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Aims Spironolactone (SPL) improves endothelial dysfunction and survival in heart failure. Immune modulation, including
poorly understood mineralocorticoid receptor (MR)-independent effects of SPL might contribute to these benefits
and possibly be useful in other inflammatory cardiovascular diseases such as pulmonary arterial hypertension.

....................................................................................................................................................................................................
Methods
and results

Using human embryonic kidney cells (HEK 293) expressing specific nuclear receptors, SPL suppressed NF-jB and
AP-1 reporter activity independent of MR and other recognized nuclear receptor partners. NF-jB and AP-1 DNA
binding were not affected by SPL and protein synthesis blockade did not interfere with SPL-induced suppression of
inflammatory signalling. In contrast, proteasome blockade to inhibit degradation of xeroderma pigmentosum group
B complementing protein (XPB), a subunit of the general transcription factor TFIIH, or XPB overexpression both
prevented SPL-mediated suppression of inflammation. Similar to HEK 293 cells, a proteasome inhibitor blocked
XPB loss and SPL suppression of AP-1 induced target genes in human pulmonary artery endothelial cells (PAECs).
Unlike SPL, eplerenone (EPL) did not cause XPB degradation and failed to similarly suppress inflammatory signalling.
SPL combined with siRNA XPB knockdown further reduced XPB protein levels and had the greatest effect on
PAEC inflammatory gene transcription. Using chromatin-immunoprecipitation, PAEC target gene susceptibility to
SPL was associated with low basal RNA polymerase II (RNAPII) occupancy and TNFa-induced RNAPII and XPB
recruitment. XP patient-derived fibroblasts carrying an N-terminal but not C-terminal XPB mutations were insensi-
tive to both SPL-mediated XPB degradation and TNFa-induced target gene suppression. Importantly, SPL treatment
decreased whole lung XPB protein levels in a monocrotaline rat model of pulmonary hypertension and reduced
inflammatory markers in an observational cohort of PAH patients.

....................................................................................................................................................................................................
Conclusion SPL has important anti-inflammatory effects independent of aldosterone and MR, not shared with EPL. Drug-

induced, proteasome-dependent XPB degradation may be a useful therapeutic approach in cardiovascular diseases
driven by inflammation.
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1. Introduction

Spironolactone (SPL) increases survival in patients with left heart failure1

by improving endothelial function and reducing inflammation.2

Importantly, these extra-renal effects of SPL may also be useful in other
cardiovascular diseases such as pulmonary arterial hypertension (PAH).3

Endothelial dysfunction, inflammation and pathologic vascular remodel-
ling are prominent features of PAH. However, mineralocorticoid recep-
tor (MR) antagonists like SPL are often only prescribed after the onset of
right heart failure, a late manifestation of end-stage disease. Earlier use of
SPL in PAH might slow disease progression,4 but a strong mechanistic
rationale for this approach and evidence of clinical efficacy are lacking.

The anti-inflammatory effects of SPL have long been ascribed to min-
eralocorticoid inhibition.5 Accordingly, SPL has been widely used to
impute a role for aldosterone and MR in cardiovascular inflammation.6,7

However, SPL also appears to suppress inflammation independent of
MR, but the molecular basis for this activity is unclear.8–11 Unlike eplere-
none (EPL), SPL binds to and exerts biological effects through several
nuclear receptors other than MR including the androgen (AR), glucocor-
ticoid (GR),12 progesterone (PR),12 pregnane X (PXR)13 and retinoid X
gamma (RXRc) receptors.14 Furthermore, SPL but not EPL induces pro-
teasomal degradation of xeroderma pigmentosum (XP) group B-com-
plementing protein (XPB, official gene symbol ERCC3),15 a subunit of the
TFIIH core complex involved in basal transcription and nucleotide exci-
sion repair (NER).

Here, SPL and EPL were compared for effects on canonical NF-jB
and AP-1 inflammatory signalling. Selective overexpression16 of MR, GR,
AR, PR, PXR and RXRc was used to examine the role of all relevant
nuclear receptors. Although not previously shown to affect basal tran-
scription,17 SPL-induced XPB loss potently suppressed NF-jB and AP-1
reporters, as well as corresponding target genes in primary human pul-
monary artery endothelial cells (PAECs). Fibroblasts from a patient with
XP, carrying a particular XPB mutation, were resistant to SPL, indicating
structural specificity for its effect on XPB. Importantly, SPL decreased
XPB protein levels in whole lung tissue from rats with monocrotaline-
induced pulmonary hypertension (MCT-PH), where it has previously
been shown to reduce pathologic vascular remodelling.18,19 Finally, SPL
was associated with reduced serum cytokine levels in a retrospective
cohort of patients with PAH. SPL is the prototype for a new class of
drugs that degrade specific protein targets and XPB loss is a novel mech-
anism for treating inflammation.

2. Methods

More detailed methods are available as a Supplementary material online.

2.1 Cell culture
Human embryonic kidney (HEK293) cells (ATCC, Manassas, VA) were
grown in high glucose DMEM supplemented with 10% heat-inactivated
FBS (Life Technologies, Grand Island, NY). PAECs (Lonza, Walkersville,
MD) were cultured for a maximum of 6 passages in endothelial basal
medium-2 (Lonza) supplemented with growth factors containing 2%
serum (Lonza) in cell culture flasks coated with type I collagen (50 lg/ml
in 0.02 N acetic acid). For a list of PAEC donors refer to Supplementary
material online, Table S1. Fibroblasts harbouring XPB mutations, as well
as unaffected parental fibroblasts, were obtained from the NIGMS
Human Genetic Cell Repository (Coriell Institute for Medical Research;
Camden, NJ) and grown in high glucose DMEM supplemented with 10%

FBS (Life Technologies, Grand Island, NY). For a list of fibroblast donors
refer to Supplementary material online, Table S2. Cells were maintained
at 37 �C in a humidified incubator with 5% CO2 and 95% air.

2.2 Cytokine, chemokine and growth factor
multiplex immunoassay
Supernatant and serum cytokine, chemokine and growth factor concen-
trations were determined using the Bio-Plex 27-plex Suspension Array
system. PAECs (1� 105) were seeded in medium containing charcoal-
stripped serum onto collagen-coated 12-well plates 24 h prior to treat-
ments. Cell supernatants were aspirated and cleared by centrifugation
(10 000 g for 5 min at 4 �C).

Human experimental guidelines of the US Department of Health
and Human Services were followed and all clinical investigations were
conducted according to the principles expressed in the Helsinki
Declaration. The National Heart, Lung, and Blood Institute’s institu-
tional review board approved the clinical protocol (13-CC-0012).
The Office of Human Subjects Research Protections (OHSRP no.
12458) approved the use of de-identified serum samples provided
by Inova Fairfax Hospital. The institutional review board of Inova
Fairfax Hospital approved the clinical protocol originally associated
with these samples (no. 09.147). All participants provided written
informed consent.

2.3 Rat lung from the monocrotaline
model of pulmonary hypertension
Animal studies were approved by the Institutional Animal Care and
Use Committee at Tufts Medical School and conducted in accord-
ance with the National Institutes of Health Guidelines for the Care
and Use of Laboratory Animals. Sprague-Dawley rats (Charles
River Laboratories, Wilmington, MA) were subcutaneously injected
with 60 mg/kg of monocrotaline to induce pulmonary hypertension
and starting on day 21 treated for 14 days with either placebo or
SPL sustained-release pellets (40 mg/kg/d), as previously described.19

Animals were anaesthetized with ketamine (40–80 mg/kg)
and xylazine (5–10 mg/kg) for subcutaneous pellet implantation.
Buprenorphine (0.05–0.1 mg/kg) was given prior to incision and then
continued twice daily for 3d. Following euthanasia (pentobarbital
intraperitoneal injection, 120 mg/kg), lung tissue was obtained from
placebo and SPL-treated, monocrotaline-exposed animals, as well as
normal control rats.

2.4 Statistical analysis
Linear regression models were used in dose response analyses.
ANOVA models with two-way interactions were used in all other
analyses unless noted otherwise. Random effects were added to the
models to account for repeated measures. Post hoc tests were chosen
for the comparisons of interest without adjustment for multiple com-
parisons. Standard residual diagnostics were used to check model
assumptions, and data were log-transformed when necessary.
Analyses were performed in JMP version 12 and SAS version 9.3 (SAS
Institute Inc., Cary, NC). All P-values are nominal and two-sided, and
P < 0.05 was considered significant.
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3. Results

3.1 SPL suppresses NF-jB and AP-1
reporter activity independent of nuclear
receptor overexpression
Selective expression in HEK293 cells allowed for the separate assess-
ment of relevant nuclear receptors. As expected and previously
reported,16,20 HEK293 cells expressed only low levels of endogenous
GR, but not MR or AR (Figure 1A). Likewise, PR and PXR were not
detected in HEK293 cells, but low levels of RXRc were found by

Western blotting (see see Supplementary material online, Figure S1A and
S1B).

SPL dose-dependently suppressed NF-jB and AP-1 promoter activity
independent of MR, AR, and GR (Figure 1B). Independent of SPL, AR
expression alone suppressed the NF-jB reporter, while MR had a simi-
lar, but smaller effect (Figure 1B). In contrast to these effects on NF-jB,
MR, AR, and GR expression variably shifted and altered the shapes of
their respective SPL dose-response curves, but the overall suppressive
effects of SPL were maintained. Like AR and MR, expression of PR
slightly suppressed the NF-jB reporter independent of SPL (see
Supplementary material online, Figure S1A). PR expression alone
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Figure 1 SPL suppresses NF-jB and AP-1 reporters independent of MR, AR, and GR in HEK293 cells. (A) Western blots of total cell lysate demonstrate
human MR, AR, and GR overexpression in HEK293 cells 24 h post-transfection. Only GR had low, but detectable baseline expression. (B) SPL dose-depend-
ently suppressed NF-jB and AP-1 reporter activity in the absence and presence of MR, AR, and GR (P < 0.0001 for the downward trend of slopes).
Expression of AR and MR suppressed overall NF-jB signalling (P < 0.0001 and P¼ 0.004, respectively, for main effects without significant interactions with
SPL). For AP-1 signalling, MR, AR and GR expression variably shifted SPL dose-response curves and altered their shapes, particularly at low concentrations
(P <_ 0.0004 for evidence of MR-, AR-, and GR-SPL interactions), but nevertheless SPL dose-dependent suppression of AP-1 was the overall predominant
effect. (C) Unlike SPL, increasing doses of EPL in the absence and presence of MR had no effect on NF-jB reporter activity (P¼ 0.15) and only modestly sup-
pressed AP-1 activity at concentrations <_5 lM (P¼ 0.006), but not 10lM (P¼ 0.42). Independent of EPL, MR expression alone modestly shifted NF-jB
activity downward (P¼ 0.0006 for main effect) and AP-1 upward (P¼ 0.0003 for main effect). Twenty-four hours following transfection, cells were treated
for 1 h with vehicle control or MR antagonist followed by stimulation with either TNFa (10 ng/ml; NF-jB activation) or PMA (100 nM; AP-1 activation) for
5 h. LUC activity was normalized to the renilla (REN) control. Luciferase results from five (NF-jB) and four (AP-1) independent experiments are presented
relative to unstimulated control (mean ± SE).
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decreased basal AP-1 activity, but at concentrations of SPL <_5 lM, dose-
dependently increased AP-1 activity, which was then decreased at 10 lM
of SPL (see Supplementary material online, Figure S1A). Although this pat-
tern suggests PR-SPL trans-activation of AP-1 signalling,16 this possibility
was not further investigated. As with MR, AR and GR, SPL dose-
dependently suppressed NF-jB and AP-1 in the absence and presence
of PXR, RXRc and PXRþRXRc (see Supplementary material online,
Figure S1B). Independent of SPL, PXR overexpression shifted NF-jB
reporter activity downward and AP-1 upward (see Supplementary mate
rial online, Figure S1B). Together, these results indicate that SPL directly
suppresses NF-jB and AP-1 inflammatory signalling through mechanisms
independent of its commonly recognized nuclear receptor targets.
Unlike SPL, EPL had no effect on NF-jB promoter activity and only mod-
estly suppressed AP-1 activity at <_ 5 lM, but not at 10 lM (Figure 1C).
Independent of EPL treatment, MR expression alone, had similar, small
effects on NF-jB (suppressed) and AP-1 (enhanced) reporter activity as
seen in experiments with SPL.

3.2 DNA binding of p65/p50 or cFos/cJun
not altered by SPL
The effect of SPL and EPL on p65/p50 (NF-jB) and cFos/cJun (AP-1)
binding activity was investigated using nuclear protein extracts from
HEK293 cells. The consensus binding sequences used in these experi-
ments were homologous to those present in the NF-jB and AP-1
reporters. As expected, p65/p50 and cFos/cJun binding activity was
increased following stimulation with TNFa and phorbol 12-myristate 13-
acetate (PMA), respectively (see Supplementary material online, Figure
S2A and S2B). Nevertheless, DNA binding of p65/p50 and cFos/cJun was
unchanged by treatment with either SPL or EPL (see Supplementary
material online, Figure S2A and S2B).

3.3 Suppression of inflammatory signalling
by SPL requires proteasomal degradation
of XPB, but not de novo protein synthesis
Next, HEK293 cells were treated with cycloheximide (CHX) to deter-
mine whether SPL suppression of inflammatory signalling required new
protein synthesis. Luciferase (LUC) activity was measured to ensure that
protein synthesis had been completely blocked (data not shown) and
luc2P mRNA was used to quantify the impact of SPL on NF-jB promoter
activity. As previously described for NF-jB regulated gene transcrip-
tion,21 TNFa stimulation in the presence of CHX led to super-induction
of luc2P (>2-fold increase compared with the effect of TNFa in the
absence of CHX; see Supplementary material online, Figure S2A and
S2B). Nonetheless, SPL suppressed TNFa induction of NF-jB signalling
as measured by luc2P mRNA by > 60% in the absence and presence
of CHX (see Supplementary material online, Figure S2C). The AP-1
reporter was not investigated in the presence of CHX because blocking
protein synthesis suppresses PMA-induced de novo cFos synthesis
and AP-1 responses.21,22 In contrast to inhibition of protein synthesis,
proteasome blockade with MG132 completely prevented SPL-
meditated suppression of PMA-induced AP-1 promoter activity (see
Supplementary material online, Figure S2D). Only the AP-1 reporter was
used to examine the impact of MG132 on SPL-mediated suppression,
because proteasome inhibitors interfere with TNFa-induced degrada-
tion of IjBa and therefore NF-jB activation.23

Suppression of two distinct inflammatory signalling cascades, as well as
preserved DNA binding of p65/p50 and cFos/cJun suggested that
the anti-inflammatory effects of SPL might converge downstream from

NF-jB and AP-1 activation and possibly involve very basic mechanisms
such as chromatin remodelling or transcriptional initiation. Notably, SPL
induces proteasome-dependent degradation of XPB, a helicase subunit
of the TFIIH complex.15 Importantly, while XPB and other helicases
open promoters for transcriptional access,24,25 SPL-mediated degrada-
tion of XPB does not universally impair class II gene expression.17

As expected and in agreement with Alekseev et al., SPL-induced XPB
loss was proteasome-dependent and EPL was inactive (see
Supplementary material online, Figure S3A). Furthermore, SPL had no sig-
nificant effect on XPB mRNA levels (see Supplementary material online,
Figure S3B). Importantly, overexpression of human XPB in HEK293 cells
completely blocked SPL-mediated suppression of both TNFa-induced
NF-jB (Figure 2A) and PMA-induced AP-1 (Figure 2B) reporter activation.
Collectively, these findings identified XPB degradation as a shared, MR-
independent mechanism by which SPL inhibits both NF-jB and AP-1
inflammatory signalling.

3.4 SPL suppression of inflammation in
primary human PAECs
SPL reduces endothelial inflammation in cellular and animal models of
left heart disease,2 while its immunomodulatory effects on pulmonary
artery endothelium have not been examined previously. Therefore, pri-
mary human PAECs were used to further explore the effects of SPL-
mediated XPB degradation on inflammation. As shown by immunofluor-
escence staining, treatment of PAECs with SPL resulted in XPB loss, an
effect that was reversed by proteasome inhibition (Figure 3A), consistent
with our findings above. Next, the effects of SPL compared with EPL
were investigated in TNFa-challenged PAECs, focusing on inflammatory
mediators associated with PAH pathogenesis. SPL was found to signifi-
cantly suppress the production of many cytokines, chemokines, and
growth factors at 4, 8, and 24 h, respectively, including IL8 (2.7-, 3.8-, and
20-fold decreases), IL6 (1.5-, 1.6-, and 1.8-fold decreases) and CCL2
(2.4-, 3.8-, and 3.8-fold decreases), while EPL had no significant effect on
any cytokine at any time point (Figure 3B and see Supplementary material
online, Table S3). Consistent with previous studies using other cell
types,15,26 SPL treatment of PAECs for 24 h in the presence of TNFa did
not reduce cell viability (data not shown). Western blots of whole cell
lysates demonstrated that SPL, but not EPL reduced XPB protein levels
in PAECs, and MG132 blocked this SPL-induced loss of XPB (Figure 3C).
Similar to the findings in HEK293 cells using an AP-1 reporter assay,
MG132 also reversed SPL-mediated suppression of PMA-induced tar-
gets as measured by mRNA (PTGS2 and INHBA; Figure 3D) and protein
(PTGS2 and IL8; Supplementary material online, Figure S4).

3.5 Combining XPB knockdown with SPL
in PAECs increases the suppression of
TNFa-induced target genes
Gene specific siRNA knockdown was performed in PAECs in order to
further characterize the impact of XPB on inflammatory gene transcrip-
tion. Both SPL treatment and XPB knockdown significantly reduced XPB
protein levels, however, the effect of SPL was significantly greater (24-
fold decrease for SPL vs. 4-fold decrease for siXPB; Figure 4A).
Consistent with effects of SPL on TNFa-induced inflammatory cytokine
secretion in PAECs (Figure 3B), SPL significantly suppressed TNFa-
induced IL8, IL6 and CCL2 mRNA expression (Figure 4B) in cells trans-
fected with control siRNA. In contrast, SPL did not alter TNFa-induction
of NFKBIA (Figure 4B). Although modest XPB knockdown alone slightly
increased rather than decreased TNFa-induced IL8, IL6, CCL2, and
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NFKBIA expression levels, SPL and XPB knockdown combined further
suppressed all four transcripts compared with SPL alone (Figure 4B). The
failure of XPB gene knockdown alone to suppress inflammatory
responses suggests that TNFa-induced gene transcription is not dis-
rupted until XPB protein levels fall below a threshold level. XPB knock-
down combined with SPL produced a larger drop in XPB protein levels
than either intervention alone and had the strongest suppressive effect
on inflammatory gene transcription (Figure 4B). Importantly, these find-
ings were confirmed using a second siRNA (see Supplementary material
online, Figure S5).

3.6 RNA polymerase II, pSer5-RNA poly-
merase II, and XPB differences in occu-
pancy and recruitment distinguish genes
with variable susceptibility to SPL-
mediated suppression
Using chromatin-immunoprecipitation in PAECs, basal occupancy and
TNFa-induced recruitment of RNA polymerase II (RNAPII) and XPB
were examined for possible differences comparing the IL8 and NFKBIA
promoter regions. TNFa stimulation had a much smaller effect on
RNAPII recruitment to NFKBIA compared with IL8 (1.9 ± 0.5 vs. 7.8 ±
1.0 fold-change relative to control; Figure 5A). Notably, basal RNAPII
occupancy at NFKBIA, a gene that is both constitutively expressed and
inducible, was already more than 4-fold higher relative to the IL8 pro-
moter (Figure 5A, inset). Consistent with effects on IL8 transcription, SPL
decreased TNFa-induced RNAPII recruitment to the IL8 promoter
region by > 50% (Figure 5A). In comparison, the impact of SPL at the
NFKBIA promoter was more modest (Figure 5A).

Similar to total RNAPII, active pSer5-RNAPII occupancy was signifi-
cantly increased following TNFa stimulation at the IL8, but not the
NFKBIA promoter region (Figure 5B). Again, basal occupancy of pSer5-
RNAPII at the NFKBIA promoter was >3-fold higher compared with IL8

(Figure 5B inset). Likewise, SPL suppressed TNFa-induced recruitment of
pSer5-RNAPII to the IL8 promoter by > 50% (Figure 5B) while its effect
at NFKBIA was less pronounced (Figure 5B). These results suggest that
the reduced impact of SPL on some inflammatory response genes corre-
lates with high total and active RNAPII basal occupancy rates and less
TNFa-induced recruitment.

Unlike RNAPII, basal XPB occupancy was not significantly different at
the IL8 and NFKBIA promoter regions (Figure 5C, inset). However, consis-
tent with differences in basal promoter openness, TNFa stimulation led
to significantly more XPB recruitment to the IL8 compared with NFKBIA
promoter region (3.4 ± 1.1 vs. 1.7 ± 0.4 fold-change; Figure 5C). Likewise,
SPL suppressed TNFa-induced recruitment of XPB to the IL8 promoter
by more than 50% (Figure 5C), whereas its effect at the NFKBIA promoter
was again much less (Figure 5C).

3.7 Effects of SPL on patient-derived fibro-
blasts with XPB mutations
Patient-derived fibroblasts harbouring different XPB mutations were
used to further investigate the interaction between SPL and XPB. The
unaffected mother of a patient with mild XP/Cockayne syndrome (CS)
complex, associated with a phenylalanine to serine amino acid substitu-
tion (F99S), served as a control as she was not a carrier of the F99S
allele.27 Another patient with severe XP/CS complex was heterozygous
for a nonsense mutation that converts the glutamine at position 545 to a
premature stop codon (Q545X) and a splice acceptor mutation in intron
14 resulting in a 42-amino acid insertion at codon 739 followed by a stop
codon (Q739insX42).28

Fibroblasts harbouring XPB mutations expressed lower amounts of
XPB relative to control fibroblasts from the unaffected mother of the
F99S patient (Figure 6A). In contrast to normal fibroblasts and those har-
bouring the compound C-terminal mutations, SPL treatment did not
reduce XPB protein levels in F99S mutant fibroblasts (Figure 6A). Thus,
the N-terminal region of wild type XPB appears to be important for SPL-
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..induced degradation. Unlike fibroblasts from the unaffected parent, but
consistent with the lack of effect on XPB, SPL did not suppress TNFa-
induced inflammatory gene transcription in F99S fibroblasts (Figure 6B).
Supporting a possible threshold effect, TNFa-induced IL8, IL6, CCL2 and
NFKBIA mRNA transcription was not blunted in either F99S or Q545X
þ Q739insX742 fibroblasts, despite moderately lower levels of XPB
protein in these cells (Figure 6B). In addition to NFKBIA, CCL2 was also
not significantly suppressed by SPL in normal fibroblasts possibly reflect-
ing a cell-specific difference with PAECs. Unlike its lack of effect on the
F99S mutant, SPL had a significantly greater suppressive effect on TNFa-
induced IL8, IL6, CCL2, and NFKBIA mRNA levels in Q545X þ
Q739insX742 fibroblasts compared with the unaffected control (Figure
6B), mirroring the combined effects of both SPL and XPB knockdown in
PAECs.

3.8 In vivo effects of SPL on XPB in rat lung
and serum inflammatory markers in
patients with PAH
SPL was previously shown to have beneficial effects on pulmonary vascu-
lar remodelling in the MCT-PH rat model of pulmonary hypertension.19

Western blots of whole lung tissue from animals in this study demon-
strated that MCT-PH rats treated with SPL (40 mg/kg/d) for 14 days had
lower XPB protein levels compared with both control and MCT-PH rats
treated with placebo (Figure 7A).

Patients with PAH have intense local inflammatory cell infiltrates adja-
cent to areas of pulmonary vascular remodelling.29,30 Likewise, PAH
patients have elevated levels of circulating inflammatory markers and
several, including IL6, IL8, IL10, and IL12p70, correlated with decreased
survival.31 In order to investigate the effects of SPL therapy on in vivo
inflammatory mediator production, we obtained stored serum samples
from all PAH patients (n = 53; see Supplementary material online,
Table S4) participating in National Heart, Lung and Blood Institute-
sponsored biorepository studies at either the NIH Clinical Center
(n = 13; NCT01730092) or a regional lung transplant referral center (n =
40). A multivariate analysis of patient demographics and clinical data
recorded from the date of blood collection was used to adjust for poten-
tial confounding factors (see see Supplementary material online, Table S5
for complete analysis). When compared with PAH-specific therapy with
endothelin-1 (ET-1) receptor antagonists (P = 0.21) or phosphodiester-
ase 5 (PDE5) inhibitors (P = 0.59), SPL was associated with a more
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Figure 6 XP patient-derived fibroblasts harbouring an N-terminal, but not C-terminal XPB mutations were insensitive to SPL. (A) F99S and
Q545XþQ739insX42 mutant fibroblasts expressed lower levels of XPB compared with control fibroblasts from an unaffected parent of the F99S patient.
SPL induced XPB degradation in both normal fibroblasts and those expressing C-terminal mutations in XPB. In contrast, F99S mutant fibroblasts were resist-
ant to SPL-mediated XPB degradation. Densitometric quantification of XPB protein expression relative to b-actin is presented as the geometric mean ratio
± geometric SE on log10 scale of five independent experiments. A representative Western blot is shown below the graph. (B) In contrast to the unaffected
parent, F99S mutant fibroblasts were also resistant to SPL-mediated suppression of IL8 and IL6. TNFa-induced CCL2 and NFKBIA gene transcription was not
significantly suppressed by SPL in either normal or F99S mutant fibroblasts. However, in fibroblasts heterozygous for the compound C-terminal mutations
(Q545X þ Q739insX42), SPL synergistically suppressed TNFa-induced IL8, IL6, CCL2, and NFKBIA. Fibroblasts were treated with SPL for 1 h followed by
stimulation with TNFa (10 ng/ml) for 4 h. Expression of mRNA measured by quantitative real-time PCR is presented as the fold-change relative to unstimu-
lated normal fibroblasts (geometric mean ± geometric SE) of five independent experiments, plotted on log10 scale. *P < 0.05; **P < 0.01; ***P < 0.001;
****P <_ 0.0001 (ANOVA with post hoc tests, as indicated).
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consistent tendency to suppress serum markers of inflammation (P =
0.06; Figure 7B). Prostacyclin (PGI2) infusions had significantly different
effects on individual serum mediators (Figure 7C), precluding the calcula-
tion of an overall effect. SPL therapy was consistently associated with
decreased concentrations of serum mediators of inflammation, whereas
the three classes of PAH-specific therapy had largely non-significant,
mixed effects (Figure 7C). Interestingly, a high degree of concordance was
seen between the in vitro effects of SPL on TNFa-induced cytokine pro-
duction in PAECs and the directional effects of SPL therapy in vivo (Figure
7D). Importantly, patients treated with SPL also more frequently
received hydroxychloroquine, an immunomodulatory agent used in
patients with connective tissue disease, and PGI2 infusions than patients
not treated with SPL (see Supplementary material online, Table S4). In
addition to adjusting for these imbalances in the multivariate model, sev-
eral sensitivity analyses were performed including restriction of patient-
level covariates to only those that reached statistical significance (i.e.
PGI2 infusion, hydroxychloroquine use, and obesity; see Supplementary
material online, Table S4), propensity score adjustment and removing
the five patients treated with hydroxychloroquine, which all similarly
indicated that SPL was uniquely anti-inflammatory. Nevertheless, these
results are largely hypothesis generating and need to be confirmed in a
well-controlled clinical trial.

4. Discussion

SPL-induced degradation of the XPB subunit of TFIIH suppresses inflam-
matory responses independent of MR and may contribute to the benefits
of SPL in cardiovascular diseases. SPL was found to suppress NF-jB and
AP-1 inflammatory signalling independent of all recognized nuclear
receptor binding partners. Importantly, blocking XPB degradation or
overexpressing XPB reversed SPL suppression of NF-jB and AP-1
reporters. Likewise, a proteasome inhibitor blocked both XPB loss and
SPL suppression of PMA-induced genes in human PAECs. In addition,
SPL in combination with XPB knockdown had the strongest suppressive
effect on TNFa target genes in PAECs. Unlike SPL, EPL did not cause
XPB degradation and failed to suppress these inflammatory signalling
pathways. Gene susceptibility to SPL was associated with low basal
RNAPII occupancy and robust TNFa-induced recruitment of XPB and
RNAPII. In patient fibroblasts carrying an N-terminal mutation in XPB,
SPL neither induced XPB degradation nor suppressed TNFa-induced
target genes. Finally, SPL treatment decreased whole lung XPB protein
levels in rats and reduced serum inflammatory markers in an observatio-
nal cohort of PAH patients.

Putative evidence that SPL might suppress inflammation independ-
ent of MR had been previously based largely on the failure of other
MR ligands (e.g. aldosterone, canrenone, 7a-thiomethyl-SPL and EPL)
to either block or mimic some of the immune modulating effects of
SPL.8–11 Here, the activation of NF-jB and AP-1 reporters were used
to individually test the role of not only MR, but also AR, GR, PR, PXR,
and RXRc. SPL, but not EPL, displayed unambiguous anti-
inflammatory effects on NF-jB- and AP-1 signalling independent of
nuclear receptor expression. SPL had been reported to reduce p65
and inhibitor of kappa B (IjB) kinase activation,32 as well as modestly
blunt IjBa phosphorylation.11 However, a mechanistic explanation
has not emerged for these previous findings, which were only evident
at SPL concentrations 10-fold higher than those used here. In con-
trast, we found that SPL had no effect on NF-jB binding to DNA and
SPL-induced XPB degradation was shown to more broadly impact

inflammatory signalling by similarly affecting both NF-jB- and AP-
1-driven transcription.

The selectivity of XPB loss for inflammatory response genes was
unexpected. Recently, basal and all-trans retinoic acid-induced transcrip-
tion was found to be relatively spared in a human lung fibroblast line fol-
lowing SPL treatment.17 This indicates that SPL-induced XPB depletion
primarily impacts NER and largely spares RNAPII-dependent transcrip-
tion. However, an earlier study in human peripheral blood mononuclear
cells found that SPL, through an unclear MR-independent mechanism,
suppressed a substantial subset of LPS-induced target genes.10 This was
perhaps the first indication that SPL has specificity for inhibiting inflamma-
tory gene transcription. Consistent with this emerging paradigm, we
found that SPL-induced XPB loss broadly, but not universally affected
the transcription of inflammatory response genes in human PAECs.
Thus, cell- and gene-specific effects, as well as context (basal vs. induci-
ble) influence the transcriptional consequences of drug-induced XPB
depletion. Importantly, small molecule-induced protein degradation is an
emerging pharmaceutical strategy for targeting parts of the proteome
that have been otherwise inaccessible to traditional drug development.33

As such, SPL can serve as the prototype for new drug classes with clini-
cally important in vivo effects on inflammation due to the induced loss of
specific proteins.

Eight different XPB mutations have been associated with three distinct
but related diseases, XP, XP/CS, and trichothiodystrophy.28 Some XPB
mutants have been associated with transcriptional deficiencies, but
responses to inflammatory stimuli were not tested.25,34–36 We found
that TNFa-induced IL6, IL8, CCL2, and NFKBIA mRNA expression was
preserved or even increased in fibroblasts harbouring XPB mutations,
results similar to moderate XPB knockdown in PAECs (Figure 4).
Consistent with our findings, fibroblasts from patients with trichothio-
dystrophy have been reported to express higher basal and PMA-induced
levels of MMP-1 mRNA compared with normal fibroblasts.37

Additionally, peripheral blood lymphocytes from XP patients exhibit
normal basal and IL2-induced TNFa production.38

Here, SPL exposure combined with susceptible XPB mutations or
siRNA knockdown resulted in very low levels of XPB and the strongest
suppressive effect on target genes, even those that had been resistant to
SPL-induced XPB depletion alone. The strongest interactions between
SPL and XPB knockdown or C-terminal mutants of XPB were observed
for NFKBIA, which is both constitutively expressed and inducible.39

In normal PAECs, the inability of SPL to suppress NFKBIA correlated with
high basal total and activated RNAPII promoter occupancy and only
modest TNFa-induced RNAPII and XPB recruitment. In contrast, IL8
had much less pre-positioned RNAPII and required significantly more
recruitment of RNAPII and XPB. Persistently low levels of XPB in cells
harbouring mutations may favor a more ‘closed’ chromatin conforma-
tion.25 Likewise, XPB knockdown has relatively long-term effects that
may reduce basal promoter occupancy, thereby augmenting the impact
of factor recruitment. However, we also cannot exclude the possibility
that SPL induces the degradation of unknown proteins besides XPB that
interact with XPB and/or the transcriptional machinery to produce the
findings reported here. For example, XPB could simply interfere with
SPL-induced inflammatory suppression. Nonetheless, XPB degradation
was shown to have a central mechanistic role in the MR-independent
anti-inflammatory effects of SPL. Notably, the N-terminal F99S mutant
form of XPB was resistant to SPL-induced degradation suggesting
that this effect has substantial structural specificity. Similar to our
results, a recent paper found that a one amino acid substitution

74 J.M. Elinoff et al.

https://academic.oup.com/cardiovascres/article-lookup/doi/10.1093/cvr/cvx198#supplementary-data
https://academic.oup.com/cardiovascres/article-lookup/doi/10.1093/cvr/cvx198#supplementary-data
https://academic.oup.com/cardiovascres/article-lookup/doi/10.1093/cvr/cvx198#supplementary-data


..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

.
blocked sulfonamide-mediated selective degradation of the splicing fac-
tor CAPERa.40

In two separate rodent models of pulmonary hypertension, SPL
reduced right ventricular systolic pressure, pulmonary vascular
resistance, and pulmonary vascular remodelling.18,19 Although pul-
monary vascular fibrosis was also decreased in both models, neither
study comprehensively investigated the effects of SPL on inflamma-
tion. Nevertheless, Preston et al. found less perivascular inflamma-
tion in treated animals. Here we demonstrate that SPL treatment
decreased whole lung XPB protein levels in MCT-PH rats. Although
not examined in vivo, SPL-induced degradation of XPB is not depend-
ent on the presence of an inflammatory stimulus in vitro (Figure 3A)
and therefore is not expected to be specific to MCT-challenged rats.
In models of aldosterone excess, MR blockade alone is also likely
beneficial as EPL, which does not induce XPB degradation, has been
shown to reduce vascular inflammation and fibrosis in some models
of PAH.2

In heart failure patients as well as patients with rheumatoid arthri-
tis, SPL improves endothelial function and reduces inflammatory
markers.8,41,42 Likewise, here in a small, retrospective cohort of PAH
patients, SPL therapy was associated with an overall suppressive
effect on circulating cytokines (Figure 7B and C). Although this analysis
is largely hypothesis generating, directional concordance with effects
of SPL and XPB degradation on PAECs in vitro is striking. Preliminary
safety results were recently reported for the first of three studies
investigating the effects of SPL in patients with PAH.43 Two additional
SPL studies, a randomized, double-blind, placebo-controlled trial4

and a cross-over design in combination with the ET-1 antagonist
ambrisentan (NCT02253394) are currently ongoing. These studies
may lend support for the early use of SPL in PAH. SPL is a prototype
for drugs that induce the degradation of protein targets and XPB
depletion is a previously unrecognized anti-inflammatory mechanism
that may prove therapeutically useful in diseases characterized by vas-
cular inflammation.

Supplementary material

Supplementary material is available at Cardiovascular Research online.
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