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ABSTRACT 

Genomic studies support the classification of small cell lung cancer (SCLC) into subtypes based 

on expression of lineage-defining transcription factors ASCL1 and NEUROD1, which together 

are expressed in ~86% of SCLC. ASCL1 and NEUROD1 activate SCLC oncogene expression, 

drive distinct transcriptional programs, and maintain the in vitro growth and oncogenic properties 

of ASCL1 or NEUROD1-expressing SCLC. ASCL1 is also required for tumor formation in SCLC 

mouse models. A strategy to inhibit the activity of these oncogenic drivers may therefore provide 

both a targeted therapy for the predominant SCLC subtypes, and a tool to investigate the 

underlying lineage-plasticity of established SCLC tumors. However, there are no known agents 

that inhibit ASCL1 or NEUROD1 function. In this study, we identify a novel strategy to 

pharmacologically target ASCL1 and NEUROD1 activity in SCLC, by exploiting the nuclear 

localization required for these transcription factors’ function. We identify Karyopherin β1 

(KPNB1) as a nuclear import receptor for ASCL1 and NEUROD1 in SCLC, and demonstrate 

that the inhibition of KPNB1 leads to impaired ASCL1 and NEUROD1 nuclear accumulation and 

transcriptional activity. Pharmacologic targeting of KPNB1 preferentially disrupts the growth of 

ASCL1/NEUROD1+ SCLC in vitro, and ASCL1+ tumor growth in vivo, an effect mediated by a 

combination of impaired ASCL1 downstream target expression, cell cycle activity, and 

proteostasis. These findings broaden the support for targeting nuclear transport as an 

anticancer therapeutic, and have implications for targeting lineage transcription factors in tumors 

beyond SCLC.  

 

SIGNIFICANCE 

This work identifies Karyopherin β1 (KPNB1) as a nuclear import receptor for lineage-defining 

transcription factors ASCL1 and NEUROD1 in SCLC, and suggests that pharmacologic 

targeting of KPNB1 indirectly inhibits the activity of these oncogenic drivers in SCLC. 
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INTRODUCTION 

Small cell lung cancer (SCLC) is an aggressive neuroendocrine tumor. SCLC is one of the most 

lethal human malignancies, and is one of two cancers designated as “recalcitrant” by the NCI 

and US Congress due to its rapid development of resistance to conventional chemotherapy (1-

3). Despite genomic studies revealing widespread inactivation of tumor suppressors TP53 and 

RB1, and high MYC family expression, there are currently no molecularly targeted therapies for 

this disease (2,4,5). Recent large-scale genomic studies of human and mouse SCLC models 

support the classification of SCLC into distinct subtypes based on the expression or absence of 

lineage-defining transcription factors: ASCL1 (SCLC-A), NEUROD1 (SCLC-N), and POU2F3 

(SCLC-P). Together, SCLC-A and SCLC-N comprise a majority of SCLC, with 86% of tumors 

expressing ASCL1 and/or NEUROD1 (6,7). 

ASCL1 and NEUROD1 are basic helix-loop-helix (bHLH) transcription factors (TFs) 

essential for neuronal differentiation during embryonic development (8-11). ASCL1 is also 

required for the differentiation of pulmonary neuroendocrine cells (PNECs), rare neuroendocrine 

cells that serve as cells of origin for SCLC (12,13). Deletion of TP53 and RB1 in adult PNECs 

gives rise to ASCL1+ tumors in multiple genetically engineered mouse models (GEMMs) of 

SCLC (14-16), where ASCL1 has been shown to be essential for tumor formation, and shown to 

drive expression of neuroendocrine (NE) lineage genes such as INSM1, NCAM1 and CHGA 

(17). Both ASCL1 and NEUROD1 are known to command the expression of multiple oncogenes 

underlying SCLC progression, such as RET and MYC, respectively (17). Both TFs also play key 

roles in maintaining the in vitro growth, proliferation, and migration of SCLC-A and SCLC-N cell 

lines (17-22), and confer distinct molecular and physiological properties to these subtype 

specific tumor models (6,17). Thus, strategies to inhibit ASCL1 and NEUROD1 activity may 

provide both an attractive, targeted SCLC therapy, and a tool to investigate the consequences 

of lineage-transcription factor loss in SCLC tumors that have already formed. Unfortunately, 
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there are no known agents that inhibit the function of ASCL1 or NEUROD1, consistent with 

long-standing difficulties in targeting TFs.  

ASCL1 and NEUROD1 activate expression of their downstream target genes by 

heterodimerizing with an E-protein bHLH factor and binding to DNA at E-box consensus 

sequences, where transcriptional activation occurs following the recruitment of co-activators 

(23-26). Therefore, in order to bind to DNA and activate transcription, ASCL1 and NEUROD1 

must first travel from their sites of translation in the cytoplasm into the nucleus. In eukaryotes, 

the nucleocytoplasmic exchange of proteins and other molecules occurs through the highly 

selective nuclear pore complexes embedded within the nuclear envelope (27,28). In humans, 

the cytoplasmic to nuclear transport of molecules too large to passively diffuse through the 

nuclear pore complex at physiologically relevant timescales (29) is mediated by the Karyopherin 

β superfamily of nuclear transport receptors. This nuclear transport mechanism is RanGTP-

dependent, and the specificity of a given transport receptor for a particular cargo protein is 

conferred by the presence of a nuclear localization signal (NLS) within the cargo (27).  

Interestingly, it has been shown in neuronal cell culture models that NEUROD1 is 

selectively imported into the nucleus by a member of the Karyopherin β superfamily known as 

Karyopherin β1 (also known as Importin β1 or KPNB1). Here, the interaction of NEUROD1 with 

its E-protein binding partner TCF3 exerts a synergistic effect that promotes the KPNB1-

mediated nuclear import of NEUROD1/TCF3 heterodimers over the import of monomeric 

NEUROD1 alone (30,31). Additionally, the muscle-specific bHLH TF MYOD, which shares the 

same E-protein binding partners with both NEUROD1 and ASCL1, is also imported into the 

nucleus via KPNB1, suggesting a conserved nuclear import mechanism for this family of TFs 

(30,31). Nonetheless, whether ASCL1 is also imported into the nucleus by KPNB1, and whether 

NEUROD1 is imported into the nucleus by KPNB1 in the context of SCLC, had not been 

studied.  
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KPNB1 is highly expressed in multiple cancers (32) where it is implicated in the nuclear 

translocation of EMT-promoting proteins SMAD, SNAIL, and NOTCH (33-35), inflammation-

associated TFs NFκB and AP-1 (36), and immune checkpoint protein PD-L1 (37). KPNB1 also 

plays a key role in regulating multiple aspects of mitosis, including mitotic spindle formation, and 

nuclear membrane and pore assembly (38,39). KPNB1 is targetable with several potent, cell 

permeable inhibitors that have been pursued as an anti-tumor strategy in lung adenocarcinoma, 

cervical, breast, ovarian, gastric and prostate cancer models, among others (27,32,40,41). In 

these models, KPNB1 inhibition disrupted PDX growth or triggered cell cycle arrest and 

apoptosis, without disrupting the growth of noncancer cells at the same concentrations 

(40,42,43). However, KPNB1 inhibition in SCLC has not been reported, where KPNB1 inhibitors 

may have the added ability to deprive SCLC cells of ASCL1 and NEUROD1 activity by blocking 

the access of the TFs to the nucleus, thereby disrupting the growth of SCLC subtypes with a 

known dependence on ASCL1 or NEUROD1 (17-22). 

Here, we implicate KPNB1 as a significant nuclear import receptor for the lineage-

defining TFs ASCL1 and NEUROD1 in SCLC, and investigate the inhibition of KPNB1-mediated 

nuclear import as a strategy to disrupt ASCL1 and NEUROD1 function in this disease. 

  

RESULTS 

KPNB1 is expressed across SCLC models 

Comparison of RNA-sequencing data from multiple SCLC models, including 81 patient primary 

tumor samples (5), 32 SCLC PDXs (44), and 70 human SCLC cell lines (45), revealed that 

KPNB1 is broadly expressed across SCLC subtypes (Figure 1A-B). Following clustering of the 

primary tumors into ASCL1-expressing SCLC-A, NEUROD1-expressing SCLC-N, POU2F3-

expressing SCLC-P, and YAP1-expressing SCLC-Y subtypes using described gene signatures 

(6,17), KPNB1 expression was found to be significantly higher in the SCLC-A tumors in 

comparison to the SCLC-P and SCLC-Y tumors (Figure 1A), though all subtypes expressed 
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high levels of KPNB1. In human cell lines, though KPNB1 expression is slightly higher in SCLC-

N than in SCLC-A (Figure 1B), KPNB1 is highly expressed across all SCLC subtypes, NSCLC 

cell lines with neuroendocrine features (NSCLC-NE), and immortalized human bronchial 

epithelial cells (HBEC) (Figure 1B,C).  

KPNB1 interacts with ASCL1 and NEUROD1 in SCLC-A and SCLC-N cells 

To activate transcription, ASCL1 and NEUROD1 must travel from their sites of translation in the 

cytoplasm back into the nucleus, a process that for most proteins occurs through binding with 

members of the Karyopherin-β family of nuclear transport receptors (32), including KPNB1. 

Given the ubiquitous KPNB1 expression in SCLC, we investigated whether KPNB1 interacts 

with ASCL1 or NEUROD1. We previously identified candidate ASCL1 binding partners by mass 

spectrometry analysis of proteins immunopurified with ASCL1 from SCLC-A subtype NCI-H2107 

cells (46) (Figure 1D). Through this analysis, KPNB1 was identified as an ASCL1 interactor 

(Figure 1E). Though no other nuclear import receptors were identified as candidate ASCL1 

binding partners, KPNA2 (Karyopherin subunit alpha 2), a Karyopherin alpha adaptor protein 

that interacts with both KPNB1 and its’ cargo via the NLS (32), was also identified as an ASCL1 

interactor, strengthening the potential role of KPNB1 in the nuclear import of ASCL1. For 

comparison, the known ASCL1 E-protein binding partners TCF3, TCF4, and TCF12 were also 

identified (Figure 1E) (see (46) for complete list of identified proteins). Validating the mass 

spectrometry-identified ASCL1/KPNB1 interaction, KPNB1 and ASCL1 co-immunoprecipitated 

from the SCLC-A cell line models NCI-H2107 and NCI-H889 (Figure 1F). Additionally, the 

interaction between NEUROD1 and KPNB1 in SCLC-N was demonstrated by co-

immunoprecipitation from the SCLC-N cell lines NCI-H524 and NCI-H2171 (Figure 1G).   

KPNB1 knockdown reduces nuclear ASCL1 in SCLC-A 

The interaction between ASCL1 and nuclear transport receptor KPNB1 in SCLC-A cells 

suggests that KPNB1 may mediate the nuclear import of this lineage oncogene in SCLC. To test 

this, we knocked down KPNB1 in the SCLC-A cell line NCI-H2107, followed by subcellular 
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fractionation and western blotting to compare the levels of ASCL1 in the nuclear, cytoplasmic, 

and whole cell lysate fractions of cells transfected with KPNB1 siRNA (siKPNB1) versus control 

siRNA (siCtrl) at 24 and 48 hours post-transfection. With a 70% knockdown of KPNB1 protein 

(Figure 2A), we observed a 50% reduction in the amount of ASCL1 protein in the nuclear 

fraction at 48 hours post-transfection (Figure 2B red square, D quantification). KPNB1 

knockdown also led to a reduction in whole cell ASCL1 (Figure 2C) with no increase in the 

cytoplasmic fraction, suggesting that accumulating cytoplasmic ASCL1 may be rapidly degraded 

as described in ASCL1-expressing neural stem cells (47,48). 

KPNB1 knockdown reduces expression of ASCL1 downstream target genes  

To bind E-box containing DNA and activate transcription of downstream target genes, ASCL1 

and its E-protein binding partner must be localized to the nucleus. Given the reduction in 

nuclear ASCL1 protein observed following KPNB1 knockdown, we next tested the effect of 

KPNB1 knockdown on the expression of known ASCL1 downstream target genes, including 

NOTCH ligand genes (23,49,50), SCLC oncogenes, and NE markers (17) in NCI-H2107 cells 

(Figure 2E). KPNB1 knockdown resulted in significantly decreased expression of the NOTCH 

ligand gene DLL1, SCLC oncogenes MYCL, BCL2, NFIB, RET and SOX2, NE markers INSM1 

and NCAM1, and lung-lineage gene FOXA2 (Figure 2E, red bars). Consistently, ASCL1 

knockdown in the same cell line (Figure 2E, green bars) resulted in reduced expression of the 

same panel of ASCL1 targets. Together, these findings suggest that in SCLC-A, ASCL1 is 

imported into the nucleus in a KPNB1-mediated manner, and that KPNB1-dependent 

mechanisms play a role in expression of genes previously shown to promote SCLC growth, NE, 

and lung cell identity.  

To control for potential off-target effects of the KPNB1 siRNAs, we also tested whether 

an exogenous, siRNA-resistant form of KPNB1 could rescue nuclear ASCL1 protein levels and 

ASCL1 downstream target expression following KPNB1 knockdown. We generated a 

doxycycline (Dox)-inducible lentiviral construct expressing an siRNA-resistant form of KPNB1 
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(Supplemental Figure S1A, “ResKPNB1”), where silent mutations were introduced in the KPNB1 

coding sequence to prevent targeting by the KPNB1 siRNAs used (Supplemental Table S1). 

Expression of this KPNB1 construct fully rescued nuclear ASCL1 protein levels (Supplemental 

Figure S1D), expression of a majority of the ASCL1 downstream targets genes assessed 

(Supplemental Figure S1E), and the growth of the cells following siKPNB1 transfection 

(Supplemental Figure S1F), suggesting that these phenotypes were specific to the KPNB1 

knockdown.  

To confirm the phenotype seen with KPNB1 siRNA knockdown, we also used CRISPR 

interference-mediated repression (CRISPRi) (51,52) to repress KPNB1 expression in SCLC-A. 

The lentiviral construct shown in Figure 2F (53) was used to generate SCLC-A subtype NCI-

H2107 cell lines expressing catalytically inactive Cas9 (dCas9) fused to the KRAB 

transcriptional repressor in addition to one of two gRNAs directed against the 5’ UTR of KPNB1 

(Figure 2F, gKPNB1.1 and gKPNB1.2). Using this CRISPRi KPNB1 system, we obtained an 

84% reduction in KPNB1 protein (Figure 2G) at 1 week post-transduction and selection with 

puromycin. In the CRISPRi KPNB1 cells, nuclear ASCL1 protein was reduced 50% relative to 

control (Figure 2H, I). Taken together, our observations following both CRISPRi and siRNA-

mediated repression of KPNB1, suggest that ASCL1 nuclear levels depend on KPNB1 in the 

setting of SCLC, and that the inhibition of KPNB1 may provide a way to disrupt ASCL1 

transcriptional activity.  

Repression of KPNB1 leads to repression of the ASCL1 transcriptional program 

KPNB1 mediates the nuclear import of numerous cargos aside from ASCL1. To investigate the 

extent to which KPNB1 depletion disrupts the transcriptional activity of ASCL1, we next 

compared changes in the transcriptome following direct repression of ASCL1 versus KPNB1 in 

SCLC-A subtype NCI-H2107 cells using RNA-seq. The lentiviral dCas9-KRAB system (Figure 

2F) with gRNAs ASCL1.1 and ASCL1.2 targeting near the ASCL1 transcription start site, 

resulted in undetectable ASCL1 protein by western blot (Figure 2J). RNA-seq was performed at 
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1 week post-transduction and puromycin selection (n=2 Empty Vector or CRISPRi ASCL1). 355 

differentially expressed genes (DEG) were identified between controls and CRISPRi ASCL1 

cells, including significantly reduced expression of previously identified ASCL1 downstream 

targets (17) DLL3, INSM1, and RET (Supplemental Table S2). Likewise, RNA-seq from the 

CRISPRi KPNB1 cell lines at 1 week post-transduction (n=2 CRISPRi KPNB1), identified 6,510 

DEG (Supplemental Table S2). To examine the effect of KPNB1 depletion on ASCL1 

transcriptional activity, we compared expression of the 355 DEG identified following direct 

CRISPRi-mediated repression of ASCL1 between the CRISPRi KPNB1 cell lines, CRISPRi 

ASCL1 cell lines, and siASCL1 knockdown NCI-H2107 cells previously profiled by RNA-seq 

(46), where the heatmap shown in Figure 2K displays fold change of these 355 DEG relative to 

the respective empty vector controls. While not perfectly aligned, the DEG in the CRISPRi 

KPNB1 cells reflect the pattern seen with the direct repression of ASCL1 expression (Figure 

2K). This is also demonstrated with gene set enrichment analysis (GSEA) where the CRISPRi 

KPNB1 cells were significantly depleted for the subset of DEG downregulated following direct 

CRISPRi-mediated repression of ASCL1 (Figure 2L), and significantly enriched for the DEG 

upregulated upon CRISPRi ASCL1 (Figure 2M). Taken together, our findings support the 

conclusion that KPNB1 inhibition disrupts the transcriptional activity of ASCL1 in SCLC-A. 

Nonetheless, the expression of some ASCL1 DEG were differentially affected by direct 

repression of ASCL1 versus KPNB1 in the NCI-H2107 cells (Figure 2K). Thus, although KPNB1 

depletion results in gene expression changes consistent with direct repression of ASCL1 

expression, not all ASCL1 targets genome-wide support this relationship, likely reflecting the 

activity of other proteins dependent on KPNB1 nuclear transport.   

KPNB1 depletion reduces nuclear NEUROD1, and NEUROD1 downstream target 

expression in SCLC-N 

Given our evidence of a NEUROD1/KPNB1 interaction in SCLC-N cells (Figure 1G), we also 

examined the effect of KPNB1 siRNA knockdown on the levels of nuclear NEUROD1 in the 
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SCLC-N cell line NCI-H2171. Here, a 60% knockdown of KPNB1 protein (Figure 3A) led to a 

50% reduction in nuclear NEUROD1 at 48 and 72 hours post-siRNA transfection (Figure 3A red 

box, B quantification). To control for siRNA off-target effects, we also tested the ability of the 

siRNA-resistant KPNB1 construct (ResKPNB1) (Supplemental Figure S2A) to rescue nuclear 

NEUROD1 protein levels following KPNB1 knockdown, where ResKPNB1 expression partially 

rescued nuclear NEUROD1 (Supplemental Figure S2D). Given the impaired nuclear 

accumulation of NEUROD1 in the KPNB1 knockdown cells, we examined the effect of KPNB1 

knockdown on the expression of previously identified NEUROD1 downstream target genes 

(Figure 3C) (17) including the SCLC oncogene MYC, which has been shown to be amplified in 

SCLC-N tumors and cell lines, and the NE markers NCAM1 and INSM1. Here, we observed 

significantly decreased expression of MYC and NCAM1, but not INSM1 (Figure 3C). These 

findings suggest that KPNB1-mediated nuclear import of NEUROD1 may play a role in 

regulating the expression of genes important for SCLC-N growth and NE identity, though this 

effect was less dramatic than that seen for ASCL1 in SCLC-A. 

We also repressed KPNB1 expression in NCI-H2171 cells using the dCas9-KRAB 

system shown in Figure 2F, obtaining a 50-70% reduction in KPNB1 protein (Figure 3D), and 

40-50% reduction in nuclear NEUROD1 (Figure 3E, F), consistent with the KPNB1 siRNA 

knockdown. Together, the impaired nuclear import of NEUROD1 seen following both siRNA 

knockdown and CRISPRi-mediated repression of KPNB1 suggests that NEUROD1 is imported 

into the nucleus by KPNB1 in SCLC-N, extending prior findings in neuronal cell lines (30,31) to 

SCLC.  

Pharmacologic inhibition of KPNB1 impairs the nuclear accumulation of ASCL1 and 

NEUROD1 in SCLC 

Given the reduced nuclear ASCL1 and NEUROD1 observed following genetic depletion of 

KPNB1, we next examined the effect of KPNB1 pharmacologic inhibition on the nuclear 

accumulation of ASCL1 and NEUROD1 in SCLC cell lines. We tested two KPNB1 inhibitors with 



	 11	

differing mechanisms of action: Importazole (IPZ) (54), and Inhibitor of Nuclear Import-43 (INI-

43) (40). SCLC-A subtype NCI-H2107, and SCLC-N subtype NCI-H2171 cells were treated with 

their respective IC50 concentrations of IPZ or INI-43 (Supplemental Figure S3) followed by 

comparison of the levels of ASCL1 and NEUROD1 in the nuclear protein fractions at 24 hours 

post-treatment. Treatment of NCI-H2107 cells with IPZ or INI-43 resulted in a 61% or 36% 

decrease, respectively, in nuclear ASCL1 relative to vehicle-treated cells (Figure 4A, C). 

Treatment of NCI-H2171 cells with IPZ or INI-43 resulted in a 70% or 50% decrease, 

respectively, in nuclear NEUROD1 (Figure 4B, D). For all conditions, cytoplasmic ASCL1 or 

NEUROD1 was low and not significantly altered by KPNB1 inhibitor treatment (data not shown), 

consistent with our observations following KPNB1 genetic depletion in the same cell lines. 

Together, pharmacologic, siRNA, and CRISPRi strategies to inhibit KPNB1 all led to reduced 

nuclear accumulation of ASCL1 or NEUROD1 in SCLC-A or -N cells, respectively, supporting 

KPNB1’s role in mediating the nuclear import of these transcription factors in SCLC. 

Pharmacologic inhibition of KPNB1 preferentially disrupts the growth of SCLC-A and -N 

subtypes over SCLC-P 

KPNB1 is a key regulator of mitosis (38) and is required for the proliferation of multiple cancer 

cell lines, where KPNB1 inhibition triggers G2/M cell cycle arrest and apoptosis without affecting 

the growth of noncancer cells at the same doses (32,40,43). However, KPNB1 inhibition in 

SCLC had not been previously reported. We tested the effects of the KPNB1 inhibitor INI-43 on 

SCLC-A, SCLC-N, and SCLC-P cell lines in cell viability, cell cycle, and colony formation in soft 

agar assays (Figure 5). In both cell viability and soft agar assays, SCLC-A and SCLC-N cell 

lines were more sensitive to INI-43 treatment than SCLC-P cell lines (Figure 5A-D), despite 

similar KPNB1 expression levels (Figure 1B, C). Given that SCLC-P cells do not express 

ASCL1 or NEUROD1, the preferential toxicity of INI-43 in the SCLC-A and -N cell lines is 

consistent with impaired nuclear import of lineage oncogenes ASCL1 and NEUROD1 

contributing to the growth disruption observed following KPNB1 inhibition, though differences in 
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INI-43 uptake or metabolism between the different subtypes cannot be excluded. Consistent 

with prior reports (32,40,43), short term treatment with a high-dose of INI-43 led to an increased 

percentage of cells in the G2/M phase of the cell cycle, and a reduced percentage of cells in 

G0/G1, in cell lines representing all three SCLC subtypes (Figure 5E). These results suggest 

that the preferential toxicity of INI-43 in SCLC-A and SCLC-N may be mediated by effects aside 

from the mitotic block caused by this drug. 

KPNB1-independent nuclear accumulation of ASCL1 rescues SCLC-A growth following 

KPNB1 inhibition 

Given that ASCL1 or NEUROD1 are known to maintain the in vitro growth and oncogenic 

properties of ASCL1 or NEUROD1-expressing SCLC cell lines (17-22), the preferential 

disruption of SCLC-A and -N growth observed following KPNB1 inhibition may result from 

reduced nuclear import of ASCL1 or NEUROD1, or may just reflect previously reported broad 

effects of KPNB1 inhibition in cancer cells (32). To distinguish between the contribution of each 

mechanism, we designed Dox-inducible expression constructs for ASCL1 and NEUROD1 that 

would localize to the nucleus independent of KPNB1 activity (Figure 6A, B). A proline-tyrosine 

nuclear localization signal (PY-NLS) from the RNA binding protein hnRNP M was added to the 

N-termini of ASCL1 and NEUROD1 to confer specificity for a nuclear import receptor other than 

KPNB1. This PY-NLS has been shown to bind with high affinity to the Transportin-1 (also known 

as KPNB2) nuclear transport receptor (55). To prevent KPNB1 from binding to exogenously 

expressed ASCL1 and NEUROD1, all basic amino acids within the endogenous NLSs of both 

proteins (31,56), JEJ unpublished) were mutated to alanine (Figure 6A, ASCL1* or 

NEUROD1*), given that nonspecific clusters of basic amino acids can bind to nuclear import 

receptors in the absence of a canonical NLS (57). Wild-type (WT) ASCL1 or NEUROD1 were 

used as controls. We generated SCLC-A NCI-H2107 or SCLC-N NCI-H2171 cell lines 

expressing PY-NLS-ASCL1* or PY-NLS-NEUROD1* respectively, versus the corresponding 

WT-controls. We then tested the effects of 0.5, 1.5, and 3 μM doses of INI-43 on the viability of 
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these cell lines at 1-4 days post-treatment (Figure 6C, D, Supplemental Figure S4A,B). In the 

SCLC-A cells, PY-NLS-ASCL1* expression partially rescued growth following treatment with 

both 0.5 μM and 1.5 μM INI-43 (Supplemental Figure S4A), and led to a significantly increased 

number of viable cells at 1-4 days post-treatment with both doses of the drug (Figure 6C). 

These observations suggest that reduced nuclear import of ASCL1 is responsible for a 

substantial portion of the growth inhibitory effect of INI-43 in this cell line. In contrast, PY-NLS-

NEUROD1* expression in the SCLC-N cells did not lead to a significant increase in cell viability 

following 1.5 μM INI-43 treatment (Figure 6D, Supplemental Figure S4B), despite fully rescuing 

nuclear NEUROD1 protein at this dose (Supplemental Figure S4E,F). Together, these findings 

suggest that reduced nuclear translocation of ASCL1 plays a greater role in the growth 

disruptive effects of KPNB1 inhibition in SCLC-A, than the reduced nuclear translocation of 

NEUROD1 in SCLC-N, a finding consistent with NEUROD1’s more dispensable role in the 

growth of the SCLC-N subtype (17,18,58).  

In vivo pharmacologic inhibition of KPNB1 disrupts SCLC-A patient derived xenograft 

growth 

We next examined the in vivo antitumor activity of the KPNB1 inhibitor INI-43 in a SCLC-A 

patient derived xenograft (PDX) model of SCLC, JHU-LX44, and a SCLC-N PDX model, JHU-

LX22. Though both PDX models express nearly identical levels of KPNB1 RNA, JHU-LX44 

tumors have high ASCL1, while the JHU-LX22 tumors have high NEUROD1 and low ASCL1, 

consistent with their SCLC-A or -N classification (Figure 7A). PDX-bearing mice were treated 

with 25 mg/kg INI-43 every 48 hours for 10-16 days, where INI-43 inhibited the growth of the 

SCLC-A, but not SCLC-N tumors (Figure 7B vs. C). Pharmacokinetic analysis of INI-43 

concentrations revealed significantly higher levels of INI-43 in tumor tissue in comparison to 

plasma, and stable concentrations from 2 to 24 hours post-treatment (Figure 7D), suggesting 

active accumulation or retention of INI-43 in the tumors. These findings highlight the potential 

clinical relevance of KPNB1 inhibition in ASCL1+ SCLC. 
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KPNB1 inhibition leads to increased translation-associated gene expression and 

enrichment for proteasomal pathways in both SCLC-A and -N tumors  

To uncover gene expression changes due to KPNB1 inhibition, we performed RNA-seq analysis 

on tumors harvested at the end of the treatment schedules shown Figure 7B and C. Comparing 

the transcriptomes between vehicle-treated and INI-43-treated PDXs revealed many DEG 

following treatment with INI-43 (Supplemental Table S3, FDR<0.05). In both SCLC-A and -N 

tumors, INI-43-treatment led to the upregulation of numerous genes involved in translation, 

including ribosomal proteins (“RPL” and “RPS”), mitochondrial ribosomal proteins (“MRP”), 

elongation and initiation factors (“EEF” and “EIF”), as well as histone-encoding genes (“HIST”) 

(Figure 7E-F, Supplemental Table S3). Together, the upregulation of RPS/RPL/MRP genes is 

suggestive of a global up-regulation of the transcriptome, rRNA synthesis, and translational 

output (59) which has been shown to impair differentiation and increase apoptosis in neural 

stem cells (60). In addition, KPNB1 inhibition also disrupted proteostasis as evidenced by the 

upregulation of numerous proteasomal subunit (“PSM”) and ubiquitin-related (“UBA/B/E/L/T”) 

genes (Figure 7F, Supplemental Table S3). This is consistent with a prior report (61) where 

pharmacologic inhibition of KPNB1 in glioblastoma cells led to increased ubiquitination, 

proteasome-mediated degradation, and induction of unfolded protein response (UPR)-mediated 

apoptosis. Together, the increased translation-associated gene expression, and enrichment for 

proteasomal pathways observed following KPNB1 inhibition in the SCLC-A and -N PDX models 

suggests that though disrupted proteostasis is one consequence of KPNB1 inhibition, this alone 

is not sufficient for suppressing SCLC tumor growth since only the SCLC-A PDXs exhibited 

suppressed growth following KPNB1 targeting. 

Decreased cell cycle activity and ASCL1 downstream target expression underlie the anti-

tumor activity of KPNB1 inhibition in SCLC-A 

We found that in vivo pharmacologic inhibition of KPNB1 disrupts SCLC-A, but not SCLC-N 

PDX growth (Figure 7B, C) suggesting there are additional mechanisms contributing to the 



	 15	

growth inhibitory effect of INI-43 observed in the SCLC-A tumors. The identification of pathways 

unique to the INI-43-treated SCLC-A tumors may provide insight into these mechanisms. To this 

end, we next excluded the ribosomal (RPS/RPL/MRPL), elongation/initiation factor (EEF/EIF), 

proteasomal (PSM), and histone (HIST) genes from the DEG identified in the INI-43-treated 

SCLC-A and SCLC-N PDXs, given that the involvement of these genes in numerous processes 

overshadow further pathway analysis (Figure 7G, modified DEG, Supplemental Table S3).  

The DEG that were unique to the INI-43-treated SCLC-A PDX samples were depleted 

for numerous cell-cycle related pathways reflected by Reactome terms “Mitotic prometaphase”, 

“Resolution of sister chromatid cohesion”, and “Cell cycle”, among others (Figure 7G, 

Supplemental Table S3) consistent with the reported role of KPNB1 in regulating multiple mitotic 

events (38). INI-43 treatment in the SCLC-A PDX model also led to significantly reduced 

expression of known ASCL1 downstream target genes including the SCLC oncogenes SOX2 

and PROX1, NOTCH pathway gene RBPJ, genes associated with neuronal signaling such as 

SYT1, GRIP1, and TPH1, and ion-channel encoding genes SCN3A, KCNH8, KCNB2, KCNG3, 

and KCNA1 (17,46,62) (Figure 7G and H, Supplemental Table S3). In addition, the expression 

of other ASCL1 downstream targets including the SCLC oncogenes RET, BCL2, NFIB and 

TRIT1, NE markers INSM1 and NCAM1, neural development genes SOX11, NKX2-2, and 

FOXG-1, and neuronal signaling genes GABRB3, GRM8, and SNAP25, among others, was on 

average lower in the INI-43-treated SCLC-A tumors, although these did not reach the 5% FDR 

criteria (Figure 7H, Supplemental Figure S5) (17,46,63). Expression of the full panel of 

previously identified ASCL1 downstream targets (17,46) in INI-43 versus vehicle-treated tumors 

is shown in Supplemental Figure S5. This decrease in ASCL1 downstream target expression is 

consistent with the reduced expression of ASCL1 downstream target genes observed following 

genetic depletion of KPNB1, or direct depletion of ASCL1 in SCLC-A cells in vitro (Figure 2E). 

Taken together, our findings suggest that reduced expression of known ASCL1 downstream 
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target genes may act in concert with disrupted cell cycle activity to produce the antitumor 

efficacy of INI-43 observed in the SCLC-A but not SCLC-N PDX model.  

 There are also genes uniquely upregulated in the INI-43-treated SCLC-A PDXs that 

encode proapoptotic proteins such as DIABLO (SMAC), BAX, TNFS10 (TRAIL), DAPK3, and 

TRADD, (Figure 7G and H), consistent with the apoptotic pathway enrichment observed in the 

INI-43-treated SCLC-A PDXs (Supplemental Table S3), and the growth inhibitory effect of INI-

43 in this model. Consistently, Immunohistochemical (IHC) analysis of cleaved caspase-3 (CC3) 

revealed a higher percentage of CC3-expressing cells in the INI-43 versus vehicle-treated PDX 

samples, though this difference was not statistically significant (Supplemental Figure S6A, B).  

Interestingly, the upregulated DEG unique to the INI-43-treated SCLC-A tumors were 

also enriched for the Reactome terms “Response to Metal Ions” and “Metallothioneins Bind 

Metals” (Figure 7G and H, Supplemental Table S3). A majority of the DEG associated with 

these pathways including the metallothioneins MT1E, MT1H, MT1F, MT1X, and MT2A have 

been shown to be markers of embryonic stem cells (ESCs) (64) or induced pluripotent stem 

cells (iPSCs) (65,66). In the ASCL1-regulated differentiation of iPSCs to neurons (65,67), 

neuronal differentiation is associated with increased ASCL1, and dramatically decreased MT1F 

and MT1X expression (65), suggesting that these genes may represent additional ASCL1 

targets perturbed by indirect disruption of ASCL1 activity following KPNB1 inhibition.  

KPNB1 inhibition in the SCLC RPM mouse model leads to downregulation of neuronal 

and developmental pathways  

In addition to the PDX model, we also tested the ability of INI-43 to disrupt tumor growth in the 

RPM model, a MYC-driven SCLC GEMM (68). Here, SCLC-like tumors are generated by 

genetic deletion of tumor suppressors RB1 and TP53, combined with increased MYC in CGRP+ 

NE lineage cells in the lung. These tumors transition from ASCL1 to NEUROD1 to YAP1+ (58) 

and thus, different tumor samples express varying levels of ASCL1 and NEUROD1 

(Supplemental Figure S7D, Supplemental Table S4) (58,68). INI-43 treatment in this model 
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resulted in no significant effect on survival or tumor growth (Supplemental Figure S7A,B). 

Furthermore, RNA-seq analysis of tumors from INI-43 treated RPM mice versus control mice 

was performed but revealed only 336 DEG in the NEUROD1High tumors (n=4 INI-43, n=5 

control) and 18 DEG (n=5 INI-43, n=4 control) in the ASCL1High tumors. Nonetheless, INI-43-

treatment in the NEUROD1High tumors led to the downregulation of various neuronal and 

developmental pathways (Supplemental Figure S7F), and decreased expression of NEUROD1 

SCLC target genes SEMA6D, GNAO1, NCAM1, KCNK3, EBF1, NHLH1, and NHLH2 (17), and 

NEUROD1 pancreatic beta cell genes KIF5C, SYT13, and GPX3 (69) (Supplemental Figure 

S7G, Supplemental Table S4). Given NEUROD1’s established role in regulating neuronal and 

pancreatic beta cell differentiation during development (9,69), the downregulation of 

neuronal/developmental pathways combined with the reduction in NEUROD1 downstream 

target and pancreatic beta cell marker expression, suggests that in vivo KPNB1 inhibition may 

also disrupt NEUROD1 transcriptional activity in the RPM model, though this does not result in 

decreased tumor progression. Interestingly, treatment with INI-43 in the NEUROD1High tumors 

also led to significant upregulation of YAP1. These findings are consistent with a model whereby 

loss of NEUROD1 in SCLC may lead to a YAP1+ state, either by inhibition of NEUROD1’s 

nuclear import and subsequent transcriptional activity, or an alternative KPNB1-dependent 

mechanism.   

	
DISCUSSION 

Lineage TFs ASCL1 and NEUROD1 are expressed in a majority of SCLC, drive expression of 

SCLC oncogenes, command distinct transcriptional programs, and are required for maintaining 

SCLC growth in vivo and in vitro (6,17,21,22). Strategies to inhibit the activity of these 

oncogenic transcription factors may therefore represent a unique therapy for the predominant 

SCLC subtypes. Here, we identified a novel strategy to disrupt the transcriptional activity ASCL1 

and NEUROD1, lineage oncogenes for which there are no known direct inhibitors, by exploiting 
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the subcellular localization required for their DNA binding and downstream target activation (11). 

We identified KPNB1, a nuclear transport receptor that is ubiquitously expressed in SCLC and 

physically interacts with ASCL1 and NEUROD1 in SCLC-A and SCLC-N human cell lines, as a 

nuclear import receptor for ASCL1 and NEUROD1 in this disease.  

KPNB1 mediates the nuclear import of ASCL1 and NEUROD1 in SCLC 

 Pharmacologic, siRNA, and CRISPRi strategies to inhibit KPNB1 all led to significantly 

impaired nuclear accumulation of ASCL1 and NEUROD1 in SCLC-A and SCLC-N human cell 

lines, respectively. Despite the reduced nuclear ASCL1 observed following KPNB1 depletion, 

KPNB1-mediated import was found to be responsible for only about half the nuclear 

accumulation of ASCL1 in SCLC-A models. Though no other nuclear import receptors were 

identified as ASCL1 interactors by mass-spectrometry (46), the 25 kDA predicted size of ASCL1 

is within range for diffusion through the nuclear pore complex, raising the possibility that some 

monomeric ASCL1 may also reach the nucleus by this route. However, the efficiency of this 

process decreases rapidly for molecules beyond a 30-60 kDA size (29,70). Furthermore, the 

nuclear translocation of NEUROD1 in neuronal cells predominantly occurs after 

heterodimerization with TCF3, the 67 kDA E-protein binding partner common to ASCL1, 

NEUROD1, and MYOD (30,31). Thus, ASCL1/TCF3 heterodimers may be imported into the 

nucleus by multiple mechanisms, 50% being KPNB1-dependent.  

Strengthening the conclusion that nuclear localization of ASCL1 relies on KPNB1, 

KPNA2, an Importin-α adaptor that binds both KPNB1 and its cargo, was also identified as an 

ASCL1 interactor in the mass-spectrometry analysis. This finding contrasts with that reported for 

NEUROD1 in neuronal cell lines where NEUROD1 is imported into the nucleus by KPNB1 in an 

importin-α-independent manner (30,31). Inhibition of Importin-α/β1 nuclear import may 

therefore provide an additional strategy to disrupt KPNB1-mediated nuclear import of ASCL1 

alone. Furthermore, combining KPNB1 inhibitors with other inhibitors that decrease the 
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abundance of ASCL1 protein in SCLC, such as CDK2 inhibition (71), may provide a robust 

decrease of ASCL1 in those tumors where it functions as a lineage oncogene.    

Consistent with the reduced nuclear ASCL1 and NEUROD1, KPNB1 depletion led to 

decreased expression of previously identified ASCL1 and NEUROD1 downstream target genes, 

including known SCLC oncogenes and NE markers. In SCLC-A cells, CRISPRi-mediated 

repression of KPNB1 led to a pattern of ASCL1 gene signature expression consistent with direct 

repression of ASCL1 activity within the same cell line. In vivo, KPNB1 inhibition in the SCLC-A 

PDX model also led to reduced expression of known ASCL1 downstream target genes including 

SCLC oncogenes, and genes involved in neuronal development and signaling. Nonetheless, 

expression of some genes was differentially affected by repression of KPNB1 versus ASCL1, 

possibly due to KPNB1’s import of numerous cargoes aside from ASCL1 (27). Overall, these 

findings indicate that KPNB1-mediated nuclear import of ASCL1, and to a lesser extent 

NEUROD1, plays a role in regulating the expression of genes important for SCLC growth, 

oncogenic properties, and subtype-specific gene expression, and lends support to the inhibition 

of KPNB1 as a strategy to indirectly repress the transcriptional activity of ASCL1 in SCLC. 

KPNB1 as an anti-tumor strategy in SCLC 

 KPNB1 inhibition has been pursued as an anti-tumor strategy in multiple cancers 

through its mitotic function, or other broad effects (27,32). In SCLC cells with a known 

dependence on lineage TFs such as ASCL1, KPNB1 inhibition may have the added ability to 

deprive tumors of lineage TF activity, and thus the expression of SCLC oncogenes activated by 

these TFs. In this study, in vitro inhibition of KPNB1 with INI-43 preferentially disrupted the 

growth of SCLC-A and SCLC-N cell lines compared to SCLC-P. Using KPNB1-independent 

ASCL1 or NEUROD1 in rescue experiments, we demonstrated that the impaired nuclear 

accumulation of ASCL1, but not NEUROD1, plays a substantial role in mediating this effect. 

This was also seen in in vivo experiments where INI-43 treatment disrupted tumor growth in an 

SCLC-A, but not an SCLC-N PDX model. In both the SCLC-A and SCLC-N PDXs, KPNB1 
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inhibition led to upregulation of numerous proteasomal and translation-associated genes 

including ribosomal subunits, a phenotype reported in preneoplastic precursors of SCLC 

following ectopic expression of MYCL (72). Targeting rRNA synthesis with an RNA polymerase I 

inhibitor decreased SCLC tumor growth (72), suggesting that RNA polymerase I inhibitor 

treatment may augment the antitumor efficacy of INI-43 in the SCLC PDXs. The disruption in 

proteostasis shared between both SCLC-A and -N PDX models is not sufficient to disrupt tumor 

growth. The decrease in tumor growth may require additional pathway disruption such as the 

upregulation of proapoptotic genes and downregulation of numerous cell cycle pathways 

uniquely detected in the INI-43 treated SCLC-A PDXs. In summary, the growth inhibitory effect 

of KPNB1 inhibition in the SCLC-A PDX model may arise from a combination of reduced 

expression of known ASCL1 downstream target genes observed in this model, and previously 

reported broad effects of KPNB1 inhibition in cancer cells, such as disrupted cell cycle activity 

(32) or proteostasis (61).  

In the absence of agents to directly inhibit ASCL1 or NEUROD1 function, we identified a 

strategy to indirectly target these lineage TFs by disrupting their import into the nucleus. ASCL1 

and NEUROD1, and related bHLH TFs such as ASCL2 and ATOH1, have been reported in 

multiple tumor types in addition to SCLC including neuroendocrine tumors in the prostate and 

thyroid, medulloblastoma, and colon cancer (73-76). Thus, a strategy to target a shared 

mechanism required for their activity, in this case nuclear import, may have value beyond 

SCLC.   
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Figure 1 
 

 
Figure 1. KPNB1 is highly expressed across SCLC models, and interacts with ASCL1 and 

NEUROD1 in human SCLC cell lines. (A) KPNB1 expression in SCLC-A (green), SCLC-N 

(blue), SCLC-P (orange) or SCLC-Y (purple) human primary tumors profiled by RNA-seq (5). 

Tumors were clustered into subtypes using SCLC-A, -N, or -P/Y classification. (B) KPNB1 

expression in human SCLC-A, -N, -A/N, -P, or -Y cell lines, neuroendocrine NSCLC cell lines 

(NSCLC-NE), and immortalized human bronchial epithelial (HBEC) cell lines profiled by RNA-

seq (center line, mean; whiskers, SEM; one-way ANOVA). (C) Western blot showing KPNB1 

expression in representative SCLC-A, -N, or -P cell lines NCI-H2107, NCI-H2171, or NCI-H526 

respectively. (D) Strategy for identifying ASCL1 binding partners in SCLC-A subtype NCI-H2107 

cells by LC-MS/MS). (E) Proteins identified by mass spectrometry of ASCL1 immunoprecipitates 

shown ranked by spectral index. (F) Co-immunoprecipitation in combination with western blot 
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(co-IP/WB) demonstrating the interaction between KPNB1 and ASCL1 in SCLC-A cell lines NCI-

H2107 and NCI-H889 (for NCI-H2107, input is 1% of protein loaded in IPs). (G) Co-IP/WB 

showing the interaction between NEUROD1 and KPNB1 in the SCLC-N cell lines NCI-H524 and 

NCI-H2171. C, cytoplasmic extract; N, nuclear extract. Nuclear extracts were used as IP input, 

non-immune IgG = IP control. ✗ indicates wells with no lysate loaded.  
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Figure 2 
 

 

 

Figure 2. Depletion of KPNB1 reduces nuclear ASCL1, and ASCL1 downstream target 

gene expression in SCLC-A. (A) Western blot showing whole cell KPNB1 expression in 

SCLC-A subtype NCI-H2107 cells post-transfection with Control or KPNB1 siRNAs (siCtrl or 
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siKPNB1). (B) Western blots showing the level of ASCL1 in the nuclear, and whole cell lysate 

(C) fractions of NCI-H2107 cells at 24 and 48 hours post-siCtrl versus siKPNB1 transfection. (D) 

Quantification of relative ASCL1 protein in the nuclear fractions of siCtrl versus siKPNB1-

transfected cells across two independent experiments. Lamin B1 = nuclear loading control (error 

bars, SEM; unpaired t-test). (E) Comparison of ASCL1 downstream target expression by RT-

qPCR in siCtrl (black), siKPNB1 (red), and siASCL1 (green) transfected NCI-H2107 cells at 72 

hours post-transfection. Average of three technical replicates from one experiment is shown 

(error bars, SEM, unpaired t-test,****p≤ 0.0001,***p≤ 0.001,**p≤ 0.01,*p≤0.05). (F) Diagram of 

CRISPRi lentiviral construct where the UbC promoter drives expression of catalytically inactive 

Cas9 (dCas9) fused to the KRAB transcriptional repressor. U6 promoter drives expression of 

gRNAs targeting the 5’UTR of KPNB1 (gKPNB1.1, gKPNB1.2) or ASCL1 (gASCL1.1, 

gASCL1.2). (G) Expression of dCas9-KRAB plus gKPNB1.1 or gKPNB1.2 results in an 84% 

reduction in KPNB1 protein. (H) Western blot showing the level of ASCL1 in the nuclear fraction 

of NCI-H2107 cells expressing gKPNB1.1 or gKPNB1.2 versus Control (Ctrl). Quantification of 

nuclear ASCL1 protein is shown in (I). (J) Western blot showing undetectable levels of ASCL1 

in SCLC-A subtype NCI-H2107 cells expressing dCas9-KRAB plus ASCL1.1 or ASCL1.2 

gRNAs. (K) Heatmap comparing expression of all DEG identified in CRISPRi_ASCL1 cells 

between siASCL1 knockdown NCI-H2107 cells previously profiled by RNA-seq (46) and 

CRISPRi_KPNB1 NCI-H2107 cell lines. Heatmap shows fold change of each gene with respect 

to each sample’s control. (L-M) GSEA analysis from Ctrl versus CRISPRi_KPNB1 cell lines with 

normalized enrichment scores (NES) and p-values for all genes that were downregulated (L) or 

upregulated (M) following direct CRISPRi-mediated repression of ASCL1.  
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Figure 3 

 

Figure 3. Depletion of KPNB1 reduces nuclear NEUROD1, and NEUROD1 downstream 

target expression in SCLC-N. (A) Western blots showing the level of KPNB1 and NEUROD1 

in the nuclear and whole cell lysate fractions of SCLC-N subtype NCI-H2171 cells at 48 and 72 

hours post-siCtrl versus siKPNB1 transfection. (B) Quantification of relative NEUROD1 protein 

in the nuclear fractions of siCtrl versus siKPNB1-transfected cells across two independent 

experiments (error bars, SEM; unpaired t-test). (C) Comparison of NEUROD1 downstream 

target expression in siCtrl versus siKPNB1-transfected NCI-H2171 cells at 72 hours post-

transfection. Data points are average of three technical replicates from one independent 

experiment (error bars, SEM, unpaired t-test,***p≤ 0.001,**p≤ 0.01,*p≤0.05). (D) Expression of 

KPNB1.3 or KPNB1.1 gRNAs results in a 50-70% reduction in KPNB1 protein on western blot. 

(E) Western blot showing the level of NEUROD1 in the nuclear fraction of NCI-H2171 cells 

expressing KPNB1.3 or KPNB1.1 gRNAs versus Ctrl. Quantification of nuclear NEUROD1 

protein is shown in (F). 
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Figure 4 

 

Figure 4. Pharmacologic inhibition of KPNB1 reduces nuclear ASCL1 and NEUROD1 in 

SCLC-A and SCLC-N. Western blots showing the levels of ASCL1 and NEUROD1 in the 

nuclear fractions (A,C) of SCLC-A subtype NCI-H2107 cells and (B,D) SCLC-N subtype NCI-

H2171 cells treated with their respective IC50 concentrations of the KPNB1 inhibitors IPZ (A,B) 

or INI-43 (C,D) for 24 hours. Controls include the vehicle DMSO, and untreated (-) cells. 

Quantification of relative nuclear ASCL1 and NEUROD1 levels are shown next to each blot. 

Relative nuclear ASCL1 or NEUROD1 was quantified across two independent experiments 

(bars, mean ±SEM; one-way ANOVA,***p≤ 0.001,**p≤ 0.01,*p≤ 0.05.).  
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Figure 5 

 

Figure 5. Pharmacologic inhibition of KPNB1 preferentially inhibits the growth of SCLC-A 

and SCLC-N relative to SCLC-P. Effect of 3 or 6 μM concentrations of INI-43 on the 

proliferation of SCLC-A subtype NCI-H2107 and NCI-H889 cell lines (A), SCLC-N subtype NCI-

H2171 and NCI-H524 cell lines (B), and SCLC-P subtype NCI-H526 and NCI-H211 cell lines 

(C). DMSO = vehicle. INI-43 was added to cell culture media at the time of plating. Cell viability 

was measured by WST-1 assay at the indicated timepoints post-plating (error bars, mean 

±SEM; one-way ANOVA). (D) Representative images showing effect of 0.5 or 1 μM 

concentrations of INI-43 on the colony formation of SCLC-A, SCLC-N, and SCLC-P cell lines in 

soft agar. Quantification of colonies formed is shown to the right of the respective images (error 

bars, mean ±SEM; one-way ANOVA). (E) Cell cycle analysis was performed on SCLC-A, 
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SCLC-N, and SCLC-P cell lines treated with 6 μM INI-43 for 6 hours (error bars, mean ±SEM of 

two independent experiments; unpaired t-test,****p≤ 0.0001,***p≤ 0.001,**p≤ 0.01,*p≤ 0.05). 
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Figure 6 

 

Figure 6. KPNB1-independent nuclear accumulation of ASCL1 rescues SCLC-A growth 

following KPNB1 inhibition. (A) Diagram of rescue constructs. Dox-inducible TRE promoter 

drives expression of ASCL1 and NEUROD1 variants with mutations in their putative NLS’s (*), 

and a KPNB1-independent (KPNB2-specific) PY-NLS added to their N-termini. Wild type (WT) 

ASCL1 and NEUROD1 constructs serve as controls. (B) Rescue strategy. In SCLC-A cells, INI-

43 inhibits KPNB1-mediated nuclear import of WT-ASCL1, but not KPNB2-specific PY-NLS-

ASCL1*. In SCLC-N cells, the respective WT and PY-NLS-NEUROD1* constructs were used. 

(C) Comparison of the fold change in viable cells between the WT-ASCL1 or PY-NLS-ASCL1*-

expressing SCLC-A subtype NCI-H2107 cell lines at 1 through 4 days post-treatment with 0.5 

μM (red) and 1.5 μM (green) concentrations of INI-43. (D) Comparison of fold change in viable 

cells between WT-NEUROD1 or PY-NLS-NEUROD1*-expressing SCLC-N subtype NCI-H2171 

cell lines at 1 through 4 days post-treatment with 1.5 μM INI-43. Cell viability was measured by 
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WST-1 assay (error bars, mean ±SEM of experiments performed in quintuplicate; unpaired t-

test; second independent experiment confirmed results,****p≤ 0.0001,*p≤0.05).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



	 32	

Figure 7 

 

Figure 7. Pharmacologic inhibition of KPNB1 disrupts SCLC-A PDX growth in vivo. (A) 

FPKM expression values of KPNB1, ASCL1, NEUROD1, POU2F3, and YAP1 in JHU-LX44 and 

JHU-LX22 PDX samples profiled by RNA-seq. (B-C) Comparison of tumor growth in (B) SCLC-

A (JHU-LX44) and (C) SCLC-N (JHU-LX22) PDX-bearing mice dosed with 25 mg/kg INI-43 

versus vehicle for 10-16 days (n=5 per group). (D) LC-MS/MS analysis of INI-43 concentrations 

in plasma versus JHU-LX44 tumor tissue of INI-43 treated mice at 2 and 24 hours post-

treatment (n=2 per group, per timepoint) (error bars, mean ±SD,*p≤0.05). (E) Venn diagram 

showing overlap in upregulated DEG identified following INI-43 treatment in the SCLC-A (pink) 

versus SCLC-N (green) PDX models. (F) In both models, INI-43 treatment leads to extensive 

upregulation of translation (RPS/RPL/MRP, EEF/EIF), histone (HIST), proteasomal (PSM), and 
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ubiquitin (UBA/B/E/L/T) genes. (G) Excluding translation, histone, and proteasomal genes, DEG 

uniquely identified in the INI-43-treated SCLC-A PDX samples revealed significant depletion of 

cell cycle pathways and decreased expression of ASCL1 downstream target genes. The 

expression of genes encoding proapoptotic proteins and metallothioneins shown in (H), was 

also uniquely elevated in the INI-43-treated SCLC-A PDXs. (H) Relative expression of select 

previously identified ASCL1 downstream targets, apoptotic and metallothionein genes in vehicle 

(n=2) versus INI-43-treated tumors (n=3) profiled by RNA-seq. Genes with significantly reduced, 

or increased expression at the 5% FDR criteria are indicated with a red or black asterisk, 

respectively. Average expression of these genes in the vehicle versus INI-43-treated samples is 

shown on the right.  
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METHODS 

Cell lines and culture 

Human SCLC cell lines used were NCI-H2107, NCI-H889, NCI-H2171, NCI-H524, NCI-H526, 

and NCI-H211 (Hamon Cancer Center, UT Southwestern). Cell lines were authenticated by 

DNA-fingerprinting (PowerPlex® 1.2 Kit, Promega #DC6500), tested for mycoplasma (e-Myco 

Mycoplasma PCR Detection Kit, Boca Scientific #25235), and cultured in RPMI-1640 Medium 

(ThermoFisher #11875135) supplemented with 10% FBS (GeminiBio #900-108) at 37°C in a 

humidified incubator with 5% CO2.  

Co-immunoprecipitation 

Nuclear fractions from 4X106 NCI-H2107, NCI-H889, NCI-H524, or NCI-H2171 cells were 

prepared (NE-PERTM Nuclear and Cytoplasmic Extraction kit, ThermoFisher #78835). 100 μg 

nuclear protein lysates from NCI-H2107 and NCI-H889 cells were incubated overnight (4°C) 

with 5 μg mouse anti-KPNB1 antibody (Santa Cruz #sc-137016) and NCI-H524 and NCI-H2171 

lysates were incubated with 5 μg rabbit anti-NEUROD1 antibody (Abcam #ab109224). Normal 

mouse or rabbit IgG antibodies (Santa Cruz #sc-2025; Cell Signaling Technology #2729S) were 

used as respective controls. Immunoprecipitates were incubated for 90 minutes (4°C) with 70 

μL PierceTM Protein G Agarose beads (ThermoFisher #20397), washed in PBS containing 1% 

Triton-X100, eluted in Laemmli buffer, and resolved on 4–15% Mini- PROTEAN® TGX Stain-

FreeTM Protein Gels (Bio-Rad), transferred to PVDF membranes, and probed with mouse anti-

ASCL1 antibody (1:1000, BD Biosciences #556604) or mouse anti-KPNB1 antibody (1:1000, 

Santa Cruz #sc-137016), respectively, followed by HRP-conjugated anti-mouse secondary 

antibody (1:10000, Invitrogen #31432) or HRP-conjugated Trueblot® anti-rabbit secondary 

antibody (1:1000, Rockland #18-8816-33).  

siRNA transfection  

Cells were plated at 2X105 cells/mL one day prior to transfection, and then resuspended, 

transferred to 12 well plates, and transfected by dropwise addition of a mixture containing 20 μL 
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X-tremeGENE™ siRNA Transfection Reagent (Sigma-Aldrich #4476115001), 500 nM siRNA, 

and 175 μL Opti-MEM™ (Gibco #31985062). siRNAs used were: Control siRNA-A (Santa Cruz 

#sc-37007), Karyopherin β1 siRNA(h) (Santa Cruz #sc-35736), and ASCL1 siRNA 

(ThermoFisher #HSS100744). For rescue experiments, ResKPNB1 vs. Vector Control 

expression was induced with 1 μg/mL doxycycline 24 hours prior to siRNA transfection and 

maintained by addition of 1 μg/mL doxycycline every 48 hours.  

Western blotting  

Nuclear and cytoplasmic protein fractionation was performed using the NE-PERTM Nuclear and 

Cytoplasmic Extraction kit (ThermoFisher #78835). Whole cell lysate samples were prepared in 

RIPA buffer plus protease and phosphatase inhibitors (ThermoFisher #78441). Protein content 

was quantified by PierceTM BCA Protein Assay (ThermoFisher #23225). Samples were 

separated on 4–15% Mini-PROTEAN® TGX Stain-FreeTM Protein Gels (Bio-Rad) after heat 

denaturation in Laemmli buffer. Proteins were transferred to Immobilon-P PVDF membranes 

(Millipore #IPVH00010). Membranes were blocked in 5% nonfat milk in TBS-T, probed with 

primary antibodies overnight (4°C), and incubated with HRP-conjugated secondary antibodies 

for 2 hours at room temperature. Proteins were detected using SuperSignalTM West Pico PLUS 

Chemiluminescent Substrate (ThermoFisher Scientific #34580). Membranes were imaged using 

a ChemiDoc Imaging System (Bio-Rad) and quantified using Image LabTM. 

Antibodies  

The antibodies used were: mouse anti-ASCL1 (1:1000, BD Biosciences #556604); rabbit anti-

NEUROD1 (1:1000, Abcam #ab109224); mouse anti-KPNB1 (1:1000, Santa Cruz #sc-137016); 

rabbit anti-SOX9 (1:1000, Abcam #ab185966); rabbit anti-Lamin B1 (1:1000, Abcam #ab65986); 

mouse anti-GAPDH (1:1000, Santa Cruz #sc-47724). Secondary antibodies were: HRP-

conjugated Goat anti-Rabbit IgG (H+L) (1:10000, Invitrogen #31462); HRP-conjugated Goat 

anti-Mouse IgG (H+L) (1:10000, Invitrogen #31432), and HRP-conjugated Trueblot® anti-rabbit 

(1:1000, Rockland #18-8816-33). 
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RT-qPCR  

Cells were harvested by centrifugation and resuspended in TRIzolTM (Thermofisher #15596026). 

RNA was extracted using PicoPureTM RNA Isolation Kit (ThermoFisher #KIT0204). Tumor tissue 

was homogenized in TRIzolTM and total RNA was extracted using a Direct-zol RNA Miniprep kit 

(Zymo #R2052). cDNA was synthesized using SuperScriptTM III First-Strand Synthesis SuperMix 

(Invitrogen # 11752050). RT-qPCR was performed on Applied Biosystems®7500 Fast 

thermocycler using Fast SYBRTM Green MasterMix (Applied Biosystems® #4385612). 

Reactions were performed in triplicate. Primer sequences are in Supplemental Table S1.  

Plasmids  

Guides, and cloned coding sequences are in Supplemental Table S1. Constructs used were 

generated as follows: 

Lenti gRNA-dCas9-KRAB  

gRNAs were synthesized (IDT-DNA), annealed, phosphorylated, and inserted into the Lenti 

dCas9-KRAB backbone using BsmBI sites (pLV hU6-sgRNA hUbC-dCas9-KRAB-T2a-Puro was 

a gift from Charles Gersbach; Addgene plasmid #71236; http://n2t.net/addgene:71236; 

RRID:Addgene_71236). 

Lenti siRNA-Resistant KPNB1  

A gene fragment encoding the KPNB1 protein coding region was made resistant to siRNA 

targeting by introduction of silent mutations at all sequences targeted by the commercial KPNB1 

siRNAs used (Karyopherin β1 siRNA(h) (Santa Cruz #sc-35736). The gene fragment was 

synthesized (GenScript) and inserted into the TLCV2 backbone in place of Cas9 using AgeI and 

BamHI sites (TLCV2 was a gift from Adam Karpf; Addgene plasmid #87360; 

http://n2t.net/addgene:87360 ; RRID:Addgene_87360). 

Lenti PY-NLS-ASCL1*/NEUROD1*-FLAG 
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Gene fragments encoding ASCL1 or NEUROD1 protein coding regions were designed with the 

following modifications: all basic amino acids in the putative NLS’s of both proteins were 

mutated to alanine, the PY-NLS sequence from the KPNB2-specific RNA binding protein 

hnRNP M was added to the N-termini, and a FLAG-tag was added to the C-termini. Wildtype 

ASCL1-FLAG and NEUROD1-FLAG were used as controls. Coding regions were synthesized 

(GenScript) and inserted into the TLCV2 backbone as described above. For rescue, construct 

expression was induced with 1 μg/mL doxycycline at the time of INI-43 treatment.  The FLAG-

tag was not detected so the nuclear levels of the exogenous plus endogenous TFs were 

detected with antibodies to ASCL1 or NEUROD1.  

Lentivirus production and generation of stable cell lines  

5 μg transfer plasmid, 1 μg pCMV-VSV-G (Cell Biolabs #VPK-206), and 3 μg psPAX2 (Addgene 

#12260) were transfected into HEK293T cells using X-tremeGENETM HP DNA Transfection 

Reagent (Roche #6366236001). Viral supernatants were collected 48 hours post-transfection, 

filtered through a 0.45 μM filter, and added to NCI-H2107 and NCI-H2171 cells. Cells were 

incubated with virus for 48 hours and 1μg/mL puromycin containing RPMI-10% FBS media was 

used to select for cells expressing lentiviral inserts. Cells were maintained in RPMI-10% FBS 

supplemented with 0.1 μg/mL puromycin.  

Cell viability assays  

Cell viability was measured using the WST-1 Cell Proliferation Reagent (Roche #11644807001). 

Cells treated with siRNAs or KPNB1 inhibitors were resuspended and transferred to 96 well 

plates. 10 μL WST-1 reagent was added/well and plates were incubated for 2 hours (37°C) in a 

humidified incubator containing 5% CO2. Absorbance was read using a multi-well plate reader.  

For IC50 determinations, cells were plated at 2X105 cells/mL in 12-well plates and 

treated with IPZ or INI-43 for 24 hours (Supplemental Figure S3). Cell viability was measured by 

WST-1 assay as described. Experiments were performed in quintuplicate and IC50s were 

calculated as the average IC50 between two or three independent experiments. 
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Chemical compounds  

Inhibitor of Nuclear Import-43 (INI-43) (Sigma-Aldrich #SML1911) and Importazole (IPZ) 

(Sigma-Aldrich #SML0341) were dissolved in DMSO to stock  

concentrations of 25 mM and 50 mM, respectively for in vitro experiments. For in vivo studies, 

INI-43 was dissolved in 10% DMSO/20% PEG400/70% PBS.  

Soft agar assays  

Cells were seeded at 20,000 cells/well in 12-well plates in a layer of 0.32% agar (SeaKem® LE 

Agarose (Lonza #50000)/RPMI/FBS/0.64% Antibiotic-Antimycotic (Gibco #15240-096) over a 

layer od 0.5% agar/RPMI/FBS/0.64% Antibiotic-Antimycotic. Cells were treated with vehicle or 

INI-43 at 0.5, 1, or 2 μM concentrations in the top agar layer at the time of plating. Cultures were 

grown for 3 weeks at 37°C in a humidified incubator containing 5% CO2. Colonies were fixed 

and stained with 14.3% ethanol and 0.1% crystal violet in water. Plates were imaged using a 

Keyence BZ-X700 Series microscope (2X magnification, Z-stack, 25.2 μm pitch), and colonies 

quantified using the BZ-X700 Analysis software, where the Hybrid Cell Count feature was used 

to define the minimum colony area for each cell line. 

Cell cycle analysis  

Cells were plated at 2X105 cells/mL, treated with 3 or 6 μM concentrations of INI-43, or vehicle, 

for 6 hours, harvested by centrifugation, fixed in ethanol at 4°C overnight, and stained with a 

solution containing 0.1% Triton X-100 in PBS, 0.2 mg/mL DNAse-free RNAse A (Sigma 

#R4642), and 0.2 mg/mL PI (Sigma #P4170) at 37°C for 15 minutes in the dark. DNA content of 

the stained cells was analyzed on a BD FACSLyricTM flow cytometer. Histograms of cell cycle 

distribution were generated from 10,000 events/sample. Raw data was analyzed using FlowJo 

10.7.0.  

INI-43 treatment in PDX models  
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PDX models JHU-LX44 and JHU-LX22 were established using dissociated cells from resected 

PDX tumors (gifted from C. Rudin and J.T. Poirier, Memorial Sloan Kettering, NYC). Tumors 

were engrafted by subcutaneous injection of 1X106 JHU-LX44 cells or 2.4 X106 JHU-LX22 cells 

resuspended 1:1 in Matrigel (BD Biosciences #354234) and HITES media into the flanks of 

NSG mice. INI-43 treatment was initiated at a xenograft volume of ~500 mm3 in JHU-LX44 mice 

(n=5 vehicle, n=5 INI-43), and ~600 mm3 in JHU-LX22 tumor mice (n=5 vehicle, n=5 INI-43). 

Mice were intraperitoneally injected every 2 days with Vehicle (10% DMSO/20% PEG400/70% 

PBS) or 25 mg/kg INI-43 for 2 weeks or 10 days, respectively. Tumors were measured every 2 

days with an external caliper. Tumor volume was calculated as described (77). Mice were 

sacrificed on the last day of treatment by CO2 asphyxiation. Tumor tissue was harvested and 

processed as described. Mice were housed and treated according to regulations set by the 

IACUC of UT Southwestern Medical Center.  

INI-43 pharmacokinetic analysis 

JHU-LX44 tumor bearing mice were dosed with vehicle or 25 mg/kg INI-43 and animals were 

euthanized by inhalation overdose of CO2 in groups of 2 at 24 hours post-dose. Blood was 

collected by cardiac puncture using an acidified citrate dextrose (ACD)-coated syringe, and 

plasma was isolated from whole-blood by centrifugation. Tumors were harvested, washed in 

PBS to remove residual circulating blood, flash-frozen in liquid nitrogen, and homogenized in 3X 

volume of PBS. Plasma and tumor levels of INI-43 were measured by LC-MS/MS as described 

(78).  

Immunohistochemistry (IHC) 

Tissues were fixed in 10% neutral buffered formalin for 24 hours on a shaker (4°C), and washed 

and stored in PBS (4°C) until embedding. Paraffin embedding was performed by the UT 

Southwestern Molecular Pathology Core. FFPE tissue blocks were incubated in room 

temperature water for 2 minutes and then ice cold water for 2 minutes before sectioning. 
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Tissues were cut at 5-μm sections using a Leitz 1512 Rotary Microtome. Sections were 

transferred to positively charged slides (Fischer Scientific #12-550-15) and allowed to dry 

overnight. Slides were warmed for 20 minutes in a 60°C oven before deparaffinization, 

deparaffinized with xylene, rehydrated with deionized water, and subjected to 

immunohistochemical (IHC) analysis using for Ki67 (Abcam #ab15580), and CC3 (Cell 

Signaling #9664): following antigen retrieval with citrate buffer and inhibition of endogenous 

peroxidase activity with 5% H2O2, slides were incubated with 5% normal goat serum for 1 hour 

at room temperature. Sections were incubated with primary antibody overnight (4°C), and then 

incubated with HRP-conjugated secondary antibody (Vector Laboratories) for 1 hour at room 

temperature followed by development using chromogenic substrate DAB for 10 minutes at room 

temperature. Slides were imaged using a NanoZoomer (Hamamatsu), and antibody staining 

quantification was performed using Fiji software. The same intensity threshold was used for a 

specific antibody staining. Images were then deconvoluted to binary format. The area fraction of 

the DAB signal in the resulting binary images was calculated and normalized to hematoxylin 

nuclear stain.  

INI-43 treatment in RPM model 

Anesthetized 6-8 week old RPM mice (Rb1fl/fl;p53fl/fl;MycT58ALSL/LSL) (JAX:029971)	were infected 

intranasally with 1x108 plaque-forming units of Ad5-CGRP-Cre as described (58,68). INI-43 

treatment was initiated at the earliest signs of tumor burden (~10% tumor volume/lung volume) 

determined by microCT imaging as described (58). Mice were treated with Vehicle (n=15), or 25 

mg/kg INI-43 (n=8) every 3 days for 9-15 days. For chemotherapy (n=18), mice were treated 

with 5mg/kg cisplatin (Sigma #P4394) in PBS and 10mg/kg etoposide (Sigma #E1383) in 70% 

PEG in water on the following day. Drugs were administered by intraperitoneal injection once 

per week. Tumor burden was monitored by microCT (58,68). INI-43 cohorts were weighed daily 

to assess overall condition. Animals were sacrificed due to tumor burden. Tumor tissue was 
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harvested and processed as described. Mice were housed and treated according to regulations 

set by the IACUC of The University of Utah.  

RNA-seq  

Total RNA was extracted from cell pellets and SCLC tumor tissue as described above. RNA 

quality was checked by Bioanalyzer, and samples were submitted to the UTSW Genomics 

Sequencing & Microarray Core Facility for mRNAseq-Strand specific library preparation and 

sequencing of libraries using a NextSeq 500/550 High Output Kit v2.5 (75 Cycles) (Illumina 

#20024906), at 20-30 million reads/sample.  

Bioinformatic analysis  

Sample reads were aligned to the human genome using TopHat (v.2.1.2). Default settings were 

used, with the exception of –G, specifying assembly to the hg38 genome, --library- type fr -first 

strand, and –no-novel-juncs, which disregards noncanonical splice junctions when defining 

alignments. Cufflinks (v.2.2.2) was used to call and quantify transcripts from biological replicates 

for each sample, and identify differentially expressed genes (DEGs) between samples, using 

the default parameters.  GO was performed with g:Profiler using the Reactome database and 

Benjamini-Hochberg Method to calculate FDR values. 5% FDR cutoff was used to select 

significantly enriched pathways. See Supplemental Table S3 for full details, DEG lists, and 

pathway analysis data.  

To classify GEMM samples based on ASCL1 and NEUROD1 expression, we performed 

k-means clustering on all GEMM samples using pam() from cluster R package, and clustered 

the GEMM samples into three groups: ASCL1High, NEUROD1High and dual-high (mixed). For 

differential expression analysis, we combined dual-high samples with both ASCl1High and 

NEUROD1High samples and called the DEGs. SW128 sample was not used as it has low levels 

of ASCL1 and NEUROD1. 

Statistics 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All other statistical analysis was performed using GraphPad Prism. Error bars show mean ± 

SEM and significance was determined by unpaired two tailed t-test with 95% confidence 

intervals or ordinary one-way ANOVA with multiple comparisons, unless otherwise specified, 

where p<0.05 was considered statistically significant. All other statistical details are described in 

respective figure legends.  

Data and software 

All RNA-seq data is deposited at GEO, and is publicly available (GSE185187). RNA-seq data 

from SCLC, NSCLC, and HBEC cell lines analyzed in this study is available in dbGaP (Study 

Accession phs001823.v1.p1). All additional data is available upon request. All software used is 

commercially available. Illustrations in Figures 6,7 were created with BioRender.com.  
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FIGURE_Exp. 2_bar graph_WT and PY-NLS H2107
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FIGURE_Exp. 2_bar graph_WT and PY-NLS H2107
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