated in priming, immune tolerance and trained
immunity in macrophages (Ivashkiv, 2013; Park et al., 2017; Dong & Hamon, 2020; Saeed et
al., 2014). Consequently, numerous pathogens can interfere with histone modificationsin host
cells using unique and sophisticated strategies (Connor et a., 2019; Bierne et a., 2012;
Rolando et al., 2013).

The current understanding of how Yersinia modulates gene expression in macrophages is that

it usesits effectors Y opP and Y opM to interfere with PAM P-induced MAP-kinase and NF-kB
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signaling to the nucleus (Schubert et al., 2020). Previous systematic studies of Yersinia effects
on gene expression were conducted with gene arrays and cultured mouse macrophages
infected for up to 2.5 h (Sauvonnet et al., 2002; Hoffmann et a., 2004). Here we employed
primary human macrophages and genome wide chromatin immunoprecipitation (ChlP)-seq
and RNA-seq technologies to globally analyze histone modifications and associated gene
expression patterns for up to 6 h of Y. enterocolitica infection. We uncover a profound and
coordinated reprogramming of histone modifications as basis for Yersinia's systematic effect
on gene expression. In addition to extensively modulating HM at inflammatory, immune
response and metabolism genes, the bacteriaaltered HM at 61 % of all 534 known Rho
GTPase pathway genes in macrophages.

These results describe the previously unrecognized strategy of pathogenic Yersinia to
modulate specific gene expression programs in innate immune cells through the systematic

reorganization of histone modifications.
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Results

Global reprogramming of histone modificationsin macrophages

by Yersinia enterocolitica

We first investigated on a global scale whether Y. enterocolitica alters histone modification
patterns in human macrophages (Ivashkiv, 2013). For this, in vitro differentiated primary
human macrophages were mock infected or infected with Y. enterocolitica wild type strain
WA314 or its avirulent derivative WAC and subjected to chromatin immunoprecipitation
(ChiP)-seq (Fig 1A). WAC lacks a T3SS and therefore was used to separate the effects of the
Yersinia PAMPs from the T3SS associated effects (S1 Table). We investigated cells at 6 h
after infection, a time point at which a maximal effect on gene expression but no signs of
apoptosis are detectable in the human macrophages (Berneking et a., 2016; Ruckdeschel et
al., 1997; Sarhan et a., 2018). Analyzes were performed for four histone-3 (H3) marks whose
impact on macrophage gene expression has been well established: H3K4me3, indicating
active promoters; H3K4mel, which is highly enriched at distal regulatory elements
(enhancers) but is also found with lower levels at promoters;, H3K27ac, indicating active
promoters and enhancers; and H3K27me3 indicating inactive promoters and enhancers
(Heintzman et al., 2009; Rada-Iglesias et al., 2011; Barski et a., 2007; Wang et a., 2008).
Dynamic regions were defined as those exhibiting at least a 2-fold change in any pairwise
comparison between mock-, WA314- or WAC infected macrophages. Overall, H3K27ac
peaks were the maost dynamic (43 %) followed by H3K4me3 peaks (7 %), H3K4mel regions
(3 %) and H3K27me3 regions (0.1 %) (Fig 1B, S1A Fig). Around haf of the dynamic
H3K4me3 peaks and H3K4mel regions and one fourth of the dynamic H3K27ac peaks were
at promoters (+/- 2 kb from transcription start site; Fig 1C and S1A Fig). The remaining half

of the dynamic H3K4me3 peaks and H3K4mel regions and three fourth of the dynamic
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H3K27ac peaks were at enhancers (H3K4mel-enriched regions outside promoters; Fig 1C
and S1A Fig).

A Spearman correlation heatmap of the H3K 27ac peaks and two corresponding datasets
published elsewhere from naive and E. coli LPS-stimulated primary human macrophages
(Park et al., 2017; Novakovic et al., 2016) reveded i) a strong correlation between WAC
infected and LPS-treated macrophages, indicating that the PAM P-induced histone
modifications are to a large part caused by LPS, although yersiniae possess a number of
additional PAMPs (Fig 1D) (Reinés et a., 2012; Zhou et al., 2018; Brodsky et al., 2010); ii) a
close similarity between the mock-infected macrophagesin our study and the naive
macrophages employed in other studies, and iii) a higher similarity of WA314 infected
macrophages to naive and mock-infected macrophages than to WAC- and LPS infected
macrophages (Fig 1D). Thislikely reflects suppression of PAMP/LPS-induced H3K27ac
modifications by the T3SS effectors of WA314 (Schubert et al., 2020).

We evaluated whether histone marks were significantly (> 2-fold change, adjusted P-value <
0.05) up- or down-regulated in the three pairwise comparisons WAC vs mock, WA314 vs
mock and WAC vs WA314 (Fig 1E). An eminent result was that, consistently, around 14-
times more H3K27ac regions than H3K4me3 regions were dynamic and roughly similar
numbers of H3K27ac marks were up- and down regulated in each comparison (Fig 1E). At
the same time, there was H3K4me3 upregulation at a considerable number of loci (280 to
1081), whereas only a minor number of loci (44 to 173) exhibited H3K4me3 down regulation
in the three comparison groups (Fig 1E). Further, 2156 unique H3K4mel regions were
dynamic with roughly similar numbers up- and down regulated (Fig 1E). H3K27me3 regions
were essentially unaltered under these conditions, further suggesting that H3K27me3 marks
are not affected by Yersinia infection in macrophages (S1B Fig). WAC up- and down-
regulated histone modifications at 14559 unique loci with vs mock, reflecting the effect of the

pathogen-associated molecular patterns (PAMPs). Overall, WAC and WA314 up- or down
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regulated histone marks at promoters and enhancers of 7745 and 5900 genes, respectively
(S1C Fig). As determined by comparison with the WAC effects, WA314 inhibited the up
regulation of 571 H3K4me3 regions (53 %; Fig 1F) and 2881 H3K27ac regions (42 %,; Fig
1G) and inhibited the down regulation of 2627 H3K27ac regions (40 %,; Fig 1G).

Further analyses revealed that the Yersinia altogether remodeled histone modification patterns
at 10994 unique genes (Fig 1H). Patterns were modified at promoters of 6228 genes and at
enhancers of 7730 genes (Fig 1H). Thereby, 2964 genes were modified both at the promoter
and nearby enhancer regions (Fig 1H).

We conclude that Y. enterocolitica extensively reprograms chromatin states in human
macrophages by regulating H3K27ac-, H3K4mel- and H3K4me3 marks at promoters and

enhancers of about 11000 genes (Fig 1H).

Y. enterocolitica alter s histone modifications at promoters

We investigated the bacteria induced reprogramming of histone modifications at promotersin
more detail. By genome wide analysis of dynamic H3K27ac and H3K4me3 regions at
promoters of mock-, WAC- and WA314 infected macrophages we identified 10 clusters
which could be assigned to 6 classes and 2 modules (Methods; Fig 2A, S2 Table). Promoter
module 1 (P1) contains dynamic H3K4me3- and H3K27ac regions that change concordantly
(classes Pla, b; Figs 2A, B). Promoter module 2 (P2) contains dynamic H3K27ac regions at
largely constant H3K4me3 regions (classes P2a-d; Figs 2A, B). The patterns of histone
modifications in the classes were clearly distinct and assigned to 4 different profiles. In
profile “Suppression”, WAC increases deposition of histone marks and this is suppressed by
WA314 (Pla and P2a; Figs 2A-C). In profile “Prevention”, WAC downregulates histone
marks and this is prevented by WA314 (P1b and P2d; Figs 2A-C). In profile “Down”,

WA314 selectively downregulates H3K27ac marks when compared to mock and WAC (P2b;
10
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Figs 2A, B, D). In profile “Up” WA314 selectively upregulates H3K27ac marks when
compared to mock and WAC (P2c; Figs 2A, B, D). These profiles are also illustrated by tag
densities of H3K4me3 and H3K27ac ChiP-seq at promoters of selected genes (Figs 2C, D).
Although WA314 strongly counteracted the PAMP-induced up- and downregulation of
histone modifications at promoters, the counter-regulation often was not complete. Therefore,
the levels of histone modifications in WA314 infected cells were frequently in between the
levels in mock- and WAC infected macrophages (e.g. in Suppression profile classes Pla and
P2a; Figs 2A, B).

In summary, four profiles describe how Y. enterocolitica alters H3K4me3 and H3K27ac
marks at macrophage promoters. In the profiles Suppression and Prevention the bacteria’s
T3SS effectors block the PAMP-induced deposition or removal of H3K4me3- and H3K27ac
marks, respectively (Fig 2E). In profiles Down and Up the T3SS-associated effectors down-

or up-regulate, respectively, H3K27ac marks.

Reprogramming of enhancer associated histone modifications by

Y. enterocolitica

We sought to investigate in detail the Yersinia induced reprogramming of histone
modifications at distal regulatory elements/enhancers. A genome wide heatmap of dynamic
H3K27ac regions at enhancer regions, characterized by the presence of H3K4mel marks, was
prepared in mock-, WAC- and WA314 infected macrophages (Fig 3A, S3 Table). Six clusters
comprising altogether 16408 dynamic enhancers were identified and assembled into four
classes (E1-E4; Fig 3A). Analogous to the promoter classes, the enhancer classes E1, E2, E3
and E4 correspond to Suppression, Down, Up and Prevention profiles, respectively (Fig 3B).

In unstimulated macrophages (mock) enhancers were either poised (no or low level of

11
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H3K27ac marks; E1 and E3) or constitutive (presence of H3K27ac marks; E2 and E4) (Figs
3A, B; Ostuni et a., 2010). WAC infection activated poised enhancers by increasing
H3K27ac marks (E1; Fig 3C purple box) or repressed constitutive enhancers by decreasing
H3K27ac marks (E4) (Figs 3A, B). WA314 inhibited the WAC induced up-regulation of
poised enhancers in Suppression profile E1 and down-regulation of constitutive enhancers in
Prevention profile E4 (Figs 3A-C). WA314 also down-regulated constitutive enhancers in
Down profile E2 and up-regulated poised enhancers in Up profile E3 (Figs 3A, B). We aso
investigated the effect of Yersinia on latent enhancers, defined by the initial absence of
H3K4mel- and H3K27ac marks (Ostuni et a., 2010). We identified 149 latent enhancers in
mock infected macrophages that gained H3K4mel- and H3K27ac marks upon WAC
infection, which converts these latent enhancers into a constitutive state (Fig 3D, $4 Table).
WA314 aso increased H3K4mel levels but did not produce an increase of H3K27ac levelsin
most of these latent enhancers (Fig 3D). Thus, WA 314 infection does not inhibit the unveiling
of latent enhancers and their conversion into a poised state by the bacterial PAMPs, but
suppresses their transition to a constitutive state (Fig 3D).

Taken together, Y. enterocolitica remodels H3K4mel- and H3K27ac patterns at poised,
constitutive or latent distal regulatory elements/enhancers in macrophages giving rise to

Suppression-, Up-, Down- und Prevention profiles.

Changesin gene expression associated with reprogrammed

histone modifications at macr ophage promoters and enhancers

We asked to what extent the histone modifications reprogrammed by the bacteria affect
expression of the corresponding genes. Therefore, infected macrophages were analyzed by
RNA-seq in parallel to ChiP-seq (Fig 1A). 6148 differentially expressed genes (DEGS) were

altogether found in three pairwise comparisons (WAC vs mock, WA314 vs mock and WAC
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vs WA314; Fig 4A; S5 and S6 Tables). Four classes (R1-R4) were identified in the DEGs
which corresponded to Suppression- (R1), Down- (R2), Up- (R3) or Prevention (R4) profiles
(Fig 4A and S6 Table). WAC up-regulated 3020 genes (Fig 4B) and down-regulated 2152
genes (Fig 4C) vs mock reflecting the transcriptional response of macrophages to the PAMPs
of Y. enterocalitica. In the Suppression profile, 42 % of the genes upregulated by WAC were
not or only partly upregulated by WA314 (Fig 4B). In the Prevention profile, 39 % of the
genes downregulated by WAC were not or much less downregulated by WA314 (Fig 4C).
WA314 often did not completely reverse the PAMP-induced up- or downregulation of genes,
as shown by the fact that gene expression levels in the WA314 infected cells were frequently
in between mock- and WAC infected macrophages (e.g. in classes R1 and R4, Fig 4A). Thus,
coinciding with histone modifications, gene expression is modulated extensively by Y.
enterocolitica in human macrophages and can also be divided into Suppression-, Down-, Up-,
and Prevention profiles.

We specifically assessed how histone modifications at promoters affect gene expression and
found that 59-73 % of the up-regulated H3K4me3 marks (Fig 4D) and 23-46 % of the up-
regulated H3K27ac marks (Fig 4E) showed enhanced expression of the associated genes.
When both marks were upregulated 65-81 % of the associated genes showed increased
expression (Fig 4F). In comparison, when H3K4me3- and H3K27ac marks were down-
regulated individually or in combination, only 8-33 % of the associated genes showed reduced
expression (Figs 4D-F). We conclude that while up-regulation of stimulatory histone marks at
promoters plays an important role in driving gene expression, downregulation of these marks
is less relevant for decreasing gene expression in Y. enterocolitica infected macrophages.

In comparison, 5-29 % of the genes associated with H3K27ac marks at enhancers showed
changes in gene expression, indicating that enhancer modifications control direct gene

expression to alesser extent than promoter modifications (Fig 4G).
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We aso evaluated all individual histone modifications which associated with gene expression
changes in the different profiles and found that Suppression-, Down-, Up- and Prevention
profiles showed on average 30 %, 2 %, 4 % and 16 % corresponding gene expression
changes, respectively (Fig 4H).

To find out whether histone modifications at promoters and enhancers cooperate to regulate
gene expression, we analyzed pairwise overlaps of genes associated with promoter- and
enhancer classes. The strongest overlaps occurred in classes belonging to the same profiles:
Pla/P2a/E1 (Suppression), P2b/E2 (Down), P2c/E3 (Up) and P1b/P2d/E4 (Prevention) (Fig
41). We found that 57 % of the genes overlapping in the Suppression profile classes and 26 %
of the genes overlapping in the Prevention profile classes showed corresponding changes in
gene expression (S2 Fig). In comparison, only 4 % and 3 % of genes associated with histone
modifications in the Down and Up profile classes, respectively, showed expression changes
(S2 Fig).

We conclude that reprogramming of histone modifications by Y. enterocolitica in
macrophages can cause significant changes in gene expression. The size of the effect displays
a very wide range from 2 to over 80% and strongly depends on the localization (promoter or
enhancers, direction (up or down), cooperation (e.g. a promoters or between related
promoters and enhancers) and profile of the histone modifications. A schematic depicts the
changes in HM at promoters and enhancers and transcription for selected Suppression and

Prevention profile genes (Fig 4J).

Gene pathways associated with alteration of histone modifications

by Y. enterocolitica

14
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To address the question which biological pathways are regulated by the Yersinia-induced
epigenetic reprogramming, we subjected all DEGs in the different expression classes/profiles
that are associated with histone modifications (Fig 5A) to Gene Ontology (GO) and KEGG
analysis (Fig 5B). In profiles Suppression, Down, Up and Prevention, 51 %, 19 %, 19 % and
36 % of genes, respectively, were associated with at least one corresponding histone
modification change (Fig 5A). Thus, the proportion of gene expression changes that is
associated with histone modifications is clearly higher than the proportion of histone
modifications that is associated with corresponding gene expression changes (compare Fig 4H
and Fig 5A). Suppression profile genes were most highly enriched in inflammatory response,
type | interferon signaling and apoptotic process (Fig 5B) and mainly encode pro-
inflammatory cytokines, chemokines, feedback regulators (like TNFAIPs) and type | IFN
signaling mediators (Fig 5C, S3A Fig). Down profile was enriched in regulation of
transcription (Fig 5B) containing CEBPE and FOS (Fig 5D). CEBPE regulates myeloid
lineage commitment and differentiation (Bedi et al., 2009), inflammasome activation and
interferon signaling (Goos et a., 2019). FOS encoding c-Fos protein is a part of APL
complex, which regulates macrophage differentiation and long range enhancer interactions
(Phanstiel et al., 2017), suppresses pro-inflammatory cytokine and IL-10 expression and
increases lysosome mediated bacterial killing (Hop et a., 2018). Up profile genes were
enriched in Wnt signaling (Figs 5B, D), which directs macrophage differentiation, regulates
expression of key anti-inflammatory mediators, such as IL-10 and TGF-f, and modulates
phagocytosis (Malsin et al., 2019). Prevention profile genes were enriched in pathways
involving regulation of GTPases, including mostly Rho GTPase pathway genes (Figs 5B, E)
and in metabolic pathways (Fig 5B), including 22 genes for the metabolism of cholesteral,
fatty acids, acyl-CoA or glucose (S7 Table). Suppression profile genes associated with latent
enhancers (Fig 3D) were enriched among others in negative regulation of transcription and

inflammatory signaling (S3B Fig).
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Analysis of transcription factor motif enrichment revealed binding sites of inflammatory
regulators from the RHD- (NFkB-p65-Rel), IRF- (ISRE, IRF2) and bZIP- (Fra2, Fosl2, Jun-
AP1) families in Suppression profile genes (Fig 5F, S5C Fig). No transcription factor motifs
were enriched in Down profile. Up profile was enriched for RHD (NFkB-p65-Rel) binding
sites (Fig 5F, S5C Fig) indicating that Yersinia effector activities can lead to increased gene
expression also through regulation of NF-1B signaling. Prevention profile genes were
enriched for distinct motifs from ETS (SpiB, PU.1) family (Fig 5F, S5C Fig). ETS TFs are
known to interact extensively with other TFs (Verger & Duterque-Coquillaud, 2002) and play
arolein cytokine gene expression (Gao et al., 2016; Lennard Richard et al., 2014; O’ Reilly et
al., 2003; Gallant & Gilkeson, 2006). PU.1 is alineage determining TF in macrophages which
establishes enhancer and promoter landscapes and modulates gene expression (Glass &
Natoli, 2015).

Taken together, the histone modifications that Y. enterocolitica reprograms control central
transcriptional programs in macrophages. Most significantly, PAM P-induced up-regulation of
immune signaling and inflammatory response genes is suppressed and the down-regulation of

metabolic and Rho GTPase pathway genesis prevented by the bacteria.
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Epigenetic reprogramming of Rho GT Pase pathway genesby .

enterocolitica

Interestingly, the Rho GTPase pathway was most significantly enriched in Prevention profile
genes connected to histone modifications (Figs 5B, E). It was also found enriched in the
Suppression profile and in the latent enhancer associated genes (S8 Table). Altogether, the
dynamic histone modifications identified here were associated with 324 unique Rho GTPase
pathway genes (61 % of all known Rho GTPase genes; Fig 6A, SO Table).

A great variety of bacterial virulence factors target or imitate Rho proteins or their regulators
to manipulate immune cell functions (Heasman & Ridley, 2008; Aktories, 2011). Subversion
of Rho-GTPase activitiesis also a central virulence strategy of Yersinia and there is mediated
by the T3SS effectors YopE, YopT and YopO/Y pkA (Aepfelbacher & Wolters, 2017).
However, only scarce information is available on the epigenetic regulation of Rho GTPase
pathway genes in general and relevant systems-level studies are lacking (Chen et al., 2020).
Considering the strong association of dynamic histone modifications with Rho GTPase
pathway genesin Yersinia infected macrophages, we examined this connection in more detail
here.

The Rho GTPase family is composed of 20 proteins, which can be divided into 8 subfamilies
(Boureux et al., 2006). Rho GTPases are best known for regulating the actin cytoskeleton but
also control vesicle transport, microtubule dynamics, cell cycle and gene expression (Jaffe &
Hall, 2005; Hodge & Ridley, 2016). Through these basic activities, they play central rolesin
immune cell functions such as phagocytosis, chemotaxis and adhesion (Heasman & Ridley,
2008). The classical Rho GTPases cycle between inactive GDP-bound and active GTP-bound
states. Guanine nucleotide exchange factors (GEFs) promote the dissociation of GDP leading
to GTP loading and activation (Laurin & C6té, 2014). Active GTP-bound Rho proteins

stimulate effector proteins which carry out basic molecular activities (Bagci et al., 2020; Mott
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& Owen, 2015). GTPase activating proteins (GAPs) bind to GTP-loaded Rho proteins and
thereby stimulate their intrinsic GTPase activity and lead to their deactivation (Tcherkezian &
Lamarche-Vane, 2007). Most GEFs, GAPs and effectors are not specific for individual Rho
GTPases but associate with members of one or more subfamilies (Miller et al., 2020; Bagci et
al., 2020). Currently 77 RhoGEFs (Laurin & Coté, 2014), 66 Rho GAPs (Tcherkezian &
Lamarche-Vane, 2007) and up to 370 Rho GTPase effectors are known, whereby the number
of effectors may still be growing (Bustelo et al., 2007; Paul et a., 2017; Bagci et al., 2020).
Notably, 68 %, 62 %, 58 % and 74 % of al known genes for GAPs, GEFs, effectors and Rho
proteins, respectively, exhibited altered histone modification patternsin Y. enterocolitica
infected macrophages (4A Fig “RNA & ChIP” and “ChIP only” fractions). Histone
maodifications were concomitantly altered at enhancers and promoters of 127 Rho GTPase
pathway genes (S4B Fig). More than 2 enhancer regions in the E1 and E4 enhancer classes
were on average associated with an individual Rho GTPase pathway gene (Fig 6A) and the
number of enhancers per Rho GTPase gene ranged from 1 to 14 (SAC Fig, 9 Table). FNBPL,
RAPGEF1 and ELMO1 were the genes for which 13, 13 and 14 putative enhancers,
respectively, were found (S9 Table).

To draw the most informed conclusion about the biological significance of Rho GTPase
pathway gene regulation by Yersinia, we created a heatmap of all Rho GTPase pathway
DEGs in mock-, WA C-, and WA314-infected macrophages independent of their association
with histone modifications (Bustelo et al., 2007; Paul et a., 2017; Bagci et d., 2020; Mller et
al., 2020; Wennerberg et a., 2004; Senoo et a., 2019). Thisreveaed altogether 204 DEGsin
Suppression-, Down-, Up- and Prevention profiles (classes R1-R4, Fig 6B, S10 Table). Of
these, 29 encode GTPase activating proteins (GAPs), 31 guanine nucleotide exchange factors
(GEFs), 134 effectors and 11 Rho GTPases (S10 Table). 115 (56 %) of these DEGs were in

fact associated with dynamic histone modifications (Fig 6C).
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Recently all known proteins with putative GAP or GEF activities were biochemically
characterized regarding their actual effect on the three main Rho family proteins RhoA, Racl
and Cdc42 (Mdiller et a., 2020). Analysis of our datain view of this report revealed that in the
Prevention profile 60 % of the actually active GAPs (6/10) act specifically on Rac as
compared to 36 % (18/50) of all known GAPs (Figs 6D, E, S11 Table; Mller et a., 2020). In
the Suppression profile, Rho-, Rac- or Cdc42 specific GAP genes are not enriched and the
percentages of GAP activities acting on Rho (25 %) or Rac (25 %) are identical to those of
total GAPs (Figs6D, E; Mllller et al., 2020). We conclude that aided by epigenetic
remodelling Y. enterocolitica tends to keep Rac-inhibiting GAPs at the level of uninfected
cells.

Of the 8 Rho GTPase genes in the Suppression and Prevention profiles, three encode classical
Rho proteins (Racl, RhoC, RhoG) and five encode atypical Rho proteins (RhoH, RhoU,
RND1, RhoBTB1, RhoBTB2) (Fig 6F). Most atypical Rho proteins are considered
constitutively active and consequently are not regulated by GEFs and GAPs but instead are
controlled at the level of transcription and targeted destruction, i.e. proteasomal degradation
(Aspenstrom et al., 2007; Haga & Ridley, 2016). The cellular levels of RhoC and RhoG were
also shown to be transcriptionally regulated (Vincent et a., 1992; Fritz et a., 1999). Classical
and atypical Rho proteins often have overlapping cellular functions and share the same
effector proteins. Atypical Rho proteins have so far been implicated in multiple activities
including tumour suppression (e.g. RhoBTB2), cell transformation and -morphogenesis as
well as development (e.g. RhoU and Rnd) (Aspenstrom et al., 2007; Stiegler & Boggon,
2020; Hodge & Ridley, 2016; Chardin, 2006). Many atypical Rho proteins have been found to
regulate the activity of classical Rho Proteins, e.g. RhoH spatially controls Racl activity
(Tagjadura-Ortega et a., 2018) and Rnd proteins bind and steer Rho GAP proteins to specific
cell sites (Stiegler & Boggon, 2020). Notably, the Rho protein genes in the Suppression

profile include Racl, the Racl activator RhoG and the atypical Rho proteins RhoH and RhoU
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(Fig 6F). These Rho proteins can aternatively activate Rac effectors, spatiotemporally control
Rac activity or take over Rac functionsin cells (Bagci et al., 2020; Aspenstrom et al., 2007;
Hodge & Ridley, 2016; Tajadura-Ortega et al.,2018; Chardin, 2006). Thus, a prominent effect
of Yersinia in the Suppression profile is to inhibit the expression of genes, whose products can
keep up Rac activity. This effect complements well the blocked downregulation of Rac GAPs
in the Prevention profile (Figs 6D, E).

Altogether epigenetically controlled gene expression causes low Rac activity in Yersinia
infected cells and thereby cooperates with the Rac down-regulating T3SS effectors Y opE,
YopO and YopT (Aepfelbacher & Wolters, 2017).

66 Rho GTPase effectors were altogether found in the overlaps of gene expression and
epigenetic profiles (M4A, D, F Figs; Bustelo et a., 2007; Paul et a., 2017; Bagci et a., 2020).
Thisincludes effectors for all eight Rho GTPase subfamilies (Rho, Rac, Cdc42, RhoD/RIf,
Rnd, Wrch-1/Chp, RhoH and RhoBTB) ($4F Fig, S12 Table). Interestingly, while Yersinia
prevents downregulation of genes for the atypical RhoBTBs (Fig 6F), it at the same time
suppresses expression of genes encoding specific RhoBTB effectors (S4F Fig, S12 Table).
Furthermore, 19 of the identified Rho GTPase effectors have been implicated in epigenetic
and transcriptional regulation, suggesting mechanisms for crosstalk and feedback in the
epigenetic control of Rho GTPase pathway gene expression (S12 Table). Another level of
regulation is provided by the finding that some DEGs from Suppression- and Prevention
profile genes belong to the machinery for ubiquitination and/or proteasomal degradation of
Rho proteins (Fig 6G; Hodge & Ridley, 2016).

Altogether these data indicate that yersiniae modulate expression of alarge part of Rho
GTPase pathway genes in macrophages through reprogramming cellular chromatin on

multiple levels ($4D, E Figs, Figs 6E, F, H).
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Role of YopP in epigenetic reprogramming by Y. enterocolitica

The Y. enterocolitica T3SS effectors YopP (YopJ in Y. pseudotuberculosis) and YopM have
been shown to modulate inflammatory gene expression in Yersinia infected macrophages
(Schubert et al., 2020). We therefore examined whether YopP and YopM contribute to the
epigenetic reprogramming by Y. enterocolitica. Macrophages were infected (6 h) with
WA314 strains lacking YopP or YopM (strains WA314AY opP or WA314AY opM; S1 Table)
and investigated using ChlP-seq and RNA-seq (H3K4me3 and H3K27ac modifications; Fig
1A). Principal component analysis (PCA) revealed that the WA314AYopM- and WA314
induced H3K27ac- and H3K4me3 modifications located close to each other, while the
WAZ314AY opP induced modifications were clearly separate (Fig 7A, S5A Fig). This suggests
that YopP but not YopM significantly contributes to the epigenetic changes produced by
WA314. The effects of WA314AY opP and WA314AY opM were directly compared with the
effects of WA314 on H3K27ac- and H3K4me3 modifications and gene expression. Notably,
684 H3K4me3 regions and 5094 H3K27ac regions were differentially regulated between
WA314AY opP and WA314 (Fig 7B). In contrast, atogether only 31 histone modifications
were differentialy regulated between WA314AYopM and WA314 (Fig 7B). While 1616
DEGs were detected between WA314AYopP and WA314, also 804 DEGs were found
between WA314AYopM and WA314 (Fig 7B). This suggests that YopP affects gene
transcription in macrophages to a large extent through modulation of H3K27ac- and
H3K4me3 histone modifications. In contrast, athough YopM strongly affects gene
transcription, it does not do so by regulating H3K4me3- and H3K27ac histone modifications.
We next studied what proportions of the WA314-induced histone modifications in the
Suppression-, Prevention-, and Up- and Down profiles were due to Y opP (S5B Fig). For this,
the percentage YopP effect was calculated from the ratio of fold change (FC) between
WAZ314AY opP vs WA 314 and either WA 314 vs WAC (Suppression and Prevention profiles)

or WA314 vs mock (Up and Down profiles). In the promoter and enhancer classes the median

21


https://doi.org/10.1101/2021.09.07.459276

bioRxiv preprint doi: https://doi.org/10.1101/2021.09.07.459276; this version posted September 7, 2021. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

Y op contribution to the WA314 effects was 42 % and ranged from 8.9 % - 57.2 % (S5B Fig).
Furthermore, the median YopP contribution to the WA314 effects on gene expression
associated with histone modifications was 51.4 % (S5C Fig). We conclude that YopP on
average contributes around one haf to the effects of Y. enterocolitica on histone
modifications and gene expression. Consequently, other T3SS associated virulence factors -
except YopM — also contribute significantly.

We looked in more detail at the effects of YopP on Rho GTPase pathway genes (Fig 6, S13
Table). In the Suppression- and Prevention profiles of Rho GTPase pathway genes, YopP
contributed in the mean 48.5 % and 78.5 %, respectively, to the WA314 effects (S13 Table).
However, at the level of individual genes the Y opP effect was widely spread from 2 to 103 %
in the Suppression- and from 29 to 177 % in Prevention profile (Fig 7C, S13 Table). We
tested whether this widely distributed effect of Y opP also applies to inflammatory genes (Fig
5B, S3A Fig, S14 Table). Notably, while the mean effect of Y opP on the Suppression profile
inflammatory genes was 46 % (S14 Table), the effect on individual genes was spread from -
57 to 103 % (Fig 7D). Although the majority of YopP induced changes in gene expression
were associated with corresponding YopP induced changes in histone modifications, some
Y opP regulated genes were associated with histone modifications induced by other T3SS
effectors and vice versa (e.g. IL2RA highlighted in Figs 7D, E; S13 and S14 Tables, S5D
Fig). Further, although Y opP contribution to gene expression and histone modifications was
evident for the majority of genes and regions associated with inflammatory response and Rho
GTPase pathways, the YopP effects on gene expression on one hand and histone
modifications on the other hand frequently did not correlate (S5D Fig). Thus, the Y opP effect
on the expression of individual Rho GTPase pathway and inflammatory genes varies
considerably from representing the complete Yersinia wild type effect to just a minor
contribution. It thereby appears that different T3SS effectors and histone modifications

contribute to the widely varying Y opP effects on gene expression.
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Y opP/Y opJ blocks PAMP-induced inflammatory gene expression by inhibiting NF-xB and
MAP-kinase signaling (Schubert et al., 2020). Interestingly, MAP-kinases also phosphorylate
histone-3 at serine-10, a modification that is thought to promote the deposition of activating
histone marks like H3K 14ac and H3K 16ac (Sawicka & Seiser, 2014). We therefore sought to
find out whether Y opP reduces the deposition of H3K4me3- and/or H3K27ac marks through
inhibition of MAP-kinases. WA314 inhibited the deposition of H3K4me3 at the IDO1- and
SOCS3 promoters and deposition of H3K27ac at the SOCS3 and PTGS2 promoters in the
macrophages (Fig 7F). Y opP contributed to the WA314 effects on these genes, as seen by
significantly less inhibitory activity of WA314AYopP on deposition of the histone marks
when compared to WA314 (Fig 7F). When combined with the MAP-kinase inhibitors
SB203580 and PD98059, targeting p38 and MEK 1, respectively, WA314AY opP was nearly
as effective as WA314 in inhibiting the deposition of H3K4me3 marks at the IDO1 and
SOCS3 promoters and deposition of H3K27ac marks at the PTGS2 and SOCS3 promoters
(Fig 7F). Thus, MAP-kinase inhibitors can substitute for the missing YopP activity in
WAZ314AY opP. This is consistent with the idea that Y opP blocks deposition of the histone
marks through M AP-kinase inhibition.

Finally, we wanted to determine whether the histone modification-driven reprogramming of
Rho GTPase pathway genes has functional consequences in macrophages. For this, we took
advantage of suppression of ABI1 gene expression by WA314, which is entirely dependent on
YopP (Fig 7C and S5D Fig). ABI1 encodes a component of the WAVE regulatory complex
that controls actin polymerization in macrophages (Chen et al., 2014; Stahnke et a., 2021).
Corresponding to gene expression, the ABI1 protein was upregulated in WA314[ Y opP-
compared to WA314 infected macrophages and this could be prevented by MAP-kinase
inhibitors (S5E Fig). In the WA314AYopP infected macrophages ABI1 prominently
accumulated at cell cell contacts, where it colocalized with actin, vinculin and the zonula

occludens protein ZO1 (Figs 7G, H). Further, accumulation of ABI1 was associated with
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increased levels of actin at the cell cell contacts, indicating enhanced WAVE regulatory
complex-induced actin polymerization (Figs 7G, H; Yamazaki et al., 2007). Altogether this
data shows that the histone modification-driven reprogramming of ABI1 gene expression in

fact can ater actin cytoskeleton organization in Yersinia infected macrophages.
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Discussion

At present only scarce information is available on epigenetic reprogramming of immune cells
by pathogenic bacteria (Rolando et al., 2013; Pacis et al., 2019). This study was conducted to
find out whether the entero-pathogen Y. enterocolitica alters chromatin states to globally
control gene expression in human macrophages. Our results provide a number of novel
insights into systemic reorganization of epigenetic histone modifications in human
macrophages by pathogenic yersiniae.

A primary goal was to map in detail whether and how the effects of the Yersinia PAMPs on
histone modifications are reorganized by the T3SS associated virulence factors of the

bacteria. To this end, we systematically compared the effects of a'Y. enterocolitica wild type
strain and aderived avirulent strain.

Virulent and avirulent yersiniae extensively reorganized histone marks (H3K4mel, H3K4me3
and H3K27ac) at macrophage gene promoters and enhancers. H3K27ac marks were the most
dynamic (> 22.000 loci altered) followed by H3K4me3 marks (1600 loci altered). That
H3K27ac marks are highly dynamic in human macrophages stimulated with bacterial agents
has been reported previously (Novakovic et a., 2016).

We could classify the bacterial reorganization of histone modifications in four profiles, which
we named Suppression, Down, Up and Prevention. In the Suppression- and Prevention
profiles, the bacteria's T3SS effectors block the PAMP-induced deposition or removal,
respectively, of histone marks. In Down- and Up profiles, the T3SS-associated effectors
down- or up-regulate, respectively, histone marks independently of PAMP activities.

The fraction of histone modifications overlapping with actual gene expression in the four
profiles varied widely. Overlaps ranged from 30 % in the Suppression profile to 2% in the
Down profile. The biological significance of Yersinia-modulated histone modifications that

do not immediately affect gene expression is unclear. These “silent” histone modifications
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may be involved in priming, immune memory, immune tolerance or other complex gene
regulatory processes in macrophages (Glass & Natoli, 2015; Ivashkiv, 2013).

It was interesting to note that different histone marks at individual promoters or at related
promoters and enhancers were reorganized in a coordinated manner by the bacteria, mostly in
the Suppression- and Prevention profiles. In these instances, the histone modifications were
more frequently associated with changes in gene expression. Thus, the bacterial pathogenicity
factors systematically co-regulate different histone modifications to effectively act on gene
transcription.

The T3SS effector Y opP accounted for 40-50% of the changes in histone modifications and
gene expression produced by virulent Y. enterocolitica in macrophages, as exemplified with
inflammatory and Rho GTPase pathway genes. Inhibition of MAP-kinase signaling was a
crucial mechanism underlying these Y opP effects. Y opP regulated the expression of genes, at
which it changed histone modifications, to very different degrees. E.g., for individual
inflammatory or Rho GTPase pathway genes the contribution of Y opP to the Yersinia effect
ranged from null to 100%. Interestingly, the histone modifications at some of the genes whose
expression was strongly affected by Y opP were changed by other T3SS effectors. We could
exclude YopM as one of these effectors, because it did not alter any of the histone
modifications investigated here. Thus, YopP but not YopM regulates the expression of
selective genes through histone modifications and thereby seemingly cooperates to varying
extents with other T3SS effectors. Of note, in addition to histone modifications, other gene
regulatory mechanisms clearly also contribute to the Yersinia- and YopP effects on gene
expression (Koberle et al., 2012). Thus, our data suggest that virulent yersiniae fine tune
expresson of individual genes in specific biological pathways through governing the
cooperation between histone modifications and other gene regulatory mechanisms. For this

the bacteria employ YopP as the main T3SS effector that cooperates with other effectors.
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Together the effectors mostly remodel PAMP-induced signal transduction but also exert
PAMP independent effects on gene transcription (Koberle et al., 2012).

Among the most significant findings of our study was the remodeling of histone
modifications at 61 % of all 534 known Rho GTPase genes. When considered in terms of
gene expression, 38 % of all known Rho GTPase pathway genes were differentially expressed
whereby well over half of them were associated with dynamic histone modifications. The
latter encode Rho proteins (Rho GTPases) and their effectors, activators (GEFs) and
deactivators (GAPs). To control dynamic cellular processes such as cytoskeletal
reorganization or vesicular transport, the right Rho proteins, regulators and effectors have to
be activated or deactivated at the right time and location. Rho GTPase signaling networks are
characterized by the sheer countless interactions that can take place between the different Rho
GTPases, regulators and effectors and by crosstalk and feedback loops (Bustelo et al., 2007,
Paul et al., 2017; Bagci et al., 2020; Mller et al., 2020). Our results add a further level of
complexity to Rho GTPase regulation in macrophages by revealing an extensive epigenetic
control of Rho GTPase pathway gene expression.

One of our intriguing findings was that genes encoding GAPs for Rac were overrepresented in
the Prevention profile. Thisindicates that by epigenetic regulation Yersinia creates a cellular
state in which downregulation of Rac inhibitorsis prevented, which favours Rac inhibition.
Inhibition of Rac is aknown central strategy of Yersinia with the three T3SS effectors Y opE,
YopT and Y opO acting as Rac inhibitors (Aepfelbacher & Wolters, 2017). Further consistent
with this bacterial strategy is the finding that expression of Racl, the Racl activator RhoG
and the atypical Rho proteins RhoH and RhoU, which can take over Rac functions, were
suppressed by the bacteria (Bagci et d., 2020; Aspenstrom et al., 2007; Hodge & Ridley,
2016; Tajadura-Ortega et a.,2018; Chardin, 2006). A reason why Yersinia places a focus on
inhibition of Rac may be the outstanding role that it plays in anti-microbial activities of

macrophages such as phagocytosis, chemotaxis and production of reactive oxygen species
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(Bokoch, 2005). Rac inhibition by Y opE also prevents overshooting translocation of T3SS
effectorsinto cells (Aepfelbacher & Wolters, 2017). A number of genes for atypical Rho
proteins (RHOH, RHOU, RND1, RHOBTB1, RHOBTB2) were found in the Suppression and
Prevention profiles. The activities of atypical Rho proteins are generally controlled by gene
transcription and protein degradation and not by GAPs and GEFs (Aspenstrom et al., 2007;
Haga & Ridley, 2016), but their regulation by epigenetic mechanisms has so far not been
reported. Although the specific functions of atypical Rho proteins in macrophages are widely
unknown, atypical Rho proteins also can regulate the activity of classical Rho proteinsin
different cell types (Aspenstrom et al., 2007; Stiegler & Boggon, 2020; Hodge & Ridley,
2016; Chardin, 2006). For instance, RhoH spatially controls Racl activity (Tajadura-Ortega et
al.,2018) and Rnd proteins bind and steer Rho GAP proteins to specific cell sites (Stiegler &
Boggon, 2020). We also found that downregulation of genes for the atypical Rho proteins
RhoBTBs was prevented and expression of genes for some RhoBTB effectors was suppressed
in parallel by the bacteria. Thus, through epigenetic mechanisms Yersinia may determine
which atypical Rho protein/effector pairs are functional in macrophages. Considering the
universal role that Rho GTPases play in cellular function, the multifaceted epigenetic
regulation of their expression will undoubtedly affect their activities and thereby have
functional consequences in macrophages.

Providing evidence for this notion, we here show that histone modification driven ABI1 gene
expression affects accumulation of the ABI1 protein, a component of the WAVE actin
regulatory complex, at macrophage-macrophage contacts. Increased ABI1 enhances actin
accumulation and recruitment of adhesion proteins at these contacts, likely promoting the
stabilization of these structures (Ryu et a., 2009; Zipfel et a., 2006).

Taken together, in this study we decipher key principles of epigenetic reprogramming of
human macrophages by the bacterial entero-pathogen Y. enterocolitica. 1) Remodeling of

histone modifications and associated changes in gene expression can be classified in different
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profiles, with virulent bacteria mainly suppressing or preventing the effects of bacterial
PAMPs, but also exerting independent stimulatory or inhibitory activities through their T3SS
effectors. Suppressed histone modifications with corresponding gene suppression mostly
belong to immune and inflammatory signaling, whereas prevented modifications/genes
belong to Rho GTPase pathway and metabolic pathways. 2) Changes in the different histone
modifications at promoters and enhancers are often coordinated, so that they can act
cooperatively on gene expression. 3) The T3SS effector Y opP contributes up to 50 % to
Yer sinia-induced remodeling of histone modifications and gene expression, through its
inhibitory effect on MAP kinase signaling. At the level of individual gene expression, the
contribution of Y opP varies from null to 100%, even in genes belonging to the same
biological pathways. 4) Histone modifications, transcription factor expression, and other
unidentified mechanisms are reprogrammed by Y opP and other T3SS effectors and
cooperatively cause the effects of Yersinia on individual gene expression. 5) While there was
an up to 30% overlap between histone modifications and associated gene expression in the
profiles, the majority of histone modifications did not alter gene expression. In these cases,
such epigenetic modifications could prepare cells for subsequent stimuli or provide a basis for
innate immune memory or tolerance. Further studies are warranted to test these intriguing
possibilities.

Materials and M ethods

Cdl culture

Human peripheral blood monocytes were isolated from buffy coats as described in Kopp et
al., 2006. Cells were cultured in RPM 11640 containing 20 % autologous serum at 37 °C and 5
% CO, atmaosphere. The medium was changed every three days until cells were differentiated
into macrophages after 7 days. M acrophages were used for infection 1-2 weeks after the

isolation.
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I nfection of cdlls

On the day before infection of primary human macrophages the cell medium was changed to
RPM 11640 without antibiotics and serum and precultures of Y. enterocolitica strains (S1
Table) were grown overnight in LB medium with appropriate antibiotics at 27 °C and 200 x
rpm. On the day of infection precultures were diluted 1:20 in fresh LB medium without
antibiotics and incubated for 90 min at 37 °C and 200 x rpm to induce activation of the
Yersinia T3SS machinery and Y op expression. Afterwards bacteria were pelleted by
centrifugation for 10 min at 6000 x g, 4 °C and resuspended in 1 ml ice-cold PBS containing
1 mM MgCl, and CaCl,. The optical density ODgoo Was adjusted to 3.6 and afterwards
macrophages were infected at multiplicity-of-infection (MOI) of 100. Cell culture dishes were
centrifuged for 2 min at RT and 200 x g to sediment bacteria on the cells and synchronize

infection. Cells were incubated at 37 °C for 6 h.

Treatment with MAPK inhibitors

For the MAPK pathway inhibition combination of 5 uM SB203580 (Cayman Chemical) and
5 uM PD98059 (Merck Millipore), which target p38 and MEK 1, respectively, was used.

Inhibitors were added to macrophages 30-60 min before the infection.

RNA-seq

Total RNA of 1-2 x 10° human macrophages was isolated using RNeasy extraction

kit (Qiagen) including DNAse treatment according to manufacturer’s

instructions. RNA integrity of the isolated RNA was analysed with the RNA 6000 Nano Chip
(Agilent Technologies) on an Agilent 2100 Bioanalyzer (Agilent Technologies). mMRNA was

extracted using the NEBNext Poly(A) mRNA Magnetic Isolation module (New England
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Biolabs) and RNA-seq libraries were generated using the NEBNext Ultra RNA Library Prep
Kit for Illumina (New England Biolabs) as per manufacturer’s recommendations.
Concentrations of all samples were measured with a Qubit 2.0 Fluorometer (Thermo Fisher
Scientific) and fragment lengths distribution of the final libraries was analysed with the DNA
High Sensitivity Chip (Agilent Technologies) on an Agilent 2100 Bioanalyzer (Agilent
Technologies). All samples were normalized to 2 nM and pooled equimolar. The library pool
was sequenced on the NextSeq500 (Illumina) with 1 x 75 bp and total 19.9 to 23.8 million

reads per sample.

RNA-seq analysis
Sequencing reads containing bases with low quality scores (quality Phred score cutoff 20) or

adapters were trimmed using TrimGalore program

(http://www.bi oinformatics.babraham.ac.uk/projects/trim_galore/).

Reads were aligned to the human reference assembly hgl9 using STAR (Dobin et a., 2012).
FeatureCounts (Liao et al., 2014) was employed to obtain the number of reads mapping to
each gene.

RNA-seq data have been deposited in the ArrayExpress database at EMBL-EBI
(www.ebi.ac.uk/arrayexpress) under accession number E-MTAB-10473. RNA-seq data from
additional replicates of mock, WA 314 6h and WA314AY opM 6h were obtained from

European Nucleotide Archive (ENA) at http://www.ebi.ac.uk/ena/data/view/PRIEB10086.

RNA-seq differential expression analysis

Statistical analysis of differential expression was carried out with DESeg2 (Love et a., 2014)

using raw counts as an input and the experimental design ~batch + condition. Significantly
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enriched genes were defined with fold change > 2 and adjusted P-value < 0.05. Normalized
rlog counts for each gene were obtained after batch effect removal with limma package
(Ritchieet al., 2015) and used for downstream clustering analysis and visualization.
Reproducibility between replicates was confirmed by PCA analysis and sample distance
heatmaps.

Clustering analysis of all DEGs from comparisons between mock, WAC, WA 314 was done
with rlog counts in R with pheatmap package. Clustering was performed with clustering
distance based on Euclidean distance and Complete clustering method to yield 6 clusters
which were further assembled into profiles Suppression, Prevention, Up and Down.
Clustering distance, clustering method and number of clusters were selected so that all
meaningful clusters were identified by the analysis. For heatmaps rlog counts from DESeq2
analysis were scaled by row (row Z-score) and low to high expression levels are indicated by

blue-white-red color gradient. 2 representative replicates are shown for each sample.
Chromatin immunopr ecipitation (ChlP)

For the ChlP with formaldehyde crosslinking, macrophages (3-10 x 10° cells per condition)
were washed once with warm PBS and incubated for 30 min at 37 °C with accutase
(eBioscience) to detach the cells. ChlP protocol steps were performed as described in
(Gunther et a., 2016), except that BSA-blocked ChiIP grade protein A/G magnetic beads
(Thermo Fisher Scientific) were added to the chromatin and antibody mixture and incubated
for 2 hat 4 °C rotating to bind chromatin-antibody complexes. Samples were incubated for ~3
min with a magnetic stand to ensure attachment of beads to the magnet and mixed by
pipetting during the wash steps. Eluted DNA was either subjected to ChlP-seq library
preparation or used for ChIP-gPCR experiments. Input chromatin DNA was prepared from
1/4 of chromatin amount used for ChlP. Antibodies used for ChlP were anti-H3K4me3

(Merck Millipore, 04745, 4 ul per ChlP), anti-H3K27me3 (Merck Millipore, 07-449, 4 pl
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per ChiP), anti-H3K 27ac (abcam, ab4729, 4 ng per ChiP) and anti-H3K4mel (Cell Signaling,

5326S, 5 ul per ChiP).

ChlP library preparation and sequencing

ChlP-seq libraries were constructed with 1-10 ng of ChIP DNA or input control as a starting
material. Libraries were generated using the NEXTflex™ ChiIP-Seq Kit (Bioo Scientific) as
per manufacturer’ s recommendations. Concentrations of all samples were measured with a
Qubit Fluorometer (Thermo Fisher Scientific) and fragment length distribution of the final
libraries was analysed with the DNA High Sensitivity Chip on an Agilent 2100 Bioanalyzer
(Agilent Technologies). All samples were normalized to 2 nM and pooled equimolar. The
library pool was sequenced on the NextSeg500 (IHlumina) with 1 x 75 bp and total 18.6 to 41
million reads per sample.

ChlP-seq analysis

Sequencing reads containing bases with low quality scores (quality Phred score cutoff 20) or
adapters were trimmed using TrimGalore program

(http://www.bi oinformati cs.babraham.ac.uk/projects/trim_galore/).

BWA (Li & Durbin, 2009) was used to align reads from FASTQ filesto hgl9 human
reference genome. Samtools (Liet et al., 2009) was used for manipulations (e.g. sorting,
indexing, conversions) of the sequencing files. Picard (https://broadinstitute.github.io/picard/)
was used for duplicate read removal. BEDTools (Quinlan & Hall, 2010) was used for
generation of BED files. The following command was used for the alignment to hg19:

bwa mem -M <reference genome> <ChlP-seqfile.fastg> | samtools view -bT <reference

genome> | samtools view -b -q 30 -F 4 -F 256 > <aligned-ChlP-seg-file.bam>
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ChlP-seq data have been deposited in the ArrayExpress database at EM BL-EBI

(www.ebi.ac.uk/arrayexpress) under accession number E-MTAB-10475.

ChlP-seq peak calling

MACS2 peak calling (Zhang et al., 2008) against the input control was used for H3K4me3
and H3K27ac with -q 0.01 parameter. SICER peak caling (Zang et a., 2009) against the
input control was used for H3K4mel and H3K27me3 with default settings. SICER peaks for
ChIP enrichment over background with fold change > 2 were selected. MACS2 and SICER
peaks were filtered to exclude blacklisted regions (Amemiyaet al., 2019). To generate afile
with all peaks for each modification, peaks found in replicates for different conditions were

pooled together and merged using BEDTools (Quinlan & Hall, 2010).

ChlP-seq differential region analysis

DiffReps (Shen et al., 2013) was used for identification of differentially enriched regions/
dynamic regions between mock, WAC and WA314. Csaw (Lun & Smyth, 2015; width 150,
spacing 100, ming 50, ext 210) normalization coefficients for efficiency bias were used as
input to normalize the data in diffReps. Other diffReps parameters were set to default except
for H3K4mel and H3K 27me3 where —nsd broad parameter was used. Accuracy of
differentially enriched regions was examined in IGV (Thorvaldsddttir et al., 2012).
Significant sites with log2 FC >1 and adjusted P-value <0.05 were selected. Regions were
further filtered to exclude regions that do not overlap MACS2 or SICER peaks, overlap
blacklist regions (Amemiya et al., 2019) and regions with low read counts (less than 20 for
any replicate in the upregulated condition; less than 20 in the upregul ated condition for
H3K4me3). Additionally, H3K27me3 regions with length less than 1700 bp were excluded as

smaller regions appeared to be false positives. For further clustering analysis of H3K4me3
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and H3K27ac dynamic regions at promoters and enhancers all differential sites for each mark

for different conditions were pooled together and merged.

ChlP-seq quantification of tag counts

For quantification of tag counts at peaks and differential sites raw counts at target regions
were quantified using EaSeq (Lerdrup et al., 2016) and normalized with csaw (Lun & Smyth,
2015; width 150, spacing 100, ming 50, ext 210) efficiency bias coefficients with the formula:

(1+raw counts)/(csaw effective library size/10°)/bp per kb.

ChlP-seq classification and annotation of regions

Promoter coordinates of +2 kb from TSS and associated gene annotations were extracted from
RefSeq hg19 gene annotations in UCSC Genome Browser (Haeussler et al., 2018) using
EaSeq (Lerdrup et al., 2016). Regions overlapping promoter coordinates were defined as
regions at promoters and annotated with associated genes; one region could overlap multiple
promoters and associate with multiple genes. Regions that did not overlap promoters but
overlapped with H3K4mel regions were assigned to enhancers. Enhancer regions were
annotated to the closest gene in EaSeq. The remaining regions were classified as “undefined”.
For the identification of “dynamic” and “constant” peak regions, pooled peaks (based on
MACS2 or SICER) were intersected with pooled differential site regions (based on diffReps)
for each histone modification. Peaks intersecting differential regions were defined as
“dynamic”, whereas the rest of the peaks were termed “constant”.

Latent enhancers were defined as sites outside promoters with H3K4mel signal increase

based on diffReps without pre-existing H3K4mel signal (no SICER peaks)

ChlP-seq clustering of promoters and enhancer regions
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Clustering of normalized tag counts at pooled differential sites was performed

with R function heatmap.2. All H3K4me3 and H3K 27ac regions from pooled differential sites
that intersected promoter regions were used for promoter (Pla-P2d classes) heatmaps. For the
H3K 27ac enhancer heatmap (E1-E4 classes) all H3K27ac regions from pooled differential
sites outside promoters and overlapping H3K4mel peaks were used. H3K4me3 promoter
heatmap was generated with clustering distance based on Pearson correlation and Complete
clustering method. For H3K 27ac promoter heatmap regions which did not overlap regionsin
H3K4me3 promoter heatmap were used for clustering. H3K27ac promoter and enhancer
heatmaps were generated with clustering distance based on Spearman correlation and
Average clustering method. Clustering distance, clustering method and number of clusters
were selected so that all meaningful clusters were identified by the analysis. Clusters were

further assembled into classes based on the pattern of histone modifications across conditions.

ChlP-seq comparison to public data

For comparison of H3K27ac data from this study and publicly available data (Park et al.,
2017; Novakovic et a., 2016) raw tag counts at all H3K27ac peaks from this study were
normalized with csaw (Lun & Smyth, 2015) efficiency bias coefficients. Batch effect between
different datasets was removed using limma package (Ritchie et a., 2015) and tag counts used

to calculate Spearman correlation.

ChIP-gPCR

ChIP-gPCR was performed with SYBR Green/ROX gPCR Master Mix kit (Thermo Fisher
Scientific) following manufacturer’ s instructions. Primers (S15 Table) were designed using
PRIMER-Blast tool (Yeet a., 2012) with the optimal melting temperature of 60 °C and

template length between 55 and 200 bp. For all primer pairs input chromatin DNA was used
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to generate standard curves and verify amplification efficiency between 90-100 %. The
specificity of primers was confirmed using reaction without a DNA template and melting
curve analysis of PCR products. gqPCR was performed on a Rotorgene 6000 gPCR machine
(Qiagen) and analysed with the Rotor-Gene 6000 software (Qiagen). A gain optimization was
carried out at the beginning of the run. Concentration of amplified DNA was cal culated based
on the standard curve. In order to compare changes in enrichment at specific regions between
different conditions, normalization was done with at least 2 selected control regions which did

not show change in histone modifications during infection.

Pathway analysis

Gene Ontology (GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG) terms were
determined for RNA-seq and ChiP-seq gene lists by using DAVID webtool (Huang et a.,

2008; Huang et a., 2009).

Motif analysis

TF motif enrichment for known motifs was performed using HOMER package (Heinz et al.,
2010). Command findMotifsGenome.pl was used and alist of genomic coordinates was
supplied as an input; the exact size of supplied regions was used by setting parameter -size

given.

Boxplots

Boxplots were generated using ggplot2 in R. Boxes encompass the twenty-fifth to
seventy-fifth percentile changes. Whiskers extend to the tenth and ninetieth percentiles.

Ouitliers are depicted with black dots. The central horizontal bar indicates the median.
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Association between RNA-seq and Chl P-seq

Gene lists from RNA-seq and ChlP-seq were compared based on gene symbolsto

find the number of overlapping genes and determine how many genes showed associ ated
epigenetic and gene expression changes. In some cases RNA-seq lists contained old gene
symbols which did not match to symbols in ChiP-seq lists with RefSeq annotation from
UCSC. All old symbolsin RNA-seq lists without a match in RefSeq annotation were replaced
with the new symbol using Multi-symbol checker tool (Braschi et a., 2019).

Relative overlap between promoter and enhancer classes was obtained by dividing the number
of overlapping genes from two input classes with the total number of genesfrom the first

input class and then with total number of genes from the second input class.

Calculation of % Y opP effect

Percentage Y opP effect was calculated as ratio of FC between WA314AY opP vs

WA314 and WAC vs WA314 (Suppression and Prevention) or WA314 vs mock (Up

and Down). % Y opP effect was presented for individual strongly WA314-regulated genes and
regions from inflammatory response and Rho GTPase pathway, which associated with gene
expression and histone modification changes in Suppression and Prevention profiles.
Specifically, only genes were selected, which overlapped WAC vs WA314 DEGs and
differentially enriched regions. Normalized tag counts were calculated for the target regions

and used to obtain FC.

Rho GTPase pathway gene analysis

The target gene list with 534 Rho GTPase pathway genes was compiled from publicly
available data and included 370 effectors binding GTP-Rho GTPases (Bustelo et al., 2007;

Bagci et al., 2020; Paul et al., 2017), 66 GAPs, 77 GEFs (Mdller et al., 2020) and 23 Rho
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GTPases (Wennerberg & Der, 2004; Senoo et al., 2019 list in the supplementary). The list of
genes does not match the list together with activities (534 vs 536) as some genes possess

multiple activities.
I mmunofluor escence staining

Infected cells were washed twice with PBS, fixed with 4 % PFA in PBS for 5 min and
permeabilized with 0.1 % Triton X-100 (w/v) in PBS for 10 min. After fixation and
permeabilization coverslips were washed twice with PBS. Unspecific binding sites were
blocked with 3 % bovine serum albumin (BSA, w/v) in PBS for at least 30 min. Samples were
then incubated with 1:100 (anti-ABI1 (Sigma-Aldrich), anti-ZO-1 (Zymed)) or 1:200 (anti-
vinculin (Sigmal-Aldrich)) dilution of the primary antibody for 1 h and incubated with a
1:200 dilution of the suitable fluorophore-coupled secondary antibody for 45 min. Secondary
anti-1gG antibodies and dyes used: Alexa488 chicken anti-rabbit (Molecular Probes),
Alexab68 goat anti-mouse (Molecular Probes), AlexaF uor568 phalloidin (Invitrogen,
GIBCO), AlexaFluor633 phalloidin (Invitrogen, GIBCO).

After each staining coverslips were washed three times with PBS. Both, primary and
secondary antibodies were applied in PBS supplemented with 3 % BSA. Fluorophore-coupled
phalloidin (1:200, Invitrogen) was added to the secondary antibody staining solution as

indicated. Coverslips were mounted in ProLong Diamond (Thermo Fisher Scientific).

Mcroscopy

Fixed samples were analyzed with a confocal laser scanning microscope (Leica TCS SP8)
equipped with a63x, NA1.4 oil immersion objective and LeicaLAS X SP8 software (Leica

Microsystems, Wetzlar, Germany) was used for acquisition.

I mage analysis
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The z-stacks of images were combined to one image using maximum intensity projection.
These images were used to measure the mean fluorescent intensity of the F-actin signal with a
circle (9.02 um diameter) around the cellular junctions between macrophages. The signal

intensity at junctions refers to the maximum value of 255 for 8-bit images.

Western blot analysis

Primary human macrophages (1-2* 10° cells per condition) were washed once with warm PBS
and scrapped off the plates to harvest the cells. Cell were pelleted by centrifugation at 700 x
g, 10 min and 4°C. Cells were resuspended in 60 ul Lysis buffer (50 mM HEPES-KOH, pH
7.5,

140 mM NaCl, 1 mM EDTA, 10 % glycerol, 0.5 % NP-40, 0.75 % Triton X-100, protease
inhibitor (Complete, Roche Diagnostics) and lysed by incubation at 4°C for 30 min. Lysate
was centrifuged at 10000 x g, 10 min and 4°C and supernantant was collected for Western
blot analysis.

Proteins were separated by SDS-PAGE and transferred to polyvinylidene difluoride (PVDF)
membrane (Immobilion-P, Millipore) by semi-dry blotting. The membrane was incubated in
blocking solution (5 % milk powder (w/v) in TBS supplemented with 0.03 % Tween 20;
TBS-T) at room temperature for 30 min. Primary antibody incubations (anti-ABI11 (Sigma-
Aldrich) at 1:1000, anti-GAPDH (Sigma-Aldrich) at 1:3000) were carried out at 4°C
overnight, secondary antibody incubation (horseradish peroxidase linked anti-rabbit 1gG (Cell
signaling) at 1:10000) was performed at room temperature for 1 h. Washing steps with TBS-
T were done between incubations. Antibody signals were visualized with chemiluminescence
technology (Supersignal West Femto, Pierce Chemical) and captured on X-ray films

(Fujifilm).
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Supporting infor mation

Fig S1. Changes of epigenetic histone modificationsin Y. enterocolitica infected primary
human macrophages.
A, Table showing number of detected MACS2 or SICER peaks for each histone mark,

fraction of dynamic regions (MACS2 or SICER peaks overlapping significantly (> 2-fold
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change, adjusted P-value < 0.05) up- or down-regulated diffReps regions) and their
distribution at promoters and enhancers.

B, Bar plot showing the total number of unique diffReps regions (differentially enriched
regions) for indicated marks altogether identified in the comparisons WAC vs mock, WA314
vs mock and WAC vs WA314.

C, Table showing number of genes associated with differentially enriched regions at
promoters or enhancers for comparisons between mock, WAC and WA314. “Total genes up
and down” refersto all genes associated with differentially enriched regions at promoters and

enhancers when taking all histone marks together for each comparison.

Fig S2. Association between histone modifications at promoters and enhancers and gene
expression in Y. enterocolitica infected macr ophages.
Barplot shows percentage of genes with coordinated promoter and enhancer changes from

ChlIP-seq profiles overlapping with corresponding RNA-seq profiles.

Fig S3. Pathway and transcription factor enrichment of genes associated with histone
modifications whose expression isaltered in Y. enterocolitica infected macr ophages.
A, Heatmap of row-scaled (row Z-score) RNA-seq rlog gene counts belonging to
“Inflammatory response” pathway asin Figure 5B.

B, GO terms associated with latent enhancer genes from Figure 4D.

C, Heatmap showing TF motif enrichment in promoter and enhancer regions of genes
overlapping in RNA-seq and ChiP-seq asin Figure 5A. Color indicates level of log10

transformed P-value positively correlating with significance of enrichment.

Fig $4. Epigenetic and transcriptional regulation of Rho GT Pase pathway genesin Y.

enterocolitica infected macr ophages.
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A, Bar plot showing fraction and number (in bars) of indicated Rho GTPase pathway genes
with changes in expression only (RNA only), any associated histone modification only (ChlP
only), overlaps (RNA & ChIP) and no overlap with neither ChiP-seq nor RNA-seq.

B, Bar plot showing number of Rho GTPase pathway genes with dynamic histone
modifications at promoters, enhancers or both (overlap).

C, Table showing number of Rho GTPase pathway genes with histone modification changes
at enhancers and number of associated enhancers.

D, E, Heatmaps of DEGs encoding Rho GTPase effectors (D) and GEFs (E) with associated
histone modifications. Associated profiles are color coded on the left. The specificity of GEFs
for Rho GTPases is color coded on the right (E). Gene rlog counts were row-scaled (row Z-
score).

F, Table showing specificity of Rho GTPase effectors associated with RNA & ChlIP overlaps

in (A) and Figure 6C.

Fig S5. Role of YopM and Y opP in the epigenetic and transcriptional reprogramming of
macr ophages by Y. enterocolitica.

A, Principal component analysis of H3K4me3 tag counts in classes Pla-b in 2-4 replicates of
macrophages infected with the indicated strains.

B, Percentage Y opP effect (median vaue) for H3K4me3 (Pla-b classes) and H3K 27ac (P2a-
d, E1-4 classes) when compared to WA 314 vs mock (Up and Down profiles) or WA314 vs
WAC (Suppression and Prevention profiles).

C, Percentage Y opP effect (median value) for DEGs associated with histone modification
changes. “Median”: median value when taking % Y opP effect from all classes together.

D, Scatter plot of % Y opP effect for RNA-seq DEGs and ChiP-seq differential regions
associated with Rho GTPase pathway and inflammatory response from Figures 7C, D. Purple

dots associated with ABI1 gene are indicated.
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E, Western blot analysis of ABI1 levels in primary human macrophages infected with
WA314, WA314AY opP and WA314AY opP+inh (MAPK inhibitors) at an MOI of 100 for 6
h. GAPDH was used as aloading control. Data are representative of two independent

experiments.

S1 Table. Yersinia enterocolitica strains used in the study.

S2 Table. Analysisof promoter regions. The file contains genomic coordinates, associated
genes, normalized counts and percentage Y opP effect of regions associated with classesin P1
and P2 promoter modules.

S3 Table. Analysis of enhancer regions. The file contains genomic coordinates, associated
genes, normalized counts and percentage Y opP effect of regions associated with E1-4
enhancer classes.

4 Table. Analysis of latent enhancers. The file contains genomic coordinates and
associated genes of WAC vs mock latent enhancer regions.

S5 Table. RNA-seq background. The file contains log2 fold change and adjusted P-value for
genes from DESeg2 analysis of RNA-seq data.

S6 Table. RNA-seq heatmap. The file contains rlog counts from DESeq2 analysis for DEGs
clustered in classes R1-R4.

Table S7. M etabolic pathwaysin Prevention profile. Analysis was conducted with genes
from RNA-seq and ChiP-seq overlapsin Prevention profile. Highlighted pathways include
pathways of cholesterol, fatty acids, acyl-CoA or glucose metabolism.

S8 Table. Enriched pathways associated with Rho GT Pase pathway genes.

SO Table. Analysis of Rho GT Pase pathway genesin promoter and enhancer classes. The
file contains genomic coordinates, normalized counts and activity of Rho GTPase pathway
genes from promoter and enhancer classes. H3K4me3 counts are given for Pla-b classes and

H3K?27ac counts are given for P2a-d and E1-4 classes.
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S10 Table. RNA-seq heatmap of Rho GT Pase pathway genes. The file containsrlog
counts from DESeg2 analysis and activity of Rho GTPase pathway genes associated with
RNA-seq classes R1-4.

S11 Table. Rho GT Pase specificity of GAPsand GEFswith RNA-seq and Chl P-seq
overlapsin different profiles.

S12 Table. Rho GTPase specificity and reported function in epigeneticsfor effectors
with RNA-seq and ChilP-seq overlaps.

S13 Table. Analysis of YopP effect on Rho GT Pase pathway genes. The file contains %

Y opP effect on epigenetic and gene expression changes of genes from Rho GTPase pathway
in Suppression and Prevention profiles. Genes, associated regions with histone mark changes
and % Y opP effect are indicated. Only genes with significant WAC vs WA314 RNA-seq and
ChlP-seq change were analysed. "Average" indicates average % Y opP effect on ChiP-seq
regions and RNA-seq genes (unique).

S14 Table. Analysis of YopP effect on inflammatory response pathway genes. Thefile
contains % Y opP effect on epigenetic and gene expression changes of genes from
inflammatory response pathway in Suppression profile. Genes, associated regions with
histone mark changes and % Y opP effect are indicated. Only genes with significant WAC vs
WA314 RNA-seq and ChiP-seq change were analysed. "Average” indicates average % Y opP
effect on ChlP-seq regions and RNA-seq genes (unique).

S15 Table. Primer sequences used for ChlP-qgPCR for differential enrichment analysis.
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Figure Captions

Fig 1. Changes of epigenetic histone modificationsin Y. enterocolitica infected primary
human macr ophages.

A, Experimental design. CD14" monocytes were isolated and differentiated into macrophages
by cultivation with 20 % human serum for 6 days. Macrophages from > two independent
donors were mock infected or infected with avirulent Y. enterocolitica strain WAC, wild type
strain WA314 or the single Y op-mutant strains WA314AY opM and WA314AY opP for 6 h.
Samples were subjected to ChlP-seq for histone modifications H3K27ac, H3K4me3 and
RNA-seq. H3K4mel and H3K27me3 ChiP-seq was performed only for mock, WAC and
WA314 infected macrophages.

B, Bar plot showing proportions of dynamic and constant regions of ChlP-seq data obtained
from mock-, WAC- and WA 314 infected macrophages as described in (A). Dynamic regions
were defined as MACS (H3K4me3, H3K27ac) or SICER (H3K4mel, H3K27me3) peaks
overlapping significantly (> 2-fold change, adjusted P-value < 0.05) up- or down-regulated
diffReps regions in the three pairwise comparisons WAC vs mock, WA314 vs mock and
WAC vs WA314.

C, Bar plot showing distribution of dynamic regions from (B) at gene promoters and
enhancers.

D, Heatmap showing Spearman correlation (cor.) of H3K27ac tag density at all H3K27ac
peaks from mock-, WA C- and WA 314-infected samples and publicly available H3K27ac
ChlIP-seq data of naive* and LPS* treated macrophages. Low to high correlation is indicated
by blue-white-red colour scale.

E, Number of differentially enriched regions (diffReps > 2-fold change, adjusted P-value <

0.05) for the indicated histone marks.
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F, G, Venn diagrams of differentially enriched region overlaps showing suppression of WAC
induced upregulation of H3K4me3 marks by WA314 (F) and suppression of WAC induced
up-regulation of H3K27ac marks by WA 314 or prevention of WAC induced down-regulation
of H3K27ac marks by WA314 (G).

H, Bar plot showing the number of genes associated with promoters, enhancers or both in

total or for the indicated histone marks associated with dynamic regionsin (E).

Fig 2. Dynamic H3K4me3 and H3K 27ac modifications at promotersin Y. enterocolitica
infected macr ophages.

A, Heatmap showing clustering of H3K4me3 (module P1) and H3K 27ac (module P2)
differential regions at promoters in mock-, WAC- and WA314 infected human macrophages.
P1 contains dynamic H3K4me3- and H3K 27ac regions that change concordantly and P2
contains dynamic H3K 27ac regions at largely constant H3K4me3 regions. H3K4me3 and
H3K27ac tag densities are shown in both modules. The identified clusters (colour coded bars
on the left side) were grouped in classes Pla-P2d. Rows are genomic regions from -10 to +10
kb around the centre of the analyzed regions. n indicates number of regions in the respective
classes.

B, Boxplots of H3K4me3 and H3K 27ac tag counts for the classesin (A). Profiles describing
relation of histone mark levels between mock, WAC and WA314 are indicated on top. Data
are representative of at least two independent experiments.

C, D Peak tracks of H3K4me3 (red) and H3K27ac (blue) tag densities at promoter regions of
the genes OASL from Suppression profile classes Plaand ACOT7 from Prevention profile
class P1b (C) and ZNF513 from Down profile class P2b and SLC30A3 from Up profile class

P2c (D).
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E, Schematic summarizing Yersinia counter-regulation of PAMP-induced H3K4me3 and
H3K27ac changes at promoters. Arc arrows indicate deposition or removal of histone marks,

whose levels are signified by different size.

Fig 3. H3K4mel and dynamic H3K 27ac modifications at distal regulatory
elements/enhancersin Y. enterocolitica infected macrophages.

A, Heatmap showing clustering of H3K 27ac differential regions at enhancers of mock-,
WAC- and WA314 infected macrophages. H3K4mel tag counts are shown for the associated
regions. Clustering analysis yielded 6 clusters (color coded, left side) which were assembled
into classes E1-4. Rows are genomic regions from -10 to +10 kb around the centre of the
analyzed regions. n indicates number of regions

B, Boxplot of H3K27ac tag counts of classes E1-E4 in (A). Profiles describing relation of
histone mark levels between mock, WAC and WA314 areindicated on top. Data are
representative of two independent experiments.

C, Peak tracks of H3K4me3- (red), H3K27ac- (blue) and H3K4mel (green) tag densities at
promoter (orange box) and enhancer (purple box) regions of Suppression profile gene IL1A.
Data are suggestive of coordinative regulation of H3K4me3 and H3K27ac at the promoter
and H3K27ac at an enhancer of the IL1A gene (see also corresponding gene expression data
of IL1A in S5 Table).

D, Heatmap showing H3K4mel and H3K 27ac tag counts at |atent enhancers induced by
WAC vs mock. Rows are genomic regions from -10 to +10 kb around the centre of the

analyzed regions. n indicates number of regions.

Fig 4. Association between histone modifications at promoters and enhancers and gene

expression in Y. enterocolitica infected macr ophages.
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A, Heatmap from clustering of all DEGs from mock, WAC and WA 314 comparisons.
Clustering identified 4 major classes R1-R4 (color coded, right side). Profiles describing
relation of expression levels between mock, WAC and WA314 are indicated on the left. In the
heatmap, gene rlog counts are row-scaled (row Z-score).

B, C, Venn diagrams of DEG overlaps between WAC vs mock up and WAC vs WA314 up
(B) and WAC vs mock down and WAC vs WA314 down (C). Overlaps show the number of
genes whose up-regulation by WAC is suppressed by WA314 (B) and whose down-regulation
by WAC is prevented by WA314 (C).

D-G, Bar plots showing fraction (%) of genes associated with H3K4me3 at promoters (D),
H3K27ac a promoters (E), H3K4me3 and H3K 27ac a promoters (F) and H3K27ac at
enhancers (G) showing respective changes in gene expression (> 2-fold change, adjusted P-
value < 0.05).

H, Barplot showing percentage of genes from ChlP-seq profiles overlapping with
corresponding RNA-seq profiles.

I, Heatmap presentation showing relative overlap of genes in promoter classes Pla-P2d and
enhancer classes E1-4. Light to dark color scale indicates low to high overlap.

J, Schematic summarizing Yersinia's coordinated counter-regulation of PAMP-induced
H3K4me3 and H3K 27ac changes at promoters and enhancers. Levels of color-coded histone
marks are signified by their size. Size of TSS arrows and number of transcripts indicate

transcriptional activity.

Fig 5. Pathway and transcription factor enrichment of genes associated with histone
modifications whose expression isaltered in Y. enterocolitica infected macr ophages.
A, Bar plot showing fraction and number (numbers in bars) of genes from RNA-seq profiles

overlapping with corresponding ChlP-seq profiles.
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B, Bar plot showing enriched GO and KEGG (hsa prefix) terms for genes overlapping in
RNA-seq and ChiP-seq asin (A). Bars represent log10 transformed P-values correlating with
significance of enrichment. Pos: positive, reg: regulation, pol: polymerase, prom: promoter.
C-E, Heatmaps of row-scaled (row Z-score) RNA-seq rlog gene counts for genes from
pathwaysin (B).

F, Representative enriched transcription factor motifs in promoter and enhancer regions of

genes overlapping in RNA-seq and ChiP-seq asin (A).

Fig 6. Epigenetic and transcriptional regulation of Rho GTPase pathway genesin Y.
enterocolitica infected macrophages.

A, Number of Rho GTPase pathway genes associated with regions in promoter and enhancer
classes including number of total unique genes and regions.

B, Heatmap of all DEGs from Rho GTPase pathway in classes R1-R4 (color coded, right
side) and their correlation with profiles (left side). n refers to the number of genes. Generlog
counts were row-scaled (row Z-score).

C, Bar plot showing fraction and number of genes from RNA-seq profilesin (B) overlapping
with corresponding promoter and/ or enhancer regions from the same profiles.

D, Bar plot showing specificities of active GAPs (Mller et a., 2020) from overlapsin (C) for
Racl, RhoA and multiple Rho GTPases. Fraction and number (in bars) for al identified GAPs
and for GAPsin the Suppression and Prevention profiles are shown.

E, F, Heatmaps of GAP (E) and Rho GTPase genes (F) from overlapsin (C). Associated
profiles are indicated on the left and specificity of GAPs for Rho GTPases are indicated on
the right. Gene rlog counts were row-scaled (row Z-score).

G, Table showing DEGs (from Fig 4A, S6 Table) known to regulate ubiquitination and/ or

proteosomal degradation of Rho GTPases.
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H, Schematic representation of Rho GTPase cycle and reprogrammed Rho GTPase pathway

genes divided into GAPs, GEFs, Rho GTPases and effectors, and assigned to profiles.

Fig 7. Role of YopP and YopM in the epigenetic and transcriptional repr ogramming of
macrophages by Y. enterocolitica.

A, Principal component analysis of H3K27ac tag counts in classes Pla-P2d and E1-4 in two
replicates of macrophages infected with the indicated strains.

B, Number of DEGs (> 2-fold change, adjusted P-value < 0.05) and differential H3K4me3
and H3K27ac regions (> 2-fold change, adjusted P-value < 0.05) for WA314AY opM vs
WA314 and WA314AY opP vs WA314.

C, D, Percentage of WA 314 effect on expression of Rho GTPase pathway genes (C) or genes
of the inflammatory response (D) associated with histone modifications that is caused by

Y opP. The percentage value was calculated from the ratio of fold change (FC) between
WAZ314AY opP vs WA314 and WA314 vs WAC for Suppression (C, D) and Prevention (C)
profiles.

E, Peak tracks of tag densities showing H3K4me3 and H3K 27ac changes associated with
IL2RA gene, whaose suppression of gene expression by WA314 is produced in a'Y opP-
dependent manner (D). H3K4me3 and H3K 27ac densities at the IL2RA promoter (orange
box) and H3K27ac densities at the enhancers (purple boxes) are not affected by Y opP
(compare effects of WA314 and WA314AY opP).

F, H3K4me3 and H3K27ac ChlP-gPCR signals at indicated genes in macrophages not
infected (mock) or infected with indicated strains. WA314AY opP infections occurred in the
absence and presence of MAPK inhibitors (inh). The ChIP-gPCR signal was expressed as
relative (rel.) enrichment (enr.) vs mock. Lines represent mean of 3 biological replicates (dots
with different shapes). SOCS3: Suppressor of cytokine signaling 3, IDO1: Indoleamine 2,3-

Dioxygenase 1, PTGS2: Prostaglandin-Endoperoxide Synthase 2.
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G, Immunofluorescence staining of primary human macrophages infected with WA314,
WAZ314AY opP+inh (MAPK inhibitors) and WA314AY opP at an MOI of 100 for 6 h. Cells
were stained with Alexa568 phalloidin (red) to visualize actin and antibodies for ABI1 (cyan),
vinculin (blue) and ZO-1 (green). Fourth column shows overlay of actin and ABI1 (top) and
actin, vinculin and ZO-1 (bottom) for WA314AY opP infection. Data are representative of two
independent experiments.

H, Quantification of actin (left) and ABI1 (right) signal intensity at cell junctions from
immunofluorescence of primary human macrophages infected with WA314,

WAZ314AY opP+inh (MAPK inhibitors) and WA314AY opP at an MOI of 100 for 6 h. Bars
show mean and error bars represent standard deviation. ****: P-adjusted < 0.0001 by

unpaired Wilcoxon test. Data are representative of two independent experiments.
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DEGs and differential regions

H3K27ac ChlP-seq Comparison __| RNA-seq H3K4me3 H3K27ad]
WA314AYopM  up 279 2
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A Identified peaks and fraction of dynamic peaks B 25 )
Histone mark Peaks or regions % dynamic peaks or regions 2520
(peak caller) Total__| Dynamic | % dynamic | Promoters Undefined 28
H3Kdme3 (MACS2)| 26791 1939 72 55.1 238 11 E X 15
H3K4me1(SICER) | 57519 | 1984 34 51.8 482 0.0 T
H3K27ac(MACS2) | 63120 | 26819 425 238 725 37 g 510
H3K27me3 (SICER)| 22645 12 0.1 50.0 33.3 16.7 295
52 7] 5 2158
o] == - 13
g E
S
FEES
C Associated genes
H3K4me3 H3K27me3 H3Kame1 H3K27ac total genes up and
Comparison :
promoters enhancers | promoters enhancers | promoters enhancers| promoters enhancers| down (unique)
WACvs up 726 351 0 0 179 372 1504 2958 .
mock __down 87 97 1 1 217 307 1507 3195
WA314 up 171 108 0 0 33 358 1692 2249 5000
vs mock _down 34 13 0 1 186 193 640 2051
WACvs up 457 283 0 0 394 80 920 2749 7550
WA314 _ down 52 60 5 1 46 197 2106 2854
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Inflammatory response B GO terms associated with latent enhancers
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Rho GTPase effector specificity

Prevention _Suppression _Up _Down
Cdcaz 7 fr 0
Ract 3 10 2 1
RhoA 5 10 o o
Rhod 2 3 10
Rac3 2 5 2 o
RhoC 2 7 o o
Rac2 1 4 2 o
Rnd3 1 s o o
RhoBTBL 0 a o o
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A H3K4me3 ChiP-seq B
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% YopP effect on histone modifications

C % YopP effect on gene expression
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@ Rho GTPase pathway
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ChiIP-seq

Profile Class | % YopP effect Profile Class | % YopP effect
Pla 57.2 Suppression R1 46.9
Suppression| P2a 434 Down R2 264
E1 486 Up R3 65.7
P2b 8.9 Prevention R4 55.8
Down E2 252 Median 51.4
Up P2c 25.9
E3 28.3
P1b 40.5
Prevention P2d 52.0
E4 53.2
Median 42.0
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