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Abstract

Acquired uniparental disomy (aUPD, also known as copy-neutral loss of heterozygosity) is a 

common feature of cancer cells and characterized by extended tracts of somatically-acquired 

homozygosity without any concurrent loss or gain of genetic material. The presumed genetic 

targets of many regions of aUPD remain unknown. Here we describe the association of 

chromosome 22 aUPD with mutations that delete the C-terminus of PRR14L in patients with 

chronic myelomonocytic leukemia (CMML), related myeloid neoplasms and age-related 

clonal hematopoiesis (ARCH). Myeloid panel analysis identified a median of 3 additional 

mutated genes (range 1-6) in cases with a myeloid neoplasm (n=8), but no additional 

mutations in cases with ARCH (n=2) suggesting that mutated PRR14L alone may be sufficient 

to drive clonality. PRR14L has very limited homology to other proteins and its function is 

unknown. ShRNA knockdown of PRR14L in human CD34+ cells followed by in vitro growth 

and differentiation assays showed an increase in monocytes and decrease in neutrophils 

consistent, with a CMML-like phenotype. RNA-Seq and cellular localization studies suggest a 

role for PRR14L in cell division. PRR14L is thus a novel, biallelically  mutated gene and 

potential founding abnormality in myeloid neoplasms. 

Running title: PRR14L mutations in CMML and ARCH

Keywords: PRR14L, CMML, myeloid neoplasms
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Introduction

Uniparental disomy refers to the situation in which both copies of a chromosomal region or 

an entire chromosome originate from one parent.  Acquired uniparental disomy (aUPD; also 

known as copy-neutral loss of heterozygosity) is a common feature of cancer cells and 

characterized by extended tracts of somatically-acquired homozygosity without any 

concurrent loss or gain of genetic material.1 Typically, aUPD is initiated by mitotic crossing 

over or aneuploidy rescue and acts to convert a somatically-acquired heterozygous driver 

mutation to homozygosity, an event that confers a further growth advantage to the mutant 

clone. In myeloid neoplasms, aUPD is seen in up to a third of cases and is strongly associated 

with a range of somatically mutated genes such as MPL at chromosome 1p34 (aUPD1p), 

TET2 (aUPD4q), EZH2 (aUPD7q), JAK2 (aUPD9p), CBL (aUPD11q), FLT3 (aUPD13q) and CALR

(aUPD19p).2-9 Occasionally, aUPD targets inherited variants or imprinted regions rather than 

somatic mutations, e.g. aUPD7q in myeloid malignancies may lead to loss of inherited 

mutations in SAMD9L,10 and aUPD14q leads to homozygosity for the paternal copy of the 

imprinted MEG3-DLK1 locus.11 In addition, aUPD and associated mutations can be found in 

elderly populations unselected for hematological disorders, a finding known as age-related 

clonal hematopoiesis (ARCH), clonal hematopoiesis of indeterminate potential (CHIP) or, 

more broadly, aberrant clonal expansions (ACE).12-16

Although it is possible that aUPD might occasionally be a passenger event in cancer, it seems 

more likely that these regions are only apparent because of the selective advantage they 

confer in conjunction with specific mutations or imprinted loci.15 Nevertheless, several 

regions of aUPD have not yet been associated with specific genetic targets, one of the most 

prominent being aUPD22q. Although uncommon, this abnormality is clearly recurrent in 

myeloid neoplasms as well as ARCH. We previously identified 3/148 (2%) cases of 

myelodysplastic/myeloproliferative neoplasms (MDS/MPN) with chromosome 22 aUPD by 

genome-wide single nucleotide polymorphism (SNP) analysis,5 and other studies identified 

cases with MDS/MPN or myelodysplastic syndrome (MDS) with complete or partial aUPD22
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of the q arm.6, 17 Two independent studies of >50,000 subjects recruited for genome-wide 

association studies revealed a total of 424 instances of aUPD, of which 16 (4%) involved 

chromosome 22q.12, 13 Finally, we reported an analysis of 1141 cancer-free elderly men from 

the Uppsala Longitudinal Study of Adult Men (ULSAM) cohort and identified aUPD >2Mb in 

16 (1.4%) individuals, of which 3 (19% of those with aUPD) involved chromosome 22.14 Here 

we identify the target of aUPD22 as PRR14L, a gene not previously recognized as being 

mutated in cancer.

Methods

Study cohorts: Our study focused on two major groups: (i) patients diagnosed with a myeloid 

neoplasm according to standard morphological, hematologic and laboratory criteria; (ii) the 

Uppsala Longitudinal Study of Adult Men, an ongoing longitudinal epidemiologic study based 

on all available men born between 1920 and 1924 and living in Uppsala County, Sweden. 

Genome wide SNP analysis of most of these subjects has been published previously and 

used to identify cases with aUPD22.4, 5, 9, 11, 14 The studies were approved by the UK National 

Research Ethics Service (NRES) Committee South West and NRES East Midlands, the Uppsala 

Regional Ethical Review Board, the Ethics Committee of the Biomedical Research Foundation 

of the Academy of Athens.

Whole exome sequencing: For cases E4051 and E6526 we sequenced both tumor (peripheral 

blood leucocyte) and constitutional (cultured T-cell) DNA. T-cells were isolated from 

anticoagulated peripheral blood using CD3 MicroBeads and cultured using a T-cell 

Activation/Expansion kit (Miltenyi Biotec, Bisley, UK). Samples were prepared for exome 

sequencing using the Agilent SureSelect kit (Agilent Technologies, Palo Alto, CA, USA) 

(Human All Exon 50 Mb) and then sequenced on an Illumina HiSeq 2000 (Illumina, Great 

Abington, UK) at the Wellcome Trust Centre for Human Genetics, Oxford, UK. Exome 

sequencing of ULSAM1182, ULSAM1242 and ULSAM1356 (peripheral blood leukocyte DNA 

only) was performed by SciLifeLab (Stockholm, Sweden). Sequence data from all five samples 

were analyzed using a custom bioinformatic pipeline as previously described.18
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Mutation screening: We screened all coding exons of PRR14L in 115 patient samples (CMML, 

n=52; atypical chronic myeloid leukemia, n=46, myelodysplastic/myeloproliferative 

neoplasm-unclassified, n=7, myeloproliferative neoplasm, n=10) and 20 myeloid cell lines 

(Supplementary Table 1) using a combination of Sanger sequencing and a custom designed 

Illumina TruSeq panel. Samples were processed according to the manufacturer’s protocol 

and run on an Illumina Miseq. The Illumina Trusight Myeloid Sequencing Panel (Illumina) was 

used to screen PRR14L mutated samples for additional pathogenic mutations. Samples were 

processed according to the manufacturer’s protocol and run on an Illumina Miseq.

Cell lines and expression constructs: The HEK293F cell line (Thermo Fisher Scientific, 

Waltham, MA, USA) was grown in DMEM plus 10% fetal calf serum and transfected using 

Lipofectamine 2000 (Invitrogen, Carlsbad, CA, USA). Full length PRR14L (Genbank accession: 

NM_173566) was synthesized (Genescript, New Jersey, USA) and transferred to pCMV6-

Entry (C-terminal Myc-DDK tags; Origene Technologies Inc., Maryland, USA). Wildtype and 

mutant PRR14L were then transferred to pCMV6-AN-Myc-DDK, pCMV6-AC-GFP and pCMV6-

AN-GFP (Origene Technologies Inc, Maryland, USA). 

Lentiviral knockdown of PRR14L expression. Lentivirus was produced by transfection of 

pLKO.1 shRNA plasmids with the Mission Lentiviral packaging mix (Sigma-Aldrich Company 

Ltd., Poole, UK) into HEK293F cells and harvested on day 3. Lentiviruses were harvested after 

48h and 72h post-transfection and concentrated by ultracentrifugation (Beckman Coulter, 

Brea, CA, USA; Ultracentrifuge Rotor SW28) at 28000 rpm for 3h at 4°C. To test knockdown 

efficiency, five pLK0.1 shRNAs were transduced into HEK293F cells with 8 μg/ml polybrene

and selected in with 1 μg/ml puromycin (Thermo Fisher Scientific) for 5 days. PRR14L

expression was measured by Taqman assay (Assay Hs00543135_m1,  Thermo Fisher 

Scientific) with GUSB (assay Hs00939627_m1) and B2M (assay Hs99999907_m1) as internal 

normalisation controls. Two clones showing the greatest degree of knockdown 

(TRCN0000422471 and TRCN0000135981; Sigma Mission, Sigma-Aldrich Company Ltd.) were 
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used for all further experiments. Healthy CD34+ cells were infected with virus in presence of 

polybrene (8µg/ml). Cells were spinoculated at 800Xg for 2 h at 32°C. Cells were replenished 

with fresh medium after 24 h of viral infection. Selection of transduced cells was performed 

with puromycin (0.65µg/ml) and the cells were kept in selection medium throughout the 

experiment. Details of all antibodies and flow cytometric analysis are given in the 

Supplementary Material.

Immunofluorescence: Cells were cytospun onto slides, dried briefly then fixed in methanol at -

20 °C for 10 mins. Blocking and antibody dilutions were in 1% BSA in PBS. Primary antibodies 

were incubated at 4°C overnight and secondary antibodies for 1 hour at room temperature. 

Immunoprecipitation: Lysates were prepared for immunoprecipitation either with a Nuclear 

Complex Co-IP kit (Active Motif, Carlsbad, CA, USA) using the low stringency buffer without 

additional detergent or salt, or by lysing in Tris/Triton buffer (20 mM Tris-Cl pH 7.6, 150 nM

NaCl, 1% Triton-X, 1 mM EDTA plus protease inhibitors). Potential interactions between 

PRR14L and ASXL1 or BAP1 were tested in (i) unmanipulated HL60, K562 and MARIMO cells 

and (ii) HEK293F cells transiently transfected with PRR14L-N-FLAG/MYC or PRR14L-C-

FLAG/MYC expression constructs.

Cell culture: CD34+ cells from healthy donors were obtained from Lonza (Basel, Switzerland). 

The cells were cultured in erythroid or granulomonocytic differentiation media for 14 day as 

described previously.19, 20 For cell growth assays, on day 7 of culture transduced cells were 

seeded in 96 well plates (10000 cells/200µl). Viable cells were counted by using trypan blue 

exclusion assay. For colony assays, on day 7 of culture 3000 transduced cells were plated on 

methylcellulose (MethoCult H4434 Classic, Stemcell Technologies) containing 0.65µg/ml 

puromycin according to the manufacturer’s protocol. Colonies were counted after 14 days.

May-Grünwald and Giemsa stains were used to stain cytospin slides of granulomonocytic

and erythroid cells according to the manufacturer’s protocol (Sigma Aldrich).
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RNA-seq: Individual CFU-GM colonies expressing PRR14L shRNA (n=3) or a scramble shRNA 

control (n=2) were resuspended in TrIzol reagent and total RNA was extracted according to 

the manufacturer’s protocol (Thermo Fisher Scientific). RNA was treated with DNase and 

purified using Agencourt RNAClean XP beads (Beckman Coulter). Libraries were produced 

using SMART-Seq2 library preparation protocol21 and sequencing was performed on an 

Illumina HiSeq4000 with 75bp paired-end reads. Reads were trimmed for Nextera, Smart-

seq2, Illumina adapter sequences using skewer-v0.1.125. Trimmed read pairs were mapped 

to human genome hg38.ERCC using HISAT2 version 2.0.422. Uniquely mapped read pairs 

were counted by using featureCounts, subread-1.5.0, using exons annotated in ENSEMBL 

annotations, release 75.23, 24

Data analysis: Differential gene expression analysis was performed using edgeR.25 Analysis of 

gene set up- or downregulation was performed using Gene Set Association Analysis for RNA-

Seq with Sample Permutation (GSAASeqSP).26 Ingenuity Pathway Analysis (IPA) software 

(Qiagen, Hilden, Germany) was used for the identification of significantly dysregulated 

pathways, and of significant upstream regulators and downstream biological functions. The 

significance of the comparisons between cells expressing PRR14L shRNAs or the scramble 

control was determined by repeated-measures 1-way ANOVA with Tukey’s post-hoc tests. 

The measurements of cell growth over time for cells expressing PRR14L shRNAs or the 

scramble control were compared using 2-way ANOVA and Bonferroni’s post tests. P values 

of less than 0.05 were considered statistically significant.

Results

Recurrent mutations of PRRL14 associated with aUPD22q. Whole exome sequence (WES) 

analysis of 5 cases with aUPD22q (3 from the ULSAM cohort and 2 with MDS/MPN) revealed 

that 4 had inactivating mutations in PRR14L (nonsense, n=2; frameshift, n=2). No other gene 
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was found to have inactivating mutations in >2 cases indicating that PRR14L is the likely 

target of aUPD22q (Supplementary Table 1). Analysis of a further 6 cases with MDS/MPN 

with aUPD22q for PRR14L mutations by a combination of Sanger sequencing and targeted 

next generation sequencing revealed an additional four mutated individuals. We then 

screened PRR14L in unselected cases with myeloid neoplasia (n=115) and identified two

further mutated cases. These cases were not tested for aUPD22q but one of these cases 

(E6353) had a PRR14L variant allele frequency (vaf) of 0.93, indicating homozygosity or 

hemizygosity in the great majority of cells.

All 10 PRR14L mutations were frameshift or nonsense mutations resulting in loss of the C-

terminus of the protein (Figure 1a; Table 1). In 2/2 cases tested we found that the PRR14L

mutation was absent in cultured T-cells, indicating a somatic origin (Supplementary Figure 1). 

We found no PRR14L mutations in 20 myeloid cell lines (Supplementary Table 2) but 

inspection of the Cosmic database (https://cancer.sanger.ac.uk/cosmic; accessed 3rd May 

2018) revealed 28 entries with truncating PRR14L mutations associated with a wide range of 

cancers but mainly solid tumors (Supplementary Table 3), thus demonstrating that 

pathogenic abnormalities of this gene are not limited to hematological malignancies.

Association of PRR14L mutations with ARCH and CMML. Of the 10 PRR14L mutated cases, 8 

had a diagnosis of a myeloid neoplasm and 5 of these had chronic myelomonocytic leukemia

(CMML). The other 2 mutated cases were recruited from the ULSAM cohort: ULSAM1182 

died at 91 years of age, 11 years after detection of aUPD22q/PRR14L, without any evidence 

of malignancy. ULSAM1242 died at the age of 77 of prostate cancer but also had a 

‘secondary malignant neoplasm of bone and bone marrow’. Both malignancies were 

diagnosed 4 years after the date of the sample in which we detected aUPD22q/PRR14L. Of 

note, the third individual from the ULSAM cohort (ULSAM1356) with aUPD22q but without a 

detectable PRR14L mutation developed an unspecified myeloid leukemia after two years. 

WES revealed a frameshift mutation in CHEK2 at 22q12 (NM_007194: c.550_551insAT; 

p.N184fs), suggesting that aUPD22q might occasionally target this gene.
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Myeloid neoplasms are often characterised by somatic mutations in multiple genes.27, 28 We 

searched for additional mutations in PRRL14 mutated cases using the Illumina TruSight

Myeloid Sequencing Panel and/or WES data. All 8 cases tested with a diagnosed myeloid 

neoplasm showed additional mutations (median=3, range 1-6) but there was no gene that 

was recurrently co-mutated with PRR14L (Table 1). Strikingly, no additional mutations were 

detected in ULSAM1182 or ULSAM1242, suggesting that mutated PRR14L alone may be 

sufficient to drive ARCH. Comparison of the variant allele frequencies (VAF) between 

additional mutations and PRR14L in cases with a myeloid neoplasm did not allow us to infer 

the order in which some of the mutations were acquired (Supplementary Figure 2), but there 

was no case in which a PRR14L mutation was clearly a late event. Our data thus suggest that 

PRR14L mutations may be founding events in the multistep pathogenesis of myeloid 

neoplasms.

PRR14L is located at the midbody in dividing cells. PRR14L (proline rich repeat 14-like) is 

predicted to encode a widely expressed 2151 amino acid (237KDa) protein of unknown 

function and no recognised domains except for a 49 amino acid region of homology with the 

Drosophila protein tantalus (tant;29) and PRR14, an independent gene on chromosome 16 

(Figure 1 and Supplementary Figure 3). The function of this tantalus-like domain is unknown.

Tant has either a cytoplasmic or nuclear localisation depending on cellular context29 whereas 

the Protein Atlas (https://www.proteinatlas.org/ENSG00000183530-PRR14L/cell) indicates

PRR14L is nuclear in SiHa and U-2 OS cells. Consistent with this, we identified a classical 

bipartite nuclear localisation signal30 at amino acids 2079-2104 that is predicted to be lost or 

disrupted in all 10 mutants (Figure 1). Strikingly, using the same antibody (HPA062645) we 

found that PRR14L was located at the midbody in dividing HEK293F cells (Figure 2A). In 

support of this finding, mass spectrometry31 identified two midbody proteins, KIF4A and 

KIF23 as PRR14L interacting partners, and we confirmed an interaction between PRR14L and 

KIF4A by co-immunoprecipitation (Figure 2B). 
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Downregulation of PRR14L induces a CMML-like phenotype in vitro. The PRRL14 mutations 

we identified suggest a loss of function. To study the impact of PRR14L inactivation on 

granulomonocytic and erythroid differentiation, we knocked down PRR14L in primary human 

bone marrow CD34+ cells using two different shRNAs. Transduced cells were cultured for 14 

days under conditions for differentiation into erythroid and granulomonocytic cells and 

PRR14L knockdown was confirmed in granulomonocytic and erythroid cells by real-time 

quantitative PCR (Figures 3A & 4A). Granulomonocytic cells with PRR14L knockdown showed 

impaired cell growth and an increase in apoptosis at day 11 (Figure 3B-D) compared to the 

scramble control. The effects of PRR14L knockdown on granulomonocytic differentiation 

were studied by flow cytometric analysis of granulomonocytic cell surface markers 

(granulocytes, CD66b and CD15; monocytes, CD14) using cells harvested on day 11 and day 

14 of culture under granulomonocytic differentiating conditions. We observed a significant 

decrease in the cell population expressing CD66b (Figure 3E-F) and a reduction of cells 

expressing CD15 (Figure 3G-H), indicating a decrease in the percentage of granulocytes, in 

cells with PRR14L knockdown compared to the scramble control. We also observed a 

decrease in the CD15+CD66b+ population (Supplementary Figure 4A-B). A significant 

increase in the population expressing CD14 was observed, indicating an increase in the 

percentage of monocytes in the granulomonocytic cultures following PRR14L knockdown 

(Figure 3I-J). Morphological examination of granulomonocytic cells cytospins showed that 

PRR14L knockdown resulted in a decrease in the number of granulocytes (mainly 

neutrophils) and an increase in the number of macrophages (Supplementary figure 4C). In 

colony forming assays PRR14L knockdown resulted in a significant reduction in the total 

number of colonies compared to the scramble control with a higher relative proportion of 

CFU-M compared to CFU-GM and CFU-G (Figure 3 K-L). Thus, knockdown of PRR14L results 

in a relative increase in the monocyte/macrophage population, consistent with a CMML

phenotype.

Erythroid cells with PRR14L knockdown showed impaired cell growth compared to the 

scramble control (Figure 4B). No change in apoptosis was found (data not shown), however 

PRR14L knockdown resulted in cell cycle arrest at the G1 phase (Figure 4C). The effects of 
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PRR14L knockdown on erythroid differentiation were studied by flow cytometry analysis of 

erythroid cell surface markers (CD36, CD71 and CD235a) using cells harvested on day 11 and 

day 14 of culture under erythroid differentiating conditions. We observed a decrease in the 

cell population expressing early erythroid markers (CD36+CD71+) (Figure 4D-E) and a 

concomitant significant decrease in the intermediate erythroid cell population 

(CD71+CD235a+ and CD36+CD235a+) (Figure 4F-I). We also observed a decrease in the 

CD36+, CD71+ and CD235a+ cell populations in erythroid cells with PRR14L knockdown 

(Supplementary figure 5A-F). PRR14L knockdown resulted in a significant reduction in the 

total number of BFU-E and of CFU-E compared to the scramble control (Figure 4J). In colony 

forming assays, the relative proportion of BFU-E and CFU-E obtained from cells with PRR14L

knockdown was lower compared to the scramble control, while the relative proportion of 

CFU-GEMM was higher (Figure 4K).

Gene expression analysis implicates PRR14L in cell division. To determine the effects of 

PRR14L knockdown on the transcriptome of hematopoietic cells differentiated towards the 

granulomonocytic lineage, RNAseq was performed on individual CFU-GM with shRNA-

mediated PRR14L knockdown and CFU-GM colonies expressing the scramble shRNA control. 

A total of 104 significantly differentially expressed genes (22 upregulated and 82 

downregulated) were identified in cells with PRR14L knockdown (Supplementary Table 4). 

We analyzed specific panels of genes described in the literature as involved in granulocyte32

and monocyte33 function. Differentially expressed genes in cells with PRR14L knockdown 

include DEFA3, DEFA4 and MPO from the list of granulocyte-relevant genes, and SERPINB2

and CSF1R from the list of monocyte-relevant genes (Supplementary Table 5). GSAASeqSP

showed significant association of genes upregulated in CFU-GM with PRR14L knockdown and 

many enriched gene sets, including several related to cell cycle and mitosis (approximately 

30% of the significant gene sets) (Supplementary Table 6).

Differentially expressed genes were analyzed by Ingenuity Pathway Analysis (IPA) to identify 

enriched biological functions. Hematological System Development and Function was the top 
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ranking function (p-value range 9.6x10-3-1.4x10-13), with significantly enriched subcategories 

including several neutrophil-related functions among those with a negative activation score 

(Supplementary Table 7). These data are consistent with our observations that PRR14L

knockdown results in a decrease of granulocyte populations in granulomonocytic cultures.

Using IPA we performed an analysis of upstream transcriptional regulators to determine if 

the differentially expressed genes were connected by a common regulatory process. Several 

potential transcriptional regulators were identified, the most significant being MKL1, MKL2 

and SRF (Supplementary Table 8). 

Further analysis of the significantly differentially expressed genes showed dysregulation of 

several pathways (Supplementary Table 9), with retinol biosynthesis and Gαi signalling 

amongst the top 5. Gαi signalling was also dysregulated in CFU-GM with PRR14L knockdown. 

Gαi proteins localize in the centrosomes and at the midbody and altered expression or 

function of these proteins leads to defective cell division.34 Moreover, Gαi signalling is 

required for the asymmetric positioning of the spindle in the process of asymmetric cell 

division.35 Some genes encoding proteins localized to the midbody and/or spindle structures 

(obtained from MiCroKiTS)36 were significantly differentially expressed (MYO6, FAM83D and 

TUBA4A) in CFU-GM with PRR14L knockdown. The observed inhibition of Gαi signalling in 

CFU-GM with PRR14L knockdown points to a role of PRR14L in cell division and links to our 

finding that PRR14L localises to the midbody in dividing cells.

Discussion

Characterization of recurrent chromosome abnormalities has formed the foundation of our 

understanding of the molecular genetics of hematological malignancies. Large regions of 

cytogenetically cryptic somatically acquired UPD, however, escaped attention until the large 

scale application of genome wide single nucleotide polymorphism arrays. Surprisingly, 

perhaps, there are still a number of targets of recurrent aUPD that remain to be identified.
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We report here the finding of truncating mutations of PRR14L, a gene of unknown function,

associated with a chromosome 22 aUPD. Of particular interest, PRR14L mutations were 

identified as sole abnormalities in ARCH suggesting that mutated PRR14L alone may be 

sufficient to drive clonality. ARCH is associated with several age related conditions, including 

inflammation, vascular diseases and a high risk of developing hematologic malignancies. It 

has been suggested that identification and treatment of ARCH may have wide benefits for 

human health 16. Our findings expand the mutational repertoire associated with clonal 

hematopoiesis and will help to identify individuals who may benefit from early intervention. 

PRR14 is the only human protein with recognisable homology to PRRL14L, with the two both 

having a tantulus domain, a motif of unknown function first identified in the Drosophilia

gene tant. Despite its name, PRR14L has no homology with the proline-rich region of PRR14 

and is not itself proline rich. PRR14 has been reported to tether heterochromatin to the 

nuclear lamina during interphase and mitotic exit37 and promote tumorigenesis by activating 

the PI3K pathway.38 Of particular interest, Drosophilia tant was initially identified as 

encoding a protein that interacts specifically with the polycomb/trithorax group protein 

Additional Sex Combs (Asx).29 ASXL1, a human orthologue of Asx, is frequently mutated in 

myeloid neoplasms, including CMML,27, 39 resulting in global loss of H3K27 methylation.40, 41

Furthermore, a broad interactome screen using mass spectrometry identified a potential 

interaction between BAP1 (an ASXL1 binding protein) and PRR14L.31 We were unable, 

however, to confirm an interaction between human PRR14L and either BAP1 or ASXL1 in 

several cell lines either by pull down of native or tagged PRR14L with BAP1 or ASXL1 

antibodies, or by the reverse pull down of BAP1 or ASXL1 by PRR14L or tag antibodies (not 

shown). Gene expression profiling after knockdown of PRR14L, however, revealed two 

potential links between PRR14L and ASXL1. 

First, we identified a number of candidate transcriptional regulators linked to the observed 

pattern of differentially expressed genes (Supplementary Table 8), one of which was PPARG

(p=0.00077). ASXL1 is known to be involved in transcriptional regulation mediated by ligand-
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bound nuclear hormone receptors, such as PPARG and retinoic acid receptors.42, 43

Specifically, ASXL1 acts as corepressor of PPARG and coactivator of RARs and PPARG 

modulates gene networks involved in controlling growth, cellular differentiation, and 

apoptosis.44 We observed up-regulation of several PPARG target genes in CFU-GM, 

suggesting that PRR14L knockdown might affect ASXL1 function resulting in loss of 

repression of PPARG.

Second, analysis of the significantly differentially expressed genes showed dysregulation of 

retinol biosynthesis (Supplementary Table 9). Retinoic acid receptor alpha (RARα) plays an 

important role in regulating myeloid development, especially along the granulocytic lineage. 

Chromosomal translocations involving RARα result in dysregulation of this process in acute 

promyelocytic leukemia, a disease characterized by a block in granulocytic differentiation.45

We have previously reported dysregulation of the RAR activation pathway in CD34+ 

progenitor cells of patients with myeloid malignancies with ASXL1 mutations46 and of the 

RXR activation pathway in ASXL1‐deficient cells.19 The RXR activation pathway was 

significantly dysregulated in CFU-GM with PRR14L knockdown (Supplementary Table 9), 

suggesting a potential link with ASXL1 function.

Gene expression analysis identified MKL1, MKL2 and SRF as the most significant candidate 

upstream transcriptional regulators (Supplementary Table 8). MKL1 and MKL2 are 

coactivators of the nuclear transcription factor serum response factor (SRF) and are found in 

complex with globular actin (G-actin) in the cytoplasm, preventing their nuclear localization. 

Incorporation of G-actin into filamentous actin (F-actin) in response to stimuli liberates 

MKL1/2, enabling their nuclear translocation and interaction with SRF. This stimulates 

expression of cytoskeletal genes, including actin and actin regulatory genes. Thereby, the 

actin-MKL-SRF circuit modulates gene expression along with cytoskeletal dynamics for the 

regulation of cell motility as well as cell survival, proliferation, and differentiation.47 MKL1

loss of function results in severe defects in actin rearrangement causing clinical presentation 

of neutrophil defects.48 Our data thus indicate that PRR14L knockdown results in 
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downregulation of several genes belonging to the MKL-SRF circuit, potentially impacting 

neutrophil function.

We located PRR14L to the midbody in dividing cells. The midbody is a transient structure 

that forms during cell division and appears to direct abscission, the final stage in which the 

two daughter cells separate.49, 50 One of the daughter cells retains the midbody and there is 

evidence that midbody retention or release may influence cell fate. Altered midbody 

dynamics has been linked to oncogenesis since midbody retention or accumulation has been 

associated with a stem cell-like phenotype51, a point that is clearly of potential relevance to 

the finding of PRR14L mutations as sole abnormalities in ARCH.

In summary, we report for the first time the finding of loss of function PRR14L mutations in 

myeloid neoplasia and ARCH.  Knockdown of PRR14L results in altered myeloid 

differentiation and cell growth in vitro and our data suggest that PRR14L may play a role in 

cell division. These findings increase our knowledge of the mechanisms by which myeloid 

malignancies arise and may have important implications for the treatment of CMML and 

related conditions, as well as the identification and potential management of ARCH.
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Figure legends

Figure 1. Acquired UPD at chromosome 22q and PRR14L mutations. (A) Location of PRR14L

on chromosome 22 and positions of the 8 detected regions of aUPD22 overlapping this gene 

(B). The positions of 6 frameshift (fs) and 4 nonsense (x) PRR14L mutations are indicated. 

PRR14L has no recognised motifs apart from a predicted nuclear localization signal and a 

tantalus-like domain also seen in PRR14 and the Drosophilia protein tant. 

Figure 2. PRR14L is located at the midbody and interacts with KIF4A. 

(A)  HEK293 cells were immunostained with PRR14L (HPA062645 antibody; green) and α-

tubulin (red) and counterstained with DAPI. Confirmatory evidence for midbody localization 

of PRR14L in dividing HEK-293F is that the midbody signal can be blocked by the PrEST

antigen for the HPA062645 antibody (not shown).

(B) HEK293F lysates were immunoprecipitated (IP) with the PRR14L antibody HPA062645

using the Nuclear Complex Co-IP kit and blotted (WB) with anti-KIF4A (GTX115759). The 

identity of KIF4A was confirmed by repeating with a second antibody (ab3815) (not shown).

The PRR14L midbody staining was reproducible and seen in the majority of midbodies

identified by tubulin staining and was also seen in HL60 and K562 cells (not shown).
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Figure 3. Effects of PRR14L knockdown on granulomonocytic differentiation.

(A) Real-time quantitative PCR showing knockdown of PRR14L in granulomonocytic cells. (B) 

Cell growth curves obtained by trypan blue exclusion assay from day 7 to day 14 of the 

granulomonocytic cultures. (C-D) Apoptosis measured by Annexin V staining using flow 

cytometry on (C) day 11 and (D) day 14 of culture. (E-J) Flow cytometry analysis of CD66b, 

CD15 and CD14 for evaluation of granulomonocytic differentiation: CD66b+ cells on (E) day 

11 and (F) day 14 of culture, CD15+ cells on (G) day 11 and (H) day 14 of culture, and CD14+ 

cells on (I) day 11 and (J) day 14 of culture. (K-L) Colony forming cell assays for evaluation of 

graulomonocytic differentiation: (K) total number of colonies, CFU-GM, CFU-M and CFU-G, 

and (L) relative proportion of the different types of colonies. Results shown in panel A, B, C-J, 

K-L are from 8, 7, 6, 7 independent experiments respectively. Data are represented as Mean 

± SEM. P values were obtained by repeated-measures 1-way ANOVA with Tukey’s post-hoc 

tests. P values in panel (B) were calculated by 2-way ANOVA with Bonferroni’s post 

test.*P<0.05, **P< 0.01, ***P< 0.001.  

Figure 4. Effects of PRR14L knockdown on erythroid differentiation.

(A) Real-time quantitative PCR showing knockdown of PRR14L in erythroid cells. (B) Cell 

growth curves obtained by trypan blue exclusion assay from day 7 to day 14 of the erythroid 

cultures. (C) Cell cycle analysis of erythroid cells. (D-I) Flow cytometry analysis of CD36, CD71 

and CD235a for evaluation of erythroid differentiation: CD36+CD71+cells on (D) day 11 and 

(E) day 14 of culture, CD36+CD235a+ cells on (F) day 11 and (G) day 14 of culture, 

CD71+CD235a+ cells on (H) day 11 and (I) day 14 of culture. (J-K) Colony forming cell assay 
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for evaluation of erythroid differentiation: (J) total number of colonies, BFU-E, CFU-E and CFU-

GEMM, and (K) relative proportion of the different types of colonies. Results shown in panel 

A, B, C, D, E, F, G, H, I, J-K are from 8, 7, 6, 7, 6, 7, 6, 7, 6, 7 independent experiments 

respectively. Data are represented as Mean ± SEM. P values for panel (A, C-K) were obtained 

by repeated-measures 1-way ANOVA with Tukey’s post-hoc tests. P values in panel (B) were 

calculated by 2-way ANOVA with Bonferroni’s post test.*P<0.05, **P< 0.01, ***P<0.001
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Table 1: Cases with aUPD22 and/or mutations of PRR14L

UPN aUPD22 Disorder PRR14L mutation (vaf) Additional mutations 

(vaf)

E2633 chr22:15685581-qter MPN-U exon4: c.5497C>T p.R1833* (0.90) CBL p.I383M (0.79)

ETV6 p.S47* (0.21)

GATA2 p.K390del (0.41)

PHF6 p.G10Rfs*12 (0.80)

U2AF1 p.Q157R (0.50)

E4051 chr22:16604328-qter CMML exon4: c.3081T>A p.C1027* (0.94) NRAS p.G12S (0.50)

ASXL1 p.Q748* (0.46)

GATA2 p.L386_E391del 

(0.24)

E5317 chr22:pter-qter CMML exon 4: c.2223_2236del p.E741Dfs*3 

(0.95)

NRAS p.G12S (0.49)

TET2 p.Q1603* (0.50)

RUNX1 p.L82Rfs*41 (0.47)

E5319 chr22:pter-qter CMML exon 4: c.1446delC p.H482Qfs*6 (0.95) EZH2 p.Y731D (0.46)

RUNX1 p.G122Qfs12 (0.46)

PTPN11 p.G503R (0.46)

E6526 chr22:31496485-qter MDS/MPN exon4: c.3489delA p.E1163Dfs*10 (0.75) EZH2 p.I109* (0.45)

TET2 p.K1208* (0.53)

TET2 p.N1610Kfs*4 (0.50)

E12759 chr22:23855603-qter MDS RAEB1 exon 9: c.6287delC p.P2096Rfs*33 (N/A) U2AF1 p.Q157P (0.33)

ULSAM1242 chr22:17000000-qter ARCH exon4: c.4561C>T p.Q1521* (0.58) None

ULSAM1182 chr22:24700000-qter ARCH exon4: c.4518delA p.H1507Mfs*12 (0.37) None

E3765 N/A CMML exon 4: c.4570C>T p.R1524* (0.47) NRAS p.G12D (0.38)

SETBP1 p.S869N (0.48)
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E6353 N/A CMML exon 7: c.6084delC p.M2029Wfs*9 (0.93) ASXL1 p.T794Nfs*6 (0.44)

CSF3R p.E815* (0.44)

CSF3R p.T618I (0.40)

SRSF2 p.P95H (0.27)

TET2 p.K318Nfs*29 (0.45)

TET2 p.K318* (0.45)

vaf, variant allele frequency; N/A, not available
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