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Abstract

Tuft cells are a rare chemosensory lineage that coordinates immune and neural responses to 

foreign pathogens in mucosal tissues1. Recent studies have also revealed tuft-cell-like human 

tumours2,3, particularly as a variant of small-cell lung cancer. Both normal and neoplastic tuft 

cells share a genetic requirement for the transcription factor POU2F3 (refs. 2,4), although the 

transcriptional mechanisms that generate this cell type are poorly understood. Here we show that 

binding of POU2F3 to the uncharacterized proteins C11orf53 and COLCA2 (renamed here OCA-

T1/POU2AF2 and OCA-T2/POU2AF3, respectively) is critical in the tuft cell lineage. OCA-T1 

and OCA-T2 are paralogues of the B-cell-specific coactivator OCA-B; all three proteins are 

encoded in a gene cluster and contain a conserved peptide that binds to class II POU transcription 
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factors and a DNA octamer motif in a bivalent manner. We demonstrate that binding between 

POU2F3 and OCA-T1 or OCA-T2 is essential in tuft-cell-like small-cell lung cancer. Moreover, 

we generated OCA-T1-deficient mice, which are viable but lack tuft cells in several mucosal 

tissues. These findings reveal that the POU2F3–OCA-T complex is the master regulator of tuft cell 

identity and a molecular vulnerability of tuft-cell-like small-cell lung cancer.

Tuft cells are solitary chemosensory cells that coordinate immune and neural functions 

within mucosal epithelial tissues1. This cell type possesses a unique transcriptome that 

includes taste receptors, ion channels, cytokines and neurotransmitters that together allow 

for paracrine regulation of type 2 immunity5–7. For example, intestinal tuft cells detect 

parasite-derived metabolites and respond by secreting IL-25 and leukotrienes to activate 

innate lymphoid cells8–10. Recent studies identified a tuft-cell-like variant of small-cell 

lung cancer (also known as SCLC-P), which has a similar transcriptome and genetic 

dependencies to normal tuft cells2,11. An important requirement for both normal and 

malignant tuft cell development is the class II POU domain transcription factor POU2F3 

(also known as OCT11 and SKN-1a)2,5,12,13. Owing to the sparsity of tuft cells in epithelial 

tissues, the biochemical mechanisms used by POU2F3 to drive tuft cell development are 

largely unknown.

Using single-cell RNA-sequencing (scRNA-seq) data from human and mouse tissues, 

we identified a previously undescribed gene, C11orf53 (long isoform; also known as 

1810046K07Rik in mouse), as being selectively expressed in tuft cells of the small intestine, 

trachea, thymus and colon in a pattern resembling POU2F3 (refs. 9,14–20) (Fig. 1a,b and 

Extended Data Fig. 1a–g). We confirmed this co-expression pattern in mouse tissues using 

RNA fluorescence in situ hybridization (RNA-FISH) (Extended Data Fig. 2). Across more 

than 1,000 human cancer cell lines, we found that C11orf53 (long isoform) is selectively co-

expressed with POU2F3 in SCLC-P cells, a finding that we validated by western blotting21 

(Fig. 1c,d, Extended Data Fig. 3a,b and Supplementary Fig. 1a). Co-expression of C11orf53 
and POU2F3 was observed in a subset of primary human SCLC-P tumours, but expression 

of both genes was low or undetectable in other molecular subtypes of SCLC22 (Fig. 1e). 

Collectively, these observations suggest that C11orf53 expression is a conserved marker of 

normal and malignant tuft cells.

The protein product of C11orf53 is predicted to be intrinsically disordered and lacks any 

known structured domains (Extended Data Fig. 4a). However, we noticed that a 22 amino 

acid segment near the N terminus is conserved across species (Extended Data Fig. 4b). 

PSI-BLAST analysis revealed that this peptide bears homology to OCA-B (encoded by 

POU2AF1), which is a B-cell-specific coactivator of class II POU transcription factors 

POU2F1 (also known as OCT1) and POU2F2 (also known as OCT2)23 (Fig. 2a). This 

analysis revealed another uncharacterized protein, COLCA2, that similarly harbours a 

conserved OCA-B-like peptide (Fig. 2a and Extended Data Fig. 4c,d). In the transcriptomic 

datasets described above, we found that COLCA2 (long isoform; also known as Gm684 
in mouse) is expressed in human and mouse tuft cells, albeit at lower levels and with 

less specificity than C11orf53 (refs.9,14–21,24) (Extended Data Fig. 1a–g). Exceptions to 

this pattern are human thymic tuft cells, which express COLCA2 at comparable levels 
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to C11orf53 (Extended Data Fig. 1d), and human bronchial epithelium, in which a high 

COLCA2 mRNA level instead of C11orf53 is detected in tuft cells15,24 (Extended Data Fig. 

1e). COLCA2 is also co-expressed with POU2F3 in a subset of human SCLC-P tumours and 

cell lines in a mutually exclusive pattern to C11orf53 (refs. 15,24) (Fig. 1c–e, Extended Data 

Figs. 1h and 3c and Supplementary Fig. 1a). Notably, the conserved amino acids present on 

C11orf53 and COLCA2 precisely match the sites of OCA-B that engage in direct physical 

contacts with POU2F1 or to the octamer DNA element in an existing crystal structure of 

this ternary complex25–27 (Fig. 2a and Extended Data Fig. 4g). Moreover, the genes that 

encode C11orf53, COLCA2, and OCA-B exist in a cluster in both the mouse and human 

genomes (Fig. 2b and Extended Data Fig. 4e), suggesting that these three proteins have a 

common evolutionary origin. Considering that the OCA-B interaction surface of POU2F1 

is conserved on POU2F3 (Extended Data Fig. 4f,g), we hypothesized that C11orf53 and 

COLCA2 are previously overlooked paralogues of OCA-B that support the function of 

POU2F3 in tuft cells.

Using immunoprecipitation and GST pull-down assays performed in nuclear extracts 

prepared from SCLC-P lines, we found that C11orf53 and COLCA2 associate with 

POU2F3 (Fig. 2c,d, Extended Data Fig. 5a and Supplementary Fig. 1b). Guided by 

the existing OCA-B crystal structure25, we generated C11orf53 and COLCA2 mutations 

predicted to disrupt binding to POU2F3 (C11orf53(V22E) and COLCA2(V17E)) or to 

octamer-motif DNA (C11orf53(V16D) and COLCA2(V11D)) (Fig. 2a, Extended Data 

Fig. 4g and Supplementary Fig. 1b). In contrast to the wild-type (WT) proteins, each 

of these mutations was unable to bind to POU2F3 (Fig. 2c,d, Extended Data Fig. 5a 

and Supplementary Fig. 1b). DNA pull-down assays revealed that C11orf53 bound to 

POU2F3 in the presence of octamer motif A (ATGCAAAT), but was unable to do so with 

octamer motif T (ATGCTAAT) (Fig. 2e and Supplementary Fig. 1c). The requirement for 

adenine as the fifth base of the octamer motif is consistent with previous studies of OCA-

B26,28. We next reconstituted a stable C11orf53–POU2F3–DNA complex using purified 

full-length proteins (Fig. 2f and Supplementary Fig. 1d). Using analytical gel filtration and 

microscale thermophoresis assays, we confirmed that C11orf53 and POU2F3 can form a 

stable complex only when DNA is present, and this binding interaction occurred with a 

binding constant (KD) of 98 nM (Fig. 2g,h, Extended Data Fig. 5d,e, Supplementary Fig. 

1d and Supplementary Table 1). By contrast, POU2F3 could bind to DNA independently 

of C11orf53 in both assays (Fig. 2g, Extended Data Fig. 5e,f and Supplementary Table 

1). Consistent with a conserved mode of binding, we found that C11orf53, COLCA2 and 

OCA-B could each bind to any of the three class II POU transcription factors, but not to 

other POU transcription factors (Extended Data Fig. 5b,c,g–i and Supplementary Fig. 1e,f). 

Similar to OCA-B, the C-terminal regions of C11orf53 and COLCA2 have trans-activation 

functions when tethered to a heterologous promoter, and their trans-activation abilities 

were significantly more potent than the ability of the trans-activation domains of POU2F3 

(ref. 29) (Fig. 2i, Extended Data Fig. 5j, Supplementary Fig. 1g and Supplementary Table 

1). Collectively, these experiments validate C11orf53 and COLCA2 as bona fide OCA-B 

paralogues that form a DNA-dependent coactivator complexes with POU2F3.

We next performed chromatin immunoprecipitation (ChIP) analysis of C11orf53, COLCA2 

and POU2F3 in SCLC-P cell lines to compare the genome-wide binding sites of these 
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proteins. By inspecting individual tuft -cell-specific genes (such as TRPM5, ASCL2 and 

AVIL) and by performing a genome-wide analysis, we observed a close correlation between 

POU2F3 and C11orf53 in three independent SCLC-P lines (Fig. 3a,b and Extended Data 

Fig. 6a). These shared binding sites were almost exclusively found at distal elements 

containing ATGCAAAT motifs and were enriched for active enhancer binding proteins 

p300, MED1 and BRD4 (Fig. 3a and Extended Data Fig. 6b,c). By expressing HA-tagged 

proteins in NCI-H211 cells, we found that WT C11orf53 occupied tuft-cell-specific 

enhancers, whereas the V16D and V22E mutations abolished this interaction (Fig. 3c, 

Extended Data Fig. 6d and Supplementary Fig. 1h). Moreover, our epigenomic analysis 

in NCI-H1048 cells—a SCLC-P cell line that expresses COLCA2 rather than C11orf53 

(Fig. 1c,d, Extended Data Figs. 1h and 3c and Supplementary Fig. 1a)—revealed that 

COLCA2 genomic occupancy also overlapped with POU2F3 (Extended Data Fig. 6a). 

Results from sequential ChIP experiments also support that POU2F3 and C11orf53 or 

COLCA2 co-occupy the same chromatin fragments (Extended Data Fig. 6e).

To evaluate the functional link between C11orf53/COLCA2 and POU2F3, we performed 

early-time-point RNA-seq analysis after genetic knockout of each factor in SCLC-P 

lines. These experiments revealed a strong correlation between the transcriptional changes 

incurred in C11orf53-, COLCA2- and POU2F3-deficient cells, including down-regulation 

of tuft cell lineage markers (Fig. 3d, Extended Data Fig. 6f,g, Supplementary Fig. 1h and 

Supplementary Table 2). One caveat to this experiment is that C11orf53 and POU2F3 

maintain each other’s expression in an apparent positive-feedback loop, which may 

contribute to the observed correlation in these data (Fig. 3d, Extended Data Fig. 6f,g, 

Supplementary Fig. 1h and Supplementary Table 2). To overcome this issue, we performed 

a gain-of-function experiment in which we co-expressed C11orf53 and POU2F3 cDNAs 

in an undifferentiated mouse SCLC cell line30 (Extended Data Fig. 6h and Supplementary 

Fig. 1i). Using RNA-seq, we found that co-expression of C11orf53 and POU2F3 led to a 

robust activation of tuft-cell-specific genes (for example, Trpm5, Ascl2 and Avil), whereas 

no change in expression was observed after expressing each factor individually (Fig. 3e 

and Supplementary Table 2). Taken together, these transcriptomic analyses suggest that 

C11orf53 and COLCA2 can each cooperate with POU2F3 to activate the transcription of 

tuft-cell-specific genes.

Using data produced by the Dependency Map Project that profiled gene essentiality in more 

than 900 human cancer cell lines21, we found that POU2F3, C11orf53 and COLCA2 are 

required for the growth of SCLC-P cell lines but are dispensable for the growth of all other 

cancer types (Extended Data Fig. 7a,b). Consistent with its expression pattern (Fig. 1c,d, 

Extended Data Figs. 1h and 3c and Supplementary Fig. 1a), the NCI-H1048 line required 

COLCA2, whereas the other SCLC-P lines required C11orf53 (Extended Data Fig. 7b). 

We used CRISPR–Cas9 to inactivate POU2F3, C11orf53 and COLCA2 in a diverse panel 

of SCLC cell lines and validated the selective requirement for all three factors in SCLC-P 

to support cell proliferation (Fig. 4a, Extended Data Fig. 7c,d, Supplementary Fig. 2 and 

Supplementary Table 3). Furthermore, we validated the dependency of SCLC-P lines on 

POU2F3, C11orf53 or COLCA2 in vivo by inactivating each gene in NCI-H211 and/or NCI-

H1048 cell line xenografts (Fig. 4b, Extended Data Fig. 7e,f and Supplementary Table 4). 

Using a cDNA rescue assay of the knockout phenotype, we found that point mutations that 
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disrupt binding to POU2F3 or deletion of the trans-activation domain rendered C11orf53 

or COLCA2 incapable of promoting SCLC-P proliferation (Fig. 4c, Extended Data Figs. 

6d and 7g–i, Supplementary Fig. 1i,j and Supplementary Table 3). In these cDNA rescue 

experiments, we found that C11orf53 and COLCA2 can substitute for one another’s 

essential function in SCLC-P (Extended Data Figs. 6d and 7h,i, Supplementary Fig. 1i,j 

and Supplementary Table 3). However, expression of OCA-B could not substitute for 

the essential function of C11orf53 in SCLC-P lines, which is due to intrinsic differences 

between the C-terminal trans-activation domains (Fig. 4c, Extended Data Figs. 6d and 7h,i, 

Supplementary Fig. 1i,j and Supplementary Table 3). These genetic experiments suggest that 

an interaction between POU2F3 and C11orf53 or COLCA2 is essential in SCLC-P.

To evaluate the role of C11orf53 in normal mammalian development, we used CRISPR–

Cas9 to generate mice containing a four-nucleotide deletion of the start codon of C11orf53 
(Fig. 4d). Breeding experiments revealed that C11orf53−/− and C11orf53+/− mice were born 

at normal Mendelian ratios, and had indistinguishable weight, morphology, fertility and 

organ histology from C11orf53+/+ mice (Fig. 4e, Extended Data Fig. 8 and Supplementary 

Table 5). However, immunofluorescence staining of DCLK1 and POU2F3 markers revealed 

no detectable tuft cells in the trachea, small intestine, urethra, gall bladder, tongue and 

nasal epithelium of C11orf53−/− mice, whereas a partial loss of tuft cells was observed 

in the colon (Fig. 4f–h, Extended Data Fig. 9, Supplementary Table 5 and Supplementary 

Videos 1 and 2). We further validated the absence of tuft cells and the preservation of 

other lineages in the small intestine of C11orf53−/− mice using scRNA-seq (Extended Data 

Fig. 10a,b). Moreover, injection of C11orf53−/− mice with recombinant IL-25, a cytokine 

that induces type 2 immune response and tuft cell expansion5, was not able to rescue the 

tuft cell deficiency (Extended Data Fig. 10c–f and Supplementary Table 5). Gastric and 

thymic tuft cells remained present in C11orf53−/− mice, which could be explained by high 

expression of COLCA2 in tuft cells from these tissues (Fig. 4h, Extended Data Figs. 1a, 2c 

and 9 and Supplementary Table 5). The selective absence of tuft cells in C11orf53−/− mice 

bears resemblance to Pou2f3−/− mice5,12,13,31, suggesting that the function of C11orf53 is to 

support normal tuft cell development as a POU2F3 coactivator.

Since its discovery over 30 years ago as a lineage-specific transcriptional coactivator, 

OCA-B has been widely viewed as the only protein of its kind encoded in the human 

genome23. Here we have identified two previously overlooked OCA-B paralogues that 

are likely to have arisen during evolution through gene duplications. Like OCA-B, these 

proteins possess a conserved peptide for bivalent binding to class II POU domain-containing 

transcription factors and to octamer motif DNA. Moreover, all three paralogues possess 

a C-terminal trans-activation domain. Although these three proteins are biochemically 

similar, their distinct expression patterns and trans-activation domains are likely to confer 

specialized transcriptional outputs through mechanisms that remain unclear. On the basis 

of the paralogue relationship to OCA-B, we propose renaming the protein C11orf53 to 

OCA-T1 and COLCA2 to OCA-T2 (Oct co-activator from tuft cells 1 and 2). We propose 

renaming the gene C11orf53 to POU2AF2 (POU class 2 homeobox associating factor 2) 

and COLCA2 to POU2AF3. Although additional experiments will be needed to clarify 

the function of OCA-T2 in vivo, we hypothesize that binding of POU2F3 to OCA-T1 

versus OCA-T2 leads to distinct transcriptional effects, which may contribute to tuft cell 
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heterogeneity in various tissue contexts. As POU2F1 is ubiquitously expressed and also has 

the ability to bind to OCA-T proteins, this transcriptional complex might also have a role in 

normal and malignant tuft cell biology. Several of the findings in our study are in agreement 

with a preprint article32.

Cellular reprogramming experiments have shown that POU domain transcription factors are 

necessary but insufficient to carry out lineage-specifying transcriptional functions33,34. In 

the case of POU5F1/OCT4 in embryonic stem cells, cooperativity with SOX2 at composite 

octamer–sox elements is critical for enhancer-mediated gene activation and pluripotency35. 

Our studies suggest that class II POU domain transcription factors uniquely rely on 

OCA coactivators to achieve their lineage-defining functions in the B cell and tuft cell 

lineages. Despite having two activation domains and a high-affinity DNA-binding domain, 

our functional experiments indicate that POU2F3 cannot specify tuft cell identity without 

binding to one of the OCA-T proteins. It is probable that OCA-T binding endows POU2F3 

with a critical trans-activation domain, which may allow for increased binding affinity for 

the general transcriptional machinery to support enhancer-mediated gene activation35–38. In 

summary, our study defines a specialized transcription factor–coactivator interaction that is 

required for the development of normal and malignant tuft cells. The mechanisms defined 

here may have therapeutic significance, as pharmacological blockade of the POU2F3 

interaction with OCA-T1 and OCA-T2 would be expected to selectively suppress SCLC-P 

tumours without having a significant effect on normal tissue homeostasis.

Online content

Any methods, additional references, Nature Research reporting summaries, source data, 

extended data, supplementary information, acknowledgements, peer review information; 

details of author contributions and competing interests; and statements of data and code 

availability are available at https://doi.org/10.1038/s41586-022-04842-7.

Methods

Cell lines and cell culture

NCI-H211, NCI-H526, COR-L311, NCI-H69, DMS-79, NCI-H82, HTB-184, NCI-H524, 

DMS 114 and YT330 cell lines (SCLC) were cultured in RPMI supplemented with 10% 

FBS. NCI-H446 (SCLC) were cultured in RPMI supplemented with 20% FBS. HEK293T 

cells were cultured in DMEM with 10% FBS. NCI-H1048, NCI-H209, NCI-H1436, NCI-

H1836 and replicates of YT330 reprogrammed (SCLC) cells were cultured in HITES 

medium, which is composed of DMEM:F12 supplemented with 0.005 mg ml−1 insulin, 

0.01 mg ml−1 transferrin, 30 nM sodium selenite, 10 nM hydrocortisone, 10 nM β-estradiol, 

4.5 mM L-glutamine and 5% FBS. Penicillin–streptomycin was added to all media. All 

cell lines were cultured at 37 °C with 5% CO2 and were periodically tested mycoplasma 

negative. COR-L311 was obtained from Sigma-Aldrich, and other human SCLC cell lines 

were purchased from ATCC. For NCI-H211, NCI-H526, COR-L311 and NCI-H1048, cells 

were further validated by STR profiling at external facility (Genetics core, University of 

Arizona) at the end of the study to ensure cell identity.
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Sorting of the YT330 cell line

The mouse neuroendocrine YT330 cell line used for the reprogramming experiment was 

sorted out from Rb/p53/p130 triple KO (TKO) Hes1GFP/+ mice. In brief, tumours from the 

lungs of TKO Hes1GFP/+ mice (6 months after tumour induction) were isolated, pooled 

and finely chopped with a razor blade. They were then digested in 6 ml of PBS with 120 

μl of 100 mg ml−1 collagenase/dispase (Roche) for 45 min with shaking at 37 °C then 

cooled on ice before adding 15 μl of 1 mg ml−1 DNase (Sigma-Aldrich) for 5 min. The 

digested mixture was filtered through a 40 μm filter, pelleted and resuspended in 1 ml of 

red blood cell lysis buffer (150 mM NH4Cl, 10 mM KHCO3, 0.1 mM EDTA) for 90 s. 

Cells were washed once in DMEM and resuspended in FACS buffer (10% BGS in PBS, 1 

million cells per 100 μl). The final single-cell suspension was stained with FACS antibodies. 

For negative lineage selection antibodies against CD45-PE-Cy7 (eBioscience 25–0451-82, 

30-F11, 1:100), CD31-PE-Cy7 (eBioscience 25–0311-82, 390, 1:100), TER-119-PE-Cy7 

(eBioscience 25–5921-82, TER-119, 1:100) were used. For positive lineage selection, 

antibodies against CD24-APC (eBioscience, 17–0242-82, M1/69, 1:200) were used. DAPI 

staining was used to identify dead cells. Cells were kept in RPMI medium for culturing.

Analysis of publicly available expression datasets

For all public scRNA-seq analysis, the gene expression matrices along with sample and 

cluster annotations were either obtained from the indicated studies or processed using 

Scanpy (v.1.7.2)39. Samples were concatenated together using anndata (v.0.7.6), processed 

and plotted with Scanpy (v.1.7.2) in Python (v.3.8.8)39. The mRNA level was normalized 

by subtracting the minimum and then dividing by its maximum to calculate the mean 

expression in the group. The mouse thymus and human thymus datasets were obtained from 

ref. 15 (6,811 mouse stromal cells with 308 tuft cells detected, 255,901 human thymus cells 

with 44 tuft cells in dataset), and the human small intestine dataset was obtained from ref. 
14 (22,502 cells with 33 tuft cells detected), the human colon mucosa dataset was obtained 

from ref. 20 (34,772 cells with 228 tuft cells), the human bronchi dataset was obtained from 

ref. 24 (36,248 cells with 92 tuft-like cells detected). For Extended Data Fig. 1f, the dataset 

was obtained from the Tabular Muris Consortium, in which a scRNA-seq analysis of 20 

mouse organs was performed. The data were processed using scanpy.pl.dotplot with the cell 

type annotation provided by each study to calculate the fraction of cells expressed in each 

group.

For the cancer cell line expression and dependency analysis, the corresponding matrix was 

downloaded from Cancer Dependency Map (DepMap) portal with version 21Q2 (refs. 21,40). 

All the data were plotted with ggplot2 (v.3.3.3) in R (v.4.0.5). For two-class comparison 

analysis of cancer dependency in tuft cells versus other cancer cell lines, ashr with empirical 

Bayes moderated t-statistics was used.

For the SCLC patient transcriptome analysis, paired-end raw sequencing results were 

obtained from ref. 22. The samples were then pseudoaligned to the reference human 

transcriptome (Gencode v.35), followed by TPM calculation for genes using Salmon 

(v.1.0.0) with the default settings41.
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For isoform expression of mouse C11orf53 and Colca2, raw data were obtained from ref. 
9 and pseudoaligned to the reference mouse transcriptome (GRCm38.p6) for transcript 

quantification using Salmon (v.1.0.0) with the default settings41.

Western blot

Cell pellets (1 million cells) were washed three times with 1× PBS, resuspended in 

200 μl Laemmli sample buffer (Bio-Rad) containing β-mercaptoethanol and boiled at 

98 °C for 20 min, followed by centrifugation at 13,000g for 5 min. These whole-cell 

extracts were separated by SDS–PAGE (NuPAGE 4–12% Bis-Tris Protein gels, Thermo 

Fisher Scientific), followed by transfer to nitrocellulose membranes and immunoblotting. 

Antibodies used in this study included C11orf53/OCA-T1 (in-house generated, 1:200 (1 mg 

ml−1)), POU2F3 (in-house generated; and Sigma-Aldrich, HPA019652, 1:500 or 1:1,000), 

H3 (Abcam, ab18521, 1:10,000 or 1:50,000), GAL4-DBD (Santa Cruz, SC-510, 1:1,000), 

HRP-conjugated secondary antibodies (rabbit Cytiva/Amersham, NA934; mouse, Agilent/

Dako, P026002–2, 1:10,000), HRP-conjugated β-actin (Sigma-Aldrich, A3854, 1:10,000), 

HA (3F10, Roche, 12013819001, 1:1,000), and FLAG (Sigma-Aldrich, A8592, 1:1,000–

1:5,000). For the GAL4 luciferase construct, HEK293T cells that were transfected with the 

plasmid of interest were collected 48 h after infection and washed twice with 1× PBS. For 

the sgRNA knockout experiments, NCI-H211 cells were collected 4 days after infection. 

For the overexpression experiments in YT330 cells, samples were collected 18 days after 

infection.

Antibody generation

Peptides GDPAHFLFRDSWEQTLPD and EADTGSLHDPSPWVKEDGS of C11orf53/

OCA-T1 were purchased from GenScript with KLH conjugation. A mixture of both peptides 

(4 mg each) was used for rabbit immunizations for two rabbits with a 73 day rabbit 

antibody production protocol from Pocono Rabbit Farm & Laboratory. The whole-blood 

serum of exsanguination was used to validate the efficiency of antibodies for western blot 

and immunoprecipitation with HEK293T HA–OCA-T1 overexpression cell lysates. The 

whole-blood serum was then aliquoted in 10 ml and stored at −80 °C for long-term storage. 

An aliquot of 10 ml blood serum was then purified with columns containing the mixture of 

both antigens using the Thermo Fisher Scientific SulfoLink Immobilization Kit for Peptides 

and eluted 2 ml with IgG elution buffer (Thermo Fisher Scientific, 44999), neutralized with 

200 μl 1 M Tris (pH 7.5) and stored at −20 °C with 50% glycerol. This purified antibody 

was used for western blot and chromatin immunoprecipitation assays.

For POU2F3, the same procedures were followed, except a mixture 

of peptides NSRPSSPGSGLHASSPTC, ASQNNSKAAMNPSSAAFNC and 

SSGSWYRWNHPAYLHC was used as antigens for rabbit immunization.

Protein conservation, BLAST, similarity and disorder analysis

For protein conservation analysis, the protein sequence for C11orf53/OCA-T1 (NCBI: 

NM_198498.3 with NP_940900.2) or COLCA2/OCA-T2 (NCBI: NM_001271458.2 

with NP_001258387.1) was submitted to the ConSurf server with using the 

HMMER search algorithm using the default parameters42,43. For protein homology 
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searching, the conserved peptide sequence of C11orf53 from the above analysis 

(KRVYQGVRVKHTVKDLLAEKRSG) was submitted for PSI-BLAST analysis on NCBI 

using the refseq protein database (NCBI Protein reference sequences) in Homo sapiens 
with the default parameters44,45. For protein disorder prediction, the protein sequences 

were submitted to the IUPred2A and PONDR web portals for analysis44,46. For protein 

alignment and similarity calculations, Clustal Omega from EMBL-EBI was used with the 

default parameters. All data were plotted with matplotlib (v.3.4.2) and the seaborn (v.0.11.1) 

package with Python (v.3.8.8).

Structural analysis

Protein structure prediction for C11orf53/OCA-T1, COLCA2/OCA-T2 and POU2F3 

were performed independently using SWISS-MODEL47. Superpositions of the predicted 

C11orf53, COLCA2 and POU2F3 structure to OCA-B with POU2F1 (PDB: 1CQT) and 

molecular graphics preparation were performed with PyMOL (v.2.3.2). The overlayed 

structure was then used to infer residues involved in interaction with DNA and POU2F3 

for Fig. 2a and Extended Data Fig. 4g.

Plasmid construction and sgRNA cloning

The sgRNA lentiviral expression vector with optimized sgRNA scaffold backbone 

(LRG2.1T, Addgene, 108098) and the lentiviral Cas9 vector (Addgene, 108100). POU2F3, 

C11orf53, COLCA2 and OCA-B/POU2AF1 cDNA were cloned into the lentiV_P2A_Neo 

(Addgene, 108101) vector using the In-Fusion cloning system (Takara). A 3×FLAG tag was 

added to POU2F3 at the N terminus, and a 3×HA tag was added to C11orf53, COLCA2 

and OCA-B at their C termini with an SV40 nuclear localization signal. Construction 

of POU2F3, C11orf53 and COLCA2 CRISPR-resistant synonymous mutants and loss-

of-function mutants were cloned using the Phusion Flash master mix (Thermo Fisher 

Scientific) and the In-Fusion cloning system. For POU3F4, POU4F3, POU5F1, POU2F2 

and POU2F1, plasmids were cloned into the pcDNA3.1 vector with a 3× FLAG tag at the 

N terminus. For co-expression in YT330 cells, POU2F3 and C11orf53 were co-expressed 

with a P2A linker in between. For co-expression of POU2F3 and COLCA2 in NCI-H1048 

cells, 3×HA-tagged COLCA2 (C terminus) was cloned into the lentiV_IRES_BSD vector 

(modified from lentiV_P2A_Neo) to enable co-selection of POU2F3- and COLCA2-positive 

cells.

Lentiviral transduction

Lentivirus was produced in HEK293T cells by transfecting plasmids with helper plasmids 

(VSVG and psPAX2 (Addgene, 12260)) using polyethylenimine (PEI 25000). In brief, 

for one 10 cm dish of HEK293T cells, 10 μg of plasmid DNA, 5 μg of VSVG and 

7.5 μg of psPAX2 were mixed in 500 μl Opti-MEM (mix A). In a separate tube, 90 μl 

of 1 mg ml−1 PEI was added into 500 μl Opti-MEM, and then mixed with mix A by 

vortexing. After incubation for 15 min at room temperature, the DNA and PEI mixture 

was added dropwise onto HEK293T cells. Medium was exchanged 6–8 h after transfection. 

The lentivirus-containing supernatant was collected at 48 h and 96 h after transfection, 

pooled, then centrifuged at 1,200 rpm for 5 min. Virus-containing supernatants were then 

filtered through 0.45 μm SFCA filters (Corning). For lentivirus infection, target cells were 
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mixed with the virus and 4 μg ml−1 polybrene, then centrifuged at 1,700 rpm for 30 min 

in 6-well plates or 24-well plates. Medium was exchanged at 24 h after infection, and the 

corresponding antibiotics (1 μg ml−1 puromycin, 10 μg ml−1 blasticidin, 1 mg ml−1 G418 

sulfate) were added at 48 h after infection if selection was needed.

Immunoprecipitation analysis

For immunoprecipitaiton (IP) analysis of SCLC-P nuclear extracts, 80 million cells stably 

expressing the desired construct were collected by centrifugation, washed three times with 

PBS and resuspended in 1 ml buffer A (20 mM HEPES (pH 8.0), 10 mM KCl, 300 mM 

sucrose, 0.1% NP-40, 10% glycerol), collected by centrifugation, then similarly washed 

in buffer A followed by 5 min of centrifugation at 600g. The nuclear pellet was then 

resuspended in A60 buffer (50 mM Tris (pH 7.5), 60 mM NaCl, 0.5% NP-40, 10% glycerol, 

1.5 mM MgCl2, protease inhibitors) followed by 30 min rotation at 4 °C. Samples were 

cleared by centrifugation at the maximum speed in a tabletop centrifuge; the resulting 

supernatant (fraction 1) was kept cold. Insoluble chromatin pellets were digested with 1 μl 

MNase in 200 μl A60 buffer with 1 mM CaCl2 at 37 °C for 10 min and stopped with 2 

mM EGTA and 5 mM EDTA followed by centrifugation at maximum speed in a tabletop 

centrifuge for 20 min. This supernatant was mixed with fraction 1 as nuclear extract. 

Anti-HA magnetic beads (Thermo Fisher Scientific) were equilibrated twice in PBS and 

once in A60 buffer. 2% input was taken for each sample. Extracts were incubated with 30 μl 

equilibrated anti-HA beads at 4 °C overnight with rotation. The next day, beads were washed 

three times with A60 buffer and proteins were eluted in 200 μl SDS Laemmli buffer with 

β-mercaptoethanol at 98 °C for 15 min followed by western blotting.

For IP analysis of HEK293T cells, one 10 cm dish of HEK293T cells was transfected 8 μg 

of each HA-tagged cDNA and FLAG-tagged cDNA with 64 μl of 1 mg ml−1 PEI 25000 in 1 

ml Opti-MEM. For COLCA2, given that its expression is lower, 12 μg of HA-tagged cDNA 

was used. Then, 48 h later, HEK293T cells were collected and washed twice with PBS, 

followed by resuspension in 1 ml A150 (20 mM Tris (pH 8.0), 150 mM NaCl, 1% Triton 

X-100, 1.5 mM MgCl2) and moved forward for IP as described above with A150 buffer.

DNA pull-down assay

Single-stranded DNA oligos were synthesized by Integrated DNA Technologies with 5′ 
biotin modification. Double-stranded DNA probes for the pull-down assays were generated 

by mixing complementary oligonucleotides (a biotinylated forward-strand/non-biotinylated 

reverse-strand pair) in a 1:1 ratio, then heating at 95 °C for 5 min before annealing by 

cooling to 25 °C at 5 °C min−1 in a thermocycler. For each reaction, 25 μl of Dynabeads 

MyOne Streptavidin T1 beads (Thermo Fisher Scientific, 65602) were washed with the 

binding buffer (20 mM Tris (pH 7.5), 1 M NaCl, 1 mM EDTA) followed by two washes 

with PBS. DNA probe (5 pmol) was incubated with 25 μl washed MyOne T1 beads (Thermo 

Fisher Scientific, 65001) in 200 μl of binding buffer at 4 °C with rotation for 1 h, followed 

by two washes with binding buffer, one wash with PBS and two washes with NTN150 buffer 

(20 mM Tris (pH 7.5), 150 mM NaCl, 0.5% NP-40, protease inhibitors).
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One 15 cm dish of HEK293T cells was transfected with 15 μg 3×HA-tagged C11orf53 

(pcDNA 3.1) and/or 10 μg HA tagged POU2F3 (pcDNA 3.1) with polyethylenimine (PEI 

25000). Then, 48 h after transfection, cells were collected and washed three times with 1× 

PBS and lysed with 1 ml NTN150 buffer for 30 min at 4 °C with rotation. The samples were 

then cleared by centrifugation at maximum speed in a tabletop centrifuge for 30 min at 4 °C. 

2% input was taken. Supernatants were then aliquoted equally into three tubes and incubated 

with biotinylated DNA containing T1 beads at 4 °C with rotation. After 2 h incubation, 

protein-bound T1 beads were washed twice with the NTN150 buffer and once with PBS. 

Proteins were then eluted from beads by heating at 98 °C for 20 min in 200 μl Laemmli 

sample buffer with β-mercaptoethanol. After 5 min of centrifugation at maximum speed in a 

tabletop centrifuge, the samples were analysed using western blotting.

Purification of recombinant protein

For POU2F3 and POU2F1 full-length purification, His6–GFP-tagged POU2F3 or POU2F1 

constructs in pHIS-Parallel-GFP were transformed into BL21-CodonPlus (DE3)-RIPL 

(Agilent) for large-scale expression using standard methods. In brief, cultures were grown 

in Luria Broth supplemented with the appropriate antibiotic(s) at 37 °C to a culture density 

with an optical density at 600 nm (OD600) of 1.0. The cultures were then cooled at 4 °C 

for 1 h followed by induction of protein expression with 1 mM IPTG. Induction proceeded 

overnight at 16 °C with shaking at 180 rpm. Cells were collected by centrifugation at 

2,600g for 10 min at 4 °C. The supernatant was discarded, and the pellets were taken for 

protein purification. Cell pellets were resuspended in 20 ml of lysis buffer (50 mM sodium 

phosphate (pH 8.0), 500 mM NaCl and 10 mM imidazole, supplemented with protease 

inhibitors) per litre of culture. The suspension was lysed by sonication (2 min 30 s at 

40% amplitude, 2 sec on, 2 sec off) then clarified by ultracentrifugation at 13,000g for 

45 min at 4 °C. The soluble supernatant was next taken for affinity-column purification 

with 500 μl Ni-NTA resin (Qiagen), pre-equilibrated with lysis buffer. After loading, the 

column was washed with wash buffer (50 mM sodium phosphate (pH 8.0), 1 M NaCl 

and 30 mM imidazole, supplemented with protease inhibitors). The target protein was 

eluted in elution buffer (50 mM sodium phosphate (pH 8.0), 1 M NaCl and 200 mM 

imidazole). Immediately after elution, 1 mM dithiothreitol and 1 mM EDTA were added 

to limit aggregation and degradation, respectively. Further purification was performed by 

gel filtration using a Superdex 200 increase 10/300 column (Cytiva/GE Healthcare Life 

Sciences). The protein was chromatographed over ~30 ml at a flow rate of 0.6 ml min−1 

in a running buffer of PBS. Peak fractions were assessed using SDS–PAGE. Fractions with 

highly purified protein were concentrated, then taken for binding assays. Typical yields were 

1–2 mg of highly purified protein (>98% pure as assessed using SDS–PAGE) per litre of 

culture.

For full-length C11orf53/OCA-T1 or POU2AF1/OCA-B, Strep2SUMO-tagged C11orf53, 

or OCA-B constructs were cloned into the vector pFL then integrated into bacmids using 

DH10MultiBac cells (Geneva Biotech). Isolated bacmids were then transfected into Sf9 
cells for baculoviral-driven expression in CCM3 medium (HyClone). After expression, cells 

were collected by centrifugation at 1,000g for 10 min at 4 °C, then lysed by sonication in 

lysis buffer (50 mM Tris (pH 8.0), 100 mM KCl and 1 mM dithiothreitol with protease 
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inhibitor). Cell lysates were clarified by centrifugation at 4 °C for 45 min at 13,000g. The 

supernatant was then applied to a Strep-Tactin (IBA) column equilibrated with lysis buffer, 

followed by one wash with 20 ml lysis buffer, one wash with 5 ml lysis buffer with 2 mM 

ATP, and two washes with lysis buffer. Protein was then eluted in lysis buffer supplemented 

with 50 mM D-desthiobiotin. Further purification was performed by gel filtration using a 

Superdex 200 increase 10/300 column (Cytiva/GE Healthcare Life Sciences). The protein 

was chromatographed over ~30 ml at a flow rate of 0.6 ml min−1 in a running buffer of PBS. 

Peak fractions were assessed by SDS–PAGE. Fractions with highly purified protein were 

concentrated, then taken for binding assays. Typical yields were 1–2 mg of highly purified 

protein (>98% pure as assessed by SDS–PAGE) per litre of culture.

For purification of GST, and GST-tagged COLCA2/OCA-T2(1–49) and C11orf53/OCA-

T1(1–52) variants, plasmids were transformed into BL21-CodonPlus (DE3)-RIPL (Agilent) 

for large-scale expression using standard methods. In brief, cultures were grown in Luria 

Broth supplemented with the appropriate antibiotic(s) at 37 °C to a culture density with an 

OD600 of approximately 0.6–0.8. Cells were then induced with 1 mM IPTG at 30 °C for 4 

h for protein expression. Cells were collected by centrifugation at 2,600g for 10 min at 4 

°C. The supernatant was discarded, and the pellets were taken for protein purification. For 

1 litre of each culture, the pellet was resuspended in 35 ml PBS with protease inhibitor and 

lysed by sonication (2 min 30 s at 40% amplitude) then clarified by ultracentrifugation at 

13,000g for 45 min at 4 °C. The soluble supernatant was next taken for affinity column 

purification with 1 ml of 75% glutathione resin (GE, 17075601), pre-equilibrated with PBS. 

After loading, the column was washed with three washes of 1× PBS. The target protein was 

eluted in 10 mM reduced L-glutathione (Sigma-Aldrich, G4251–25G).

Analytical gel filtration

A motif-A-containing 22 bp DNA oligonucleotide (2 μg) was mixed at an equimolar ratio 

with Strep2SUMO–C11orf53, His6–GFP–POU2F3, or both (as indicated) at a final sample 

volume of 20 μl, then incubated for approximately 1 h at 4 °C. The samples were injected 

onto a Superdex200 3.2/300 increase column (Cytiva/GE Healthcare Life Sciences) and 

chromatographed over ~3.5 ml at a flow rate of 0.05 ml min−1 in 20 mM Tris (pH 7.4), 50 

mM NaCl with absorbance monitoring at 260 nm and 280 nm. Data presented in the figures 

correspond to the normalized measurements at 260 nm. Assessment of other complexes 

(containing selected combinations of Strep2SUMO–C11orf53, Strep2SUMO–OCA-B, His6–

GFP–POU2F1, His6–GFP–POU2F3 and DNA, as indicated), were prepared similarly, 

although the molar ratio for His6–GFP–POU2F1-containing mixtures was increased to 

3:1 as not all the recombinantly purified His6–GFP–POU2F1 was competent for binding. 

Formation of ternary complexes was verified by collection of peak fractions followed by 

SDS–PAGE analysis.

Microscale thermophoresis analysis

Binding of purified POU2F3 and/or C11orf53 to DNA was measured using a Monolith 

NT.115 Pico running MO Control version 1.6 (NanoTemper Technologies). Assays were 

conducted in 50 mM Tris (pH 8.0), 50 mM NaCl, 0.02% Tween-20. DNA probes were 

prepared as in DNA pull-down assays except modified with Alexa-647N in place of biotin. 
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For GFP, POU2F3, and/or C11orf53 binding to binding to DNA, 500 pM Alexa647N-

labelled DNA was mixed with serial dilutions of C11orf53 or POU2F3 and loaded into 

microscale thermophoresis (MST) premium coated capillaries (NanoTemper Technologies). 

For C11orf53 binding to GFP-POU2F3 + DNA or GFP + DNA, 500 pM of DNA with 50 

nM of GFP–POU2F3 or GFP were mixed with serial dilutions of C11orf53. For C11orf53 

+ POU2F3, equal molar amounts of C11orf53 and POU2F3 were pre-mixed then serially 

diluted prior to incubation with 500 pM DNA for MST. MST measurements were recorded 

at room temperature using 30% excitation power and medium MST power. Measurements 

were performed in triplicate. Determination of the binding constant (KD) was performed 

using MO Affinity Analysis v.2.3. For plotting, data are presented as fraction bound; each 

data point represents the mean ± s.e.m. with the fit corresponding to the average fit of the 

three replicates.

GST pull-down assays

GST, GST–COLCA21–49 or GST–C11orf531–52 (2 μM) variants were immobilized to 25 

μl of glutathione beads by incubating the protein of interest with beads in PBS at 4 °C 

for 1 h followed by two washes in PBS and one wash with A60 buffer. The NCI-H211 

nuclear extract was prepared as described in the ‘Immunoprecipitation analysis’ section. 

After taking input samples, the nuclear extract from 60 million cells was incubated with 

the beads containing immobilized protein of interest and rotated at 4 °C for 4 h. The beads 

were then washed four times with 1 ml A60 buffer and eluted in 200 μl 2× Laemmli buffer 

followed by western blot alongside input samples.

Luciferase reporter assays

Plasmids encoding the GAL4 DNA-binding domain (DBD) fusions (modified from pFN26A 

(BIND) hRlucneo Flexi Vector, E1380; Promega) were co-transfected with pGL4.35[luc2P/

9XGAL4UAS/Hygro] Vector (E1370, Promega) into HEK293T cells for 48 h in a 96-well 

plate (Corning) with 100 ng of each plasmid. Luciferase activity was measured using the 

Dual Luciferase Reporter Assay System (E1910; Promega) according to the manufacturer’s 

instructions. All data shown represent Firefly luciferase activity normalized to the internal 

Renilla luciferase activity, the latter of which was expressed through a constitutive promoter 

on the pFN26A plasmid. For each biological replicate, three technical replicates were 

averaged.

ChIP–seq and sequential ChIP sample preparation

For each ChIP, 20 million cells were used. Cells were cross-linked with 1% formaldehyde 

for 10 min at room temperature with agitation and quenched with 0.125 M glycine for 

5 min at room temperature. After washing twice with PBS, cells were incubated in 1 ml 

cell lysis buffer (10 mM Tris-HCl (pH 8.0), 10 mM NaCl, 0.2% NP-40 with protease 

inhibitor) for 15 min on ice. Nuclei were isolated by centrifugation at 600g for 30 s, 

resuspended in 1 ml nuclear lysis buffer (50 mM Tris-HCl (pH 8.0), 10 mM EDTA, 1% 

SDS with protease inhibitor) and sonicated using a Bioruptor Pico (Diagenode) (30s on/off, 

10 cycles). For NCI-H1048 cells, 20 million cells were incubated in 500 μl nuclear lysis 

buffer and processed for 10 cycles of sonication. In all cases, the chromatin was centrifuged 

at maximum speed in a tabletop centrifuge for 15 min at 4 °C. The supernatant was mixed 
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with 7 ml IP dilution buffer (20 mM Tris-HCl (pH 8.0), 2 mM EDTA, 150 mM NaCl, 1% 

Triton X-100), and incubated with the 2.5 μg of the indicated antibody for 2 h. Protein A/G 

magnetic beads (25 μl, Dynabeads, Thermo Fisher Scientific) were washed twice with PBS 

and added to the antibody–chromatin mixture at 4 °C overnight. The beads were washed 

once with IP wash 1 buffer (20 mM Tris-HCl pH 8.0, 2 mM EDTA, 50 mM NaCl, 1% 

Triton X-100, 0.1% SDS), twice with high salt buffer (20 mM Tris-HCl (pH 8.0), 2 mM 

EDTA, 500 mM NaCl, 1% Triton X-100, 0.01% SDS), once with IP wash 2 buffer (10 

mM Tris-HCl pH 8.0, 1 mM EDTA, 250 mM LiCl, 1% NP-40, 1% sodium deoxycholate) 

and twice with TE (pH 8.0). Chromatin DNA was eluted, and cross-linking was reversed 

in 200 μl nuclear extraction buffer with 12 μl of 5 M NaCl and 1 μg ml−1 RNase A at 65 

°C overnight. The beads were then discarded. The DNA-containing supernatant was treated 

with 4 μg ml−1 proteinase K at 56 °C for 20 min and purified using the QIAquick PCR 

purification kit (QIAGEN) in 60 μl water.

For sequential ChIP, 30 million cells stably expressing HA–C11orf53 or HA–COLCA2 

and FLAG–POU2F3 were collected, and regular ChIP was performed for each reaction, 

except that, after the first IP, only nuclear lysis buffer was added to the beads followed by 

incubation at 65 °C for 30 min twice. After two elutions, the samples were diluted with IP 

dilution buffer then processed as a typical ChIP. The first empty control was beads only or 

3 μg of the M2-FLAG antibody (Sigma-Aldrich, F1804). For the second IP, 4 μg of Cell 

Signaling Technology mAb#3724 was used.

ChIP–qPCR was performed using SYBR green (ABI) on the ABI 7900HT system. The 

amplification efficiency of various primer sets was determined using an input standard curve 

dilution series of the pre-immunoprecipitated genomic DNA; only primer sets that amplified 

linearly according to the DNA amount were used for qPCR analysis. The IP signal for each 

sample was normalized to the input.

For ChIP-seq of H3K27Ac (Abcam, ab4729, 2 μg in total), 5 million cells were used; 

for POU2F3 ChIP–seq (Santa Cruz, SC-330; and two in-house-generated antibodies, 2 μg 

per IP), 3 ChIP samples were pooled before IP wash one; for C11orf53/OCA-T1 (Sigma-

Aldrich, 12CA5, 11583816001 for lentivirally overexpressed HA–C11orf53 and HA-

Cherry-NLS; two in-house generated antibodies for endogenous C11orf53), p300 (Active 

Motif, 61401), MED1 (Bethyl, A300–793), BRD4 (Behtyl A301–985), COLCA2/OCA-

T2 (Sigma-Aldrich, 12CA5; and Cell Signaling Technology, mAb#3724 for lentivirally 

expressed HA–COLCA2), 5 ChIP reactions were combined before IP wash one and 2 μg 

antibody was used for each ChIP. ChIP-seq libraries were prepared using the NEBNext Ultra 

II DNA Library Prep Kit for Illumina (E7645) according to the manufacturer’s protocol with 

AMPure XP beads (Beckman, A63881) with no size selection. One extra amplification cycle 

was added to final PCR enrichment. The final PCR product was cleaned using AMPure XP 

beads twice. Library quality was assessed via Bioanalyzer equipped with the high-sensitivity 

DNA chip (Agilent) and quantified using the Qubit dsDNA HS Assay Kit (Thermo Fisher 

Scientific, Q32854). ChIP-seq libraries were pooled and analysed by single-end sequencing 

76-bp sequencing using the NextSeq (Illumina) system.
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ChIP-seq data analysis

Sequencing reads were first trimmed and filtered with Trimmomatic (0.39-Java-11) with 

a minimal read length of 50 using the default settings48. Reads that passed the quality 

control criteria were then mapped to the hg38 genome assembly using bowtie2 v.2.4.2 

with the very-sensitive setting and allowing 2 mismatches49. Bam files were then sorted 

using Samtools v.1.11 with the default settings49,50. PCR duplicates were removed using 

Picard v.2.21.6 with the default settings and indexed using Samtools50. Peaks were 

called with Macs2 v.2.2.7.1 with input as negative control with default settings and a 

5% FDR as cut-off. Bedtools v.2.30.0 was used to intersect as well as merge peaks 

from different experiments to generate high-confidence peaks or all C11orf53–POU2F3 

occupying sites51,52. Homer v.4.11 makeTagDirectory and makeUCSCfile were used to 

generate bigwig files for visualizing ChIP-Seq tracks on the UCSC genome browser53,54. 

The annotatePeak function was used to annotate peak features for C11orf53–POU2F3 

occupying peaks as well as calculating tag counts on C11orf53/POU2F3 intensity on all 

C11orf53–POU2F3 binding sites with ±250 bp around the peak centre. MEME SUITE 

v.5.4.1 MEME was used to discover motifs enriched on defined peak regions55,56. Plots 

were generated using customized scripts in Python with matplotlib and seaborn57,58. For 

NCI-H1048 cells, POU2F3 ChIP-seq data were obtained from ref. 2.

RNA-seq library preparation

For knockout experiments, cells were collected 5 days after infection with sgRNA for 

NCI-H211, or 6 days after infection with sgRNA for NCI-H526, COR-L311 and NCI-

H1048 cells. Three independent sgRNAs were used for C11orf53/OCA-T1 and COLCA2/

OCA-T2, and two independent sgRNAs were used for POU2F3 and negative controls. For 

overexpression experiments in YT330 cells, cells were collected 21 days after infection with 

cDNAs for three independent replicates. Total RNA was extracted using TRIzol (Thermo 

Fisher Scientific) according to the manufacturer’s protocol and resuspended in RNase-free 

water. Poly(A) RNA was selected and fragmented with NEBNext Poly(A) mRNA Magnetic 

isolation module (NEB, E7350) and the library was prepared using the NEBNext Ultra 

II RNA Library Prep kit for Illumina (NEB, E7770) with 2 μg RNA according to the 

manufacturer’s protocol. RNA-seq libraries were pooled and analysed by single-end 76 bp 

sequencing using the NextSeq (Illumina) system.

RNA-seq data analysis

Sequencing reads were mapped onto reference human genome hg38 using Hisat2 v.2.1.0 

with the default settings59. Differentially expressed genes were analysed using counts from 

HTSeq-count v.0.13.5. Genes with low expression (maximum read counts in all conditions 

are less than 10) were filtered out. Expressed genes were then analysed by DESeq2 with 

masking structural RNAs and non-coding RNA for calculating fold change60,61. TPM was 

quantified using Salmon v.1.0.0 with the default settings41.

Competition-based cell proliferation assays

Cas9-expressing human cell lines were infected with sgRNA linked with GFP (LRG2.1T, 

Addgene, 108098). The percentage of GFP+ cells was measured every 4 days from day 
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4 to day 22 after infection using the Guava easyCyte Flow Cytometer (Millipore). Except 

for NCI-H1048 and DMS 114, all SCLC cells were trypsinized at 37 °C for 10 min with 

repetitive pipetting to break cell clumps before flow cytometry. For each passage, the GFP 

percentage was normalized by dividing the initial GFP percentage to calculate the fold 

change. The average fold change in two independent sgRNAs was calculated for sgNEG and 

sgPOU2F3. Three independent sgRNAs were used for calculation for sgC11orf53/OCA-T1 

and sgCOLCA2/OCA-T2 among three biological replicates.

Generation of C11orf53-knockout mice

The 4-week-old C57BL6 female mice were treated with 5 international units (IU) of PMSG, 

followed by 5 IU hCG 48 h later. These female mice were then paired with C57BL6 

males one-on-one immediately after the hCG treatment. One-cell zygotes were collected 

from these donor females with M2 medium. The zygotes were maintained at 37 °C in 5% 

CO2 until microinjection with the appropriate CRISPR mix. The CRISPR reagent mix was 

freshly made on the morning of the day of injection. The CRISPR reagent mix contained 

10 ng μl−1 sgRNA and 70 ng μl−1 Cas9 2NLS Nuclease. The sgRNA and Cas9 were both 

obtained from Synthego. The CRISPR reagent mix was centrifuged in a microcentrifuge at 

maximum speed for at least 10 min, and the supernatant was then transferred into a fresh 0.5 

ml tube and kept on ice until injection.

Mouse zygote CRISPR injections were conducted in droplets of M2 medium covered 

with mineral oil on a glass slide at room temperature. This was conducted on a Nikon 

Ti inverted microscope with a DIC optical objective. The CRISPR reagent mix was then 

back-filled into a microinjection needle with a sterile glass pipette. About 50 mouse zygotes 

were transferred into one of the micro droplets of M2 medium on the glass slide under 

the microscope and the zygotes aligned into a line within the droplet. CRISPR reagent 

was introduced into the pronuclei of the zygotes one-by-one using CELLectro technology. 

Injected zygotes were transferred back into droplets of KSOM medium after injection and 

kept in an incubator at 37 °C in 5% CO2 until embryo transfer. Surviving zygotes were 

transferred into recipients on the same day of the injection. CD-1 females of 2 months of 

age were used as transfer recipients. Standard embryo transfer was conducted according 

to standard animal use protocol. Surviving zygotes were transferred into oviducts on both 

sides. GTSR usually transfers 10 to 15 zygotes per oviduct and 20 to 30 zygotes per 

recipient. Recipients are monitored and cared for according to standard animal use protocol 

during and after the embryo transfer. Once pups are born, tail samples are collected within 

7 days after birth. These samples are boiled in 200 μl of freshly-prepared tail lysis buffer 

(25 mM NaOH with 0.2 mM EDTA) at 95 °C for 20 min then neutralized with 200 μl of 

neutralization buffer (40 mM Tris, pH 5.0). The supernatant was prepared for PCR with 

primers for 40 cycles and sent for Sanger sequencing for genotyping.

SCLC line xenograft experiments

For xenograft experiments, Cas9-expressing NCI-H526 or NCI-H1048 cells were transduced 

with lentiviral sgRNA in LRG-2.1T-blast vectors. Cells were preselected with blasticidin for 

48 h before injection. Then, 10 million cells were resuspended in 100 μl of 50% Matrigel 

(Corning, 356231) in PBS for each condition before subcutaneous injection into NSG mice 
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(NOD.Cg-Prkdc scid Il2rg tm1Wjl /SzJ, female, 6 weeks, 005557, Jackson Laboratory). 

Mice were monitored daily, and tumour size was measured using callipers twice weekly 

until the tumour in any group reached a maximum diameter of 2 cm, which is the maximum 

tumour size allowed. Tumour volume was calculated as (length × width2)/2, which did not 

exceed 4 × 103 mm3, the maximum tumour volume allowed, throughout the course of study. 

Experimental protocols involving mice were approved by the institutional animal care and 

use committees (IACUC) at Cold Spring Harbor Laboratory.

Tissue preparation for histology and immunofluorescence staining

Freshly isolated tissues were fixed in 4% of paraformaldehyde (PFA) at 4 °C overnight. 

Notably, freshly isolated intestines (including small intestine, colon and caecum) were first 

flushed three times with ice-cold PBS using a blunted 18G needle and 10 cm3 syringe, 

then cut longitudinally and fixed in 4% PFA for 30 min at room temperature. Pre-fixed 

intestines were then rolled as ‘Swiss rolls’ and transferred to a tissue cassette and further 

fixed in 4% of PFA at 4 °C overnight. Fixed tissues were then washed three times with 

PBS and transferred into a tissue cassette for processing and paraffin-embedding. Paraffin 

blocks were sectioned at 5 μm for further histological analyses and immunofluorescence 

staining. For H&E staining, in brief, paraffin sections were first deparaffinized and 

rehydrated, then stained with Gill’s Hematoxylin (REF6765008; Thermo Fisher Scientific) 

and eosin (HT110180; Sigma-Aldrich). For Alcian Blue staining, paraffin sections were 

first deparaffinized and rehydrated, then stained with Alcian Blue solution (Poly Scientific, 

S111A-16oz) for 30 min, followed by counterstaining with Nuclear Fast Red (StatLab, 

STNFRPT) for 10 min. Rinsed slides were dried for 1 h at 60 °C in an incubator before 

mounting. Mounted slides were scanned using the Aperio Light Field Slide Scanner (Leica 

Biosystems) and representative areas were taken and evaluated.

Immunofluorescence staining was performed as previously described2. In brief, antigen 

retrieval was performed by boiling the deparaffinized and rehydrated paraffin sections in 

Tris-EDTA buffer (10 mM Tris base, 1 mM EDTA, pH 9.0) for 6 min in a pressure 

cooker. The sections were blocked with Fc receptor blocker (Innovex Biosciences) for 30 

min followed by blocking buffer (PBS containing 0.1% Triton X-100, 2.5% bovine serum 

albumin and 5% goat serum) for 1 h at room temperature. Sections were then incubated with 

primary rabbit anti-POU2F3 (1:100; Sigma-Aldrich, HPA019652) or anti-DCLK1 (1:300; 

Abcam, ab37994) antibodies in 0.5× blocking buffer overnight at 4 °C. After washing the 

slides twice with PBS, the sections were incubated with secondary antibody (goat anti-rabbit 

Alexa568; 1:300 dilution; Life Technologies) and counterstained with DAPI (1:1,000; Life 

Technologies) for 1 h at room temperature. Images were collected at ×40 magnification 

using the Leica TCS SP8 confocal microscope and were processed using Leica LAS X 

software. Quantification of POU2F3- and DCLK1-expressing cells in trachea was performed 

by manually counting POU2F3- or DCLK1-positive cells and dividing by the total DAPI-

positive cell number of the epithelial layer in the whole trachea. Quantification of POU2F3 

and DCLK1-expressing cells in the gastrointestinal tract (including gastric, small and large 

intestines) was performed by calculating POU2F3- and DCLK1-positive cells divided by all 

DAPI-positive cells using ImageJ.
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RNA-FISH

RNA-FISH analysis of Pou2f3, C11orf53 and Colca2 was performed on fresh frozen 

tissue sections using an RNAscope Fluorescent Multiplex Assay Kit (ACD, 320850) with 

the following probes (ACD): Pou2f3, 539211-C1; C11orf53 (1810046K07Rik), custom 

designed by ACD; and Colca2 (Gm684), custom designed by ACD. The custom-designed 

probe was unfortunately listed as confidential by ACD and cannot be shared. The assay 

was performed according to the manufacturer’s instructions. Slides were counterstained with 

DAPI. Images were collected at ×40 magnification plus ×3 zoom using a Leica TCS SP8 

confocal microscope and were processed with Leica LAS X software.

Whole-mount immunostaining and tissue clearing of nasal cavity

To detect the presence or abundance of tuft cells in the nasal epithelium layer of nasal cavity, 

we performed whole-mount immunostaining and tissue clearing as previously reported of 

nasal cavity tissue62. In brief, nasal cavity tissues (from nose tip to eye) were collected from 

8–10-day-old mice, and then fixed at 4 °C overnight in PBS with 4% PFA and 30% sucrose. 

After washing three times with PBS at room temperature, nasal tissues were permeabilized 

in methanol gradients in PBS for 30 min each (50% methanol, 80% methanol and 100% 

methanol). Next, nasal cavity was bleached with Dent’s bleach (15% H2O2, 16.7% DMSO 

in MeOH) for 1 h at room temperature, and further rehydrated through descending methanol 

gradients in PBS (80% methanol, 50% methanol and PBS). The tissues were then blocked 

overnight at 4 °C with shaking in blocking buffer (PBS with 0.3% Triton X-100, 0.2% 

BSA, 5% DMSO and 5% donkey serum). Next, nasal cavities were stained with primary 

rabbit anti-POU2F3 (1:100; Sigma-Aldrich, HPA019652) or anti-DCLK1 (1:300; Abcam, 

ab37994) antibodies in blocking buffer for 5 days at 4 °C with shaking. After washing 

overnight in wash buffer (PBS with 0.2% Triton X-100 and 3% NaCl), the tissues were 

stained with donkey anti-rabbit-Alexa568 (1:300) secondary antibody and DAPI (1:1,000) 

for 3 days in blocking buffer without DMSO at 4 °C. After washing the tissues for 24 

h in washing buffer, the tissues were then dehydrated in methanol gradients in distilled 

H2O for 30 min in each step (50% methanol, 70% methanol, 90% methanol, and three 

times with 100% methanol). Finally, tissues were cleared in glass containers with 1:1 of 

methanol:BABB (benzyl alcohol:benzyl benzoate, 1:2) for 30 min and in 100% BABB 

for 1 h before being imaged in a Leica TCS SP8 confocal microscope. z-Stacked images 

were processed using Leica LAS X software. Videos were generated using LAS X 3D 

Visualization of Leica LAS X software.

IL-25 treatment experiment

Age- and sex-matched WT and C11orf53 knockout mice (n = 5) were treated with 500 ng of 

IL-25 (R&D Systems) in 200 μl of PBS through intraperitoneal injection for a consecutive 7 

days. At day 8, the small intestines were collected and processed as described in the ‘Tissue 

preparation for histology and immunofluorescence staining’ section. Paraffin sections of 

small intestines were used for H&E, Alcian Blue and IF staining for quantifying goblet and 

tuft cell frequency. Quantification of POU2F3- and DCLK1-expressing cells was performed 

by calculating POU2F3- and DCLK1-positive cells divided by all DAPI-positive cells using 

ImageJ. Immunofluorescence staining procedures were performed as described above.
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Sample preparation for scRNA-seq

The age- and sex-matched C11orf53+/+ and C11orf53−/− mice were euthanized (littermates). 

The small intestines were cut and washed with PBS in cold conditions multiple times until 

no clumps were observed in the PBS. The cells were detached from the small intestine by 

incubating with 7.5 mM EDTA in PBS on a 4 °C rotator for 45–60 min. After detachment, 

cells were digested with TrypleExpress containing 1–2 μM Y-Factor in a 37 °C water bath 

for 75 s followed by a repetitive pipetting at least 30 times to ensure full dissociation. 

DMEM/F12 medium with 10% FBS was then added to quench the digestion. The cells 

were then centrifuged and resuspended in sorting medium (1× PBS, 1 μM Y-factor and 

0.5 mM EDTA) and filtered through a 40 μM filter. For the second replicate, cells were 

incubated with CD45 microbeads according to the manufacture’s protocol (Miltenyi Biotec, 

30–052-301) to deplete CD45high cells before sorting.

scRNA-seq analysis

Cell suspensions were stained for viability using Sytox blue (Thermo Fisher Scientific, 

S34857) and sorted on a Sony SH800S (Sony Biotechnology) system using a 100 μm 

chip (LE-C3110) in ultra purity mode. Sorted cells were washed and resuspended in PBS 

containing 0.04% BSA. An aliquot was stained with ViaStain AOPI (Nexcelom, CS2–

0106-5mL) and counted using the Countess FL II automated cell counter. Up to 12,000 cells 

were loaded per lane on 10x Chromium microfluidic chips. Single-cell capture, barcoding 

and library preparation were performed using the 10x Chromium chemistry, using the 

NextGEM Single-Cell 3′ Library Kit v.3.1 (1000121; 10x Genomics). cDNA and libraries 

were checked for quality using an Agilent Bioanalyzer, quantified by KAPA qPCR, and 

sequenced on a NextSeq 500 (Illumina) system to an average depth of approximately 24,000 

reads per cell. The Cell Ranger pipeline (v.5.0.0, 10x Genomics) was used to align FASTQ 

reads to the mouse reference genome (gex-mm10–2020-A, 10x Genomics) and produce 

digital gene–cell count matrices. The resulting gene–barcode matrices were further analysed 

by Scanpy v.1.8.1 for secondary analysis. First, cells with more than 20% mitochondrial 

gene reads were filtered out and processed with Scanpy using the default settings. The 

raw read counts were then normalized and log-transformed after masking highly expressed 

genes with the function scanpy.pp.normalize_total(), using a target sum of 1 × 106 counts. 

Principal component analysis dimensionality reduction was performed on the top 4,000 

highly variable genes (ignoring ribosomal and mitochondrial genes), followed by neighbour 

graph generation and t-SNE projection with the top 50 principal components using the 

default settings. Cells were clustered based on the Leiden algorithm with a resolution of 0.8. 

For cell type annotation, data from ref. 16 was used for building customized support vector 

machines using the scikit-learn.svm Python module. In brief, a simplified gene expression 

matrix was extracted from the top 50 differentially expressed genes from each cell type. A 

Gaussian svm kernel was trained on this matrix using a 70/30 train/test split, and the fitted 

model was used to transfer cell type labels to epithelial cells in our dataset with around 80% 

accuracy. Epithelial cells were subsetted by examining clusters expressing canonical markers 

(for example, Epcam+, Ptprc− expression), and the predicted cell types were visualized with 

marker expression to assess accuracy.

Wu et al. Page 19

Nature. Author manuscript; available in PMC 2022 August 27.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Cell cycle arrest experiment and analysis

Cas9-expressing NCI-H211 or NCI-H1048 cell lines were infected with sgRNA linked 

with GFP (LRG2.1T, Addgene, 108098) at a high titre. Then, 5 days after infection, cells 

were labelled with 10 μM BrdU for 2 h at 37 °C. Cells were then collected and prepared 

according to the manufacturer’s protocol (BD, APC BrdU Flow Kit, 552598). Cells were 

then co-stained with DAPI for measuring the total DNA content and run on an LSR II 

flow cytometer (BD Biosciences). Data were analysed using FlowJo (v.10, BD Biosciences) 

according to standard procedures.

Statistical analysis

All statistical analysis was performed using Python scipy v.1.5.0 or Graph Pad Prism 9. All 

statistical tests are indicated in the figure legends. In principle, when only two groups were 

considered, two-tailed Student’s t-tests were used. For BrdU apoptosis analysis, two-way 

analysis of variance was used for calculating the difference of sgPOU2F3, sgC11orf53/

OCA-T1 versus sgCOLCA2/OCA-T2 versus sgNEGs. If the variance among the groups 

was significantly different, Welch’s correction was applied before performing the Student’s 

t-test.

Reporting summary

Further information on research design is available in the Nature Research Reporting 

Summary linked to this paper.

Data availability

All genomic datasets are available at the GEO database under accession code GSE186614. 

The thymic scRNA-seq dataset was obtained from ref. 15; the human colon mucosa dataset 

was obtained from ref. 14; and the human bronchi dataset was obtained from ref. 24. The 

Tabula Muris Consortium dataset was obtained from Figshare (https://figshare.com/projects/

Tabula_Muris_Transcriptomic_characterization_of_20_organs_and_tissues_from_Mus_mus

culus_at_single_cell_resolution/27733). The cancer dependency dataset as well as 

expression was obtained online (https://depmap.org/portal/download/, DepMap Public 

21Q2). The transcriptome dataset for patients with SCLC was obtained from ref. 22. The 

original dataset for analysing isoform level of C11orf53/OCA-T1 and COLCA2/OCA-T2 in 

mouse tuft cells is derived from ref. 9.

Code availability

Customized code used to analyse the data is available on GitHub (https://github.com/

xlw1207/paper).
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Extended Data

Extended Data Fig. 1 |. C11orf53, COLCA2, and POU2F3 are expressed in murine and human 
tuft cells.
(a)-(f) Summary of scRNA-seq data. The plots depict the average expression of indicated 

genes in the indicated cell types. COLCA2: mouse gene name Gm684. (a) mTEC: 

medullary thymic epithelial cells; TEC: thymic epithelial cells; VSMC: vascular smooth 

muscle cell; cTEC: cortical thymic epithelial cells. (b) ILCs: innate lymphoid cells; TA: 

transit amplifying. (d) NK: natural killer; ETP: early thymic progenitor. NMP: neutrophil-
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myeloid progenitor. (e) PNEC: pulmonary neuroendocrine cells. (f) APCS: antigen 

presenting cells; BG: Bergmann glial cell; OLGs: oligodendrocytes; OPCs: oligodendrocyte 

precursor cell; MSC: mesenchymal stem cell; MuSC: muscle satellite stem cell; AdMSC: 

adipose mesenchymal stem cell; PTECs: proximal tubular epithelial cells; LSESc: Liver 

sinusoidal endothelial cells; MPCs: multipotent progenitor cell; CLP: common lymphoid 

progenitor cells; GMP: granulocyte monocyte progenitor cell; HSC: hematopoietic precursor 

cell; MEP: megakaryocyte-erythroid progenitor cell; Treg: regulatory T cells; DN1 pro-T: 

double negative 1 progenitor T cells. (g) Summary of C11orf53 and Colca2 isoform 

expression in sorted murine tuft cells. (h) mRNA levels of POU2F3 and COLCA2 across 

1,379 human cancer cell lines from CCLE database. Data are obtained from the Cancer 

Dependency Map (DepMap) portal (21Q2). Source of each single-cell or bulk RNA-seq 

dataset as well as plotting is indicated in method section.
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Extended Data Fig. 2 |. Evaluation of Pou2f3, C11orf53, and Colca2 mRNA level through RNA-
FISH in different tissues.
(a)-(c) Representative RNA-FISH analysis of Pou2f3, C11orf53, and Colca2 expression in 

mouse small intestine (a), trachea (b), and stomach tissue of wild-type mice (c, top). (c, 
bottom) RNA-FISH analysis Pou2f3, C11orf53, and Colca2 expression in the stomach of 

C11orf53−/− (KO) mice (one independent experiment from three different mice). All scale 

bar represents 10 μM.

Wu et al. Page 23

Nature. Author manuscript; available in PMC 2022 August 27.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Extended Data Fig. 3 |. Isoform analysis of human C11orf53 and COLCA2.
(a) Isoform information of C11orf53 and COLCA2 extracted from the Ensemble and 

NCBI databases. (b) RT-qPCR analysis of RNA from SCLC-P cell lines using the primers 

indicated in (a), that quantify either the short isoform of C11orf53 or all isoforms. (c) RT-

qPCR analysis of COLCA2 isoforms in NCI-H1048 cells using primers indicated in (a). for 

(b) and (c), mRNA level (Ct value) of isoform indicated is normalized to the level of B2M. 

Bar graph represents the mean of normalized mRNA level from three biological replicates 

with each replicate depicted as individual dot. Primers are provided in Supplementary Table 

6.
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Extended Data Fig. 4 |. C11orf53, COLCA2, and OCA-B share a conserved peptide that 
corresponds the known binding site of OCA-B with POU2F1/OCT1.
(a) and (c) Predicted intrinsic disorder for C11orf53 and COLCA2. PONDR (Predictor 

of Natural Disordered Regions) VLXT scores and IUPred2A (Intrinsically Unstructured 

Proteins Prediction) scores are shown on the y axis, and the amino acid positions are 

shown on the x axis. (b) and (d) The conservation analysis of C11orf53 and COLCA2 

protein sequences across species with Bayesian method on ConSurf Server. The purple 

region is the conserved peptide (residues 10–32 for C11orf53 and 5–27 for COLCA2). (e) 
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C11orf53, COLCA2, and Pou2af1/OCA-B gene cluster in the mouse genome (mm10). (f) 
Architecture and conservation of POU homeodomains of POU2F1/OCT1, POU2F2/OCT2, 

and POU2F3/OCT11. (g) Summary of residues involved in protein-DNA and protein-protein 

close contacts (<4.0 Å) for OCA-B with POU2F1, C11orf53 with POU2F3, and COLCA2 

with POU2F3. The crystal structure of OCA-B1–44 and POU2F1DBD (PDB: 1CQT25)25 was 

used as a model for predicting the structure of C11orf53 or COLCA2 with POU2F3DBD on 

an octamer motif (ATGCAAAT) in PyMOL.
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Extended Data Fig. 5 |. Additional biochemical evidence that C11orf53/OCA-T1 and COLCA2/
OCA-T2 are paralogues of OCA-B.
(a) GST-pulldown with western blot of endogenous POU2F3 from NCI-H211 nuclear 

extracts with indicated constructs (n = 1). (b) Co-IP testing the interaction of HA-C11orf53 

(HEK293T whole cell lysates, n = 2) or HA-COLCA2 (NCI-H1048 nuclear extract, n 

= 1) with FLAG-POU2F1, FLAG-POU2F2, and FLAG-POU2F3. (c) Co-IP testing the 

interaction of HA-C11orf53 or HA-COLCA2 with FLAG-POU3F4/OCT9, FLAG-POU4F3/

BRN3C, FLAG-POU5F1/OCT4, and POU2F3/OCT11 in HEK293T whole cell lysates. (d) 
Analytical gel filtration of His6-GFP-POU2F3 with Strep2SUMO-C11orf53 or untagged 

C11orf53, performed in the absence of any DNA. (e) Replicate of analytical gel filtration 

of His6-GFP-POU2F3/Strep2SUMO-C11orf53/octamer motif A alone or in combination, 

accompanied by Coomassie blue staining of the peak fraction of the ternary complex (red 

curve). Data are representative of two biological replicates (c-e). (f) Summary of microscale 

thermophoresis measurements of protein binding affinity for the octamer motif A DNA. 

Highest protein concentration tested is 1 μM for all experiments. (g) Purity assessment 

of recombinant OCA-B (expressed and purified from Sf9 cells) and POU2F1/OCT1 

(expressed and purified from E. coli) proteins by SDS-PAGE and Coomassie blue staining. 

(h) Analytical gel filtration of POU2F3, OCA-B, octamer DNA motif A assemblies. (i) 
Analytical gel filtration of POU2F1, C11orf53, and octamer DNA motif A assemblies. For 

(h) and (i), the maximum absorbance at 260 nm for each injection was normalized to 1.0 for 

the ease of comparison. As POU2F1 is larger in molecular weight than POU2F3, the shift in 

elution volume is less prominent for the ternary complex. Complex formation was validated 

by SDS-PAGE assessment of the peak fraction to confirm the presence of both proteins (red 

curve). Data are representative of two biological replicates (i-j). Source data for microscale 

thermophoresis assay is provided in Supplementary Table 1, uncropped gels are provided in 

Supplementary Fig. 1b, d–g.
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Extended Data Fig. 6 |. Epigenomic evaluation of POU2F3, C11orf53/OCA-T1, and COLCA2/
OCA-T2 in SCLC-P cell lines.
(a) Comparison of POU2F3, C11orf53, and HA-COLCA2 ChIP-seq peak overlap in the 

indicated cell lines. For each protein, peaks represent the ones that are consistently identified 

from 2–3 replicate of experiments. Detailed information is in method. (b) Annotation of 

POU2F3 and C11orf53 overlapping peaks NCI-H211 cells. (c) Position weight matrix of 

discovered motif enriched on POU2F3/C11orf53 co-binding sites by MEME from NCI-

H211 cell line. (d) Western blot analysis of lentivirally overexpressed constructs used for 
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ChIP-qPCR and gene complementation assay in NCI-H211 cells (n = 2). (e) Sequential 

ChIP-qPCR analysis of overexpressed HA-C11orf53 (NCI-H211) or HA-COLCA2 (NCI-

H1048) co-expressed with FLAG-POU2F3 binding sites in NCI-H211 and NCI-H1048 

cells respectively with anti-FLAG (1st IP) or protein G beads (1st IP) and anti-HA (2nd) 

antibodies. The enrichment is adjusted to the input amount. Two biological replicates 

are performed and represented as individual dots; the bar value represents the average 

enrichment over input of two biological replicates. (f) Western blot analysis of POU2F3 

or C11orf53 in NCI-H211 (Cas9) cells transduced with indicated sgRNAs. Samples were 

collected 4 days post infection (n = 1). (g) RNA-seq analysis comparing mRNA changes 

following C11orf53, COLCA2, or POU2F3 knockout compared to control in three SCLC-P 

cells. RNA was collected five- or six-days post sgRNA infection. Each dot represents the 

log2fold-change of a single protein-coding genes (read outs > = 10). (h) Western blot 

analysis of FLAG-POU2F3, HA-C11orf53, and FLAG-GFP expression in murine YT330 

SCLC cells. Data is representative of two biological replicates. Uncropped gel is provided in 

Supplementary Fig. 1i. Source data for gene expression changes upon knockout in different 

cells are provided in Supplementary Table 2. sgRNA and primer sequences are provided in 

Supplementary Table 6.
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Extended Data Fig. 7 |. C11orf53/OCA-T1 and COLCA2/OCA-T2 are selective dependencies in 
SCLC-P lines.
(a) Two-class comparison of gene dependencies of four SCLC-P versus 986 other cancer 

cell lines. The average essentiality of each gene from SCLC-P is subtracted to its mean 

in other cell lines. This difference is moderated with an empirical Bayes method using the 

adaptive shrinkage method described in CRNA package - ashr. (b) Scatter plot of C11orf53, 

COLCA2, and POU2F3 dependency scores across a panel of human cancer cell lines. Data 

obtained from DepMap (21Q2). (c) Control sgRNAs (2 negative controls or one sgCDK1) 
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for the competition-based proliferation assays (related to Fig. 4a), (n = 3). Mean ± s.d. 

is plotted. (d) BrdU incorporation assays following CRISPR-based targeting of POU2F3, 

C11orf53, or COLCA2 or negative control in the indicated Cas9+ cell lines. Two technical 

replicates with two independent sgRNAs for each gene as biological replicates. Adjusted P 
value was calculated with two-way ANOVA with Tukey’s multiple comparison tests. (e-f) 
Tumour weights and imaging at the terminal timepoint of the xenograft experiments shown 

in Fig. 4b. Mean ± s.e.m. is plotted for (d-e). P-values are derived from two-tailed unpaired 

student’s t-test with Welch’s correction. (g) Controls for NCI-H211 gene complementation 

assay shown in Fig. 4c. (n = 3). Mean ± s.d. is plotted. (h) Competition-based proliferation 

assays in NCI-H1048 cells cotransduced with indicated cDNAs and sgRNAs lentivirally 

to assess functionality of indicated mutants. cDNAs were engineered to be resistant to 

Cas9/sgRNA-mediated cutting. Mean ± s.d. of normalized GFP percentage is plotted (n 

= 3). (i) anti-HA western blot of the indicated cDNAs from (h). Data are representative 

of two biological replicates. Source data for all GFP depletion assays, BrdU assays and 

tumour weights are provided in Supplementary Table 3–4, gating strategy for BrdU assay 

is provided in Supplementary Figure 2, sgRNA sequences are provided in Supplementary 

Table 4, uncropped gels are provided in Supplementary Fig. 1j.
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Extended Data Fig. 8 |. Similar weights, morphology, and organ histology of C11orf53+/+ and 
C11orf53−/− mice. WT: C11orf53+/+ mice, KO: C11orf53−/− mice.
(a) Body weights of C11orf53 F2 mice of each genotype (2 female WT mice, 4 male WT 

mice; 3 female KO mice, 4 male KO mice; 5 HET male and female mice were included 

in the experiment with 6–10 weeks old littermate mice). (b) Representative images of 

C11orf53+/+ and C11orf53−/− mice F2 mice (representative image of four mice). (c) H&E 

analysis of representative organs from age- and sex-matched C11orf53+/+ and C11orf53−/− 

littermate mice (one female and one male mice for both genotypes were included in the 

experiment). All scale bars represent 200 μm. Source data for mice body weight is provided 

in Supplementary Table 5.
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Extended Data Fig. 9 |. Representative immunofluorescence staining of POU2F3 and DCLK1 in 
tissues of C11orf53+/+ and C11orf53−/− mice.
WT: C11orf53+/+ mice, KO: C11orf53−/− mice. For trachea staining, 5 WT, 6 KO and 10 

HET mice were included, except for POU2F3 staining which 9 HET mice were included in. 

For small intestine, 10 WT, 10 KO, 8 HET mice were included for POU2F3 staining and 9 

WT, 10 KO, 5 HET mice for DCLK1 staining were included in. For urethra, 5 mice were 

included. For gallbladder, 6 WT and 5 KO mice were included. For caecum, colon, tongue 

and nasal respiratory, 3 WT and KO mice were included. For thymus, 6 WT and KO mice 
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were included. For stomach, 10 mice were included. Data shown are representative images 

of acquired for each tissue. All scale bars represent 100 μm.

Extended Data Fig. 10 |. RNA-FISH, sSingle-cell RNA-seq, and IL-25 treatment experiments 
confirming in C11orf53−/− mice.
(a) t-distributed stochastic neighbour embedding (t-SNE) of small intestine epithelial cells 

(points), coloured by cell type assignments. Two independent replicates of single-cell RNA-

seq data from C11orf53 wildtype (WT) and knockout (KO) littermate female mice. For 

the second replicate, cells that expressed a high level of CD45 were depleted by using 
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CD45 microbeads before library preparation (Miltenyi Biotec, 30–052-301). TA: transient 

amplifying. (b) Quantification of different cell types in the intestinal epithelium from 

single-cell RNA-seq experiments in small intestine from two independent replicates. Bar 

graphs represent the mean. (c) H&E and Alcian Blue (Goblet cell) staining of intestines 

of C11orf53 WT and KO mice treated with PBS control or 500 ng of IL-25 for 8 days 

(for PBS control, four mice were included. For IL-25, five mice were included). Scale bars 

represent 100 μm. (d) Immunofluorescence staining of DCLK1 and POU2F3 markers in 

intestines of C11orf53 WT and KO mice treated with PBS control or IL-25, scale bars 

represent 250 μm. (e) Same as (d), but higher magnification (scale bars represent 100 μm). 

For DCLK1 staining, three WT mice were included in PBS control and five WT mice were 

included in IL-25 treatment. For POU2F3 staining, four and five WT mice were included 

in PBS and IL-25 treatment respectively, five KO mice were included in both PBS control 

and IL-25 treatment. (f) Quantification of (d). Mean ± s.e.m. is plotted. Two-tailed unpaired 

student’s t-test with Welch’s correction was used to evaluate significance. Source data for IF 

quantification is provided in Supplementary Table 3.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1 |. C11orf53 is selectively expressed in normal and malignant tuft cells.
a,b, scRNA-seq analysis of the mRNA levels of Pou2f3 and C11orf53 (mouse gene name: 

1810046K07Rik) in mouse trachea epithelium38 (a) and small intestine epithelium16 (b). 

t-Distributed stochastic neighbour embedding (t-SNE) analysis of 7,193 trachea epithelial 

cells (points) or 7,216 small intestine epithelial cells (points), coloured by cell type 

assignments or by the mRNA level (log2[transcripts per 10,000 reads (TP10K) + 1] of 

Pou2f3 and C11orf53). c, mRNA level of POU2F3 and C11orf53 across 1,379 human cancer 

cell lines from the CCLE database. Data were obtained from Cancer Dependency Map 

(DepMap) portal (21Q2). TPM, transcripts per million. d, Western blot analysis of C11orf53 

and POU2F3 in a panel of SCLC cell lines. SCLC-P, SCLC-POU2F3high; SCLC-A, SCLC-

ASCL1high; SCLC-N, SCLC-NEUROD1high. Data are representative of two independent 

experiments. e, mRNA levels of indicated genes from 72 patients with SCLC22 that are 
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grouped on the basis of unsupervised clustering. Source data for western blots are provided 

in Supplementary Fig. 1a.
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Fig. 2 |. C11orf53/OCA-T1 and COLCA2/OCA-T2 form an OCA-B-like complex with POU2F3 
in a DNA-dependent manner.
a, PSI-BLAST search of the conserved peptide of C11orf53 identified OCA-B and 

COLCA2 as having homology in this region. The arrows indicate residues that are involved 

in interacting with DNA or POU2F1/OCT1 based on Protein Data Bank (PDB) 1CQT (ref. 
25). b, The C11orf53, COLCA2 and POU2AF1/OCA-B gene cluster in the human genome 

(hg38). c, Immunoprecipitation (IP)–western blot analysis evaluating the interaction of HA–

C11orf53 or HA–mCherry with endogenous POU2F3 in NCI-H211 cells. d, IP–western 

blot analysis evaluating the interaction between HA–COLCA2 and endogenous POU2F3 in 

NCI-H1048 cells. e, DNA pull-down assay evaluating POU2F3 and C11orf53 interactions 

with biotinylated octamer motif or control DNA. The octamer motif is underlined, bases in 

red highlight the difference between the two sequences. Immobilized DNA was incubated 

with cell lysates from transfected HEK293T cells. f, Purity assessment of recombinant 

His6–GFP–POU2F3 and Strep2SUMO–C11orf53 proteins by SDS–PAGE and Coomassie 

blue staining. M, marker. g, Analytical gel filtration of Strep2SUMO–C11orf53, His6–GFP–

POU2F3 and octamer DNA motif A assemblies. The maximum absorbance at 260 nm for 

each injection was normalized to 1.0 for ease of comparison between samples. h, Microscale 

thermophoresis analysis of proteins mixed with octamer motif A. His6–GFP–POU2F3 and 

DNA were assembled first in a test tube, followed by titration of Strep2SUMO–C11orf53. n 

Wu et al. Page 41

Nature. Author manuscript; available in PMC 2022 August 27.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



= 3. Data are mean ± s.e.m. i, Luciferase reporter assay performed in transfected HEK293T 

cells to evaluate the transactivation activity of indicated segments of C11orf53, COLCA2, 

OCA-B or POU2F3 that are fused to GAL4 DNA-binding domain (DBD). n = 3. The 

luciferase activity of each construct was first normalized to the empty vector and then 

transformed (log2[normalized luciferase activity] + 1). Data are mean ± s.d. Statistical 

analysis was performed using two-tailed unpaired Student’s t-tests, comparing the average 

of luciferase activity of C11orf53(33–288), COLCA2(28–251) and OCA-B(39–256) versus 

POU2F3(1–182), POU2F3(338–436) and empty vector. For the comparison to empty vector, 

Welch’s correction was performed before the Student’s t-test. Source data for gels are 

provided in Supplementary Figs. 1b,d–g and 7, and microscale thermophoresis analysis and 

GAL4 luciferase assay data are provided in Supplementary Table 1.
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Fig. 3 |. he POU2F3–C11orf53/OCA-T1 complex drives the expression of tuft-cell-specific genes.
a, Chromatin immunoprecipitation sequencing (ChIP–seq) occupancy profiles of the 

indicated proteins at tuft-cell-specific loci. b, The correlation of peak tag counts of POU2F3 

and C11orf53, within the genomic intervals of POU2F3 peaks (14,163) consistently 

identified from three replicates of POU2F3 experiments. n = 3. c, Anti-HA ChIP–

quantitative PCR (qPCR) analysis of the indicated lentivirally expressed HA-tagged 

proteins. The ChIP–qPCR signal of each sample was normalized to its own input. Protein 

expression is shown in Extended Data Fig. 6d. Data are mean ± s.d. of three technical 

replicates. n = 1. d, RNA-seq analysis comparing mRNA changes after C11orf53 (3 

sgRNAs) or POU2F3 (2 sgRNAs) knockout compared with control sgRNAs (2 sgRNAs) 

in NCI-H211 cells. RNA was collected 5 days after sgRNA infection. Each dot represents 
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the log2-transformed fold change of a single protein-coding gene. Low-expressed genes 

were filtered out before performing DESeq2 (read count = 10 as cut-off). Knockout of each 

protein is shown in Extended Data Fig. 6f. e, mRNA levels of the indicated tuft cell marker 

genes in YT330 mouse SCLC cells lentivirally transduced with the indicated cDNA. Protein 

expression is shown in Extended Data Fig. 6h. n = 3 biological replicates; GFP and POU2F3 
had one additional technical replicate and POU2F3 + C11orf53 had two additional technical 

replicates. Data are mean ± s.d. Source data for the gels are provided in Supplementary Fig. 

1h,i, gene expression changes (log2-transformed fold change) after knockout or TPM of the 

indicated genes after overexpression are provided in Supplementary Table 2, primers and 

sgRNA sequences are provided in Supplementary Table 6.
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Fig. 4 |. C11orf53/OCA-T1 is essential for normal and neoplastic tuft cell development.
a, Competition-based proliferation assays in Cas9-expressing SCLC cells after lentiviral 

expression of the indicated sgRNAs (linked with GFP). Data are mean ± s.d. normalized 

percentage of GFP (to day 4 after infection) of two to three sgRNAs. n = 3. b, The 

growth kinetics of Cas9-expressing NCI-H526 and NCI-H1048 xenografts implanted in 

immunodeficient mice. Cells were lentivirally transduced with the indicated sgRNAs before 

injection into mice. n = 5, except for C11orf53, for which n = 10. Data are mean ± 

s.e.m. sgNEG, sgRNA targeting negative controls. P values were calculated using two-tailed 
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unpaired Student’s t-tests with Welch’s correction. c, Competition-based proliferation assays 

in NCI-H211 cells cotransduced with the indicated cDNAs and sgRNAs lentivirally to 

assess the functionality of the indicated mutants. cDNAs were engineered to be resistant to 

Cas9/sgRNA-mediated cutting. Data are mean ± s.d. of GFP percentage (normalized to day 

4). Expression of mutants is shown in Extended Data Fig. 6d. d, CRISPR–Cas9-induced 

deletion of C11orf53 to generate knockout mice. e, The ratio of different genotypes of 

C11orf53+/− (HET) progeny (C11orf53 F2 mice). f, Representative immunofluorescence 

staining of the tuft cell marker DCLK1 in the trachea and small intestine. Scale bars, 100 

μm. g,h, Quantification of POU2F3-positive and DCLK1-positive cells. Data are mean ± 

s.e.m. The P values for the comparison of tuft cell frequencies of knockout versus WT 

(DCLK1/POU2F3) or HET versus WT of POU2F3 staining in small intestine, trachea, 

urethra, gallbladder and tongue were calculated using two-tailed unpaired Student’s t-tests 

with Welch’s correction; the P values for comparing tuft cell frequencies of knockout versus 

WT in colon, thymus and stomach, or HET versus WT of DCLK1 staining in the small 

intestine and trachea were calculated using ordinary unpaired two-tailed Student’s t-tests. 

The numbers of animals involved in f–h are provided in Extended Data Fig. 9. Source data 

for GFP competition and gene complementary assays are provided in Supplementary Table 

3 and mouse data are provided in Supplementary Tables 4 and 5. sgRNA sequences and 

genotyping primers are provided in Supplementary Table 6.
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