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Phosphorylation of endothelial histone
H3.3 serine 31by PKN1 links flow-induced
signaling to proatherogenic gene expression
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Atherosclerotic lesions develop preferentially in arterial regions exposed
to disturbed blood flow, where endothelial cells acquire an inflammatory
phenotype. How disturbed flow induces endothelial cell inflammation is
incompletely understood. Here we show that histone H3.3 phosphorylation
atserine 31 (H3.3S31) regulates disturbed-flow-induced endothelial
inflammation by allowing rapid induction of FOS and FOSB, required for
inflammatory gene expression. We identified protein kinase N1 (PKN1) as the
kinase responsible for disturbed-flow-induced H3.3S31 phosphorylation.
Disturbed flow activates PKN1in anintegrin a5f1-dependent manner

and inducesits translocationinto the nucleus, and PKN1is also involved
inthe phosphorylation of the AP-1transcription factor JUN. Mice

with endothelium-specific PKN1loss or endothelial expression of S31
phosphorylation-deficient H.3.3 mutants show reduced endothelial
inflammation and disturbed-flow-induced vascular remodeling in vitro
andinvivo. Together, we identified a pathway whereby disturbed flow
through PKN1-mediated histone phosphorylation and FOS/FOSB induction
promotes inflammatory gene expression and vascular inflammation.

Atherosclerosis is the major cause of myocardial infarction, ischemic
stroke and peripheral artery disease and, thereby, contributes consider-
ably to morbidity and mortality worldwide'. It is a chronicinflammatory
disorder of large and medium-sized arteries. In addition to systemic
risk factors, including obesity, diabetes mellitus, arterial hypertension,
high plasma levels of low-density lipoprotein (LDL) cholesterol and
triglycerides and others**, the local arterial microenvironment also has
astrongeffect onthe developmentand progression of atherosclerotic

lesions*’. Atherosclerosis develops preferentially in arterial regions
exposed todisturbed blood flow, such as vessel curvatures, bifurcations
or branching points, whereas areas exposed to high laminar flow are
resistant or are affected only at later stages of the disease’”.
Different flow patterns are sensed by endothelial cells through
various mechanosensitive proteins and protein complexes. Laminar
and disturbed flow induce signal transduction processes in endothelial
cells, whichresultin anti-atherogenic or pro-atherogenic phenotypes,
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Fig.1| FOS/FOSB are induced by disturbed flow and mediate endothelial
inflammation. a, Volcano plot comparing chromatin accessibility peaks in
HUAECs kept under static conditions or exposed to disturbed flow (DF) for 3 h.

b, Analysis of motif enrichment in genomic regions with increased accessibility

in HUAECs reveals the considerable enrichment of AP-1 motifs. ¢, Volcano plot
depicting results from TOBIAS. Red points depict motifs that are enriched and
have atranscription factor (TF) footprint under static conditions; blue points
depict motifs that are enriched and have a TF footprint when cells were exposed
to DF. d-f, HUAECs were kept under static conditions or were exposed to DF for

3 h,and expression of the indicated AP-1family members was assessed by RNA-seq

(d,e) (n=2) orimmunoblotting (f) (n =3 independent experiments). g, Aggregate
ATAC-seq footprints of the FOS/FOSB motif in static and DF. Dashed lines
represent the borders of the 11-bp FOS/FOSB motif. Curves represent normalized
ATAC cut site signal summarized over all possible binding sites with a FOS/FOSB
motif overlapped by a peak (n=23,667). h,i, HUAECs were transfected with control
siRNA (control) or siRNA directed against FOS or FOSB and were exposed to DF for
3 h. Expression of inflammatory genes (h) and FOS/FOSB (i) was analyzed by qRT-
PCR (n=5independent experiments). Data are shown as mean +s.e.m.;

the Pvalues are given in the figure (two-way ANOVA with Bonferroni’s post hoc
test). bp, base pair; RPKM, reads per kilobase per million mapped reads.

respectively”®. Disturbed flow, but not laminar flow, induces the
expression of inflammatory genes encoding leukocyte adhesion mol-
ecules, including VCAM-1,ICAM-1or E-selectin, or chemokines, such as
CCL2 (refs.11-13). Inflammatory gene expression induced by disturbed
flow is a complex process involving different signaling pathways and

transcription factors and co-factors, including NF-kB, AP-1, EGR1 and
YAP/TAZ. NF-kB, a well-established mediator of inflammatory gene
expression in endothelial cells™>"*%, is activated by disturbed flowina
manner depending onintegrins a5p1and avf3 (refs.17-22). Disturbed
flow also promotes activation of the AP-1 transcription factors JUN

Nature Cardiovascular Research | Volume 4 | February 2025 | 180-196

181


http://www.nature.com/natcardiovascres

Article

https://doi.org/10.1038/s44161-024-00593-y

and FOS>*%, and inflammatory gene expression in endothelial cells
requires AP-1activation®®~°, However, the mechanisms underlying the
activation of AP-1by disturbed flow are not known.

The histone 3.3 (H3.3) variantis enriched in euchromatin and dif-
fersfromthe variants H3.1and H3.2 in several residues, including amino
acid 31, whichis a serine in H3.3 and an alanine in the other variants™.
Phosphorylation of serine 31 was recently shown to play animportant
role in gene regulation®>*. In murine embryonic stem cells (ESCs),
H3.3 phosphorylation at serine 31 stimulates activity of the p300/CBP
histone acetyl transferase, resultingin H3K27 acetylation at enhancer
sequences required for ESC differentiation®. During activation of
macrophages by lipopolysaccharide (LPS), H3.3 phosphorylation at
serine 31 was shown to recruit the H3K36 methyl transferase SETD2, a
componentoftheactive transcription machinery, resultingin H3K36
trimethylation and rapid gene induction, including the dissociation
ofthe transcription repressor ZMYND11 (ref. 34). Thus, phosphoryla-
tion of H3.3S31appearsto play animportant rolein rapid induction of
gene expression programs. However, how H3.3S31 phosphorylationis
regulated is poorly understood.

Results

Disturbed induced FOS/FOSB and endothelial inflammation
Toidentify early changesin endothelial chromatin accessibility induced
by disturbed flow, we performed the assay of transposase-accessible
chromatin coupled to high-throughput sequencing (ATAC-seq)
in human umbilical artery endothelial cells (HUAECs) exposed to
disturbed flow. Comparison of chromatin accessibility between
non-flowed cells and cells exposed to disturbed flow for 3 h revealed
alarge number of genomic regions that were more accessible in cells
exposed to flow (Fig. 1a). To identify transcription factors that are
recruited shortly after exposure of endothelial cells to disturbed flow
and that may be involved in chromatin remodeling and transcriptional
regulation, we performed transcription factor motif analysis in the
1,241regions that were more accessible after flow exposure. The most
highly enriched motifs included those that bind multiple members
of the AP-1transcription factor family. AP-1 motifs were found in 86%
of the regions that became more accessible after flow compared to
9% under static conditions (Fig. 1b). Further bioinformatic analysis
to predict transcription factor occupancy using footprint analysis
(transcription factor occupancy prediction by investigating ATAC-seq
signal (TOBIAS)) in the ATAC-seq dataset® showed a considerable gain
of putative transcription factor binding at AP-1 motifs in the acces-
sible chromatin from HUAECs exposed to disturbed flow compared
to cells kept under static conditions (Fig. 1c). When looking in more
detail, we found that the AP-1transcription factorsJUN,JUNB and JUND
were expressed at relatively high levels and that their expression was
only slightly increased by disturbed flow (Fig. 1d,e). In contrast, FOS
and FOSB were present at very low levels but showed strong induc-
tion shortly after exposure of cells to disturbed flow as well as after
24 hof disturbed flow (Fig.1d,e and Extended DataFig.1a). The strong
upregulation of FOS and FOSBin response to disturbed flow could also
be seen on the protein level (Fig. 1f). Analysis of FOS/FOSB binding

sites by footprint analysis showed a noticeable increase inendothelial
cells exposed to disturbed flow when compared to cells kept under
static conditions (Fig. 1g). Knockdown of FOS or FOSB alone partially
inhibited disturbed-flow-induced expression of inflammatory genes,
including VCAMI,ICAMI, CCL2 and SELE, and knockdown of both FOS
and FOSB blocked induction of inflammatory genes (Fig. 1h,i and
Extended DataFig.1b). These data confirm older studies showing that
AP-1transcription factors are activated by disturbed flow**** and
demonstrate that induction of FOS/FOSB expression is required for
disturbed-flow-induced inflammatory gene expression.

PKNI1 mediates disturbed-flow-induced expression of
FOS/FOSB

In an attempt to identify signaling mechanisms involved in
disturbed-flow-induced induction of FOS and FOSB expression, we
performed an siRNA-mediated knockdown of 80 protein kinases
highly expressed in HUAECs and determined the effect on induc-
tion of both AP-1 transcription factors induced by disturbed flow
(Extended Data Fig. 2a). PKN1 turned out to be the kinase whose
knockdown most strongly reduced disturbed-flow-induced FOS/
FOSBinduction. Alternative siRNAs directed against PKN1also blocked
disturbed-flow-induced expression of FOS/FOSB both on the RNA as
well asonthe proteinlevel and prevented disturbed-flow-induced AP-1
promoter activation (Fig. 2a-c and Extended Data Fig. 2b). When we
analyzed disturbed-flow-induced JUN phosphorylation, we found that
this effect was blocked after knockdown of Jun N-terminal kinase (JNK)
as well as after knockdown of PKNI1 (Fig. 2d), and knockdown of PKN1
also abrogated disturbed-flow-induced JNK phosphorylation (Fig. 2d).
However, knockdown of JNK did not affect disturbed-flow-induced
induction of FOS and FOSB expression (Fig. 2e). This indicates that
PKN1is regulating not only the expression of FOS and FOSB but also
the phosphorylation of JUN through the activation of JNK. The critical
role of PKN1indisturbed flow-induced induction and activation of AP-1
transcription factors was also obvious when we compared transcription
factor binding between HUAECs exposed to disturbed flow in control
cells and cells after knockdown of PKN1 (Fig. 2f). These datashowed a
strongly reduced number of AP-1transcription factor motifsinacces-
sible regions after knockdown of PKN1 (Fig. 2f).

Consistent with a critical role of AP-1in disturbed-flow-induced
expression of inflammatory genes, we found that suppression of PKN1
expression blocked or inhibited induction of inflammatory genes by
disturbed flow onthe RNA level as well as on the protein level (Fig. 2g,h
and Extended DataFig. 2¢), an effect also seen after knockdown of JNK
(Extended Data Fig. 2d). In addition, a constitutively active version of
PKN1expressed in HUAECs increased inflammatory gene expression,
and the effect was lost after knockdown of FOS/FOSB (Fig. 2i). Knock-
down of PKN1 had no effect on phosphorylation or nuclear transloca-
tion of the NF-kB component p65induced by disturbed flow or tumor
necrosis factor (TNF) (Extended Data Fig. 2e-h). These data indicate
that PKN1specifically mediates disturbed-flow-induced phosphoryla-
tion of JUN and expression of FOS and FOSB, which are required for
disturbed-flow-induced expression of inflammatory genes.

Fig. 2| PKN1 mediates disturbed-flow-induced expression of FOS/FOSB.
a-c¢, HUAECs were transfected with control siRNA or an siRNA against PKNI
and were exposed to disturbed flow (DF) for 3 h as described above. FOS and
FOSB levels were determined by qRT-PCR (a) orimmunoblotting (b), and
AP-1promoter activity (c) was determined by luciferase reporter assay after
transfection of cells with AP-1promoter luciferase reporter construct (n =3
independent experiments).d, HUAECs were transfected with control siRNA or
siRNA against /NK or PKNI and were exposed to DF for 30 min. Phosphorylated
PKNL, JNK or c-JUN was determined by immunoblotting (n = 5independent
experiments). e, HUAECs were transfected with control siRNA or an siRNA against
JNK and were exposed to DF for 3 h. FOS and FOSB expression was determined
by qRT-PCR (n =5 independent experiments). f, Volcano plot depicting results

from TOBIAS. Red points depict motifs that are enriched and have a transcription
factor (TF) footprintin control cells exposed to disturbed flow; blue points
depict motifs that are enriched and have a TF footprint in cells exposed DF after
knockdown of PKN1. g,h, HUAECs were transfected with control siRNA or siRNA
against PKNI and were exposed to DF for 3 h. Inflammatory gene expression was
analyzed by qRT-PCR (g, n = 4 independent experiments) or immunoblotting
(h, n=3independent experiments). i, The constitutively active mutant of PKN1
(PKN-CA) was expressed by lentiviral transduction in HUAECs, and expression
ofinflammatory genes was analyzed by qRT-PCR. Non-transducing lentivirus
was used as acontrol (n=5independent experiments). Data are shown as

mean ts.e.m.; the Pvalues are givenin the figure (Kruskal-Wallis test (a-c,g,h)
and one-way ANOVA with Tukey’s post hoc test (d,e,i)). NS, not significant.
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Disturbed flow induces PKN1 activation via integrin o541 (Extended DataFig.3b,c). Disturbed-flow-induced PKN1activation was

After applying disturbed flow to endothelial cells, we detected phos-  notseenin cells cultured on plates coated with poly-L-lysine or collagen
phorylation of PKN1at threonine 774 (Fig. 3aand Extended DataFig.3a), but depended on fibronectin coating of plates (Fig. 3a). As shown in
whichwas shown to resultin PKN1activation®®. Disturbed-flow-induced  Fig.3b,c, blockade of the fibronectin-binding integrin a531 by ATN-161
PKN1phosphorylation occurredin atime-dependent mannerandwas  inhibited disturbed-flow-induced phosphorylation of PKN1as well as
specificas PKN2was not phosphorylatedinresponseto disturbed flow  induction of FOS and FOSB expression. This indicates aninvolvement
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Fig. 3 | Disturbed-flow-induced PKN1activation and nuclear translocation is
mediated by integrin a5p1. a, HUAECs were plated on fibronectin (FN), collagen
IV (Col.lV) or poly-L-lysine (PLL) and were kept under static conditions (-) or were
exposed to disturbed flow (DF) for 60 min. Total and phosphorylated PKN1 was
determined by immunoblotting (n = 3 independent experiments). b,c, HUAECs
were exposed to DF for 30 min (b) or 3 h (c) or were kept under static conditions
after pre-treatment for 30 min without or with the integrin a5p1 antagonist ATN-
161 (10 pM). Total and phosphorylated PKN1 was determined by immunoblotting
(b), and FOS/FOSB expression was analyzed by qRT-PCR (c) (n =3 independent
experiments).d, HUAECs on FN or PLL were exposed to static conditions or DF
for1h, after which total and phosphorylated PKN1distributionin the nucleus and
cytoplasm was analyzed by immunoblotting (n = 3 independent experiments).

e, HUAECs were exposed to DF for 1 h or kept under static conditions and then
stained with antibodies against PKN1 (red) and p-PKN1 (green), along with DAPI
(blue). The ratio of nuclear and cytoplasmic PKN1 or p-PKN1 was quantified (n=3

independent experiments). Scale bar, 20 pm. f,g, Cross-sections of the inner (f,g)
and outer (f) curvatures of aortic arches from wild-type (WT) (f,g) or EC-Itga5-KO
(g) mice were stained with antibodies against phosphorylated PKN1 (green) and
CD31(purple) as well as with DAPI (red). The bar diagrams show percentage of
phosphorylated PKN1-positive area per endothelial DAPI-positive area. Scale
bar, 20 pm (n = 6 mice per group; at least three sections were analyzed per
animal). h, Representative immunofluorescence confocal images of sections of
the human aorta. Sections were stained with antibodies against phosphorylated
PKN1 (purple), CD31(green) and VCAMI (red) as well as with DAPI (blue). Arrows
indicate endothelial marker-positive cells. The Spearman correlation analysis
showed asignificant relationship (r = 0.7747, P= 0.0028) (n = 13 different
patients; at least three sections per patient sample were analyzed). Scale bar,

20 pm. Data are shown as mean + s.e.m.; the Pvalues are givenin the figure
(Kruskal-Wallis test (a-c), Mann-Whitney two-sided test (d,e) or unpaired two-
sided t-test (f,g)). NS, not significant; Con., control; ATN., ATN-161.

ofintegrin a5p1, which was shown to mediate disturbed-flow-induced
inflammatory signaling and inflammatory gene expression'”***%, When
studying the effect of disturbed flow on the cellular localization of
PKN1, we noticed that disturbed flow induced strong nuclear trans-
location of total and phosphorylated PKN1 (Fig. 3d,e and Extended
Data Fig. 3d), an effect seen only in cells grown on plates coated with
fibronectin but not with poly-L-lysine (Fig. 3d). Consistent with arole of
PKN1indisturbed-flow-induced endothelialinflammation, we found an
increased fraction of phosphorylated PKN1in the nucleus of endothelial
cellsoftheinner curvature of the aortic arch, whichis mainly exposed
to disturbed flow, compared to the outer curvature, which is exposed
tolaminar flow (Fig. 3f). Inendothelium-specificintegrin a5-deficient
mice (Cdh5-CreERT2;/tga5"/"x, hereafter referred to as EC-ltga5-KO),
the nuclear localization of phosphorylated PKN1in endothelial cells of
theinner curvature was reduced compared to wild-type mice (Fig. 3g).
We then studied nuclear localization of phosphorylated PKN1in the
human aorta, in which we compared areas without and with endothe-
lial VCAML1 expression as an indicator of endothelial inflammation.
AsshowninFig.3h, endothelial expression of VCAML1 correlated with
nuclear localization of phosphorylated PKN1. These dataindicate that
disturbed flow induces activation and nuclear translocation of PKN1
and that this is mediated by integrin a5p1.

PKN1phosphorylates H3.3S31 to promote FOS/FOSB expression
Because PKNI1translocated to the nucleusin response to disturbed flow
and because PKN1was shown previously to phosphorylate histone H3
atthreonine 11to regulate transcriptional activity®’, we tested whether
disturbed flow induced phosphorylation of histone H3. We found that,
within 30 min of disturbed flow, histone H3 became phosphorylated
at serine 10 but not at threonine 11, which showed a non-significant

tendency toward increased phosphorylation (Fig. 4a). In addition, a
small phosphorylation after a longer time period could also be seen
at serine 28 in response to disturbed flow (Fig. 4a). Cells express not
only histone H3.1/2 but also the histone H3.3 variant, which, in addi-
tion, canbe phosphorylated at serine 31 (ref. 40). We, therefore, tested
the effect of disturbed flow on histone H3.3 serine 31 phosphorylation
and found that it also increased within 30 min after exposure of cells
to disturbed flow (Fig. 4a). Suppression of PKN1 expression resulted
in loss of disturbed-flow-induced phosphorylation at each of the
sites (Fig. 4a and Extended Data Fig. 4a). To test whether any of the
PKNI-mediated histone H3.3 phosphorylation events were relevant for
disturbed-flow-induced inflammatory gene expression, we suppressed
expression of endogenous histone H3.3 using siRNA and infected
HUAECs with lentivirus transducing wild-type H3.3 or the phospho-
site mutants of H3.3 (Extended Data Fig. 4b-d). Although expression
of H3.3(S10A) and H3.3(S28A) had no effect on disturbed-flow-induced
inflammatory gene expression, expression of the phosphosite mutants
H3.3(T11A) and H3.3(S31A) inhibited disturbed-flow-induced VCAMI
and SELE aswell as ICAMI and CCL2 expression (Fig. 4b,c and Extended
Data Fig. 4e). When testing the effect of the T11A and S31A mutants
of H3.3 on disturbed-flow-induced expression of FOS and FOSB, we
saw that only the H3.3(S31A) mutant had an effect (Fig. 4d,e), suggest-
ing that histone H3 phosphorylation at threonine 11 is required for
efficient induction of inflammatory gene expression through a FOS/
FOSB-independent mechanism. Loss of flow-induced expression of
VCAM1 and FOS/FOSB after expression of the H3.3 phosphosite mutant
H3.3(S31A) was also seen on the protein level (Fig. 4f). We, therefore,
focused on the PKN1-mediated regulation of H3.3 serine 31 phospho-
rylation, which could be observed even 24 h after exposure to disturbed
flow (Extended Data Fig. 4f).

Fig. 4| PKN1phosphorylates histone H3.3 at serine 31 to promote FOS/FOSB
expression and endothelial inflammation. a, HUAECs transfected with
control siRNA or PKN1siRNA were exposed to disturbed flow for specified time
periods, and histone H3 phosphorylation was assessed by immunoblotting
(n=3independent experiments). The presented immunoblots are from the
same experiment as blots shownin Fig. 5a and include the same H3.3 loading
control. b—f, Wild-type (WT) human H3.3 or mutants were expressed in
HUAECs via lentiviral transduction after siRNA-mediated H3.3 knockdown;
cells were subjected to static conditions or disturbed flow for 3 h; and mRNA
levels of VCAMI (b). SELE (c), FOS (d) and FOSB (e) were analyzed by qRT-

PCR (n=5independent experiments) or protein levels were determined by
immunoblotting (f, n =3 independent experiments). g, Recombinant histone
H3.3 or polynucleosomes were incubated with or without recombinant PKN1
and ATP and analyzed by immunoblotting for H3.3S31P, PKN1and H3.3 (n=3
independent experiments). h, Representative immunofluorescence confocal
images of human aorta stained for phosphorylated H3.3S31 (green), CD31 (red),
VCAMI1 (cyan) and DAPI (blue). Arrows indicate endothelial marker (CD31)-
positive cells. Shown is the Spearman correlation analysis (n = 13 different

patients, at least three sections per patient). i, Representative en faceimmuno-
confocal microscopy images of the aortic inner curvature from WT and EC-Pkn1-
KO mice (n =4 per group) stained with anti-H3.3S31P or anti-CD31 antibodies

and DAPIL. Immunofluorescence was quantified as the percentage of H3.3S31P-
positive cells among CD31-positive cells per view field (n = 4 mice, at least three
areas per mouse). j,k, Atheroprone Ldlr”’” mice were infected with AAV2-QuadYF
virus to transduce WT H3.3 or the phosphosite mutant H3.3S31A. En face images
oftheaorticinner curvature were obtained after VCAM1, CD31 and DAPI staining
(§). Immunofluorescence was quantified as the percentage of VCAM1-positive
cellsamong CD31-positive cells per field (j, n = 5 mice per group, at least three
areas per mouse). Two weeks after carotid artery ligation, mice were euthanized,
and light microscopy images of carotid arteries were analyzed for the percentage
of neointima between the aorta and the ligation site (k, n = 6 mice per group). Bar
lengths, 20 pm (h), 50 um (i,j) and 5 mm (k). Data are shown as mean + s.e.m.; the
Pvalues are givenin the figure (Kruskal-Wallis test (a,d-f), one-way ANOVA with
Tukey’s post hoc test (b,c), Mann-Whitney two-sided test (i,j) or unpaired two-
sided t-test (k)). NS, not significant.
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Fig. 5| PKN1-induced FOS/FOSB induction through phosphorylation of H3.3531
involves EP300 and SETD2. a, HUAECs were transfected with a control siRNA or
siRNAs directed against PKNI. Thereafter, cells were exposed to disturbed flow
(DF) for the indicated time periods. H3K27 acetylation or H3K36 tri-methylation
inlysates was determined by immunoblotting (n = 3independent experiments).
The presented immunoblots are from the same experiment as the blots shown in
Fig.4aandinclude the same H3.3 loading control. b, Wild-type (WT) or mutant
(S31A) human H3.3 was expressed by lentiviral transduction after siRNA-mediated
H3.3 knockdown in HUAECs. Thereafter, cells were exposed to DF for 3 h or were
kept under static conditions. H3K27 acetylation or H3K36 tri-methylationin
lysates was determined by immunoblotting (n = 3 independent experiments).
c-g, HUAECs were transfected with a control siRNA or siRNAs directed against

PKNI (c,e), SETD2 (e) or EP300 (g) and were then exposed to DF for 90 min.
Alternatively, wild-type (WT) or mutant (S31A) human H3.3 was expressed by
lentiviral transduction after siRNA-mediated knockdown of H3.3 (d,f) in HUAECs.
ChlIP assay was performed to detect the enrichment of H3K27 acetylation
(c,d,g) or H3K36 tri-methylation (e,f) in the FOS/FOSB promoter (c,d,g) or gene
body (e f) (n=3independent experiments). h,i, HUAECs were transfected with
control siRNA or siRNAs directed against EP300 or SETD2 and were exposed to
DF for 3 h. DF-induced expression of FOS and FOSB (h) or inflammatory genes
(i) was analyzed by qRT-PCR (n = 3 independent experiments).j, Schematic
representation of the role of PKN1in mediating DF-induced inflammatory gene
expression in endothelial cells. Data are shown as mean + s.e.m.; the Pvalues are
givenin the figure (Kruskal-Wallis test (a-i)). NS, not significant.

To determine whether PKN1 can directly phosphorylate histone
H3.3 at serine 31, we incubated recombinant histone H3.3 alone or as
part of arecombinant polynucleosome together with recombinant
PKN1inthe presence of ATP and observed PKN1-dependent phospho-
rylation of serine 31 (Fig. 4g). In contrast to recombinant histone H3.3,
recombinant histone H4 was not phosphorylated by PKN1, indicating
that PKN1-dependent phosphorylation occurred with some specificity
(Extended Data Fig. 4g). These data provide evidence that PKN1 can
directly phosphorylate histone H3.3 at serine residue 31. Knockdown of
IKKo (CHUK) or CHEK1, which were shown to be able to phosphorylate
H3.3 atserine 31 (refs.41,42), had no effect on H3.3S31 phosphorylation
inresponse to disturbed flow (Extended Data Fig. 4h).

Consistent witharole of PKN1-mediated H3.3S31 phosphorylation
inendothelial inflammation, we found that the number of endothelial
cells showing phosphorylated H3.3S31 was higher in areas exposed
to disturbed flow, such as the inner curvature of the aortic arch or
vascular branching points, compared to areas exposed to laminar
flow, such as the outer curvature of the aortic arch (Extended Data
Fig. 5a). Increased H3.3S31 phosphorylation was also seen in the
human aorta in areas with increased VCAMI expression (Fig. 4h).
Phosphorylation of endothelial H3.3S31 was, however, reduced in
the inner curvature of endothelium-specific PKN1-deficient mice
(Tek-CreER™;Pkn1/%x hereafter referred to EC-Pkn1-KO) (Fig. 4iand
Extended Data Fig. 5b). Expression of H3.3(S31A) in endothelial cells
invivousing adeno-associated virus 2 (AAV2) (Extended DataFig.5c-e)
led to a reduced VcamlI expression in endothelial cells of the inner
curvature of the aortic arch (Fig. 4j) and reduced inflammation and
neointimaarea after partial carotid artery ligation—amodel for acute
disturbed-flow-induced endothelial dysfunction and atherosclerosis
(Fig. 4k and Extended DataFig. 5f,g).

Induction of FOS/FOSB by PKN1 involves EP300 and SETD2

H3.3 serine 31 phosphorylation was shown to promote gene transcrip-
tionby stimulating SETD2-dependent tri-methylation of H3K36 as well
asby enhancing the enzymatic activity of the histone acetyl transferase

p300 (EP300) to promote acetylation of H3K27 (refs. 32,34). Whereas
disturbed flow increased acetylation of H3K27 within 30 min of dis-
turbed flow, tri-methylation of H3K36 was not seen after 30 min of dis-
turbed flow but strongly increased within 3 h of disturbed flow (Fig. 5a),
and both effects were still observed after 24 h of exposure to disturbed
flow (Extended Data Fig. 6a). Disturbed-flow-induced H3K27 acetylation
and H3K36 tri-methylation were blocked by knockdown of PKN1 (Fig. 5a)
aswell as by expression of the S31A phosphosite mutant of H3.3 (Fig. 5Sb
and Extended Data Fig. 6b). Using chromatin immunoprecipitation
(ChIP), we analyzed the effect of aknockdown of PKN1 or expression of
the H3.3(S31A) mutant on disturbed-flow-dependent presence of H3K27
acetylation in the promoter regions of the FOS and FOSB genes**** as
well as on flow-dependent association of tri-methylated H3K36 with
the FOS and FOSB gene bodies* (Extended Data Fig. 6¢,d). When ChIP
assays were performed with an anti-H3K27ac or an anti-H3K36-me3
antibody, enrichment of H3K27 acetylation and H3K36 tri-methylation,
respectively, could be observed on the respective regions of the FOS
and FOSB genes (Fig. 5c-g). This disturbed-flow-induced effect was not
seen after knockdown of PKNI1 (Fig. 5c,e) or after expression of the S31A
mutant of H3.3 (Fig. 5d,f). Similarly, knockdown of EP300 or SETD2
blocked flow-induced H3K27 acetylation associated with the FOS/FOSB
promoter region and tri-methylation of H3K36 associated with the FOS/
FOSBgenebody, respectively (Fig. 5e,g and Extended DataFig. 6e). This
strongly suggests that PKN1-mediated phosphorylation of H3.3S31in
response todisturbed flow leads to increased FOS/FOSB expression by
activation of the enzymatic activity of p300 and subsequent H3K27
acetylation as well as by SETD2-mediated H3K36 tri-methylation. This
isfurther supported by the observationthat knockdown of both EP300
and SETD2inhibited flow-induced expression of FOS/FOSB and inflam-
matory genes (Fig. 5Sh-j).

PKNI1 mediates endothelial inflammation and atherosclerosis

To study the role of PKN1 in disturbed-flow-induced inflammatory
signaling under in vivo conditions, we analyzed EC-Pkn1-KO animals
crossed with LDL receptor (LdIr)-deficient mice. Intheinner and outer

Fig. 6| PKN1 mediates endothelial inflammation and progression of
atherosclerosis in vivo. a,b, Shown are representative en faceimmuno-confocal
microscopy images of the inner curvature from 12-week-old atherosclerosis-
prone Ldlr’- mice without (LdIr-KO) or with endothelium-specific Pknl
deficiency (LdIr-KO;EC-Pkn1-KO). En face aortic arch preparations were

stained with anti-CD31, anti-VCAMI (a) or anti-SELE antibodies (b) as well as
with DAPIL. Immunofluorescence staining was quantified as the percentage of
VCAML1-positive or SELE-positive endothelial cells (ECs) among CD31-positive
cells per view field (n = 5 mice per condition; at least three areas were analyzed
per animal). c-i, Atherosclerosis-prone Ldlr’~ mice without (LdIr-KO) or with
endothelium-specific PKN1 deficiency (LdIr-KO;EC-Pkn1-KO) underwent partial
carotid artery ligation. Seven days after ligation, cross-sections of the left
common carotid artery (ligated artery) were stained with antibodies against
H3.3S31P (c), H3K27Ac (d) or H3K36me3 (e) and against CD31 as well as with
DAPI. f, The staining for H3.3S31P, H3K27Ac or H3K36me3 was quantified by
determining the percentage of positively stained cells per field of view (n =5

mice per condition; at least three sections were analyzed per animal). g, Relative
expression of mMRNAs encoding FOS and FOSB in ECs of carotid arteries 7 days
after ligation analyzed by qRT-PCR (n = S mice per group). h,i, Twenty-eight
days after ligation, light microscopical images of carotid arteries (h) were
taken, or en face immunofluorescence staining for the expression of VCAM1in
ECs was performed (i). Bar diagrams show the statistical evaluation (n = 8 (h)
and n =5 (i) mice per group). j-1, Ldlr’~ mice without (LdIr-KO) or with induced
endothelium-specific Pknl deficiency (LdIr-KO;EC-Pkn1-KO) were fed an HFD
for 16 weeks. Thereafter, aortas and adjacent vessels were analyzed. Shown are
representative images of atherosclerotic plaques observed in brachiocephalic
arteries (innominate arteries) (j) of Oil Red O-stained atherosclerotic lesions in
the aortic valve region (k) and of whole aortas prepared en face and stained with
OilRed O (I) (n = 9 mice per group). Bar lengths, 50 pm (a,b), 20 pm (c-€), 5 mm
(h,1),100 pm (i,j) and 250 pum (k). Data are shown as mean + s.e.m.; the Pvalues
aregivenin the figure (unpaired two-sided ¢-test (a,b,f h-1) and Kruskal-Wallis
test (g)). NS, notsignificant.
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Fig. 7| Phosphorylation ofH3.3S31 by PKN1in macrophages. a,b, THP-1

cells were transfected with a control siRNA or siRNAs directed against PKN1.
Phosphorylated H3.3S31, PKN1and GAPDH in lysates were determined by
immunoblotting (a). Inflammatory gene expression in response to LPS (1 pg ml ™,
1h)was analyzed by qRT-PCR (b) (n =3 independent experiments). ¢,d, BMDMs
were isolated from wild-type (WT) or LysM-Cre;Pkn1™/"° (KO) mice and

were stimulated for 1 hwith 1 pg mI™ LPS. Phosphorylated H3.3531, PKN1and
GAPDH in lysates were determined by immunoblotting (c). Inflammatory gene
expression was analyzed by qRT-PCR (d) (n = 3 mice per group). Dataare shown
asmean +s.e.m.; the Pvalues are givenin the figure (Kruskal-Wallis test (a-d)).
NS, not significant.

curvature of the aortic arch, endothelial VCAM1 and SELE protein lev-
els were reduced in mice with endothelium-specific PKN1 deficiency
(Fig. 6a,b and Extended Data Fig. 7a,b). To analyze the functional conse-
quences of endothelial PKN1deficiency under pathological conditions,
we performed partial carotid artery ligation. Seven days after partial
carotid artery ligation, we detected in the endothelium of wild-type
mice acetylation of H3K27 and tri-methylation of H3K36 as well as
H3.3S31phosphorylation, which was already observed 1 day after the
ligation (Fig. 6c-fand Extended Data Fig. 7c,d). However, in endothe-
lial cells of EC-Pkn1-KO animals, these levels were reduced (Fig. 6¢—f).
Consistent with this, expression of Fosand Fosbincreased in endothelial
cells of the partially ligated carotid arteries from wild-type mice but
not in those from EC-Pkn1-KO animals (Fig. 6g). Twenty-eight days
after partial carotid artery ligation, EC-Pkn1-KO mice showed reduced
vascular remodeling and endothelial inflammation (Fig. 6h,i). Feeding
of control mice and EC-Pkn1-KO animals lacking the LdIr with a high-fat
diet (HFD) for 16 weeks led to the development of atherosclerosis with
strongly reduced plaquesizesintheaorta, inthe brachiocephalicartery
aswell asinthe outflow tract of EC-Pkn1-KO mice compared to control
animals (Fig. 6j-1).

Phosphorylation of H3.3S31 by PKN1in macrophages

Because our data identified PKN1 in endothelial cells as the kinase
mediating acute disturbed-flow-induced expression of inflamma-
tory genes by PKN1-mediated H3.3S31 phosphorylation, which was
shown to play an important role also in the acute activation of other
celltypes, including stem cells and macrophages®**, we tested whether

the PKN1-mediated phosphorylation of serine 31is a more general
mechanism, by which H3.3 serine 31is phosphorylated and, thereby,
controls cell activation. We, therefore, studied macrophages, which
use H3.3S31 phosphorylation as a mechanism to mediate rapid tran-
scriptioninresponse toactivation by LPS**. In human monocytic THP-1
cells in which PKN1 was knocked down by transfection with an siRNA
directed against PKNI, LPS lost the ability to induce H3.3 serine 31
phosphorylation compared to cells transfected with a control siRNA
(Fig.7a).Inaddition, LPS-induced expression of inflammatory genes,
such as ICAM1, CCL2 and IL1B, was reduced (Fig. 7b). To analyze the
potential role of PKN1on LPS-induced H3.3 serine 31 phosphorylation
in bone-marrow-derived macrophages (BMDMs), we generated mice
lacking PKN1in myeloid cells by crossing mice carrying the floxed Pkn1
allele with the LysM-Cre mouse line*. Inisolated BMDMs, we found that
LPS-induced H3.3S31 phosphorylation was compromised compared
to BMDMs from control animals (Fig. 7c). The reduced H3.3S31 phos-
phorylation in response to LPS in BMDMs from myeloid-cell-specific
PKN1-deficient mice was accompanied by reduced LPS-induced gene
induction (Fig. 7d). These data show that PKN1 is also involved in
mediating H3.3S31 phosphorylation and subsequent gene expression
inmacrophages.

Discussion

Incontrast to canonical histone H3, the histone variant H3.3 is expressed
throughout the cell cycle and in quiescent cells**°. H3.3 is characteristic
of euchromatin and has preferentially been found at transcriptionally
dynamicregions of the genome, such as enhancers, promotersand gene
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bodies°. Consistent with this, itis enriched in post-translational his-
tone modifications characteristic for active chromatin states®*>. H3.3
differs onlyinafewaminoacid residues from canonical H3, namely H3.1
and H3.2, including a serine residue in position 31, which is an alanine
in canonical H3. Several recent studies indicated that this serine resi-
dueandits phosphorylation state influence chromatin states atactive
regulatory elements and genes. In ESCs, H3.3S31 phosphorylation
promotes active chromatin states, such as H3K27ac, by stimulating
CBP/p300 histone acetyl transferase activity*’. H3.3531 was shown to
berapidly phosphorylated in variousimmune cells activated through
different receptors as well asin neuronsinresponse to BDNF**. In acti-
vated macrophages, H3.3S31 phosphorylationleads to the ejection of
thetranscriptional repressor ZMYNDI11and enables recruitment of the
H3K36 methyltransferase SETD2, which, inturn, increases its activity
andleads torapid and robust transcription®*. Our data show that athero-
genicdisturbed flow induces H3.3S31 phosphorylationinendothelial
cells to induce H3K27ac and H3K36me3 chromatin modifications in
genebodies and promoter regions of the AP-1transcription factors FOS
and FOSB to promote their rapid expression, which is a requirement
for flow-induced endothelial expression of inflammatory genes. We,
thereby, identify a critical mechanism of inflammatory geneinduction
inthe endothelium and also demonstrate that H3.3S31 phosphoryla-
tion is a widely used mechanism to mediate rapid signaling-induced
gene activation (Fig. 5j).

Several kinases are able to mediate H3.3S31 phosphorylation.
During mitosis, checkpoint kinase 1 (CHK1, CHEK1) and aurora B
kinase can phosphorylate H3.3S31 (refs. 41,53). CHK1 was also shown
to be responsible for H3.3S31 phosphorylation in the euchromatin
of mouse ESCs, resulting in H3K27 acetylation at enhancers by CBP/
p300, which facilitates differentiation of ESCs*. Also, IkB kinase o
(IKKa) can phosphorylate H3.3S31in transcribing regions*’, and IKK«
wasshowntobeinvolvedinacute stimulus-induced phosphorylation
of H3.3S31 and subsequent SETD2-mediated H3K36 tri-methylation
to enable rapid gene transcription®*. We provide evidence that also
PKN1candirectly phosphorylate H3.3S31and that PKN1, but not CHK1
or IKKa, mediates disturbed-flow-induced H3.3S31 phosphorylation
to promote acute induction of FOS/FOSB expression and subsequent
expression of inflammatory genes. Thus, H3.3S31 phosphorylation
appearstobeacritical step during acute gene transcriptionin various
cellular systems and physiological contexts, and, depending on the cell
type and upstream stimulus, different kinases can mediate H3.3S31
phosphorylation.

NF-kB and AP-1 are major transcription factors activated by dis-
turbed flow"¢. Our data show that disturbed-flow-induced NF-kB
activationisindependent of PKN1, whereas PKN1plays a critical rolein
AP-1activationin response to disturbed flow by mediating JUN phos-
phorylationand disturbed-flow-induced induction of FOS/FOSB. It was
previously shown that fluid shear stress induces JNK activation™**
and that thisis mediated by integrins, including integrin a5p1, through
the activation of a cascade of kinases, including mitogen-activated
protein kinase kinase 4 (MKK4) and p21-activated kinase (PAK)**. We
donotknowhowintegrin a5p1activates PKNI1, but it appears likely that
integrin-dependentactivation of PKN1is part of thisintegrin-induced
protein kinase cascade, which may also explain the regulation of JNK
by PKNL

Although NF-kB and AP-1 are regulated independently by dis-
turbed flow, botharerequired for disturbed-flow-induced expression
of inflammatory genes'. This indicates that NF-kB and AP-1cooperate,
and cooperative activation of both transcription factors was shownin
numerous cells, including endothelial cells*. The cooperation between
NF-kBand AP-1is based on their directinteraction”, which resultsin the
formation of a physical complex between both transcription factors,
which, inturn, enhances the functional activity of both NF-kB and AP-1
(ref. 57). Disturbed-flow-induced inflammatory gene expression, which
requiresboth NF-kB and AP-1activation, is, therefore, likely to depend

on the cooperation of both transcription factors by direct physical
interaction or by other indirect mechanisms***,

PKN1 was previously shown to translocate to the nucleus in
response to cell stress®® and to induce histone phosphorylation at
H3T11 during androgen stimulation®. H3T11 phosphorylation by
PKN1 leads to enhancement of the demethylation of H3K9me3 by
the histone demethylase J]MJD2C at androgen-responsive genes and
promotes transcription initiation®. In addition, evidence was pro-
vided that PKN1-mediated H3T11 phosphorylationleads to the recruit-
ment of the WD repeat-containing protein 5 (WDR5) component of
the SET/mixed-lineage leukemia (MLL) histone methyl transferase
complextoandrogen-responsive elements, resultingin tri-methylation
of H3K4 (ref. 61). How PKNL1 is recruited and activated to induce
H3T11 phosphorylation has, however, remained unclear. Our study
extends the spectrum of histone sites phosphorylated by PKN1 and
shows that, in endothelial cells, PKN1 s a central kinase mediating
disturbed-flow-induced H3.3S31 phosphorylation. We also show that
PKN1translocatesto the nucleusin anintegrin a5p1-dependent man-
ner. Rapid induction of gene transcription through PKN1-mediated
phosphorylationof H3.3S31appears tobe amore general phenomenon,
aswe could show that LPS-induced H3.3S31 phosphorylation and sub-
sequent gene transcriptionin human THP1 macrophages, aswell asin
murine BMDMs, also involve PKN1.

Methods

Reagents

Antibodies directed against phosphorylated PKN1 (T774; cat. no. 2611,
1:1,000), FOS (cat. no. 2250, 1:1,000), FOSB (cat. no. 2251, 1:1,000),
GAPDH (cat.no.2118,1:3,000), phosphorylated c-JUN (S63; cat.no. 91952,
1:1,000), JUN (cat. no. 9165, 1:1,000), phosphorylated JNK (T183/T185;
cat. no. 9251, 1:1,000), tubulin (cat. no. 2125, 1:2,000), lamin A/C (cat.
no.2032,1:1,000) phosphorylated P65 (S536; cat.no.3033,1:1,000) and
P65 (cat.no.4764,1:1,000) were obtained from Cell Signaling Technol-
ogy.Antibodies against ICAMI (cat.no.ab119871,1:500), mouse VCAM1
(cat. no. ab134047,1:500), mouse CD31 (cat. no. ab24590, 1:500), his-
tone H3S10P (cat. no. ab5176,1:1,000), histone H3T11P (cat. no. ab5168,
1:1,000), histone H3S28P (cat. no. ab32388,1:1,000), histone H3.3S31P
(cat.no.ab92628,1:1,000), histone H3.3. (cat. no.ab176840,1:1,000) and
histone H3K36me3 (cat.no.ab9050,1:1,000) were obtained from Abcam.
Theanti-histone H3K27 (cat. no.39133,1:1,000) and anti-histone H3.1/2
(cat. no. 61629, 1:1,000) antibodies were obtained from Active Motif.
The human anti-VCAMI (cat. no. BBA19, 1:300) and human anti-CD31
(cat.no.AF806,1:300) antibodies were obtained from Bio-Techne. The
anti-PKNI1 antibody (cat. no. 610687, 1:1,000) was obtained from BD
Biosciences, and an antibody against phosphorylated PKN1 (cat. no.
AB-PK781,1:1,000) was obtained from Kinexus Bioinformatics Corpora-
tion. ATN161 (cat. no. 6058) was obtained from R&D Systems. Fibronectin
(cat.no.F1141), poly-L-lysine (cat.no.P8920), collagen IV (cat.no. CC076)
and LPS (cat.no.L2630) were obtained from Sigma-Aldrich. TNF (cat. no.
AF-300-01A-50) was obtained from PeproTech.

Cellsand cell culture

HUAECs were purchased from Provitro AG. Cells were cultured in EGM-2
MV medium (Lonza). HEK293T cells were purchased from the American
Type Culture Collection and cultured in DMEM high (Invitrogen) con-
taining 10% FBS. THP-1 cells were purchased from Sigma-Aldrich (cat.
no. 88081201) and cultured in RPMI1641 (Invitrogen) containing 10%
FBS. To obtain BMDMs, the bone marrow of mouse femora and tibiae
was flushed out with DMEM high-glucose medium using a27-gauge nee-
dle.BMDMs were then prepared and cultured as previously described®.

siRNA-mediated knockdown

Endothelial cells were transfected with siRNA using Opti-MEM
(Thermo Fisher Scientific) and Lipofectamine RNAIMAX (Invitrogen)
as described previously®®. FOS esiRNA (EHU034291), FOSB esiRNA
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(EHU034891), P300 esiRNA (EHU155151), SETD2 esiRNA (EHUO75161),
H3F3B esiRNA (EHU109921) and control siRNA (no. SICO01) were
purchased from Sigma-Aldrich. siRNAs used for the protein kinase
screen were pools of three siRNAs directed against protein kinases
thatshow high expressioninendothelial cellsand were obtained from
Sigma-Aldrich. The targeted sequences of the siRNAs are shown in
Supplementary Table1.

Shear stress assays

Endothelial cells were seeded on p-Slide I Luer (ibidi, cat. no. 80176),
and oscillatory flow (+4 dynes/cm? 1 Hz) was applied to confluent mon-
olayers using the ibidi pump system chamber as described previously*.
TheBioTech-Flow System cone-plate viscosimeter (MOS Technologies)
was used for experiments to be analyzed by RNA sequencing (RNA-seq)
and ATAC-seq as well as by ChIP assay. Cells were exposed to disturbed
flow at +4 dynes/cm? (atarotation speed of 28 r.p.m.,40 amplitude and
1Hz). Shear stress was calculated with the following formula (assum-
ing a Reynolds number of <1): 7= x 21t x n/0.044 (7, shear stress; 1,
viscosity; n, rotational speed®*).

Western blotting and subcellular fractionation

Endothelial cells were lysed in RIPA buffer (0.05 M Tris-HCI, pH
7.4, 0.15M NaCl, 0.25% deoxycholic acid, 1% NP-40, 1 mM EDTA)
(Sigma-Aldrich, cat. no. 89900) freshly supplemented with protease
and phosphatase inhibitors (Roche, PhosSTOP). Total cell lysates were
subjected to SDS-PAGE electrophoresis and were transferred to PVDF
membranes. After blocking with 5% BSA for 1 h, the membranes were
incubated with primary antibodies overnight at 4 °C. Thereafter, mem-
braneswere incubated with horseradish peroxidase (HRP)-conjugated
secondary antibodies (Cell Signaling Technology, dilution1:3,000) for
1hat room temperature, followed by chemiluminescence detection
using ECL Substrate (Pierce) according to the manufacturer’s protocol.
Cytoplasmic and nuclear protein fractions were prepared using the
NE-PER Nuclear and Cytoplasmic Extraction Kit (Pierce). The intensities
of protein bands were quantified using the Image) Gel Analysis program
(2.16.0) (National Institutes of Health).

Invitro phosphorylation assay

Kinase activity was determined by performing anin vitro kinase assay®.
For in vitro kinase assay using PKN1, recombinant human histone
H3.3 (Sigma-Aldrich, cat. no. H2542-100UG), recombinant human
H4 (Sigma-Aldrich, cat. no. H2667-100UG) or recombinant human
histone H3.3 polynucleosomes (Active Motif, cat. no. 31468) and
recombinant PKN1(BIOZOL, cat.no. SCM-P70-11G-10) were incubated
for 30 min at 30 °C in 20 pl of kinase buffer (25 mM MOPS, pH 7.2,
12.5 mM B-glycerol-phosphate, 25 mMMgCl,, 5 mMMEGTA,2 mMEDTA,
0.25 mMDTT, 50 uM ATP), which, inthe indicated cases, contained 20
uCi (y-**P)-ATP (Hartmann Analytic). To stop the reaction, SDS-PAGE
loading buffer was added. The reaction mixture was separated by
SDS-PAGE, and histone H3.3 phosphorylation at serine 31 was detected
byimmunoblotting using the anti-phospho-histone H3.3S31antibody,
and *P-labeled proteins were visualized by autoradiography.

Animal models

Allmice were backcrossed onto a C57BL/6N background at least 8-10
times, and experiments were performed with littermates as controls.
Male and female animals (8-12 weeks old) were used unless stated oth-
erwise. Mice were housed under a12-hlight/dark cycle, with free access
tofood and water and under specific pathogen-free conditions unless
stated otherwise. Mice carrying a floxed allele of the PknI gene were
described previously®>*®. The floxed /tga$ allele was obtained from The
Jackson Laboratory (stock no. 03299), and the endothelium-specific
Cre transgenic lines Cdh5-CreERT2 and Tek-CreERT2 as well as the
myeloid-cell-specific Cre line LysM-Cre were described previously® %,
Mice carrying floxed alleles but no Cre transgene were used as controls.

Lentiviral infection of cells

The cDNA encoding human wild-type or mutant forms of histone
H3.3 and constitutively active PKN1 (PKN1-CA, amino acids 561-942)%°
were cloned into the lentiviral pLVX-IRES-ZsGreenl expression vec-
tor (Clontech) and were used to transfect HEK293T cells along with
the envelope plasmid pMD2.G and packaging plasmid psPAX2 using
Lipofectamine 3000 Transfection Reagent (Thermo Fisher Scientific)
according to the manufacturer’s protocol. After 48 h, supernatants
containing lentiviral particles were harvested and filtered through a
0.45-pum low protein binding Durapore membrane (Millex) to remove
cell debris. Before transduction, HUAECs were transfected with siRNA
against human H3.3 using Lipofectamine RNAiIMAX (Invitrogen). For
lentiviraltransduction, HUAECs were seeded in six-well plates, and the
concentrated lentivirus was added at amultiplicity of infection (MOI)
of10. After 48 h, cells were used for further analyses.

AAVinfection

AAV2-QuadYF’° carrying the cDNA encoding mouse wild-type his-
tone H3.3 or the H3.3(S31A) mutant was generated by VectorBuilder
(Cyagen Biosciences). To generate AAV2-QuadYF viral particles,
constructs encoding wild-type histone H3.3 or the corresponding
H3.3S31A mutant fused C-terminally with EGFP and under the control
of the murine Tiel promoter were used (Extended Data Fig. 5d). Then,
10-12-week-old LdIr’ mice were briefly anesthetized by isoflurane
inhalation, and AAV2-QuadYF H3.3 wild-type or H3.3 (S31A) (1 x 10"
viralgenomesin100 pl of saline) was injected intravenously.

qRT-PCR analysis

Total RNA was isolated using an RNeasy Micro Kit (Qiagen) according to
the manufacturer’sinstructions. Reverse transcription was performed
using the ProtoScript I Reverse Transcription Kit (New England Biolabs,
MO0368S).Inbrief, to synthesize cDNA, 1 ug of total RNA was combined
with 0.5 pg of random hexamer primers (Roche), 0.5 mM dNTPs, 10 mM
DTT, ProtoScript Il Reverse Transcriptase (New England Biolabs) and
RNase inhibitor (New England Biolabs). The resulting cDNA was used
as a template for qPCR reactions using the LightCycler 480 Probe
Master System (Roche) following the manufacturer’s protocol. The
primer sequences are listed in Supplementary Table 2. The resulting Cq
values were normalized to the reference gene GAPDH. The sequences
of primers are shown in Supplementary Table 2.

ChIP assay

HUAECs were seeded in a flow chamber of the BioTech-Flow Sys-
tem (MOS Technologies) and were exposed to disturbed flow as
described above. Cells were fixed at 37 °C with 1% paraformalde-
hyde (PFA) for 15 min, followed by 0.2 M glycine for 5 min at room
temperature. Thereafter, cells were washed twice with ice-cold PBS
including protease inhibitors (Cell Signalling Technology, cat. no.
7012). Then, 5% of the cells were taken for DNA input analysis. With
the rest, ChIP assay was performed using a SimpleChIP Enzymatic
Chromatin IP Kit (Cell Signaling Technology, cat. no. 9003S) follow-
ing the manufacturer’sinstructions using antibodies directed against
H3K27Ac or H3K36me3. The following primer pairs were used: FOS
promoter primer (forward 5- GAGCCCGTGACGTTTACACT-3’; reverse
5’-GCGAGCATCTGAGAAGCCAAGA-3’) and FOSB promoter primer
(forward 5-GCCGGAGATTTGGGGAAGTT-3"; reverse 5-TAAGACTCAGA
GCTACGGCCA-3’). FOS gene body primer (+444/+521: forward 5-GTGC
CTGGAGGGAGGCTGCCGT-3’; reverse 5-GGGAACCAATTCT
TACTATGGCA-3’; +1,443/+1,521: forward 5’-ACTGATGGGGCTG
GCTGCACATC-3’; reverse 5-ATGAGAGTACTTCTTAGGGTG-3’;
+2,078/+2,157: forward 5-ACTAGAGTTCATCCTGGCAGC-3’; reverse
5’-CCCAGTCAGATCAAGGGAAGC-3";+2,669/+2,769: forward 5’-CTGC
CCACCGCAAGGGCAGCA-3’; reverse 5-CAGTGGCACTTGTGGGTGC
CG-3’). FOSB gene body primer (+1/+140: forward 5-ATTCAT
AAGACTCAGAGCT-3’; reverse 5"-ATCTTTCCAAAAACTTTCT-3’;
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+500/+600:forward 5’-CCCGGACTTGCACCTTACTT-3;reverse5’-CGTA
GTCTCCGGGGAAAGCCT-3’; +1,000/+1,100: forward 5-GGGGC
TGAGAACTTTGAGCCG-3’;reverse 5-AAAGGAAAAGAGACTGCTGGA-3’;
+1,500/1,600: forward 5-GCGGCTGGGTCTCTTTTCGGC-3’; reverse
5-GAGCCCAGGGACCAGATCCCC-3’; +2,700/+2,800: forward 5-AGG
ACCTCCAGTGGCTT-3’; reverse 5-TCGTAGGGGTCGACGAC-3’).

AP-1luciferase reporter assay

HUAECs were seeded in a flow chamber of the BioTech-Flow System
and grown to 60% confluence. Cells were then transfected with an
AP-1 promoter luciferase reporter construct (3xAP-1in pGL3-basic;
Addgene, no. 40342). In brief, 500 ng of DNA and 3 ul of FUGENE
reagent were diluted in 100 pl of Opti-MEM (Thermo Fisher Scien-
tific). After incubation for 15 min, the mixture was added to HUAECs
and then incubated for another 4 h. Thereafter, the medium was
replaced by EGM-2 MV medium, and cells were incubated for 48 h.
Cellswere then exposed to either static or disturbed flow as described
above. Luciferase activity in cell lysates was determined using the
Dual-Luciferase Assay System (Promega, cat. no. E1910) according to
the manufacturer’sinstructions.

Immunohistochemistry of human aorta

Human aortic samples were obtained from patients undergoing dis-
secting aorta replacement surgery at the First Affiliated Hospital of
Xi’anJiaotong University. The study was approved by the ethics com-
mittee of Xi’an Jiaotong University (XJTU2018-249 and XJTU2019-12)
and conforms to the guidelines of the 2000 Declaration of Helsinki.
Written informed consent was obtained from all individuals before
their participation. Between 3-mm-long and 25-mm-long segments of
the aortic arch or descending aorta tissue were identified by using a
silk thread, collected during surgery and immediately processed for
fixation in 4% PFA. The samples were then permeabilized and incu-
bated with antibodies directed against CD31 (R&D Systems, cat. no.
AF806), PKNI1 (Santa Cruz Biotechnology, cat. no.sc-271594), VCAM1
(Abcam, cat. no. ab134047) and phospho-H3.3S31 (Thermo Fisher
Scientific, cat. no. 44-244G) and co-stained with DAPI (Invitrogen,
cat.no.D1306). As secondary antibodies, Alexa Fluor 594 anti-sheep,
Alexa Fluor 488 anti-mouse and Alexa Fluor 647 anti-rabbit (Thermo
Fisher Scientific, cat. nos. A-11016, A-11001, A-21443 and A-21244,
respectively) were used. Tissue was mounted in mounting medium
(Polysciences, cat.no.18606-5), and z-stack projection was acquired
using a confocal microscope (Leica, SP8 MP). Image analysis was
performed with Image].

Partial carotid artery ligation

Partial carotid artery ligation was performed as described previously”
with modifications’. In brief, male mice were anesthetized by intra-
peritoneal injection of 120 mg kg™ ketamine (Pfizer) and 16 mg kg™
xylazine (Bayer) and were placed on a heated surgical pad. After hair
removal, amidline cervical incision was made, and the left internal and
external carotid arteries were exposed and partially ligated with 6-0 silk
sutures (Serag-Wiessner), leaving the superior thyroid artery intact.
Skinwas sutured with absorbable 6-0 silk suture (CatGut), and animals
were monitored until recovery inachamber on aheating pad after the
surgery. Animals were fed an HFD for 1 week (Ssniff, cat.no. TD88137), at
whichtimethey were euthanized and arteries were isolated. The extent
of carotid artery remodeling was quantified using ImageJ software
and displayed as the percentage of carotid artery containing visible
neointima between its origin at the aorta and the ligation site. The
right, non-ligated carotid artery served as a control. For analysis of
gene expressionin endothelial cells, the carotid lumen was flushed with
150 pl of QlAzol lysis reagent (Qiagen) using a 29-gauge syringe, and
the eluate was collected in amicrotube. RNAisolation was performed
using an miRNeasy Mini Kit (Qiagen) according to the manufacturer’s
instructions, and mRNA was quantified by qRT-PCR.

Histology and immunostaining

Mice were perfused with saline containing heparin (40 U ml™), fol-
lowed by 4% PFA in PBS. The mouse aorta was isolated and fixed with
4%PFA for 30 min atroom temperature. Mouse aortas were incubated
with 0.2% Triton X-100 and 1% BSA in PBS for 1 h at room temperature.
Theouterandinner curvature of aortas were dissected. Samples were
incubated at 4 °C overnight in PBS containing primary antibodies
(dilution 1:100) directed against CD31 (Abcam, cat. no. ab24590),
VCAM1 (BD Pharmingen, clone 429, 550547) and SELE (BioVision, cat.
no.3631-100). After washing three times in PBS, aortas were incubated
with Alexa Fluor 488-conjugated and Alexa Fluor 594-conjugated sec-
ondary antibodies (1:200; Invitrogen) together with DAPI (1ng ml™;
Invitrogen) for 1 hatroom temperature. After washing three times with
PBS, tissues were mounted en face with Fluoromount (Sigma-Aldrich,
cat.no.F4680) for confocal imaging.

Forenface OilRed O staining of atherosclerotic plaques, aortas were
fixed in4%PFA overnight at4 °C after perfusion (4% PFA,20 mMEDTA, 5%
sucrose in15 ml of PBS). Thereafter, connective tissue and the adventitia
were removed, and vessels were cut, opened and pinned en face onto
aglass plate coated with silicon. After rinsing with distilled water for
10 minand subsequently with 60% isopropanol, vessels were stained en
face with OilRed O for 30 min under gentle shakingand were thenrinsed
againin 60%isopropanol and thenintap water for 10 min. Samples were
mounted on coverslips with the endothelial surface facing upwards
with glycerol gelatinaqueous mounting media (Sigma-Aldrich). Images
were acquired using aLeicaLAS AF Lite microscope. For morphological
analysis of atherosclerotic plaques, the brachiocephalicartery and the
aortic sinus area attached to the heart were dissected and embedded
inoptimal cutting temperature (OCT) compound (Tissue-Tek). Frozen
brachiocephalic arteries were mounted in a cryotome, and a defined
segment 500-1,000 pm distal from the origin of the brachiocephalic
artery was sectioned (10 um). Sections were then stained with Oil Red
Ofor30 minand mounted with glycerol gelatin (Sigma-Aldrich, cat. no.
1092420100). To analyze the endothelial layer of the inner and outer
aortic curvature, aortic arches were dissected and embedded in OCT
compound. Frozensamples were cryosectioned (10 um) and fixed with
ice-cold acetone for 10 min. OCT compound was removed by washing
with PBS three times for 5 min at room temperature, and sections were
immunostained with antibodies against CD31 (BD Biosciences, cat.
no. 550274) or phosphorylated PKNI1 (Sigma-Aldrich, cat. no. F3648)
overnight at 4 °C. After washing three times with PBS, bound primary
antibodies were detected using Alexa Fluor 488-conjugated or Alexa
Fluor594-conjugated secondary antibodies (Invitrogen, cat.nos. A21206
and A21209;1:200). DAPI (Invitrogen, cat.no. D3571;1 ng mI™) was used
to label cell nuclei. Sections were viewed with a confocal microscope
(Leica SP5 FLIM and Leica SP8 MP). For quantification, the endothelial
cell area was defined by CD31 staining using Image]J software, and the
fluorescence signal indicating phospho-PKN1 was then calculated as
percentage of total endothelial cell area.

RNA-seq

RNAwas extracted from HUAECs using an miRNeasy MicroKit (Qiagen)
combined with on-column DNase digestion (Qiagen, DNase-Free DNase
Set). RNA and library preparation integrity were verified using the
LabChip GX Touch 24 (PerkinElmer). Then, 3 pg of total RNA was used
asinput for TruSeq Stranded mRNA library preparation following the
low sample protocol (Illumina). Sequencing was performed with the
NextSeq 500 sequencing system (Illumina).

Trimmomatic was employed to trim reads after a quality drop
below a mean of Q15 in a window of 5 nucleotides (nt) and keeping
only filtered reads longer than 15 nt (ref. 73). Reads were aligned ver-
sus Ensembl human genome version hg38 (Ensembl release 104) with
STAR™. Aligned reads were filtered to remove multi-mapping, ribo-
somal or mitochondrial reads. Gene counts were established with
featureCounts by aggregating reads overlapping exons on the correct
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strand, excluding those overlapping multiple genes”. The raw count
matrix was normalized with DESeq2 (ref. 76). Contrasts were created
with DESeq2 based on the raw count matrix. Genes were classified as
significantly differentially expressed at average count >5, multiple
testing adjusted P < 0.05 and -0.585 < log,fold change (FC) > 0.585.
The Ensembl annotation was enriched with UniProt data (activities at
the Universal Protein Resource (UniProt)).

ATAC-seq

For ATAC-seq, HUAECs were freshly processed. In brief, 50,000 cells
were centrifuged at 500g for 5 min at 4 °C and washed with PBS. The
cell pellet was resuspended in 50 pl of lysis/transposition reaction
(12.5 pl of THS-TD-Buffer, 2.5 pl of Tn5, 5 pl of 0.1% digitonin, 30 pl of
water) and incubated at 37 °C for 30 min with occasional snap mixing.
For purification of the DNA fragments, a MinElute PCR Purification
Kit (Qiagen) was used. Amplification of library together with indexing
primers was performed as described previously”. Libraries were mixed
inequimolar ratios and sequenced on NextSeq 500 and NextSeq 2000
platforms (Illumina).

Trimmomatic was employed to trim reads after a quality drop
belowamean of Q15inawindow of 5nt and keeping only filtered reads
longer than 15 nt (ref. 73). Reads were aligned versus Ensembl human
genome version hg38 (Ensembl release 104) with STAR 2.7.10a™. Aligned
reads were filtered to remove duplicates with Picard (Picard: a set of
tools (in Java) for working with next-generation sequencing data in
the BAM format) and spliced, multi-mapping, ribosomal or mitochon-
drial reads. Peak calling was performed with MACS false discovery rate
(FDR) <0.0001 (ref. 78). Peaks overlapping ENCODE blacklisted regions
(known misassemblies and satellite repeats) were excluded. Remaining
peaks were unified to representacommon set of regions for all samples,
and countswere produced with bigWigAverageOverBed (UCSC Toolkit).
Theraw count matrix was normalized with DESeq2 (ref. 76). Peaks were
annotated with the promoter (transcription start site (TSS) + 5,000
nt) of the nearest gene based on Ensembl release 104. Contrasts were
created with DESeq2 based on the normalized union peak matrix with
allsize factors set to 1. Peaks were classified as significantly differential
ataverage count >10,-0.585 <log,FC > 0.585 and adjusted P < 0.05.

TOBIAS

TOBIAS was used to perform ATAC-seq footprinting of known tran-
scription factors®. In brief, TOBIAS corrects for Tn5 bias, calculates
footprint scores from the distribution of Tn5 insertions and com-
pares these with all predicted binding sites based on position weight
matrices. All TOBIAS analyses were run with default parameters and
the HOCOMOCO version 11 database as reference (https://doi.org/
10.1093%2Fnar%2Fgkx1106).

Statistics

Allstatistical analyses were performed using GraphPad Prism version
8.3.0 (GraphPad Software). All experimental values are presented
as mean * s.e.m. Data were tested for normality using the Shapiro-
Wilk test. Statistical analyses between two groups were conducted
using either an unpaired two-tailed Student’s t-test (parametric) or
the Mann-Whitney U-test (non-parametric). Multiple group compari-
sons were conducted using parametric analysis with one-way ANOVA,
followed by Tukey’s post hoc test. Additionally, comparisons among
multiple experimental groups at different timepoints were performed
using two-way ANOVA, followed by Bonferroni’s post hoc test. For
non-parametric multiple group comparisons, the Kruskal-Wallis test
was performed, followed by Dunn’s multiple comparison. A P value
ofless than 0.05 was considered to indicate statistical significance.

Study approval
Studies using human samples were approved by the ethics commit-
tee of Xi’an Jiaotong University (XJTU2018-249 and XJTU2019-12) and

conformto the guidelines of the 2000 Declaration of Helsinki. Written
informed consent was obtained from all individuals before their par-
ticipation. All procedures involving animal care and use in this study
were approved by the local animal ethics committees (Regierung-
sprasidium Darmstadt (Germany) and the ethics committee of Xi’an
Jiaotong University (China)).

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

ATAC-seq and bulk RNA-seq data generated for this study have been
deposited at the Gene Expression Omnibus under accession number
GSE261756.Source data are provided with this paper.

Code availability
Custom code hasbeendepositedinaGitHub repository andis available
at https://doi.org/10.5281/zenodo.14181510.
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Extended DataFig. 2 | Effect of PKN1knock-down in HUAECs on gene d, HUAECs were transfected with control siRNA or an siRNA against JNK and
expression and NF-kB activation in response to disturbed flow and TNF. were exposed to disturbed flow (DF) for 3 hours. Thereafter, inflammatory gene
a, HUAECs were transfected with a control siRNA or siRNAs directed against expression was determined by qRT-PCR (n =3 independent experiments).
different protein kinases and were exposed to disturbed flow (DF). Thereafter, e-h, HUAECs were transfected with control siRNA or siRNA against PKNI and were
flow-induced FOS and FOSB expression was determined by qRT-PCR. The plot exposed to disturbed flow (DF) for 30 min or were kept under static conditions
shows the ranked average ratios of at least 3 independent experiments. (e-g) or were incubated in the absence or presence of 10 ng/ml TNF for 30 min (h).
b, HUAECs were transfected with control siRNA or different siRNAs against Thereafter, phosphorylated p65 or PKN1were determined by immunoblotting (e,
PKNI and were exposed to disturbed flow (DF) for 3 hrs. FOS and FOSB levels h), or nuclear p65 localization was determined by staining (f) orimmunoblotting
were determined by qRT-PCR (n =3 independent experiments).c, HUAECs were (g) (n=4independent experiments). Scale bar: 50 um. Data are shown as mean +
transfected with control siRNA or siRNA against PKNI and were kept under static s.e.m.; the p-values are given in the Fig. (2-way ANOVA with Bonferroni’s post hoc
conditions (-) or were exposed to disturbed flow (DF) for 3 hours. The heatmap test (a), Kruskal-Wallis test (b, d-h)).

shows normalized expression of upregulated and downregulated genes.

Nature Cardiovascular Research


http://www.nature.com/natcardiovascres

Article https://doi.org/10.1038/s44161-024-00593-y
a Bl Static b
- 0.0325
I DF (24 hr) B} ;_ 0247
7 0.0286 DF (min) - 5 15 30 60 kDa %@5_ *
DF (24 hr): — 0837 " p-PKN1 ‘ 120 E’.E:% "
P-PKN1 | © (T774) .d S5
S 120 833
. PN | v o o o o224 1
o 2] i
PKN1 SR |20 3 &<
0- 0-
p-PKN1 DF (min) - 5 153060
p-PKN1
C - d Il Static
PKN1 PKNTDAPI o B DF (24 hr)
. ©
DF (min) - 5 § 1.5 P E 50.5— 0.0286
p-PKN2 5 ¢ T 2B 04- :
(T816) [ ————— S5 1- » 28
5o 2 £0.3-
25 = 3@
GAPDH| " s e s 400 9 120.57 = T 2904
[a <t o Q )
i S T 201
; w > oY
DF (min) - 5 1530 60 o Z5
T OWKND u_:‘_ 0.0-

Extended DataFig. 3 | Activation of PKN1Dby disturbed flow. a, HUAECs were
exposed to disturbed flow (4 dynes/cm?) for 24 hours. PKN1phosphorylation
was determined by immunoblotting using an antibody directed against
phosphorylated PKN1. The bar diagram shows the statistical analysis (n = 4
independent experiments). b,c, HUAECs were exposed to disturbed flow for the
indicated time periods. Thereafter, phosphorylation of PKN1 (b) or PKN2 (c) was
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independent experiments). d, HUAECs were exposed to disturbed flow (4 dynes/
cm?) for 24 hours. PKN1localization was determined by immunofluorescence
staining using an antibody directed against PKN1(green) and with DAPI (blue).
The bar diagram shows the statistical analysis (n = 4 independent experiments).
Data are shown as mean +s.e.m.; the p-values are given in the figure (Mann-
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Extended DataFig. 4| Role of histone H3.3 in endothelial cells and PKN1-
mediated H3.3 phosphorylation. a, HUAECs were transfected with control
siRNA or different siRNA against PKNI and were exposed to disturbed flow

(DF) for 30 min. Histone H3.3 phosphorylation, H3K27 acetylation or H3K36
trimethylation was determined by immunoblotting. b-d, HUAECs were
transfected with control siRNA (Con.) or siRNA directed against histone H3.3, and
cells were infected with control (non-transducing) lentivirus (Con.) or lentivirus
transducing wild-type (WT) H3.3 or the indicated mutants of H3.3. Shown is the
relative H3.3 mRNA expression (b), (n = S§independent experiments), the protein
level determined by immunoblotting using an antibody directed against histone
H3.3 (c) (n=3independent experiments) and the analysis of phosphorylation

of histone H3 at the indicated phosphorylation sites using phosphosite-specific
antibodies after exposure of HUAECs to disturbed flow for 60 min (d) (n=3
independent experiments). e, Wild-type (WT) human H3.3 or the indicated
mutants of H3.3 were expressed by lentiviral transduction after siRNA-mediated
H3.3 knock-down in HUAECs, and cells were kept under static conditions or were
exposed to disturbed flow (DF) for 3 h. Thereafter, ICAM1 and CCL2 expression

was determined by qRT-PCR (n = 5independent experiments). f, HUAECs were
exposed to disturbed flow (4 dynes/cm?) for 24 hours, and phosphorylation of
histone H3.3 at serine 31 was determined by immunoblotting (n = 4 independent
experiments). The controlimmunoblot for GAPDH is from the same experiment
asthe one shownin Extended Data Fig. 6a. g, Recombinant histone H3.3 or H4
were incubated in kinase buffer without or with recombinant PKN1and 50 pM
[y-**P]-ATP for 30 min at 30 °C. Thereafter, samples were separated by SDS-
PAGE and analyzed by autoradiography and Ponceau staining. h, HUAECs were
transfected with control siRNA or siRNA directed against RNAs encoding the
kinases CHEK or IKKa (CHEK1 or CHUK, respectively). Thereafter, cells were kept
under static conditions (-) or were exposed to disturbed flow (DF) for 60 min.
Phosphorylation level of H3.3S31in lysates was determined by immunoblotting
(n=3independent experiments). The bar diagrams show the statistical
evaluation as well as the knock-down efficiency. Data are shown as mean +s.e.m.;
the p-values are givenin the Fig. (1-way ANOVA with Tukey’s post hoc test (b, e),
Mann-Whitney two-sided test (f), Kruskal-Wallis test (h)).
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Extended Data Fig. 5| Endothelial histone H3.3 phosphorylation in vivo and
AAV2-mediated expression of histone H3.3. a, Shown are representative en face
immuno-confocal microscopy images of the inner and outer curvature of the
aorticarch (left panels), or of the origin of an intercostal artery of the descending
aorta (right panels) from wild-type mice stained with antibodies directed against
H3.3S31P and CD31 as well as with DAPI. Immunofluorescence staining was
quantified as the percentage of phosphorylated H3.3S31-positive cells among
CD31-positive cells per view field (n = 3 mice per group; at least 3 areas were
analyzed per animal). b, PknI expression in mouse lung endothelial cells (MLECs)
from wild-type (WT) and EC-Pkn1-KO mice (n = 3 mice per group). ¢, Map of
vectors used to generate AAV2 particles transducing wild-type (WT) and mutant
H3.3. Histone 3.3B(WT) or the H3.3(S31A) mutant are C-terminally fused with
EGFP, and their expression is driven by the Tiel promoter. The constructs were
used to generate quadruplet mutant AAV2 viral particles referred to as AAV2-
QuadyYF. d, Relative histone H3.3 mRNA expression in mouse lung endothelial

cells (MLECs) prepared from Ldlr’ mice, which had been infected with empty,
non-transducing AAV2-QuandYF virus (control) or AAV2-QuandYF-transducing
wild-type H3.3 (WT) or the phospho-site mutant H3.3S31A (n = 5 different mice).
e, Images of carotid artery sections from AAV2-QuadYF-infected or non-infected
mice stained for EGFP (green), CD31(red) and with DAPI (blue) (shownisa
representative of 3independently performed experiments). f, g, Atheroprone
Ldlr”’~ mice were infected with AAV2-QuadYF virus transducing wild-type (WT)
H3.3 or the phosphosite mutant H3.3(S31A). Cross sections of the left common
carotid artery (ligated artery) were stained with antibodies against VCAMLI (f) or
CD68 (g) and against CD31 (f) as well as with DAPI (blue). Immunofluorescence
staining was quantified (n = 5 mice per group; at least 3 areas per animal were
analyzed). The boundary of the vessel areain (g) is indicated by a dashed line.
Scale bars: 50 um (a), 20 um (e-g). Data are shown as mean + s.e.m.; the p-values
are givenin the figure (Mann-Whitney two-sided test (a, b), unpaired two-sided ¢
test(d, f, g)).
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Extended Data Fig. 6 | See next page for caption.
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Extended Data Fig. 6 | Disturbed flow induced endothelial histone
modification. a, HUAECs were exposed to disturbed flow (4 dynes/cm?) for

24 hours, and H3K27 acetylation or H3K36 trimethylation in lysates were
determined by immunoblotting (n = 4 independent experiments). The control
immunoblot for GAPDH is from the same experiment as the one shown in
Extended Data Fig. 4f. b, Wild-type (WT) H3.3 or the H3.3S31A mutant were
expressed by lentiviral transduction following siRNA-mediated H3.3 knockdown
in HUAECs. Thereafter, HUAECs were kept under static conditions (-) or were
exposed to disturbed flow for 30 min, and the expression of histone H3.3 was
analyzed by immunoblotting. ¢, Schematic representation of the human FOS
and FOSB genes with the position of primers (arrows) used for ChIP assay. TSS,
transcription startsite. d, To study disturbed flow-induced enrichment of

H3K36me3 on different parts of the FOS and FOSB gene bodies, HUAECs were
exposed to disturbed flow for the indicated time periods followed by ChIP assay
withananti-H3K36me3 antibody. Thereafter, PCR was performed with the
indicated primer pairs. Primer pairs amplifying the regions from +2078 to 2157 of
the FOS gene and from +2700 to 2800 of the FOSB gene were used for subsequent
experiments. Bar diagrams show the quantification and statistical analysis
(n=3independent experiments). e, Validation of efficiency of siRNA-mediated
knock-down of EP300 and SETD2 in HUAECs by immunoblotting using specific
antibodies directed against EP300 and SETD2. (n = 3independent experiments).
Data are shown as mean +s.e.m.; the p-values are given in the figure (Mann-
Whitney two-sided test (a), Kruskal-Wallis test (d)).
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Extended Data Fig. 7| PKN1 mediates endothelial inflammation and
flow-dependent histone H3.3 phosphorylation in vivo. a,b, Shown are
representative en face immuno-confocal microscopy images of the outer
curvature from 12-week-old atherosclerosis-prone Ldlr’ mice without (LdIr-KO)
or with endothelium-specific PknI deficiency (Ldlr-KO;EC-Pkn1-KO). En face
aortic arch preparations were stained with antibodies against CD31, VCAM1 (a) or
SELE (b) as well as with DAPI (a, b). Inmunofluorescence staining was quantified
as the percentage of VCAMI- or SELE-positive cellsamong CD31-positive cells

Control [ 4}

Ligation
Ligation
Control

per view field (n = Smice per group; at least 3 areas were analyzed per animal).

¢, d, 1day after partial carotid ligation, immunofluorescence staining for the
phosphorylation of histone H3.3 at S31 or for expression of VCAM1 in endothelial
cells was performed using specific antibodies. Shown are representative sections
oftheligated and unligated (control) carotid artery (c) and the statistical analysis
(n=5;d).Barlength: 50 um. Data are shown as mean +s.e.m.; the p-values are
givenin the figure (unpaired two-sided ¢ test (a,b,d)).
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and Extended data figure 1a, 2a, b, d-h, 3a-d, 4b, e,f, h, 5a, d, f, g, 6a, d, 7a, b and d are provided as Source data file.
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Population characteristics The biological material (aortic tissue) was obtained from patients diagnosed with acute type A aortic dissection (ATAAD)
using computed tomography angiography (CTA) and operated at the Department of Cardiovascular Surgery, the First
Affiliated Hospital of Xi’an Jiaotong University. The age span of the ATAAD patients was 50-65 years.

Recruitment The biological material (aortic tissue) was obtained from patients diagnosed with ATAAD using CTA at the Department of
Cardiovascular Surgery, the First Affiliated Hospital of Xi’an Jiaotong University. These patients underwent surgery during
which a piece of the aorta was removed, part of which was used for the analysis.

Ethics oversight The study was approved by the ethical committee of Xi’an Jiaotong University (XJTU2018-249 and XJTU2019-12) and

conforms to the guidelines of the 2000 Helsinki declaration. Informed consent was obtained from all study participants. All
experiments were performed in accordance with relevant guidelines and regulations.

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

Data exclusions  Samples were excluded in cases where cDNA quality or tissue quality after processing was poor (below commonly accepted standards).
Animals were excluded from experiments if they showed any signs of sickness (weight loss more than 20 %, skin infection, shaggy fur, loss of /
or reduced movements, abnormal breathing).

Replication Number of independent experiments are given in the Figure legends. Each experiment was repeated at least twice under independent
conditions.

Randomization  In animal experiments, mice were housed in cages with blinded identification numbers and randomized placement to ensure comparable
gender and age distribution among the experimental groups. For in vitro experiments, samples were also randomly assigned to treatment

groups

Blinding The investigator was blinded to the group allocation and during the experiment. In animal experiments, mice were caged with blinded cage
numbers and random orders.
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whether the researcher was blind to experimental condition and/or the study hypothesis during data collection.

Indicate the start and stop dates of data collection. If there is a gap between collection periods, state the dates for each sample
cohort.

If no data were excluded from the analyses, state so OR if data were excluded, provide the exact number of exclusions and the
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participants dropped out/declined participation.

If participants were not allocated into experimental groups, state so OR describe how participants were allocated to groups, and if
allocation was not random, describe how covariates were controlled.

Ecological, evolutionary & environmental sciences study design

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

Study description

Research sample

Sampling strategy

Data collection

Timing and spatial scale

Data exclusions

Reproducibility

Randomization

Blinding
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Describe the research sample (e.g. a group of tagged Passer domesticus, all Stenocereus thurberi within Organ Pipe Cactus National
Monument), and provide a rationale for the sample choice. When relevant, describe the organism taxa, source, sex, age range and
any manipulations. State what population the sample is meant to represent when applicable. For studies involving existing datasets,
describe the data and its source.

Note the sampling procedure. Describe the statistical methods that were used to predetermine sample size OR if no sample-size
calculation was performed, describe how sample sizes were chosen and provide a rationale for why these sample sizes are sufficient.

Describe the data collection procedure, including who recorded the data and how.
Indicate the start and stop dates of data collection, noting the frequency and periodicity of sampling and providing a rationale for
these choices. If there is a gap between collection periods, state the dates for each sample cohort. Specify the spatial scale from which

the data are taken

If no data were excluded from the analyses, state so OR if data were excluded, describe the exclusions and the rationale behind them,
indicating whether exclusion criteria were pre-established.
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repeat the experiment failed OR state that all attempts to repeat the experiment were successful.
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controlled. If this is not relevant to your study, explain why.

Describe the extent of blinding used during data acquisition and analysis. If blinding was not possible, describe why OR explain why
blinding was not relevant to your studly.
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Access & import/export [compliance with local, national and international laws, noting any permits that were obtained (give the name of the issuing authority,
the date of issue, and any identifying information).

Disturbance Describe any disturbance caused by the study and how it was minimized.
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g |:| Clinical data
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|Z |:| Plants

Antibodies

Antibodies used Antibodies directed against phosphorylated PKN1 (T774; cat. no. 2611, 1:1000), FOS (cat. no. 2250, 1:1000), FOSB (cat. no. 2251,
1:1000), GAPDH (cat. no. 2118, 1:3000), phosphorylated c-JUN (S63; cat. no. 91952, 1:1000), JUN (cat. no. 9165, 1:1000),
phosphorylated JNK (T183/T185; cat. no. 9251, 1:1000), tubulin (cat. no. 2125, 1:2000), lamin A/C (cat. no. 2032, 1:1000)
phosphorylated P65 (S536; cat. no. 3033, 1:1000) and P65 (cat. no. 4764, 1:1000) were obtained from Cell Signaling Technology.
Antibodies against ICAM1 (cat. no. ab119871, 1:500), mouse VCAM1 (cat. no. ab134047, 1:500), mouse CD31 (cat. no. ab24590,
1:500), histone H3S10P (cat. no. ab5176, 1:1000), histone H3T11P (cat. no. ab5168, 1:1000), histone H3S28P (cat. no. ab32388,
1:1000), histone H3.3S31P (cat. no. ab92628, 1:1000), histone H3.3. (cat. no. ab176840, 1:1000) and histone H3K36me3 (cat. no.
ab9050, 1:1000) were obtained from Abcam. The anti- histone H3K27 (cat. no. 39133, 1:1000) and anti-histone H3.1/2 (cat. no.
61629, 1:1000) antibodies were obtained from Active Motif. The human anti-VCAM1 (cat. no. BBA19, 1:300) and human anti-CD31
(cat. no. AF806, 1:300) antibodies were obtained from Bio-Techne. The anti-PKN1 antibody (cat. no. 610687, 1:1000) was obtained
from BD Biosciences, and an antibody against phosphorylated PKN1 (cat. no. AB-PK781, 1:1000) was obtained from Kinexus
Bioinformatics Corporation.

Validation All antibodies were validated according to instruction on the manufactures' website or in eukaryotic cell lines after gene silencing.

phosphorylated PKN1 (T774; cat. no. 2611, 1:1000)
https://www.cellsignal.com/products/primary-antibodies/phospho-prk1-thr774-prk2-thr816-antibody/2611

FOS (cat. no. 2250, 1:1000)
https://www.cellsignal.com/products/primary-antibodies/c-fos-9f6-rabbit-mab/2250

FOSB (cat. no. 2251, 1:1000)
hhttps://www.cellsignal.com/products/primary-antibodies/fosb-5g4-rabbit-mab/2251

GAPDH (cat. no. 2118, 1:3000)
https://www.cellsignal.com/products/primary-antibodies/gapdh-14c10-rabbit-mab/2118

phosphorylated c-JUN (S63; cat. no. 91952, 1:1000)
https://www.cellsignal.com/products/primary-antibodies/phospho-c-jun-ser63-e6i7p-xp-rabbit-mab/91952

JUN (cat. no. 9165, 1:1000)
https://www.cellsignal.com/products/primary-antibodies/c-jun-60a8-rabbit-mab/9165

phosphorylated JNK (T183/T185; cat. no. 9251, 1:1000)
https://www.cellsignal.com/products/primary-antibodies/phospho-sapk-jnk-thr183-tyr185-antibody/9251

tubulin (cat. no. 2125, 1:2000)
https://www.cellsignal.com/products/primary-antibodies/a-tubulin-11h10-rabbit-mab/2125

lamin A/C (cat. no. 2032, 1:1000)
https://www.cellsignal.com/products/primary-antibodies/lamin-a-c-antibody/2032

phosphorylated P65 (S536; cat. no. 3033, 1:1000)
https://www.cellsignal.com/products/primary-antibodies/phospho-nf-kb-p65-ser536-93h1-rabbit-mab/3033

P65 (cat. no. 4764, 1:1000)




https://www.cellsignal.com/products/primary-antibodies/nf-kb-p65-c22b4-rabbit-mab/4764

ICAM1 (cat. no. ab119871, 1:500)
https://www.abcam.com/en-us/products/primary-antibodies/icam1-antibody-yn1-174-ab119871

mouse VCAM1 (cat. no. ab134047, 1:500)
https://www.abcam.com/en-us/products/primary-antibodies/vcam1-antibody-epr5047-ab134047

mouse CD31 (cat. no. ab24590, 1:500)
https://www.abcam.com/en-us/products/primary-antibodies/cd31-antibody-p2b1-ab24590

histone H3S10P (cat. no. ab5176, 1:1000)
https://www.abcam.com/en-us/products/primary-antibodies/histone-h3-phospho-s10-antibody-ab5176

histone H3T11P (cat. no. ab5168, 1:1000)
https://www.abcam.com/en-us/products/primary-antibodies/histone-h3-phospho-t11-antibody-ab5168

histone H3S28P (cat. no. ab32388, 1:1000)
https://www.abcam.com/en-us/products/primary-antibodies/histone-h3-phospho-s28-antibody-e191-chip-grade-ab32388
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histone H3.3S31P (cat. no. ab92628, 1:1000)
https://www.abcam.com/en-us/products/primary-antibodies/histone-h33-phospho-s31-antibody-epr1873-ab92628

histone H3.3. (cat. no. ab176840, 1:1000)
https://www.abcam.com/en-us/products/primary-antibodies/histone-h33-antibody-epr17899-chip-grade-ab176840

histone H3K36me3 (cat. no. ab9050, 1:1000)
https://www.abcam.com/en-us/products/primary-antibodies/histone-h3-tri-methyl-k36-antibody-chip-grade-ab9050

histone H3K27-ac (cat. no. 39133, 1:1000)
https://www.activemotif.com/catalog/details/39133/histone-h3-acetyl-lys27-antibody-pab

histone H3.1/2 (cat. no. 61629, 1:1000)
https://www.activemotif.com/catalog/details/61629/histone-h3-1-3-2-antibody-mab-clone-1d4f2

VCAM1 (cat. no. BBA19, 1:300)
https://www.rndsystems.com/products/human-vcam-1-cd106-antibody_bbal9?keywords=BBA19

CD31 (cat. no. AF806, 1:300)
https://www.rndsystems.com/products/human-cd31-pecam-1-antibody_af806?keywords=AF806

PKN1 antibody (cat. no. 610687, 1:1000)
http://www.ulab360.com/files/prod/manuals/201510/19/139457001.pdf

phosphorylated PKN1 (cat. no. AB-PK781, 1:1000)
http://www.kinexusproducts.ca/Productinfo_Antibody.aspx?Product_Number=AB-PK781

Eukaryotic cell lines

Policy information about cell lines and Sex and Gender in Research

Cell line source(s) Human umbilical artery endothelial cells (HUAECs) were purchased from Provitro AG. Cells were cultured in EGM-2 MV
medium (Lonza, Basel, Switzerland). HEK-293T cells were purchased from American Type Culture Collection and cultured in
DMEM high (Invitrogen) containing 10% FBS. THP-1 cells were purchased from Sigma (cat. no. 88081201) and cultured in
RPMI 1641 (Invitrogen) containing 10% FBS. To obtain BMDMs, the bone marrow of mouse femora and tibiae was flushed
out with DMEM high glucose medium using a 27-gauge needle.

Authentication No further authentication
Mycoplasma contamination Tested negative

Commonly misidentified lines o commonly misidentified lines were used
(See ICLAC register)

Palaeontology and Archaeology

Specimen provenance Provide provenance information for specimens and describe permits that were obtained for the work (including the name of the
issuing authority, the date of issue, and any identifying information). Permits should encompass collection and, where applicable,
export.

Specimen deposition Indicate where the specimens have been deposited to permit free access by other researchers.




Dating methods If new dates are provided, describe how they were obtained (e.g. collection, storage, sample pretreatment and measurement), where
they were obtained (i.e. lab name), the calibration program and the protocol for quality assurance OR state that no new dates are
provided.

|:| Tick this box to confirm that the raw and calibrated dates are available in the paper or in Supplementary Information.

Ethics oversight Identify the organization(s) that approved or provided guidance on the study protocol, OR state that no ethical approval or guidance
was required and explain why not.

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

Animals and other research organisms

Policy information about studies involving animals; ARRIVE guidelines recommended for reporting animal research, and Sex and Gender in
Research

Laboratory animals Animals were on a C57BL/6N background. Experiments were performed with littermates as controls. Both male and female animals
aged 8 to 20 weeks were used in the study. The mice were housed under specific pathogen-free conditions, maintained on a 12-hour
light-dark cycle, with free access to food and water, at a temperature of 20-24°C and a humidity of 45-65%.

Wild animals Not involved

Reporting on sex Regarding the sex of the animals used in the study, we used both females and males. For in vitro studies, we used human umbilical
artery endothelial cells, which are derived from the embryo, whose sex remained unknown to us. Thus, sex was not considered in the
in vitro experiments with cells.

Field-collected samples  Notinvovled

Ethics oversight Animal experiments were approved by the Institutional Animal Care and Use Committee Regierungsprasidium Darmstadt, Germany,
and the Ethical Committee of Xi'an Jiaotong University, China.

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

Clinical data

Policy information about clinical studies
All manuscripts should comply with the ICMJE guidelines for publication of clinical research and a completed CONSORT checklist must be included with all submissions.

Clinical trial registration  Provide the trial registration number from ClinicalTrials.gov or an equivalent agency.

Study protocol Note where the full trial protocol can be accessed OR if not available, explain why.
Data collection Describe the settings and locales of data collection, noting the time periods of recruitment and data collection.
QOutcomes Describe how you pre-defined primary and secondary outcome measures and how you assessed these measures.

Dual use research of concern

Policy information about dual use research of concern

Hazards

Could the accidental, deliberate or reckless misuse of agents or technologies generated in the work, or the application of information presented
in the manuscript, pose a threat to:

Yes
[] Public health

|:| National security
|:| Crops and/or livestock
|:| Ecosystems

Ooodos

|:| Any other significant area
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Experiments of concern

Does the work involve any of these experiments of concern:
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Plants

Demonstrate how to render a vaccine ineffective

Confer resistance to therapeutically useful antibiotics or antiviral agents
Enhance the virulence of a pathogen or render a nonpathogen virulent
Increase transmissibility of a pathogen

Alter the host range of a pathogen

Enable evasion of diagnostic/detection modalities

Enable the weaponization of a biological agent or toxin

Any other potentially harmful combination of experiments and agents

Seed stocks

Novel plant genotypes

Authentication

ChlP-seq

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

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

was applied.
Describe-any-atthentication-procedures foreach seed stock- tised-ornovel-genotype-generated.Describe-any-experiments-used-to

assess the effect of a mutation and, where applicable, how potential secondary effects (e.g. second site T-DNA insertions, mosiacism,
off-target gene editing) were examined.

Data deposition

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

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

Data access links

For "Initial submission" or "Revised version" documents, provide reviewer access links. For your "Final submission" document,

May remain private before publication. | provide a link to the deposited data.

Files in database submission Provide a list of all files available in the database submission.

Genome browser session
(e.g. UCSC)

Methodology

Replicates

Sequencing depth

Antibodies

Peak calling parameters

Data quality

Software

Provide a link to an anonymized genome browser session for "Initial submission" and "Revised version" documents only, to
enable peer review. Write "no longer applicable" for "Final submission" documents.

Describe the experimental replicates, specifying number, type and replicate agreement.

Describe the sequencing depth for each experiment, providing the total number of reads, uniquely mapped reads, length of reads and
whether they were paired- or single-end.

Describe the antibodies used for the ChiP-seq experiments; as applicable, provide supplier name, catalog number, clone name, and
lot number.

Specify the command line program and parameters used for read mapping and peak calling, including the ChIP, control and index files
used.

Describe the methods used to ensure data quality in full detail, including how many peaks are at FDR 5% and above 5-fold enrichment.

Describe the software used to collect and analyze the ChiP-seq data. For custom code that has been deposited into a community
repository, provide accession details.
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Flow Cytometry

Plots

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

|:| The axis scales are clearly visible. Include numbers along axes only for bottom left plot of group (a 'group' is an analysis of identical markers).
|:| All plots are contour plots with outliers or pseudocolor plots.

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

Sample preparation Describe the sample preparation, detailing the biological source of the cells and any tissue processing steps used.

Instrument Identify the instrument used for data collection, specifying make and model number.

Software Describe the software used to collect and analyze the flow cytometry data. For custom code that has been deposited into a
community repository, provide accession details.

Cell population abundance Describe the abundance of the relevant cell populations within post-sort fractions, providing details on the purity of the
samples and how it was determined.

Gating strategy Describe the gating strategy used for all relevant experiments, specifying the preliminary FSC/SSC gates of the starting cell

population, indicating where boundaries between "positive" and "negative" staining cell populations are defined.

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

Magnetic resonance imaging

Experimental design

Design type Indicate task or resting state; event-related or block design.

Design specifications Specify the number of blocks, trials or experimental units per session and/or subject, and specify the length of each trial
or block (if trials are blocked) and interval between trials.

Behavioral performance measures State number and/or type of variables recorded (e.g. correct button press, response time) and what statistics were used
to establish that the subjects were performing the task as expected (e.g. mean, range, and/or standard deviation across

subjects).
Acquisition

Imaging type(s) Specify: functional, structural, diffusion, perfusion.

Field strength Specify in Tesla

Sequence & imaging parameters Specify the pulse sequence type (gradient echo, spin echo, etc.), imaging type (EPI, spiral, etc.), field of view, matrix size,
slice thickness, orientation and TE/TR/flip angle.

Area of acquisition State whether a whole brain scan was used OR define the area of acquisition, describing how the region was determined.

Diffusion MRI [ ] Used [ ] Not used

Preprocessing

Preprocessing software Provide detail on software version and revision number and on specific parameters (model/functions, brain extraction,
segmentation, smoothing kernel size, etc.).

Normalization If data were normalized/standardized, describe the approach(es): specify linear or non-linear and define image types used for
transformation OR indicate that data were not normalized and explain rationale for lack of normalization.

Normalization template Describe the template used for normalization/transformation, specifying subject space or group standardized space (e.g.
original Talairach, MNI305, ICBM152) OR indicate that the data were not normalized.

Noise and artifact removal Describe your procedure(s) for artifact and structured noise removal, specifying motion parameters, tissue signals and
physiological signals (heart rate, respiration).




Volume censoring Define your software and/or method and criteria for volume censoring, and state the extent of such censoring.

Statistical modeling & inference

Model type and settings Specify type (mass univariate, multivariate, RSA, predictive, etc.) and describe essential details of the model at the first and
second levels (e.g. fixed, random or mixed effects; drift or auto-correlation).

Effect(s) tested Define precise effect in terms of the task or stimulus conditions instead of psychological concepts and indicate whether
ANOVA or factorial designs were used.

Specify type of analysis: [ | whole brain || ROI-based [ | Both

Statistic type for inference Specify voxel-wise or cluster-wise and report all relevant parameters for cluster-wise methods.

(See Eklund et al. 2016)

Correction Describe the type of correction and how it is obtained for multiple comparisons (e.g. FWE, FDR, permutation or Monte Carlo).
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Models & analysis

n/a | Involved in the study
|:| |:| Functional and/or effective connectivity

|:| |:| Graph analysis

|:| |:| Multivariate modeling or predictive analysis

Functional and/or effective connectivity Report the measures of dependence used and the model details (e.g. Pearson correlation, partial correlation,
mutual information).

Graph analysis Report the dependent variable and connectivity measure, specifying weighted graph or binarized graph,
subject- or group-level, and the global and/or node summaries used (e.g. clustering coefficient, efficiency,
etc.).

Multivariate modeling and predictive analysis Specify independent variables, features extraction and dimension reduction, model, training and evaluation
metrics.
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