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ABSTRACT 

MYC stimulates both metabolism and protein synthesis, but it is unknown how cells coordinate these 

complementary programs. Previous work reported that in a subset of small cell lung cancer (SCLC) cell lines, MYC 

activates guanosine triphosphate (GTP) synthesis and results in sensitivity to inhibitors of the GTP synthesis 

enzyme inosine monophosphate dehydrogenase (IMPDH). Here we demonstrated that primary MYCHigh human 

SCLC tumors also contain abundant guanosine nucleotides. We also found that elevated MYC in SCLCs with 

acquired chemoresistance rendered these otherwise recalcitrant tumors dependent on IMPDH. Unexpectedly, 

our data indicated that IMPDH links the metabolic and protein synthesis outputs of oncogenic MYC. Co-

expression analysis placed IMPDH within the MYC-driven ribosome program, and GTP depletion prevented RNA 

Polymerase I (Pol I) from localizing to ribosomal DNA. Furthermore, the GTPases GPN1 and GPN3 were 

upregulated by MYC and directed Pol I to ribosomal DNA. Constitutively GTP-bound GPN1/3 mutants mitigated 

the effect of GTP depletion on Pol I, protecting chemoresistant SCLC cells from IMPDH inhibition. GTP therefore 

functions as a metabolic gate tethering MYC-dependent ribosome biogenesis to nucleotide sufficiency through 

GPN1 and GPN3. IMPDH dependence is a targetable vulnerability in chemoresistant, MYCHigh SCLC. 
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INTRODUCTION 

MYC is a proto-oncogene encoding a transcription factor that governs expression of genes involved in 

energy metabolism, biomass assimilation and cell proliferation (1). Genomic MYC amplification occurs in 21% of 

human cancers, and other tumors over-express MYC through other mechanisms (2-4). MYC contributes to tumor 

initiation, maintenance and progression (5, 6), but is considered undruggable because it serves essential 

functions in nonmalignant tissues and lacks domains amenable to small-molecule targeting (7). 

MYC’s metabolic effectors have been proposed as therapeutic vulnerabilities (8). MYC stimulates glycolysis, 

glutaminolysis and synthesis of macromolecules, particularly nucleotides (9-11). Monoallelic deletion of 

glutaminase (Gls) attenuates MYC-driven liver tumorigenesis in mice (12), and loss of Hexokinase 2 (Hk2) and 

lactate dehydrogenase-A (Ldha) also blunt tumor progression in mice overexpressing MYC (13-15). 

MYC-dependent translation is a key determinant of MYC’s oncogenic activity. MYC stimulates protein 

synthesis by promoting ribosome biogenesis, tRNA synthesis and translation initiation (16-18). MYC activates 

RNA Polymerase I and III (Pol I and Pol III) to generate ribosomal RNAs and tRNAs (19, 20) and regulates 

translation initiation through multiple mechanisms (21). 

It is significant that MYC concurrently regulates ribosome biogenesis and metabolism, because the demand 

of ribosome synthesis is substantial. Ribosomes account for up to 80% of cellular RNA and 1/3 of dry mass. It is 

unclear how cancer cells with MYC as an oncogenic driver (“oncogenic MYC”), synchronize ribosome biogenesis 

with the metabolic state. Endogenous MYC is regulated by signaling pathways to adapt to nutrient status (22-24), 

but it is unknown whether these mechanisms exist in tumors with oncogenic MYC. In such tumors, nodes 

connecting metabolism and ribosome biogenesis would be attractive therapeutic targets, because blocking these 

activities would suppress multiple MYC outputs simultaneously. 
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Small cell lung cancer (SCLC) is among the most lethal forms of cancer. Although 60-80% initially respond 

to platinum-etoposide chemotherapy, most relapse in less than a year with treatment-refractory SCLC. The five-

year survival rate is 6%, leading the National Cancer Institute and United States Congress to designate SCLC as a 

recalcitrant cancer (25, 26). Most SCLCs contain inactivation of TP53 and RB1 (27). SCLC has been classified 

according to expression of transcription factors related to the neuroendocrine lineage, including ASCL1, 

NEUROD1, YAP1 and POU2F3 (28). SCLCs frequently over-express MYC family members, including MYC, MYCN 

and MYCL, and an aggressive SCLC subset is driven by oncogenic MYC, which promotes a variant histopathology 

with low neuroendocrine features (25, 29). In preclinical models, we reported that MYC-driven SCLCs are 

sensitive to metabolic therapies, including arginine depletion (30). We also found that SCLCs with oncogenic MYC 

and low ASCL1 (ASCL1Low/MYCHigh) form a metabolically distinct subset with abundant purines and dependence 

on inosine monophosphate dehydrogenase (IMPDH), an enzyme in GTP biosynthesis. In this subset, MYC is 

necessary and sufficient to induce IMPDH expression and dependence, and IMPDH inhibitors suppress tumor 

growth in xenografts and autochthonous GEMMs (31). 

Here we probed deeper into the nature of IMPDH dependence. We found that IMPDH-dependent GTP 

synthesis is required for Pol I to bind to rDNA and synthesize pre-ribosomal RNA, linking two of MYC’s gene 

expression programs (nucleotide biosynthesis and ribosome biogenesis) and suppressing initiation of ribosome 

biogenesis when the nucleotide supply is inadequate. GTP acts in part through GPN1 and GPN3, two GTPases 

whose MYC-dependent expression is required for increased ribosome biogenesis. Importantly, cells derived from 

relapsed, chemoresistant SCLC are enriched for amplification of MYC family members, particularly MYC itself (32-

34), and we find that induced chemoresistance causes SCLC cells to acquire sensitivity to IMPDH inhibition 

through enhanced MYC and Pol I activity. These findings suggest a therapeutic avenue for relapsed SCLC. 
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RESULTS 

Distinct metabolomic subsets of human primary SCLC tumors. Through a collaboration between China and the 

USA, we obtained clinical specimens from 47 treatment-naïve SCLCs collected during lobectomy or 

pneumonectomy and subjected to protein and metabolite extraction. Based on an assessment of protein 

expression by immunoblotting, we classified eight tumors (17%) as ASCL1Low/MYCHigh (Figure 1A, B). This is lower 

than the 40% of ASCL1Low/MYCHigh SCLC cell lines (21 of 53) in the Cancer Cell Line Encyclopedia (CCLE) (31) but 

similar to a dataset of resected primary human SCLCs (35). Four tumors were excluded from metabolomics 

because of inadequate metabolite content (none from the ASCL1Low/MYCHigh group). The remaining 43 were 

sectioned for metabolomics. An unsupervised analysis revealed near-perfect clustering of all fragments from 

each tumor (Figure S1), and good clustering of ASCL1Low/MYCHigh tumors (Figure 1C). Three tumors expressing 

both ASCL1 and MYC were indistinguishable from ASCL1High/MYCLow tumors. The tumors aggregated into two 

metabolic families, with all but one of the ASCL1Low/MYCHigh tumors forming one group (Figure S1), similar to 

metabolomic families in SCLC cell lines (31). The ASCL1Low/MYCHigh family is characterized by abundant purines 

including guanosine 5’-monophosphate (GMP), inosine 5’-monophosphate (IMP) and adenosine 5’-

monophosphate (AMP) (see top left of heat map in Figure S1), all of which are also elevated in the single 

ASCL1Low/MYCHigh tumor that did not cluster with the others. Although abundant purines were not unique to this 

family, every purine nucleotide monophosphate we detected (GMP, AMP, dAMP and IMP) scored as 

discriminating between tumors with high and low MYC (Figure 1D, E, S1). These tumors had similar Ki67 contents 

(Figure 1F), indicating that purine abundance was not simply related to enhanced proliferation. Not all 

metabolites accumulated in MYCHigh tumors; the pyrimidines uridine and CMP were depleted, as were 

metabolites related to methylation, including choline, glycine and dimethylglycine (Figure 1D). 

 As expected from the known relationship between MYC and nucleotides (10, 11), genes related to purine 
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metabolism were highly correlated with MYC in pan-cancer tumor and cell line databases, and Gene Set 

Enrichment Analysis (GSEA) identified REACTOME_Purine Metabolism as highly correlated with MYC (Fig. S2A, 

B). The KEGG_Ribosome gene set was also correlated, as expected given MYC’s role in ribosome biogenesis (16, 

21). 

 

Enhanced purine biosynthesis in chemoresistant SCLC. Treatment-naïve MYCHigh SCLC cells and tumors are 

sensitive to IMPDH inhibitors (31). However, the nearly inevitable relapse after chemotherapy-induced remission 

in SCLC emphasizes the need for new ways to treat chemoresistant tumors. MYC activation is a common 

component of therapy resistance in melanoma (36) and SCLC lines derived from relapsed patients are enriched 

for MYC amplification (32-34). Consistent with these studies, SCLC lines derived from relapsed SCLC patients are 

resistant to multiple chemotherapeutics (Figure S2C), express higher MYC (Fig. S2D) and more frequently have 

amplification of MYC family genes, especially MYC itself (Figure S2E). Most ASCL1Low/MYCHigh cell lines were 

derived from relapsed tumors, although some treatment-naïve cell lines also belong to this group (Figure S2F). 

Whole transcriptome analysis revealed enrichment of purine gene sets and specifically IMPDH1 and IMPDH2 in 

cells derived from relapsed versus treatment-naïve SCLC (Figure 2A, S2G). Gene sets related to Pol I and protein 

synthesis, other processes under MYC control, were also enriched (Figure S2G). Consistent with the gene 

expression data, purine abundance is elevated in cells from relapsed SCLC (Fig. 2B). 

 We next examined single-cell RNA sequencing data from SC68, a circulating tumor cell-derived xenograft 

(CDX) from a patient with treatment-naïve SCLC. Cisplatin treatment led to regression followed by re-growth of 

chemoresistant tumors (SC68-CR) in mice after 6 weeks (37). Single cell sequencing revealed elevated expression 

of MYC, IMPDH2 and the GTP synthesis gene GMPS in SC68-CR (Figure 2C). We also assessed treatment-naïve 

and relapsed xenografts (MGH1514 and MGH1518) generated from the same patients before treatment and 
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after relapse from etoposide and platinum (EP) chemotherapy (38). Expression of IMPDH1, IMPDH2, MYC family 

members, and purine and ribosome gene sets were enhanced in xenografts generated from relapsed tumors  

(Figure S2H).  

 To test whether acquired chemoresistance is sufficient to alter nucleotide metabolism, we cultured three 

treatment-naïve SCLC cell lines at the IC20 for cisplatin alone or cisplatin and etoposide for 6 months. We used 

two human cell lines (DMS53 and H1048) and one (3151T1) derived from Rb1fl/fl;p53fl/fl SCLCs in genetically-

engineered mice (39). Compared to parental, treatment-naïve cells, chemoresistant cells expressed increased 

MYC, IMPDH1 and IMPDH2, with other purine biosynthetic enzymes variably expressed (Figure 2D). Short-term 

cisplatin treatment in naïve cells did not induce these changes (Figure S2I). DMS53, an ASCL1High/MYCLow cell line, 

lost expression of ASCL1 upon acquiring chemotherapy resistance (Figure 2D). In DMS53-CR and H1048-ECR cells, 

MYC depletion reduced IMPDH1 and IMPDH2 expression (Figure 2E). We note that DMS53 and H1048 did not 

require high MYC for tumorigenesis in the patient, but that MYC expression increased with chemoresistance in 

the cell lines. This may have allowed us to generate cells that maintained viability despite MYC depletion. Several 

purines, including GMP, GTP, AMP and ATP were elevated in chemoresistant cells (Figure 2F and S3A-C). 

 To compare de novo purine synthesis between chemoresistant and treatment-naïve SCLC cells, we cultured 

DMS53 and H1048 cell line pairs with [amide-15N]glutamine or [U-13C]glucose and followed time-dependent 

purine labeling (pathways in Figure S3D,F). GMP m+3 and AMP m+2 were the dominant labeled forms after 

incubation with [amide-15N]glutamine (Figure S3E) and GMP m+5 and AMP m+5 were the dominant labeled 

forms after incubation with [U-13C]glucose (Figure S3G). Chemoresistant cells displayed enhanced labeling, 

particularly in GTP (Figure 2G-I). 

 

IMPDH dependence is a generalizable metabolic liability in MYC-driven tumors. We next compared IC50 values 
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for the IMPDH inhibitor mycophenolic acid (MPA) between treatment-naïve and chemoresistant cells. Cells 

cultured chronically in low-dose cisplatin acquired resistance to this drug, but developed enhanced sensitivity to 

MPA compared to treatment-naïve parental cells and to a panel of genetically-diverse ASCL1High cell lines (Figure 

3A). Other drugs broadly affecting nucleotide synthesis, including methotrexate and 6-mercaptopurine, were 

also more effective in chemoresistant than treatment-naïve cells, but the pyrimidine synthesis inhibitor 

vidofludimus was not selectively toxic (Figure S4A). To examine sensitivities in vivo, parental and chemoresistant 

cell lines were injected into NSG mice, then treated with vehicle, cisplatin or the IMPDH inhibitor mizoribine 

when tumors were palpable. Tumors from parental DMS53 cells were sensitive to cisplatin and resistant to 

mizoribine (Figure 3B), but the cisplatin-resistant line DMS53-CR displayed the opposite pattern, acquiring 

sensitivity to mizoribine (Figure 3B). Similar mizoribine-sensitizing effects were observed in H1048 and H69 cells, 

although H1048 parental tumors, which express MYC, were also modestly sensitive in the treatment-naïve state 

(Figure S4B,C). 

 To assess the emergence of IMPDH dependence during chemoresistance acquired in vivo, we generated 

xenografts from ASCL1High/MYCLow H1436 cells derived from a treatment-naïve SCLC patient. Treating these 

xenografts with cisplatin and etoposide resulted in an initial period of growth suppression followed by 

accelerated growth during the 4th cycle of therapy (Figure 3C). Implanting these post-therapy xenografts into 

new mice verified that they had acquired cisplatin resistance (Figure 3D). Treatment-naïve H1436 xenografts 

were mizoribine resistant (Figure 3C), but 4/5 tumors re-implanted after chemotherapy were mizoribine sensitive 

(Figure 3E). The cisplatin-resistant tumors also expressed higher levels of MYC, IMPDH2 and GMPS (Figure 3F). 

 To assess IMPDH dependence in MYC-driven tumors beyond SCLC, we used the inducible LAP-MYC 

transgenic hepatoblastoma model (40). Hepatic MYC expression was induced after birth, resulting in about 5% 

of the liver being occupied by malignant tissue at day 26, when intraperitoneal mizoribine treatment was 
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initiated at 100 mg/kg every other day. Mizoribine nearly tripled survival in this model, mitigating abdominal 

distension and tumor burden (Figure 3G-I, S4D). 

 

Upregulated de novo GTP biosynthesis by IMPDH promotes Pol I activity in chemoresistant SCLC cells. In 

addition to its roles in signaling and nucleic acid synthesis, GTP participates in unexpected processes including 

nucleolar hypertrophy (41). To broadly assess GTP’s roles in cancer, we used the TCGA pan-cancer gene 

expression dataset (42) to identify gene sets whose expression correlates with GTP biosynthetic genes. 

Surprisingly, IMPDH2 was most highly correlated with the Ribosome gene set, not the Purine metabolism gene 

set, and this relationship was apparent in nearly every type of cancer (Figure 4A). As expected, MYC also 

correlated with the Ribosome gene set, but this gene set correlated even more strongly with IMPDH2 than with 

MYC (Figure S5A). The DepMap genetic dependency RNAi databases also identified RRN3 which encodes TIF-IA, 

a component of the Pol I complex required for initiation of ribosomal RNA (rRNA) synthesis, as one of the top-

scoring co-dependencies with IMPDH2 (Figure S5B). These associations indicate a functional tethering of GTP 

synthesis to Pol I and ribosome biogenesis. 

 To examine this relationship in the context of chemoresistance, we used O-propargyl-puromycin (OP-Puro) 

to quantify protein synthesis (43). Mean OP-Puro signal was doubled in chemoresistant DMS53-CR cells relative 

to the treatment-naïve parental DMS53 cells (Figure 4B, S5C). MPA reduced OP-Puro signal to a level equivalent 

to parental cells, and the signal was restored by supplementing the cells with guanosine, which is converted to 

GTP via IMPDH-independent nucleotide salvage (Figure 4B). In contrast, MPA had no effect on OP-Puro signal in 

DMS53 cells (Figure S5D). In both DMS53 and DMS53-CR cells, MPA depleted GTP without reducing other 

nucleotide triphosphates (Figure 4C, S5E,F). MPA also depleted 80S ribosome monomers and polysomes in 

DMS53-CR cells, and guanosine reversed this depletion (Fig. 4D). MPA had little effect on DMS53 cells, which had 
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a low ribosome content (Figure S5G). We observed similar effects in H82 cells, an ASCL1Low/MYCHigh cell line 

derived from a relapsed SCLC patient, with ribosome depletion becoming apparent after 24 hours of MPA 

treatment (Figure S5H,I). 

 Transcription of rDNA into pre-rRNA by Pol I is the rate-limiting step of ribosome biogenesis (44). MPA 

acutely suppresses the abundance of pre-rRNA, but not Pol II or Pol III transcripts, in ASCL1Low/MYCHigh SCLC cells 

(31). This also occurs in DMS53-CR cells with acquired chemoresistance, and the defect is reversed by guanosine 

(Figure 4E). Suppression of pre-rRNA abundance was evident within 6 hours of MPA treatment, well in advance 

of any effect on OP-Puro (Fig. 4F), as expected if GTP depletion exerted effects on Pol I distinct from and preceding 

its effects on translation. To test whether loss of pre-rRNA was specific to GTP or a general response to nucleotide 

depletion, we treated DMS53-CR cells with the GART inhibitor lometrexol (LMT), which depletes both ATP and 

GTP. LMT suppressed pre-rRNA abundance as expected, and supplying LMT-treated cells with guanosine rescued 

pre-rRNA levels despite persistent ATP depletion; adding adenosine rescued both GTP and ATP through salvage, 

and this reversed pre-rRNA depletion (Figure S6A,B). We also tested the pyrimidine synthesis inhibitor 

vidofludimus (VDF). As expected, this drug depleted UTP and CTP, but had no effect on GTP or pre-rRNA 

abundance (Figure S6C,D). Thus, under these conditions, Pol I is more sensitive to depletion of GTP than other 

nucleotide triphosphates. 

 We next sought to raise GTP levels during IMPDH inhibition to test whether this would impact Pol I function. 

Protein synthesis hydrolyzes GTP for aminoacyl-tRNA loading, ribosome translocation and termination. 

Cycloheximide inhibits translation elongation and suppresses GTP hydrolysis (45). Treating DMS53-CR cells with 

cycloheximide resulted in a dose-dependent increase in GTP and pre-rRNA abundance, with the highest dose 

completely reversing the effect of MPA on pre-rRNA levels (Figure 4G,H). Cycloheximide had no impact on pre-

rRNA levels in DMS53-CR cells unless GTP levels were depleted by MPA (Figure 4H). 
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Pol I localization to the ribosomal DNA is sensitive to GTP abundance. Transcription of pre-rRNA requires 

assembly of the Pol I complex on the promoters of rDNA genes. To assess assembly of these complexes, we used 

chromatin immunoprecipitation (ChIP) and immunofluorescence to examine localization of RPA1, the largest Pol 

I subunit, to rDNA. In DMS53 cells, immunofluorescence revealed small nuclear puncta reflecting RPA1 

localization to rDNA, but these puncta were much more prominent in DMS53-CR cells (Figure S7C), consistent 

with the nucleolar prominence of cells derived from the variant SCLC subset (32). MPA had little effect on RPA1 

localization in DMS53 cells, but markedly reduced the enhanced localization in DMS53-CR cells (Figure S7C,D). 

Fluorescence intensity was fully restored by co-treatment with guanosine (Figure 5A,B). Although cycloheximide 

had no effect on RPA1 localization by itself, it reversed the effect of MPA to a similar extent as guanosine (Figure 

5A,B). None of these treatments impacted localization of RPB1, a subunit of Pol II (Figure 5A, S7C). RPA1 and 

RPB1 abundance was unaffected by MPA or guanosine (Figure S7B). A ChIP-seq analysis of RPA1 in human 

mammary epithelial cells (46) showed abundant binding to the rDNA promoter and the 18S, 5.8S and 28S coding 

regions (Figure S7A). We therefore performed a comprehensive qPCR analysis in SCLC cells incorporating primer 

pairs to amplify all these regions. ChIP revealed much higher Pol I occupancy by RPA1 in DMS53-CR cells 

compared to treatment-naïve DMS53 cells, but occupancy was essentially eliminated with MPA and rescued with 

guanosine (Figure 5C-F). pre-rRNA abundance was reduced by MPA in both DMS53 and DMS53-CR cells, although 

the effect was larger in DMS53-CR cells (Figure S7E); in DMS53 cells, reduced pre-rRNA abundance in absence of 

marked changes in RPA1 localization may reflect GTP’s role as a Pol I substrate. H82 cells responded to MPA 

similarly to DMS53-CR cells, with reduced Pol I occupancy on rDNA reversed by either CHX or guanosine, and no 

effect on Pol II localization (Figure S7F,G). 

 To test if MYC is sufficient to induce these effects, we used ASCL1High/MYCLow H1436 cells expressing an 
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empty vector (EV) or a doxycycline-inducible MYC. As expected, MYC increased ribosome abundance (Figure S7I). 

It also generated large, intense RPA1 foci on immunofluorescence (Figure S7H), but MPA reduced intensity to the 

level of parental cells (Figure S7H,J). MPA reduced pre-rRNA levels in both cell lines, but the effect was more 

prominent in cells over-expressing MYC (Figure S7K). Therefore, in cells with elevated MYC, GTP synthesis 

supports robust ribosome biogenesis in part by enabling Pol I localization to rDNA. 

 

MYC regulates Pol I through a mechanism involving GTP synthesis, GPN1 and GPN3. Although GTP is a substrate 

for Pol I, its specific effect on Pol I localization prompted us to consider the involvement of GTP-binding proteins 

in this process. BioPlex 2.0 (47) predicted an interaction between RPA1 and GPN3 (Figure S8A). This was 

interesting because GPN3, through a physical association with the related protein GPN1, associates with the Pol 

II complex and in some cells promotes assembly of functional Pol II in the nucleus (48-51). GPN1 and GPN3 

belong to a family of GTPases with conserved GPN (glycine, proline, asparagine) and guanine nucleotide-binding 

domains (48, 52). By probing the pan-cancer TCGA database, we found that GPN1 is among the transcripts most 

positively-correlated with GPN3 (Figure S8B) and that both GPN1 and GPN3 are highly correlated with ribosome 

gene sets (Figure 6A). 

We next explored the relationship between GPN1/GPN3 and MYC. In autochthonous SCLC GEMMs, tumors 

with transgenic Myc have high expression of Gpn1 and Gpn3 (Figure 6B). ChIP-seq data from the MYCHigh human 

SCLC cell line H2171 (53) and from mouse SCLCs in GEMMs with transgenic Myc revealed MYC binding in GPN1 

and GPN3 promoters (Figure S8C). Chemoresistant PDXs with high MYC had elevated GPN1 and GPN3 mRNA 

relative to patient-matched, treatment-naïve tumors with lower MYC (Figure S2H). GPN1 and GPN3 were 

expressed at elevated levels in DMS53-CR cells and H1436-CR tumors relative to treatment-naïve parental lines 

(Fig. 6C,D, Figure S8D,E). Doxycycline-induced MYC expression in H1436 cells led to a dose-dependent increase 



 14 

GPN1, GPN3 and IMPDH2, indicating that MYC is sufficient to drive expression of GPN1 and GPN3 (Figure 6E). 

We also generated H1436 cells that constitutively over-express MYC, N-MYC or L-MYC, and found that all three 

increased the expression of GPN1, GPN3 and IMPDH2 (Figure S8F). We note that PDXs derived from treatment-

naïve and relapsed SCLC (38) more prominently over-express MYC than either MYCN or MYCL in the relapsed 

state, emphasizing the importance of MYC in this context (Figure S8G) . 

To examine the requirement for GPN1 and GPN3 in SCLC cells, CRISPR/Cas9 genome editing was used to 

create H82 cells (ASCL1Low/MycHigh) null for each protein. Loss of either protein reduced protein synthesis and 

cell proliferation (Figure 6F,G). Sequence alignment with other GTPases identified a highly-conserved lysine in 

the GTP-binding domain and glutamine in the GTP-hydrolysis domain in GPN1 and GPN3 (Figure S9A). Mutating 

this glutamine in the yeast GPN1 homolog Npa3 creates a constitutively GTP-bound mutant (50). After mutating 

these two residues in both GPN1 and GPN3, we generated an allelic series of MYC-tagged mutants in H82 cells 

(GTP binding mutants: GPN1 K190E and GPN3 K175E; GTP hydrolysis mutants: GPN1 Q126L and GPN3 Q110L) 

for further analysis. 

As expected, immunoprecipitation of GPN3-Myc pulled down GPN1 (Figure 6H). Both GPN1 and GPN3 

bound to GTP agarose, and this interaction could be outcompeted with excess GTP (Figure 6I). To assess the 

affinity of GPN1 and GPN3 for GTP relative to more familiar GTPases, we performed a competition assay by using 

increasing concentrations of GTP to disrupt binding to GTP-agarose. For both GPN1 and GPN3, low 

concentrations of GTP (under 10 µM) disrupted binding to GTP-agarose, whereas much higher concentrations 

were required to disrupt RAS binding (Figure 6J). The GTP-binding mutations GPN1 K190E and GPN3 K175E 

abolished binding to GTP-agarose, but the GTP hydrolysis mutants GPN1 Q126L and GPN3 Q110L displayed 

persistent and somewhat enhanced binding (Figure 6I). 

Immunoprecipitation revealed binding of GPN1 and GPN3 to RPA1, and mutating the GTP-binding domain 
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inhibited these interactions (Figure 7A,B). GPN3 deficiency markedly reduced both the intensity of RPA1 nuclear 

puncta and rDNA occupancy in DMS53-CR cells (Figure 7C-F). Wild-type but not K175E-mutant GPN3 rescued 

these activities, indicating that GPN3’s GTP-binding activity is required for maximal Pol I localization in these cells 

(Figure 7C-F). Importantly, residual Pol I localization did not require GPN3, but GPN3 was required for the 

prominent nucleolar fluorescence and high levels of rDNA occupancy typical of the MYCHigh state. 

Finally, we explored the relationship between these GTPases and drug sensitivities. GPN3 bound to RPA1 in 

both treatment-naïve and chemoresistant SCLC (Figure S9B), and neither GPN3 loss nor reconstitution of GPN3-

deficient cells with a GTP-binding mutant of GPN3 re-sensitized chemoresistant cells to platinum (Figure S9C,D). 

However, mutants that could bind but not hydrolyze GTP (GPN1 Q126L and GPN3 Q110L) displayed marked 

enhancement of RPA1 binding compared to wild-type isoforms (Fig. 7A). More importantly, GPN3 110L mitigated 

the effect of MPA on nucleolar Pol I fluorescence (Figure 8A, S9E,F) and partially blocked MPA’s effect on pre-

rRNA abundance and protein synthesis relative to wild-type GPN3 (Figure 8B,C). Expressing either GPN1 Q126L 

or GPN3 Q110L also allowed these cells to partially resist MPA relative to cells expressing no or wild-type GPN1 

and GPN3 (Figure 8D,E, S9F,G). These data indicate that MPA’s effect on growth suppression in MYCHigh SCLC cells 

occurs at least partially through GTP-dependent Pol I assembly. 
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DISCUSSION 

A fundamental question in cell growth regulation is how cells balance myriad programs to culminate in an 

integrated growth response. MYC family members induce multiple transcriptional programs necessary for 

growth, but we have little insight into how these programs are synchronized to avoid, for example, unnecessary 

ribosome assembly when metabolism is inadequate to support growth. MYC stimulates ribosome biogenesis, 

including transcription of pre-rRNA and genes for ribosomal proteins (20, 54). Ribosome biogenesis is crucial for 

cancer initiation and progression, and MYC’s ability to stimulate ribosome biogenesis is required for its oncogenic 

function (55-57). 

The immense amount of energy and biosynthetic precursors required to synthesize ribosomes suggests that 

MYC’s ability to stimulate ribosome biogenesis is linked to its metabolic functions. Energetic stress caused by 

glucose deprivation results in transcriptional silencing from rDNA, providing one mechanism by which cells 

reduce ribosome biogenesis in response to metabolic stress (58). MYC-stimulated purine biosynthetic genes like 

IMPDH2 are co-expressed with ribosome genes and are required for cells with oncogenic MYC to carry out 

maximal rates of protein synthesis and growth. GTP, the end product of the IMPDH pathway, acts as a gate for 

Pol I localization to rDNA and synthesis of pre-rRNAs (Figure 8F). This coordination between nucleotide and 

protein synthesis is reminiscent of MYC’s effects on phosphoribosyl-pyrophosphate synthetase-2 (PRPS2), 

another nucleotide biosynthetic enzyme (59). MYC stimulates Prps2 transcription, but synthesis of the protein 

requires that eIF4e, a translation initiation factor and MYC transcriptional target, bind to the Prps2 5’UTR. 

Although MYC regulates many aspects of nucleotide metabolism, the mechanism linking de novo nucleotide 

synthesis to Pol I is specific for GTP. Inhibiting de novo GTP synthesis reduces Pol I localization to rDNA and pre-

rRNA abundance, and these defects are reversed by providing the GTP precursor guanosine, which does not 

require the de novo synthesis pathway. Depleting the other RNA precursors, ATP, CTP and UTP, did not acutely 
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suppress pre-rRNA abundance, emphasizing that GTP’s role in regulating Pol I is not simply related to its use as 

a Pol I substrate. Gating Pol I function to GTP abundance positions this metabolite as essential to the growth 

program regulated by MYC. 

It is interesting that GTP rather than other nucleotides is so central to ribosome biogenesis. Perhaps this is 

because protein synthesis imposes a high demand for GTP, with multiple steps of this process powered by GTP 

hydrolysis. GTP also better integrates the overall metabolic preparedness for growth than other nucleotides. GTP 

and ATP are synthesized from the common precursor IMP. But the terminal step in GTP synthesis requires 

expenditure of two high-energy phosphates, converting ATP to AMP + PPi, and replacement of a carbonyl group 

with the amide nitrogen of glutamine. ATP synthesis, in contrast, requires only a single high energy phosphate 

(from GTP) and nitrogen donation from aspartate. 

We identified GPN1 and GPN3 as RPA1 binding proteins required to maximize Pol I localization to rDNA, 

pre-rRNA transcription and cell growth. Both proteins are MYC targets whose expression is activated during 

acquired chemoresistance in SCLC. Although these proteins do not influence chemosensitivity in our models, 

they are required for chemoresistant cells to achieve high rates of Pol I function and proliferation driven by MYC. 

Because L-MYC and N-MYC also increase GPN1/3 expression, it is possible that chemoresistant SCLCs with 

increased expression of these other MYC family members also gain dependence on this mechanism of Pol I 

regulation. We speculate that MYC’s role in stimulating ribosome biogenesis underlies the selective IMPDH 

dependence observed in our models. Details are emerging about the specific functions of GPN1 and GPN3, but 

the yeast homologs are non-redundant and structure-function studies suggest that GTP-bound GPN1 acts as a 

chaperone for nascent Pol II subunits, facilitating their assembly into Pol II complexes (50, 60). It remains to be 

seen precisely how GPN proteins support Pol I assembly, but GTP-binding is required for both GPN1 and GPN3 

to promote Pol I localization to the rDNA in the models we studied. 
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GTP is required for multiple steps of ribosome biogenesis and protein synthesis. This makes it difficult to 

know the extent to which altered Pol I function contributes to growth suppression during IMPDH inhibition, as 

opposed to other GTP-dependent processes. Our analysis of GPN1 and GPN3 add clarity to this issue. Mutants 

defective in GTP hydrolysis show increased Pol I binding. These mutants do not enhance Pol I nucleolar 

localization in cells with sufficient GTP, but they mitigate MPA’s effects on Pol I localization, pre-rRNA abundance, 

protein synthesis and growth. As expected, the protection is only partial because it does not rescue the many 

downstream effects of GTP on RNA and protein synthesis. But the protective effect of the mutants establishes 

that Pol I localization is involved in IMPDH dependence in MYCHigh cells. We emphasize that additional GTP-

binding proteins also participate in Pol I function in cells with oncogenic MYC. We noted a high concordance 

between the requirement for IMPDH2 and for RRN3, which encodes the key Pol I assembly factor TIF-1A. TIF-1A 

binds GTP, and GTP depletion in T cells reduces Pol I activity by impairing TIF-1A function (61). 

Although 21% of human cancers have MYC amplifications, we lack specific therapies for these tumors. 

Large-scale screening of SCLC cell lines have reported variable effects of MYC on drug sensitivity, with one study 

finding enhanced sensitivity to Aurora kinase inhibitors in MYCHigh cells; this correlation was confirmed in a 

genetic mouse model of MycHigh SCLC (29, 62, 63). MYC’s metabolic effectors have been studied as therapeutic 

targets in other forms of cancer. MYC regulates uptake of glucose and glutamine and allocation of these nutrients 

into pathways that support cell survival and proliferation. FX11 inhibits LDHA, a MYC transcriptional target, and 

suppresses xenograft growth in mice (64). BPTES inhibits glutaminase, which is highly expressed in cells with 

oncogenic MYC, and suppresses tumorigenesis in a genetically-modified mouse model of MYC-driven renal 

tumors (65). De novo GTP synthesis requires contributions from many pathways considered to be independent 

metabolic liabilities, including glucose/glutamine metabolism, the one-carbon/folate cycle and serine/glycine 

synthesis. 
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Heterologous MYC expression is sufficient to induce IMPDH dependence (31) and we report multiple 

settings where MYC drives sensitivity to IMPDH inhibitors. These include treatment-naïve tumors with oncogenic 

MYC and cells that activate MYC expression during the development of chemoresistance in patients, mice and 

culture. This is notable because the multidrug resistance that emerges in relapsed SCLC renders these tumors 

intractable. MYC activation is also linked to resistance to drugs targeting other oncogenic drivers, including PI3K, 

c-Met, and BRAF/MEK (36, 66, 67). The common occurrence of MYC activation in relapsed cancer raises the 

possibility of broad clinical utility of IMPDH inhibitors and perhaps other drugs targeting ribosome biogenesis 

and protein synthesis. It is important to note that despite mizoribine’s immunosuppressive properties, it reduces 

tumor growth in immunocompetent mice as shown here and in other models (31, 68). It will be interesting to 

determine whether IMPDH inhibitors during the initial phase of SCLC treatment with cytotoxic agents can 

prolong the remission state by delaying the emergence of chemoresistant tumors with elevated MYC expression. 

Altogether, the findings describe a target in chemoresistant, MYCHigh SCLC (IMPDH), clinically-available drugs 

(mizoribine, MPA) and a novel mechanism of action (GTP linking the metabolic and ribosomal outputs of 

oncogenic MYC). 
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METHODS 

Cell lines 

Cells were cultured in RPMI 1640 medium (Sigma #R8758) supplemented with 10% fetal bovine serum (Gemini 

Bio-Products #100-106) and penicillin/streptomycin, at 37°C in a humidified atmosphere containing 5% CO2. 

DMS53, DMS53-CR, H1048, H1048 ECR, 3151T1 and 3151T1 ECR cells were provided by T. Oliver (University of 

Utah, Huntsman Cancer Institute, Salt Lake City, UT 84112, USA). H82 and H1436 cells were obtained from the 

Hamon Cancer Center (University of Texas Southwestern Medical Center, Dallas, Texas 75390, USA). All cells were 

DNA fingerprinted by PowerPlex (69) and verified as mycoplasma free with e-Myco kit (Bulldog Bio #2523348). 

Mouse studies 

SCLC cells were suspended in a 1:1 mixture of Matrigel (BD Bioscience #356237) and RPMI 1640 mixture, then 

0.5-2 x 106 cells were implanted subcutaneously into 6-8-week-old NSG mice (Jackson Laboratory #005557). Mice 

were randomized after injection. 100mg/kg mizoribine (Sigma #M3047) in saline or saline alone was injected 

intraperitoneally when tumors were palpable. Tumor size was measured using calipers and calculated by short 

(a) and long (b) diameters (volume=a2b/2). 

For enzymatic tumor disaggregation and xenograft passaging, tumors were dissected, rinsed in sterile HBSS and 

fractions were flash-frozen in liquid nitrogen and stored at -80°C for molecular assays. The remaining tissue was 

finely minced with a scalpel, followed by enzymatic digestion in 200 U/ml Collagenase IV (StemCell #07426), 50 

U/ml DNase II (Sigma #D4527) and 5 mM CaCl2 in 10 ml HBSS for 20 min at 37 °C. Disaggregated cells were filtered 

through a 40 μm cell strainer, washed twice with RPMI+10% FBS to terminate digestion and resuspended in 

serum-free RPMI, 1% penicillin/streptomycin (Sigma #P0781) and 25% high-protein Matrigel (Corning #354248) 

on ice for reinjection. Remaining cells were cryo-preserved in FBS+10% DMSO. All procedures were performed 

in sterile conditions unless specified. 
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Survival studies in LAP-MYC mice were performed as described (40). LAP-MYC mice were provided by H. Zhu 

(University of Texas Southwestern Medical Center, Dallas, Texas 75390, USA). MYC overexpression was induced 

after birth, and mizoribine treatment started on day 26 when 5% of the liver was occupied by tumor. Mizoribine 

or saline was administered by intraperitoneal injection from day 26 until the end of the experiment. 

Primary SCLC tumor analysis 

Primary SCLC specimens were collected during surgical lobectomy or pneumonectomy from treatment-naïve 

patients, then frozen and later subjected to protein and metabolite extraction. Samples from different centers 

were shipped on dry ice and processed at Tianjin Medical College. Four independent fractions of approximately 

10 mg were collected from each tumor specimen. Three fractions were homogenized in 1 ml ice-cold 80% 

methanol and one was homogenized in 500 µl ice-cold RIPA buffer supplemented with protease inhibitors. 

Extracts were subjected to three freeze-thaw cycles between liquid nitrogen to 37°C, then centrifuged at 14,000 

g for 10 min at 4°C to remove debris. Metabolites from the supernatant of the 80% methanol extracts were 

evaporated in a Speedvac for 6 h and stored at -80°C. Protein lysates from the RIPA extraction were mixed with 

SDS-sample buffer and incubated at 95°C for 10 min, then stored at -80°C. To classify tumors for MYC expression, 

the western blot in Fig. 1B was analyzed with ImageJ to normalize MYC signal to ACTB. Tumors with a relative 

intensity over 1000 were considered MYCHigh. 

Metabolomics 

Metabolites were reconstituted in 100 μl of 0.03% formic acid in analytical-grade water, vortexed and centrifuged 

to remove insoluble material. 20 µl supernatant was subjected to targeted metabolomics analysis on an AB SCIEX 

QTRAP 5500 liquid chromatography/triple quadrupole mass spectrometer (Applied Biosystems SCIEX) as 

described (70). Chromatogram review and peak area integration were performed using MultiQuant (version 2.1, 

Applied Biosystems SCIEX). The peak area for each detected metabolite was normalized against the total ion 
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count of each sample. Normalized peak areas were mean-centered and unit-variance scaled, then evaluated by 

principal component analysis to visualize clustering and detect outliers using SIMCA-P (version 13.0.1, Umetrics). 

Partial least squares discriminant analysis and variable importance in projection analysis, and pathway 

enrichment analysis were done using Metaboanalyst 3.0 (71). 

15N-glutamine and 13C-glucose labeling 

Cells were incubated in RPMI 1640 media supplemented with 10% dialyzed fetal bovine serum (Gemini Bio-

Products #100-108) containing 0.3 mg/ml [amide-15N]glutamine or 2 mg/ml [U-13C]glucose for the indicated 

duration, washed with ice-cold saline, quenched with 80% methanol and subjected to three freeze-thaw cycles. 

The debris was pelleted by centrifugation at 4°C and the supernatant was collected and evaporated to dryness 

using a SpeedVac concentrator. Metabolites were reconstituted in 50 μl of 0.03% formic acid in analytical-grade 

water, vortexed and centrifuged to remove insoluble material. 10 µl supernatant was analyzed as described 

previously with modifications using an AB QTRAP 5500 liquid chromatography/triple quadrupole mass 

spectrometer (Applied Biosystems SCIEX) (70). The modifications were as follows. Gradient program: 0-1 min, 1% 

B; 1-4 min, 1-100% B; 4-7.5 min, 100% B; 7.5-7.6 min, 100-1% B; 7.6-10 min, 1% B. Injection volume: 5 μl. Dwelling 

time for each transition: 20 ms. MRM data was acquired using Analyst software (version 1.6.1, Applied 

Biosystems SCIEX). 

Ribosome abundance 

For sucrose gradient preparation, a 60% sucrose solution was mixed with 10x gradient buffer (200 mM HEPES pH 

7.6, 1 M KCl, 50 mM MgCl2, 100 µg/ml cycloheximide, EDTA-free proteinase inhibitors cocktail, 100 U/ml RNasin) 

and water to make 10, 15, 20, 25, 30, 35, 40, 45, 50% sucrose solutions. 1.2 ml of each solution, starting with 50% 

sucrose, was carefully transferred to 12 ml Beckman tubes. To prevent diffusion, the gradients were flash-frozen 

in liquid nitrogen following each addition of solution, stored at -80 °C and thawed at 4 °C overnight before use. 
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Cultures at 80-90% confluency in 15 cm dishes were treated with 100 µg/ml cycloheximide (Sigma #C7698) for 

5 min, washed twice, scraped and collected in PBS containing 100 µg/ml cycloheximide. The cells were 

resuspended in 425 µl hypotonic buffer (5 mM Tris-HCl pH 7.5, 1.5 mM KCl, 2.5 mM MgCl2, 100 µg/ml 

cycloheximide, EDTA-free proteinase inhibitors cocktail (Sigma #04693159001), 2 mM DTT, 200 U/ml RNasin 

(Promega #N2111)), vortexed for 5 s, then supplemented with 0.5% Triton-X (Sigma #X100) and 0.5% sodium 

deoxycholate (Sigma #D6750), vortexed for 5 s and centrifuged at 21,000 x g for 5 min to remove debris. Lysates 

were normalized by absorbance at OD260nm and loaded onto the 10-50% sucrose gradient prepared above. The 

preparation was ultra-centrifuged at 35,000 rpm for 2 h using an SW41 Ti rotor in a Beckman XL-90 

ultracentrifuge. Samples were then analyzed using the Bio-Rad BioLogic LP system with UV detector at room 

temperature, run with a 60% sucrose chasing solution at 1 ml/min. Data were recorded in LP Data View. All 

procedures were performed at 4 °C. 

OP-Puro incorporation assay 

Cells were cultured and treated in 6-well dishes. Protein synthesis was assessed using the OPP protein synthesis 

Kit (Invitrogen #C10457). Cells were incubated with 10 µM OPP in culture medium at 37 °C for 1 h, followed by 

fixation in 0.5 ml 10% neutral-buffered formalin (Sigma #HT501128) at 4 °C for 15 min, permeabilized in 0.1% 

saponin (Sigma #47036) in 500 µl PBS (Sigma #P4417) at room temperature for 5 min and ,washed once with 

PBS. Fixed cells were resuspended and incubated in 500 µl freshly-prepared OPP reaction cocktail (440 µl reaction 

buffer, 10 µl copper protectant, 1.25 µl picolyl azide, 50 µl reaction buffer additive) in the dark at room 

temperature for 30 min, washed with 0.5 ml rinse buffer, resuspended in PBS and kept on ice before FACS analysis. 

Celigo cell viability assay 

2-5x104/ml cells were plated in 96-well plates in 100 µl/well and cultured overnight, then drugs were added in 

100 µl/well. After another 72 h, 1 µg/ml propidium iodide and 5 µg/ml Hoechst 33342 were added and the plate 
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was incubated at 37 °C for 30 min. Hoechst positive minus propidium iodide positive cells were counted with a 

Celigo imaging system. For IC50 calculation, a log(inhibitor) versus response model (variable slope, four 

parameters), non-linear least square fit (constrain top to 1, bottom to 0) was performed in GraphPad. 

Immunofluorescence 

30-50% confluent cultures were prepared on chamber slides (Thermo #154534PK). Cells were fixed in 250 µl 10% 

neutral-buffered formalin (Sigma #HT501128) for 10 min, washed once in 500 µl PBS (Sigma #P4417), 

permeabilized and blocked for 1 h in 250 µl staining buffer (0.5% Triton-X100, 10% goat serum in PBS). Fixed cells 

were incubated with primary antibody at 1:500 dilution in 250 µl staining buffer at 4 °C overnight and washed 3 

times in 500 µl PBS for 5 min each. Incubation with the secondary antibody (1:500 dilution in 250 µl staining 

buffer) occurred for 1 h, then the slides were washed 3 times in 500 µl PBS for 5 min each. The washed slides 

were then incubated with 1 µg/ml DAPI in 500 µl PBS for 1 min. The chambers were removed and coverslips 

were mounted onto the slides and stored at 4 °C before microscopic imaging. All procedures were done at room 

temperature unless specified. 

ChIP-qPCR 

1 x 107 cells were cross-linked with 1% formaldehyde for 10 min and quenched with 0.125 M glycine for 5 min. 

The cells were washed twice with ice-cold PBS, and lysed in 400 µl Sonication buffer for 15 min at 4°C. The lysate 

was sonicated to shear chromatin fragments to an average size about 200-500 bp (Branson Sonifier 450 

ultrasonic processor, 20% amplitude, 0.5 sec on 1 sec off for 30 sec). Sonicated lysates were centrifuged at 12,000 

x g for 10 min at 4°C to remove debris. 150 µl supernatant was supplemented with sodium chloride to 150-300 

mM, and incubated with 1.5 µl anti-RPA1 antibody or rabbit IgG overnight at 4°C. Dynabeads Protein G were pre-

washed three times with RIPA 0.3 buffer. 150 µl binding mixture was incubated with 10 µl Dynabeads Protein G 

for 2 h at 4°C. The beads were washed three times with 1 ml RIPA 0.3 buffer and twice with 1 ml TE buffer. They 
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were then shaken at 1000 rpm with 80 µl SDS elution buffer overnight at 65°C to reverse crosslinking, and treated 

with 1 µl 20 mg/ml Protease K for 30 min at 37°C to improve DNA recovery. DNA fragments were purified using 

QIAquick Spin columns (QIAGEN) and eluted with 50 µl water. Primers targeting pre-rRNA or IGS sequences were 

used for qPCR analysis using CYBR Green PCR system (5 µl SYBR Green mix, 0.4 µl 10 µM primers mix, 4.6 µl 

eluted DNA). 

RT-qPCR 

Cultured cells were homogenized directly in 1 ml TRIzol (Invitrogen #15596-026). 20 mg tumor fractions were 

flash-frozen in liquid nitrogen, followed by homogenization in 1 ml TRIzol using the Precellys tissue homogenizing 

mixed beads kit (Cayman Chemical #10409). Before phase separation, TRIzol lysate was vortexed for 10 s and 

combined with 0.2 ml chloroform (Fisher #S25248). The mixture was centrifuged at 12,000 x g for 15 min at 4 °C, 

then the aqueous phase was collected and mixed with 0.5 ml isopropanol (Fisher #A451-1). RNA was precipitated 

by centrifugation at 12,000 x g for 10 min at 4 °C, then washed in 1 ml 75% ethanol and dissolved in 100 µl 

deionized water at 55 °C for 5 min. 500 ng total RNA was reverse-transcribed to cDNA in a 20 µl reaction (4 µl 

iScript reverse transcription supermix (Bio-Rad #1708841), 1-1000 ng RNA) at 25 °C for 5 min, 46 °C for 20 min 

and 95 °C for 1 min, then diluted 1:5 with deionized water. Target cDNA sequences were amplified in a 10 µl qPCR 

reaction (5 µl SYBR Green supermix (Bio-Rad #1725121), 0.675 µl 2.5 µM primer mix, 0.45 µl diluted cDNA) at 

95 °C x 10 s and 60 °C x 30 s, for 40 cycles. 

Immunoprecipitation 

1 x 107 cells were washed with ice-cold PBS and lysed in 500 µl CHAPS buffer supplemented with protease 

inhibitor cocktail for 30 min at 4°C. Lysates were centrifuged at 20,000 x g for 10 min at 4°C. 50 µl supernatants 

were aliquoted as input sample and supplemented with SDS sample buffer, then incubated for 10 min at 95 °C. 

Protein G Dynabeads (Thermo Fisher #10004D) were washed once with washing buffer to reduce nonspecific 
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binding. 450 µl supernatants were transferred and incubated with 20 µl Protein G Agarose Beads and rabbit 

polyclonal anti-RPA1 IgG (Abcam #ab241950) at 5 µg/mg of lysate overnight at 4°C. The beads were washed 

three times with washing buffer and incubated with 50 µl SDS sample buffer for 10 min at 95°C. The 

immunoprecipitated complex and 10 µg input samples were then subjected to western blot analysis. 

GTP pull-down 

1 x 107 cells were washed with ice-cold PBS and lysed in 500 µl CHAPS buffer supplemented with protease 

inhibitor cocktail for 30 min at 4°C. Lysates were centrifuged at 20,000 x g for 10 min at 4°C. 50 µl supernatants 

were aliquoted as input sample, supplemented with SDS sample buffer and incubated for 10 min at 95 °C. GTP-

conjugated Agarose Beads (Axxora #JBS-AC-106S) were washed once with washing buffer to reduce non-specific 

binding. 250 µl supernatants were transferred and incubated with 20 µl GTP-conjugated Agarose Beads with or 

without 1 mM GTP overnight at 4°C. The beads were then washed three times with washing buffer and incubated 

with 50 µl SDS sample buffer for 10 min at 95°C. The immunoprecipitated complex and 10 µg input samples were 

subjected to western blot analysis. 

Western blot 

Protein lysates were prepared in RIPA buffer, supplemented with PhosSTOP phosphatase and cOmplete protease 

inhibitor cocktail (Roche #11873580001, #04906845001). Total protein abundance was quantified by 

bicinchoninic acid assay. 5-10 µg total protein samples were separated on 4-20% SDS-PAGE gels, transferred to 

PVDF membranes, and probed with antibodies listed in Supplementary Table 2. Bands were detected with the 

ECL blotting system (Pierce #32106). 

Statistics 

No methods were used to predetermine sample size. Samples for metabolomics and isotope tracing were 

randomized before LC–MS/MS analysis. For tumor growth experiments, mice were randomized before being 
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allocated to cages for treatment. All other experiments were nonrandomized and did not involve blinding of the 

investigators. To assess statistical significance between two groups, a two-tailed Student’s t-test was used. A p 

value less than 0.05 was considered significant. Where data showed a skewed distribution, a Wilcoxon signed-

rank test was performed. To examine significance in xenograft tumors between two groups, a two-way ANOVA 

followed by Tukey’s multiple comparisons test was performed. Before applying an ANOVA, we first tested 

whether there was homogeneity of variation among the groups using the Brown-Forsythe test.  

Study approval 

The protocol for collecting human SCLC tumor tissue for research was approved by the Ethics Committee of Tongji 

Medical College, Huazhong University of Science and Technology and Tianjin Medical College. Written informed 

consent was obtained prior to inclusion in the study. Specimen collection did not interfere with standard 

diagnostic and therapeutic procedures. All mouse procedures were performed with the approval of the 

University of Texas Southwestern Medical Center IACUC.  
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Figure 1. Distinct metabolomic subsets of primary human SCLC. 
A, B) Protein abundance of ASCL1 and MYC in tumors from treatment-naïve SCLC patients. Tumors labeled grey in B were 
excluded from further study owing to inadequate metabolite content. C) Principal component analysis of metabolomics in 
tumors from A. Individual data points are displayed for three fragments from each tumor. D) Metabolites discriminating 
between MYCHigh and MYCLow tumors. These metabolites have variable importance in the projection (VIP) scores over 1.0, 
indicating statistically-significant differences between the groups. The bar indicates whether each metabolite is more (red) 
or less abundant (green) in each group. E) Relative abundance of purines in MYCHigh and MYCLow tumors. Individual data 
points are shown with mean and standard deviation (SD) for three fragments from each tumor. **p < 0.01, ***p < 0.001, 
****p < 0.0001. F) Ki67 values from 33 tumors. Individual data points are shown with mean and SD. Statistical significance 
was assessed using a two-tailed Student’s t-test (E). Metabolomics was performed once. All other experiments were 
repeated twice or more.  



 

Figure 2. Enhanced purine biosynthesis in chemoresistant SCLC. 
A) Enrichment scores reporting transcript abundance between 20 cell lines from relapsed patients and 34 cell lines from 
treatment-naïve patients. Dashed lines demarcate p=0.05. B) Relative abundance of GMP, AMP, IMP and XMP in 22 of the cell 
lines from A. Individual data points are shown with mean and SD for three cultures of each line. *p < 0.05, **p < 0.01, ****p 
< 0.0001. C) IMPDH2, GMPS and MYC abundance from single cell RNA sequencing of SC68 PDX tumors and their 
chemoresistant counterpart SC68 CR. D) Immunoblot analysis of ASCL1, MYC, IMPDH1, IMPDH2, GMPS and ADSL in three 
pairs of treatment-naïve and chemoresistant SCLC cell lines. CR, cisplatin-resistant; ECR, etoposide and cisplatin resistant. E) 
MYC, IMPDH1 and IMPDH2 expression in DMS53-CR and H1048-ECR cells with CRISPR/Cas9-mediated MYC knockout (KO) or 
transfected with non-targeting (NT) guide RNA. F) Relative GMP, AMP, GTP and ATP abundance in two cell line pairs. *p < 0.05, 
**p < 0.01, ***p < 0.001, ****p < 0.0001. G,H) Fractional labeling of GMP and AMP in pairs of treatment-naïve and chemo-
resistant cells cultured in medium containing [amide-15N]glutamine (G) or [U-13C]glucose (H) for 1, 3, 6 h. **p < 0.01, ***p < 
0.001, ****p < 0.0001. I) Relative abundance of GTP m+3 and GTP m+5 isotopologues in pairs of treatment-naïve and chemo-
resistant cells cultured in medium containing [amide-15N]glutamine or [U-13C]glucose for 1, 3, 6 h. ***p < 0.001, ****p < 



0.0001. Data are shown as mean and SD (F-I). Statistical significance was assessed using a two-tailed Student’s t-test (B,C), 
one-way ANOVA with Tukey’s multiple comparisons test (F-I). Metabolomics in B was performed once. All other experiments 
were repeated twice or more.  



Figure 3. IMPDH dependence is a generalizable metabolic liability in MYC-driven tumors. 
A) Upper left, MPA IC50 in 8 ASCL1High and 6 ASCL1Low cell lines. Others, IC50 of MPA and cisplatin in treatment-naïve and 
chemoresistant pairs. *p < 0.05, **p < 0.01, ***p < 0.001. B) Xenograft growth, displaying mean and SD for tumor volume (n= 
5 mice per group). Arrows indicate start of treatment. ****p < 0.0001. C) Treatment-naïve H1436 xenograft growth. Four 
cycles of cisplatin (5 mg/kg/w) and etoposide (10 mg/kg/w, EC) or mizoribine (100 mg/kg/d) were administered, starting at 
the arrow. Individual volumes are displayed. **p < 0.01, ****p < 0.0001. D, E) H1436 tumors pre-treated with cisplatin and 
etoposide in C, then implanted into new mice. The arrow indicates start of treatment. Individual volumes are displayed. **p 
< 0.01, ****p < 0.0001. F) mRNA abundance in parental (P) and chemoresistant (CR) H1436 tumors. Individual data points are 
shown with mean and SD for 3 replicates of 4 tumors from each group. **p < 0.01, ****p < 0.0001. G) Survival analysis of LAP-
MYC mice treated with saline or mizoribine (n=12 per group). Dosing began on day 26 after birth (arrow). ****p < 0.0001. H) 
Abdominal circumference of LAP-MYC mice treated with saline or mizoribine. Measurements were taken on day 42. ***p < 
0.001. I) Livers of LAP-MYC mice treated with saline or mizoribine. Dissections were performed on day 42. Statistical 
significance was assessed using a two-tailed Student’s t-test (A,F,H), two-way ANOVA with Tukey’s multiple comparisons (B-



E), Log-rank (Mantel-Cox) test (G). In panels C-E, individual tumors are displayed to demonstrate variability, but statistical 
comparisons were made with the average and standard error among the groups. Mizoribine treatment of LAP-MYC mice was 
performed once. All other experiments were repeated twice or more.  



 

Figure 4. Enhanced de novo GTP synthesis promotes Pol I activity in chemoresistant SCLC cells. 
A) Gene sets associated with IMPDH2 mRNA across human cancers in the TCGA database. All KEGG gene sets were included 
in the analysis. B) Median OP-Puro signal in DMS53 treatment-naïve and chemoresistant cells treated with vehicle or 1 µM 
MPA, with or without 20 µM guanosine for 12 h. ***p < 0.001. C) ATP, GTP, CTP and UTP levels in DMS53-CR treated with 
vehicle or 5 µM MPA, with or without 10 µM guanosine for 8 h. **p < 0.01, ****p < 0.0001. D) Ribosome abundance in DMS53-
CR treated with vehicle, 1 µM MPA, with or without 20 µM guanosine for 48 h. E) Abundance of Pol I, II or III transcripts in 
DMS53-CR cells treated with vehicle or 5 µM MPA with or without 20 µM guanosine for 8 h. ***p < 0.001. F) Abundance of 
pre-rRNA and median OP-Puro signal in H82 treated with vehicle or 1 μM MPA, with or without 10 μM guanosine. ****p < 
0.0001. G, H) Abundance of GTP and pre-rRNA in DMS53-CR treated with vehicle or 5 µM MPA, with or without 1-5 µM 
cycloheximide (CHX) for 6 h. **p < 0.01, ****p < 0.0001. Data are shown as mean and SD (B,C,F-H), mean and SEM (E). 
Statistical significance was assessed using one-way ANOVA with Tukey’s multiple comparisons test (B,C,E-H). All experiments 
were repeated twice or more.  



 

Figure 5. Pol I localization to the ribosomal DNA is sensitive to GTP abundance. 
A) Localization of RPA1 and RPB1 in DMS53-CR cells treated with vehicle or MPA, with or without guanosine or CHX for 8 h. 
Nuclei are stained with DAPI (blue). Original magnification, 63x. B) Nuclear RPA1 immunofluorescence signals for cells in A. 
50-100 cells were quantified in each group. **p < 0.01, ****p < 0.0001. C-F) qPCR for the rDNA promoter and 18S, 5.8S and 
28S coding regions after ChIP with an anti-RPA1 antibody or IgG control. DMS53-CR cells were treated with MPA or vehicle, 
with or without guanosine for 12 h. DMS53, the treatment-naïve parental cell line of DMS53-CR, is included as a reference. 
Two independent primer pairs (P1, P2) were designed for each region. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001. 
Data are shown as mean and SD (B-F). Statistical significance was assessed using one-way ANOVA with Tukey’s multiple 
comparisons test (B-F). All experiments were repeated twice or more.  



 

Figure 6. GTP abundance regulates Pol I function in MycHigh cells in part through GPN1 and GPN3. 
A) Gene sets correlated with GPN3 or GPN1 mRNA from 9,879 tumors in the pan-cancer TCGA database. Gene set enrichment 
analysis was performed on the top 2% of genes positively correlated with GPN3 or GPN1. B) mRNA abundance of Myc, Gpn1 
and Gpn3 in SCLCs obtained from GEMMs with mutant Trp53, Rb1 and Rbl2 (RPR2) and tumors with mutant Trp53 and Rb1 
plus transgenic MycT58A (RPM). *p < 0.05, ****p < 0.0001. C) GPN1 and GPN3 mRNA abundance in DMS53 and DMS53-CR. **p 
< 0.01, ***p < 0.001. D) Abundance of GPN1 and GPN3 in DMS53 and DMS53-CR. E) Abundance of MYC, IMPDH2, GPN1 and 
GPN3 in H1436 cells expressing dox-inducible empty vector (EV) or MYC treated with doxycycline at the indicated doses for 6 
days. F) OP-Puro signal in pooled H82 cells expressing an empty vector (EV) or with CRISPR/Cas9-mediated knockout of GPN3 
or GPN1. **p < 0.01. G) Proliferation of H82 pools shown in F. **p < 0.01, ****p < 0.0001. H) Immunoprecipitation with anti-



Myc-tag or mouse IgG followed by western blot for GPN1 or Myc in H82 cells with CRISPR/Cas9-mediated GPN3 knockout and 
re-expression of wildtype GPN3. I) GTP pull-down for wild-type or mutant isoforms of GPN3-Myc or GPN1-Myc. GTP was used 
to compete for binding of GPN1/3 to GTP-agarose beads. J) GTP pull-down for GPN3, GPN1, RAS or RRN3 using H82 lysates 
with increasing concentrations of GTP to compete for binding to GTP-agarose beads. Data are shown as mean and SD (B,C,F,G). 
Statistical significance was assessed using a two-tailed Student’s t-test (B,C), one-way ANOVA with Tukey’s multiple 
comparisons test (F,G). All experiments were repeated twice or more.  



 

Figure 7. GTP abundance regulates Pol I function in MycHigh cells in part through GPN1 and GPN3. 
A, B) Immunoprecipitation with anti-RPA1 or rabbit IgG followed by western blot for RPA1, GPN3-Myc or GPN1-Myc in H82 
cells with CRISPR/Cas9-mediated knockout of GPN3 or GPN1 followed by re-expression of wildtype or mutant GPN3 or GPN1. 
C) Abundance of native GPN3 and Myc-tagged GPN3 in DMS53-CR cells with CRISPR/Cas9-mediated GPN3 knockout and re-
expression of empty vector (EV), wildtype or mutant GPN3. KO, cells functionally null for GPN3; NT, non-targeting guide RNA. 
D, E) Nuclear RPA1 immunofluorescence and sample images of cells from C. ****p < 0.0001. Original magnification, 63x. F) 
qPCR for rDNA promoter and IGS sequences after ChIP with anti-RPA1 antibody or IgG control in cells from C. Data are ChIP 
enrichment with anti-RPA1 relative to IgG control. Data are shown as mean and SD (F). Statistical significance was assessed 
using one-way ANOVA with Tukey’s multiple comparisons test (D,F). All experiments were repeated twice or more. 
  



Figure 8. GTP abundance regulates Pol I function in MycHigh cells in part through GPN1 and GPN3. 
A) Nuclear RPA1 immunofluorescence signal in H82 cells with CRISPR/Cas9-mediated GPN3 knockout and re-expression of 
wild type or mutant GPN3, treated with 1 µM MPA or vehicle for 12 h. ***p < 0.001, NS, not significant. B) Abundance of pre-
rRNA in H82 cells with CRISPR/Cas9-mediated GPN3 knockout and re-expression of wild type or mutant GPN3, treated with 0, 
1 or 5 µM MPA for 8 h. **p < 0.01, ***p < 0.001. C) OP-puro signal in H82 cells with CRISPR/Cas9-mediated GPN3 knockout 
and re-expression of wild type or mutant GPN3, treated with 0, 1 or 5 µM MPA for 24 h. A 30 minute CHX treatment is used 
as a positive control. ***p < 0.001, ****p < 0.0001. D, E) MPA IC50 in GPN3- or GPN1-deficient H82 cells reconstituted with 
empty vector (EV), wild type or mutant GPN3 or GPN1. **p < 0.01, ***p < 0.001. F) GTP functions as a metabolic gate for Pol 
I function and ribosome biogenesis in cells with oncogenic MYC. Data are shown as mean and SD (A-E). Statistical significance 
was assessed using one-way ANOVA with Tukey’s multiple comparisons test (A-E). All experiments were repeated twice or 
more. 
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