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Abstract

Well-differentiated human cancers share transcriptional programs with the normal tissue 

counterparts from which they arise. These programs broadly influence cell behavior and function 

and are integral modulators of malignancy. Here, we show that the master regulator of motile 

ciliogenesis, FOXJ1, is highly expressed in cells along the ventricular surface of the human brain. 

Strong expression is present in cells of the ependyma and the choroid plexus as well as in a subset 

of cells residing in the subventricular zone. Expression of FOXJ1 and its transcriptional program is 

maintained in many well-differentiated human tumours that arise along the ventricle, including 

low-grade ependymal tumours and choroid plexus papilloma. Anaplastic ependymoma as well as 

choroid plexus carcinoma show decreased FOXJ1 expression and its associated ciliogenesis 

program genes. In ependymoma and choroid plexus tumours, reduced expression of FOXJ1 and its 

ciliogenesis program are markers of poor outcome and are therefore useful biomarkers for 

assessing these tumours. Transitions in ciliogenesis define distinct differentiation states in 

ependymal and choroid plexus tumours with important implications for patient care.
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Introduction

The differentiation state of tumour cells is a critical determinant of their biological behavior 

[1,2]. From the inception of oncogenesis, a cell’s lineage identity influences the effects of 

potentially oncogenic lesions [3]. Once tumours begin to develop, cell lineage information 

and epigenomic patterns are often faithfully maintained in tumour cells [4].

Lineage identity is principally conferred by transcriptional regulators [5–7]. In some cases, 

lineage transcription factors such as Caudal Type Homeobox 2 (CDX2) [8], MITF 

Microphthalmia-Associated Transcription Factor (MITF) [7] and SRY Sex Determining 

Region Y-Box 2 (SOX2) [9] can be amplified and can promote survival programs and 

oncogenesis. In other cases, transcription factors can be suppressed and can generate cellular 

states that are intrinsically resistant to targeted therapeutic agents [10,11]. Moreover, as 

tumours recur and progress to more malignant states, they can undergo marked 

dedifferentiation, losing features of their cell lineage identity and entering more primitive 

differentiation states [12,13]. Understanding the components that define a tumour’s 

differentiation state is of utmost importance for understanding the pathogenesis of each 

tumour type and for developing rational therapeutic strategies.

The ventricular spaces of the brain are lined with ciliated epithelial cells called 

ependymocytes. These ciliated ependymocytes foster the flow of cerebrospinal fluid, which 

provides cues for migratory subventricular zone (SVZ) cells such as neuroblasts [14,15]. 

Closely related to these ependymocytes, are highly specialized ependymal cells of the 

circumventricular organs and choroid plexus [16].

Ependymomas are brain tumours that arise throughout the central nervous system, within the 

supratentorial areas, the posterior fossa and the spinal cord. These two tumours form in close 

association with the cavities of the ventricular system and the central canal of the spinal cord 

which are all lined by ependymal cells [17]. Ependymomas are thought to arise from radial 

glial cells located just beneath the ventricular surface [18], the same progenitor cells that 

develop into the mature ependymocytes that line the ventricles [19]. Histologic low-grade 

variants of ependymoma such as subependymoma and myxopapillary ependymoma are 

generally indolent and are classified as World Health Organization (WHO) grade I 

neoplasms. Other ependymomas are designated as WHO grade II or WHO grade III 

tumours, the latter displaying anaplastic features such as hypercellularity, elevated mitotic 

activity, endothelial proliferation and necrosis [20]. Recent studies have revealed that 

oncogenic fusion genes involving V-Rel Avian Reticuloendotheliosis Viral Oncogene 

Homolog A (RELA) and Yes-Associated Protein 1 (YAP1) can drive the formation of a 

subset of ependymomas and have led to a proposed molecular classification system [21–24].
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Choroid plexus tumours arise from the choroid plexus and are usually located within 

ventricles. These tumours are classified as either well-differentiated low-grade papilloma 

(grade I), atypical papilloma (grade II) or high-grade carcinoma (grade III). Papilloma and 

carcinoma have different copy number profiles, gene expression patterns and DNA 

methylation signatures [25]. Like anaplastic ependymomas, choroid plexus carcinomas have 

a strong tendency for recurrence and for metastatic dissemination [17].

Forkhead Box J1 (FOXJ1) is the master regulator of the transcriptional program that drives 

assembly of motile cilia [26–28]. In model systems, ectopic expression of FOXJ1 alone is 

able to promote cilia production [26]. In rodents, FOXJ1 expression in postnatal radial glial 

progenitor cells is necessary for differentiation into ciliated mature ependymocytes [29]. In 

addition, FOXJ1 expression is needed for the development of a subset of astrocytes that 

reside adjacent to the lateral ventricles [29]. Notably, some FOXJ1 positive cells have a role 

in self-renewal and neurogenesis both in the developing [30,31] as well as the adult brain 

[32] of mice supporting that FOXJ1 plays an important role in cell fate determination and in 

establishing progenitor states. In the mouse brain, FOXJ1 expression is maintained in 

ependymal cells as well as in cells of the choroid plexus [33] which are also ciliated [34]. 

Ultrastructural studies have shown that ependymomas produce structurally abnormal cilia 

that are improperly localized in extracellular microrosettes and in intracytoplasmic luminal 

areas [35]. The cilia of choroid plexus tumours are not well studied, but altered microtubule 

configuration has been noted in these tumours [36]. Evidence for molecular crosstalk 

between ciliary factors and regulators of the cell cycle raises the possibility dysregulation of 

ciliogenesis may contribute to tumourigenesis [37–40].

Here we show that the FOXJ1 transcriptional program is active in ependymoma and in 

choroid plexus tumours, particularly in well-differentiated low-grade tumours. In contrast, 

the ciliogenesis program is suppressed in both high-grade ependymoma and high-grade 

choroid plexus tumours. Reduced FOXJ1 expression is associated with tumour recurrence. 

Our work defines important differentiation states and supports the critical role of 

differentiation states in tumour pathogenesis.

Materials and Methods

Tissue Samples

We retrieved formalin-fixed, paraffin-embedded (FFPE) tumour (n = 127) and normal (n = 

4) tissue samples from the Brigham and Women’s Hospital (BWH) and Boston Children’s 

Hospital Archives (Table S7). The study was reviewed and approved by the BWH and Dana-

Farber Cancer Institute human subjects review boards. The histology of all samples was 

reviewed by two neuropathologists (SS, MAA.) using WHO classification/grading criteria.

Immunohistochemistry and scoring

We performed immunohistochemical staining for FOXJ1 on FFPE tissue sections using 

rabbit polyclonal antibody HPA005714 (Sigma-Aldrich, 1:75 dilution). Antigen retrieval 

was with a pressure cooker. Staining was attempted with anti-HFH4 antibody[3–19] (Abcam 

ab40869) but despite recognizing FOXJ1 in ciliated fallopian tube cells, staining was not 
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obtained in ependymoma tumour cells. Negative control staining was performed using 

normal/nonimmune rabbit serum, immunoglobulin fraction (DakoCytomation X0936). 

Nuclear staining was scored as positive using a semi-quantitative approach, with intensity 

scored from 0 to 3 (0 = no staining, 1 = weak, 2 = moderate, or 3 = strong) and frequency 

scored from 0 to 4 (0 = no cell with nuclear positivity, 1 = 1–25%, 2 = 25–50%, 3 = 50–

75%, 4 = 75–100%) [41]. The IHC score was generated by multiplying the intensity and 

frequency scores. FOXJ1-high was > 8. FOXJ1-low was < 8.

Expression profiling

We normalized expression profiling data as previously described [42] from publicly 

available datasets cataloged in the Gene Expression Omnibus that had been acquired on 

Affymetrix HG-U133_Plus_2 arrays. Heat maps were generated using Genepattern tools 

(http://www.broadinstitute.org/cancer/software/genepattern/). Publicly available expression 

profiling data from ependymoma and choroid plexus tumours was obtained [22–25,43] and 

plotted data is presented in supplementary tables. Gene set enrichment analysis was 

performed using GOrilla [44] (http://cbl-gorilla.cs.technion.ac.il/) and visualized using 

REVIGO [45] (http://revigo.irb.hr/).

We monitored FOXJ1 activity using a FOXJ1 ciliogenesis program signature. The human 

genes comprising this signature are orthologs of over 80 genes identified as FOXJ1 targets in 

xenopus [46] and zebrafish [26,46] by overexpression and deletion/silencing approaches. We 

filtered this list against a list of genes differentially expressed in mouse tracheal epithelial 

cells as they were differentiated in vitro into ciliated cells [47]. These tracheal cells 

expressed green fluorescent protein (GFP) under the control of a FOXJ1 cell-specific 

promoter. GFP-expressing ciliated cells were separated from GFP-negative non-ciliated cells 

and mRNA expression was performed on these populations. This comparative approach 

allowed us to identify a stringent set of endogenous genes associated with FOXJ1-mediated 

ciliogenesis in mammals. Genes present in all lists (derived from xenopus, from zebrafish, 

and from mouse early and late differentiation time points) were used as the human FOXJ1 

ciliogenesis program (Table S4). The log2 mean-normalized data for each gene/probe (as 

available) across samples was averaged for the genes comprising the FOXJ1 ciliogenesis 

program signature in each public dataset and this value was plotted.

In situ hybridization

In situ detection of FOXJ1 transcripts in FFPE samples was performed using RNAscope® 

assay Probe-Hs-FOXJ1 (Cat# 430921, Advanced Cell Diagnostics) and RNAscope® 2.0HD 

Reagent-Kit (BROWN) (Cat# 310035, Advanced Cell Diagnostics) following manufacturer 

suggested protocols. Images from E13.5 and P14 mice are from the Allen Brain Atlas 

(http://developingmouse.brain-map.org/).

Outcome Analysis and Statistical Analysis

We used Graph Pad Prism to perform analysis of variance (ANOVA) when comparing 

differences between mRNA and protein expression between various tumour types. P-values 

listed. Pearson’s r was calculated to investigate correlation.
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Cox proportional hazards modeling was used to assess the association between variables and 

the time to recurrence and/or outcome. Variables included FOXJ1 IHC score, FoxGT8 (IHC 

score >8), FoxLT8 (IHC score < 8), WHO grade, gender, radiation-treatment pre or post-

operation, epithelial membrane antigen staining, primary or recurrence status, Ki67/MIB 

percent-positivity and patient age as well as mRNA levels of FOXJ1, RFX2 or ciliogenesis 

program (log 2 fold change > or < 0). Hazard ratios (HR) and 95% confidence intervals (CI) 

are reported. Statistical analyses were performed using SASv9.3 (SAS Institute, Cary, NC).

Results

FOXJ1 ciliogenesis program is activated in ependymoma

To identify the transcriptional programs that are enriched in ependymal tumours, we 

analyzed public mRNA expression profiling data from 356 samples spanning ten different 

types of brain tumours and normal brain (Table S1). We ranked the genes that are 

differentially expressed in ependymoma compared to all other samples and performed Gene 

Set Enrichment Analysis (GSEA) on that list (Table S2, S3). This analysis showed that 

ependymoma are very highly enriched for components of cilia (FDR q-value = 1.17e-24) 

and their assembly (FDR q-value = 5.67e-28) (Table S2, S3 and Figure S1). Consistent with 

this, transcripts for many axonemal components, as well as for the transcription factors that 

regulate their expression, were highly expressed in ependymoma (Figure 1A, S2).

In particular, FOXJ1, the master transcriptional regulator of genes involved in the production 

of motile cilia, was highly and selectively expressed in ependymoma (Figure 1A, 1B, S2). 

RFX2 (Regulatory Factor X, 2), another transcriptional regulator of cilia production was 

also highly and selectively expressed in ependymoma (Figure 1A,C, S2). Other 

transcriptional regulators of ciliogenesis such as RFX1, RFX3 and RFX4 to 7 lacked such 

selective expression in ependymoma (Table S1). Although expression of FOXJ1 mRNA was 

somewhat elevated in several cases of atypical teratoid/rhabdoid tumour (AT/RT) and 

primitive neuroectodermal tumours (PNET) (Figure 1B, C), FOXJ1 mRNA expression was 

significantly higher in ependymoma (4 to 6 fold differences, p < 0.0001).

FOXJ1 is expressed in the ependymal lining, in the choroid plexus and in cells in the 
subventricular zone of the human brain

Because of the selective expression of FOXJ1 and RFX2 mRNA in ependymoma, we 

investigated the expression of these two transcripts in normal brain tissues from developing 

mouse. In publicly available images of in situ hybridization experiments from the Allen 

Developing Mouse Brain Atlas, we found strong expression of FOXJ1 mRNA (Figure 2A, 

2B, S3, S4) and RFX2 mRNA (Figure S5, S6) in both the ependymal lining and in the 

choroid plexus of mouse embryos and post-natal mice.

We next assessed the expression of FOXJ1 protein levels using immunohistochemistry. To 

validate the antibody, we used sections of human fallopian tube and lung tissue. We found 

strong FOXJ1 protein expression in ciliated epithelial cells lining the oviduct and the 

bronchial airways (Figure 2C, 2D, S7A). In mouse brain, we detected strong FOXJ1 

expression in ependymal cells and moderate expression in the choroid plexus (Figure 2E, 
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S7B, S7C). In human brain, FOXJ1 protein was strongly expressed in ependymal cells 

(Figure 2F, 2G) and in the epithelial lining of the choroid plexus (Figure S7D). Occasional 

FOXJ1 expressing cells were present in the subventricular zone of the mouse brain (Figure 

S7E). In the human subventricular zone, however, we found numerous scattered FOXJ1 

positive cells (Figure S7F–S7G). Using RNAscope mRNA in situ hybridization, we 

confirmed that cells in the human ependymal lining and in the subventricular zone express 

FOXJ1 (Figure 2F, 2H, S7H).

Expression of FOXJ1 and the ciliogenesis program is reduced in aggressive ependymoma

Having optimized conditions for detecting FOXJ1, we next characterized FOXJ1 expression 

in human ependymoma tumours. We found strong FOXJ1 expression across various 

subtypes of ependymoma including WHO grade II ependymoma (Figure 3A, 3B, S8A), 

myxopapillary ependymoma from the lumbar spinal cord (Figure 3C, 3D, S8B-C), cellular 

ependymoma (Figure 3E) and subependymoma (Figure 3F). In addition, a well-

differentiated ependymoma that had metastasized to the lung also showed high FOXJ1 

expression (Figure S9).

We next examined public mRNA expression profiling data from a cohort containing 75 

WHO grade II and III ependymoma [24]. We defined the genes that comprise the FOXJ1 

ciliogenesis program using published experimental data from Xenopus, zebrafish and mouse 

cells (see Materials and Methods, Table S4). We confirmed a strong correlation of FOXJ1 

expression and the expression of the FOXJ1 ciliogenesis program in normal mouse 

ependymocytes using large scale single-cell RNA-sequencing data from normal mouse 

cortex and hippocampus (Pearson r = 0.71, p < 0.0001) (Table S5) [48]. In ependymoma, we 

found that the mRNA expression of FOXJ1 and the genes that comprise the FOXJ1 

ciliogenesis program that it regulates (Table S4, S6) were very strongly correlated (plot of 

the data shows a strong correlation with a Pearson r = 0.89, p < 0.0001; Figure 4A, 4B). The 

expression of FOXJ1 and the ciliogenesis program varied widely with some tumours 

expressing high levels of mRNA for FOXJ1, RFX2 and the ciliogenesis program while 

others had low levels of mRNA for these genes (Figure 4A, 4B). Tumours with low 

expression were not restricted to one compartment of the central nervous system but rather 

were found in the supratentorial region and in the posterior fossa (Figure 4A).

A recent report has proposed a comprehensive molecular classification system for 

ependymal tumours based on DNA methylation patterns [22]. Nine-subgroups are proposed. 

Posterior fossa ependymomas are classified as either PF-EPN-A tumours which have a poor 

prognosis or PF-EPN-B tumours which have a good prognosis. Supratentorial tumours are 

classified as either ST-EPN-RELA which have a poor prognosis or ST-EPN-YAP1 which 

have a good prognosis. In this data set, the mRNA levels of FOXJ1 were highly correlated 

with those of the FOXJ1 ciliogenesis program (Pearson r = 0.71, p < 0.0001, Table S7, 

Figure S10).

We first examined the expression of the FOXJ1 ciliogenesis program in posterior fossa 

tumours annotated by their molecular subgroup (Table S7; Figure S11) from the expression 

profiling data in Pajtler et al. [22]. While PF-EPN-B tumours (n = 39) and spinal cord 

ependymomas (n = 11) had high levels of FOXJ1 mRNA and the FOXJ1 ciliogenesis 
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program (Figure 4C), the PF-EPN-A tumours (n = 72) which have a poor prognosis had 

significantly reduced expression of the FOXJ1 ciliogenesis program (p < 0.05). Moreover, 

while ST-EPN-YAP1 tumours (n = 11) had relatively high levels of the ciliogenesis program, 

the ST-EPN-RELA tumours (n = 48), which have a poor prognosis, had significantly 

reduced expression of the ciliogenesis program (p < 0.05) (Figure 4C, Table S7). Thus, 

expression of the FOXJ1 ciliogenesis program is decreased in the PF-EPN-A and ST-EPN-

RELA ependymoma classes, the ones that exhibit the most aggressive behavior.

Recently, a pathway that regulates the development of multiciliated cells has been described 

in Xenopus epidermis and in mouse airway epithelium [49,50]. Critical factors in this 

multiciliogenesis cycle are multicilin (MCIDAS, MCIN, IDAS) which functions upstream of 

v-Myb Avian Myeloblastosis Viral Oncogene Homolog (MYB) which in turn functions 

upstream of FOXJ1 [49]. We investigated the mRNA expression of multicilin and MYB in 

ependymoma. Because probes for multicilin were not included in the microarray chips used 

in the ependymoma profiling studies, we turned to RNA-sequencing data from St. Jude 

Children’s Research Hospital – Washington University Pediatric Cancer Genome Project 

[23]. In this data from 77 ependymomas, multicilin mRNA levels were negligible. Nearly 

half had fragments per kilobase of transcript per million mapped reads (FPKM) values of 

zero and the median value was 0.02 FPKM. For comparison the same samples had a median 

FPKM value of 196 for FOXJ1 mRNA. Interestingly, expression of MYB mRNA was 

detected in these ependymoma and we identified a strong correlation between MYB mRNA 

and the FOXJ1 ciliogenesis program in the datasets from Witt et al. [24] and Pajtler et al. 

[22] (Pearson r = 0.56 and Pearson r = 0.64, p < 0.0001, Figure S12A and B, Tables S6 and 

S7) suggesting that MYB may be involved in positively regulating FOXJ1 expression in 

ependymoma. Analysis of large scale quantitative single-cell RNA-sequencing data from 

mouse cortex and hippocampus also reveals that FOXJ1 ependymocytes have low levels of 

multicilin but high levels of MYB, suggesting that the MYB may be an important regulator 

of FOXJ1 expression in both ependymocytes and ependymoma alike (Table S5, Figure S13).

Expression of FOXJ1 protein is reduced in aggressive ependymoma and is associated with 
poor outcome

To examine the relationship between the ciliogenesis program and the malignant potential of 

ependymoma, we characterized FOXJ1 protein expression by immunohistochemistry in a 

cohort of cases of WHO grade I, grade II and grade III ependymoma collected from our 

hospitals (Table S8, Figure 4D–F). Interestingly, while most grade I and grade II 

ependymoma had diffuse uniform expression of FOXJ1, many anaplastic ependymoma 

demonstrated heterogeneous expression of FOXJ1 with some cells expressing the protein 

while others lacked protein expression (Figure 4D). Consistent with the mRNA results, we 

found that FOXJ1 protein expression was also reduced in more aggressive tumours with 

FOXJ1 protein levels significantly lower in WHO grade III anaplastic ependymoma 

compared to WHO grade II ependymoma (p < 0.05, Figure 4E). Similarly, we found a 

negative correlation between the level of FOXJ1 expression and the Mib-1 proliferative 

index of ependymoma (Pearson r = −0.38; p = 0.001) with FOXJ1-low ependymoma (n = 

21) having a significantly higher mean Mib-1 proliferative index compared to ependymoma 

that retained high FOXJ1 expression (n = 46) (19.77 ± 3.75 vs 7.95 ± 1.45).
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We collected clinical outcome data on tumour recurrence from this cohort of 94 patients 

with ependymoma from our hospitals, which included patients with WHO grade I, II and III 

tumours to determine if there was an association between FOXJ1 protein level and clinical 

outcome. We found that ependymomas with high FOXJ1 expression were less likely to recur 

(HR = 0.82, 95% CI = 0.70 to 0.96; p = 0.012; Table S8, S9). We observed the same result 

even when we restricted the analysis to WHO grade II and grade III ependymoma only (n= 

70; HR = 0.81, 95% CI= 0.67 to 0.97; p = 0.024; Table S8, S9). Furthermore, we next 

performed Kaplan-Meier analysis on cases that had a defined last follow up date or a defined 

date of recurrence. When we divide these WHO grade II and grade III ependymoma into 

high FOXJ1 (n = 37) and low FOXJ1 (n = 14) expressing groups, we found that the low 

expressing group was significantly associated with recurrence (HR = 5.80, 95% CI = 1.06 to 

31.67; p = 0.043) (Figure 4F).

Expression of FOXJ1 and the ciliogenesis program is reduced in high-grade choroid 
plexus tumours in mice and humans

Because FOXJ1 is strongly expressed in the epithelial cells of the human and mouse choroid 

plexus, we next asked if choroid plexus papilloma also expressed FOXJ1. We found that the 

neoplastic epithelial cells of human choroid plexus papilloma uniformly expressed FOXJ1 

protein by immunohistochemistry (Figure 5A–D). Analogous to the reduced expression of 

FOXJ1 in anaplastic ependymoma, we found that human choroid plexus carcinoma also had 

significantly lower expression of FOXJ1 protein than choroid plexus papilloma (Table S8, 

Figure 5E, 5F, 6A; p < 0.05). In these malignant tumours, FOXJ1 protein expression was 

heterogeneous and only found in a subpopulation of scattered carcinoma cells (Table S8, 

Figure 5F). While, outcome analysis was limited because of the relatively small size of the 

cohort (n = 23) and the lack of recurrences in the choroid plexus papilloma group, we did 

note that the three choroid plexus carcinomas that recurred each had low FOXJ1 expression 

(scores of 3, 3.5 and 5 out of 12).

We next turned to publicly available expression profiling data from murine and human 

choroid plexus tumours to characterize the mRNA levels of FOXJ1 and its ciliogenesis 

program. Recently, expression profiling data was published from choroid plexus carcinomas 

generated in a genetically-engineered murine model of choroid plexus carcinoma [43]. 

These tumours arise following Cre-mediated inactivation of p53, RB and PTEN. Strikingly, 

in this murine model, mRNA levels of FOXJ1 and its ciliogenesis program were also sharply 

decreased in all of the tumours that were generated (Figure 6B, S14; Table S10).

Using publicly available expression profiling data from humans with choroid plexus tumours 

[25], we also noted a strong correlation between the levels of FOXJ1 mRNA and the 

expression of the FOXJ1 ciliogenesis program (Figure S15A; Pearson r = 0.89, p < 0.0001; 

Table S11). Moreover, similar to our immunohistochemistry results, mRNA levels of 

FOXJ1, RFX2 and the ciliogenesis program were all abundant in choroid plexus papilloma 

but were significantly reduced in choroid plexus carcinoma (Figure 6C – E, S15B; p < 0.05; 

Table S11). Kaplan-Meier analysis of this public cohort [25,43] showed a very strong 

association between poor patient outcome and low levels of FOXJ1, RFX2 or the 

ciliogenesis program (Figure 6F, 6G, S16; Table S12).
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Discussion

Our work shows that low-grade ependymal and choroid plexus tumours share a FOXJ1 

ciliogenesis program with their normal tissue counterparts. This transcriptional program is 

decreased in high-grade ependymoma and choroid plexus tumours and in ependymomas that 

have poor outcome such as PF-EPN-A and ST-EPN-RELA ependymomas. Thus, shifts 

towards dedifferentiated states are associated with increased malignant potential in these 

tumours. From a practical perspective, our results show that FOXJ1 immunostaining is 

reliable as a diagnostic and prognostic marker in both ependymoma and choroid plexus 

tumours, thus providing an inexpensive, simple, and widely available tool for sample 

characterization. Few other markers of these tumours are definitive and reliable in clinical 

practice suggesting that FOXJ1 may be a clinically useful biomarker.

Although we show that transcriptional drivers of ciliogenesis such as FOXJ1 and RFX2 are 

highly expressed along with many critical components of the axoneme, ultrastructural 

studies of ependymoma demonstrate that many of the cilia structures that are produced have 

an aberrant arrangement and are improperly localized [37,51]. A recent analysis of serial 

sections of individual ependymoma cells by electron microscopy has shown that these cells 

have large basal bodies and up to three cilia per cell and that the cilia are mis-localized 

within regions that look like intracytoplasmic lumen [37]. Thus, despite the presence of 

high-level expression of the FOXJ1 master regulator of ciliogenesis, fateful recapitulation of 

normal ciliary structures and their appropriate localization is hindered. The reasons why 

these aberrations occur are unclear. It is also unclear whether the problem is linked to 

processes that dysregulate cell polarity in tumours. For example, gene set enrichment 

analysis (Table S3) identified a dysregulation of Wingless-Type (WNT) and Hedgehog 

signaling pathways in ependymoma, both pathways that are essential for establishing 

appropriate polarity [52]. However, the link between ependymoma tumour grade and the 

presence or absence of cilia is clearer. Consistent with our observation of reduced or absent 

expression of FOXJ1 in higher-grade and aggressive ependymoma, cells in such high grade 

tumours lack motile cilia when examined in serial sections by electron microscopy [37].

The presence of a FOXJ1 ciliogenesis program in many ependymomas may simply reflect a 

vestige from a prior cell lineage developmental program, one present in the cells of origin of 

ependymal and choroid plexus tumours. The emerging understanding of the complex link 

and crosstalk between ciliary factors and the regulators of entry into the cell cycle [38–40], 

however, raises the intriguing possibility that the ciliogenesis program and the abnormal 

structures that form may contribute to dysregulation of the cell cycle and may therefore 

promote cell growth and even oncogenesis [38–40].

In lower grade tumours such as grade II ependymoma, abnormal cilia might provide signals 

analogous to those that result during the disassembly and resorption of cilia. For example, 

Jouberin (Jbn) is localized to cilia in resting ciliated cells but could shift to act as a co-factor 

for beta-catenin during cilia disassembly, activating expression of cyclin D and facilitating 

G1/S transition [39]. Intraflagellar transport proteins such as IFT88, IFT27, and others, 

which are all present in cilia, have also been shown to influence cell cycle progression [39]. 

Interestingly a screen for chemical modulators using a genetically engineered murine model 
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of ependymoma showed that these mouse tumour cells were particularly sensitive to 

compounds that interfere with centrosome duplication [53]. This finding suggests that 

certain ependymoma cells may be highly dependent on centrosome homeostasis and the 

ciliogenesis program very much in the same ways that tumours are addicted to oncogenic 

drivers [40,54,55]. It also suggests that the cell lineage identity of ependymal cells and 

choroid plexus cells which is enforced by FOXJ1 in tumours, might be an essential core 

component that fosters and supports aspects of tumourigenesis. Such a dependency creates 

vulnerabilities in the centrosome cycle that could be explored as a treatment strategy and 

further supports the dysregulation of centrosome biology as an important driver of 

malignancy in ependymoma.

In higher grade tumours such as anaplastic ependymoma, posterior fossa group A 

ependymoma, RELA fusion supratentorial ependymoma and choroid plexus carcinoma, the 

ciliogenesis program is further disrupted – with the FOXJ1 program significantly reduced or 

even extinguished. These aggressive tumours have likely accumulated additional aberrations 

that can facilitate highly malignant behavior and in that context lower FOXJ1 may be 

beneficial for tumour growth. For example, in certain contexts such as in ovarian tumours, a 

decrease in FOXJ1 can enhance cell migration and invasion [56] and is associated with poor 

outcome [57]. In other contexts, such as in hepatocellular carcinoma, however, 

overexpression of FOXJ1 is associated with worse outcome in gastric cancer [58].

Independent of the direct effects of decreased FOXJ1 in certain contexts, the molecular 

events that could lead to reduced FOXJ1 may be important for fostering malignancy. 

Suppression of lineage transcription factors by mutations directly in the transcription factor 

itself or by alterations in genes that regulate epigenetic processes can lead to lineage 

reversion and to dedifferentiation [13,59–67]. While mutations in FOXJ1 have been 

described infrequently in a few cancer types [68], various sequencing studies have failed to 

identify mutations in FOXJ1 in ependymoma, suggesting that the decrease in FOXJ1 that 

occurs in the more aggressive tumours likely results from alterations in epigenetic regulators 

and possibly from reduced levels of MYB. An important limitation of the present study is 

that mechanistic insights are not provided for how FOXJ1 is suppressed in high-grade 

ependymoma and choroid plexus tumours. Insights into the mechanisms that decrease the 

FOXJ1 program in these tumours may inform new therapeutic strategies.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
FOXJ1 and critical components of the ciliogenesis program are highly expressed in 

ependymoma. A. Heat map of normalized publicly-available expression profiling data in the 

Gene Expression Omnibus (GEO) of various brain tumours (n = 346) and normal brain 

tissues (n =10 samples). Columns represent the average log2 fold change from mean 

normalized data for each sample type (Table S1). High expression orange, low expression 

blue. Transcription factors that regulate ciliogenesis as well as genes that are major 

components of cilia are shown. Pilocytic astrocytoma (n = 41), ependymoma (n = 19), 

meningioma (n = 68), Central Nervous System (CNS) PNET (n = 22), high-grade 

astrocytoma (including glioblastoma; n = 84), medulloblastoma (n = 29), atypical teratoid/

rhabdoid tumour (n = 21), primary CNS lymphoma (n = 34), pineoblastoma (n = 1), 

pediatric glioblastoma (n = 27), normal brain (n = 10). B. and C. Scatter plot of log2 fold 

change of the mean normalized data for the mRNA of the cilia transcriptional regulators 

FOXJ1 and RFX2. Each point represents the data from a single gene expression profile from 

the indicated tissue type (from Table S1).

Abedalthagafi et al. Page 15

J Pathol. Author manuscript; available in PMC 2017 March 23.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 2. 
FOXJ1 mRNA and protein are expressed in the ependymal lining and choroid plexus of the 

mouse and human brain. A. and B. FOXJ1 in situ hybridization in a P14 mouse brain 

(images from the Allen Developing Mouse Brain Atlas). Immunohistochemistry for FOXJ1 

protein expression in ciliated cells lining C. the plicae of the human fallopian tube and D. the 

bronchial airways of the human lung. E. Immunohistochemistry for FOXJ1 protein 

expression in the ependymal line (strong) and the choroid plexus (weaker) of the mouse 

brain. F. H&E stained section and G. immunohistochemistry for FOXJ1 protein expression 

in the brain of a 76 year old woman. SVZ denotes the subventricular zone region. There are 

many scattered FOXJ1 immunoreactive cells in the subventricular zone of the adult human 

brain. H. RNAscope in situ hybridization for FOXJ1 mRNA in a serial section of the same 

brain. Scale bar sizes are indicated in each of the images.
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Figure 3. 
FOXJ1 protein is expressed in various ependymoma subtypes. A. H&E stained section of a 

WHO grade II ependymoma and B. the corresponding FOXJ1 immunohistochemistry. C. 

H&E stained sections of a WHO grade I myxopapillary ependymoma and D. the 

corresponding FOXJ1 immunohistochemistry. E. FOXJ1 immunohistochemistry in a cellular 

ependymoma and F. FOXJ1 immunohistochemistry in a subependymoma. Scale bar sizes 

are indicated in each of the images.
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Figure 4. 
Expression of FOXJ1 and the ciliogenesis program varies in ependymoma. A. Heat map of 

FOXJ1, RFX2 and the FOXJ1 ciliogenesis program (see Materials and Methods section for 

details of the program; Table S4) in ependymoma. The source data is from Witt et al. [24]. 

Locations of the tumours (supratentorial, posterior fossa and spinal) are listed (Table S6). B. 

Plot of FOXJ1 mRNA expression and the mean of the expression of FOXJ1 ciliogenesis 

program genes (average of mean fold change for the genes comprising this program). The 

source data is from Witt et al. [24]. Analysis of the correlation shows a Pearson r = 0.89. C. 

Plot of the FOXJ1 ciliogenesis program from data in Pajtler et al, [22] for posterior fossa 

ependymoma (PF-EPN-A or PF-EPN-B), spinal cord ependymoma (SP-EPN) or 

supratentorial ependymoma (ST) with RELA (ST-EPN-RELA) or YAP1 (ST-EPND-YAP) 

fusions (Table S7). D. H&E stained section and FOXJ1 immunohistochemistry from serial 

sections of a recurrent anaplastic ependymoma with dedifferentiated regions from the right 

parietal-occipital region of a 21 year old male. E. Plot of FOXJ1 immunohistochemistry 

score (intensity x frequency on a scale of 0–12) on a set of 97 ependymal tumours including 
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42 WHO grade II ependymoma, 30 WHO grade III anaplastic ependymoma, 20 WHO grade 

I myxopapillary ependymoma and five WHO grade I subependymoma. F. Kaplan Meier 

survival analysis. Plot of the cumulative proportion without recurrence among ependymoma 

WHO grades II and III according to the FOXJ1 level. The high group had an IHC score > 8 

(red line) and the low group < 8 (blue line) (from Table S8). Only patients with available 

recurrence date and last follow up are included in this analysis.
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Figure 5. 
There is widespread expression of FOXJ1 protein in choroid plexus papilloma but only 

scattered cells express FOXJ1 in choroid plexus carcinoma. A. and C. H&E stained sections 

of choroid plexus papilloma and B. and D. FOXJ1 immunohistochemistry in choroid plexus 

papilloma. E. H&E stained section of choroid plexus carcinoma and F. FOXJ1 

immunohistochemistry in a choroid plexus carcinoma. Scale bar sizes are indicated in the 

images.
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Figure 6. 
Expression of FOXJ1 protein and mRNA is reduced in human and mouse choroid plexus 

carcinoma. A. Plot of FOXJ1 immunohistochemistry score (intensity × frequency on a scale 

of 0–12) on a set of nine choroid plexus papillomas (CPP) formalin fixed paraffin embedded 

(FFPE) samples and 18 choroid plexus carcinomas (CPC) FFPE samples. B. Expression of 

FOXJ1 in mouse choroid plexus epithelium and choroid plexus carcinomas from Tong et al., 

[69]. Data was extracted from GEO data set GSE61659. Comparison of FOXJ1 mRNA 

expression levels from adult mouse choroid plexus epithelium (adult CPE), embryonic 
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choroid plexus epithelium (E18 CPE), primary mouse choroid plexus carcinoma (CPC) 

removed following Cre-mediated recombinase driven inactivation of p53, Rb and Pten 
(primary CPC), or implanted and re-implanted mouse choroid plexus carcinoma (CPC) [69]. 

C. Plot of log2 fold change of FOXJ1 mRNA from public expression profiling data of 

human CPP, aCPP and CPC in Merino et al. [25] (Table S11). aCPP, atypical choroid plexus 

papilloma. D. Plot of log2 fold change of mean of the genes comprising the FOXJ1 

ciliogenesis program (Table S11). E. Heat map of FOXJ1, RFX2 and the FOXJ1 ciliogenesis 

program from Merino et al. [25] (Table S11). CPC cases that cluster with the CPP and aCPP 

are marked with a red asterisk. F. and G. Kaplan-Meier Survival Analysis of cohort of 

patients with choroid plexus papilloma and choroid plexus carcinomas published in Merino 

et al., Clinical Cancer Research 2014 [25] and Tong et al., Cancer Cell 2015 [43] (Table 

S12). Kaplan-Meier survival curves were generated using GraphPad Prism version and p-

values were generated by the Log-Rank (Mantel-Cox) test in GraphPad. FOXJ and 

ciliogenesis program expression profiles were binned into high and low expression by 

separating values above and below a log fold-change of 0.
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