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Widespread anti-inflammatory actions of glucocorticoid hormones
are mediated by the glucocorticoid receptor (GR), a ligand-dependent
transcription factor of the nuclear receptor superfamily. In conjunction
with its corepressor GR-interacting protein-1 (GRIP1), GR tethers to
the DNA-bound activator protein-1 and NF-kB and represses transcrip-
tion of their target proinflammatory cytokine genes. However,
these target genes fall into distinct classes depending on the step
of the transcription cycle that is rate-limiting for their activation:
Some are controlled through RNA polymerase Il (Polll) recruitment
and initiation, whereas others undergo signal-induced release
of paused elongation complexes into productive RNA synthesis.
Whether these genes are differentially regulated by GR is un-
known. Here we report that, at the initiation-controlled inflamma-
tory genes in primary macrophages, GR inhibited LPS-induced Polll
occupancy. In contrast, at the elongation-controlled genes, GR
did not affect Polll recruitment or transcription initiation but pro-
moted, in a GRIP1-dependent manner, the accumulation of the pause-
inducing negative elongation factor. Consistently, GR-dependent
repression of elongation-controlled genes was abolished specifi-
cally in negative elongation factor-deficient macrophages. Thus,
GR:GRIP1 use distinct mechanisms to repress inflammatory genes
at different stages of the transcription cycle.

initiation and elongation | transcriptional repression |
NELF and P-TEFb complex | inflammation

Inﬂammation is a tissue response to infection, irritation, or in-
jury that involves the production of cytokines and chemokines
which activate and attract specialized immune cells to the af-
fected area to clear infection and repair damage. This process is
initiated when innate immune cells such as macrophages (M®)
sense via their Toll-like receptors (TLRs) a wide range of mi-
crobial structures including LPS, lipopeptides, and single- and
double-stranded nucleic acids. TLR activation triggers an array
of downstream signaling events that can lead to increased cyto-
kine production, e.g., stabilizing their transcripts, stimulating
mRNA translation, or processing immature cytokine precursors
(1-3). However, pivotal to inflammatory responses is the de novo
transcriptional activation of cytokine genes, which relies pri-
marily on the transcription factors NF-xB, activator protein-1
(AP-1), and IFN regulatory factors (4, 5) that induce, among
others, the proinflammatory cytokines TNF, interleukins IL-1p
and -la, and chemokines (C-C motif) ligand 3 (CCL3) and
CCL2. Historically, the signal-dependent recruitment of RNA
polymerase II (PolIl) to target promoters and transcription ini-
tiation has been considered the rate-limiting step for gene acti-
vation. However, recent genome-wide studies in Drosophila and
mammalian cells have revealed that promoters of many genes
are constitutively occupied by Polll, independently of produc-
tive RNA synthesis (6-8). This promoter-proximal Polll pauses
in early elongation, after transcribing 20-60 nt of DNA (6, 7).
Pausing is mediated largely by the negative elongation factor
(NELF), comprised of the NELF-A (or WHSC2), NELF-B (or
COBRA-1), NELF-C/D, and NELF-E subunits (9). In response to
a stimulus such as LPS, the early elongation block is relieved by
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the positive-transcription elongation factor b (P-TEFb) kinase,
composed of cyclin T1 and CDKDY, which triggers dissociation of
NELF and release of Polll into productive elongation (10). Studies
by us and others demonstrated that this signal-dependent Polll
release is a rate-limiting step for the activation of critical proin-
flammatory genes such as TNF and, strikingly, its Drosophila
homolog, Eiger (11-13).

Although the production of cytokines and chemokines by M®
at the site of inflammation enables the clearing of infection, un-
checked amplification of immune signals can lead to inflammation-
associated tissue damage. Indeed, excessive cytokine production
(a “cytokine storm”) results in increased morbidity and in extreme
circumstances could be fatal (14, 15). Hence, numerous local and
systemic regulatory pathways have evolved to curb inflammation.
Systemically, the circulating cytokines TNF and IL-1f stimulate the
production of steroid hormones such as glucocorticoids, which act
as potent anti-inflammatory mediators by activating members of
the nuclear receptor (NR) superfamily of transcription factors (16).
Glucocorticoids signal through their cytoplasmic glucocorticoid
receptor (GR), which then translocates to the nucleus and can bind
directly to specific palindromic glucocorticoid response elements
(17) and recruit cofactors and histone modifiers, ultimately ac-
tivating a number of anti-inflammatory genes including GILZ
and MKP1. Importantly, liganded GR also can tether to DNA-
bound NF-kB and AP-1, directly blocking their transcriptional
activity without disrupting DNA binding, thereby profoundly at-
tenuating the proinflammatory transcriptome (18, 19).

Because of the fundamental role of this process in inflammation
control, the molecular basis of GR transrepression has been a
subject of intense investigation (20). Recently, we reported the
identification of the GR-interacting protein-1 (GRIP1), a cofactor
of the p160 family known to function as NR coactivators in other
contexts, as a GR ligand-dependent corepressor at GR:NF-xB
complexes (21). Despite the emerging pivotal role of GRIP1 in
suppressing the transcription of numerous proinflammatory genes
in vitro and in vivo (21), the molecular targets of the GR:GRIP1
repression complexes remain unknown. Here, we use molecular
and genetic methods to assess the mechanisms of GR-mediated
repression at inflammatory genes representing distinct transcrip-
tional classes and the contribution of GRIP1 to their regulation.

Results and Discussion

GR Represses Transcription of LPS-Induced Cytokine and Chemokine
Genes. To assess the global effect of ligand-activated GR on gene
expression during immune challenge, we performed RNA-Seq
in murine bone marrow-derived M® (BMM®) treated for 1 h
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Fig. 1. GRinhibits transcription of LPS-induced cytokines and chemokines.
(A) GR globally attenuates expression of LPS-induced genes. BMM® were
treated with 10 ng/mL LPS + 100 nM Dex for 1 h. Gene-expression levels
for LPS-induced (>twofold) genes repressed by Dex (>1.4 fold) were determined
by RNA-Seq and expressed as RPKM. (B) Dex inhibits TLR4-induced expres-
sion of cytokines and chemokines. BMM® were treated as in A, and the
levels of indicated transcripts were assayed by RT-gPCR, normalized to
p-actin, and expressed relative to those in untreated M® (=1). (C) Analysis of
histone H3 acetylation at GR-sensitive genes. BMM® were treated with 10
ng/mL LPS + 100 nM Dex for 30 min, and histone H3 acetylation at the TSS of
indicated genes was assessed by ChIP. For each location, qPCR signals were
normalized to those at the control r28S gene and were expressed as relative
enrichment over normal IgG (=1). Data are shown as mean + SD (n > 3).
*P < 0.05, calculated using the two-tailed t-Student test. (D) Genomic dis-
tribution of Polll binding by ChIP-Seq in resting BMM® aligned to functional
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with LPS in the presence or absence of the synthetic glucocor-
ticoid, dexamethasone (Dex). Consistent with earlier studies, the
addition of Dex dramatically attenuated the expression of ap-
proximately half of the genes induced by LPS (n = 152) (Fig. 14
and Table S1). Among those repressed were many genes encoding
LPS-induced proinflammatory mediators including the cytokines
IL-1a, IL-1p, TNF, and chemokines CCL2 and CCL3, whose
NF-xB-dependent repression by GR was confirmed independently
using RT-quantitative PCR (RT-qPCR) (Fig. 1 4 and B). Consis-
tent with the direct transcriptional effects of GR on inflammatory
genes, repression by Dex was recapitulated fully at the level of
unprocessed nascent transcripts and was refractory to the protein
synthesis inhibitors cycloheximide or puromycin (21).

Changes in chromatin structure and specific histone modifica-
tions at gene promoters frequently are indicative of transcriptional
status. For example, histone H3 lysine 9 (H3K9) trimethylation
often correlates with the lack of active transcription. Indeed,
within 30 min, LPS treatment attenuated already weak basal
histone 3 trimethyl lysine 9 (H3K9Me;) at the transcription start
site (TSS) of IL-1a, IL-1B, TNF, CCL3, and CCL2 (Fig. S1).
Interestingly, this demethylation was reversed in the presence
of Dex, indicating that glucocorticoids prevent the establishment
of the activated chromatin pattern in GR-sensitive genes. Re-
ciprocally, the acetylation of histone H3 is associated with ac-
tivation of transcription, and repressed genes typically show
reduced acetylation at their promoters. This pattern indeed was
evident at the IL-1a and IL-1p TSS: relatively modest acetylated
histone 3 (H3Ac) in untreated BMM® was augmented signifi-
cantly by LPS, and this increase was inhibited by Dex (Fig. 1C).
In contrast, TNF, CCL3, and CCL2 TSS were acetylated exten-
sively irrespective of the treatment with either LPS or Dex. These
differences in basal and signal-dependent acetylation suggested
that distinct mechanisms underlie the regulation of these genes,
both at the level of activation and repression.

Because high basal acetylation in promoter regions is associated
with a paused Polll (22, 23), we evaluated PollIl occupancy at the
cytokine gene promoters in unstimulated BMM® using ChIP-Seq.
IL-1o and IL-1p promoters had no measurable Polll ChIP-Seq
reads (Fig. 1D), whereas TNF, CCL3, and CCL2 had considerable
PollI binding with peaks centered immediately downstream of the
TSS, consistent with the presence of a promoter-proximal paused
PollI (Fig. 1D). Thus, glucocorticoids repress LPS-induced genes
that differ in structural and functional organization.

GR Represses Cytokine and Chemokine Genes at Distinct Steps of the
Transcription Cycle. To tease out the mechanisms underlying GR-
mediated repression of these structurally diverse genes, we began
by analyzing the effect of activation by LPS and repression by
GR on Polll occupancy at the cytokine gene promoters. Repli-
cating the ChIP-Seq data (Fig. 1D), in untreated BMM®, IL-1a
and IL-1p promoters had no detectable Polll over background
signals of control IgGs, whereas TNF, CCL3, and CCL2 displayed
considerable PollII occupancy (Fig. 24). In response to LPS, we
observed a dramatic recruitment of Polll to IL-1a and IL-1p as
well as additional Polll loading onto TNF, CCL3, and CCL2
promoters. Together with ChIP-Seq data (Fig. 1D) and previous
studies (11), this result was consistent with the two groups of genes
being activated at different stages of the transcription cycle: Polll
recruitment and initiation of transcription (initiation-controlled) vs.
release of an initiated but stalled Polll from the elongation block
(elongation-controlled) (11).

genomic regions. The density distribution was plotted as Polll reads for an-
notated RefSeq genes as indicated. Exons and introns are represented by
rectangles and connecting lines, respectively. The untranslated regions
(UTRs) are shown as thinner blocks. TSS is marked by an arrow.
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Fig. 2. GR selectively inhibits transcription initiation or elongation in dif-
ferent gene classes. (A—C) GR blocks Polll recruitment and CTD phosphory-
lation in a gene-specific manner. BMM® were treated with 10 ng/mL LPS +
100 nM Dex for 30 min, and ChIP was performed for total Polll (A), Polll-pS5
(B), and Polll-pS2 (C) at the TSS of indicated genes. For each location, qPCR
signals were normalized to those at the control r28S gene and were expressed
as relative occupancy over normal IgG (=1). (D and E) GR inhibits P-TEFb
complex recruitment. Relative occupancy of CDK9 (D) and cyclin T1 (E)
was determined by ChIP in BMM® treated as in A. Data are shown as
mean =+ SD (n > 3). *P < 0.05, calculated using the two-tailed Student t test.

Interestingly, cotreatment with Dex blocked LPS-induced
PollI recruitment to IL-1a and IL-1f TSS but had no effect on
PollI loading at TNF, CCL3, and CCL2 (Fig. 24). Furthermore,
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despite equivalent Polll occupancy at the promoters of the latter
group of genes under inducing and repressing conditions, PolIl
occupancy in their intragenic regions was significantly attenuated
by Dex (Fig. S2), suggesting that GR regulates the two classes of
genes via distinct mechanisms.

The C-terminal domain (CTD) of the largest Polll subunit
contains a series of heptapeptide repeats (YS,TPSsPS) with
serine (S) residues differentially phosphorylated throughout the
transcription cycle: Phosphorylation of S5 occurs during initiation,
whereas S2 phosphorylation correlates with productive PolIl
elongation (24). At all genes tested, S5-phosphorylated Polll
mirrored the changes in total Polll occupancy (Fig. 2B), indicating
that the Polll observed near these promoters had undergone
transcription initiation. Similarly, S2-phosphorylated PollI levels
agreed well with total Polll at the initiation-controlled genes IL-a
and IL-f. In contrast, the sharp increase in S2-phosphorylated
PollI observed at TNF, CCL3, and CCL2 upon LPS stimulation
(Fig. 2C) was attenuated dramatically by Dex. These results sug-
gest that at the elongation-controlled genes, GR acts sub-
sequent to Polll recruitment and transcription initiation by
preventing S2 phosphorylation and release of paused Polll into
productive RNA synthesis.

S2 phosphorylation is carried out by the P-TEFb kinase (CDK9
and cyclin T1), which is recruited to target promoters upon
NF-kB-dependent activation (25) and facilitates the release of
paused PolIl. ChIP for P-TEFb subunits revealed LPS-dependent
recruitment of CDK9 and cyclin T1 to the TSS regions of genes
tested, which was precluded by cotreatment with Dex (Fig. 2 D
and E). Thus, GR broadly inhibits signal-dependent P-TEFb
recruitment, although this inhibition is expected to be functionally
relevant only for genes harboring paused Polll.

GR Represses the Elongation-Controlled Genes by Enabling Promoter-
Proximal NELF Accumulation. As mentioned above, promoter-
proximal pausing is mediated by the four-subunit (A, B, C/D, and
E) NELF complex, which binds Polll and prevents its entry into
productive elongation. Because GR inhibited Polll elongation at
the TNF, CCL3, and CCL2 genes, we assessed NELF occupancy
at these promoters under inducing and repressing conditions.
Consistent with the presence of a paused Polll at the TNF,
CCL3, and CCL2 genes, ChIP for the NELF-E subunit of the
complex revealed significant NELF occupancy in untreated
BMM®, and LPS stimulation triggered its release (Fig. 34). In-
terestingly, treatment with Dex not only prevented NELF-E dis-
sociation from these genes but also promoted further enrichment
of NELF-E over its basal occupancy (Fig. 34). We detected no
NELF occupancy above the background of control IgGs at the
promoters of initiation-controlled genes IL-1a and IL-1 across
different treatment conditions.

If GR represses transcription of paused genes by precluding
NELF release, thereby trapping Polll in the initiated paused
state, then loss of NELF may render these genes refractory to
glucocorticoid-mediated inhibition. Because whole-body NELF
knockout results in early embryonic lethality prior today ES (26),
we utilized BMM® derived from myeloid cell-specific NELF-B—
deficient mice (NELF-B KD) (Materials and Methods) to evalu-
ate inflammatory gene repression by the GR. The conditional
deletion of NELF-B in myeloid cells resulted in a >90% de-
pletion of both its RNA and protein in BMM® relative to WT
BMM® as assayed by RT-qPCR and immunoblotting, respec-
tively (Fig. 3B). It has been reported previously that depletion of
any NELF subunit destabilizes the entire complex, leading to its
degradation (9, 12, 27-29). Indeed, a genetic NELF-B knock-
down resulted in loss of the NELF-A and NELF-E proteins as
well (Fig. 3B). To assess the effect of NELF depletion on the
regulation of inflammatory genes, we performed RT-qPCR in
WT and NELF-B KD BMM@® treated with LPS + Dex. The loss
of NELF did not alter the levels of IL-1a, IL-1p, TNF, CCL3,
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Fig. 3. GR-mediated repression of elongation-controlled genes is NELF de-
pendent. (A) GR facilitates NELF accumulation at the TSS of elongation-
controlled genes. BMM® were treated as in Fig. 2, and ChIPs were per-
formed using nonspecific normal IgG (baseline) or anti-NELF-E antibodies at
the TSS of indicated genes. For each location, gPCR signals were normalized
to those at the control r28S gene and were expressed as relative occupancy
over untreated control (=100). Corresponding signals obtained with IgG are
shown for each gene as mean + SD (n > 3). *P < 0.05, calculated using the
two-tailed Student t test. (B) NELF expression in the BMM® of NELF-B KD
mice. (Left) NELF-B mRNA in WT and KD BMM® was measured by RT-qPCR,
normalized to p-actin, and expressed relative to WT (=100%). Data are
shown as mean + SD; n = 4. (Right) NELF-B, NELF-A, and NELF-E protein levels
in BMM® from two WT and two KD mice were assessed by immunoblotting.
(C) NELF depletion attenuates Dex-dependent repression of elongation-
controlled genes. BMM® from WT and NELF-B KD mice were treated for 30
min (IL-1q, IL-1B, and TNF) or 1 h (CCL3 and CCL2). The relative amounts of
indicated transcripts were measured and expressed as ratios of LPS/LPS + Dex
(“fold repression”) for each genotype. Average fold repression in WT vs. KD
mice was compared using a two-tailed Student t test (n > 3).

and CCL2 transcripts in resting BMM® (Fig. S34). Similarly,
LPS-dependent induction of IL-1a, IL-1p, and TNF genes at 30 min
and of CCL3 and CCL2 at 1 h was unaffected in the NELF-B
KD BMM® relative to WT BMM® (Fig. S3B). Strikingly, at
these time points, NELF-B deficiency nearly abrogated re-
pression of TNF, CCL3, and CCL2 but not of the initiation-
controlled IL-1a and IL-1p (Fig. 3C). This finding indicates that
GR-mediated repression of elongation-controlled genes is NELF
dependent, highlighting a crucial difference between the mech-
anisms used by the GR to inhibit transcription of the two classes
of genes and implicating GR directly in attenuating the release
of paused Polll.

GR-Mediated Inhibition of P-TEFb Recruitment and NELF Release Are
GRIP1 Dependent. The putative corepressors mediating glucocor-
ticoid repression at tethering elements have remained enigmatic
for many years. We recently established that GRIP1, a cofactor
of the p160 coactivator family, is recruited to the NF-kB:GR
repression complexes and functions as a corepressor (21). Indeed,
GR-mediated repression of numerous inflammatory targets,
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including genes of both classes, was attenuated in GRIP1-depleted
BMM® (GRIP1 KD) (21). Interestingly, the elongation-controlled
genes TNF, CCL3, and CCI2 were derepressed dramatically in
GRIP1 KD M@® (Fig. 44). To assess if GRIP1 plays a role in
controlling transcription elongation, we examined the effect of
GRIP1 deletion on P-TEFb and NELF occupancy. As shown in
Fig. 4B, LPS-induced cyclin T1 recruitment to TNF, CCL3, and
CCl2 was comparable in M® of both genotypes. However, Dex-
dependent inhibition of cyclin T1 recruitment was completely
abrogated in GRIP1 KD BMM®. Furthermore, although the
loss of GRIP1 did not affect LPS-induced NELF dissociation
from the TNF promoter, its accumulation in response to Dex
was abolished (Fig. 4C). Thus, the inhibition of P-TEFb recruitment
and the retention of NELF at repressed promoters are mediated
by GRIP1.

Concluding Remarks

An increasing recognition of early elongation as the rate-limiting
step for induction of many genes prompted the assessment of the
role of elongation machinery in stimulus-induced gene activation,
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Fig. 4. GRIP1 mediates GR-dependent repression of elongation-controlled
genes by preventing P-TEFb recruitment and NELF release. (A) GRIP1 de-
pletion attenuates Dex-dependent repression. WT and GRIP1 KD BMM®
were treated with 10 ng/mL LPS + 100 nM Dex for 1 h. The relative amounts
of indicated transcripts were measured and expressed as fold repression for
each genotype. Average fold repression in WT vs. KD was compared using
a two-tailed Student t test (n > 3). (B) GR-mediated inhibition of P-TEFb
recruitment is GRIP1 dependent. ChIP for cyclin T1 was performed in WT and
GRIP1 KD BMM® treated as indicated. Relative occupancy over normal 1gG
(=1) was measured in both genotypes at the TSS of the indicated genes and
was expressed as an average of two independent experiments + SD. (C)
GRIP1 depletion prevents GR-induced NELF accumulation. NELF-E ChIP was
performed in WT and GRIP1 KD BMM® as in B. Relative occupancy over
normal IgG in untreated BMM® (=1) was measured for both genotypes at
the TNF TSS and was expressed as mean + SEM.
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including that by NRs (12, 28, 30-32). Here, we establish that the
NELF complex and promoter-proximal pausing play an essential
role in active, regulator-dependent gene repression. Furthermore,
our data argue that dependence on NELF for repression provides
a critical distinction between the two gene classes because ligan-
ded GR in the context of tethering glucocorticoid-response
elements inhibits P-TEFb recruitment even at initiation-controlled
genes at which such inhibition is unlikely to have any func-
tional consequences because they are not occupied by either
of the potential P-TEFDb substrates, Polll or NELF. Conversely,
at critical elongation-controlled inflammatory genes in primary
M®, the GR:GRIP1 complex confers repression by reinstating
the NELF-dependent pause, with loss of the NELF complex
rendering P-TEFb recruitment unnecessary for activation of
these genes.

Notably, other NRs such as peroxisome proliferator-activated
receptors and liver-X receptors repress both initiation- and
elongation-controlled inflammatory cytokine genes and share
certain targets with GR (33). It will be informative to extend the
analysis to these mechanistically different NRs and to ascertain
whether the enhancement of NELF-dependent pausing represents
a general mechanism of NR-mediated transrepression.

Thus far, our analysis reveals that, in primary M®, GR
represses inflammatory genes by targeting the same steps that
are rate-limiting for their activation by NF-kB. Indeed, GR blocks
PollI recruitment to IL-1a and IL-1p and halts PollI elongation at
TNF, CCL3, and CCL2. However, this may not be the case for all
GR-regulated genes in other contexts. In principle, some elon-
gation-controlled genes may lose preloaded PolIl upon repression
and require de novo preinitiation complex assembly to be acti-
vated. Conversely, an attenuation of P-TEFb binding by GR was
reported at the initiation-controlled IL-8 gene in the TNF-stim-
ulated A549 lung carcinoma cell line under certain conditions (34,
35), thereby establishing a novel paused state for this gene.
Given that the two gene classes in M® display different in-
duction profiles and that genes occupied by paused Polll are
activated with relatively faster kinetics (11, 36), it would be in-
triguing to examine whether the response of the repressed genes
in a novel transcriptional state to a secondary stimulus is quali-
tatively or quantitatively different.

Since the first demonstration of the ability of GR to repress
the activities of AP-1 and NF«kB directly more than 20y ago (37—
39), the search for the key responsible cofactor and the broadly
applicable molecular mechanism of repression has been ongoing.
Despite these efforts, there has been relatively little progress
in understanding what serves as a foundation for perhaps the
most widely used property of any one NR in the clinic—the anti-
inflammatory actions of glucocorticoids. Our recent study estab-
lished a broad role for GRIP1 as a GR corepressor of inflam-
matory genes; however, the underlying mechanism remained
obscure. This work suggests that in fact there may be no unifying
mechanism but rather that a coregulator engages distinct modes
of action as informed by the inherent characteristics of its target
genes, their key molecular landmarks, and transcriptional state
itself to achieve the same functional outcome. Understanding
these landmarks will help provide a conceptual framework for
assessing gene regulation as a function of the developmentally or
lineage-imposed features.

Materials and Methods

Cell Culture and Reagents. BMM® were prepared from 8- to 12-wk-old mice
as in ref. 11. Dex, LPS, and polyinosinic-polycytidylic acid (polylC) were
from Sigma.

RNA-Seq. Total RNA (5 pg) was polyA-enriched, fragmented, adapter ligated
with the lllumina mRNA-Seq sample preparation kit according to the manu-

14620 | www.pnas.org/cgi/doi/10.1073/pnas.1309898110

facturer’s instructions, and sequenced on an lllumina Genome Analyzer Il or
HiSeq2000 at the Weill Cornell Genomic Resources Core. The quality of total
RNA and size-selected library was evaluated with a Bioanalyzer 2100 (Agi-
lent Technologies). Then 30-50 x 10° reads per library were mapped to the
annotated mouse genome (Ensembl NCBIM37, version 61.37.n, 36,817 genes
and 93,809 transcripts) with CLC Bio Genomic Workbench 5.0 software as in
ref. 21. Expression levels were reported as reads per kilobase of exon per
million mapped reads (RPKM) as in ref. 40. Genes with RPKM >1 were in-
cluded in expression analysis. All genes with fold induction >2 and fold re-
pression >1.4 were considered to be differentially expressed (Table S1).

RNA Isolation and RT-qPCR. Total RNA was isolated using the RNeasy Mini Kit
(Qiagen). Random-primed cDNA synthesis, gPCR with ROX containing SYBR-
green master mix (Thermo Scientific), and 85Ct analysis were performed as
described (11). Primers are listed in Table S2 and in ref. 21.

ChIP. ChIP assays were performed as previously described (11) using the
following antibodies: normal rabbit IgG (sc2027; Santa Cruz Biotechnology);
Polll (sc9001; Santa Cruz Biotechnology); CDK9 (sc8338x; Santa Cruz Bio-
technology); cyclin T1 (sc10750x; Santa Cruz Biotechnology); H3Ac (06-599;
Millipore); H3K9Me;3 (ab8898; Abcam); Polll-pS2 (ab5095, Abcam); Polll-pS5
(ab5131; Abcam); and NELF-E (RDBP) (10705-1-AP; Proteintech). Primers are
listed in Table S2 and in ref. 21.

ChIP-Seq. Cross-linked chromatin from day 6 BMM® prepared as in ref. 6 was
immunoprecipitated using the RNA Polll antibody (sc9001; Santa Cruz Bio-
technology) and purified on a Qiagen column using the Qiaquick PCR pu-
rification kit. ChIP-Seq libraries were prepared using the lllumina ChIP-Seq
kit according to the manufacturer’s instructions. The resulting library was
sequenced on a Solexa GAIIX. Sequencing reads were trimmed to 36 nt
and were mapped to the mouse genome (mm9 build). Reads were binned
in 25-bp intervals, and the resulting density distribution was converted into
bed file and plotted along with annotated RefSeq genes.

NELF-B Conditional Knock-Down Mice. Full characterization of the targeting
constructs and of the NELF-B KD mice will be published separately. In brief,
NELF-B mice (strain name: C57BL/6-Nelfb <tm2Ehs>) containing two floxed
NELF-B alleles were crossed to the LysMCre knock-in mice [strain B6.129P2-
Lyzstm1(cre)lfo/); Jackson Labs]. Heterozygous progeny were intercrossed
to obtain LysMCre:NELFW™T (WT) and LysMCre:NELFF“F- (NELF-B KD) mice
which were used to generate BMM®.

GRIP1 Conditional Knock-Down Mice. Mice were maintained in the Hospital
for Special Surgery Animal Facility in full compliance with the guidelines
approved by the Hospital for Special Surgery Institutional Animal Care and
Use Committee. A C57BL/6 strain that had the GRIP1 exon encoding NR-
interacting domain flanked by loxP sites (~:GRIP17“F- - WT) was described
previously (41). WT mice were bred to C57BL/6-derived Mx1Cre (Mx1Cre-WT)
driver to obtain homozygous Mx1Cre:GRIP17“F- (GRIP1 KD) mice. The ge-
notype of the progeny was determined by PCR (41). Cre expression to delete
GRIP1 was induced by three sequential i.p. injections of 250 pg polyIC as
described (21), and mice were killed for bone marrow isolation 2 wk later.

Immunoblotting. Preparation of protein extracts and immunoblotting with
commercial goat polyclonal antibodies to NELF-A (sc-23599; Santa Cruz Bio-
technology), rabbit polyclonal antibodies to NELF-E (Proteintech), and custom-
made rabbit polyclonal serum NELF-B were performed using standard protocols.

Statistics. Box-whisker plots are used to represent groups of individual ex-
periments. The ends of the whisker are set at 1.5* interquartile range (IQR)
above the third quartile (Q3) and 1.5*IQR below the first quartile (Q1). The
statistical significance of intergroup difference is calculated using the two-
tailed Student t test.
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