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Adenocarcinomas from multiple tissues can converge to treatment-resistant small cell
neuroendocrine (SCN) cancers composed of ASCL1, POU2F3, NEURODI, and
YAP1 subtypes. We investigated how mitochondrial metabolism influences SCN can-
cer (SCNC) progression. Extensive bioinformatics analyses encompassing thousands
of patient tumors and human cancer cell lines uncovered enhanced expression of
proliferator-activatedreceptor gamma coactivator 1-alpha (PGC-1a), a potent regu-
lator of mitochondrial oxidative phosphorylation (OXPHOS), across several SCNCs.
PGC-1a correlated tightly with increased expression of the lineage marker Achaete-scute
homolog 1, (ASCL1) through a positive feedback mechanism. Analyses using a human
prostate tissue-based SCN transformation system showed that the ASCL1 subtype has
heightened PGC-1a expression and OXPHOS activity. PGC-1a inhibition dimin-
ished OXPHOS, reduced SCNC cell proliferation, and blocked SCN prostate tumor
formation. Conversely, PGC-1a overexpression enhanced OXPHOS, validated by
small-animal Positron Emission Tomography mitochondrial imaging, tripled the SCN
prostate tumor formation rate, and promoted commitment to the ASCL1 lineage. These
results establish PGC-1a as a driver of SCNC progression and subtype determination,
highlighting metabolic vulnerabilities in SCNCs across different tissues.

PGC-1a | ASCL1 | oxidative phosphorylation | lung cancer | prostate cancer

Epithelial cancers from various tissues, including the prostate, lung, and bladder, can
converge to an aggressive small cell neuroendocrine (SCN) phenotype under targeted
treatments (1-3). These phenotypically similar, small cell neuroendocrine cancers (SCNCs)
are classified as high-grade, poorly differentiated small cell carcinomas that commonly
express neuroendocrine markers like chromogranin A (CHGA), neural cell adhesion mol-
ecule 1 (NCAM1), and synaptophysin (SYP) (4). With a dismal median survival rate
between 7 to 16 mo (5), there is a pressing need for a better mechanistic understanding
of disease progression to inform new therapeutic strategies.

SCNC:s are composed of multiple subtypes defined by prominent expression of lineage
markers. This is best exemplified in SCLC, which is categorized into ASCL1, NEURODI,
POU2F3, and YAP1 subtypes (6, 7). Recent studies have identified corresponding sub-
types in SCN prostate cancer, including ASCL1, POU2F3/ASCL2, and NEUROD1
(8-10). A growing body of research across numerous SCNC models has highlighted the
plastic nature of differentiation toward and between these subtypes (6, 7, 11-13).

Complementing the molecular heterogeneity within SCNCs, recent studies have begun
to highlight the metabolic diversity across different SCLC subtypes (14-18). A correlation
has been observed between ASCLI expression levels and a dependence on inosine
monophosphate dehydrogenase, a key enzyme in guanosine biosynthesis (14). Thus, met-
abolic reprogramming might regulate lineage plasticity in SCNCs.

A key aspect of metabolic reprogramming in cancer is the shift toward aerobic glycolysis
(Warburg effect), characterized by increased glucose consumption and lactate secretion,
even in the presence of ampleoxygen (19). This seminal discovery led to a longstanding
belief that cancer cells have dysfunctional mitochondria. However, recent studies have
countered this perspective, showing that many cancers actually have functional mitochon-
dria fully capable of oxidative phosphorylation (OXPHOS) (20). In fact, some cancers
have a heightened reliance on OXPHOS (21), which is sometimes linked with therapy
resistance (22-26). This emerging understanding has sparked significant interest in
OXPHOS inhibitors as promising candidates for cancer therapy (27-29). However, their
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utility in treating SCNCs remains unclear owing to an incomplete
understanding of the metabolic dynamics in these aggressive can-
cers. Although increased aerobic glycolysis has been observed in
SCN prostate cancer (30), the OXPHOS status in SCNC subtypes
remains unclear. Therefore, we reasoned that exploring mitochon-
drial function in SCNCs may reveal pivotal insights into their
pathophysiology.

To explore the influence of mitochondrial function on SCNC
development, we focused on peroxisome proliferator-activated
receptor gamma coactivator 1-alpha (PGC-1a) (31), a transcrip-
tional coactivator widely recognized as a potent regulator of mito-
chondrial biogenesis and OXPHOS. Originally identified for its
role in cold-induced adaptive thermogenesis through the regula-
tion of OXPHOS genes (32), PGC-1a has since been implicated
in metabolic reprogramming during cancer development, demon-
strating robust but varied effects across cancer types (33). In pros-
tate cancer, it has been found to support the growth of localized,
androgen-dependent tumors (34, 35) while restraining the pro-
gression of androgen-independent, metastatic forms (36-38). In
melanoma, PGC-la is associated with tumors that exhibit
enhanced mitochondrial function (39) and a reduced metastatic
potential (40). It suppresses metastasis in non—small cell lung
cancer (NSCLC) (41), but promotes metastasis in other cancer
models (42). The role of PGC-1a in SCNCs remains unknown,
and thus unraveling its specific effects could provide key insights
into potential therapeutic targets or prognostic factors.

To investigate the role of PGC-1a in regulating SCNC devel-
opment, we performed an integrated computational and func-
tional investigation. Bioinformatics analyses of 10,529 patient
tumors and 1,466 human cancer cell lines were performed, fol-
lowed by functional and mechanistic analyses using multiple
model systems including a human prostate tissue-derived SCN
transformation system (2, 3, 10). This system enables the trans-
formation of normal human lung epithelial cells, prostate epi-
thelial cells, or bladder urothelial cells into SCNC via transduction
with an oncogene cockrail abbreviated as PARCB (TP53DN,
myr-AKT, shRB1, c-MYC, and BCL2). This PARCB model gen-
erates two distinct tumor lineages characterized by either
stem-like (POU2F3/ASCL2 subtype) or neuroendocrine features
(ASCLLI subtype) that closely resemble the POU2F3 and ASCL1
subtypes seen in clinical SCNCs (10). Here, we reveal the met-
abolic heterogeneity among SCNC subtypes, defined by
PGC-1a and OXPHOS levels. We also identify PGC-1a as a
driver in the ASCLI lineage and uncover OXPHOS as a broad
metabolic vulnerability across SCNCs originating from multi-
ple tissues.

Results

Elevated PGC-1x in Clinical SCNCs Correlates with Increased
ASCL1 Expression and Neuroendocrine Differentiation. To
investigate the role of mitochondrial metabolism in SCNCs,
we conducted bioinformatics analyses in a wide range of human
cancer cell lines, human primary tumors, and clinical SCN
datasets. We conducted a coexpression analysis of PGC-la
against the four SCNC lineage markers—ASCL1, POU2F3,
NEURODI, and YAP1—across all 1,466 human cancer cell
lines from the Cancer Cell Line Encyclopedia (CCLE). While
PGC-1a does not correlate with POU2F3, NEURODI, or
YAP1 (81 Appendix, Fig. S1A), it shows positive correlation with
the lineage marker ASCL1, a pioneer transcription factor that is
essential for neuronal commitment and SCNC progression (43,
44) (Fig. 14). Notably, we observed a distinct subpopulation of
cell lines with high ASCLI expression that also have high PGC-1a
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expression “PGC-1a/ASCL1-High.” (Fig. 1 A, Lef?). To determine
the cancer type composition of the PGC-1a/ASCLI1-High
subpopulation compared to the rest of the samples, we quantified
the percentage of cell lines with SCN features in both groups.
The PGC-10/ASCL1-High subpopulation is predominantly
composed of SCNCs (54/68, 79%) (Fig. 1 A, Right), whereas
only a small fraction of the rest of the cells (88/1,466, 6%) are
SCNGCs. Consistently, PGC-1a expression is elevated in SCLC
and neuroblastoma cell lines compared with NSCLC (87 Appendix,
Fig. S1B). These observations suggest that PGC-1a and ASCL1
are co-upregulated in SCNCs from multiple tissues.

To determine whether PGC-1a/ASCL1-High cells show
increased SCN differentiation, we applied a well-established SCN
score derived from a pan-cancer transcriptomic analysis (1).
PGC-1a/ASCL1-High cells from the CCLE show a marked
increase in SCN score compared to the rest of the samples, indi-
cating heightened SCN differentiation. (Fig. 1B). A consistent
result was seen across 10,529 solid tumors from The Cancer
Genome Atlas (TCGA) (Fig. 1C and S/ Appendix, Fig. S1C) and
in clinical SCN samples from various cancers, including lung
adenocarcinoma (LUAD), castration-resistant prostate cancer
(CRPC), neuroendocrine prostate cancer (NEPC), and SCLC
(Fig. 1D). Consistent with these observations, PGC-1a expression
is increased in SCN prostate cancer compared with CRPC and in
SCLC compared with NSCLC (87 Appendix, Fig. S1D). Of note,
the increased PGC-1a expression in SCLC is largely attributable
to the ASCLLI subtype (SI Appendix, Fig. S1 D, Right). A positive
correlation between PGC-1a and ASCL1 was also observed in
high-grade serous ovarian carcinomas (HGSOC), which share
genomic alterations with neuroendocrine tumors including muta-
tions in TP53, loss of RB1, and amplification of MYC (45). Thus
PGC-1la and ASCLI are co-upregulated in multiple clinical tcumor
types with heightened SCN differentiation.

Given the known contribution of androgen deprivation therapy
(ADT) to SCN prostate cancer progression (46, 47), we next
examined its on PGC-1a expression in clinical prostate cancer
(Fig. 1E).

ADT-treated tumors show increased PGC-1a expression, which
correlated positively with ASCL1 (S Appendix, Fig. S1F). Further,
Gene set enrichment analysis (GSEA) revealed that OXPHOS is a
top enriched pathway in post-ADT tumors (Fig. 1E). Collectively,
these data indicate that PGC-1a expression is upregulated in mul-
tiple SCNCs and uncover a previously undescribed link between
PGC-1a, ASCLI, and SCN differentiation.

Enhanced PGC-1x Expression and OXPHOS Activity in SCN
Prostate Cancer within the ASCL1 Tumor Subtype. Having
established a strong correlation between PGC-1a and ASCLLI in
multiple clinical SCNCs, we next sought to identify appropriate
model systems for studying the functional role of PGC-1la in
SCNC progression and lineage determination. We utilized a
human tissue-derived PARCB-induced SCN transformation
model (10), which produces ASCL1 and POU2F3/ASCL2
subtypes, closely resembling clinical SCNC subtypes (Fig. 24).
Coexpression analysis between PGC-1a and ASCLI across all
PARCB time course samples revealed a tight, positive correlation,
with the highest expression of both genes found exclusively in the
ASCL1 subtype (Fig. 2B). Further, PGC-1a expression markedly
increased in the majority of tumor series derived from distinct
donor tissue series, with a sudden drop in PGC-1la expression
levels in two patient series (P3 and P10) upon development of the
POU2F3/ASCL2 subtype (Fig. 2C). Consistently, ASCL1 subtype
tumors demonstrate a 16-fold higher expression of PGC-la
compared with the POU2F3/ASCL2 subtype (Fig. 2D). Further,
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Fig. 1. Elevated PGC-1ain clinical SCNC correlates with increased ASCL1 expression and neuroendocrine differentiation. (A) Gene expression analysis across all
human cancer cell lines from the CCLE. (Left) Coexpression analysis between PGC-1a and ASCL1, highlighting samples with high expression levels of both genes
(boxed region). (Right) Pie charts illustrating the proportion of cancer types exhibiting elevated coexpression of PGC-1a and ASCL1, in contrast to the rest of the
samples. Related to S/ Appendix, Fig. S1A. (B) Transcriptomic examination of SCN differentiation in CCLE human cancer cell lines. SCN scores [defined previously (3)
and detailed in the Materials and Methods] are calculated for cells showing heightened PGC-1a and ASCL1 expression versus the rest of the cells. Related to
Fig. 1A and S/ Appendix, Fig. S1B. (C) A transcriptomic analysis of SCN differentiation in all the patient tumors from the TCGA database shown in S/ Appendix,
Fig. S1C. SCN scores are calculated from the boxed tumor samples with elevated PGC-1a and ASCL1 expression compared with the rest of the samples. Related
to SI Appendix, Fig. S1C. (D) Gene expression analysis in multiple clinical SCNC datasets. (Left) Coexpression analysis of PGC-1a and ASCL1. (Right) SCN scores of
the boxed samples with elevated PGC-1a and ASCL1 expression compared with the rest of the samples. (E) Transcriptomic analyses in clinical prostate cancer
tumors before and after ADT with enzalutamide. (Left) A schematic overview. (Right) Gene set enrichment analysis (GSEA) of differentially expressed genes in
pre- versus post ADT-treated tumors. See also S/ Appendix, Fig. STF. Related to S/ Appendix, Fig. S1. See SI Appendix for statistical analyses and datasets used.

single-cell RNA-sequencing (scRNA-seq) analysis revealed that
high PGC-1a expression was almost exclusively associated with
ASCL1 (Fig. 2E). Thus, the PARCB model recapitulates the
analyses in clinical tumors described in Fig. 1, making it suitable
for downstream functional experiments.

To determine whether transcription factors (TFs) coactivated
by PGC-1a are more accessible in the ASCL1 subtype than in
the POU2F3/ASCL2 subtype, Hypergeometric Optimization
of Motif EnRichment (HOMER) analysis was performed to
compare the accessible peaks in both tumor subtypes. In the
ASCLI tumor subtype, there was a notable enrichment of tran-
scription factors coactivated by PGC-1a,, including HNF4A and
PPPARA, which were among the top 10 most significantly
enriched (S7 Appendix, Fig. S2 A and B). HNF4A, recently
demonstrated to define a fifth SCNC subtype (48), demonstrates
a strong and positive correlation with PGC-1a in PARCB tum-
ors (81 Appendix, Fig. S2C). Consistently, HNF4A shows a pos-
itive correlation with PGC-1a across multiple clinical SCNC

PNAS 2024 Vol.121 No.49 2416882121

datasets (SI Appendix, Fig. S2D). To explore HNF4A’s correla-
tion with PGC-1aand ASCL1, we analyzed the coexpression of
all three genes (SI Appendix, Fig. S3 A-D). Most ASCL1-high
samples exhibit low HNF4A expression. However, a subset of
PGC-1a- and ASCL1-high samples also exhibit high HNF4A
expression.

Given the shared molecular alterations driven by a common set
of oncogenes in both ASCL1 and POU2F3/ASCL2 subtypes, we
investigated whether ASCL1, a pioneer transcriptional activator
capable of binding to and opening compacted chromatin, could
directly interact with PGC-1a to enhance its expression specifi-
cally in the ASCLI subtype. We analyzed ASCL1 ChIP-Seq data-
sets from SCN lung and prostate cancer cell lines, as well as in
LuCaP prostate cancer patient-derived xenografts (PDXs)
(SI Appendix, Figs. S4-S6). While ASCLI showed some binding
to PGC-1la, inconsistent binding patterns across datasets and
models hinder definitive conclusions about ASCL1’s direct regu-
lation of PGC-1a.

https://doi.org/10.1073/pnas.2416882121
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Fig. 2. Enhanced PGC-1a expression and OXPHOS activity in SCN prostate cancer within the ASCL1 tumor subtype. (A) Schematic illustrating PARCB-induced
SCN prostate transformation, highlighting the bifurcation of end-stage tumors into the POU2F3/ASCL2 and ASCL1 lineages. The schematic is modified from
Chen et al. (10). (B) Coexpression analysis of PGC-1a and ASCL1 during PARCB prostate transformation. (C) Analysis of PGC-1a expression levels during PARCB
transformation in all 10 patient series showcasing increased PGC-1a expression over time. The final time points of patient series #3 (P3) and #10 (P10) correspond
to the development of the POU2F3/ASCL2 subtype. (D) Expression levels of PGC-1a in POU2F3/ASCL2 versus ASCL1 PARCB tumor subtypes. (E) Single cell gene
expression levels of PGC-1a versus ASCL1, POU2F3, and ASCL2 from the PARCB time course tumors (10). (F) Coexpression analysis of PGC-1a and ASCL1 in C4-2B
cells from the PRNBSAN transformation system. Log2 values are Log2 FPKM+1. (G) GSEA in the ASCL1 tumor subtype versus the rest of the PARCB time course
samples. Gene Ontology Biological Process (GOBP) gene sets were used. (H) Seahorse respirometry in PARCB tumor-derived cell lines from both the POU2F3/
ASCL2 and ASCL1 subtypes. See S/ Appendix for inhibitor details. Related to S/ Appendix, Figs. S2-S7. See SI Appendlix for statistical analyses and datasets used.

Next, we sought to determine whether a functional connection
exists that does not solely rely on direct DNA interaction. To this
end, we investigated whether exogenous ASCLI expression could
upregulate PGC-1la. Indeed, ASCL1 overexpression in two
PARCB POU2F3/ASCL2 tumor-derived cell lines led to increased
PGC-1a expression in both cell lines (10) (S7 Appendix, Fig. S7A).
To ensure that our findings extend beyond PARCB cell lines, we
utilized an in vitro model for SCN prostate cancer differentiation
using the androgen-insensitive C4-2B cell line. This model induces
SCN differentiation by incorporating a specific set of SCN onco-
genes and transcription factors, namely PRNBSAN (dominant-
negative TP53, shRB1, MYCN, BCL2, SRRM4 combined with
ASCL1, or NEURODV1) (87 Appendix, Fig. S7B). Consistent with
findings in the PARCB cell lines, we observed a strong functional
connection between PGC-1a and ASCLI expression, evidenced

https://doi.org/10.1073/pnas.2416882121

by an R? value 0of 0.9059 (Fig. 2F). Moreover, PGC-1a levels also
correlated with enhanced SCN differentiation in this model
(SI Appendix, Fig. S7C). Collectively, these findings across multi-
ple model systems establish ASCL1 as a positive regulator of
PGC-1a expression.

We next defined global transcriptional changes associated with
the development of the ASCL1 subtype. GSEA was performed in
tumors of the ASCLI subtype versus all the other stages of PARCB
transformation (Fig. 2G). ASCL1 tumors had pronounced upreg-
ulation of OXPHOS genes (Fig. 2G). To assess whether increased
OXPHOS gene expression led to higher activity, we conducted
Seahorse respirometry, which provided a functional profile of
OXPHOS. 'This analysis revealed that PARCB-ASCLI
tumor-derived cell lines showed significantly higher basal and
maximal oxygen consumption rates compared to the POU2F3/
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ASCL2 subtype (Fig. 2H), indicating increased OXPHOS activity.
Furthermore, the ASCL1 tumor subtype had higher expression
of both subunits of the mitochondrial pyruvate carrier (S/ Appendix,
Fig. S7D), which allows entry of pyruvate into the mitochondrion
to fuel OXPHOS. Collectively, these findings demonstrate that
the ASCLLI subtype exhibits enhanced PGC-1a expression and
OXPHOS activity.

PGC-1a Inhibition Blunts OXPHOS, Reduces the Growth of
SCNC Cell Lines, and Blocks SCN Prostate Tumor Formation. To
determine whether PGC-1at is functionally important for PARCB
tumor progression, PGC-la was inhibited during PARCB
prostate transformation using shRNA interference (S/ Appendix,
Fig. S84). PGC-la inhibition was verified using Western
blotting in 293Ts (S Appendix, Fig. S8B) and using RT-qPCR
in PARCB organoids (ST Appendix, Fig. S8 C) before xenografting
into immunocompromised mice for tumor formation. PGC-
la inhibition blocked PARCB tumor growth, underscoring its
requirement for PARCB prostate tumor initiation.

Since PARCB tumors could not form under PGC-1a inhibi-
tion, we explored its role in the proliferation of PARCB tumor—
derived prostate cancer cell lines. PGC-la inhibition using
shRNA and the small molecule SR-18292 (49), resulted in
reduced proliferation in both ASCL1 and POU2F3/ASCL2
subtypes, with a stronger effect observed in the POU2F3/ASCL2
subtype (Fig. 3 4 and B).

To determine whether this effect of PGC-1a inhibition extends
beyond the PARCB-derived cell lines, we first examined its effect
on PRNBSA-induced SCN prostate cancer progression (model
described in ST Appendix, Fig. S7B). PGC-1a inhibition blocked
the PRNBSA-mediated growth of both C4-2B and LNCaP cell
lines (81 Appendix, Fig. S8 D and E).

Next, we tested the effect of PGC-la inhibition on
patient-derived SCN prostate and lung cancer cell lines. PGC-1a
inhibition reduced the growth of the sole patient-derived SCN
prostate cancer cell line, NCI-H660 (Fig. 3C). Similarly, analysis
of PGC-1a inhibition in the Cancer Dependency Map (DepMap)
revealed a stronger anti-proliferative effect in SCLC compared
with NSCLC (Fig. 3D). Taken together, these findings indicate
that PGC-1a inhibition blunts the growth of both SCN prostate
and lung cancer cell lines derived from multiple model systems
and patient donors.

To understand the mechanism behind PGC-1a inhibition’s
impact on SCNC development we examined whether PGC-1a
inhibition would blunt OXPHOS in SCN prostate cancer cell
lines. Accordingly, we inhibited PGC-1at in ASCL1 and POU2F3/
ASCL2 cell lines using shRNA and performed Seahorse respirom-
etry to examine the effect on mitochondrial function. PGC-1a
inhibition downregulated basal and maximal respiration in both
the ASCL1 and POU2F3/ASCL2 subtypes (Fig. 3E). These find-
ings collectively suggest that PGC-1a regulates the initiation of
PARCB prostate tumors and maintains proliferation of cultured

SCNC cell lines by sustaining OXPHOS.

OXPHOS Inhibition Blunts SCN Prostate and Lung Cancer Cell
Line Proliferation. To further corroborate OXPHOS as PGC-1as
mechanism of action, we tested whether OXPHOS specifically is
required for the proliferation of SCNC cell lines. First, PARCB
cell lines derived from the ASCL1 and POU2F3/ASCL2 tumor
subtypes were treated with IMT1B, a small molecule inhibitor
of mitochondrial RNA polymerase (POLRMT), which blocks
mitochondrial DNA transcription thereby downregulating all of
the mitochondrially encoded respiratory chain complexes (50).
IMT 1B treatment blunted cell proliferation in both SCN prostate
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and lung cancer cell lines with approximately twice the potency in
the POU2F3/ASCL2 subtype (Fig. 44 and S Appendix, Fig. S9A).

We next examined the effect of OXPHOS gene deletion in
SCN lung cancer by investigating genetic dependencies of 104
lung cancer cell lines in the DepMap database. Unsupervised prin-
cipal component analysis (PCA) using the DepMap dependency
scores revealed a distinct separation between SCLC and NSCLC
samples, indicating unique genetic dependencies between the two
groups (8] Appendix, Fig. S9B). Pathway enrichment analysis from
the top and bottom 100 PCl loading genes indicated that
OXPHOS is a top enriched pathway in SCLC versus NSCLC cell
lines, implying that OXPHOS gene deletion has a stronger anti-
proliferation effect in SCLC versus NSCLC (Fig. 4B).

Treatment with a clinical-grade respiratory chain complex I
inhibitor, IACS-010759 abolished OXPHOS in cell lines derived
from both subtypes (Fig. 4Cand ST Appendix, Fig. S9C). To confirm
the inhibitor’s specificity and ensure that the observed effects were
directly due to complex I inhibition, NDI1, a yeast complex I (28,
51) was overexpressed concurrently with complex I inhibition.
NDI1 overexpressed fully rescued the OXPHOS inhibition caused
by TACS-010759 (Fig. 4C and SI Appendix, Fig. S9C). Interest-
ingly, NDI1 overexpression boosted the oxygen consumption rate
(OCR) above baseline levels only in the ASCL1 subtype (Fig. 4C
and S7 Appendix, Fig. S9C).

IACS-010759 treatment reduced proliferation of cell lines
derived from both subtypes, with a more pronounced effect in the
POU2F3/ASCL2 subtype (Fig. 4D). These antiproliferation
effects caused by IACS-010759 were fully rescued by NDI1 over-
expression (Fig. 4D), indicating high specificity of the inhibitor.
A similar effect was observed in SCN lung cancer cell lines, with
a more pronounced effect in the POU2F3 subtype (57 Appendix,
Fig. S9D). Collectively, these results indicate that PGC-1a and
OXPHOS inhibition are metabolic vulnerabilities in SCN cancers
of both the prostate and lung.

PGC-10t Promotes OXPHOS in the Prostate Cancer ASCL1 Sub-
type. Because PGC-1la inhibition reduced OXPHOS activity
in SCNC cell lines, we wondered whether overexpressing
PGC-1a would be sufficient to promote OXPHOS and induce
lineage plasticity. PGC-1a overexpression increased both PGC-
la and OXPHOS protein levels in a panel of PARCB cell lines
developed previously (2) (S Appendix, Fig. S104). Next, PGC-1a
was overexpressed specifically in POU2F3/ASCL2 and ASCL1
PARCB tumor-derived cell lines, and its effects on OXPHOS
activity and neuroendocrine differentiation were measured.
This analysis utilized Seahorse respirometry, followed by in vivo
micropositron emission tomography (PET) and computed
tomography (microPET/CT) imaging, and histological analyses
(Fig. 54). PGC-1a overexpression upregulated OXPHOS activity
in cell lines derived from the ASCL1 but not POU2F3/ASCL2
subtype (Fig. 5B). This result is consistent with the ASCLI
subtype’s selective OXPHOS enhancement from yeast Complex
I overexpression seen in Fig. 4C, suggesting a relatively flexible
metabolic state in the ASCL1 subtype.

To check whether the increased OXPHOS caused by PGC-1a
overexpression in cell lines would translate to higher bioenergetics
in tumors, ASCL1, or POU2F3/ASCL2 cell lines with and with-
out PGC-1a overexpression were xenografted into immunocom-
promised mice for tumor initiation and subsequent microPET/
CT imaging. PGC-1la overexpression promoted tumor growth
only in the ASCL1 subtype, with responses varying from a twofold
to fivefold increase in tumor volume (Fig. 5C). To evaluate the
metabolic changes induced by PGC-1a overexpression in these
tumors, we employed two distinct PET probes for microPET/CT
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Fig. 3. PGC-1a inhibition blunts OXPHOS, reduces the growth of SCNC cell lines, and blocks SCN prostate tumor formation. (A) Cell proliferation analysis in
PARCB tumor-derived cell lines comparing PGC-1a knockdown cells to control. (B) Cell proliferation analysis of PARCB tumor-derived cell lines treated with SR-
18292, a pharmacological inhibitor of PGC-1a. (C) Cell proliferation analysis of a patient-derived SCN prostate cancer cell line (NCI-H660) with PGC-1a knockdown
compared with control. (D) PGC-1a inhibition (RNAI) effects on cell proliferation, represented by dependency scores from the DepMap database. See S/ Appendix
for details. (E) Seahorse respirometry in PARCB cell lines derived from the POU2F3/ASCL2 and ASCL1 tumor subtypes. See S/ Appendix for inhibitor details. Related
to SI Appendix, Fig. S8. See SI Appendix for statistical analyses and datasets used.

imaging, "*F-FDG and '""F-BnTP (Fig. 5A and SI Appendix,
Fig. S10 Band C). "*F-FDG, a glucose analog, is extensively used
in clinical PET imaging to measure cellular glucose uptake. While
its accumulation in tumors indicates increased glucose uptake, it
does not provide information on the specific metabolic pathways,

https://doi.org/10.1073/pnas.2416882121

such as whether glucose gets incorporated into the TCA cycle to
fuel OXPHOS. To address this limitation, we also utilized
BE_BnTP, a lipophilic cation designed to accumulate specifically
in the mitochondrial inner membrane and measure mitochondrial
membrane potential (52). This accumulation labels mitochondria
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with the indicated treatments.

with intact OXPHOS activity, offering a direct measure of mito-
chondrial activity and content in tumors in vivo. PGC-1a over-
expression in the ASCL1 subtype enhanced uptake of both
"F-BnTP (Fig. 5D) and '""F-FDG (SI Appendix, Fig. S10D).
These effects were not seen in the POU2F3/ASCL2 subtype
(SI Appendix, Fig. S10E). Histological analysis from tumors
derived from both subtypes showed no obvious changes in SCN
differentiation upon PGC-1a overexpression in either subtype
(SI Appendix, Fig. S11).

Collectively, the data indicate that, relative to the POU2F3/ASCL2
subtype, the ASCL1 subtype demonstrates high metabolic plasticity,
exhibiting a marked OXPHOS response to PGC-1a and NDI1 over-
expression. Moreover, the data indicate that despite the ASCL1 sub-
types greater OXPHOS response to PGC-la overexpression,
PGC-1a alone is not sufficient to trigger additional neuroendocrine
differentiation in these terminally differentiated cell lines.

PGC-10¢ Upregulates OXPHOS and Drives SCN Prostate Cancer
Toward an ASCL1-Expressing Lineage. We next asked whether
PGC-1a overexpression could promote SCN progression during
PARCB transformation when the PARCB oncogenes are actively
restructuring the chromatin landscape to alter global gene expression.

PNAS 2024 Vol.121 No.49 2416882121

For this, we performed PARCB prostate transformation with PGC-
la overexpression or control (Fig. 64). PGC-1a overexpression
resulted in an approximate 100-fold increase in PGC-1ae mRNA
levels in PARCB prostate organoids (S/ Appendix, Fig. S124) and a
threefold higher tumor take rate compared with controls (Fig. 6B).
The majority of PGC-1a overexpressing tumors maintained high BFP
expression months after transduction, suggesting forward selection
during transformation (S/ Appendix, Fig. S12B). Consistently, PGC-
la protein levels were higher in PGC-1a overexpressing tumors
compared with control (S/ Appendix, Fig. S12C). These data indicate
that PGC-la overexpression promotes PARCB-induced SCN
prostate tumor formation.

To better understand how PGC-1a overexpression promotes
PARCSB transformation, we performed bulk RNA sequencing on
PARCB tumors with PGC-1a overexpression and control. GSEA
showed that gene sets related to OXPHOS were among the most
significantly enriched following PGC-1a overexpression (Fig. 6C).
Next, a detailed GSEA squared analysis (1) (described in the
Materials and Methods section, and in reference (1)) was per-
formed, ranking OXPHOS-related gene sets by NES across mul-
tiple gene set families comprised over 10,000 gene sets (Fig. 6D).
This analysis showed that all OXPHOS-related gene sets (details
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in Materials and Methods section) were highly and exclusively
enriched in PARCB tumors with PGC-1a overexpression com-
pared with control (Fig. 6D), indicating a robust increase in
OXPHOS gene expression. Additionally, we observed thatadhesion-
related pathways, typically downregulated as cancers transition to
a more SCN phenotype (1), were suppressed in PGC-1a overex-
pressing tumors (Fig. 6D). These findings suggest that PGC-1a
overexpression may promote SCN differentiation by upregulat-
ing OXPHOS.

To quantify the effect of PGC-1a overexpression on SCN differ-
entiation, we first categorized tumors into PGC-la-High and
PGC-1la-Low groups, based on PGC-1oe mRNA levels achieved by
overexpression. PGC-1a-high samples exhibited a higher SCN score
compared with PGC-la-low (Fig. 6F). Notably, PGC-1a-high

https://doi.org/10.1073/pnas.2416882121

samples not only displayed increased SCN differentiation in com-
parison to the PGC-1a-low samples from this study, but also exhib-
ited higher SCN scores than all 55 samples from our recently
published PARCB time course study (10) (Fig. 6E). Consistently,
immunohistochemistry in PARCB tumor sections showed increased
mitochondrial content (TOMM20) and neuroendocrine (NCAM]1)
protein expression in PGC-1a-High tumors (Fig. 6F). These results
indicate that high levels of PGC-1la overexpression upregulate
OXPHOS expression and promote SCN differentiation.
Building on the established relationship between PGC-1a and
ASCL1 described above, we investigated whether PGC-1a over-
expression could promote lineage plasticity toward the ASCL1
subtype. Indeed, PGC-1a-high samples predominantly expressed
genes associated with the ASCL1 subtype, showing a 14-fold
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Fig. 6. PGC-1aoverexpression upregulates OXPHOS and drives SCN prostate cancer toward an ASCL1-expressing lineage. (A) Schematic illustrating the experimental
setup for assessing the effects of PGC-1a overexpression on PARCB-induced prostate cancer transformation. (B) Tumor establishment rate between PARCB
transformation using PGC-1a overexpression compared with control. PARCB transformations were performed using three separate patient donors, resulting in a
total of 45 xenografts being implanted in 23 mice. (C) GSEA in PARCB tumors with PGC-1a overexpression versus control. (D) GSEA squared analysis (described in
the Materials and Methods section and in ref. 1) depicting the distribution of normalized enrichment scores (NES) for thousands of gene sets across multiple gene
set families in samples with PGC-1a overexpression versus control. (E) A transcriptomic analysis of SCN differentiation comparing SCN scores in PGC-1-High versus
PGC-1a-Low PARCB tumors. SCN scores (described in the Materials and Methods section and in ref. 1) calculated from datasets derived from Chen et al. (10) are also
shown for comparison. (F) Immunohistochemistry in histological sections derived from PARCB tumors with high and low levels of PGC-1a. (G) A heatmap displaying
normalized gene expression levels for signature genes related to POU2F3/ASCL2 and ASCL1 tumor subtypes. (H) PCA of PARCB samples, distinguishing between
PGC-1a-High and PGC-1a-Low PARCB tumors from this study, overlaid on PARCB tumors from our prior time course study (10) and SCLC cell lines from the CCLE
and SCLC patient tumors. Related to S/ Appendlix, Fig. S12. See S/ Appendix for statistical analyses and datasets used.
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increase in expression compared to PGC-1a-low samples. Further,
PGC-1a-low samples exhibited nearly a 100-fold increase in the
expression of POU2F3/ASCL2 subtype genes compared to
PGC-1a-high samples. (Fig. 6G). This pattern suggests PGC-1a
can potentially promote differentiation toward the ASCLI lineage.
To determine whether these subtype-specific expression pat-
terns are observable in a broader clinical context, our datasets from
PARCB tumors with PGC-1a overexpression were projected onto
datasets from SCLC samples in the CCLE and from the clinical
study by George etal. 2015 (Fig. 6H). We also included the
ASCL1 and POU2F3/ASCL2 PARCB samples from our recently
published study (10). PGC-1a-high samples clustered well with
SCLC-ASCL1 and PARCB-ASCL1 tumors (HCG6), whereas
PGC-1a-low samples clustered better with SCLC-POU2F3 and
PARCB-POU2F3/ASCL2 tumors (HC5). Collectively, these data
suggest that PGC-1a promotes SCNC progression toward an
ASCL1-expressing subtype with increased OXPHOS capacity.

Discussion

PGC-1a-Induced OXPHOS as a Driver of Lineage Plasticity in
SCNCs. Metabolic reprogramming is recognized as a hallmark of
many cancers, yet its direct role in driving cancer progression
and lineage determination remains unclear. Our findings reveal
that mitochondrial metabolism, driven by PGC-1a, is not only
tightly correlated with SCNC subtypes but also actively drives
SCNC development and lineage plasticity toward the ASCLI
subtype, despite similar oncogenic stimuli across subtypes. These
insights pave the way for further investigations into the metabolic
underpinnings of SCNCs, suggesting that targeted manipulation
of PGC-1ae or OXPHOS could offer additional avenues for
controlling SCNC progression and differentiation.

ASCL1 as an Upstream Regulator of PGC-1a.. PGC-1at is influenced
by a remarkably diverse array of signals, including hormonal,
nutritional, and physiological stimuli, as well as potentially hundreds
of transcription factors (53). Despite its complex regulatory network,
PGC-1a decisively shapes specific SCNC phenotypes, effectively
overriding the oncogenic signals from the same set of oncogenes
shared across these subtypes. This observation raises an important
question: What specifically regulates PGC-1ae in SCNCs in a
subtype-specific manner? Our study identifies ASCL1 as a positive
regulator of PGC-1a. While analysis of existing ASCL1 ChIP-
Seq datasets identified potential ASCL1 binding sites on PGC-1a
promoters and gene body, inconsistencies across these datasets—
likely due to variations in experimental conditions and ASCL1
antibodies—render the evidence of direct binding inconclusive.
Further research is thus necessary to define the precise interaction

between PGC-1a and ASCL1.

The Role of PGC-1at beyond the ASCL1 Subtype. Recent work
identified a fifth neuroendocrine cancer subtype (48), defined
by expression of HNF4A—a nuclear receptor that controls
hepatic gene regulation. Our study investigated the relationship
between PGC-1a, ASCL1, and HNF4A across multiple datasets.
Consistent with previous work showing that HNF4A is activated
by PGC-1a (54), we found a strong and positive correlation
between PGC-1a and HNF4A across multiple SCNC datasets.
Further, although most ASCL1-high samples exhibit low HNF4A
expression, supporting the idea that these samples belong to a
distinct subtype (48), a subset of PGC-1a- and ASCLI-high
samples also exhibit high HNF4A expression. This suggests the
potential existence of a mixed or transitional population. Thus,

https://doi.org/10.1073/pnas.2416882121

future studies should explore the role of PGC-1a in driving lineage
plasticity and its contribution to the emergence of this fifth SCNC

subtype.

The Role of PGC-1a Isoforms in Lineage Plasticity and
Development of SCNCs. PGC-1la exists in multiple isoforms,
each exhibiting distinct activities depending on the cell type and
environmental conditions (55, 56). While our overexpression
studies focused on the canonical isoform of PGC-la, our
knockdown construct was designed to target multiple isoforms,
including the canonical form. Future studies should aim to
characterize the full landscape of PGC-1a isoforms in SCNCs,
which may provide deeper insights into how PGC-1a regulates
SCNC development and lineage plasticity.

Parallels with PGC-10a's Role in Melanoma. There are several
parallels in SCNCs and melanomas, where PGC-1a’s function
has been extensively characterized (39, 40, 57-60). In both
cancers, PGC-la promotes mitochondrial biogenesis and
OXPHOS, which are important for tumor survival and energy
production in tumor subsets with high PGC-1a (39, 40).
Another similarity is PGC-1as role in regulating metabolic
plasticity. In SCNC, the PGC-1la-high ASCLI subtype exhibits
high metabolic plasticity and some resilience to OXPHOS
inhibition. Conversely, the PGCl-low POU2F3/ASCL2
subtype is metabolically rigid and highly sensitive to OXPHOS
inhibition. This scenario mirrors that in melanoma, where PGC-
la-low melanomas are also highly vulnerable to OXPHOS
inhibition (60). However, melanomas with high PGC-la
expression exhibit greater resilience by shifting their metabolism
toward glucose and glutamine utilization when OXPHOS is
inhibited (60). Thus, future studies should investigate whether
PGC-1a-high SCNC subtypes shift toward alternative energy
pathways under OXPHOS inhibition.

OXPHOS Inhibition in Modern Cancer Therapy. In our study,
OXPHOS inhibition had an antiproliferation effect in multiple
SCNCs. These findings have clinical implications given the
significant interest in targeting mitochondrial metabolism in
cancer (26-29). Several inhibitors have been tested in clinical trials
with varying degrees of success. For example, CPI-613, aimed
at inhibiting key enzymes of the TCA cycle, showed promising
phase I outcomes in pancreatic cancer and acute myeloid leukemia
but failed to demonstrate a survival benefit in further studies.
Another drug, CB-839, which inhibits glutaminase to prevent
glutaminolysis feeding into the TCA cycle, did not show benefits
in a phase II trial for non—small cell lung cancer. IACS-010759, a
potent mitochondrial complex I inhibitor, demonstrated a partial
response and alleviation of cancer-related pain in a patient with
advanced castration-resistant prostate cancer (61, 62). However, it
generally had narrow therapeutic indices and significant toxicities
such as lactic acidosis and neurotoxicity.

These challenges may necessitate a more targeted approach,
potentially by combining OXPHOS inhibitors with other inhib-
itors for enhanced efficacy. For instance, the increasing depend-
ency of prostate cancer cells on OXPHOS following ADT (63,
64) may be a compelling case for intervention. The observed
upregulation of PGC-1a and OXPHOS post-ADT (Fig. 1E)
suggests that ADT may drive prostate cancer cells toward a met-
abolic reliance on OXPHOS, facilitating progression toward the
SCN state. Consequently, dually integrating OXPHOS inhibition
with ADT may be a strategic approach to potentially halt the
progression to SCN prostate cancer early in the treatment regimen.
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Concluding Remarks. Our study delineates the metabolic
heterogeneity within  SCNC  subtypes, identifying distinct
metabolic profiles and capacities for OXPHOS between the
ASCL1 and POU2F3/ASCL2 subtypes. We demonstrate that
PGC-1a not only distinguishes these subtypes but also drives
metabolic reprogramming, which directly alters the cancer
phenotype. These findings open additional avenues for research
and hold potential for guiding future therapies.

Materials and Methods

Below is a summary of key materials and methods. All specific protocols, includ-
ing bulk and single-cell RNA sequencing, cell transduction, drug treatments,
microPET/CT imaging, ChIP-Seq analysis, datasets used for bioinformatics anal-
yses (SI Appendix, Table S1), and additional technical details can be found in
Sl Appendix.

PARCB + PGC-1a Transformation. Donor prostate tissues were transformed
using a modified PARCB assay. Basal cells were isolated, transduced with PARCB
and PGC-Ta lentiviruses, and cultured in Matrigel. Transduced organoids were
implanted into NSG mice to initiate tumor formation.

Cell Lines, Lentiviral Vectors, and Virus Production. SCN prostate and
lung cancer cell lines were cultured in specific media, and routinely tested for
Mycoplasma. Custom vectors were designed for PGC-Toe manipulation. High-
titer lentiviruses were produced for PARCB transformation and transduction
experiments.

Data, Materials, and Software Availability. Bulk RNA-sequencing for PARCB
+ PGC-1a overexpression data have been deposited at dbGAP (phs003230) (65).
Bulk RNA-sequencing for PRNBSAN have been deposited at GEO (66).

ACKNOWLEDGMENTS. We thank the University of California, Los Angeles
(UCLA) Tissue Procurement Core Laboratories for prostate tissue preparation
and histological staining, and the UCLA Technology Center for Genomics
and Bioinformatics for RNA sequencing. We thank Linsey Stiles and Katrina
P. Montales of the UCLA Mitochondria and Metabolism Core for assistance
with the XF96 Extracellular Flux Analyzer. Fig. 24 was partially created with
BioRender.com. The G. Harold and Leila Y. Mathers Charitable Foundation
(O.N.W.). NIH UCLA SPORE in Prostate Cancer Grant P50CA092131 (T.G.G.

1. N.G.Balanis et al., Pan-cancer convergence to a small-cell neuroendocrine phenotype that shares
susceptibilities with hematological malignancies. Cancer Cell 36, 17-34.e7 (2019).

2. J.W.Parketal., Reprogramming normal human epithelial tissues to a common, lethal
neuroendocrine cancer lineage. Science 362, 91-95(2018).

3. L.Wang etal., Agenetically defined disease model reveals that urothelial cells can initiate divergent
bladder cancer phenotypes. Proc. Natl. Acad. Sci. U.S.A. 117,563-572 (2020).

4. K.Oberg et al., Consensus on biomarkers for neuroendocrine tumour disease. The Lancet Oncol. 16,
e435-e446(2015).

5. R.Aggarwal et al., Clinical and genomic characterization of treatment-emergent small-cell
neuroendocrine prostate cancer: A multi-institutional prospective study. J. Clin. Oncol. 36,
2492-2503(2018).

6. A.S.Ireland et al.,, MYC drives temporal evolution of small cell lung cancer subtypes by
reprogramming neuroendocrine fate. Cancer Cell 38, 60-78.612 (2020).

7. K.D.Sutherland, A. S. Ireland, . G. Oliver, Killing SCLC: Insights into how to target a shapeshifting
tumor. Genes. Dev. 36, 241-258 (2022).

8. N.J.Brady etal., Temporal evolution of cellular heterogeneity during the progression to advanced
AR-negative prostate cancer. Nat. Commun. 12,3372 (2021).

9. P.Cejas et al., Subtype heterogeneity and epigenetic convergence in neuroendocrine prostate
cancer. Nat. Commun. 12,5775 (2021).

10. C.-C.Chen et al., Temporal evolution reveals bifurcated lineages in aggressive neuroendocrine
small cell prostate cancer trans-differentiation. Cancer Cell 41, 2066-2082.¢9 (2023).

11, J.M.Chan etal, Lineage plasticity in prostate cancer depends on JAK/STAT inflammatory signaling.
Science 377,1180-1191(2022).

12. P.Muetal., SOX2 promotes lineage plasticity and antiandrogen resistance in TP53- and RB1-
deficient prostate cancer. Science 355, 84-88 (2017).

13. E.E.Gardner etal., Lineage-specific intolerance to oncogenic drivers restricts histological
transformation. Science 383, eadj1415 (2024).

14. F.Huang etal., Inosine monophosphate dehydrogenase dependence in a subset of small cell lung
cancers. Cell Metab. 28, 369-382.¢5(2018).

15. M. D. Chalishazar et al., MYC-driven small-cell lung cancer is metabolically distinct and vulnerable
to arginine depletion. Clin. Cancer Res. 25,5107-5121(2019).

16. C.Zhang, X. Shang, H. Wang, Untargeted metabolomics and lipidomics identified four subtypes of
small cell lung cancer. Metabolomics 19, 3 (2022).

PNAS 2024 Vol.121 No.49 2416882121

and O.N.W.). NIH RO1 Grant RO1CA222877 (T.G.G. and O.N.W.), W. M. Keck
Foundation Award 20182490 (T.G.G. and O.N.W.), UCLA Eli and Edythe Broad
Center of Regenerative Medicine and Stem Cell Research Hal Gaba Director's
Fund for Cancer Stem Cell Research (T.G.G. and O.N.W.). G.V. was supported
by a Tumor Cell Biology Training Program NIH Grant (NIH T32 CA-009056).
G.A.D.and S.M. are partially supported by Veteran Affairs funds 101BX006019
and 101BX004651 to S.M. G.A.D. and S.M. are also supported by UCLA Eli and
Edythe Broad Center of Regenerative Medicine and Stem Cell Research Award,
supported by the Binder Foundation to S.M.and T.G.G. F.N.E. was supported by
a University of California-Historically Black Colleges and Universities Initiative
Fellowship provided by University of California Office of the President. NIH
DP2 CA271301 (J.K.L). NIH Cancer Center Support Grant 2 P30 CA016042-44
(microPET/CT). NIH S10 Shared Instrumentation for Animal Research Grant 1
510 0D026917-01A1 (GNEXT PET/CT scanner.)

Author affiliations: *Department of Microbiology Immunology and Molecular Genetics,
University of California, Los Angeles, CA 90095; °Department of Molecular and Medical
Pharmacology, University of California, Los Angeles, CA 90095; “Molecular Biology
Interdepartmental Program, University of California, Los Angeles, CA 90095; “Department
of Bioengineering, University of California, Los Angeles, CA 90095; °Eli and Edythe Broad
Center of Regenerative Medicine and Stem Cell Research, University of California, Los
Angeles, CA 90095; ‘Crump Institute for Molecular Imaging, David Geffen School of
Medicine, University of California, Los Angeles, CA 90095; &onsson Comprehensive
Cancer Center, the David Geffen School of Medicine, University of California, Los Angeles,
CA 90095; "Department of Obstetrics and Gynecology, David Geffen School of Medicine,
University of California, Los Angeles, CA 90095; 'Bioinformatics Interdepartmental
Program, University of California, Los Angeles, CA 90095; 'Division of Hematology/
Oncology, Department of Medicine University of California Los Angeles Jonsson
Comprehensive Cancer Center, University of California, Los Angeles, CA 90095; “Human
Biology Division, Fred Hutchinson Cancer Center, Seattle, WA 98109; 'Department of
Pulmonary and Critical Care Medicine, David Geffen School of Medicine, University of
California, Los Angeles, CA 90095; ™Department of Pathology, Duke University School
of Medicine, Durham, NC 27710; "The Veterans Affairs Greater Los Angeles Healthcare
System, Los Angeles, CA 90073; °Molecular Biology Institute, University of California,
Los Angeles, CA 90095; PCalifornia NanoSystems Institute, University of California, Los
Angeles, CA 90095; UCLA Metabolomics Center, University of California, Los Angeles,
CA 90095; "University of California Los Angeles Division of Endocrinology, Department
of Medicine, David Geffen School of Medicine, University of California, Los Angeles, CA
90095; *Department of Clinical Biochemistry, School of Medicine, Ben Gurion University of
The Negev, Beer-Sheva 8410501, Israel; and ‘Parker Institute for Cancer Immunotherapy,
University of California, Los Angeles, CA 90095

Author contributions: G.V., S.X., V.B.,, ERA, D.B.S, JKL, T.G.G, 0S.S. and O.N.W.
designed research; G.V., D.C., and V.B. performed research; C.-C.C,, J.F., T.H., W.T., K.S.,
JW.P,S.M, D.BS,, KL, T.G.G,, and O.S.S. contributed new reagents/analytic tools; G.V.,
J.F, TH, W.T,KS.,, LW, SX, GAD., F.N.E, V.B, M.H., and T.G.G. analyzed data; and G.V.,
and O.N.W. wrote the paper.

17. J.Kim, R.J. DeBerardinis, Mechanisms and implications of metabolic heterogeneity in cancer.
Cell Metab. 30, 434-446(2019).

18. B.Szeitzetal., In-depth proteomic analysis reveals unique subtype-specific signatures in human
small-cell lung cancer. Clin. Transl. Med. 12, e1060 (2022).

19. M. G.Vander Heiden, L. C. Cantley, C. B.Thompson, Understanding the Warburg effect: The
metabolic requirements of cell proliferation. Science 324, 1029-1033(2009).

20. B.Faubert, A. Solmonson, R.J. DeBerardinis, Metabolic reprogramming and cancer progression.
Science 368, eaaw5473(2020).

21. M.G.Vander Heiden, R.J. DeBerardinis, Understanding the intersections between metabolism and
cancer biology. Cell 168, 657-669 (2017).

22. T.Farge et al., Chemotherapy-resistant human acute myeloid leukemia cells are not enriched
for leukemic stem cells but require oxidative metabolism. Cancer Discov. 7,716-735
(2017).

23. R.Guiéze etal., Mitochondrial reprogramming underlies resistance to BCL-2 inhibition in lymphoid
malignancies. Cancer Cell 36, 369-384.e13(2019).

24. A.Viale et al., Oncogene ablation-resistant pancreatic cancer cells depend on mitochondrial
function. Nature 514, 628-632 (2014).

25. E.M.Kuntz et al., Targeting mitochondrial oxidative phosphorylation eradicates therapy-resistant
chronic myeloid leukemia stem cells. Nat. Med. 23, 1234-1240(2017).

26. K.W.Evans et al., Oxidative phosphorylation is a metabolic vulnerability in chemotherapy-resistant
triple-negative breast cancer. Cancer Res. 81, 5572-5581(2021).

27. J.R.Molina etal., An inhibitor of oxidative phosphorylation exploits cancer vulnerability. Nat. Med.
24,1036-1046 (2018).

28. W.W.Wheaton et al., Metformin inhibits mitochondrial complex I of cancer cells to reduce
tumorigenesis. Elife 3, 02242 (2014).

29. K.Vasan, N.S. Chandel, Molecular and cellular mechanisms underlying the failure of mitochondrial
metabolism drugs in cancer clinical trials. J. Clin. Invest. 134, €176736 (2024).

30. S.Y.C.Choietal., Targeting MCT4 to reduce lactic acid secretion and glycolysis for treatment of
neuroendocrine prostate cancer. Cancer Med. 7, 3385-3392 (2018), 10.1002/cam4.1587.

31. P.Puigserver, B. M. Spiegelman, Peroxisome proliferator-activated receptor-y coactivator 1o (PGC-1ax):
Transcriptional coactivator and metabolic regulator. Endocrine Rev. 24,78-90(2003).

32. P Puigserver etal., A cold-inducible coactivator of nuclear receptors linked to adaptive
thermogenesis. Cell 92, 829-839 (1998).

https://doi.org/10.1073/pnas.2416882121

11 0f 12


http://www.pnas.org/lookup/doi/10.1073/pnas.2416882121#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2416882121#supplementary-materials
https://www.ncbi.nlm.nih.gov/projects/gap/cgi-bin/study.cgi?study_id=phs003230
https://doi.org/10.1002/cam4.1587

33.
34.

35.

36.
37.
38.

39.

40.
41,
42.
43.
44.
45.
46.
47.
48.
49.

50.

12 of 12

C.Luo, H. R Widlund, P. Puigserver, PGC-1 coactivators: Shepherding the mitochondrial biogenesis
of tumors. Trends in Cancer 2, 619-631(2016).

J.B.Tennakoon et al., Androgens regulate prostate cancer cell growth via an AMPK-PGC-Ta-mediated
metabolic switch. Oncogene 33, 5251-5261(2014).

M. Shiota et al., Peroxisome proliferator-activated receptor gamma coactivator-1alpha interacts with
the androgen receptor (AR) and promotes prostate cancer cell growth by activating the AR.

Mol. Endocrinol. 24,114-127 (2010).

L. Kaminski et al., PGC1a inhibits polyamine synthesis to suppress prostate cancer aggressiveness.
Cancer Res. 79,3268-3280(2019).

L. Valcarcel-Jimenez et al., PGC1a suppresses prostate cancer cell invasion through ERRax
transcriptional control. Cancer Res. 79, 6153-6165 (2019).

V. Torrano et al., The metabolic co-regulator PGClar suppresses prostate cancer metastasis. Nat. Cell Biol.
18, 645-656 (2016).

F.Vazquez et al., PGC1o expression defines a subset of human melanoma tumors with
increased mitochondrial capacity and resistance to oxidative stress. Cancer Cell 23,287-301
(2013).

C.Luo etal., APGCTa-mediated transcriptional axis suppresses melanoma metastasis. Nature 537,
422-426(2016).

T-1.Ohetal., PGCla loss promotes lung cancer metastasis through epithelial-mesenchymal
transition. Cancers (Basel) 13,1772 (2021).

V.S. LeBleu et al., PGC-1a mediates mitochondrial biogenesis and oxidative phosphorylation in
cancer cells to promote metastasis. Nat. Cell Biol. 16,992-1003 (2014).

M. Borges et al., An achaete-scute homologue essential for neuroendocrine differentiation in the
lung. Nature 386, 852-855(1997).

R.Romero et al., The neuroendocrine transition in prostate cancer is dynamic and dependent on
ASCL1. Nat. Cancer, 10.1038/543018-024-00838-6 (2024).

Cancer Genome Atlas Research Network, Integrated genomic analyses of ovarian carcinoma. Nature
474,609-615(2011).

Y.Zhang et al., Androgen deprivation promotes neuroendocrine differentiation and angiogenesis
through CREB-EZH2-TSP1 pathway in prostate cancers. Nat. Commun. 9, 4080 (2018).

Y.Li et al.,, SRRM4 drives neuroendocrine transdifferentiation of prostate adenocarcinoma under
androgen receptor pathway inhibition. European Urol. 71, 68-78 (2017).

7.Wang et al., Molecular subtypes of neuroendocrine carcinomas: A cross-tissue classification
framework based on five transcriptional regulators. Cancer Cell 42, 1106-1125.8 (2024).

K. Sharabi et al., Selective chemical inhibition of PGC-Tax gluconeogenic activity ameliorates type 2
diabetes. Cell 169, 148-160.e15 (2017).

N.A.Bonekamp et al., Small-molecule inhibitors of human mitochondrial DNA transcription. Nature
588,712-716(2020).

https://doi.org/10.1073/pnas.2416882121

51,

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

B.B. Seo et al., Molecular remedy of complex | defects: Rotenone-insensitive internal NADH-
quinone oxidoreductase of Saccharomyces cerevisiae mitochondria restores the NADH oxidase
activity of complex I-deficient mammalian cells. Proc. Natl. Acad. Sci. U.S.A. 95,9167-9171(1998).
M. Momcilovic et al., In vivo imaging of mitochondrial membrane potential in non-small-cell lung
cancer. Nature 575, 380-384 (2019).

B.N. Finck, D. P Kelly, PGC-1 coactivators: Inducible regulators of energy metabolism in health and
disease. J. Clin. Invest. 116, 615-622 (2006).

F. M. Sladek, W. M. Zhong, E. Lai, J. E. Darnell, Liver-enriched transcription factor HNF-4 is a novel
member of the steroid hormone receptor superfamily. Genes. Dev. 4, 2353-2365 (1990).

P.R. Jannig, P.A. Dumesic, B. M. Spiegelman, J. L. Ruas, SnapShot: Regulation and biology of PGC-
Ta. Cell 185, 1444-1444.¢1(2022).

V. Martinez-Redondo, A.T. Pettersson, J. L. Ruas, The hitchhiker's guide to PGC-1ax isoform structure
and biological functions. Diabetologia 58, 1969-1977 (2015).

J.Liang et al., Epigenetic suppression of PGC1ox (PPARGC1A) causes collateral sensitivity to HMGCR-
inhibitors within BRAF-treatment resistant melanomas. Nat. Commun. 14,3251 (2023).

C. Luo et al.,, H3K27me3-mediated PGC1ax gene silencing promotes melanoma invasion through
WNT5A and YAP. J. Clin. Invest. 130, 853-862 (2020).

C. Luo et al., ERRo maintains mitochondrial oxidative metabolism and constitutes an actionable
targetin PGC1a-elevated melanomas. Mol. Cancer Res. 15,1366-1375(2017).

J.-H.Lim, C. Luo, F. Vazquez, P. Puigserver, Targeting mitochondrial oxidative metabolism in
melanoma causes metabolic compensation through glucose and glutamine utilization. Cancer Res.
74,3535-3545(2014).

T.A.Yap et al., Phase I trial of IACS-010759 (IACS), a potent, selective inhibitor of complex I of the
mitochondrial electron transport chain, in patients (pts) with advanced solid tumors. J. Clin. Oncol.
37,3014-3014 (2019).

X.Zhang, C.V. Dang, Time to hit pause on mitochondria-targeting cancer therapies. Nat. Med. 29,
29-30(2023).

H.S. Basu et al., Prostate cancer cells survive anti-androgen and mitochondrial metabolic inhibitors
by modulating glycolysis and mitochondrial metabolic activities. Prostate 81,799-811(2021).
P.D. Crowell et al., MYC is a regulator of androgen receptor inhibition-induced metabolic
requirements in prostate cancer. Cell Rep. 42,113221(2023).

G.Varuzhanyan, C.-C. Chen, J. Freeland, T. He, O. N. Witte, Data from "PGC-1ax drives small

cell neuroendocrine cancer progression toward an ASCL1-expressing subtype with increased
mitochondrial capacity.” dbGaP. https://www.ncbi.nIm.nih.gov/projects/gap/cgi-bin/study.
cgi?study_id=phs003230.v2.p1. Deposited 12 November 2024.

S.Li, K. Song, H. Sun, J. K. Lee, Data from “Defined cellular reprogramming of androgen receptor-
active prostate cancer to neuroendocrine prostate cancer.” GEQ. https://www.ncbi.nIm.nih.gov/geo/
query/acc.cgi?acc=GSE225026. Deposited 10 February 2023.

pnas.org


https://doi.org/10.1038/s43018-024-00838-6
https://www.ncbi.nlm.nih.gov/projects/gap/cgi-bin/study.cgi?study_id=phs003230.v2.p1
https://www.ncbi.nlm.nih.gov/projects/gap/cgi-bin/study.cgi?study_id=phs003230.v2.p1
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE225026
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE225026

	PGC-1α drives small cell neuroendocrine cancer progression toward an ASCL1-expressing subtype with increased mitochondrial capacity
	Significance
	Results
	Elevated PGC-1α in Clinical SCNCs Correlates with Increased ASCL1 Expression and Neuroendocrine Differentiation.
	Enhanced PGC-1α Expression and OXPHOS Activity in SCN Prostate Cancer within the ASCL1 Tumor Subtype.
	PGC-1α Inhibition Blunts OXPHOS, Reduces the Growth of SCNC Cell Lines, and Blocks SCN Prostate Tumor Formation.
	OXPHOS Inhibition Blunts SCN Prostate and Lung Cancer Cell Line Proliferation.
	PGC-1α Promotes OXPHOS in the Prostate Cancer ASCL1 Subtype.
	PGC-1α Upregulates OXPHOS and Drives SCN Prostate Cancer Toward an ASCL1-Expressing Lineage.

	Discussion
	PGC-1α-Induced OXPHOS as a Driver of Lineage Plasticity in SCNCs.
	ASCL1 as an Upstream Regulator of PGC-1α.
	The Role of PGC-1α beyond the ASCL1 Subtype.
	The Role of PGC-1α Isoforms in Lineage Plasticity and Development of SCNCs.
	Parallels with PGC-1α’s Role in Melanoma.
	OXPHOS Inhibition in Modern Cancer Therapy.
	Concluding Remarks.

	Materials and Methods
	PARCB + PGC-1α Transformation.
	Cell Lines, Lentiviral Vectors, and Virus Production.

	Data, Materials, and Software Availability
	ACKNOWLEDGMENTS
	Supporting Information
	Anchor 31





