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Significance

PARP7 inhibition has emerged as 
a compelling and novel option 
for cancer therapy in different 
tumor types. However, the 
molecular mechanism of how 
PARP7 inhibitors exert their 
antitumor effect has not yet been 
clarified. Here, we report that the 
transcription factor FRA1 is 
stabilized by PARP7-mediated 
ADP-ribosylation, thereby 
preventing its PSMC3-dependent 
proteasomal degradation and 
maintaining the suppression of 
IRF1- and IRF3-dependent gene 
expression. PARP7 inhibition 
consequently destabilizes FRA1 
and allows for the expression of 
inflammatory and proapoptotic 
genes, culminating in CASP8-
mediated apoptosis of cancer 
cells. This mechanism was 
verified with multiple lung and 
breast cancer cell lines, and the 
study demonstrated that in 
FRA1-driven cancer cells, PARP7 
expression alone is necessary 
and sufficient to predict PARP7 
inhibitor sensitivity.
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PARP7 was reported to promote tumor growth in a cell-autonomous manner and 
by repressing the antitumor immune response. Nevertheless, the molecular mech-
anism of how PARP7-mediated ADP-ribosylation exerts these effects in cancer 
cells remains elusive. Here, we identified PARP7 as a nuclear and cysteine-specific 
mono-ADP-ribosyltransferase that modifies targets critical for regulating transcription, 
including the AP-1 transcription factor FRA1. Loss of FRA1 ADP-ribosylation via 
PARP7 inhibition by RBN-2397 or mutation of the ADP-ribosylation site C97 increased 
FRA1 degradation by the proteasome via PSMC3. The reduction in FRA1 protein levels 
promoted IRF1- and IRF3-dependent cytokine as well as proapoptotic gene expression, 
culminating in CASP8-mediated apoptosis. Furthermore, high PARP7 expression was 
indicative of the PARP7 inhibitor response in FRA1-positive lung and breast cancer 
cells. Collectively, our findings highlight the connected roles of PARP7 and FRA1 and 
emphasize the clinical potential of PARP7 inhibitors for FRA1-driven cancers.

ADP-ribosylation | cancer | FRA1 | proteasomal protein degradation | PARP7

ADP-ribosyltransferases (ARTs) are important regulators of the cellular immune response 
(1–3). The diphtheria toxin-like ARTs (also known as ARTD subfamily) comprise an 
enzyme family of 17 members and catalyze the transfer of ADP-ribose moieties from 
nicotinamide adenine dinucleotide (NAD+) to amino acids on target proteins 
(mono-ADP-ribosylation). Some ARTDs can extend the modification by adding further 
ADP-ribose moieties (poly-ADP-ribosylation) (4). Among the ARTDs, PARP7 (also 
known as TiPARP) has emerged as a critical repressor of the intratumoral immune response 
(5, 6). Initially, PARP7 was reported to be the main target gene of the aryl hydrocarbon 
receptor (AHR) and to form a negative feedback loop by degrading AHR in an 
ADP-ribosylation-dependent manner (7–9). In addition, AHR-dependent expression of 
PARP7 was discovered to be important for constraining type I interferon (IFN) signaling 
in response to RNA viruses and nucleic acid (NA)-ligands (10). In cancer cells, genomic 
instability, a characteristic of almost all human cancers, is one of the main sources of 
cytoplasmic NA (11–13). The resulting innate immune response can restrain tumor 
growth; thus, cancer cells are under constant selective pressure to inhibit potentially del­
eterious NA-induced immune signaling (14). In this context, PARP7 inhibition by 
RBN-2397 restored cytoplasmic NA-dependent type I IFN signaling and reduced cancer 
cell growth in a cell-autonomous manner. RBN-2397 also contributed to tumor regression 
by enhancing cancer cell immune recognition in lung cancer xenografts and patients 
suffering from advanced solid tumors (5, 15).

At the molecular level, it was proposed that PARP7 exerted its repressive function on type 
I IFN signaling by ADP-ribosylation and inhibition of the TANK binding kinase 1 (TBK1) 
(10). However, a recent report highlighted that PARP7 regulates type I IFN signaling and 
tumor growth downstream of TBK1, thereby raising questions about the proposed mode 
of action of PARP7 inhibitors (6, 16). Moreover, the underlying cell death pathway(s) 
mediating the cell-autonomous effect of PARP7 inhibition on cancer cell survival were not 
yet defined. Thus, it remains crucial to identify PARP7 targets as potential biomarkers for 
patient stratification as well as to comprehensively understand how PARP7 inhibition affects 
tumor growth. Several strategies were recently developed to identify PARP7 substrates and 
gain insight into the molecular mechanism driving PARP7-dependency in cancer cells. 
However, rather than identifying the targets of endogenous PARP7, all reported approaches 
either identified PARP7 targets following the ectopic expression of PARP7 or using an 
engineered recombinant PARP7, thereby limiting the physiological relevance of the identified 
targets (17–19).

FRA1 (FOSL1) belongs to the AP-1 transcription factor family and is frequently over­
expressed in tumors (20). The expression of FRA1 is critical for promoting cancer cell 
proliferation, growth, and invasion (21–23), and the FRA1 expression profile (i.e., 
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FRA1-dependent genes) is a prognostic marker in multiple cancers 
(24). Moreover, constitutive mitogen-activated protein kinase 
(MAPK) signaling promotes the oncogenicity of FRA1 by induc­
ing prolonged FRA1 expression and stabilizing FRA1 protein 
levels via C-terminal phosphorylation (24, 25). Intriguingly, the 
loss of FRA1 increases the expression of type I IFNs in breast 
cancer cells (26). Similarly, the downregulation of FRA1 in com­
bination with poly(I:C) treatment further induces type I IFN 
expression, suggesting that FRA1 is a crucial transcriptional repres­
sor of cytokine expression (26, 27). These findings indicate that 
controlling FRA1 expression may be a promising strategy for 
treating cancer. However, the pathways and, more importantly, 
the posttranslational modifications (PTM) governing FRA1 pro­
tein stability are not fully understood (25).

Results

PARP7 Localizes to the Nucleus and Modifies Transcriptional 
Regulators on Cysteine Residues. Previous clinical trials have 
demonstrated that the PARP7 inhibitor RBN-2397 is well 
tolerated and displays preliminary antitumor activity in patients 
with advanced solid tumors (15). However, the endogenous targets 
of PARP7 and the molecular mechanism of PARP7 dependency 
remain unknown. To understand the function of PARP7 in cancer 
cells, we selected the lung adenocarcinoma cell line NCI-H1975, 
which was previously described as sensitive to PARP7 knockout 
(https://depmap.org/portal/). Indeed, PARP7 inhibition for six 
days and knockdown for three days strongly reduced the cell 
viability of NCI-H1975 cells, thereby confirming their PARP7 
dependency (Fig. 1A and SI Appendix, Fig. S1 A and B). Since 
protein localization and function are tightly interconnected, 
we first aimed to determine the cellular localization of PARP7. 
Endogenous PARP7 predominantly localized to the nucleus as 
observed by confocal immunofluorescence (IF) analysis (Fig. 1B), 
and the nuclear localization of PARP7 and PARP7-mediated 
ADP-ribosylation was further confirmed by ectopically expressing 
HA-tagged PARP7 in A549 cells using a Doxycycline (Dox)-
inducible construct (SI Appendix, Fig. S1C). Together, these results 
suggest that PARP7 and PARP7-mediated ADP-ribosylation 
predominantly localize to the nucleus.

To elucidate how PARP7-mediated ADP-ribosylation contrib­
utes to cell viability, we identified endogenous PARP7 target pro­
teins using label-free quantification (LFQ) tandem mass spectrometry 
(LC–MS/MS) (28). In short, we treated NCI-H1975 cells with 
RBN-2397 or DMSO for 24 h, followed by the enrichment of 
ADP-ribosylated peptides for LC–MS/MS analyses. The quanti­
fication of ADP-ribosylated peptides revealed that PARP7 inhi­
bition significantly decreased the modification of 85 unique 
proteins (Fig. 1C and Dataset S1). Surprisingly, RBN-2397 treat­
ment also led to a significant increase in the modification of 19 
unique proteins, including the ADP-ribosyltransferase PARP14, 
suggesting that PARP7 inhibits the activity of other ARTs (Fig. 1C). 
Considering that proteins exhibiting increased ADP-ribosylation 
after PARP7 inhibition are unlikely to be direct targets of PARP7, 
they were not further pursued here. Interestingly, RBN-2397 
treatment significantly reduced the modification on cysteine res­
idues and not on the other potential ADP-ribosylation acceptor 
sites analyzed (Fig. 1D). Consistent with these findings, we 
observed that overexpressed PARP7 in A549 cells led to the mod­
ification of proteins almost exclusively on cysteines, which was 
abrogated upon PARP7 inhibition by RBN-2397 (SI Appendix, 
Fig. S1D and Dataset S2).

To gain insight into the cellular functions of the PARP7 target 
proteins identified here, we performed a STRING network analysis 

of the PARP7 targets that exhibited a significant loss in ADP- 
ribosylation after RBN-2397 treatment of NCI-H1975 cells 
(Fig. 1E). We found that the majority of these PARP7 targets localize 
to the nucleus and are involved in the regulation of gene expression 
(SI Appendix, Fig. S1 E and F), corroborating the observed nuclear 
localization of PARP7 (Fig. 1B). In support of this finding, a signif­
icant enrichment of GO terms related to nuclear localization and 
the regulation of gene expression was observed in PARP7 overex­
pressing A549 cells (SI Appendix, Fig. S1 G and H). To confirm the 
regulatory role of PARP7 in gene expression, we analyzed tran­
scriptional changes of four PARP7-dependent proinflammatory 
genes (5) at different time points after PARP7 inhibition in 
NCI-H1975 cells. RBN-2397 treatment resulted in a significant 
and immediate upregulation (Log2(FC) ≥ 2 after 1 h) of IL6 and 
CXCL8 (Fig. 1F). At the same time, CXCL10 and CCL5 were only 
up-regulated after prolonged (Log2(FC) ≥ 2 after 8 h) RBN-2397 
treatment periods (Fig. 1F). The same time-dependent expression 
pattern was observed by analyzing the pre-mRNA levels of these 
genes (Fig. 1G), which indicates two distinct waves of gene expres­
sion rather than a difference in pre-mRNA stability. Together, these 
observations suggest that the upregulation of IL6 and CXCL8 is 
an immediate response to PARP7 inhibition. In contrast, the late 
upregulation of CXCL10 and CCL5 pre- and mRNA levels indi­
cates that these genes are not directly transcriptionally regulated 
by PARP7 but are likely up-regulated through signaling events 
activated by PARP7 inhibition. In conclusion, these results provide 
evidence that PARP7 controls transcription both directly and indi­
rectly through the ADP-ribosylation of its nuclear targets.

The Cellular Sensitivity to PARP7 Inhibition Is Dependent on 
FRA1. To investigate which of the identified PARP7 targets are 
involved in the RBN-2397-mediated decrease in cell viability, we 
performed a siRNA screen to knockdown 45 identified PARP7 
targets with the strongest reduction in ADP-ribosylation after 
RBN-2397 treatment. As expected, PARP7 knockdown resulted 
in reduced sensitivity to RBN-2397, suggesting that the decrease in 
cell viability observed in NCI-H1975 cells is a direct consequence 
of PARP7 inhibition (Fig. 2A). Likewise, the knockdown of AHR, 
a regulator of PARP7 expression (SI Appendix, Fig. S2A), reduced 
RBN-2397 sensitivity (Fig.  2A). Among the ADP-ribosylated 
targets of PARP7, knockdown of AHDC1, FAM222B, BCL9, and 
FRA1 strongly reduced RBN-2397 sensitivity in NCI-H1975 cells 
(Fig. 2A). To confirm that AHDC1, FAM222B, BCL9 and FRA1 
reduce the cytotoxic effect of RBN-2397, we analyzed cell viability 
after siRNA-mediated knockdowns of all four candidate genes 
and following the treatment with RBN-2397 or DMSO (Fig. 2B 
and SI Appendix, Fig. S2C). As a positive control for cell death, we 
used a siRNA targeting the common essential gene PLK1, and as a 
control for the reduced cellular sensitivity to RBN-2397, we again 
knocked down AHR (SI Appendix, Fig. S2 B and C). Remarkably, 
we observed that only the knockdown of FRA1 and BCL9 
reduced the cellular sensitivity to RBN-2397, while cells retained 
their sensitivity to PARP7 inhibition following the depletion of 
FAM222B and AHDC1 (Fig. 2B and SI Appendix, Fig. S2C). This 
finding suggests that FRA1 and/or BCL9 contribute to the RBN-
2397-mediated decrease in cell viability. To further investigate 
whether FRA1 or BCL9 regulates cell viability downstream of 
PARP7 activity, we compared the genetic dependencies of PARP7 
and its protein targets across different cell lines using ShinyDepMap 
(29). Genes are characterized as codependent if their effects on 
cell viability positively correlate. Interestingly, PARP7 clustered 
only with FRA1, which is ADP-ribosylated by PARP7 on C97, 
thus indicating that these two proteins regulate the same pathways 
(Fig. 2C). Since FRA1 knockdown alone decreased cell viability, 
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Fig. 1. PARP7 controls transcription by ADP-ribosylation of its nuclear protein targets in NCI-H1975 cells. (A) Cell viability of NCI-H1975 cells was measured after 
six days of treatment with increasing concentrations of RBN-2397. Data are depicted as the mean ± SD of N = 3 biological replicates. Curves were fitted using 
a four-parametric nonlinear model. (B) IF analysis of endogenous FLAG-tagged PARP7 after the knockdown of PARP7 in NCI-H1975 cells. Representative image 
from a single experiment of N = 3 biological replicates. The scale bar represents 20 μm. (C) Volcano plot shows changes in ADP-ribosylation in NCI-H1975 cells 
treated with 100 nM RBN-2397 or DMSO for 24 h, N = 4 technical replicates. Red: significant down; blue: significant up; gray: nonsignificant. Significant changes 
were defined by FDR < 0.05 and FC ≥ ±1. (D) Bar graphs showing the count of unique ADPr-PSMs, unique ADPr-proteins, and unique ADPr-sites with ≥95% site-
localization confidence (Upper). ADPr amino acid residue distribution was assessed by EThcD and HCD fragmentation (Lower). Data are shown as mean ± SD of N 
= 4 technical replicates. (E) STRING network visualization of proteins exhibiting a significant decrease in ADP-ribosylation after RBN-2397 treatment in NCI-H1975 
cells (Node size and color: −Log10(P)). Default STRING clustering confidence was used (P > 0.4), and disconnected proteins were omitted from the network unless 
they were identified by FDR < 0.05 and FC ≥ 2. (F and G) Heat maps showing RT-qPCR analysis of mRNA and pre-mRNA levels in NCI-H1975 cells treated with 
RBN-2397 for the indicated periods. The data are represented as the mean Log2(FC) of N = 5 and N = 3 biological replicates, respectively.
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but additional PARP7 inhibition did not further affect viability, 
PARP7 likely functions upstream of FRA1 and promotes cell 
survival through the ADP-ribosylation of FRA1 (Fig. 2B).

PARP7 Inhibition Promotes the Degradation of FRA1. FRA1 
belongs to the AP-1 transcription factor family and is frequently 

overexpressed in tumors (20). Moreover, the oncogenicity of FRA1 
is promoted by PTM-mediated stabilization (30). Interestingly, 
immunoblot and immunofluorescence analyses demonstrated 
that PARP7 knockdown and RBN-2397 treatment significantly 
reduced FRA1 protein levels (Fig.  2 D–F and SI  Appendix, 
Fig.  S2 D–F). In contrast, PARP7 knockdown or inhibition 
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Fig. 2. The PARP7 inhibition-dependent decline in cell viability is mediated by the degradation of FRA1. (A) Waterfall plot showing the robust z-transformed 
(MAD z-score) SI (sensitivity index) for the mean of each siRNA of N = 3 biological replicates. Red: <−1.5; blue >1.5; dark red: genes of which two out of three 
siRNA showed a robust z-score ≤ −1.5. (B) Cell viability of NCI-H1975 cells 5 d after siRNA transfection and RBN-2397 treatment. The data are normalized to the 
siSCR + DMSO control and shown as the mean ± SD of N = 3 biological replicates. (C) STRING network visualizes the genetic codependencies between genes that 
exhibited a strong correlation in the DepMap dataset (Spearman ≥ 0.1; edge size: strength of Spearman’s correlation). (D) Immunoblot of NCI-H1975 cells following 
48 h PARP7 knockdown. Representative image of N = 3 biological replicates. (E and F) Immunoblot of NCI-H1975 cells treated with RBN-2397 for the indicated 
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did not affect c-Jun protein levels, another AP-1 transcription 
factor with a similar genetic codependency as FRA1 (Fig. 2 D–F 
and SI Appendix, Fig. S2D). Moreover, while PARP7 inhibition 
decreased FRA1 protein levels, FRA1 mRNA levels were not 
reduced in the same period, suggesting that PARP7-mediated 
ADP-ribosylation specifically regulates FRA1 protein levels 
(Fig. 2F). To explore whether PARP7-mediated ADP-ribosylation 
directly stabilizes FRA1, we measured FRA1 degradation rates 
after DMSO or RBN-2397 pretreatment for 24 h using the 
translation inhibitor cycloheximide (CHX). RBN-2397 treatment 
significantly enhanced FRA1 degradation, suggesting that the 
enzymatic activity of PARP7 is required for FRA1 stabilization 
(Fig. 2G). Remarkably, we found that the lower-migrating isoform 
of FRA1 was preferentially degraded compared to the higher-
migrating isoform, which corresponded to the phosphorylated 
FRA1 isoform (Fig.  2G). These findings suggest that PARP7 
activity primarily stabilizes the unphosphorylated isoform of 
FRA1.

ADP-Ribosylation of FRA1 Prevents Its PSMC3-Dependent 
Proteasomal Degradation. To explore how FRA1 ADP-ribo­
sylation enhances its protein stability, we generated an ADP-ribo­
sylation deficient FRA1 mutant (C97A). Therefore, we transduced 
NCI-H1975 cells with lentiviral vectors constitutively expressing 
FRA1-WT, C97A, or an empty vector (EV) control. After 
puromycin selection, single clones were picked and expanded. 
FRA1-C97A protein levels were substantially lower compared to 
the wild-type (WT) counterpart, confirming that C97 of FRA1 
contributes to its stability (Fig.  3A). Importantly, the nuclear 
localization and chromatin binding capacities of FRA1-WT and 
C97A were highly similar, suggesting that the C97A mutation 
did not abrogate the molecular functions of FRA1 (SI Appendix, 
Fig. S3 A and B). Furthermore, while ADP-ribosylated FRA1-
WT was pulled down from whole cell lysates using eAf1521 (28), 
RBN-2397 treatment, as well as the C97A mutation, prevented 
the pull down of FRA1, confirming that C97 serves as ADP-
ribose acceptor site (Fig. 3B). As expected, RBN-2397 treatment 
did not further increase the degradation of FRA1-C97A. At the 
same time, FRA1-WT, like endogenous FRA1, was significantly 
decreased (Fig. 3C).

To gain a deeper mechanistic understanding of how PARP7- 
mediated modification of FRA1 prevents its degradation, we 
cotreated NCI-H1975 cells with RBN-2397 and the proteasome 
inhibitor MG132. Interestingly, MG132 increased baseline FRA1 
levels, indicating that FRA1 is degraded by the proteasome (Fig. 3D 
and SI Appendix, Fig. S3C). In addition, we observed that proteas­
ome inhibition for 4 h did not fully rescue FRA1 levels after pro­
longed (>24 h) PARP7 inhibition (Fig. 3D and SI Appendix, 
Fig. S3C), again confirming the RBN-2397-mediated degradation 
of FRA1. A recent report described that PSMC3 (TBP1), a 19S 
proteasome subunit, recruits FRA1 to the proteasome in a 
ubiquitin-independent manner (31). Alternatively, proteasomal 
degradation of FRA1 can be reversed by the ubiquitin-specific pep­
tidase USP21 (32). To elucidate whether one of the described mech­
anisms regulates the turnover of FRA1, we knocked down PSMC3 
and USP21, respectively, and analyzed FRA1 protein levels by 
immunoblotting (Fig. 3 E and F). Downregulation of USP21 only 
marginally affected endogenous FRA1, FRA1-WT, or C97A protein 
levels (Fig. 3E and SI Appendix, Fig. S3D). In contrast, depletion 
of PSMC3 substantially increased the protein levels of endogenous 
FRA1 and ectopically expressed FRA-WT or mutant (Fig. 3F and 
SI Appendix, Fig. S3D), suggesting that in NCI-H1975 cells, FRA1 
degradation is mediated by PSMC3. Indeed, PSMC3 depletion 

impaired FRA1 degradation induced by RBN-2397, particularly 
the lower-migrating, nonphosphorylated FRA1 variants, advocating 
that PARP7-mediated ADP-ribosylation of FRA1 at C97 prevents 
its PSMC3-dependent degradation (Fig. 3G). Next, we tested 
whether the downregulation of PSMC3 increased FRA1 protein 
levels nonspecifically by decreasing general proteasome function. 
Therefore, we analyzed NRF2 protein levels after MG132 treatment 
and PSMC3 knockdown by immunoblotting (Fig. 3H). Under 
physiological conditions, NRF2 is constitutively expressed in cells 
and rapidly degraded by the proteasome (33). While proteasome 
inhibition by MG132 drastically increased NRF2 levels, the knock­
down of PSMC3 did not stabilize NRF2 (Fig. 3H), suggesting that 
proteasome function is likely not impaired by the lack of PSMC3. 
Lastly, we investigated whether PARP7-mediated ADP-ribosylation 
would inhibit the interaction between FRA1 and the proteasome 
by coimmunoprecipitating PSMC3 and FRA1 from cells treated 
with RBN-2397. Indeed, PARP7 inhibition enhanced the complex 
formation between FRA1 and PSMC3 (Fig. 3I). Similarly, overex­
pression of FRA1-C97A augmented its complex formation with 
PSCM3 compared to FRA1-WT, confirming that ADP-ribosylation 
of FRA1 at C97A prevents its interaction with PSMC3 (SI Appendix, 
Fig. S3E). In conclusion, our data indicate that PARP7-mediated 
ADP-ribosylation of FRA1 inhibits the interaction of FRA1 with 
PSMC3 and, consequently, the degradation of FRA1 by the 
proteasome.

FRA1 Regulates the Expression of Genes Involved in Apoptosis, 
Immune Signaling, and Cell Cycle Progression. To elucidate 
how FRA1 would functionally contribute to the decrease in 
cell viability mediated by PARP7 inhibition, we defined the 
transcriptional changes in NCI-H1975 cells by RNA sequencing 
after siFRA1 or RBN-2397 treatment (Datasets S3 and S4). 
Knockdown of FRA1 resulted in the differential expression of 
1732 genes (Fig. 4A and Dataset S3), while PARP7 inhibition led 
to differential expression of 310 genes (Fig. 4B and Dataset S4), 
which significantly overlapped with the up- or down-regulated 
genes after FRA1 depletion (Fig.  4C). Next, we compared 
our data to the published transcriptome of NCI-H1373 cells 
treated with RBN-2397 (5). Interestingly, we found that up- or 
down-regulated genes in RBN-2397 treated NCI-H1373 cells 
significantly overlapped with our differentially expressed genes in 
both siFRA1 and RBN-2397 treated NCI-H1975 cells (Fig. 4D). 
In addition, we performed whole proteome LC–MS/MS analysis 
of RBN-2397 treated NCI-H1975 cells and identified 162 up- or 
down-regulated proteins (SI Appendix, Fig. S4A and Dataset S5). 
Comparison of our proteomic data to the transcriptomics data 
revealed that the altered gene expression for siFRA1 and RBN-
2397 treated cells matched the up-regulated proteins identified in 
the proteomics dataset (SI Appendix, Fig. S4B). To gain additional 
functional insight, we performed a GSEA-based pathway analysis 
of genes differentially expressed after FRA1 knockdown and RBN-
2397 treatment and observed an enrichment of TNFα signaling, 
NA-sensing, apoptosis, and cell cycle genes, respectively (Fig. 4 E 
and F). To confirm that PARP7 activity regulates transcription via 
FRA1, a selected number of immune signaling, apoptotic, and cell 
cycle genes were analyzed by RT-qPCR after 6 h or 48 h of RBN-
2397 treatment and knockdown of PARP7 or FRA1, respectively 
(Fig.  4G). As expected, we observed similar transcriptional 
dynamics for the tested genes. Likewise, we found identical protein 
expression changes within our proteomics dataset after PARP7 
inhibition (Fig. 4G). Taken together, our data suggest that FRA1, 
in a PARP7-dependent manner, regulates the transcription of 
genes involved in immune signaling, apoptosis, and the cell cycle.

http://www.pnas.org/lookup/doi/10.1073/pnas.2309047120#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2309047120#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2309047120#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2309047120#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2309047120#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2309047120#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2309047120#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2309047120#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2309047120#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2309047120#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2309047120#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2309047120#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2309047120#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2309047120#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2309047120#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2309047120#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2309047120#supplementary-materials
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Next, we determined whether the observed differential expression 
of cell cycle and apoptosis genes, following FRA1 depletion and 
RBN-2397 treatment, could induce cell cycle dysregulation and 
apoptosis. Indeed, using well-accepted cell cycle and senescence 

markers, we observed a reduction in RB and H3 phosphorylation 
and an increase in β-galactosidase staining after treating cells with 
RBN-2397 or following PARP7 and FRA1 knockdown, respectively 
(SI Appendix, Fig. S4 C and D). Strikingly, prolonged RBN-2397 
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Fig. 3. ADP-ribosylation of FRA1 on C97 reduces its degradation by PSMC3 and the proteasome. (A) Immunoblot of NCI-H1975 cells transduced with lentiviral 
constructs for empty vector (EV), FRA1-WT, or C97A and expressed under a constitutive promotor. Representative image from a single experiment with N = 3 
biological replicates. Quantification of FRA1 immunoblots is indicated as the average of N = 3. (B) Immunoblot following eAf1521-dependent pull-down (PD) of 
ectopically expressed FRA1-WT or -C97A in NCI-H1975 cells. Representative image from a single experiment with N = 3 biological replicates. Quantification of 
FRA1 PD immunoblots was performed by normalizing to the FRA1 input and is indicated as the average of N = 3. (C) Immunoblot of NCI-H1975 cells treated as in 
Fig. 2G (Upper). Quantification of FRA1 immunoblots is shown as the mean ± SD of N = 3 biological replicates (Lower). (D) Immunoblot of NCI-H1975 cells treated 
with RBN-2397 for the indicated periods and then for 4 h with 10 μM MG132. Representative image from a single experiment with N = 3 biological replicates.  
(E and F) Immunoblots of NCI-H1975 cells following the knockdown of USP21 or PSMC3 for 48 h, respectively. Representative images from a single experiment 
with N = 3 biological replicates. Quantification of FRA1 immunoblots is indicated as the average of N = 3. (G) Immunoblot of NCI-H1975 cells following the 
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http://www.pnas.org/lookup/doi/10.1073/pnas.2309047120#supplementary-materials
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treatment or knockdown of PARP7 and FRA1 (>48 h), respectively, 
lead to an increased number of early (Annexin-V+/PI−) and late 
(Annexin-V+/PI+) apoptotic cells and promoted the robust cleavage 
of CASP8, CASP3, and PARP1 (Fig. 4 H and I and SI Appendix, 
Fig. S4E). Taken together, we demonstrated that the depletion of 
FRA1 induced major transcriptional changes, which resulted in 
reduced cell viability and was likely mediated by the activation of 
CASP8.

FRA1 Suppresses Apoptosis by Inhibiting IRF1- and IRF3-Depend­
ent RIG-I-Like Receptor Signaling. Given that FRA1 knockdown 
induces genes associated with immune signaling and apoptosis, we 

investigated which transcriptional regulators are critical for the 
immune response and CASP8-dependent apoptosis. The interferon 
regulatory factor 3 (IRF3) and its target gene IRF1 are critical 
regulators of immune signaling and apoptosis (34–38). Moreover, 
FRA1 was found to directly repress IRF3 activation by translocating 
to the cytoplasm and inhibiting TBK1 (27). Therefore, we depleted 
IRF3 or IRF1 and analyzed the transcriptional changes of selected 
FRA1 target genes by RT-qPCR. Compared to siFRA1 alone, 
the knockdown of FRA1 and IRF3 or IRF1 reduced both the 
induction of immune signaling and apoptosis-associated genes 
(Fig. 5A and SI Appendix, Fig. S5A). As expected, IRF3 was also 
essential for the transcriptional upregulation of IRF1 following 
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Fig. 4. FRA1 inhibits cellular immune signaling and apoptosis and promotes cell proliferation. (A and B) Volcano plots showing changes in gene expression after 
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Fig. 5. Loss of FRA1 induces IRF1- and IRF3-dependent apoptosis. (A) Heat map showing RT-qPCR analysis of NCI-H1975 cells, following the knockdown of 
FRA1 and IRF3 or IRF1 for 48 h. Data are normalized to siSCR + siSCR, siSCR + siIRF3, and siSCR + siIRF1, respectively, and shown as the mean of N = 3 biological 
replicates. (B) Immunoblot of NCI-H1975 cells after the cotreatment of siFRA1 with siIRF3 or siIRF1 for 48 h. Representative image from a single experiment 
with N = 3 biological replicates. Quantification is indicated as the average of N = 3. (C) Cell viability of NCI-H1975 cells following 72 h of FRA1, IRF3, and IRF1 
knockdown. Data are normalized as indicated and shown as the mean ± SD of N = 4 biological replicates. (D) Heat map showing RT-qPCR analysis of NCI-H1975 
cells, following the knockdown of FRA1 and the transfection of cGAMP (10 μg/mL) or poly(I:C) (10 ng/mL) and a bar graph showing detailed results for TNF. 
Data are normalized to the lipofectamine-treated siSCR control and shown as the mean ± SD of N = 3 biological replicates. (E) Immunoblot of NCI-H1975 cells 
treated as in D. Representative image from a single experiment with N = 3 biological replicates. Quantification is depicted as the average of N = 3. (F) IF analysis 
of NCI-H1975 cells after the knockdown of FRA1 or PARP7 inhibition for 48 h. Representative image from a single experiment of N = 3 biological replicates. The 
scale bar represents 20 μm. (G) Heat map showing RT-qPCR analysis of NCI-H1975 cells, following the knockdown of IRF1 (48 h) and the cotreatment with RBN-
2397 for 6 h and 48 h or siFRA1 for 48 h. Data are normalized to siSCR + DMSO or siSCR + siSCR and depicted as the mean Log2(FC) of N = 4 biological replicates. 
(H) IF analysis as in (F) with additional IRF1 knockdown. Representative image from a single experiment of N = 3 biological replicates. The scale bar represents 
20 μm. (I) Heat map showing RT-qPCR analysis of NCI-H1975 cells treated as in (F). Data are represented as the mean Log2(FC) of N = 3 biological replicates.
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the depletion of FRA1 (Fig. 5A), confirming that IRF1 is a direct 
target gene of IRF3. Remarkably, the lack of IRF3 or IRF1 also 
decreased the cleavage of CASP8 and significantly improved 
cell viability following the knockdown of FRA1 (Fig. 5 B and 
C). In addition, we also determined whether AHR, an activator 
of PARP7 expression (SI  Appendix, Fig.  S2A), contributes to 
apoptosis in the absence of FRA1. Simultaneous knockdown of 
FRA1 and AHR only slightly reduced CASP8 cleavage, despite 
the FRA1-dependent activation of AHR target genes CYP1A1 and 
IL1B (SI Appendix, Fig. S5 B–D), suggesting that not AHR but 
rather IRF3 and IRF1 are necessary for the induction of apoptosis.

Next, we investigated which upstream signaling pathways pro­
mote the proapoptotic function of IRF3 and IRF1 after FRA1 
knockdown. In cancer cells, aberrant cytoplasmic NAs are potent 
activators of cytosolic NA-sensing pathways and can promote 
the activation of IRF3 and IRF1 (39, 40). The binding of cellular 
double-stranded DNA to the cytoplasmic guanosine monophosphate- 
adenosine monophosphate (cGAMP) synthase (cGAS) stimulates 
the production of cGAMP and activates the stimulator of interferon 
genes (STING) (41). In addition to cGAS/STING activation, 
defective DNA damage responses increase aberrant cytoplasmic 
RNAs that trigger binding of Retinoic acid-inducible gene I 
(RIG-I)-like receptors (RLRs) to mitochondrial antiviral-signaling 
protein (MAVS) (13). Constitutive activation of STING and MAVS 
promotes the TBK1-dependent phosphorylation and nuclear trans­
location of IRF3 (42). Similarly, IRF1 can be activated by cytoplas­
mic DNA and RNA sensing (43, 44). Moreover, previous studies 
suggest that PARP7 is a critical negative regulator of cGAS/STING 
and RLR/MAVS signaling (5, 6). To investigate the potential proap­
optotic role of NA-sensing signaling, we depleted FRA1 and trans­
fected cells with STING and RLR agonists (cGAMP or poly(I:C)), 
respectively. Interestingly, we observed that RLR but not STING 
activation synergistically induced FRA1 target genes (i.e., TNF) and 
CASP8 cleavage (Fig. 5 D and E). Consistently, following FRA1 
knockdown, cells treated with the cGAS inhibitor G140 only 
slightly reduced the transcriptional upregulation of FRA1 target 
genes and did not prevent apoptosis via the cleavage of CASP8 
(SI Appendix, Fig. S5 E and F), indicating that RLR-signaling con­
tributes most significantly to apoptosis in NCI-H1975 cells. Given 
the substantial upregulation of TNF after FRA1 depletion, we inves­
tigated whether the secretion of TNFα would initiate apoptosis in 
a paracrine manner by activating complex IIa (45). Although we 
observed that treatment with exogenous TNFα synergized with the 
knockdown of FRA1 in inducing CASP8-dependent apoptosis 
(SI Appendix, Fig. S5 G and H), blocking endogenous TNFα with 
a neutralizing antibody did neither rescue the cleavage of CASP8 
nor cell viability after the knockdown of FRA1 (SI Appendix, Fig. S5 
G and H). Together, these data suggest that increased TNFα expres­
sion following PARPP7 inhibition is not the initiator of apoptosis 
but promotes its amplification and that the activation of CASP8 
upon FRA1 loss is TNFα independent.

Next, we investigated how FRA1 exerts its repressive function 
toward the RLR-signaling-dependent activation of IRF3/IRF1. In 
contrast to a previous report (27), neither poly(I:C) treatment nor 
PARP7 inhibition induced a cytoplasmic translocation of FRA1 
(SI Appendix, Fig. S5I), suggesting an alternative mechanism for 
the FRA1-dependent inhibition of IRF3. Remarkably, we found 
that both FRA1 knockdown and PARP7 inhibition, comparable 
to poly(I:C) transfection, promoted the nuclear translocation of 
IRF3 (Fig. 5F and SI Appendix, Fig. S5J), indicating that nuclear 
FRA1 indirectly exerts its repressive function toward cytoplas­
matic IRF3. A previous study suggested that IRF1-dependent 
upregulation of DDX58 (RIG-I) and IFIH1 (MDA5) leads to the 
activation of IRF3 and, thus, inflammatory and proapoptotic gene 

expression (38). Consistent with these observations, we found that 
upregulation of RIG-I and MDA5 after PARP7 inhibition and 
FRA1 depletion was dependent on IRF1 (Fig. 5G), suggesting that 
FRA1 represses IRF3 activation by inhibiting the IRF1-dependent 
RIG-I and MDA5 upregulation. Indeed, the depletion of IRF1 
not only dampened the increase in RIG-I and MDA5 expression 
but also reduced the nuclear translocation of IRF3 following 
RBN-2397 and siFRA1 treatment (Fig. 5H) without abrogating 
the NA-dependent activation of RLR signaling (SI Appendix, 
Fig. S5K). Noteworthy, in comparison to immediate response genes 
like IL6, we found that IRF1 was transcriptionally increased only 
after extended PARP7 inhibition (Fig. 5I). Therefore, suggesting 
that, under basal conditions, FRA1 blocks the IRF1-dependent 
transcription of RIG-I and MDA5 and that IRF1 expression likely 
increases only after the activation of IRF3 (Fig. 5A). Together, these 
findings provide strong evidence that FRA1 functions as a negative 
regulator of IRF1, which suppresses an RLR-signaling and 
IRF3-dependent feedforward loop that ultimately inhibits immune 
signaling and apoptosis.

PARP7 Expression Is a Marker for RBN-2397 Sensitivity of FRA1-
Driven Cancer Cells. To investigate whether the identified PARP7/
FRA1/IRF1/IRF3 axis is observed in other cancer cell lines, we 
compared FRA1 and PARP7 expression levels across 1,078 cell 
lines from various origins using the DepMap project dataset. Higher 
FRA1 mRNA levels corresponded with higher FRA1 cell line 
dependency (SI Appendix, Fig. S6A). Of note, a recent report found 
that PARP7 mRNA levels positively correlated with PARP7 cell 
dependency (5). Based on these observations, we explored whether 
high FRA1 expression levels would indicate PARP7 dependency 
by comparing FRA1 expression levels with the dependency scores 
of all assessed genes in the DepMap database. Among the top two 
genes exhibiting a substantial correlation with FRA1 expression, we 
identified FRA1 and PARP7, suggesting that high FRA1 expression 
levels correlated with a higher PARP7 dependency (SI Appendix, 
Fig. S6 B and C). Thus, we determined whether other lung as well 
as breast cancer cell lines that express high levels of FRA1 and/or 
PARP7 also exhibited increased RBN-2397 sensitivity compared to 
cell lines with lower FRA1 and/or PARP7 expression levels (Fig. 6A 
and SI  Appendix, Fig.  S6D). Indeed, RBN-2397 decreased the 
viability of cell lines expressing higher levels of FRA1 and PARP7 
in a dose-dependent manner, with IC50 values comparable to those 
observed in NCI-H1975 cells (Fig.  6B). In contrast, all other 
tested cell lines were insensitive to RBN-2397, including MDA-
MB-436 cells which have very little PARP7 but express FRA1 at 
levels similar to all of the RBN-2397-sensitive cells (Fig. 6 A and B 
and SI Appendix, Fig. S6D). Together, these findings indicate that 
PARP7 levels can be used to predict the RBN-2397 sensitivity of 
FRA1-positive lung and breast cancer cells.

To confirm that PARP7 inhibition leads to FRA1 degradation 
in all RBN-2397 sensitive cell lines, we treated cells with the 
PARP7 inhibitor for 72 h and analyzed FRA1 protein turnover 
by immunoblotting. All RBN-2397 sensitive cell lines showed a 
significant decline in FRA1 protein levels (Fig. 6C and SI Appendix, 
Fig. S6E). In contrast, FRA1 protein levels did not decrease in the 
insensitive cell lines, suggesting that FRA1 is not controlled by 
PARP7s’ enzymatic activity in these cells (Fig. 6C and SI Appendix, 
Fig. S6E). Next, we verified whether PARP7-mediated ADP- 
ribosylation of FRA1 would also inhibit its proteasomal degrada­
tion in the sensitive cell lines. Indeed, the knockdown of PSMC3 
rescued the RBN-2397-dependent degradation of FRA1 in all 
sensitive cell lines, confirming that in RBN-2397-sensitive cell 
lines PARP7 stabilizes FRA1 and inhibits its degradation by 
PSMC3 (Fig. 6D and SI Appendix, Fig. S6F). Similarly, RBN-2397 
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Fig. 6. Cellular RBN-2397 sensitivity is dependent on high PARP7 expression in FRA1-positive cancer cell lines. (A) RT-qPCR analysis (Upper) and immunoblot 
(Lower) are shown for the indicated cell lines and depicted as the mean ± SD of N = 2 biological replicates. Representative immunoblot from a single experiment 
with N = 3 biological replicates (SE: short exposure; LE: long exposure). (B) Cell viability of indicated cell lines following six days of treatment with increasing 
concentrations of RBN-2397. Data are depicted as the mean ± SD of N = 2 biological replicates. Curves were fitted using a four-parametric nonlinear model.  
(C) Immunoblot following RBN-2397 treatment for 72 h in the indicated cell lines. Representative image from a single experiment with N = 3 biological replicates 
(SE: short exposure; LE: long exposure). (D) Immunoblot following RBN-2397 treatment for 72 h and PSCM3 knockdown for 48 h in the indicated cell lines. 
Representative image from a single experiment with N = 3 biological replicates. (E) Heat map showing RT-qPCR analysis of HCC827, and MDA-MB-231 cells 
treated as in Fig. 4G. Data are normalized to DMSO or siSCR controls and shown as the mean of N = 2 biological replicates. (F) Cell viability following 72 h days 
of knockdown. Data are depicted as the mean ± SD of N = 4 biological replicates. (G) Schematic of the proposed mechanism of action of RBN-2397 in FRA1-
driven lung and breast cancer cells. Under untreated conditions, FRA1 is ADP-ribosylated by PARP7 on C97 (BR, basic region; LZ, leucine zipper). Loss of FRA1 
ADP-ribosylation by PARP7 inhibition results in the PSMC3-dependent proteasomal processing of FRA1. The degradation of FRA1 increases the IRF1-dependent 
expression of RIG-I and MDA5, which in turn promotes the activation and nuclear translocation of IRF3. The activation of IRF3 allows for the upregulation of 
cytokine expression and promotes CASP8-dependent apoptosis.
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treatment and PARP7 or FRA1 knockdown increased the expres­
sion of inflammatory and apoptotic genes (Fig. 6E and SI Appendix, 
Fig. S6 G and H). At the same time, we observed a reduction in 
the proliferative signature of HCC827 and MDA-MB-231 cells 
(Fig. 6E); further validating our results in NCI-H1975 cells fol­
lowing PARP7 and FRA1 depletion (Fig. 4G). Lastly, we observed 
that IRF3 and IRF1 knockdown in HCC827 and MDA-MB-231 
cells significantly improved cell viability following FRA1 down­
regulation (Fig. 6F). Collectively, our findings suggest that PARP7 
inhibition induces IRF1- and IRF3-dependent apoptosis by pro­
moting the degradation of FRA1 in FRA1-driven lung and breast 
cancer cell lines (Fig. 6G).

Discussion

In recent years, combination therapies, which harness the synergistic 
effects of immune checkpoint inhibitors and intratumoral innate 
immunity, have emerged as promising strategies to control tumor 
development and progression (46). Considerable attention has been 
given to PARP7, mainly because its inhibition restores type I IFN 
signaling in cancer cells and results in durable, complete tumor 
regression in human cancer xenografts and clinical trials (15). 
Moreover, the PARP7 inhibitor RBN-2397 was also shown to 
inhibit cancer cell growth in a cell-autonomous manner by regulat­
ing cell death and cell proliferation (5, 47). However, the mode of 
action of PARP7 inhibitors, as well as the identification and vali­
dation of PARP7 targets and, thus, potential biomarkers that sup­
press cancer cell immune signaling and prompt cancer cell viability, 
have been missing. To address this issue, we explored PARP7 activity 
in PARP7 inhibitor-sensitive lung and breast cancer cell lines using 
an integrated approach that combined MS-based ADP-ribosylome 
analyses with transcriptomics and proteomics.

Here, we identified endogenous PARP7 targets using an LC– 
MS/MS-based enrichment strategy of ADP-ribosylated proteins 
by comparing the modified peptides identified in the presence or 
absence of PARP7 inhibition (28). We found that endogenous 
PARP7 predominantly localizes to the nucleus and modifies its targets 
solely on cysteine residues. Among the PARP7 target proteins, we 
identified the AP-1 transcription factor FRA1 as essential for cell 
survival and a crucial regulator of PARP7 inhibitor-mediated cell 
death. Our data suggest that PARP7-mediated ADP-ribosylation of 
FRA1 at C97 prevents the binding of FRA1 to PSMC3, a 19S pro­
teasome subunit, and thus its proteasomal degradation. Moreover, 
comparable to the increase in FRA1 stability mediated by PARP7 
ADP-ribosylation, it was previously reported that FRA1 is stabilized 
by phosphorylation at its C-terminus (20, 25, 48). However, we 
observed that the stabilization of FRA1 by PARP7 is regulated inde­
pendently of FRA1’s phosphorylation. Hence, we hypothesize that 
PARP7-mediated ADP-ribosylation specifically regulates FRA1 bind­
ing to PSMC3 and, thus, FRA1 degradation.

In contrast to a previous report, AHR was not ADP-ribosylated 
in NCI-H1975 cells (9). Nevertheless, we confirmed that AHR 
expression sensitizes cells to PARP7 inhibition (47). Therefore, 
further investigations are required to understand how AHR sen­
sitizes cells toward PARP7 inhibition, independent of AHR 
ADP-ribosylation. Furthermore, we found that AHR partly con­
trols PARP7 expression and that FRA1 inhibits the upregulation 
of a subset of AHR target genes (e.g., CYP1A1). These findings 
point toward a complex interplay between AHR, PARP7, and 
FRA1, in which PARP7-mediated ADP-ribosylation of FRA1 
might impair AHR-dependent transcription.

Consistent with previous reports describing PARP7 as a negative 
regulator of innate immune signaling, we found that FRA1 represses 
the expression of genes associated with innate immunity (5, 6). 

However, we did not detect the previously described PARP7- 
mediated ADP-ribosylation of TBK1 (5, 49). In addition, our 
results suggest that PARP7 exclusively localizes to the nucleus, 
whereas TBK1 localizes to the cytoplasm. Therefore, our findings 
support the conclusion of a previous study demonstrating that 
PARP7 inhibition regulates type I IFN signalling downstream of 
TBK1 (6). Remarkably, in the absence of FRA1, we found that 
the downstream target of TBK1, IRF3, and its target gene IRF1 
were crucial transcription factors for the induction of immune 
signaling and apoptosis. While IRF3 activation was solely depend­
ent on RLR-signaling in NCI-H1975 cells, other studies found 
the cGAS/STING pathway to induce IRF3-dependent immune 
signaling across various RBN-2397 sensitive cell lines (5, 6). These 
findings emphasize the critical and central role of IRF3 activation 
in inducing apoptosis in cancer cells following PARP7 inhibition, 
independent of the cell-type specific upstream signaling (i.e., RLR 
or cGAS/STING signaling). Moreover, we found that the repres­
sive function of FRA1 toward IRF3 is indirect since IRF3 was 
only activated and, in turn, translocated to the nucleus in an 
IRF1-dependent manner after the loss of FRA1. Consistent with 
a previous report (38), we found that IRF3 was initially activated 
through the IRF1-dependent upregulation of RIG-I and MDA5, 
which suggests a feedforward loop in which IRF1 activates IRF3 
and IRF3 in turn transcriptionally up-regulates IRF1. Based on 
our data, we cannot conclusively exclude that PARP7 inhibition 
through an uncharacterized mechanism would also increase aber­
rant cytoplasmic NA and thereby activate IRF3. In conclusion, 
our findings highlight how the PARP7-FRA1 axis regulates IRF1- 
and, consequently, IRF3-mediated cell intrinsic apoptosis signa­
ling in lung and breast cancer cells.

FRA1 is regarded as a potent oncogene, and its overexpression is 
associated with more malignant tumors and poor patient outcomes 
(20). Intriguingly, we could demonstrate that high PARP7 expression 
levels are critical for RBN-2397 sensitivity of FRA1-positive lung and 
breast cancer cell lines and FRA1 protein stability. Based on this find­
ing, we hypothesize that assessing PARP7 expression levels might be 
of clinical importance for most FRA1-positive cells, especially since 
the PARP7 inhibitor RBN-2397 has entered clinical trials (15).

Materials and Methods

Detailed methods are provided in supporting information. Human cell lines were 
obtained from ATCC or were a gift from Ursula Klingmüller (DKFZ, Heidelberg, 
Germany) and verified regularly for Mycoplasma infection. NCI-H1975, NCI-
H1650, MDA-MB231, MDA-B436, A549, and HEK293T cells were cultured in 
high glucose-containing Dulbecco’s modified Eagle’s medium (DMEM); HCC827 
cells were cultured in high glucose RPMI-1640 medium. All media were supple-
mented with 10% fetal bovine serum and 1% penicillin/streptomycin. All cells 
were grown at 37 °C in a humidified atmosphere with 5% CO2.

Data, Materials, and Software Availability. Proteomic and sequencing 
data have been deposited in ProteomeXchange (PXD041870) (50) and GEO 
(GSE229674) (51). Previously published data were used for this work [We used 
the publicly accessible transcriptomics data set GSE177494 (RBN-2397 treat-
ment of NCI-H1373 cells for 24 h). The RNA sequencing data of 1,078 cell lines, 
cell line annotations, and gene dependency scores were downloaded from the 
portal of the Dependency Map (DepMap) project (https://depmap.org/portal, 
release: Public 22Q4)] (52).

ACKNOWLEDGMENTS. We thank Lorenza P. Ferretti, Lukas Muskalla, and Tobias 
Suter (University of Zurich) for the helpful discussions and for providing editorial 
assistance. We thank the Center for Microscopy and Image Analysis (ZMB) and the 
Functional Genomics Center of the University of Zurich (FGCZ) for their services 
and assistance. We especially thank Peter Gehrig and Jonas Grossmann from 
the FGCZ for helpful suggestions, discussions, and bioinformatics support. The 

http://www.pnas.org/lookup/doi/10.1073/pnas.2309047120#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2309047120#supplementary-materials
https://www.ebi.ac.uk/pride/archive/projects/PXD041870
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE229674
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE177494
https://depmap.org/portal


12 of 12   https://doi.org/10.1073/pnas.2309047120� pnas.org

NCI-H1975 and NCI-H1650 cell lines were kindly provided by Ursula Klingmüller 
(DKF Heidelberg). ADP-ribosylation research in the laboratory of M.O.H. is 
funded by the Kanton of Zurich and the Swiss National Science Foundation 
(IZLIZ3_200237 and 310030_205202).

Author affiliations: aDepartment of Molecular Mechanisms of Disease, University of 
Zurich, 8057 Zurich, Switzerland; bMolecular Life Science Ph.D. Program, Life Science 
Zurich Graduate School, University of Zurich, 8057 Zurich, Switzerland; and cCancer 
Biology Ph.D. Program, Life Science Zurich Graduate School, University of Zurich, 8057 
Zurich, Switzerland

1.	 F. Boehi, P. Manetsch, M. O. Hottiger, Interplay between ADP-ribosyltransferases and essential cell 
signaling pathways controls cellular responses. Cell Discovery 7, 104 (2021).

2.	 H. Zhu, Y.-D. Tang, G. Zhan, C. Su, C. Zheng, The critical role of PARPs in regulating innate immune 
responses. Front. Immunol. 12, 712556 (2021).

3.	 F. A. Kunze, M. O. Hottiger, Regulating immunity via ADP-ribosylation: Therapeutic implications and 
beyond. Trends Immunol. 40, 159–173 (2019).

4.	 B. Lüscher et al., ADP-ribosyltransferases, an update on function and nomenclature. FEBS J. 289, 
7399–7410 (2022).

5.	 J. M. Gozgit et al., PARP7 negatively regulates the type I interferon response in cancer cells and its 
inhibition triggers antitumor immunity. Cancer Cell 39, 1214–1226.e1210 (2021).

6.	 D. J. Sanderson et al., Structurally distinct PARP7 inhibitors provide new insights into the function 
of PARP7 in regulating nucleic acid-sensing and IFN-β signaling. Cell Chem. Biol. 30, 43–54.e8 
(2022).

7.	 Q. Ma, K. T. Baldwin, A. J. Renzelli, A. McDaniel, L. Dong, TCDD-Inducible poly(ADP-ribose) 
polymerase: A novel response to 2,3,7,8-tetrachlorodibenzo-p-dioxin. Biochem. Biophys. Res. 
Commun. 289, 499–506 (2001).

8.	 L. MacPherson et al., 2,3,7,8-Tetrachlorodibenzo-p-dioxin poly(ADP-ribose) polymerase 
(TiPARP, ARTD14) is a mono-ADP-ribosyltransferase and repressor of aryl hydrocarbon receptor 
transactivation. Nucleic Acids Res. 41, 1604–1621 (2013).

9.	 A. Gomez et al., Characterization of TCDD-inducible poly-ADP-ribose polymerase (TIPARP/ARTD14) 
catalytic activity. Biochem. J. 475, 3827–3846 (2018).

10.	 T. Yamada et al., Constitutive aryl hydrocarbon receptor signaling constrains type I interferon–
mediated antiviral innate defense. Nat. Immunol. 17, 687–694 (2016).

11.	 S. Negrini, V. G. Gorgoulis, T. D. Halazonetis, Genomic instability—An evolving hallmark of cancer. 
Nat. Rev. Mol. Cell Biol. 11, 220–228 (2010).

12.	 K. N. Miller et al., Cytoplasmic DNA: Sources, sensing, and role in aging and disease. Cell 184, 
5506–5526 (2021).

13.	 M. Chen, R. Linstra, M. A. T. M. van Vugt, Genomic instability, inflammatory signaling and response 
to cancer immunotherapy. Biochim. Biophys. Acta (BBA): Rev. Cancer 1877, 188661 (2022).

14.	 S. M. McWhirter, C. A. Jefferies, Nucleic acid sensors as therapeutic targets for human disease. 
Immunity 53, 78–97 (2020).

15.	 T. A. Yap et al., 27O First-in-class first-in-human phase I trial of RBN-2397 in patients with advanced 
solid tumors validates PARP7 as a novel anticancer therapeutic target. ESMO Open 8, 100993 
(2023).

16.	 J. R. Molina et al., Abstract 2154: PARP7 inhibitor RBN-2397 increases tumoral IFN signaling 
leading to various tumor cell intrinsic effects and tumor regressions in mouse models. Cancer Res. 
82, 2154–2154 (2022).

17.	 A. Z. Lu et al., Enabling drug discovery for the PARP protein family through the detection of mono-
ADP-ribosylation. Biochem. Pharmacol. 167, 97–106 (2019).

18.	 K. M. Rodriguez et al., Chemical genetics and proteome-wide site mapping reveal cysteine 
MARylation by PARP-7 on immune-relevant protein targets. eLife 10, e60480 (2021).

19.	 L. H. Palavalli Parsons et al., Identification of PARP-7 substrates reveals a role for MARylation in 
microtubule control in ovarian cancer cells. elife 10, e60481 (2021).

20.	 V. V. Sobolev et al., Role of the transcription factor FOSL1 in organ development and tumorigenesis. 
Int. J. Mol. Sci. 23, 1521 (2022).

21.	 A. Vallejo et al., FOSL1 promotes cholangiocarcinoma via transcriptional effectors that could be 
therapeutically targeted. J. Hepatol. 75, 363–376 (2021).

22.	 A. Vallejo et al., An integrative approach unveils FOSL1 as an oncogene vulnerability in KRAS-driven 
lung and pancreatic cancer. Nat. Commun. 8, 14294 (2017).

23.	 M. Zhang et al., FOSL1 promotes metastasis of head and neck squamous cell carcinoma through 
super-enhancer-driven transcription program. Mol. Therapy 29, 2583–2600 (2021).

24.	 X. Jiang et al., Expression and function of FRA1 protein in tumors. Mol. Biol. Rep. 47, 737–752 
(2020).

25.	 L. Casalino, F. Talotta, A. Cimmino, P. Verde, The Fra-1/AP-1 Oncoprotein: From the "Undruggable" 
transcription factor to therapeutic targeting. Cancers 14, 1480 (2022).

26.	 C. Zhao et al., Genome-wide profiling of AP-1–regulated transcription provides insights into the 
invasiveness of triple-negative breast cancer. Cancer Res. 74, 3983–3994 (2014).

27.	 B. Cai, J. Wu, X. Yu, X. Z. Su, R. F. Wang, FOSL1 inhibits type I interferon responses to malaria and 
viral infections by blocking TBK1 and TRAF3/TRIF interactions. mBio 8, e02161-16 (2017).

28.	 K. Nowak et al., Engineering Af1521 improves ADP-ribose binding and identification of ADP-
ribosylated proteins. Nat. Commun. 11, 5199 (2020).

29.	 K. Shimada, J. A. Bachman, J. L. Muhlich, T. J. Mitchison, shinyDepMap, a tool to identify targetable 
cancer genes and their functional connections from Cancer Dependency Map data. eLife 10, 
e57116 (2021).

30.	 J. Basbous, D. Chalbos, R. Hipskind, I. Jariel-Encontre, M. Piechaczyk, Ubiquitin-independent 
proteasomal degradation of Fra-1 is antagonized by Erk1/2 pathway-mediated phosphorylation of 
a unique C-terminal destabilizer. Mol. Cell Biol. 27, 3936–3950 (2007).

31.	 J. L. Pakay et al., A 19S proteasomal subunit cooperates with an ERK MAPK-regulated degron to 
regulate accumulation of Fra-1 in tumour cells. Oncogene 31, 1817–1824 (2012).

32.	 S. I. Yun et al., Ubiquitin-specific protease 21 promotes colorectal cancer metastasis by acting as a 
Fra-1 deubiquitinase. Cancers (Basel) 12, 207 (2020).

33.	 J. Wang et al., Nestin regulates cellular redox homeostasis in lung cancer through the Keap1–Nrf2 
feedback loop. Nat. Commun. 10, 5043 (2019).

34.	 S. R. Paludan, L. S. Reinert, V. Hornung, DNA-stimulated cell death: implications for host defence, 
inflammatory diseases and cancer. Nat. Rev. Immunol. 19, 141–153 (2019).

35.	 C. Zierhut et al., The cytoplasmic DNA sensor cGAS promotes mitotic cell death. Cell 178, 302–315.
e323 (2019).

36.	 J. Gao et al., IRF-1 transcriptionally upregulates PUMA, which mediates the mitochondrial apoptotic 
pathway in IRF-1-induced apoptosis in cancer cells. Cell Death Differ. 17, 699–709 (2010).

37.	 S.-I. Jeong et al., XAF1 forms a positive feedback loop with IRF-1 to drive apoptotic stress response 
and suppress tumorigenesis. Cell Death Dis. 9, 806 (2018).

38.	 J. Brägelmann et al., MAPK-pathway inhibition mediates inflammatory reprogramming and 
sensitizes tumors to targeted activation of innate immunity sensor RIG-I. Nat. Commun. 12, 5505 
(2021).

39.	 C. Vanpouille-Box, S. Demaria, S. C. Formenti, L. Galluzzi, Cytosolic DNA sensing in organismal 
tumor control. Cancer Cell 34, 361–378 (2018).

40.	 Z. Liu, C. Han, Y.-X. Fu, Targeting innate sensing in the tumor microenvironment to improve 
immunotherapy. Cell. Mol. Immunol. 17, 13–26 (2020).

41.	 A. Decout, J. D. Katz, S. Venkatraman, A. Ablasser, The cGAS–STING pathway as a therapeutic target in 
inflammatory diseases. Nat. Rev. Immunol. 21, 548–569 (2021).

42.	 K. J. Mackenzie et al., cGAS surveillance of micronuclei links genome instability to innate immunity. 
Nature 548, 461–465 (2017).

43.	 J. Du et al., Impacts of the STING-IFNAR1-STAT1-IRF1 pathway on the cellular immune reaction 
induced by fractionated irradiation. Cancer Sci. 113, 1352–1361 (2022).

44.	 D. Y. Zander, S. S. Burkart, S. Wüst, V. G. Magalhães, M. Binder, Cooperative effects of RIG-I-like 
receptor signaling and IRF1 on DNA damage-induced cell death. Cell Death Dis. 13, 364 (2022).

45.	 A. Annibaldi, P. Meier, Checkpoints in TNF-induced cell death: Implications in inflammation and 
cancer. Trends Mol. Med. 24, 49–65 (2018).

46.	 M. Chen et al., Targeting nuclear acid-mediated immunity in cancer immune checkpoint inhibitor 
therapies. Signal Transduction Targeted Ther. 5, 270 (2020).

47.	 H. Chen et al., A whole-genome CRISPR screen identifies AHR loss as a mechanism of resistance to a 
PARP7 inhibitor. Mol. Cancer Ther. 21, 1076–1089 (2022).

48.	 F. Gao et al., Xanthohumol targets the ERK1/2-Fra1 signaling axis to reduce cyclin D1 expression 
and inhibit non-small cell lung cancer. Oncol. Rep. 44, 1365–1374 (2020).

49.	 T. Yamada et al., Constitutive aryl hydrocarbon receptor signaling constrains type I interferon-
mediated antiviral innate defense. Nat. Immunol. 17, 687–694 (2016).

50.	 D. M. Leslie Pedrioli, M. O. Hottiger, PARP7-mediated ADP-ribosylation stabilizes FRA1 and restrains 
IRF3/IRF1-dependent apoptosis and immune signaling and in cancer cells. ProteomeXchange. 
https://www.ebi.ac.uk/pride/archive/projects/PXD041870/private. Deposited 28 April 2023.

51.	 P. Manetsch, M. O. Hottiger, Transcriptional changes by RBN-2397 treatment and FRA1 knockdown 
in NCI-H1975 cells. Gene Expression Omnibus. https://www.ncbi.nlm.nih.gov/geo/query/acc.
cgi?acc=GSE229674. Deposited 13 April 2023.

52.	 A. Tsherniak, Defining a cancer dependency map. Depmap portal. https://depmap.org/portal/. 
Accessed 16 February 2023.

https://www.ebi.ac.uk/pride/archive/projects/PXD041870/private
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE229674
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE229674
https://depmap.org/portal/

	PARP7-mediated ADP-ribosylation of FRA1 promotes cancer cell growth by repressing IRF1- and IRF3-dependent apoptosis
	Significance
	Results
	PARP7 Localizes to the Nucleus and Modifies Transcriptional Regulators on Cysteine Residues.
	The Cellular Sensitivity to PARP7 Inhibition Is Dependent on FRA1.
	PARP7 Inhibition Promotes the Degradation of FRA1.
	ADP-Ribosylation of FRA1 Prevents Its PSMC3-Dependent Proteasomal Degradation.
	FRA1 Regulates the Expression of Genes Involved in Apoptosis, Immune Signaling, and Cell Cycle Progression.
	FRA1 Suppresses Apoptosis by Inhibiting IRF1- and IRF3-Dependent RIG-I-Like Receptor Signaling.
	PARP7 Expression Is a Marker for RBN-2397 Sensitivity of FRA1-Driven Cancer Cells.

	Discussion
	Materials and Methods
	Data, Materials, and Software Availability
	ACKNOWLEDGMENTS
	Supporting Information
	Anchor 23



