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Abstract

Most of the known regulatory mechanisms that curb inflammatory gene expression target pre-
transcription initiation steps and evidence for regulation of inflammatory gene expression post
initiation remains scarce. Here we show that transcription repressor hairy and enhancer of split 1
(Hes1) suppresses production of CXCL1, a chemokine crucial for recruiting neutrophils. Hesl
negatively regulates neutrophil recruitment /77 vivo in a manner that is dependent on macrophage-
produced CXCL1 and attenuates severity of inflammatory arthritis. Mechanistically, inhibition of
Cxcl1 expression by Hes1 does not involve modification of transcription initiation. Instead, Hes1
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inhibits signal-induced recruitment of positive transcription elongation complex P-TEFb, thereby
preventing phosphorylation of RNA polymerase 1l on serine-2 and productive elongation. Thus,
our results identify Hes1 as a homeostatic suppressor of inflammatory responses which exerts its
suppressive function by regulating transcription elongation.

Introduction

Cytokines and chemokines recruit and activate specialized effector cells to sites of
inflammation’. However, excessive production of inflammatory mediators leads to immune
hyper-activation and tissue damage and contributes to pathogenesis of inflammatory and
autoimmune disorders such as rheumatoid arthritis (RA)2. Therefore, expression of
inflammatory mediators must be precisely controlled to avoid inappropriate inflammation
and tissue damage. Many negative regulatory mechanisms have been described to curb
inflammatory mediator production at multiple levels3. In particular the complex nature of
transcription makes it suitable for precise and selective regulation essential for mounting
inflammatory responses most appropriate to given environmental cues?. Transcription of
inflammatory genes can be negatively regulated via direct inhibition or epigenetic
modifications to close chromatin structures®. Indeed, most of the described mechanisms of
inflammatory gene regulation occur at or prior to transcriptional initiation by modulating
RNA polymerase 11 (Pol 11) recruitment to transcription start sites (TSS)®. However,
advancements in investigation of the transcription cycle facilitated by high-throughput
sequencing technology strongly argue that regulation at the post-initiation stage is extensive
in scope and highly conserved across species from Drosophilato mammals’:8,

Transcription elongation is a stepwise process during which Pol 1l ultimately synthesizes the
full length RNA transcript. During early elongation, Pol Il escapes the promoter, transcribes
a short RNA transcript and pauses at ~50 nucleotides downstream of the transcription start
site. Pausing can be subsequently released by the positive transcription elongation factor b
(P-TEFb) that phosphorylates the regulatory C-terminal domain (CTD) of Pol Il and
facilitates productive elongation’%. Regulation of transcription elongation in the immune
system has not been widely appreciated yet accumulating evidence suggests that such
regulation is critical for fine tuning expression of a subset of key inflammatory
mediators10-12,

Transcription repressor hairy and enhancer of split 1 (Hes1) belongs to a family of basic
helix-loop-helix (bHLH) DNA binding proteins and plays key roles in the development of
multiple organs and cell types3. As a result, mice globally deficient in the HesZ gene are not
viable and display multiple developmental defects'4. Recent studies reveal that expression of
Hes1 can be modulated by innate and inflammatory signals'®>17 and Hes1, in turn,
negatively regulates macrophage TLR responses!®, expanding the role of Hes1 in immune
regulation beyond developmental processes!® and suggesting potential involvement of Hes1
in autoimmune and inflammatory disorders such as RA and systemic lupus erythematosus
(SLE)19-22, However, the molecular mechanisms, transcription targets, and physiological
significance of Hes1-mediated regulation of inflammation remain largely unknown.
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Here, we evaluated the role of Hes1 on gene regulation in primary macrophages and in
inflammatory conditions /n vivo. We show that Hes1 restrains inflammation and especially
neutrophil-mediated responses by controlling production of macrophage-derived
chemokines. The inhibitory effects of Hes1 are highly restricted to a small subset of genes in
the macrophage inflammatory transcriptome. Finally, we used one such Hes1-sensitive gene
(CxclI) to assess the mechanistic basis of the non-conventional function of the Hesl
repressor.

Hesl1 and Hey1 regulate the inflammatory transcriptome

Inflammatory stimuli such as TLR ligands consistently induce expression of two Hes family
members Hes1 and Hey1 in macrophages?®. To evaluate the effects of these two factors on
inflammatory responses while circumventing their potential functional redundancy, we
generated mice lacking both Hes1 and Heyl. Mice with global deletion of Hes1 are not
viable* whereas Hey1-deificent mice are phenotypically normal?3. Therefore, we generated
mice with the genotype of HeyZ"~Hes1f Mx1-Cre. These mice were phenotypically
indistinguishable from WT littermate controls after induction of deletion and did not display
gross abnormalities up to 20 weeks of age. To identify Hes1- and Hey1-regulated
inflammatory genes, we generated bone marrow-derived macrophages (BMDMs) from these
mice and confirmed efficient deletion in Hes1 and Hey1-deficeint BMDMs (Supplementary
Fig. 1a). Microarray analysis of lipopolysaccharide (LPS)-treated BMDMs showed that out
of hundreds of genes induced by LPS (>2 fold) in wild-type cells, 25 genes were super-
induced in Hes1 and Hey1-deficient BMDMs compared to wild-type (Fig. 1a and
Supplementary Fig. 1b), suggesting that Hes1 and Hey1 inhibited inflammatory gene
expression in a highly selective manner. Moreover, Hes1 and Hey1 regulated expression of a
small subset of LPS-suppressed genes (Supplementary Fig. 1c). Super-induced genes
encoded several key immune and inflammatory effectors including CXCL1, IL-12p40, and
IL-6 (Supplementary Fig. 1b). Super-induction of Cxc/1, //12band //6in Hesl and Hey1-
deficient BMDMs was confirmed by quantitative real-time PCR (qPCR) in multiple
independent experiments (Fig. 1b,c). We chose to focus on Cxc/1 as its regulation by Hesl
and Hey1 was among the most striking and reliable. Super-induction of Cxc/Z was also
observed in Hes1 and Hey1-deficient BMDMs in response to other TLR ligands such as
Pam3Cys, a TLR2 ligand, and R848, a TLR7 ligand (Supplementary Fig. 1d), demonstrating
that Hes1 and Heyl-mediated suppression of Cxc/1 is not specific to TLR4. In contrast to
the regulation of Cxc/1, Hesl and Hey1 deficiency did not affect expression of two genes
encoding prototypical pro-inflammatory cytokines TNF and IL-1p (Fig. 1d). Taken together,
these data indicated that Hes1 and Hey1 functioned as selective regulators of the
macrophage inflammatory transcriptome.

Hes1, but not Hey1, suppresses Cxcll expression

Given the gene regulation patterns in Hes1 and Hey1-deficient BMDMs, we next asked
whether both Hes1 and Hey1 contributed to suppression of Cxc/I expression. The results
from multiple experiments showed that Cxc/Z induction was comparable in WT and HeyZ~
KO BMDMs (Fig. 2a), even in response to a relatively high dose (100 ng/ml) of LPS
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stimulation (Supplementary Fig. 2a), indicating that Hey1 deficiency alone is not sufficient
to potentiate Cxc/1 expression. To investigate whether Hes1 suppresses Cxc/1 expression,
we generated Hes1 inducible knock-out mice by crossing Heszf/fl animals with Ax2-Cre
animals (Hesf Mix1-Cre). Efficient deletion of Hes1 was verified in BMDMs at both
mMRNA and protein levels (Supplementary Fig. 2b,c). Upon stimulation, Cxc/Z was super-
induced in Hes1-deficient BMDMs in a pattern similar to that observed in Hes1 and Hey1-
deficient cells (Fig. 2b). CXCL1 protein was also increased in supernatants of Hes1-
deficient BMDMs (Fig. 2¢). Similar to observations made in Hes1 and Hey1-deficient
BMDMs, Hes1 single deficiency did not affect expression of 7nfand //16 (Fig. 2d) and
Hes1-mediated suppression of Cxc/I was not specific to TLR4 signaling (Supplementary
Fig. 2d). In contrast to an apparent lack of a role of Heyl in Cxc/1 regulation, deletion of
either Hey1 or Hes1 led to super-induction of //12b (Supplementary Fig. 2e), suggesting that
1112b expression was inhibited by Hes and Hey family members via mechanisms distinct
from those regulating Cxc/1.

To rule out the possibility that our observations are linked to a specific deletion strategy, we
generated two more mouse lines, namely the HesZ/fiCre-ERT2 mice in which gene deletion
was induced by tamoxifen treatment and myeloid-specific Hes1-deficient mice in which
gene deletion was constitutive (Supplementary Fig. 3a,b,d). Compared to wild-type controls,
super-induction of Cxc/1 was also observed in macrophages derived from animals with
inducible Cre-ERT2 or myeloid-specific Hes1-deficient animals (Supplementary Fig. 3c,e),
indicating that Hes1-mediated gene inhibition is a robust strain-independent phenomenon.
As Mx1-Cre consistently achieved high deletion efficiency in macrophages, we proceeded
with Hes1f/fl p1x1-Cre animals in most of the following experiments. To further corroborate
these observations in a gain-of-function system, Hes1 was over-expressed in wild-type
BMDMs by retroviral transduction (Fig. 2e). Over-expression of Hes1 decreased Cxc/1
mRNA and protein production (Fig. 2f), showing that exogenously introduced Hes1 was
sufficient to mediate the inhibition. The suppressive effects of Hesl on Cxc/I expression
were lost upon deleting or mutating Hes1 key functional domains13:24 (Supplementary Fig.
4a-c). In addition, Hes1 reconstitution in Hes1-deficient BMDMs inhibited CXCL1
production (Fig. 2g). Taken together, these loss-of-function and gain-of-function studies
support a critical regulatory role for Hes1 in macrophages as a selective suppressor of
inflammatory gene expression.

Hes1 inhibits neutrophil recruitment in vivo

Having established that Hes1 negatively regulated Cxc/1 expression /in vitroin cultured
BMDMs, we wished to determine whether Hes1-mediated regulation also occurred /n vivo.
In an LPS-induced peritonitis model, Hes1 deficiency in the hematopoietic compartment
promoted expression of Cxc/1 in peritoneal exudates without significantly altering 7nfand
1176 mRNA levels (Fig. 3a). Given the importance of CXCL1 in control of neutrophil
recruitment during inflammatory responses?®, we next examined whether Hes1 deficiency
affected neutrophil recruitment /n7 vivo. In the peritonitis model, Hes1 deficiency resulted in
increased percentage and number of neutrophils in the peritoneum without affecting the total
number of peritoneal cells and composition of other peritoneal populations (Fig. 3b-d and
Supplementary Fig. 5a-c), indicating that Hes1 specifically suppressed neutrophil
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recruitment /7 vivo. The increased recruitment of neutrophils seen in HesZ~~ animals was
not due to intrinsically enhanced chemotactic capacity of neutrophils as Hes1-deficient and
wild-type neutrophils displayed similar motility in response to CXCL1 (Supplementary Fig.
5d-f). Instead, macrophages in the peritoneal cavity of HesZ~ mice produced significantly
higher CXCL1 than those in wild-type animals (Fig. 3e), suggesting that Hes1 acted
primarily to inhibit chemokine production by macrophages and thereby indirectly reduced
neutrophil trafficking. This notion was further supported by the findings that adoptive
transfer of Hes1-deficient macrophages into wild-type hosts led to increased recruitment of
wild-type neutrophils (Supplementary Fig. 5g). These data establish Hes1 as a selective
suppressor of Cxc/1 expression in vitroand in vivo with a non-redundant role in controlling
neutrophil responses during inflammatory conditions.

Neutrophils are required for development of inflammatory arthritic symptoms in several
experimental animal models including K/BxN-serum transfer-induced arthritis2>26, We
examined whether Hes1 deficiency regulated disease severity in serum-induced arthritis by
monitoring joint swelling, a hallmark of acute inflammatory responses. Joint swelling was
more severe in Hes1-deficient mice at multiple time points following both low and high dose
of serum administrations (Fig. 4a), suggesting that Hes1 deficiency exacerbated disease
severity. Consistent with the joint measurement results, histological analysis of ankle joints
showed heightened signs of inflammation and histological scores in Hes1-deficient mice
compared to wild-type controls (Fig. 4b-c). Collectively, these data showed that the presence
of Hesl attenuated development of inflammatory arthritis and suggested that Hes1 functions
as an endogenous brake of neutrophil-mediated tissue inflammation in a complex disease
setting.

Hes1 represses Cxcl1 transcription

Next we sought to investigate the mechanisms by which Hes1 suppressed Cxc/1 expression.
It is well established that TLR-induced activation of nuclear factor-kappa B (NF-xB) and
mitogen-activated protein kinase (MAPK) signaling cascades contribute to inflammatory
gene activation?’. We found that Hes1 deficiency did not affect TLR4-induced activation of
NF-«B or of MAPKSs p38, Jnk, and Erk (Fig. 5a), indicating that Hes1 did not inhibit Cxc/1
expression by altering TLR-induced canonical signaling events. Next, to assess whether
Hes1 suppressed Cxc/I gene transcription, Cxc/I primary transcripts were detected by using
intronic PCR primers. Similar to Cxc/1 steady-state mMRNA levels (Fig. 2b,c), levels of
Cxcl1 primary transcripts were elevated in Hes1-deficient BMDMs compared with those in
wild-type cells (Fig. 5b), implying that Hes1-mediated suppression of Cxc/1 expression is at
the transcriptional level. In contrast, Hes1 deficiency did not affect levels of 7nfprimary
transcripts (Fig. 5¢).

A previously characterized mode of Hes1's action is via binding to the conserved DNA
sequences such as N-box and E-box near gene promoters'3. Analysis of the Cxc/1 core
promoter region revealed two putative E-box sequences (Supplementary Fig. 6a). We thus
investigated whether Hes1 suppressed Cxc/1 transcription via acting through these putative
E-boxes using luciferase assays with a Cxc/I reporter construct containing the E box sites.
Over-expression of Hes1 did not inhibit Cxc/I promoter-driven luciferase activities in
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RAW264.7 cells under either basal or stimulated conditions (Supplementary Fig. 6b),
indicating that the presence of E-box sequences was not sufficient for Hes1-mediated
suppression of Cxc/1 transcription in this system.

Hesl suppresses Cxcll gene transcription elongation

Given that Hes1 did not act upon either upstream signaling pathways or promoter response
elements to suppress Cxc/1 gene transcription, we considered other plausible mechanisms of
gene regulation. Previous studies have demonstrated that in macrophages, Cxc/Z is a primary
response gene whose locus adopts an open chromatin configuration at baseline* and
therefore, epigenetic mechanisms that target chromatin structures are unlikely to be involved
in gene regulation. Thus, we examined whether Hes1 targeted specific steps of the
transcription cycle to suppress Cxc/1 expression. First, we tested whether Hes1 suppressed
Cxcl1 gene transcription initiation by using chromatin immunoprecipitation (ChIP) assays to
assess binding of Pol 1l to the TSS region. While minimal Pol 11 occupancy (< 0.05% of
input) was observed near the Cxc/Z TSS region at the basal level in resting BMDMs,
occupancy of Pol Il dramatically increased upon LPS stimulation (Fig. 6a), indicating that
Cxcl1 fits the criteria of a non-paused gene that displays low levels of promoter-bound Pol 11
prior to activation and robustly recruits Pol Il for gene induction. In contrast, substantial Pol
I occupancy was detected at baseline near the 777 TSS region (Fig. 6b), an observation
consistent with the fact that 777fhas been reported to be a paused gene0. Lack of Pol I1
occupancy at the silent hemoglobin beta (Hb6) locus served as a negative control (Fig. 6c).
Levels of Pol Il occupancy near the 7nfTSS region did not differ between wild-type and
Hes1-deficient BMDMs after LPS stimulation (Fig. 6b) as predicted from the failure of Hes1
to regulate 7nfgene transcription (Fig. 5¢). Hes1 deficiency also did not affect Pol Il
occupancy near the Cxc/1 TSS region (Fig. 6a) despite the fact that Cxc/I gene transcription
was markedly enhanced in Hes1-deficient cells (Fig. 5b), suggesting that Hes1 did not
regulate Cxc/1 transcription initiation and may instead target a post-initiation step(s). In
contrast to Cxc/1, Hes1 deficiency correlated with increased recruitment of Pol 11 to the TSS
regions of //6and //12b genes (Supplementary Fig. 6c¢), indicating that Hes1 inhibited //6
and //12b transcription initiation. This result was consistent with our earlier data that Hes1
acts on promoter elements to repress these genes!® and with the observation that these gene
were sensitive to suppression by either Hes1 or Hey1 (Supplementary Fig. 2e), pointing to a
mechanism of inhibition likely distinct from that operating at Cxc/1.

To gain further insight into post-initiation regulation, we assessed by ChIP-seq genome wide
distribution of Pol 1 before or after LPS stimulation. Pol Il occupancy was undetectable
throughout the Cxc/I gene locus under resting conditions in both wild-type and Hes1-
deificient BMDM s (Fig. 6d, upper two panels), which was consistent with the results of the
ChIP assays and confirmed that Cxc/Z was indeed a non-paused gene. Upon LPS
stimulation, Pol Il occupancy on Cxc/I gene locus drastically increased near the TSS and
throughout the gene body in wild-type BMDMs (Fig. 6d, panel 3). In line with the ChIP data
(Fig. 6a), Pol Il recruitment near the Cxc/Z TSS did not significantly differ between wild-
type and Hes1-deficient BMDMs (Fig. 6d, lower two panels). Pol 11 occupancy throughout
the gene body was markedly increased in Hes1-deficient cells compared to wild-type
controls (Fig. 6d), which implied that Hes1 deficiency increased the amounts of Pol 11
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molecules available to transcribe the Cxc/I gene potentially accounting for its enhanced
expression in Hes1-deficient cells. In contrast to the Cxc/I gene locus, substantial basal Pol
I occupancy near the 7nfTSS was observed under unstimulated conditions (Fig. 6e, upper
two panels), consistent with previous studies establishing 77nfas a paused genel®. Upon LPS
treatment, Pol 1l occupancy in the 7nfgene body also drastically increased but showed
similar patterns in wild-type and Hes1-deficient BMDMs (Fig. 6e, lower two panels),
suggesting that Hes1 did not affect transcriptional elongation of this gene. Next, based on
whole genome Pol Il distribution patterns (Supplementary Fig. 7a,b), we quantitatively
analyzed whether Hes1 deficiency altered transcription elongation by calculating pausing
indices. Pausing index for a given gene is the ratio of Pol Il occupancy near the TSS region
versus Pol Il occupancy in the gene body region and thus negatively correlates with
productive elongation. Hes1 deficiency did not dramatically change global pausing indices
in untreated or LPS-stimulated conditions (Fig. 6f, left panel). For LPS-induced genes, LPS
stimulation led to reduced pausing indices (Fig. 6f, middle panel), supporting the notion that
LPS activates gene expression in part by promoting transcription elongation. For the group
of super-induced genes (Fig. 1a), Hes1 deficiency further lowered pausing indices under the
LPS-stimulated conditions (Fig. 6f, right panel), suggesting that Hes1 deficiency promotes
transcription elongation at select gene loci. Taken together, these data suggested that Hes1
suppressed Cxc/I transcription elongation and did so in a gene-specific manner.

To identify genes that like Cxc/I were the targets of Hes1-mediated suppression of
transcriptional elongation, we performed bioinformatic analysis of the ChlP-seq data sets to
calculate Pol Il density throughout the gene body regions. By comparing Pol 1l occupancy
between LPS-stimulated wild-type and Hesz~ cells, we found that Hes1 deficiency resulted
in enhanced Pol Il occupancy in gene body regions of 9 genes (Supplementary Fig. 7c).
Notably, these 9 genes included Cxc/Z and DclbdZ, which were among super-induced genes
in DKO macrophages in the microarray analysis (Fig. 1a and Supplementary Fig. 1b).
Therefore, the genome-wide ChIP-seq analysis corroborated our microarray data and helped
reveal the underlying mechanisms for Hes1-mediated selective gene regulation.

Hesl targets P-TEFb to suppress productive elongation

Next, we investigated mechanisms by which Hes1 inhibited Pol 1I-mediated elongation. The
Pol 1l CTD contains a series of highly conserved heptapeptide repeats (YS,TPSsPS7) with
three serine (S) residues, and S2 phosphorylation within these repeats marks elongation-
competent Pol 11°. To examine the possibility that Hes1 suppressed productive elongation by
affecting S2 phosphorylation, we examined S2P Pol Il levels at the Cxc/I gene locus by
ChIP. Hes1 deficiency significantly enhanced S2P Pol Il occupancy of the Cxc/I gene locus
at both the TSS and gene body regions (Fig. 7a,b), suggesting that Hes1 may suppress Cxcll
productive Pol Il elongation by attenuating S2 phosphorylation.

S2 phosphorylation of the Pol 11 CTD is carried out by the P-TEFb heterodimeric complex
comprised of cyclin T1 and cyclin-dependent kinase 9 (CDK9) subunits®. During the
transcription cycle, recruitment of P-TEFb to gene loci to phosphorylate Pol 11 is a
prerequisite for releasing Pol 11 into productive elongation’. We therefore investigated
whether Hes1 inhibited S2P Pol Il occupancy by targeting recruitment of P-TEFb. ChlP
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showed increased CDK9 occupancy on the Cxc/I gene locus in Hes1-deficient BMDMs
compared to wild-type (Fig. 7c,d) in a manner that closely resembled the regulation of S2P
Pol Il (Fig. 7a,b). In contrast, Hes1 deficiency did not significantly affect CDK9 recruitment
to the 7nfgene locus in the presence or absence of LPS (Fig. 7e), suggesting that regulation
of CDKO9 occupancy by Hesl is gene-specific. To gain further insight into the potential
mechanisms of Hes1-imposed regulation, we carried out genome-wide analysis of CDK9
and Hes1 distribution by ChlIP-seq in primary macrophages. The results show that Hes1 co-
localized with CDKO9 near the Cxc/I TSS region in LPS-activated BMDMs (Fig. 7f),
suggesting that Hes1 may regulate transcription of specific genes by acting at CDK9
recruitment sites. As expected, a CDK inhibitor flavopiridol suppressed Cxc/ZI mRNA levels
in both wild-type and HesZ-~ BMDMs (Supplementary Fig. 8a). Importantly, Hes1
deficiency did not globally alter cellular CDK9 protein levels (Supplementary Fig. 8b).

In addition to Cxc/Z, enhanced S2P Pol 11 occupancy in Hesz™~ relative to wild-type
BMDMs (Fig. 8a) was also observed on loci of several other genes including Gm15726 and
Dcbld2 that harbored more Pol 11 in their gene body regions as revealed by Pol Il ChIP-seq
and computational analysis (Supplementary Fig. 7c). Similar to Cxc/1, these genes also
displayed higher, and even LPS-independent occupancy by CDK9 in Hesz- BMDMs (Fig.
8b), thus confirming the robustness of our bioinformatic analysis for identifying genes that
were targets for Hes1-mediated regulation. In summary, these data demonstrate that Hes1
suppressed productive transcription of Cxc1/by regulating P-TEFb recruitment and
subsequent S2 phosphorylation of Pol Il (Supplementary Fig. 8c).

Discussion

Attenuation of production of inflammatory mediators by endogenous inhibitory factors has
been regarded as an important mechanism by which body restrains inflammation and
maintains immune homeostasis. Yet, most of these inhibitory events converge at the
transcription initiation step and result in diminished assembly of the pre-initiation complex
signified by decreased Pol 11 occupancy near the target gene TSS28. Here, we found that
transcription repressor Hes1 selectively inhibits the expression of a subset of inflammatory
mediators including CXCL1, a chemokine crucial for recruitment of neutrophils to sites of
inflammation. Interestingly, events such as TLR-induced signal transduction, activation of
effector transcription factors responsible for Cxc/1 expression, or its transcription initiation
were unaffected by Hesl deletion. Instead, Hesl inhibits Cxc/I transcription through
attenuation of Pol Il-mediated productive elongation by antagonizing the recruitment and,
possibly, activity of the Pol Il CTD kinase, P-TEFb — a tonic inhibition of elongation, which
is relieved in Hes1-deficient macrophages.

Transcriptional elongation can be divided into two functional stages: early elongation and
productive (late) elongation’. During early elongation, Pol Il synthesizes short RNA
transcripts and then, on many genes, pauses or stalls approximately 25-60 nucleotides
downstream from TSS. Promoter-proximal pausing of Pol 11 has been postulated to represent
a critical and rate-limiting step in transcription regulation for approximately half of all active
Drosophila and mammalian genes’. In fact, several studies including ours revealed that
transcription of several key immune genes such as 7nfare positively and negatively
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regulated at the early elongation step%-12, In contrast, the Cxc/I gene locus in resting
macrophages lacks appreciable Pol Il occupancy, consistent with Pol 11 recruitment and
subsequent initiation being rate-limiting for gene activation. Nonetheless, the inhibitory
effects of Hesl affect predominantly elongation and the efficiency of late processive
elongation rather than pause-release appears to be attenuated. It is tempting to speculate that
for the class of Cxc/1-like “non-paused” genes, targeting late elongation represents an
effective way to regulate transcription rate beyond the point of initiation. Interestingly, Hes1
appears to employ different mechanisms to regulate different genes. //6and //12b, for
example, are also negatively regulated by Hes1 yet inhibition occurs at the transcription
initiation step, and could result from Hes1-mediated repression via promoter elements such
as N box or E box1®.

Compared to the wealth of knowledge on the regulation of promoter-proximal pausing, little
is known about mechanisms that control late elongation. We found that Hes1 broadly
inhibits CDKQ recruitment to the Cxc/Z locus thereby attenuating Pol 1l CTD S2
phosphorylation. It remains unclear how Hes1 attenuates P-TEFb occupancy in a gene-
specific manner. P-TEFbD is recruited to its target genes by transcription factors such as NF-
xB and c-Myc’2%, but given that most genes require P-TEFb for activation, clearly,
additional regulators can direct this kinase to promoters. Indeed, in our system, Hes1
depletion had no effect on the NF-xB p65 occupancy at the Cxc/Z gene locus (data not
shown), suggesting that Hes1 acts upon as-yet-undetermined factors to inhibit CDK9
recruitment. In fact, our ChlP-seq analysis for CDK9 and Hes1 revealed Hes1 recruitment to
the CDK9 sites near the Cxc/1 locus (also detected by CDK9 ChIP-seq in BMDMs under
slightly different stimulation conditions30). Co-localization of Hes1 and CDK9 suggests that
Hes1 may physically hinder excessive CDK9 binding serving to constrain inflammatory
response while still preserving signal-dependent transcription activation.

Transcription regulation at the post-initiation steps has been long appreciated in non-
mammalian organisms such as Drosophila and more recently in mammalian systems31.
Although we are only beginning to appreciate the impact of elongation control in
inflammation and immunity10-12, the data emerging from recent genome-wide studies32-3°
make it extremely likely that such mode of regulation is broadly applicable to the immune
system and may serve to fine-tune expression of key immune effector molecules. The newly
described role of Hesl in this study provides such an example whereby targeting
transcription elongation of a chemokine gene yielded important (patho)physiological
consequences and affected inflammatory responses /7 vivo. In our study, the presence of
Hes1 under homeostatic conditions is permissive for robust production of cytokines
critically involved in host defense against pathogens, e.g., TNF and IL-1p, while limiting
CXCL1 production and paracrine signaling, thereby restraining neutrophil trafficking to
inflammatory sites and tissue damage. It is plausible that dysregulation of Hes1 expression
or function may contribute to heightened inflammation in human diseases such as asthma by
promoting neutrophil recruitment. Conversely, enhancing Hes1-mediated repressive pathway
may represent a novel therapeutic approach for selectively curbing excessive inflammation
while preserving other aspects of immunity.
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Online Methods

Mice

The experiments using mice were approved by the Institutional Animal Care and Use
Committees at Tsinghua University and the Hospital for Special Surgery. C57/BL6/J mice
were purchased from Jackson Laboratory. HesZ/fl mice were originally obtained from R.
Kageyama3®. Mice with an inducible deletion of Hes1 (Hesfl px1-Cre) or (HeszfiCre-
ERT2) were generated by crossing HesZ/fl animals to animals with a AxZ promoter-driven
Cre transgene or Cre-ERT2 mice on the C57/BL6/J background. Gender-matched littermates
with genotype of HesIVfl pix1-Cre and Hes1** Mx1-Cre or Hes1VfICre-ERT2 and
HesI**Cre-ERT2 were used for experiments. Mice with a myeloid-specific deletion of Hes1
(Hes1 [ yz2-Cre) were generated by crossing HesZV/l animals to £yz2-Cre mice.
Littermates with genotype of Hes1/l1yz2-Cre and Hes1*'* Lyz2-Cre were used for
experiments. Hes1 and Hey1-deficient mice were obtained by crossing HeszVfipx1-Cre
mice with HeyZ"~ mice. Littermates with genotype of Hey 1+ Hes1f/fl and

Hey 17~ Hes1Vf pix1-Cre were used for experiments. For Hes1/fl px1-Cre mice and

Hey 1~ Hes1f px1-Cre mice, deletion of Hes1 was induced by intraperitoneal (i.p.)
injection with 200 pg/mouse of Poly (1:C) for three times in five days. For Hes1/ficre-ERT2
mice, deletion of Hes1 was induced by i.p. injection with 2 mg/mouse of tamoxifen
(dissolved in corn oil) for three times in three days. For all inducible deletion of Hes1, wild-
type littermates were also injected with Poly (1:C) or tamoxifen with the same dosage. Mice
were used for experiments two weeks later. We previously have comprehensively evaluated
the potential effects of poly (I:C) in wild-type mice and observed no measurable impact of
prior poly (I:C) injections on basal or LPS-induced cytokine production /n vitroand /n vivo
or on chromatin state and Pol 11 occupancy3’. For in vitro experiments involving Hes1-
deficient macrophages, cells were derived from HesZf/fl p1x2-Cre animals where consistent
and strong deletion of Hes1 (approximately 80%) was observed and the conditional deletion
was controlled for expression of Cre and genetic background. For Hey1-deficient mice,
littermates with genotype of HeyZ*'* and HeyZ-"~ were used for experiments. Experiments
on mice were performed at 8-12 weeks of age with gender matched littermates. Bone
marrow chimeras were generated as previously described®. Briefly, 6-week-age recipient
C57/BL6/J mice were subjected to irradiation at a dose of 875 cGy, followed by intravenous
injection of 1 x 108 donor bone marrow cells from the Hes1-deficient mice with the
genotype HesIf p1x1-Cre or the littermate controls with the genotype HesI** MxI-Cre.
Chimeric mice were used for experiments 6 weeks after the initial bone marrow transfer.

Cell culture and reagents

Murine BMDMs were obtained as previously described38 and maintained in DMEM
supplemented with 10% FBS and 10% L929 cell supernatant as conditioned medium
providing macrophage colony stimulating factor. Cell culture grade LPS (Escherichia coli
0111:B4) was purchased from Sigma-Aldrich, Pam3Cys was purchased from EMC
Microcollections and R848 was obtained from Invivogen.
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Microarray analysis

Total RNA were extracted with an RNeasy Mini kit (Qiagen) and RNA quality was
determined by Bioanalyer (Agilent). aRNAs for microarray were amplified by using a
MessageAmp™ Premier RNA Amplification Kit according to the manufacturer's protocol
(Ambion). Fragmented aRNAs (10 pg per sample) were then processed for hybridization to
GeneChip Mouse Genome 430 2.0 according to the manufacturer's instruction (Affymetrix).
Genespring Software v11.0 (Agilent) was used to analyze the microarray data and 2 fold
induction was set as cut-off. Heat maps were generated by gplots software package in R
(version 3.3.2). In the heat maps, genes were ranked according to the order of numeric
identifiers of microarray probes.

Cloning and expression of Hes1l mutants

The full-length murine Hes1 cDNA with an N-terminal FLAG tag was cloned into the
pEasy-blunt cloning vector (Transgene). Key domains of Hes1 were identified as previously
described324, A dominant-negative Hes1 (dnHes1) was generated by mutating E43, K44,
and R47 in the basic region to A. Hes1(AHLH) and Hes1(AWPRW) deletion mutants were
generated by deleting HLH domain (amino acids 48-92) and the last 6 amino acids of Hes1
respectively. All Hes1 mutants were amplified by PfuUltra 1l Fusion HS DNA Polymerase
(Stratagene) with pEASY-blut-Flag-Hes1 as a template (20 ng), following by Dpnl (NEB)
digestion. The primers used to construct these mutants were listed in Supplemental Table 1.
The cDNA fragments of Flag-Hes1 mutants were then cut from pEASY-blunt vectors with
BamHI and Xhol, and were ligated with pMx-puro retroviral vectors. All clones were
sequenced and expression was confirmed by immunoblotting transiently transfected
HEK-293T cell lysates with an anti-FLAG antibody (Sigma).

Retroviral transduction

Retroviral transduction was performed as previously described38. Briefly, 3x106 Plat-E cells
were seeded into 100 cm plates and were cultured for 24 hours. Cells were then transfected
with 17 pg retroviral vectors of pMx-Puro-GFP,pMx-Puro-Flag-Hes1 or pMx-Puro-Flag-
Hes1 mutants by using Fugene HD (Promega) reagents. 48 hours after transfection, viral
supernatants were collected and filtered and 5 ml of viral supernatant was used to transduce
5x108 BMDM s in presence of 8 pg/ml of polybrene (Sigma). 24 hours post viral infection,
BMDMs were selected by puromycin (2 ug/ml) for 3 days and then were used for
experiments.

Reverse transcription and gPCR

RNA was extracted from whole cell lysates with an RNeasy Mini Kit (Qiagen) and was
reversely transcribed to cDNA with a First Strand cDNA Synthesis Kit (Fermentas). gPCR
was performed in triplicate determinants with an AB17500 thermal cycler. Primary
transcripts were measured with primers that amplify either exon-intron junctions or intronic
sequences. Threshold cycle numbers were normalized to triplicate samples amplified with
primers specific for glyceraldehyde-3-phosphate dehydrogenase (Gapdh). Primer sequences
are listed in the Supplementary Table 1.
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Enzyme-linked immunosorbent assay (ELISA)

Chemokine secretion was quantified by a murine CXCL1/KC ELISA Kit (R&D System)
according to the manufacturers' instructions.

Isolation of neutrophils

Murine neutrophils were isolated from bone marrow as described previously3?. Briefly, bone
marrow cells were flushed from femur and tibia using a 25-G needle syringe filled with
RPMI 1640 supplemented with 10% FBS and 2 mM EDTA, followed by filtration through a
100 pm cell strainer into 50 ml Falcon tubes. Cells were spun down, red blood cells were
removed with ACK lysing buffer, and remaining cells were resuspended in 1 ml of ice-cold
sterile PBS. Neutrophils were then separated by density gradient centrifugation for 30 min at
2,000 rpm at RT without brake with 3 ml of Histopaque 1119 (Sigma) in a 15-ml conical
tube overlaid with 3 ml of Histopaque 1077 (Sigma). Cell viability and purity were
determined by FACS analysis.

In vitro transwell cell migration assay

Cell chemotaxis was determined using a transwell system (Corning). Transwell inserts with
8 um polycarbonate membrane were used. Neutrophil suspensions were prepared in
RPM1640 medium supplemented with 10% FBS. For chemotaxis assay, 2 x 10° neutrophils
in 200 pl culture medium were added into transwell inserts placed in a 24-well plate
containing 500 pl medium or medium with 100 ng/ml murine CXCL1 (Peprotech) in the
outside compartment. The migration system was incubated for 1 h in cell culture incubator.
The number of cells in the outside compartment was determined by direct cell counting
using a hemocytometer. The chemotaxis index for each sample was calculated by the ratio of
number of migrated cells in Cxcl1 conditions versus number of migrated cells in medium
only conditions (representing spontaneous cell migration)0.

Isolation of resident peritoneal macrophages

Resident peritoneal macrophages were prepared as described elsewhere?L. Briefly, peritoneal
exudate cells were washed out with ice cold PBS containing 2 mM EDTA. After washing
twice with PBS, peritoneal cells were resuspended in DMEM supplement with 10% FBS.
The cells were then allowed to adhere for overnight in petri dishes at 37 °C. Non-adherent
cells are removed by gently washing three times with warm PBS. The adherent cells were
used as peritoneal macrophages.

LPS-induced peritonitis

Peritonitis was induced by intraperitoneal injection of 100 ng LPS/mouse in 500 ul PBS as
previously described#2 with minor modifications. 4 hours post injection, mice were
euthanized by carbon dioxide exposure and peritoneal cavities were washed with 5 ml PBS
containing 5 mM EDTA. Numbers of total peritoneal cells were counted by hemocytometer.

Adoptive transfer of macrophages

Macrophage adoptive transfer was performed as described elsewhere with minor
modification*3. Briefly, BMDMs were untreated or activated with LPS (10 ng/ml) for 30
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min. The cells were washed three times with PBS and cell numbers were adjusted to 1x10°
cells/ml in sterile PBS. 500 microliters suspension of BMDMSs (0.5x106 cells) were injected
i.p. into WT C57/BL6/J mice. After 4 h, peritoneal cells were isolated for flow cytometric
analysis.

Flow cytometry

Peritoneal cells were stained with an FITC-conjugated anti-neutrophil antibody (7/4, 1:200,
Abcam) and PE or PerCP-cy5.5-conjugated anti-Ly-6G antibody (1A8,1:400, BD
Biosciences) for gating neutrophils as previously described*2. APC anti-mouse F4/80 (BMS,
1:400, Biolegend), Alexa Flour 700 anti-mouse CD45R/B220 (RA3-6B2,1:200, Biolegend)
and PE anti-mouse Ly6C (AL21, 1:400, BD Biosciences) together with PE/Cy7 anti-mouse
CD11b (M1/70, 1:400, BD Biosciences) were used to stain macrophages, B cells and
monocytes respectively. Cells were washed three times and analyzed on FACSCalibur or
FACSAiIra Il flow cytometer (BD Biosciences) using CellQuest or Flowjo softwares (BD
Biosciences).

K/BxN serum-induced arthritis

K/BxN serum pools were prepared as described**. Arthritis was induced by i.p. injection of
total volume of 100 pl (low dose) or 150 pl (high dose) K/BxN serum per mouse. WT and
Hes1 KO bone marrow chimeric mice were given serum twice at day 0 and day 2
respectively. Physical measurement of wrist and ankle thickness was performed using a
metric vernier caliper (Bel-Art Products). For each animal, the total joint thickness was
calculated as the sum of the measurements of all wrists and ankles. Change of total joint
thickness (A of joint thickness) was calculated by the formula: A of joint thickness =
Measured joint thickness - Initial joint thickness.

Histopathology

Joint histology was performed as previously described*®. Briefly, paws were fixed overnight
in 10% neutral buffered formalin and decalcified in 10% EDTA (pH 7.4) until the bones
were pliable, trimmed, and embedded in paraffin. Sections were cut into 5 um and stained
with hematoxylin and eosin (H&E). Images were acquired on a Nikon Eclipse 50i
microscope using NIS-Elements imaging software. For histopathological analysis, the
degree of inflammation was scored as described previously#®. Briefly, the histological score
was determined as following: 0, normal; 1, minimal; 2, mild; 3, moderate; 4, marked; and 5,
severe.

Immunoblotting analysis

Whole cell lysates and nuclear extracts were prepared as described previously38. For
immunoblotting analysis, lysates were separated by 10% SDS-PAGE and transferred to a
PVDF membrane (Millipore) for probing with specific antibodies. Antibodies against p38
(sc-535), Hesl (sc-25392), CDK9 (sc-8338), and TBP (sc-204) were purchased from Santa
Cruz Biotechnology. All the other antibodies were obtained from Cell Signaling Technology.
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Dual-luciferase reporter assay

Murine Cxc/1 reporter plasmid containing promoter sequences from positions —701 to +30
(pGL3-Basic-KC701) was a gift from K.F. Roby*’. RAW 264.7 cells were co-transfected in
duplicate with the Cxc/1 reporter plasmid and an expression plasmid (pCMV6-XL4-Hes1)
encoding human HESI or a control vector ()CMV6-XL4) using Lipofectamine LTX reagent
(Invitrogen). The renilla luciferase reporter gene (PRL-TK, Promega) was used as an internal
control. 24 hours post transfection, cells were stimulated with LPS (100 ng/ml) for 4 hours
and cell lysates were prepared and analyzed using Dual-Luciferase Report Assay System
(Promega).

Chromatin immunoprecipitation (ChIP) assay and ChiP-seq

For Pol 11, S2P Pol 11 and CDK9 ChIP assay, BMDMSs from wild type or Hesz/fl px1-Cre
mice were used for ChIP assay. For Hes1 ChIP assay, BMDMs transduced with pMx-Hes1
viral particles were used. Cells were left untreated or stimulated with LPS (10 ng/ml) for 1
h. 15~20x10° cells in each condition were fixed by 1% methanol-free formaldehyde
(Thermo Scientific) for 5 min at room temperature followed by quenching with 125 mM
glycine for another 5 min. Cells were then lysed in 1% SDS lysis buffer. Chromatin DNAs
were sheared to an average size of 300 bp by using a Bioruptor UCD-400 (Diagenode). For
immunoprecipitations, the following antibodies were used: Pol Il (sc-9001x, Santa Cruz);
Pol 11-S2P (ab5095, Abcam), CDK®9 (sc-8338x, Santa Cruz) and Hes1 (sc-25392, Santa
Cruz). After purification, immunoprecipitated DNAs were analyzed by gPCR with
corresponding primers (sequences are listed in Supplementary Table 1) and relative
occupancies were normalized to input DNA. For ChlP-seq, 10 ng DNAs of each sample
were ligated with adaptors and 100~300 bp DNA fragments were purified to prepare DNA
libraries. The DNA libraries were generated using Illumina ChiP-seq Sample Prep Kit
following the manufacturer's instructions. ChlIP libraries were sequenced with the 50 bp
single end option using an lllumina HiSeq 2000 Sequencer at the Weill Cornell Medical
College Epigenetic Core Facility or at BGI, China per manufacturer's recommended
protocol. FASTQ and aligned files were generated using CASAVA 1.8.2. The aligned reads
were mapped to mouse reference sequence (GRCm38/mm10) and generated in BAM format
using default parameters and clonal reads were removed from further analysis. More than 60
million nonclonal mapped tags were obtained for each condition in each experiment for
analysis. The WIG files displayed in UCSC genome browser were generated using the
bioinformatic program ChlPseeger8.

Bioinformatic analysis

To identify genes with differential Pol 11 occupancy on gene body regions, the read counts
from the Pol Il ChIP-seq data in specialized genome region were compared. A custom R
script was used to modify the mouse annotated gtf file, which was downloaded from
Ensembl Biomart Database (http://uswest.ensembl.org/biomart/). Gene body region was
defined as from +100 bp to 3" end. With these edited gene feature annotation files, we ran
the featureCounts read quantification program within the Subread software package*® on the
computation cluster to process the read summarization from the Pol 1l ChIP-seq read
alignment files (input file format: Bam, alignment reference Genome: UCSC Mus musculus
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mm10). DESeq program (http://www-huber.embl.de/users/anders/DESeq/) was used for
statistical analysis of the Pol Il differentially binding genes (DBGs) for each gene features
between WT + LPS condition and Hes1 KO + LPS condition. Each condition contained two
biological replicates. DBGs were screened out according to the difference of Pol Il binding
amount fold change and significant p-value (padj < 0.05), which was adjusted for FDR due
to multiple testing procedures to control type | error. Heat maps of Pol Il distribution and
pausing indices were generated as previously described3®. Briefly, pausing indices were
calculated as the ratio of promoter window density to gene body density as read pairs/kb. For
display of the data as heat maps, counts of same-strand read pairs intersecting eighty 50 nt
bins (from -1500 to +2500 nt relative to each TSS) were determined and visualized using an
internally developed computational program.

Pvalues were calculated with a two-tailed paired or unpaired Student's #test. P values of
0.05 or less were considered significant.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figurel.

Hes1 and Hey1 inhibit expression of a subset of inflammatory genes. (&) Pie graph showing
the numbers of LPS-induced genes in wild-type (HeyZ** Hes1f/fl: blue) BMDMs (wild-
type, WT) and super-induced genes in Hes1 and Hey1-deficient (HeyZ~HesiVf Mx1-Cre;
orange) BMDMs (DKO) stimulated for 3 h with LPS (2 ng/ml). (b, c) Quantification of
MRNA expression of Cxc/1 (b, left panel), //72band //6 (c) in WT and DKO BMDMs
stimulated for 3h with LPS at the indicated doses. (d) Quantification of mMRNA expression of
Cxcl1, Tnf, and //1bin WT and DKO BMDMs stimulated with LPS (10 ng/ml) for the
indicated periods. Representative data of four (b, left panel) or three (c,d) independent
experiments are shown as means and s.d. of technical triplicate determinants. Cumulative
data (LPS, 10 ng/ml LPS) of Cxc/1 induction (fold change over unstimulated condition) in
WT and DKO BMDMs from four independent experiments are shown in b, right panel.
**P<0.01, Student's paired ~#test.
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Figure2.

Hes1 but not Hey1 suppresses Cxc/I expression. (a,b) Quantification of Cxc/I mRNA
expression in HeyI** (WT) and HeyZ7-(Heyl KO) BMDMs stimulated with LPS for the
indicated time (a) or in HesI** Mx1-Cre (WT) and Hes1Vfl pix1-Cre (Hes1 KO) BMDMs
stimulated with LPS for 3 h (b). (c,d) ELISA for CXCL1 protein levels (c) or quantification
of 7nfand //16 mRNA expression (d) in WT and Hes1 KO BMDMs stimulated with LPS
for indicated times. (€) Quantification of HesZ mRNA expression (left panel) and
immunoblot analysis of Hes1 protein (right panel) in BMDMs transduced with GFP or Hes1
retrovirus. p38 served as a loading control. (f) Quantification of Cxc/Z mMRNA expression
(left panel) and ELISA of CXCL1 protein levels (right panel) in WT BMDMs transduced
with GFP or Hes1 retrovirus and subsequently stimulated with LPS for the indicated
periods. (g) ELISA for CXCL1 protein levels in WT and Hes1 KO BMDMs transduced with
GFP or Hesl retrovirus and subsequently stimulated with LPS (10 ng/ml) for 6 h.
Representative data from three (a, left panel), four (b, left panel) or two independent
experiments (c-e,f) are shown and data are mean and s.d. of technical triplicate determinants
(a,b,e, left panels & d,f). Cumulative data from three (a, left panel, g) or four (b, left panel)
independent experiments are shown as Cxc/Z induction in a paired manner (left panels of
a,b) or percentages of CXCL1 levels in LPS-stimulated WT BMDMs transduced with GFP
virus (g). *A<0.05, **F<0.01, Student's paired ~test.
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Figure 3.

Hes1 negatively regulates Cxcll expression and neutrophil recruitment /n vivo. (a) gPCR
analysis of the indicated gene expression in peritoneal cells from WT and Hes1 KO bone
marrow chimeric mice. Peritoneal cells were harvested 4 h after intraperitoneal injection of
PBS or LPS (100 ng/mouse). Results from three independent experiments are shown as
mean and s.d. (n = 3). (b) FACS analysis of neutrophil population (Ly-6G and 7/4 double
positive) in peritoneal exudates of WT and Hes1 KO mice treated with LPS as in (a)
Representative flow cytometry distribution is shown in the left panel and percentage of
neutrophils from three independent experiments are quantified as mean and s.d. in the right
panel (n=3). (c,d) Cumulative data from three independent experiments show total
neutrophil numbers (c) and total peritoneal cell numbers (d) from WT and Hes1 KO mice
treated as in (b). (€) ELISA for Cxcl1 protein levels in peritoneal macrophages from WT
(HesIt"*Cre-ERT2) and Hesl KO (HesIMflCre-ERT2) mice were stimulated with 100 ng/ml
of LPS for 12 h. Data from three independent experiments are shown as mean and s.d. (n=3).
*P<0.05 (paired Student's #test).
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Figure 4.
Hes1 deficiency exacerbates inflammatory arthritis. (a) Kinetics of joint swelling induced by

K/BxN serum transfer with low dose (100 ul) and high dose (150 ul) in WT and Hes1 KO
chimeric mice at the indicated days. Total joint swelling is shown as A of joint thickness.
Data are shown as mean + SEM. (low dose, n=4 in each group; high dose, WT: n=5, Hes1
KO: n=3). *P<0.05, **P<0.01 (Student's #test). (b) Histological features of ankle joints of
mice examined on day 3 after serum transfer (high dose). H&E-stained images of low-
resolution (4x, upper panels) and higher-resolution (10%, lower panels) of selected areas
from corresponding sections (boxed area) are shown. Infiltration of inflammatory cells after
serum transfer is shown with arrows. (c) Histological scores of ankle joints examined on day
3 after serum transfer (high dose). Each symbol indicates one mouse and score of each
mouse is average of two ankles (n=3-5 per group). **P<0.01 (Student's ftest).
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Figureb.

Hes1 represses Cxc/1 transcription without altering NF-xB and MAPK activation. (a)

Cxcl1 expression
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Immunoblot analysis of the indicated proteins in whole cell lysates of LPS-treated BMDMSs
from WT and Hes1 KO paired littermates. (b,c) Levels of primary transcripts of Cxc/Z (b)
and 7nf(c) in BMDMs from WT and Hes1 KO littermates were quantitated by gPCR. Data

are shown as mean and s.d. of triplicate determinants.
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Figure 6.
Hes1 attenuates Pol 1l occupancy at the Cxc/I gene body region. (a-c) Pol 1l occupancy on

the TSS region of Cxc/1 (a), Tnf(b) and Hbb (c) in HesI*'* MxI1-Cre (WT) and

Hes1f p1x1-Cre (Hesl KO) BMDMs untreated (UT) or stimulated with LPS (10 ng/ml) for
1 h. Occupancy at the Hbb locus served as a negative control (c). (d,e) Pol 11 ChIP followed
by deep sequencing (ChlP-seq) shows Pol 11 distribution along the Cxc/ (d) and 7nf(€)
gene tracks in WT and Hes1 KO BMDMs untreated or stimulated with LPS (10 ng/ml) for 1
h. (f) Pausing indices computed from Pol I distribution of all genes and two gene subsets
(LPS-induced genes in WT and super-induced genes as in Fig. 1a) in untreated or LPS
stimulated WT and Hes1 KO BMDMs. Data shown are representative results (a-c, mean and
s.d. of technical triplicate determinants) from one of five (a, left panel) or two (b-€)
independent experiments, or cumulative data from five independent experiments (a, right
panel).
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Figure 7.

Hes1 inhibits Cxc/1 productive elongation by suppressing recruitment of the P-TEFb
complex. ChIP assays showing the occupancy of S2P Pol Il (a-b, left panels) and CDK9 (c-
e, left panels) at the TSS regions and gene body regions of Cxc/I (a-d) and 7nf(e) in
Hes1*'* Mx1-Cre (WT) and Hesfl px1-Cre (Hes1 KO) BMDMs untreated or stimulated
with LPS (10 ng/ml) for 1 h. Cumulative results from three independent experiments were
shown for S2P Pol Il (a-b, right panels) and CDK9 (c-g, right panels) on the Cxc/Z and 7nf
gene loci under LPS-stimulated conditions and relative occupancy in WT cells was set to 1.
(f) CDK9 ChlP-seq and Hes1 ChlP-seq gene tracks show CDK9 (upper) and Hes1 (lower)
distribution along the Cxc/Z locus in BMDMSs untreated or stimulated with LPS (10 ng/ml)
for 1 h. Red box, TSS region of Cxc/1. *P<0.05 (Student's #test).
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Hes1-mediated suppression of P-TEFb is not restricted to the Cxc/I gene. (a,b) ChIP assays
showing occupancy of S2P Pol Il (a) and CDK?9 (b) on the gene body regions of Gm15726,
Dcbld2, Speer7-ps1, and Erdrlin HesI** Mx1-Cre (WT) and HesIVfl p1x1-Cre (Hes1 KO)
BMDM s stimulated with LPS (10 ng/ml) for 1 h. Representative data are shown as means +

s.d. of technical triplicate determinants from two independent experiments (a,b).
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