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Depletion of the RNA binding protein QKI and circular 
RNA dysregulation in T-cell acute lymphoblastic leukemia

This study investigates the impact of abnormally low QKI 
expression on the T-cell acute lymphoblastic leukemia 
(T-ALL) circRNAome.
Circular RNA (circRNA) drive oncogenic processes, acting as 
both oncogenic and tumor suppressor molecules.1 Recent 
data on aberrant circRNA expression and functional impact 
in T-ALL2 incited further study of the factors underlying 
circRNA dysregulation in this malignancy. An interesting 
lead to pursue was the observation that the splicing factor 
Quaking (QKI), previously linked to circRNA biogenesis,3,4 
might be dysregulated in T-ALL. QKI is considered a tumor 
suppressor protein5 and has reduced expression in solid 
cancer.6 Less is known about it in leukemias. Heteroge-
neous QKI expression has been shown in B-cell ALL, with 
QKI downregulation in pediatric subtypes of leukemia.7 

MiR-155-dependent-QKI depletion has been implicated in 
inflammation in chronic lymphocytic leukemia.8 In T-ALL, 
QKI downregulation was reported in cases with high HOXA 
expression, carrying CALM-AF109 or KMT2A rearrangements.10 
The QKI transcript displayed a highly heterogeneous level 
of expression in T-ALL (range, 0-15 transcripts per million) 
(Figure 1A), according to RNA-sequencing data in 25 pediat-
ric patients11 representing five T-ALL molecular subtypes.2

Two groups of patients with normal (QKI_normal) and 
aberrantly low (QKI_low) QKI expression (Figure 1A) were 
defined by comparison with their normal counterparts, five 
thymocyte populations from two healthy donors including 
three CD34+ early maturation and two CD4+CD8+ stages of 
the αβ lineage.2 CircComPara212 identified 3,376 circRNA 
expressed in the T-ALL samples, with an average of five 
circular isoforms per gene, and 20 genes with at least 15 
circular isoforms, including TASP1 and CASC15, each with 
30 circRNA. A major effect of the T-ALL molecular subtypes 
on circRNA expression is known.2,9 Since QKI expression is 
not independent of T-ALL molecular subtypes in this cohort 
(significant association between the QKI expression group 
and subtypes P<0.01), all statistical analyses of circRNA 
profiles in relation to QKI expression were conducted us-
ing the molecular subtypes as covariates to bring to light 
the net effect of QKI variation on circRNA expression level 
in T-ALL.
Unsupervised analysis of circRNA expression profiles showed 
that patients’ samples separate in a gradient coincident 
with increasing QKI levels (Figure 1B). The separation was 
less clear with the linear counterpart of circRNA-expressing 
genes and the circRNA expression variation in QKI_low vs. 
QKI_normal T-ALL was more marked than the variation of 
the linear counterpart (Online Supplementary Figure S1A, 
B). We identified 209 circRNA with expression significantly 

correlated with QKI level (Spearman coefficient, |rho|>0.4, 
adjusted Benjamini-Hochberg, P<0.05), 96 with positive 
and 113 with negative correlation (Figure 1C), as exempli-
fied by circUBAP2 and circMAN1A2, with a profile strongly 
directly and inversely correlated with QKI expression and 
high abundance.
Next, we examined the differences in circRNA expression 
among the groups of patients in relation to QKI level using 
multiple approaches, including machine learning techniques 
(DaMiRseq R package). Random forest analysis identified a 
subset of 149 circRNA that classify T-ALL cases with low 
and normal QKI expression (Figure 1D). The importance of 
each circRNA in the classification model was prioritized 
using accuracy loss upon circRNA exclusion and circRNA 
contribution to the homogeneity of the nodes and leaves 
in the resulting random forest (Gini score) (Online Supple-
mentary Figure S1C). 
Regulatory activity at the splicing level is expected to re-
sult in a variation in both the absolute circRNA expression 
and the relative circRNA expression compared to the linear 
counterpart (circular to linear proportion, CLP). A varied 
absolute circRNA expression level, with a stable CLP across 
conditions, indicates that the change in circRNA expression 
across conditions follows the linear expression pattern, 
likely being controlled at the transcriptional level. Instead, 
a CLP variation across conditions highlights an uncoupling 
of circRNA and linear expression variation. 
The comparison of QKI_low with QKI_normal T-ALL circ- 
RNAomes identified 328 and 425 circRNA with significant-
ly varied (edgeR; robust estimation of dispersion; adjusted 
Benjamini-Hochberg, P<0.1) expression (DE) and CLP (DP; 
CircTest2), respectively (Figure 1E). Considering absolute and 
relative circRNA expression, equal numbers of circRNA were 
over- or less expressed in the QKI_low group (Figure 1F, 
Online Supplementary Table S1). CircPHACTR4 was down-
regulated in association with reduced QKI expression. For 
133 and 37 circRNA, a concordant significant increase and 
decrease, respectively, in both expression level and CLP was 
recorded when comparing QKI_low with QKI_normal cases. 
CircRNA with increased CLP and stable expression, such 
as circRNA derived from SCRG1 and FLG-AS1 genes (Online 
Supplementary Table S1), indicated that QKI reduction may 
shift the equilibrium of circular and linear splicing in T-ALL. 
Importantly, 165 (28%) of the circRNA with absolute or rel-
ative expression changes in the QKI_low group had been 
previously found to be dysregulated in this malignancy,2 
indicating that abnormally low QKI expression can explain, 
at least in part, circRNA dysregulation in T-ALL.
CircRNA modulated by the QKI level, highly expressed in 
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T-ALL and dysregulated, in comparison with their normal 
counterparts, are shown in Figure 1G. CircRNA upregulated 
linked to low QKI expression that were previously associat-
ed with oncogenic functions in other malignancies include 
circRTN413 and circTDRD3.14 Overall, T-ALL patients strati-
fied by QKI expression levels have different circRNAomes, 
with an abnormally reduced QKI level associated with a 
significant variation in absolute circRNA expression and a 
more marked change in the CLP.
Further data were obtained using QKI expression manip-
ulation in T-ALL in vitro, choosing Jurkat cells with high 
endogenous QKI expression. About 4x106 cells were trans-
fected with 20 nM of NTC or QKI siRNA (ON-TARGETplus 
SMARTpool siRNA; Dharmacon®) using the Neon transfec-
tion system (Thermo Fisher). RNA was extracted 72 hours 
after transfection using a QIAGEN RNeasy Plus mini kit and 
assessed for integrity. Efficiently silenced QKI (QKI_KD) 

(Figure 2A) and control (CTR) RNA-sequencing profiling (Il-
lumina Truseq stranded total RNA) showed that the global 
circRNA expression profile was affected by QKI KD in T-ALL 
cells in vitro (Figure 2B). CircSUCO and circDNMT3B were 
among the most upregulated circRNA upon QKI silencing, 
whereas circPHACTR4 and circKLHDC1 showed dramatic 
reductions. Previous studies have shown that QKI favors 
the biogenesis of certain circRNA.3 However, equal numbers 
of circRNA with an absolute expression increase (47.8%) 
and decrease (52.2%) upon QKI KD in T-ALL in vitro were 
observed. Figures were similar considering only the 50% 
most abundant circRNA and circRNA with an absolute log 
fold change higher than two (Figure 2C). These results are 
in line with a recent report that QKI knockout sustains the 
expression of certain circRNA while suppressing others in 
mice cardiomyocytes.
Importantly, as we observed in patients, QKI silencing in 
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T-ALL in vitro impacted the CLP, supporting the direct role 
of this protein in the regulation of backsplicing efficiency. 
In most cases, the expression variation was associated 
with a varied CLP (Figure 2D), thus being uncoupled from 
the variation of the linear counterpart. There was a strong 
concordance between circRNA expression and proportion 
variation. The majority (>80%) of circRNA upregulated 
upon QKI KD also had an increased proportion, whereas 
only about half of the downregulated circRNA also had a 

reduced CLP (Figure 2D). Isoform-specific regulation of 
alternative backsplicing was suggested by observation of 
circRNA isoforms from the same gene with opposite be-
haviors upon QKI KD (Online Supplementary Figure S1D). 
Moreover, we considered QKI-binding motifs (QKI response 
elements; QRE) residing in the introns adjacent (1,000 bp) 
to back splice junctions, according to both cross-linking 
immunoprecipitation followed by RNA sequencing (CLIP-se-
quencing) data (CLIPdb and starBase v2.0 databases) and 
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Figure 1. QKI shapes circular RNA expression in patients with T-cell acute lymphoblastic leukemia. (A) QKI nuclear transcript 
normalized expression in normal developing thymocytes allowed the definition of two groups (QKI_low, QKI_normal) of T-cell 
acute lymphoblastic leukemia (T-ALL) (**P≤0.01; ***P≤0.001; NS: not statistically significant; Mann-Whitney test). (B) Unsupervised 
principal component analysis of circular RNA (circRNA) expression profiles separated T-ALL patients (N=25) according to a gra-
dient of QKI expression levels. (C) Expression distribution of circRNA negatively, positively or not correlated with QKI expression 
in T-ALL patients. The table shows the total number, mean, and standard deviation for each subgroup of circRNA defined by its 
correlation with QKI expression. (D) Random forest classification analysis identified circRNA well discriminating QKI_low and 
QKI_normal T-ALL for which the heatmap shows standardized expression and other characteristics, such as average expression 
across samples, length of the backsplice and circRNA types. (E) Manhattan plot of P values from circRNA with differential ex-
pression (DE) and differential proportions (DP). Horizontal red lines indicate a P value threshold of 0.1, highlighting the significant 
DE and DP circRNA. DE-specific and DP-specific circRNA are shown in green and pink, respectively. CircRNA that are shared by 
DE and DP groups are shown in gray. (F) Scatter plot of log fold-change (FC) of significantly (P≤0.1) DE and DP circRNA comparing 
QKI_low with QKI_normal T-ALL patients (x- and y-axes show the FC of, respectively, the circular to linear proportion and abso-
lute circRNA expression). DE-specific and DP-specific circRNA are shown in green and pink, respectively. CircRNA that are both 
DE and DP are shown in gray. (G) Scatterplot of circRNA log FC comparing QKI_low and QKI_normal T-ALL and circRNA average 
expression in T-ALL; 140 circRNA significantly DE and DP and also among those discriminant between QKI_low versus QKI_normal 
T-ALL are shown; names are shown only for circRNA with an average expression of at least 600 and absolute log FC of at least 
1 that were previously reported to be dysregulated in T-ALL by Buratin et al.2 PC: principal component; TPM: transcripts per mil-
lion; SD: standard deviation; LFC: log fold-change.
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Figure 2. Circular RNA is affected by QKI knockdown in T-cell acute lymphoblastic leukemia in vitro. (A) QKI silencing in Jurkat 
cells (80% reduction in QKI knockdown [QKI_KD] vs. control [CTR]). (B) Circular RNA (circRNA) expression separates QKI_KD from 
CTR samples (principal component analysis based on 10,774 circRNA expression profiles). (C) Barplot of the number of circRNA 
binned by log2 fold-change absolute value comparing QKI_KD with CTR. The left and right sides represent the variation in abso-
lute (BSJ) and relative (CLP) expression, respectively. (D) Sankey plot of the intersections of circRNA with expression and/or 
circular to linear proportion increased, decreased or unvaried upon QKI KD. (E) Frequency of QKI response elements (QRE) in the 
introns flanking the back splice junctions. (F) Scatterplot of log fold-change of circRNA expression variation in QKI_low versus 
QKI_normal T-cell acute lymphoblastic leukemia (T-ALL) patients (x-axis) and upon QKI KD in Jurkat cells (y-axis). Data are split 
according to the position of QRE detection in the flanking introns: only downstream, only upstream, or on both sides. The dots’ 
color reflects the mean relative expression and size of the number of QRE detected in the flanking introns. (G) Mirror density 
plot of log fold-change of absolute (upper) and relative (bottom) expression variation upon QKI silencing in Jurkat cells and in 
QKI_low versus QKI_normal T-ALL patients. PC: principal component; LFC: log fold-change; CLP: circular to linear proportion.
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QRE motif predictions (Online Supplementary Table S2). 
QRE were enriched in the upstream flanking regions of 
downregulated circRNA upon QKI KD and in downstream 
regions of upregulated circRNA (Fisher exact test, P=0.049) 
(Figure 2E). Expression changes, separating circRNA with 
QRE downstream, upstream or on both sides confirmed 
this finding, also showing that a higher number of QRE 
associated with larger expression variation (Figure 2F). 
Comparing our results in Jurkat cells with those previously 
observed in HEK293T cells,3 540 circRNA exhibited a con-
cordant expression variation (absolute log fold-change at 
least 0.5) after QKI KD in both settings, implying causality. 
The abundance of circCAMSAP1, circSMARCA5, circPCMTD1 
and circMGA with adjacent QKI PAR-CLIP sites was reduced 
following QKI knockdown in both datasets, corroborating 
our data.
Finally, considering 2,519 circRNA expressed in both patients 

and Jurkat cells, a good concordance between the model 
and patients’ data emerged: 266 circRNA were evaluable 
features in model classification and had significant dif-
ferential expression variation comparing QKI_low versus 
QKI_normal T-ALL cases with a concordant variation of 
CLP or absolute expression upon QKI KD in T-ALL in vitro 
(Figures 2G and 3A). Importantly, in the further comparison 
of QKI_low T-ALL with thymocytes from healthy donors, 
most of these circRNA showed significant dysregulation, 
consistent with the comparison in the groups of patients 
(Figure 3A). 
CircTASP1 (chr20:13528433-13569586, exons 7-10 back-
spliced) and circPHACTR4 (chr1:28459085-28466535: ex-
on 2-part of exon 5), which were respectively up- and 
down-regulated in the QKI-reduced condition in T-ALL, 
and also had altered expression (8.2 times too high and 
7.3 times too low, respectively) in QKI_low T-ALL com-
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pared with normal thymocytes, were further investigated 
in Karpas-45 and HBP-ALL cell lines with respectively very 
low and high endogenous QKI expression. We obtained QKI 
silencing in HBP-ALL (85% reduction achieved). HEK293 
cells were co-transfected with the envelope (pMD2.G), 
packaging (psPAX2) and shRNA TRC vector (MISSION®, Sig-
ma-Aldrich) harboring a shRNA not targeting or targeting 
QKI (TRCN0000233373). HPB-ALL cells were transduced 
with viral particles (collected 72 hours and 96 hours after 
transfection and concentrated 10 times using PEG-it; Sys-
tem Biosciences) by spinoculation (2,300 rpm, 90 min, 32°C, 
8 µg/mL polybrene H9268; Sigma-Aldrich). After 72 hours, 
1 µg/mL of puromycin was included in the culture media 
for 7 days for the selection of transduced cells. We also 
obtained QKI overexpression in Karpas-45 cells (90 times 
increase achieved). HEK293 cells were co-transfected with 
the envelope, packaging and a lentiviral vector harboring an 
open reading frame (ORF) stuffer or the QKI ORF (pLV[Ex-

p]-EF1A>ORF_Stuffer- CMV>Puro, VectorBuilder ID VB221221-
1538ubv; pLV[Exp]-EF1A>hQKI[NM_006775.3]-CMV- 
>Puro, VB221221-1535gjk). Viral production, transduction, 
selection and RNA extraction were performed as indicat-
ed above. Both experiments were performed four times. 
Real-time quantitative polymerase chain reaction analy-
sis was used to quantify circTASP1 and circPHACT4 (circ-
TASP1_F, GTAGGCTCCTTCTCCAACTA; circTASP1_R, CCCAG-
GCTGCTCTTTATG; circPHACTR4_F, GAAGGGCAAGCAAAGGAT; 
circPHACTR4_R, GCTTGAAGATCTTGCCAAAG; iScript™ cDNA 
Synthesis Kit; BioRad SsoAdvanced Universal SYBR® Green 
Supermix; Roche LightCycler® 480; CellCarta QBase+ soft-
ware for data analysis).
A significant increase of circTASP1 was observed upon 
QKI silencing in HBP-ALL cells (Figure 3B), corroborating 
the dependency of this circRNA on QKI, with an indirect 
relation. CircTASP1 isoforms (exons 5-8, 4-7 and 8-10) are 
upregulated in T-ALL2 and sustain acute myeloid leukemia 

Figure 3. Circular RNA dependent on QKI 
expression in T-cell acute lymphoblastic 
leukemia. (A) Heatmap of 35 circular RNA 
(circRNA) with concordant expression 
change in the knockdown experiment (ab-
solute log fold-change (LFC) >1 in QKI 
knockdown [KD] vs. control [CTR]) and 
significant absolute or relative (circular to 
linear, CLP) expression variation in QKI_low 
versus QKI_normal T-cell acute lympho-
blastic leukemia (T-ALL); circRNA are clus-
tered according to LFC values; the LFC in 
the comparison between QKI_low T-ALL 
and normal thymocytes and adjusted P 
value from the comparisons QKI_low ver-
sus QKI_normal T-ALL and QKI_low T-ALL 
versus thymocytes are also shown; esti-
mated correlation with QKI expression 
level in T-ALL (rho); the discriminant prop-
erty from the random forest model in 
T-ALL QKI-group classification (discrimi-
nant, YES or NO) and the average circRNA 
expression in T-ALL quantile (T-ALL Expr. 
Quantile, Q1-4). (B) CircTASP1 and (C) 
circPHACTR4 quantification by quantitative 
real-time polymerase chain reaction in 
HPB-ALL cells upon QKI KD and in Kar-
pas-45 cells upon QKI overexpression (OE).
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(exons 4-6).15 
CircPHACTR4 was markedly decreased upon QKI silenc-
ing also in HBP-ALL, as in Jurkat cells and increased 
upon QKI overexpression in Karpas-45 cells (Figure 3B). 
Robust evidence was gathered of direct dependency of 
circPHACTR4 expression on the QKI level, concordantly 
in patients and in different T-ALL cell lines in vitro. The 
absolute decrease of circPHACTR4 was uncoupled from 
the variation of the linear counterpart and is likely due 
to a post-transcriptional modulation. This isoform is de-
rived from the tumor suppressor gene PHACTR4 which 
also produces a tumor suppressor circRNA (circPHACTR4 
chr1:28473553-28476291; exons 6-7).16 In the literature, 
QKI has been described to favor circRNA biogenesis, 
whereas we showed that a reduction in QKI can affect 
different circRNA groups in opposite ways, and provided 
experimental validation that QKI favors the expression of 
circPHACTR4 while suppressing circTASP1, suggesting a 
more complex picture.  
In conclusion, T-ALL patients can be stratified by QKI 
expression and those with low QKI levels have a distinct 
circRNAome. In accordance with observations in patients, 
QKI silencing in T-ALL in vitro identified numerous circRNA 
with QKI-dependent absolute and relative expression. We 
unveiled reduced QKI expression as a novel factor that 
could explain, at least in part, circRNA dysregulation in 
T-ALL.
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