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ABSTRACT The nuclear factor kappa B (NF-�B) family of transcription factors plays
a central role in coordinating the expression of genes that control inflammation, im-
mune responses, cell proliferation, and a variety of other biological processes. In an
attempt to identify novel regulators of this pathway, we performed whole-genome
RNA interference (RNAi) screens in physiologically relevant human macrophages in
response to lipopolysaccharide and tumor necrosis factor alpha (TNF-�). The top hit
was SNW1, a splicing factor and transcriptional coactivator. SNW1 does not regulate
the cytoplasmic components of the NF-�B pathway but complexes with the NF-�B
heterodimer in the nucleus for transcriptional activation. We show that SNW1 de-
taches from its splicing complex (formed with SNRNP200 and SNRNP220) upon
NF-�B activation and binds to NF-�B’s transcriptional elongation partner p-TEFb. We
also show that SNW1 is indispensable for the transcriptional elongation of NF-�B tar-
get genes such as the interleukin 8 (IL-8) and TNF genes. SNW1 is a unique protein
previously shown to be involved in both splicing and transcription, and in this case,
its role involves binding to the NF-�B–p-TEFb complex to facilitate transcriptional
elongation of some NF-�B target genes.
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Ever since its discovery in 1986 in David Baltimore’s laboratory (1), the NF-�B
pathway has been a prime model of inducible transcription in various cell types and

in response to multiple stimuli. NF-�B family members in mammals contain five Rel
proteins, p50, p52, p65 (RelA), RelB, and c-Rel, which form homo- and heterodimeric
complexes (2). In the classical NF-�B signaling pathway, p65 and p50 subunits het-
erodimerize and are sequestered in an inactive complex in the cytoplasm bound to
I�B� (3). Upon activation by proinflammatory stimuli, such as tumor necrosis factor
alpha (TNF-�) or lipopolysaccharide (LPS), the I�B kinase (IKK) complex, which is
composed of two functionally nonredundant kinases, IKK1 and IKK2 (4); a regulatory
subunit, NEMO; and ELKS (5, 6), phosphorylates I�B� at serines 32 and 36 (7), targeting
it for ubiquitination and proteasomal degradation (8). This allows the p65/p50 complex
to translocate into the nucleus, where p65 binds to the promoter regions of target
genes, recruits general transcription machinery, and induces the expression of the
corresponding mRNA. One of NF-�B’s target genes is the I�B� gene itself, which acts in
an autoregulatory feedback loop to repress NF-�B activity (9).

The NF-�B pathway plays an important role in human physiology. In innate immu-
nity, the pathway is downstream of multiple Toll-like receptors (TLRs) and is activated
in response to various pathogenic stimuli, including bacterial lipids (TLR1, -2, -4, and -6)
and viral or bacterial nucleic acids (TLR3, -7, -8, and -9). The activation of the pathway
leads to the upregulation of proinflammatory proteins, for example, proteins that help
in leukocyte migration (VCAM1 and ICAM1), cytokines (TNF-�, interleukin-1 [IL-1], and
IL-6), and defensins, etc. In adaptive immunity, NF-�B has been shown to play a role in
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B- and T-cell proliferation (10) along with dendritic cell maturation. Finally, NF-�B has
also been implicated in the development of the liver, skin, and limbs (11, 12). Hence, it
is not a surprise that the misregulation of this pathway (via mutations or aberrant
activation) plays an important and driving role in a number of diseases, such as
rheumatoid arthritis and atherosclerosis (13).

In cancers of hematopoietic origins, members of the NF-�B pathway are found to be
mutated. For example, some non-Hodgkin’s B-cell lymphomas have amplification and
rearrangement of c-Rel. Also, NF-�B2/p100 is frequently activated through chromo-
somal translocations in lymphomas and leukemias (14). The NF-�B pathway is known
to be active in multiple solid tumors, including glioblastoma (15) and lung cancer (16).
This leads to a chronic inflammatory phenotype, which contributes to genomic insta-
bility that drives tumor development (14).

Despite rigorous study of NF-�B due to its ubiquity and importance, several unan-
swered questions remain about this pathway. The canonical NF-�B heterodimer (p65-
p50) responds to multiple stimuli and is activated by the same signal transduction steps
(phosphorylation and degradation of I�B�, translocation of the heterodimer into the
nucleus, binding to CBP/p300 [17], and recruitment of the general transcription ma-
chinery). However, the genes transcribed by the pathway differ significantly based on
the stimulus, timing, and cell type. Observations like these provide a hint that there are
many layers (and, hence, permutations and combinations) in the nuclear regulation of
NF-�B target gene transcription. What are the cofactors that bind to NF-�B in the
nucleus? What is the order of events of NF-�B-dependent transcription for different
genes? How are stimulus-specific signals relayed to the nucleus to cause differences in
the genes transcribed? With all these questions in mind, we used an RNA interference
(RNAi)-based screening approach in a human monocytic cell line (THP-1 cells differen-
tiated into macrophages) to identify novel genes that regulate the NF-�B pathway in
response to two different stimuli (LPS and TNF-�). In follow-up experiments, we
validated the splicing factor and transcription coactivator SNW1 as a novel regulator of
NF-�B target gene transcription.

RESULTS
SNW1 is required for NF-�B activation in response to TNF-� and LPS. We

developed and optimized three levels of screening (Fig. 1) to stringently filter genes
required for the activation of the NF-�B pathway in response to both LPS and TNF-�.
The primary screen (Fig. 1A) was a high-throughput luciferase-based assay using a
whole-genome small interfering RNA (siRNA) library (4 pooled siRNAs/gene). Differen-
tiated THP-1 human myeloid cells (18) stably transduced with a 5�-NF-�B–luciferase
reporter were reverse transfected with siRNAs for 72 h and then treated with TNF-� or
LPS at 10 ng/ml for 6 h. The efficacy of the screen was validated by luciferase analysis
of siRNA against p65 (sip65), siRNA against luciferase (siLuciferase), and mock controls
added to each plate. The LPS and TNF-� screens were carried out in duplicates, and we
calculated the Z-score for each gene (twice each for LPS and TNF-�) based on the
medians and median absolute deviations of the luciferase values. A stringent Z-score
cutoff of less than �2.0 was used for each replicate for both the LPS and TNF-� screens.
A fraction of known NF-�B pathway regulators controlling the response to LPS or TNF-�
were identified from this primary screen, establishing its validity (Fig. 2). The TNF-� and
LPS screens gave 232 and 104 hits, respectively, with 43 of them being common,
including known regulators such as RELA, NEMO, and UBC (19). Stimulus-specific
mediators, such as TNF receptor (TNFR) for TNF-� and TLR4 for LPS, were also correctly
identified.

Next, we conducted a secondary screen on these hits (Fig. 1B), with an additional
measure of cell viability to cull false-positive results from the primary screen by
excluding genes that reduced cell viability as opposed to NF-�B activity. We used
redundant siRNA analysis (20), which is an accepted statistical method to interpret data
from large-scale RNAi screens while minimizing off-target effects. In particular, we were
looking for genes whose siRNAs (at least 2 out of 4) showed significant reductions in
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luciferase activity upon both TNF-� and LPS treatments and did not cause a significant
loss of cell viability. We report the results of the screens in Tables SA1 and SA2 in the
supplemental material.

Finally, we validated our hits using an endogenous readout of NF-�B activity in a
different cell line (Fig. 1C). Here, we used the U87 glioblastoma-like cell line that has an
inducible NF-�B pathway (15) and can be transfected with siRNAs at very high effi-
ciency. We used the two most active siRNAs for every gene (identified from the
secondary screen) and tested the induction of the NF-�B-inducible molecule COX2 in
response to TNF-� treatment by immunoblotting for the COX2 protein. siRNAs against
p65, TAK1, and NEMO were used as positive controls. The protein readouts were
normalized to actin (loading control). The final list of 14 genes validated by three levels
of screening (Table SA3) was headed by the splicing factor and transcription coactivator
SNW1.

FIG 1 Three levels of screening for novel regulators of NF-�B regulation. (A) Primary screen where siRNA oligonucleotides (4 for every gene and 1 gene per
well) were prearrayed into 384-well plates. THP-1 macrophages with the NF-�B reporter were reverse transfected for 72 h before being treated with TNF-�
or LPS for 6 h and assayed for luciferase activity. Each whole-genome library was assayed in duplicate for each of the two stimuli. (B) Secondary screen where
the top hits from panel A were screened again using TNF-� and LPS, with a test for cell viability to rule out essential genes from the final hit list (n � 3
replicates). (C) Tertiary screen where hits from panel B were validated using an endogenous NF-�B reporting system in response to TNF-� (COX2 protein
readout, measured via Western blotting and subsequent ImageJ analysis) in U87 cells (n � 2 replicates).
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To confirm the initial screening results, we replicated the primary screening process
for SNW1 by transfecting differentiated THP-1 cells (NF-�B luciferase reporter) with
sip65, siLuciferase, siSNW1, and a nontargeting siRNA. After stimulation with TNF-� or
LPS (Fig. 3A and B), we saw a significant knockdown of relative luciferase activity with
siSNW1 along with the positive controls sip65 and siLuciferase. Next, we replicated the
secondary screening conditions for SNW1 by transfecting differentiated THP-1 cells
(NF-�B luciferase reporter) with sip65, siLuciferase, siDeath (a positive control for cell
toxicity that targets essential protein translation genes), and the four siRNAs against
SNW1. Upon stimulation with either LPS or TNF-�, we observed that three out of four
siRNAs against SNW1 significantly knocked down NF-�B-dependent luciferase activity,
comparable to the levels for the positive controls (Fig. 3C to E). Also, none of the siRNAs
against SNW1, p65, and luciferase showed significant cell toxicity, but siDeath killed
almost 90% of the transfected cells. Next, to replicate the tertiary screen for SNW1, we

FIG 2 TNF-� and LPS primary screens. (A) In the TNF-� primary screen, most genes have a Z-score of
between �2 and �2, as evident from the smooth line in that interval. Only 232 genes have a Z-score lower
than the cutoff of �2 (marked by the dashed line). They include known genes for NF-�B regulators, such
as NEMO and p65, and the TNF-�-specific regulator TNF receptor 1 (TNFR1). (B) Correspondingly, in the LPS
primary screen, most genes also have a Z-score of between �2 and �2, as evident from the smooth line
in that interval. Only 104 genes have a Z-score lower than the cutoff of �2 (marked by the dashed line).
They include genes for known NF-�B regulators, such as NEMO and p65, and the LPS-specific regulator
Toll-like receptor 4 (TLR4).

Verma et al. Molecular and Cellular Biology

February 2019 Volume 39 Issue 3 e00415-18 mcb.asm.org 4

https://mcb.asm.org


transfected U87 cells with siSNW1 or a nontargeting siRNA and activated the NF-�B
pathway by treating them with TNF-�. NF-�B activation induced the production of
COX2 up to 12-fold, while knockdown of SNW1 almost completely attenuated COX2
protein expression (Fig. 3F). This confirmed SNW1’s involvement in NF-�B activation in
another cell line using an endogenous target gene as a reporter. We also tested SNW1’s
involvement in the transcription of other NF-�B target genes by using quantitative PCR
(qPCR). Knockdown of SNW1 in differentiated THP-1 cells reduces the TNF-�-induced
expression of the mRNAs for the NF-�B target genes I�B� gene, IL-1 gene, CCL2 gene,
and IL-6 gene after 60 min of TNF-� stimulation (Fig. 3G). The knockdown of SNW1
mRNA upon siRNA transfection was also verified (Fig. 3H).

SNW1 is not a general transcriptional coactivator and specifically modulates
the NF-�B pathway in response to multiple stimuli. SNW1 (also termed NCoA62,
SKIP in vertebrates, Prp45 in Saccharomyces cerevisiae, and BX42 in Drosophila mela-
nogaster) is a highly conserved protein associated with splicing and transcription (21).
Well-established roles of SNW1 in transcriptional regulation include its coregulatory

FIG 3 SNW1 depletion attenuates NF-�B pathway activation in multiple cell lines, with minimal loss of cell viability. (A and B) Reduction of
activated NF-�B-dependent luciferase activity (via TNF-� or LPS) under SNW1 RNAi (pool of 4 siRNAs) conditions in THP-1 cells (P � 0.05). The
reduction is comparable to those with positive controls (RNAi against p65 or luciferase) (n � 2 replicates). RLuc, Renilla luciferase. (C and D) Three
out of four individual siRNAs against SNW1 used in our secondary screen attenuated the NF-�B-dependent luciferase response upon stimulation
with TNF-� or LPS (P � 0.05) (n � 3 replicates). (E) The reduction in NF-�B-dependent luciferase activity by siRNAs against SNW1 is not due to a
loss of cell viability. siRNA against an essential ribosomal protein (siDeath) was used as a positive control (n � 3 replicates). (F) TNF-�-stimulated
NF-�B-dependent expression of COX2 protein is attenuated in U87 cells transfected with siRNA against SNW1 (n � 2 replicates [1 replicate is
shown]). (G) Knockdown of SNW1 downregulates the expression of NF-�B target genes upon TNF-� treatment in THP-1 cells, as determined by
qPCR (P � 0.05 for negative-control [–ve] siRNA versus other conditions for all genes). The degree of downregulation is similar to those under sip65
and siNEMO conditions (positive controls) (n � 3 replicates). Note that the y axis shows fold changes of NF-�B target gene expression with respect
to the non-TNF-�-stimulated control. (H) siSNW1 transfection leads to a reduction of SNW1 mRNA levels (P � 0.05) (n � 3 replicates).
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effect on nuclear hormone receptors, such as the vitamin D receptor (22), androgen
receptor (23), and retinoid X receptor, which it antagonistically regulates in association
with the SIRT1 histone deacetylase (24). SNW1 also positively regulates HIV Tat tran-
scription in vitro (25). To firmly establish SNW1 as a specific regulator of NF-�B, we
needed to rule out its involvement in general, constitutive transcription. To test this, we
transfected THP-1 cells with both an NF-�B-driven luciferase reporter and a pTK (weak
constitutive promoter)-driven Renilla luciferase reporter (Fig. 4A). We knocked down
SNW1 in these cells (along with a negative control) and read luminescence values for
both luciferases. SNW1 knockdown decreased NF-�B-dependent luciferase expression
but had no significant effect on Renilla luciferase expression. We repeated this exper-
iment in U87 cells and obtained similar results (data not shown). These observations
support the hypothesis that SNW1 is not involved in general transcription, as knock-
down of SNW1 had no effect on constitutive transcription in multiple cell lines.

Furthermore, we tested SNW1’s specificity in regulating TNF-�-dependent NF-�B by
testing its ability to mediate the suppression of TNF-�-induced apoptosis. TNF-�
stimulation of cells is known to activate two opposing programs: the NF-�B pathway

FIG 4 SNW1 is not a general transcription coactivator and modulates the NF-�B pathway in response to multiple
stimuli. (A) THP-1 cells (with negative-control siRNA or SNW1 siRNA) transfected with constitutively active pTK Renilla
luciferase show no significant change in constitutively active Renilla luciferase activity under siSNW1 conditions. (B)
Knockdown of the NF-�B pathway (via sip65) increases TNF-�-mediated apoptosis in THP-1 cells. A similar result is seen
when SNW1 is knocked down, providing evidence for SNW1’s role in the NF-�B pathway upon TNF-� treatment
(P � 0.05 for both sip65 and siSNW1). (C) THP-1 cells (transduced with NF-�B luciferase) were transfected with a
negative-control siRNA (si–ve), siSNW1, or sip65 and stimulated for 6 h with the above-mentioned stimuli. siRNA against
SNW1 attenuates NF-�B-driven luciferase activity, while siRNA against p65 shows a similar effect with all stimuli (P �
0.05 for negative-control siRNA versus any condition for all stimulants tested).
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and programmed cell death (apoptosis). We previously established (26) that the
TNF-�-induced prosurvival NF-�B pathway suppresses programmed cell death. There-
fore, when the NF-�B pathway is attenuated, cells undergo apoptosis at a much higher
rate due to the lack of inhibition of the programmed cell death pathway. Hence, our
hypothesis was that SNW1 depletion would lead to NF-�B repression and, therefore,
increased apoptosis in TNF-�-treated cells. This would provide evidence supporting
that SNW1 directly and specifically affects the NF-�B pathway. To test this, we trans-
fected THP-1 cells with siRNAs against p65 and SNW1 and a nontargeting control,
treated the cells with TNF-�, and checked caspase 3/7 activity (measured by a luciferase
assay) as a readout of apoptosis (Fig. 4B). As expected, apoptotic activity was increased
in sip65-treated cells after TNF-� treatment but not in negative-control siRNA (scram-
bled siRNA)-treated cells. SNW1 depletion also increased apoptosis activity upon TNF-�
treatment, supporting our hypothesis that SNW1 specifically regulates the NF-�B
pathway.

Finally, we wanted to determine SNW1’s involvement in the NF-�B pathway in
response to multiple stimuli. We therefore knocked down SNW1 in THP-1 cells (trans-
duced with the NF-�B luciferase reporter) and treated the cells with a variety of
inflammatory stimuli, including PAM3CSK4 (lipoprotein mimic) (TLR1 and TLR2 agonist),
PGN (peptidoglycan) (TLR2 agonist), P2C (lipoprotein) (TLR2 agonist), FLG (flagellin)
(TLR5 agonist), and IL-1 (cytokine) (IL-1 receptor [IL-1R] agonist). We found that knock-
down of SNW1 reduced NF-�B activation from all stimuli (Fig. 4C). Since knockdown of
SNW1 attenuated the NF-�B pathway induced by multiple stimuli, we hypothesized
that it is not involved upstream of the IKK complex.

SNW1 affects the NF-�B pathway in the nucleus by forming a complex with the
NF-�B transcription factor and p-TEFb. Next, we wanted to explore the mechanism
of SNW1’s involvement in the NF-�B pathway. We first checked its role in the cytoplas-
mic part of the pathway by knocking down SNW1 and probing for changes in the
cytoplasmic arc of the NF-�B pathway, i.e., phosphorylation and degradation of I�B�

along with nuclear translocation of NF-�B. SNW1 depletion did not affect any of the
cytoplasmic processes (data not shown), and hence, to develop our hypothesis, we
searched for SNW1’s potential interactions with proteins involved in NF-�B regulation
in the nucleus. SNW1/SKIP is known to promote HIV-1 Tat transactivation by interacting
with the elongation factor p-TEFb, which is composed of cyclin-dependent kinase 9
(CDK9) and cyclin T1 (27). p-TEFb was previously shown to be recruited to the
promoters of NF-�B target genes (IL-8 gene, etc.) in response to TNF-� treatment (28).
In the same study, p-TEFb was shown to bind to p65 (upon TNF-� treatment) to initiate
transcriptional elongation and to help activate the preinitiation complex (PIC), which
includes RNA polymerase II (Pol II). p-TEFb has also been shown to be bound to the
promoters of rapidly transcribed NF-�B target genes upon pathway activation.

Hence, we tested the binding of SNW1 with p-TEFb upon TNF-� treatment in THP-1
cells (Fig. 5A). The results show that SNW1 is in the same complex as p-TEFb, even in
untreated cells, and it maintains this interaction through stimulation with TNF-�. We
also checked SNW1’s interaction with RNA Pol II and observed a considerable increase
in the SNW1-Pol II interaction upon TNF-� treatment. Next, we wanted to check p65’s
interaction with this complex, so we treated THP-1 cells with TNF-�, immunoprecipi-
tated p65, and probed for proteins bound to it (Fig. 5B). As expected, p65 showed
increased interactions with p-TEFb upon TNF-� treatment, and SNW1 and p65 were
part of the same complex upon TNF-� treatment. We used I�B� and p50 as positive
controls for p65 binding, while �-actin served as a negative control. Taken together,
these results suggest SNW1’s involvement as part of the p65-pTEFb complex that
cobinds to Pol II upon treatment with TNF-�.

SNW1 is necessary for Pol II-dependent elongation of NF-�B target genes IL-8
gene and TNF gene. To investigate the role of SNW1 in the transcription of NF-�B
target genes, we knocked down SNW1 in THP-1 cells, treated the cells with TNF-�, and
immunoprecipitated DNA bound to p65, CDK9, and Pol II (Fig. 6). The antibody against
Pol II was raised against the N terminus of its RPB1 subunit (to determine the
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recruitment of total Pol II). The results show that there was increased binding of p65,
CDK9, and Pol II (as a percentage of the input) to the promoters of IL-8 and TNF genes
upon treatment with TNF-� and that binding was not significantly affected by the
depletion of SNW1 (Fig. 6A to F). In control experiments, we did not observe any
change in the chromatin immunoprecipitation (ChIP) signal for the Pol III-driven U6
snRNA promoter (negative control), indicating that the TNF-� response is sequence
specific. The binding of CDK9, p65, and Pol II to the U6 snRNA promoter was minimal
(Fig. 7). These results show that SNW1 has no effect on the assembly of the preinitiation
complex comprised of p65, p-TEFb, and Pol II on the promoter of NF-�B target genes,
the IL-8 gene and TNF gene, upon treatment with TNF-�.

Since p-TEFb has been shown to be necessary for transcriptional elongation of
NF-�B target genes (28), we investigated if knockdown of SNW1 had any effect on this
activity by checking for Pol II recruitment in the coding regions of the NF-�B target
genes IL-8 gene and TNF gene (Fig. 6G and H). The results showed an increased
occupancy of Pol II on the coding regions of IL-8 and TNF genes upon TNF-� treatment,
as expected, but importantly, this occupancy was significantly reduced upon SNW1
depletion. Cumulatively, these observations suggest that SNW1 depletion affects the
ability of NF-�B and p-TEFb to stimulate the elongation of some NF-�B target genes
while maintaining the preinitiation complex at these NF-�B target gene promoters.
SNW1’s role in the transcriptional elongation of these NF-�B target genes is novel and
showcases another level of control in NF-�B gene regulation.

SNW1’s role in NF-�B transcription may be independent of splicing. We have
provided evidence for SNW1’s role as an adapter protein between p-TEFb, p65, and Pol
II that is necessary for NF-�B target gene elongation (IL-8 and TNF) upon TNF-�
treatment. SNW1 is also a known splicing protein that binds with other splicing factors
(SNRNP200, SNRNP220, and EFTUD2) to facilitate the splicing of certain genes (29).
Interestingly, it has been known to act as a transcriptional coactivator for a target gene
of the transcription factor p53 while acting as a splicing factor for another p53 target
gene (30). Hence, we wanted to determine its possible role as a splicing factor in the
context of NF-�B and TNF-� treatment.

FIG 5 Both SNW1 and p65 complex with p-TEFb upon TNF-� treatment. THP-1 cells were treated with
TNF-� for 30 or 60 min and immunoprecipitated for either SNW1 (A) or p65 (B). (A) Constitutive binding
of p-TEFb (CDK9) to SNW1 inside THP-1 cells, with significantly increased binding to RNA Pol II, along with
p65, upon TNF-� treatment. (B) Increased binding of p65 to p-TEFb and SNW1 upon treatment with
TNF-�, as expected. The binding of I�B� and p50 to p65 is used as a positive control, while the lack of
binding of actin (a ubiquitous highly expressed protein) to either SNW1 or p65 is used as a negative
control. Note that for panel A, SNW1, Pol II, and p-TEFb were blotted on the same gel, while p65 and actin
were blotted using the same samples but on a different gel (due to similar molecular weights of p65,
SNW1, p-TEFb, and actin). Similarly, for panel B, p65, p-TEFb, and I�B� were blotted on the same gel,
while SNW1, p50, and actin were blotted using the same samples but on a different gel.
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Using THP-1 cells, we immunoprecipitated SNW1 with and without TNF-� treatment
and probed for known splicing binding partners (Fig. 8). We observed binding of SNW1
to SNRNP200 and SNRNP220 under basal conditions; however, this binding was lost
upon treatment with TNF-�. Interestingly, SNW1-SNRNP200 and SNW1-SNRNP220 bind-
ing was partially recovered after 60 min of TNF-� treatment. This shows that SNW1’s
involvement in the NF-�B pathway is potentially independent of its splicing role. The
fact that the NF-�B-driven luciferase construct used to conduct the primary and
secondary screens did not have an intron in it further supports this claim.

In total, we have provided evidence toward SNW1 being an adapter protein that is
bound to splicing factors and p-TEFb under basal conditions, but upon treatment with
TNF-�, it is bound to the NF-�B–p-TEFb–Pol II complex on the promoters of some NF-�B
target genes. Our hypothesis is that SNW1 is involved in cotranscriptional splicing in the

FIG 6 SNW1 is necessary for Pol II-dependent elongation of NF-�B target genes but not for the formation of the preinitiation complex. THP-1 cells under normal
or siSNW1 conditions were treated with TNF-� for 60 min and immunoprecipitated for chromatin that complexed with either CDK9, p65, or Pol II. (A to F)
Recruitment of CDK9 (A), p65 (B), and Pol II (C) on the IL-8 promoter is increased significantly upon TNF-� treatment, and the effect remains unchanged in cells
that have SNW1 depleted. (A to C) The corresponding effects are similar for the TNF promoter. (D to H) The recruitment of Pol II on the coding sequence region
of the IL-8 gene is increased upon TNF-� treatment in normal cells, but the effect is significantly reduced in SNW1-depleted cells (G), which is also observed
for the coding sequence region of the TNF gene (H). Note that panels A to F have statistically insignificant differences (at an alpha value of 0.05) between the
negative-control siRNA (TNF) and siSNW1 (TNF) columns, while in panels G and H, the corresponding differences are statistically significant.
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basal state (as it is bound to both the splicing factors SNRNP200 and SNRNP220 and the
transcriptional elongator p-TEFb), but upon activation of the NF-�B pathway, it be-
comes indispensable for the gene elongation of some NF-�B target genes.

DISCUSSION

The NF-�B family of transcription factors responds to a plethora of diverse agents to
transcriptionally activate a large number of target genes. Our RNAi screens identified
SNW1 as a novel regulator of NF-�B pathway activation in human macrophages. SNW1
depletion led to a reduced expression of NF-�B target genes such as the IL-1, CCL2, and
COX2 genes (Fig. 3G). SNW1 appears to regulate the NF-�B pathway in response to
various stimuli (Fig. 4C). SNW1 depletion also led to increased apoptosis of THP-1 cells
upon TNF-� treatment (Fig. 4B). This highlights the specificity of SNW1 as an NF-�B
regulator in the context of TNF-� activation, since knocking down SNW1 affects only
the NF-�B pathway and not the TNF-�-mediated activation of caspase, which leads to
apoptosis (31). In a previous genome-wide pooled CRISPR-Cas9 library screen in
dendritic cells to identify genes that control the induction of TNF by bacterial lipopoly-
saccharide, the SNW1 gene was among the top 10% of hits but was not further
analyzed (32).

FIG 7 Validation of CDK9, p65, and Pol II antibodies for ChIP using a negative-control U6 snRNA sequence. In THP-1 cells, CDK9 (A), p65 (B), and Pol II (C)
antibodies bind minimally to the Pol III-driven U6 snRNA sequence (as evidenced by the low percentage of the input compared to that in Fig. 6), and the binding
is unaffected by TNF-� treatment or under SNW1 depletion conditions (statistically insignificant at an alpha value of 0.05) (n � 3 replicates).

FIG 8 SNW1 binds to splicing factors in the basal (but not TNF-�-treated) state. THP-1 cells were treated
with TNF-� for 30 or 60 min, immunoprecipitated for SNW1, and probed for its binding partners. The
splicing factors PRPF8 (SNRNP220) and SNRNP200 appear to bind to SNW1 under basal conditions
(absence of TNF-�) but lose that binding 30 min after TNF-� treatment, only to partially regain it 60 min
after TNF-� treatment.
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The next and most important question that we tried to answer was the following:
what is SNW1’s role in the NF-�B pathway? The literature has shown that SNW1
functions as a splicing cofactor, transcription coactivator, and transcription repressor. In
our cell lines, SNW1 (tagged with green fluorescent protein [GFP]) was always localized to
the nucleus (data not shown), and hence, it was not a surprise when we found that it did
not affect the cytoplasmic part of the NF-�B pathway (data not shown), including NF-�B’s
translocation into the nucleus. The nature and role of NF-�B’s binding partners and
transcriptional coactivators are still not completely characterized (with the exception of
CBP/p300) (17). The p-TEFb protein complex was previously shown to interact with both
SNW1 and p65, albeit independently, in the context of transcription. SNW1 was reported to
bind p-TEFb in the context of transcriptional activation via HIV-1 Tat, while p65 was shown
to use p-TEFb as a transcription elongator. Using this information as our basis, we tested for
SNW1’s interaction with p-TEFb in the context of NF-�B activation.

We report that SNW1 constitutively binds to p-TEFb inside the nucleus with or
without NF-�B activation (Fig. 5A). We also show that once NF-�B translocates into the
nucleus upon TNF-� treatment, it interacts with the SNW1–p-TEFb complex (Fig. 5A).

SNW1 did not have any effect on the TNF-�-dependent assembly of Pol II, p-TEFb,
and p65 on the promoters of NF-�B target genes, the IL-8 and TNF genes. SNW1
depletion, however, led to reduced NF-�B target gene elongation, shown by the
reduced abundance of Pol II in the coding sequence regions of the IL-8 and TNF genes
(Fig. 6G and H). Since SNW1 was known to be involved in splicing, we investigated its
potential role in this activity in the absence and presence of TNF-�. We found that SNW1
binds to its splicing cofactors SNRNP200 and SNRNP220 in the basal state (no TNF-�
treatment) but dissociates from them when the NF-�B pathway is activated (Fig. 8). Given
that SNW1 was always found bound to p-TEFb (Fig. 5A), we hypothesize that in the basal
state, SNW1 could be involved in cotranscriptional splicing, connecting nascent RNAs that
are being transcribed, with the help of p-TEFb, to various splicing factors. Similar observa-
tions regarding SNW1 have been reported in multiple papers (27, 33), in the contexts of
vitamin D- and HIV-1 Tat-driven transcription. Interestingly, upon activation of the NF-�B
pathway, it dissociated from splicing partners and facilitated the formation of the NF-�B–
p-TEFb complex for efficient transcriptional elongation of NF-�B target genes. This suggests
that the impact of SNW1 on NF-�B activation is likely mediated through the regulation of
transcription but not splicing. This hypothesis garners more support when coupled with the
fact that the NF-�B luciferase construct used for the screening did not have an intron in it,
and yet SNW1 affected its transcription.

Our study has some limitations: we do not know if the SNW1-p65 interaction upon
TNF-� treatment (Fig. 5B) is direct or indirect. Presently, SNW1 knockout mice are not
available, and our attempts to knock out SNW1 in 293T and THP-1 cells using CRIPSR-
Cas9 failed due to lethal cell cycle defects in the knockout lines (data not shown). We
also have limited knowledge about SNW1’s interactions with other binding partners of
the NF-�B activation pathway. For example, we were unable to observe cobinding of
SNW1 with either CBP/p300, SRC-1, or histone deacetylase 1 (HDAC1) (three known
binding partners of p65) upon TNF-� treatment. We cannot discount the possibility that
SNW1’s role in NF-�B transcription is independent of these proteins or that these
interacting complexes are transient and unstable.

Going forward, we believe that there are several important questions that are still to
be answered about SNW1’s role in the NF-�B pathway. First, it is important to deter-
mine if SNW1’s regulation of the NF-�B pathway is specific to certain target genes. We
hypothesize that SNW1 depletion will lead to a significant decrease in p65 binding to
the promoters of the p-TEFb-dependent NF-�B target genes (primary target genes that
are not dependent on de novo protein synthesis for transcription) (34). It would be
important to see how many and which genes are regulated in an SNW1-dependent
manner following NF-�B activation using an RNA Pol II-specific ChIP sequencing
method. Second, it will be important to understand the process by which SNW1 loses
its binding with splicing factors and forms a complex with NF-�B and p-TEFb upon
TNF-� treatment. One likely possibility is that SNW1 undergoes posttranslational mod-
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ification (e.g., phosphorylation or acetylation) upon treatment with TNF-�, which drives
its transition from being a splicing factor to being a transcriptional coactivator. Re-
cently, it was shown that SNW1 undergoes c-Abl-mediated tyrosine phosphorylation to
act as a transcription coactivator for the transforming growth factor � (TGF-�) pathway
(35). It would also be interesting to know the status of splicing in cells treated with
TNF-�, since we have observed that SNW1 dissociates from its splicing partners upon
TNF-� treatment. Taken together, the results of this study reveal that SNW1 is a critical
regulator of NF-�B-dependent transcriptional responses and is likely to impact a
number of physiological responses governed by this pathway.

MATERIALS AND METHODS
Primary and secondary screens. On day 0, THP-1 monocytes were treated with phorbol myristate

acetate (PMA) (final concentration of 10 ng/ml). The cells were at a concentration of �250,000 cells per
ml at the time of treatment. On day 1, all siRNAs were prearrayed in 384-well plates with 2 �l of a 1.25 �M
stock (the primary screen had 4 siRNAs per gene per well, while the secondary screen had 1 siRNA per
gene per well [hence 4 wells in total per gene per replicate]). A master stock containing 10 �l of
prewarmed Opti-MEM and 0.1 �l Lipofectamine RNAiMAX for each well was prepared, incubated for
5 min at room temperature, and then added to each well. The plates were shaken for 1 min to generate
a homogenous siRNA-lipid solution and incubated for 20 min at room temperature. A 50-�l suspension
of 7,500 differentiated THP-1 cells in growth medium was added, and cells were incubated at 37°C with
5% CO2 for 72 h. On day 4, cells were stimulated with LPS or TNF-� diluted in growth medium to a final
concentration of 10 ng/ml for 6 h each. Cells were then read using a plate reader and the Promega
Bright-Glo and Cell Titer-Glo (secondary screen only) assay systems according to the manufacturer’s
protocols.

Tertiary screen. On day 0, U87 cells were seeded in 6-well plates at �50% confluence. On day 1, the
seeded cells were transfected with individual siRNAs (2 siRNAs per gene and, hence, 2 wells per gene)
using Lipofectamine RNAiMAX according to the manufacturer’s default protocol. On day 4, at 72 h
posttransfection, the cells were stimulated with TNF-� at a final concentration of 10 ng/ml for 6 h. After
6 h of stimulation, cells were washed once with ice-cold phosphate-buffered saline (PBS) and collected
in radioimmunoprecipitation assay (RIPA) buffer (Sigma-Aldrich) mixed with protease and phosphatase
inhibitors (Cell Signaling). The cells were lysed, and protein was quantified and run on an SDS-PAGE
system according to standard Western blotting protocols (http://www.abcam.com/protocols/general
-western-blot-protocol) using the NuPage (ThermoFisher) reagents and apparatus. The gels used were 4
to 12% Bis-Tris NuPage gels, and the proteins were transferred to a polyvinylidene difluoride (PVDF)
membrane. Primary antibodies were incubated overnight in 5% milk at a final concentration of 1:2,000,
followed by secondary antibody incubation at a 1:10,000 dilution for 2 h at room temperature. The blots
were developed using the Amersham ECL Western blotting detection reagent and X-ray films according
to the protocol mentioned above.

qPCRs. Primer sequences for I�B�, IL-1, CCL2, and IL-6 were sourced from PrimerBank (https://pga
.mgh.harvard.edu/primerbank/). Total mRNA was extracted using TRIzol reagent (Invitrogen), qPCR was
performed using SYBR green PCR master mix (Applied Biosystems), and mRNA expression levels were
normalized to the glyceraldehyde-3-phosphate dehydrogenase (GAPDH) level.

Caspase 3/7 activity. The experiment to determine caspase 3/7 activity was performed using
Promega’s Caspase-Glo 3/7 assay system (catalog number G8090) according to the manufacturer’s
protocol.

Testing SNW1 as an NF-�B modulator in response to multiple stimuli. The stimuli used to test
SNW1 as an NF-�B modulator were PAM3CSK4 (catalog number tlrl-pms; InvivoGen), PGN (catalog
number tlrl-pgnb3; InvivoGen), P2C (catalog number tlrl-pm2s-1; InvivoGen), FLG (catalog number
tlrl-stfla; InvivoGen), IL-1 (catalog number 201-LB-005; R&D Systems).

Co-IP experiments. For coimmunoprecipitation (co-IP) experiments, antibodies against p-TEFb
(catalog number 2316; Cell Signaling), RNA Pol II (catalog number ab5095; Abcam), c-Myc (catalog
number 9402; Cell Signaling), I�B�-p (catalog number 2859S; Cell Signaling), total I�B� (catalog number
sc-7218; Santa Cruz), beta-actin, and p65 (catalog number sc-8008; Santa Cruz) were used.

ChIP-PCR experiments. ChIP-PCR experiments were performed using the Active Motif ChIP-It
high-sensitivity kit according to the manufacturer’s protocol. The IL-8 and TNF primers used were
previously described (28, 36).

SUPPLEMENTAL MATERIAL
Supplemental material for this article may be found at https://doi.org/10.1128/MCB

.00415-18.
SUPPLEMENTAL FILE 1, PDF file, 0.1 MB.
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