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SUMMARY

ETV6 transcriptional activity is critical for proper blood cell development in the
bone marrow. Despite the accumulating body of evidence linking ETV6 malfunc-
tion to hematological malignancies, its regulatory network remains unclear. To
uncover genes that modulate ETV6 repressive transcriptional activity, we per-
formed a specifically designed, unbiased genome-wide shRNA screen in pre-B
acute lymphoblastic leukemia cells. Following an extensive validation process,
we identified 13 shRNAs inducing overexpression of ETVé transcriptional target
genes. We showed that the silencing of AKIRIN1, COMMD?9, DYRK4, JUNB, and
SRP72 led to an abrogation of ETV6 repressive activity. We identified critical
modulators of the ETV6 function which could participate in cellular transforma-
tion through the ETVé transcriptional network.

INTRODUCTION

ETV6is a member of the ETS (E26 transformation-specific) superfamily of transcription factors (Mavrotha-
lassitis and Ghysdael, 2000) located on the short arm of chromosome 12. ETS transcription factors have
been associated with multiple biological processes and pathways with, among others, critical implications
in hematopoiesis (Ciau-Uitz et al., 2013). Their dysregulation correlates with hematological diseases such as
lymphomas, leukemia, and myelodysplastic syndrome. Chromosomal abnormalities of the 12p13 band are
frequently found in these malignancies. So far, more than 30 fusion partners have been identified in ETV6-
derived translocations (De Braekeleer et al., 2012). The mechanisms through which these fusions induce
transformation are highly variable and depend on the function of the partner as well as the retained do-
mains of ETV4. In some cases, the expected impact of the translocation is to inhibit ETV6 normal function
as proposed for the translocations t(1; 12)(g21; p13) (Otsubo et al., 2010) and t(12; 21)(p13; g22) (Romana
et al., 1995a; Golub et al., 1995; Gunji et al., 2004).

The t(12; 21)(p13; g22) translocation is one of the most frequent chromosomal abnormalities found in child-
hood B-cell acute lymphoblastic leukemia (ALL) and is characteristic of the ETV6-RUNX1 ALL subtype (Romana
etal.,, 1995b; Shurtleff et al., 1995; Bhojwani et al., 2015). It fuses all functional domains encoded by the AML1
(RUNXT) gene to the first five exons of ETVé encoding its Pointed (PD) and repression domains. Despite the
high recurrence of t(12; 21) in B-cell ALL and the resulting expression of the ETV6-AML1 fusion protein in pa-
tients with t(12; 21) positive leukemic (Agape et al., 1997; Poirel et al., 1998), the t(12; 21) was shown to be insuf-
ficient to induce leukemic transformation (Andreasson et al., 2001; van der Weyden et al., 2011; Mori et al.,
2002). Interestingly, the non-rearranged residual allele of ETV6 is targeted by deleterious events in most cases
of t(12; 21) positive ALL (Poirel et al., 1998; Patel et al., 2003; Lilliebjorn et al., 2010; Montpetit et al., 2004), sug-
gesting that ETVéinactivation could play a critical role in leukemogenesis. In addition, several groups recently
reported germline mutations in ETV6 that were associated with familial hematological disorders (Moriyama
et al., 2015; Topka et al.,, 2015; Noetzli et al., 2015; Zhang et al., 2015). Several of these mutations were in
the ETS DNA-binding domain of ETV6 and impaired its nuclear localization and/or repressor activity. These
findings strongly support a role for ETV6-mediated transcription in these malignancies.

Despite the consequences of ETV6 dysfunction, very little is known about its regulatory network. To nega-
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tively regulate transcription, ETV6 cooperates with co-repressors such as the N-CoR and mSin3A com- https://doi.org/10.1016/].isci.
plexes and the histone deacetylase HDAC3 (Lee et al., 2004; Wang and Hiebert, 2001; Guidez et al., 2022.103858
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Figure 1. Overview of the genome-wide shRNA screening design

(A) To identify putative modulators of ETV6-mediated transcriptional repression, a pre-B acute lymphoblastic leukemia
cell line (Reh) was modified sequentially to obtain an ETVé4-dependent Blasticidin sensitive clone. These cells are
expressing the Blasticidin-resistance gene (BlastR) under the control of the ETVé-responsive artificial promoter (EBS3tk).
(B) These cells were then transduced with shRNAs (n = 140,000) and selected with Blasticidin. Over-represented shRNAs
in the Blasticidin condition compared to the mock condition are expected to target genes required for ETV6-mediated
repression of BlastR.

2000). ETVé interaction with HDAC3 was shown to be modulated through its binding with the IRF-8 tran-
scription factor (Kuwata et al., 2002). This interaction was further associated with a change in ETVé binding
and transcriptional activity. Although indicating that ETVé4-mediated transcription can be regulated
through complex interactions, these studies were conducted by candidate gene or interaction-based ap-
proaches and did not investigate the full intricacy of ETV6 function.

Small hairpin RNAs (shRNAs) are widely used to silence gene expression (Azlan et al., 2016). In this study, we
designed a cellular screening strategy to functionally interrogate the impact of over 140,000 shRNAs on
ETV6-mediated gene repression. A panel of high priority genes selected from the screen results were
further examined for their capacity to efficiently regulate ETV6 activity by monitoring its transcriptional
network in pre-B ALL cells (Neveu et al., 2016, 2018). Validation experiments unveiled key modulators of
ETV6 repressive function in leukemic cells.

RESULTS

Generating ETV6-dependent Blasticidin sensitive cells

To gain insights into the network of ETV4 modulators, we modified the Reh pre-B ALL cell line (Figure 1A) to
develop a genome-wide shRNAs screen for ETV6 modulators (Figure 1B). A Blasticidin-resistance gene (BlastR)
was stably integrated and expressed through an artificial ETV4-responsive promoter (EBSstk) composed of three
tandem ETVé6 binding sites (EBS) (Szymczyna and Arrowsmith, 2000) followed by the HSV-TK promoter. Reh cells
were selected because they lack endogenous ETV6 expression as a result of a t(12; 21)(p13; g22) translocation
and the 12p13 deletion of the non-translocated allele (Uphoff et al., 1997). In absence of functional endogenous
ETVé, EBS;tk is active and promotes Blasticidin resistance in this modified cell line. Wild-type ETV6 was then re-
introduced through lentiviral transduction in isolated blasticidin resistant clones. Ectopically expressed ETVé is
expected to bind and repress the EBS3tk promoter leading to reduce BlastR expression. As shown in Figure 2A,
BlastR expression in the Reh EBSstk BlastR clone2-1 is significantly reduced upon ETV6 expression compared to
the mock and pLENTI control clones (2.7-fold compared to pLENTI; p value < 0.001). We derived a final clone
from the Reh EBS3tk BlastR clone2-1 expressing ETVé6 to obtain a robust and homogeneous cellular system
which we refer to as clone 2-1 ETV6-5.

Although each Reh EBSstk BlastR clone significantly expressed ETV6 after transduction (Figure 2A, inset),
the inconsistent effect on BlastR repression suggests that the chromatin context where EBSstk BlastR in-
serted is rather influential. To identify the integration site of EBSstk BlastR in the ETVé-responsive clone 2-
1, we used data from a previous ETVé chromatin immunoprecipitation sequencing experiment (ChlIP-seq)
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Figure 2. Establishment of an ETV6-dependent Blasticidin-sensitive leukemia cell system

(A) BlastR expression was evaluated by gRT-PCR in each Reh EBS3tk BlastR clone (clones 2-1 to 2-22) following ETV6
expression (inset). Data points for technical replicates are shown with lines indicating mean + SD (n = 4).

(B) ETV6 ChlP-seq data obtained from clone 2-1 located the insertion site of EBSstk BlastR (yellow mark). One sequencing
read (indicated in blue) contained the partial sequence of EBS3tk promoter together with 95 nucleotides of the first intron
of the NEGR1 gene. The F/R arrows depict the primers used in the PCR analysis. The dash line represent the amplified
fragment (1380 bp) generated by PCR.

(C) PCR analysis of the clone 2-1 confirmed the insertion site of EBSstk BlastR in the first intron of the NEGR1 gene.

(D) BlastR expression was evaluated by qRT-PCR in 2-1 ETV6-5 cells after shRNA-mediated silencing of ETV6 (quantified
Western blot) or (E) after nicotinamide (NAM) treatment. Data are shown as mean + SD, n = 4.

(F) 2-1 ETV6-5, shCtIETV6=CFP and shETV6-GFP sorted cells were maintained in culture for 12 days with various Blasticidin
concentrations and counted to evaluate proliferation.

performed with clone 2-1 (Neveu et al., 2018). Several reads mapped on the EBSstk promoter, suggesting
that ETVé is effectively recruited to the artificial promoter. One read contained the partial sequence of the
EBS;tk promoter merged with a sequence from the first intron of the NEGR1 gene, indicating the integra-
tion site (Figure 2B). PCR analysis of the Reh EBSstk BlastR clone 2-1 confirmed the integration site of EBS5tk
BlastR in the intron one of NEGRT (Figure 2C). Based on previous transcriptome data (Neveu et al., 2016),
this integration did not impact NEGR1 expression compared to non-modified Reh cells (53.1 and 51.3
FPKM, respectively). Furthermore, NEGRT1 is not significantly modulated by ETV6 re-expression (logFold-
Change = —0.46, FDR = 0.50). Together, these results indicate that EBSstk BlastR insertion at an active locus

iScience 25, 103858, March 18, 2022 3
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Figure 3. Genome-wide shRNA screening to identify ETV6 modulators
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(A) Flowchart illustrating the stepwise procedure for the analysis of the genome-wide shRNA screen sequencing.
(B) Normalized read counts distribution of the 1241 selected shRNAs shown for the five time points. Whiskers represent minimum and maximum.

(C-D). Examples of selected shRNAs normalized counts for the five time points.

(E) Normalized count distributions are shown separately for the best and second-best shRNAs of a pair or trio. Whiskers represent minimum and maximum;
statistical significance is calculated with a paired Student t test (n = 81) (***p < 0.001, **p < 0.01).
(F) Relation between the best (y axis) and second-best (x axis) shRNAs of a pair or trio according to their respective Blasticidin count difference.

(G) The same relation between the best (y axis) and second-best (x axis) shRNAs of a pair or trio when their Blasticidin count difference is divided by their

initial count at T14. See also Tables ST and S2.

enables stable BlastR expression, accessibility to ETV6, and concomitant ETV4-mediated gene repression

through the EBSstk promoter.

To validate that ETV6-mediated repression of BlastR is reversible, we introduced in the 2-1 ETVé6-5 clone an
shRNA against ETV6 (shETVé) or negative control (shCtIETVé) with GFP coexpression. The GFP positive frac-
tion of cells was retrieved and ETVé knockdown was confirmed at the protein level (Figure 2D). As ex-
pected, BlastR expression was positively modulated by ETV6 knockdown (Figure 2D). Treatment with, nico-
tinamide (NAM), which is used as an inhibitor of epigenetic repression (Schmidt et al., 2004; Bitterman
et al., 2002; Sanders et al., 2010), increased BlastR expression in the 2-1 ETV6-5 clone (Figure 2E), further

4 iScience 25, 103858, March 18, 2022
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indicating that the repression is reversible. Finally, as expected the BlastR expression observed in shETV6
cells (Figure 2D) considerably increased their proliferation in the presence of Blasticidin (Figure 2F). Alto-
gether, these results demonstrate that the modified Reh cell lines EBS3tk BlastR 2-1 ETV6-5 clone is a suit-
able model to screen for modulators of ETV6 repressive activity.

Identification of putative ETV6 modulators through a genome-wide shRNA screen

We designed a genome-wide loss-of-function screen to identify ETV6 modulators (Figure 1B). Cells ex-
pressing shRNAs impairing ETVé repressive activity are expected to increase BlastR expression and be
selectively enriched following a blasticidin treatment. Fourteen days following transduction with the com-
plete Mission lentiviral shRNA library (~140,000 unique shRNAs split into 15 pools), deep sequencing
genomic DNA allowed the identification of 126,042 unique integrated shRNAs, which were evenly distrib-
uted among the 15 pools. By applying a series of thresholds outlined in Figure 3A and the STAR Methods
section, we selected 2,858 positive shRNAs that were over-represented in presence of Blasticidine (BlastS
condition) at both the 28 and 42-day time points compared to their respective control population without
selection. From those, 1,241 shRNAs were retained (Figure 3B and Table S1) after discarding those with a
non-significant over-representation (i.e. > Counts(BlastS vs @BlastS) less than 2 SD of the SHC202 control;
see STAR Methods section) as well as those targeting unexpressed genes (FPKM <0.21 (Hart et al., 2013))in
Reh cells (Neveu et al., 2016). As expected, among these selected shRNAs, one shRNA against ETV6 was
enriched in the BlastS conditions. 1,075 genes were targeted by a single shRNA (Figure 3A) and, with few
exceptions (see below), were not further considered to avoid potential off-target effects. Nonetheless, 77
and four genes (total of 81 targets) were targeted by two and three distinct shRNAs, respectively, and were
thus prioritized (Figure 3A, and Table S2). Interestingly, 33 of these 81 genes were targeted by shRNAs from
different pools (for example TACCT and CAPN7, Figures 3C and 3D, respectively; see also Table S2), sug-
gesting that their selection was not dependent on the other shRNAs present in their respective pool.

The shRNA with the greater difference in normalized counts between Blasticidin and control conditions, for
a given pair or trio, was selected for further validation (Figures 3E and 3F). Interestingly, although the dif-
ferences between the two best shRNAs are mostly attributed to their representations in Blasticidin condi-
tions (T,g BlastS and Ty, BlastS), the best shRNAs are better represented in control conditions (T,g and T45)
as well as in their initial populations prior to Blasticidin selection (T14) (Figure 3E). To attenuate biases, the
difference in normalized counts between Blasticidin and control conditions for each shRNA were divided
by their representation at T14 (Figure 3G). The relationship between the best and second-best shRNAs is,
indeed, less divergent after implementing this correction (compare Figures 3F and 3G), indicating that two
shRNAs targeting the same gene are likely to promote a similar impact on Blasticidin resistance. Accord-
ingly, only the shRNAs with the strongest impact were selected (Table S2).

To identify additional candidates among the 1,075 single shRNAs, we used a complementary approach
based on structure predictions (Singh et al., 2010). We identified 136 proteins predicted to interact with
at least three of the 81 selected ETV6 modulators identified above. Nine of these were part of the group
of 1,075 genes targeted by a single shRNAs and were likely valid candidates. They were thus added to
the 81 candidates for a total of 90 genes (Figure 3A and Table S2).

Validation of putative ETV6 modulators on known endogenous transcriptional targets

To validate the impact of the putative modulators on ETV6-mediated regulation, we constructed distinct Reh
ETV6 cell lines expressing an shRNA against each of these candidates and evaluated the ETV4 transcriptional
network (Neveu et al., 2016) by targeted RNA sequencing (refer to STAR Methods) using a custom panel of genes.
Ofthe 84 putative ETVétarget genes includedin the panel, 40 were confirmed as their expression was significantly
reduced in Reh in an ETV6 dependent manner (Figure 4A and Table S3). Of those, 22 are associated with ETV4
ChlP-seqsignal (Neveu et al., 2018) and are considered direct ETVS targets. Inversely, the expression of 64 genes
previously shown to be independent of ETV6 (Neveu et al., 2016) behaves similarly in the current targeted RNA-
seq experiment (Figure 4B and Table S3). As expected most (62/64) were not associated with ETV6 ChIP-seq sig-
nals (Neveu et al., 2018) and were used as negative controls (Table S3).

We calculated the number of direct ETVé targets (n = 22) affected by the shRNA tested, as compared to the
negative shRNA controls (SHC002 and SHC202). 24 shRNAs led to a specific overexpression of ETVé targets
(n = 22) compared to ETVé-unrelated genes (n = 62) (Figure 4C), indicating that their effects on gene
expression are likely mediated by impairing ETV6 repressive function.
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Figure 4. Impact of putative ETV6 modulators on its transcriptional regulatory network

(A) Graphical representation of the relative expression of ETVé target genes or (B) ETVé6-independent control genes in the pLENTI control sample compared
to the ETVé-expressing controls.

(C) The mean relative expression of ETVé targets (x axis) is compared to the relative expression of control genes obtained with the same shRNA,; the
Student'’s t test p values are shown on the y axis. Colored dots (green: overexpressed; red: underexpressed) are significant shRNAs. The blue dot represents
the Reh pLENTI sample which lacks ETVé expression and serves as a positive control.

(D) Relative expression of the shRNA-targeted genes according to the category of knockdown. Best knockdown (Best KD), n = 31; Knockdown (KD), n = 32; No
knockdown (No KD), n = 22). Whiskers represent minimum and maximum; statistical significance is calculated with an unpaired Student's t test (***p < 0.001).

(E) Relative COMMD?S expression is shown for all shRNA samples. shCOMMD®9 sample is shown in green and displays the lowest expression. Lines represent
mean + SD.

(F) Relative KLF5 expression is diminished in the shKLF5 sample (green) but several other shRNAs also reduce its expression. Lines represent mean + SD.
(G) Distribution of the relative expressions of ETV6 targets (n = 22) and control genes (n = 62) in the 13 significant shRNA samples. Reh pLENTI is also shown
as a control. Whiskers represent minimum and maximum.

(H) Heatmap representation of the normalized read counts of ETV6 targets (lanes) in the 13 significant shRNA samples (and control samples; columns). See
also Figure S1 and Table S3.

Analyses of the expression level of shRNAs-targeted genes by RNA sequencing revealed that from the 90

candidate genes, 85 have a detectable expression (informative amplicons). The shRNAs were categorized
into three groups based on their silencing patterns (Figure 4D). The ""Best knockdown’’ group (n = 31) led to
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Table 1. Data summary of the five top ETV6 modulators

Gene symbol AKIRIN1 COMMD@9 DYRK4 JUNB SRP72
TRCNOO00O TRCNOO0O TRCNOO0O TRCNO0O000 TRCNOO00O
shRNA 134954 167758 197116 14943 151445
Genome-wide Pool 12 1 13 2 15
shRNA screen  Normalized counts ~ T14 2822 1196 5864 178 5250
T28 1563 1538 15,253 1131 14,583
T28 BlastS 41,303 16,880 56,508 9936 163,516
T42 1306 1835 14,864 656 17,490
T42 BlastS 24,629 27,894 37,829 12,352 199,618
> BlastS-@BlastS counts 63,063 41,401 64,221 20,500 331,062
T14 corrected ratio 22.35 34.61 10.95 115.39 63.06
Targeted KD efficiency 38.73% 18.78% 26.84% 19.44% 48.82%
sequencing (remaining expression)
validation Number of 15 10 16 1 10
overexpressed
targets (>1 SD)
Mean targets SD corrected 4.35 2.73 6.03 1.67 2.85
relative expression  Ratio 2.10 1.93 3.21 1.99 2.55
Mean controls SD corrected -1.07 -1.13 -0.76 —1.04 —-0.15
relative expression  Ratio 0.78 0.71 0.77 0.76 0.93
Student's t test Targets vs no targets 0.00133 0.00127 0.00106 0.00129 0.00434
p value Targets SHC vs 0.00669 0.01284 0.00281 0.02227 0.00564

shRNA (paired)

T14, T28, and T42 represent the timepoints (days after transduction), KD, knockdown; SD, standard deviation.

the lowest expression of their target gene (mean silencing of 71%) among all samples (e.g. shCOMMD?9,
Figure 4E). The shRNAs in the “Knockdown’’ group (n = 32) demonstrate a silencing effect on their target
gene but are not the shRNA with the strongest effect on their target (e.g. shKLF5, Figure 4F). Consequently,
their effects could not be clearly associated with their target gene. Finally, the "No knockdown" group (n =
22) failed to repress its target gene.

From the 31 shRNA in the "best knockdown group, 12 led to significantly overexpressed ETV4 targets
and one was validated by gqPCR (DYRK4, 73% knockdown) because its RNA targeted sequencing
was too low for interpretation (Figure S1). Altogether, we identified 13 shRNAs that efficiently
knocked down their target genes and impaired ETVé transcriptional activity (Figure 4G). However,
the overexpression levels and the number of ETV6 targets affected by the silencing of these putative
modulators are variable, suggesting that they could act in a gene-specific manner (Figures 4G and
4H). To determine the most influential ETV6 modulators, we compared the expression of ETV6 targets
in each shRNA sample to SHC controls. Among the 13 selected shRNAs, 5 (shAKIRIN1, shCOMMD?,
shDYRK4, shJUNB, and shSRP72) significantly impacted the expression of ETV6 target genes
(Table 1). Moreover, an unsupervised clustering analysis based on the expression of the 22 ETVé targets
revealed the critical influence of AKIRINT, DYRK4, and SRP72 depletion on ETVé function as these
shRNA samples clustered in a distinct group including Reh pLENTI sample lacking ETV6 expression
(Figure 4H).

ETV6-modulated transcription of t(12; 21)-associated genes

Leukemic cells from patients with t(12; 21) positive have distinct and clear expression profiles (Yeoh et al.,
2002). This molecular signature can be, at least partly, explained by the absence of ETVé expression as
some of its target genes are specifically overexpressed in these cells (Neveu et al., 2016). Interestingly,
nine of the 22 ETV46 target genes included in the validation process were identified as being specifically
overexpressed in patients t(12; 21) positive (Neveu et al., 2016).
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Figure 5. Impact of the top ETV6 modulators on the transcription of t(12; 21)-associated overexpressed genes
(A) Heatmap representation of the normalized read counts of the 9 t(12; 21)-associated ETV6 targets (lanes) in the 13
significant shRNA samples (and control samples; columns).

(B) Relative expression of the five top ETV6 modulators after shRNAs transduction. Data are shown as mean + SD, n = 6.
(C) Relative expression of the t(12; 21)-associated ETVé target genes in both Reh WT and Reh ETV4 cells upon silencing of
ETV6 modulators. Data are shown as mean + SD, n = 6.

(D) SRP72 (left) and OSTalpha (right) expression in leukemic patient samples. The green dot represents the same patient.
Lines represent mean + SD.

(E) Impact of SRP72 on the ETVé protein. ETVé expression and localization (C: cytoplasm; N: nucleus) was evaluated by
Western blotting in Reh ETV6 shSRP72 and SHC202 control cells. See also Figures S2 and S3, and Table S4.

Unsupervised clustering analysis with the 9 t(12; 21) associated target genes showed that four of the 13
selected modulators, AKIRIN1, DYRK4, SRP72, and JUNB clustered with the pLENTI sample (Figure 5A).
Of the five top modulators (Table 1), only COMMD9 showed a moderate impact on t(12; 21)-associated
ETV6 targets (Figure 5A).

We confirmed that the 9 t(12; 21)-associated ETVé targets were downregulated in Reh ETV6 compared to
Reh wild-type (WT) cells (Figure S2). We then silenced each of the top five ETV6 modulators in both
cellular backgrounds (Figure 5B) and further evaluated their impact on gene expression (Figure 5C).
The silencing of AKIRIN1, DYRK4, JUNB, and SRP72 upregulated most of the ETVé targets, whereas
COMMD?9 knockdown showed less impact (Figure 5C). Of note, OSTalpha is the only ETV6 target to
be significatively overexpressed by the silencing of all five modulators. Overexpression of the t(12; 21)-
associated ETVé target genes was mostly restricted to Reh ETVé cells (Figure 5C, Reh ETV6 vs Reh
WT), indicating that the observed upregulations are, indeed, owing to the impairment of ETV4-mediated
repression.

We next investigated the expression status of the ETV6 modulators in childhood ALL patients. No clear
association could be made between the expression of AKIRIN1, COMMD9, DYRK4, and JUNB and t(12;
21)-associated ETVé targets (data not shown). However, the expression of SRP72 was significantly lower
(Figure 5D, left) and, the expression of OSTalpha strikingly upregulated (Figure 5D, right) in one of the
t(12; 21) negative samples. This result strengthens the role of SRP72 in ETVé repressive function in pa-
tients with pre-B ALL. However, ETVé protein level and localization remain unchanged after SRP72
silencing (Figure 5E), suggesting that SRP72 plays a role in ETV4-mediated repression through an alter-
nate pathway.

Recently the ALL subtype ETV6-RUNX1-like has been identified (Lilljebjorn et al., 2016). It is characterized
by expression profiles similar to the ETV6-RUNX1 subtype in absence of the defining ETV6-RUNX1 t(12; 21)
rearrangement. Using a balanced set of patients’ RNA-seq data (n = 16) from the Mullighan study (Gu et al.,
2019) we investigated the difference in expression between ETV6 modulators expression in both subtypes
(Figure S3). Only DNAJC10 is differentially expressed in the two subtypes (Wilcoxon p value = 0.0011).
However, the difference in expression between the two subtypes remains small.

Implications of ETV6 and its modulators in pre-T acute lymphoblastic leukemia

ETVé transcriptional function is associated with childhood pre-B ALL (Bhojwani et al., 2015) but remains
elusive in other cancers. We thus investigated ETVé6-mediated transcription in pre-T ALL with particular
attention to its newly identified modulators.

We measured the expression of known ETVé targets in patients with pre-T ALL (Lajoie et al., 2017). Inter-
estingly, one of them showed significant overexpression of CLIC5 (Figure 6A, arrow), a known ETV6 target
gene strongly upregulated in patients with t(12; 21) positive pre-B ALL (Figure 6A) (Neveu et al., 2016). Strik-
ingly, an ETVé deletion was found in this patient (Spinella et al., 2016), suggesting that CLIC5 overexpres-
sion is attributed to ETVé depletion. To test this, we knocked down ETV46 in the pre-T leukemic cell line
MOLT4 and found that CLIC5 expression, but not that of other t(12; 21)-associated ETV6 targets, is signif-
icantly upregulated (Figure 6B, inset), demonstrating that CLIC5 gene is an ETV6 target in pre-T cells. We
then evaluated the implication of the five top ETV6 modulators on CLIC5 expression. shRNA-mediated
silencing was validated for each modulator (Figure S4) and knockdowns were equivalent to those obtained
in Reh cells (Figure 5B). Remarkably, repression of all five ETV6 modulators induced a significant
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Figure 6. Top ETV6 modulators in childhood pre-T ALL

(A) Expression of CLIC5 in leukemic patient samples according to their molecular subtypes. The arrow indicates a pre-T
ALL patient with upregulated CLIC5 expression. Expression in Reh cells is shown for reference (purple).

(B) gRT-PCR analysis of 9 t(12; 21)-associated ETV6 target genes after shRNA-mediated silencing of ETV6in MOLT4 cells
(inset). Two of these genes were not expressed (Céorf222 and DSC3; not shown). Data are shown as mean + SD, n = 6.
(C) Relative expression of CLIC5 after the knockdown of ETV6 modulators in MOLT4 cells. Data are shown as mean =+ SD,
n = 6. See also Figure S4.

upregulation of CLIC5in MOLT4 cells (Figure 6C) without any marked downregulation of ETVé expression
(Figure S4). These results strongly support the role of these genes as modulators of ETV6-mediated repres-
sion and suggest that ETV6 modulators are conserved in various cellular contexts.

DISCUSSION

ETVé loss of function is a key event in the development of hematological malignancies (Moriyama et al.,
2015; Noetzli et al.,, 2015; Topka et al., 2015; Zhang et al., 2015; Bohlander, 2005). To better understand
the ETV6-mediated repression process we conducted a functional genome-wide shRNA screen. We uncov-
ered 13 novel putative ETV6 modulator genes Including AKIRINT, COMMDY9, DYRK4, JUNB, and SRP72
that demonstrated a broad impact on the ETVé transcriptional network in leukemic cells. Alterations in
such modulators could disrupt ETV6 function and participate in hematological diseases.

While the mechanisms of action of these regulators in ETV4-mediated transcription remain to be estab-
lished, several lines of evidence regarding their role in transcriptional regulation are worth mentioning.
AKIRINT impact on gene expression was highly restricted to ETVé targets, either suggesting an alternative
function in human cells or an ETVé-specific chromatin remodeling activity. AKIRINT function in human cells
remains largely unknown, but it had been found to participate in transcription-associated chromatin re-
modeling in Drosophila melanogaster (Nowak et al., 2012; Bonnay et al., 2014). COMMD9 was recently
associated with TFDP1/E2F1 transcriptional activity in lung cancer (Zhan et al., 2017), suggesting a role
in transcription regulation. Moreover, two other COMMD genes, COMMDS8 and COMMD10, were also
retrieved from the genome-wide screen with a single shRNA, suggesting that this gene family could be
implicated in ETVé function. This gene family is known to be involved in NF-kB-mediated regulation of tran-
scription (Bartuzi, et al., 2013). The most significant overexpression of ETV6 target genes was observed
when DYRK4 was knocked down. DYRK4 is the least studied member of the serine/threonine dual-speci-
ficity kinase family (Papadopoulos et al., 2011; Becker et al., 1998) and no role in transcriptional regulation
had been associated with this gene so far. Notably, another member of this family, DYRK3, was also iden-
tified in the primary shRNA screen. DYRK3 phosphorylates histone H2B (Becker et al., 1998) and SIRTT, a
protein deacetylase that targets histones and other transcription factors such as E2F1 and NF-kB (Guo
et al., 2010). This suggests that SIRT-mediated histone deacetylation could contribute to ETVé gene
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repression. This is also supported by the capture of shRNAs against SIRT3 and SIRT4 in the primary screen.
ETV6 phosphorylation is known to modulate its transcriptional function (Lopez et al., 2003; Poirel et al.,
1997, Arai et al., 2002). Thus, DYRK3 and DYRK4 could be involved in this process. Determining whether
these kinases directly phosphorylate ETV6, its modulators or participate in ETV4-mediated repression
through histones modifications would be of great interest because of their substantial impact on ETV4
function. JUNB, a subunit of the AP-1 transcription factor, is an ETVé modulator that was studied in the
context of multiple lymphoid malignancies such as lymphomas and T-cell leukemias (Papoudou-Bai
etal., 2016). FOSL2, another subunit of AP-1, was also captured on the screen with a single shRNA, suggest-
ing that AP-1 participates in the ETVé function. Although ETVé6 binding to AP-1 was never tested, physical
interactions between ETS and AP-1 factors have been described (Bassuk and Leiden, 1995; Verger and Du-
terque-Coquillaud, 2002). These interactions were dependent on the conserved ETS domain, suggesting
that similar interactions could occur with ETV6 and modulate its transcriptional activity.

In regard to hematological diseases, SRP72 s an interesting ETV6 modulator. One of our t(12; 21) negative
patient samples showed a 50% reduction in SRP72 expression compared to other patients, suggesting a
monoallelic expression. Expression of the ETVé target OSTalpha was also significantly higher in this leuke-
mia patient, further supporting that SRP72 downregulation impacts ETV6 repressive function. Mutations in
SRP72 have been linked to familial Aplastic Anemia (AA) and Myelodysplasia (MDS) (Kirwan et al., 2012),
both of which are also associated with ETVé mutations or deletions (Topka et al., 2015). The mechanism(s)
through which SRP72 mutations induce these familial forms of aplasia remains unknown but, considering
our findings, could involve the deregulation of ETV6 target genes. In addition to SRP72, SRP14 was also
found with a single shRNA in the genome-wide screen. Furthermore, SRP? was identified as an ETVé4-bound
protein by a proteomic approach (Table S4). Altogether, these results suggest that a complex containing
SRP proteins could bind ETV6 to regulate its transcriptional output. SRP proteins’ canonical function is to
form a complex that binds nascent peptide signals, induce translational arrest, and transfer the ribosomes
to the translocon onto the ER where the translation would resume (Akopian et al., 2013). However, we show
that SRP72 silencing does not affect ETV6 protein level and localization, suggesting an alternate pathway in
ETV6-mediated repression.

We showed that ETVé targets were not equally affected by these modulators. For instance, DSC3, a gene signif-
icantly repressed by ETV6 and overexpressed in patients with t(12; 21) positive leukemic, was not significantly
influenced by ETV6 modulators while OSTalpha, another ETVé6 target was regulated by nine of the 13 modula-
tors. ETVé association with certain modulators could be important to regulate specific transcriptional responses
following a given signal. For instance, SEMA3A and SEMA3D, two members of the Semaphorins Class Ill gene
family, are both regulated by ETV6 and the modulators. The specificity given to ETV6 by its modulators could
ensure that genes belonging to a particular pathway are adequately co-expressed. This suggests that ETV4
target genes associated with one or more modulators contribute to a common pathway.

Aside from ETV6 modulators and the chromatin context, other factors might contribute to ETV6 specificity. For
instance, the ETV6-AMLT fusion protein is known to interact with residual ETV4, modulate its binding, and dictate
specificity (Gunji et al., 2004). In this regard, the expression of NTRK1, one of the ETV4 targets was increased
rather than downregulated following the silencing of ETV4 modulators. Interestingly, NTRKT does not contain
the ETVé consensus binding site(Neveu et al., 2018), suggesting that ETVé acts as a co-repressor at this locus.
Thus, ETV6-AML1 or other repressive ETS factors (Mavrothalassitis and Ghysdael, 2000) might endogenously
repress NTRK1. Because ETV6-AML1 retains both the PD and repression domains of ETV4 and the repressive
ETS factors share a similar DNA-binding domain (Kar and Gutierrez-Hartmann, 2013), the identified modulators
could affect their repressive function as well, explaining NTRK1 upregulation following the silencing of ETV6
modulators. This is of great interest as ETV4 is involved in multiple translocations with various fusion partners
(De Braekeleer et al., 2012) and that ETS factors are widely involved in human malignancies (Ciau-Uitz et al.,
2013; Kar and Gutierrez-Hartmann, 2013; Feng et al., 2014; Sizemore et al., 2017). Additional experiments are
needed to determine the implication of the novel ETV4 modulators on other related proteins. In this study,
ETVérepressive function has been interrogated through a specifically designed functional genome-wide shRNA
screen. The individual assessment of a large number of putative modulators and their impact on the ETVé tran-
scriptional network unveiled the complexity of ETV6-mediated repression. Thirteen novel putative modulators of
ETVé activity were identified and associated with the regulation of ETV6 target genes in various contexts. Most of
the modulators were involved in a target-specific manner, but some had a broader impact on the ETVé transcrip-
tional network. The critical role of AKIRIN1, COMMD9, DYRK4, JUNB, and SRP72 on ETVé-mediated regulation
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makes them interesting genes regarding the etiology of hematological diseases. Overall, this genome-wide
functional screen identified important ETV6 modulators and linked them to the ETV6 transcriptional network.

Limitation of the study

This study focuses on the development and analyses of a genome-wide shRNA screen to identify ETV6
modulators. The screen is a fitness assay taking advantage of a specifically developed ETV6-dependent
Blasticidin sensitive cell line. The validation of the modulator was achieved in cellular models but
the specific roles of the modulators in ALL as well as in other cancers would need further investigation using
patients’ samples. The ETV6-RUNX1-like subtype has a similar expression profile to the ETV6-RUNX1 sub-
type, without the characteristic t(12; 21) translocation, it would thus be interesting to investigate modula-
tors in this subtype. Although our analysis did not reveal a drastic change in the expression levels of the
modulators between the two subtypes (Figure S3), a more in-depth analysis accounting for residual
ETVé expression might reveal further insight on their functions.
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REAGENT or RESOURCE SOURCE IDENTIFIER
Antibodies
Anti-ETV6 / Tel antibody Abcam Cat# ab54705; RRID: AB_941491

GAPDH Antibody (L-20)
Anti-B-Actin Antibody (ACTBD11B7)

Santa Cruz Biotechnology

Santa Cruz Biotechnology

Cat# sc-31915; RRID: AB_641105
Cat# sc-81178; RRID: AB_2223230

Recombinant Anti-PCNA antibody [EPR3821] Abcam Cat# ab92552; RRID: AB_10561973
Bacterial and virus strains
Mission TRC shRNA whole library Sigma-Aldrich CP0001 55K Human Pool + CPO003 90K

Human Pool

Critical commercial assays

Pierce™ Anti-HA Magnetic Beads

Thermo Fisher

Cat# 88836; RRID: AB_2861399

Deposited data

RNA-seq data
ChlP-seq data

(Neveu et al., 2016)
(Neveu et al., 2018)

GEO: GSE79373
GEO: GSE102785

LC-MS/MS data This study ProteomeXchange: PXD031001
Experimental models: Cell lines

REH ATCC Cat# CRL-8286; RRID: CVCL_1650
HEK293T ATCC Cat# CRL-11268; RRID: CVCL_0063
Reh BlastR 2-1 This study N/A

2-1 ETV6-5 This study N/A

MOLT4 ATCC Cat# CRL-1582; RRID: CVCL_001
Oligonucleotides

All primer sequences are listed in Table S5

Recombinant DNA

PLENTI CMV TetR Blast Addgene Cat# 17492; RRID: Addgene_17492
PENTR3C Invitrogen 11817-012

pGL4 EBS;tk BlastR This study N/A

pGL3 EBS3tk This study N/A

PLENTI CMV puro DEST (w118-1)

PLENTI ETV6
pcDNA3.1 ETV6
pCCL ETVé-HA
pCCL ETV6

Dr. Christian Beauséjour, CHU Sainte-Justine,
Montreal, QC, Canada

This study

(Neveu et al., 2018)
(Neveu et al., 2018)
(Neveu et al., 2018)

Addgene #17452; RRID: Addgene_17452

N/A
N/A
N/A
N/A

Software and algorithms

GraphPad Prism 5

Cufflinks tool version 2.2.1

Bowtie2
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GraphPad Software

(Trapnell et al., 2010)

(Langmead and Salzberg, 2012)

https://www.graphpad.com/
RRID:SCR_002798
https://github.com/cole-trapnell-lab/cufflinks
RRID:SCR_014597
https://github.com/BenLangmead/bowtie2
RRID:SCR_016368
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REAGENT or RESOURCE SOURCE IDENTIFIER

BEDTools version 2.22.1. (Quinlan and Hall, 2010) https://github.com/arg5x/bedtools2
RRID:SCR_006646

RTCGAToolbox v.2.0.0 (Samur, 2014) https://bioconductor.org/packages/release/
bioc/html/RTCGAToolbox.html

Mascot version 2.5.1 Matrix Science https://www.matrixscience.com/
RRID:SCR_014322

Scaffold version 5.0.1 Proteome Software Inc. https://www.proteomesoftware.com/
products/scaffold-5
RRID:SCR_014345

RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources and reagents should be directed to and will be fulfilled by
the lead contact, Daniel Sinnett (daniel.sinnett@umontreal.ca).

Materials availability

All requests for resources and reagents should be directed to and will be fulfilled by the lead contact,
Daniel Sinnett (daniel.sinnett@umontreal.ca). All reagents will be made available on request after comple-
tion of a Materials Transfer Agreement.

Data and code availability

® The RNA-seq and ChlIP-seq data used in this study have been deposited in NCBI's Gene Expression
Omnibus and are accessible through GEO Series accession number GSE79373 and GSE102785 respec-
tively. The mass spectrometry proteomics data have been deposited to the ProteomeXchange Con-
sortium via the PRIDE partner repository with the dataset identifier PXD031001.

® This paper does not report original code.

® Any additional information required to reanalyze the data reported in this paper is available from the
lead contact upon request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Cell lines

The Reh (ATCC, Manassas, VA, USA, CRL-8286) cell line and derived clones were maintained in RPMI 1640
(Wisent, Saint-Bruno, QC, Canada) 10% Fetal Bovine Serum (FBS; Wisent, Saint-Bruno, QC, Canada)in a 5%
COjincubator at 37°C. The MOLT4 (ATCC, CRL-1582) cell line and derived clones were maintained in RPMI
1640 (Wisent, Saint-Bruno, QC, Canada) 10% Fetal Bovine Serum (FBS; Wisent, Saint-Bruno, QC, Canada) in
a 5% CO, incubator at 37°C.

METHOD DETAILS

Establishment and control of the screening cell line

The Reh (ATCC, Manassas, VA, USA, CRL-8286) cell line and derived clones were maintained in RPMI 1640
(Wisent, Saint-Bruno, QC, Canada) 10% Fetal Bovine Serum (FBS; Wisent, Saint-Bruno, QC, Canada)ina 5%
CO; incubator at 37°C. Reh cells were transfected with pGL4 EBSstk BlastR using the Lipofectamine 2000
reagent (Thermo Fisher Scientific, Waltham, MA, USA). Media was changed the next day and 2 pg/mL Blas-
ticidin was added 48h post-transfection for selection. Cells were maintained for a month under Blasticidin
selective pressure to retrieve cells with a stable integration. Using 6-wells plates, 500 cells from
this Blasticidin resistant population were seeded in 1 mL of MethoCult H4230 media (STEMCELL Technol-
ogies, Vancouver, BC, Canada) containing 2 ng/mL Blasticidin and grown for an additional month to obtain
distinct colonies (clones). Colonies were transferred and amplified in 96-wells liquid cultures with 2 ng/mL
Blasticidin. Blasticidin resistant clones were then transduced with pLENTI ETV6 or pLENTI empty vector
lentiviral particles. Cells were selected with 1 pg/mL puromycin before assessing ETV6 and BlastR
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expression by quantitative real-time PCR (gRT-PCR; see related section). The selected clone (Reh EBSstk
BlastR 2-1) was submitted to an additional round of clonal selection in methylcellulose media (1 pg/mL pu-
romycin) to ensure a strict and homogenous cellular system with single EBSstk BlastR and ETVé integrations
(i.e. Reh EBSstk BlastR 2-1 ETV6-5).

A GFP selectable pLKO plasmid containing a shRNA against ETVé (shETVé) was used for lentiviral produc-
tion and transduction of the ETV6-dependent Blasticidin sensitive clone 2-1 ETV6-5. A scrambled shRNA
sequence (shCtIF™%) was also included as a negative control. GFP positive cells were retrieved by flow cy-
tometry using the FACSAria llu cell sorter (Becton Dickinson, Franklin Lakes, NJ, USA) and stabilized in cul-
ture for several days before validating the ETV6 knockdown by Western Blotting and gRT-PCR (see related
sections). GFP positive cells were seeded at an initial concentration of 1 X 10° cells/mL and treated with a
range of Blasticidin doses (5,10 and 25 ung/mL). Cells were then cultured for 12 days in these conditions and
proliferation was evaluated with the Z1 Particle Counter (Beckman Coulter, Brea, CA, USA). Alternatively,
both the original Reh EBSstk BlastR 2-1 clone and the ETV6 expressing 2-1 ETV6-5 clone were treated with
Nicotinamide (NAM; Sigma-Aldrich, Saint Louis, MO, USA) at a final concentration of 20 mM for 72h. BlastR
expression was then evaluated by qRT-PCR (see related section).

Recombinant DNA

pGL4 EBSstk BlastR plasmid was constructed by cloning PCR products of the Blasticidin résistance gene
(BlastR) from pLENTI CMV TetR Blast (716-1) plasmid (Addgene, Watertown, MA, USA) between the
Ncol and Xba restriction sites and the EBSstk artificial promoter from the pGL3 EBS3tk vector between
the Kpnl and Nhel restriction sites.

The complete ETV6 complementary DNA (cDNA) sequence (NM_001987) obtained from pcDNA3.1 ETV6
(Neveu et al., 2018) was subcloned into the Gateway compatible vector pENTR 3C and transferred into the
pLENTI CMV puro DEST (w118-1) lentiviral vector (kindly provided by Dr. Christian Beauséjour) using LR
clonase Il reactions according to the manufacturer protocol (Thermo Fisher Scientific, Waltham, MA, USA).

Lentiviral production and transduction

Production of lentiviral particles and cell transduction were performed as previously described (Neveu
et al., 2016). Briefly, HEK293T cells (ATCC, CRL-11268) were transfected with the lentiviral expression
plasmid (pLENTI backbone) together with the third generation encapsidation plasmids, pRSV-Reyv,
pMD2.VSVG and pMDL (kindly provided by Dr. Christian Beauséjour) using Polyethylenimine (Polyscien-
ces). Media was renewed 16h post-transfection and cells were cultured for 30h. Viral particles from culture
media were concentrated by ultracentrifugation (50 000 g) and estimated using the p24 antigen ELISA
(Advanced Bioscience Laboratories). The transduction was performed by adding these particles (10-
100 ng per 1 x 10° cells) and 8 ng/mL polybrene (Sigma-Aldrich, Saint Louis, MO, USA) to cells for 24h. Me-
dia was changed and the selection agent (i.e. 1 pg/mL puromycin) was added 48h post-transduction. Cells
were cultured for at least 2 weeks prior to any experiments. (refer to the "'shRNAs preparation’’ section for
the pLKO shRNAs particles.)

Establishment and control of the screening cell line

The Reh (ATCC, Manassas, VA, USA, CRL-8286) cell line and derived clones were maintained in RPMI 1640
(Wisent, Saint-Bruno, QC, Canada) 10% Fetal Bovine Serum (FBS; Wisent, Saint-Bruno, QC, Canada)in a 5%
CO; incubator at 37°C. Reh cells were transfected with pGL4 EBSstk BlastR using the Lipofectamine 2000
reagent (Thermo Fisher Scientific, Waltham, MA, USA). Media was changed the next day and 2 pg/mL Blas-
ticidin was added 48h post-transfection for selection. Cells were maintained for a month under Blasticidin
selective pressure to retrieve cells with a stable integration. Using 6-wells plates, 500 cells from
this Blasticidin resistant population were seeded in 1 mL of MethoCult H4230 media (STEMCELL Technol-
ogies, Vancouver, BC, Canada) containing 2 pg/mL Blasticidin and grown for an additional month to obtain
distinct colonies (clones). Colonies were transferred and amplified in 96-wells liquid cultures with 2 png/mL
Blasticidin. Blasticidin resistant clones were then transduced with pLENTI ETV6 or pLENTI empty vector
lentiviral particles. Cells were selected with 1 ng/mL puromycin before assessing ETV6 and BlastR expres-
sion by quantitative real-time PCR (qRT-PCR,; see related section). The selected clone (Reh EBS;tk BlastR 2-
1) was submitted to an additional round of clonal selection in methylcellulose media (1 pg/mL puromycin)
to ensure a strict and homogenous cellular system with single EBS3tk BlastR and ETVé integrations (i.e. Reh
EBSstk BlastR 2-1 ETVé4-5).
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A GFP selectable pLKO plasmid containing a shRNA against ETVé (shETVé) was used for lentiviral produc-
tion and transduction of the ETV4-dependent Blasticidin sensitive clone 2-1 ETV6-5. A scrambled shRNA
sequence (shCtIf™V%) was also included as a negative control. GFP positive cells were retrieved by flow cy-
tometry using the FACSAria llu cell sorter (Becton Dickinson, Franklin Lakes, NJ, USA) and stabilized in cul-
ture for several days before validating the ETV6 knockdown by Western Blotting and gRT-PCR (see related
sections). GFP positive cells were seeded at an initial concentration of 1 x 10° cells/mL and treated with a
range of Blasticidin doses (5,10 and 25 ng/mL). Cells were then cultured for 12 days in these conditions and
proliferation was evaluated with the Z1 Particle Counter (Beckman Coulter, Brea, CA, USA). Alternatively,
both the original Reh EBS;tk BlastR 2-1 clone and the ETV6 expressing 2-1 ETV6-5 clone were treated with
Nicotinamide (NAM; Sigma-Aldrich, Saint Louis, MO, USA) at a final concentration of 20 mM for 72h. BlastR
expression was then evaluated by qRT-PCR (see related section).

shRNAs library

Lentiviral particles were prepared from the Mission TRC shRNA whole library (Sigma-Aldrich, Saint Louis,
MO, USA) according to the manufacturer’s protocol. Briefly, the library was divided in 15 pools each con-
taining approximately 9600 different shRNAs (10 96-well plates/pool). For lentiviral production, HEK293T
cells were transfected (FUGENE 6, Promega, Madison, WI, USA) with the shRNA plasmid pools, psPAX2
(Addgene, Watertown, MA, USA) and pMD2.G (Addgene, Watertown, MA, USA) at a ratio of 1/0.75/
0.25. Cell culture media were harvested and filtered (0.45 um filter) 48 h post-transfection. The lentiviral titer
of each pool was evaluated by limiting dilution using NIH3T3 cells.

The multiplicity of infection (MOI) of each shRNAs pool was evaluated by transducing Reh cells with various
dilutions of viral particles using 5 pg/mL polybrene. The next day, media was replaced, and cells were
selected with 1 ug/mL puromycin for 48h. Cell viability was assessed by propidium iodide (Pl) staining (final
concentration of 0.2 pg/mLin PBS). 1 x 10* stained cells were analyzed by flow cytometry on a LSRFortessa
FACS (Becton Dickinson, Franklin Lakes, NJ, USA). Data was acquired with the FACSDiva software (Becton
Dickinson, Franklin Lakes, NJ, USA).

For individual shRNAs, HEK293T cells were transfected with the pLKO shRNA construct together with the
third generation encapsidation plasmids, pRSV-Rev, pMD2.VSVG and pMDL using Lipofectamine 2000
(Thermo Fisher Scientific, Waltham, MA, USA). Media was renewed 16h post-transfection and harvested af-
ter an additional 30h of culture. Viral particles were used directly for transduction.

Genome wide shRNA screening

1 % 107 ETV6-dependent Blasticidin sensitive 2-1 ETV4-5 cells were transduced with each of the 15 shRNAs
pools ata MOl of 0.3-0.4 (determined for each pool; see ""shRNAs preparation’’ section) using 5 pg/mL pol-
ybrene. In these conditions, each unique shRNA is expected to be integrated by approximately 200 cells.
Media was changed the next day and replaced with fresh media containing 1 pg/mL puromycin. Cells were
maintained in culture for 14 days to allow knockdowns to modulate ETV4 function and BlastR expression.
Each pool of cells was then splitinto 3 parts: 1 x 107 cells were pelleted and used as the initial time point of
the experiment (Tq4), 2 X 107 cells were maintained as is (no Blasticidin), and 5 x 107 cells were treated with
50 pg/mL Blasticidin. After 14 days, 1 x 10 cells of each shRNAs pool (with and without Blasticidin selec-
tion) were pelleted and used as the first time point of selection (T,g). Cells were maintained for an additional
14 days in culture in these conditions and pellets were taken for each shRNA pool and used as the final time
point of selection (T4y).

Genomic DNA (gDNA) was extracted from each sample using the QlAamp DNA Mini Kit according to the
manufacturer’s protocol (Qiagen, Hilden, Germany). Quantification was performed on Qubit using the
Quant-it PicoGreen dsDNA Kit (Broad range; Thermo Fisher Scientific, Waltham, MA, USA). 6 ng of
gDNA was used as template for the first PCR with primers flanking the integrated shRNA sequences and
containing Illumina-compatible overhang extremities: F- TCGTCGGCAGCGTCAGATGTGTATAAGAG
ACAGCCGTAACTTGAAAGTATTTCGATTTCTTGGCTTTATATATCTTGTGG; R- GTCTCGTGGGCTCGGA
GATGTGTATAAGAGACAGTTGTGGATGAATACTGCCATTTGTCTC. To evaluate the sensitivity of the
methodology, duplicates of T14 samples were supplemented with respectively 20 and 200 copies of
SHC002 and SHC202 lentiviral vectors prior to the first PCR. Technical duplicates for each Tq4 samples
also allowed the assessment of the reproducibility of the PCR and sequencing methods. For each sample,
12 amplification reactions of 50 pL were performed as follow: gDNA: 10 ng/uL, primers: 0.25 uM each,
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dNTPs: 0.3 mM and 1U KAPA HiFi DNA polymerase (KAPA Biosystems, Wilmington, MA, USA) in 1X KAPA
reaction buffer. Thermocycling method: 95°C, 4 min; [98°C, 20 sec; 70°C, 15 sec; 72°C, 1 min] X 15 cycles;
72°C, 5 min. PCR reactions from each gDNA sample were pooled and 90 plL were purified with 1.8X volume
AMPure XP magnetic beads (Beckman Coulter, Brea, CA, USA) and eluted in 30 pL water. The second
amplification reaction used Nextera XT index Kit v2 primers (lllumina, San Diego, CA, USA) and was per-
formed in 50 pL as follow: purified PCR#1: 30 uL, primers: 5 puL each, dNTPs: 0.3 mM and 1U KAPA HiFi
DNA polymerase in 1X KAPA reaction buffer. Thermocycling method: 95°C, 4 min; [98°C, 20 sec; 68°C,
30sec; 72°C, 30sec] X 12 cycles; 72°C, 5 min. Reactions were once again purified with AMPure XP magnetic
beads (as above). Amplicons size was confirmed by Bioanalyser on a DNA 1000 chip (Agilent Technologies,
Santa Clara, CA, USA) and libraries were sequenced using the HiSeq 2500 system (paired-end 100 b. p.;
lllumina, San Diego, CA, USA) with 9 x 10° reads per library.

Data analysis

Reads from each sample were aligned on a custom reference containing all the target sequences of the
MISSION Human shRNA library using the Bowtie2 alignment tool version 2.2.3 (Langmead and Salzberg,
2012). For a given shRNAs pool and for each condition (Tq4, T2g with and without Blasticidin, T42 with
and without Blasticidin), read counts per shRNA were obtained using BEDTools version 2.22.1 (Quinlan
and Hall, 2010). Note that for T14 samples, the technical duplicates were merged at this point. Every shRNA
counts in a sample were normalized per the total number of reads in that sample to reflect their relative
abundance. shRNAs with no coverage (0) in at least one of the time points were removed from further an-
alyses. To be considered a positive hit, a shRNA had to have a greater normalized count in the Blasticidin
condition compared to the untreated control condition at both time points (Tog and T42). The normalized
count also had to be greater at the end of the experiment (T4, with Blasticidin) compared to the initial count
at T14. These positive shRNA hits were further refined using additional thresholds. We filtered out weakly
over-represented shRNAs (>~ Counts(BlastS - @BlastS) is less than 2 standard deviation of SHC202 control
vector; < 9,770;) as well as shRNAs which target non-expressed genes (Hart et al., 2013) in Reh cells (Neveu
et al., 2016).

Validation of candidate shRNAs by targeted RNA sequencing

The shRNAs selected for validation (Table S2) and two negative controls from the MISSION library (SHC002
and SHC202) were used individually to produce lentiviral particles and transduce Reh ETV6 cells (as
described in the "' shRNAs preparation’ section). All shRNA particles were used at a 1/10 to 1/20 dilution
to reach a MOI >1. All shRNA cell lines were maintained with 1 pg/mL puromycin for 2 weeks.

Total RNA was extracted from these shRNA populations using the RNeasy Mini kit (Qiagen, Hilden, Ger-
many). Two biological replicates of Reh ETV6 cells and one of Reh pLENTI were also included as additional
controls. 50 ng of RNA was then processed through the TruSeq Targeted RNA expression kit according to
the manufacturer’s protocol (lllumina, San Diego, CA, USA). Amplicons included ETVé target genes (Neveu
et al., 2016), non-ETVé target genes (apoptosis panel; lllumina), genes targeted by shRNAs (Table S2) and
housekeeping genes (Eisenberg and Levanon, 2013). Amplicons size was confirmed by Bioanalyser on a
DNA 1000 chip (Agilent Technologies, Santa Clara, CA, USA). Amplicons were sequenced on a HiSeq
2500 system (paired-end 100 b.p.; lllumina, San Diego, CA, USA) with 1.8 x 10° reads per sample. Mapping
was performed using the Illumina BaseSpace SequenceHub Informatics suite and raw counts were ob-
tained and further processed.

Targeted RNA sequencing analysis

Raw counts for each gene in a sample were first normalized per the number of total reads in that sample.
Genes considered very weakly expressed (mean normalised counts < 10 and/or normalised pLENTI
counts < 10) were discarded from the analyses. Expression in each sample was further normalised using
12 housekeeping genes (Eisenberg and Levanon, 2013). For each gene, the relative expression in each
shRNA sample was calculated compared to the SHC002 and SHC202 controls by including the variability
of the 4 ETV6 replicates: ((shRNA sample count - SHC002 and SHC202 mean count) / standard deviation
of the 4 ETV6 controls). The relative expression of a gene was also calculated as a simple ratio against
the SHC002 and SHC202 controls: (shRNA sample count / SHC002 and SHC202 mean count). Using stan-
dard deviation-corrected relative expressions, shRNAs inducing a specific re-expression of validated ETV6
targets, but not ETV6 independent genes, according to a Welch's corrected Student t test, were
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considered positives. Knockdown efficiency for each shRNA sample was calculated similarly. Heatmaps
were generated with the pheatmap R package.

Protein extraction

1 x 107 cells were washed in PBS and disrupted for 15 min on ice in a hypotonic cytoplasm extraction
buffer (CEB; 10 mM HEPES pH 7.5, 10mM KCI, 1X Protease Inhibitors Set Ill Animal-free (Calbiochem,
San Diego, CA, USA); 100 ul/1 x 107 cells). NP-40 was added to a final concentration of 0.05% prior
to centrifugation. Supernatant containing the cytoplasmic proteins was collected and the nuclei pellet
was washed in CEB buffer. Nuclei were then disrupted in a hypertonic nuclear extraction buffer (NEB;
20 mM HEPES pH 7.5, 50 mM KCI, 300 mM NaCl, 5% Glycerol, 0.05% NP-40, 1X Protease Inhibitors
Set Il (with EDTA); 100 uL/1 x 107 cells) for 1 hour with agitation at 4°C. The supernatant obtained after
centrifugation contained soluble nuclear proteins.

Western blotting

Protein immunodetection was performed as previously described (Neveu et al., 2016). Briefly, 20 pg of pro-
tein samples were diluted in Laemmli buffer and migrated on SDS-denaturating 10% polyacrylamide gels.
Transfer was performed overnight at 4°C on polyvinylidene difluoride membranes. Membranes were then
blocked in a milk solution prior to immunoblotting using the following antibodies anti-ETVé
(ab54705, Abcam, Cambridge, UK), anti- GAPDH (sc-31915, Santa Cruz Biotechnology, Dallas, TX, USA),
Anti-B-Actin (sc-81178, Santa Cruz Biotechnology, Dallas, TX, USA), Anti-PCNA (ab92552, Abcam, Cam-
bridge, UK). Immunodetection was performed by enhanced chemiluminescence with Western Lightning
Plus-ECL (PerkinElmer, Waltham,MA, USA) according to the manufacturer’s protocol.

Mass spectrometry

Pre-washed anti-HA magnetic beads (Thermo Fisher Scientific, Waltham, MA, USA) were added directly to
nuclear and cytoplasm protein extracts from 5% 10’ Reh pCCL ETV6 and ETV6-HA cells. After 4 hours of
incubation with agitation at 4°C, beads were washed on a magnetic stand using 50mM ammonium bicar-
bonate. The on-beads digest and mass spectrometry experiments were performed by the Proteomics plat-
form of the CHU de Quebec Research Center, Quebec, Canada.

Briefly, proteins on beads were washed 3 times with 50mM ammonium bicarbonate buffer and digested
with Trypsin (1ng) 5 hours at 37°C then desalted on stage tip (C18) and vacuum dried before MS injection.

Peptide samples were separated by LC-MS/MS on an Ekspert NanoLC425 (Eksigent) coupled to a 5600+ mass
spectrometer (AB Sciex, Framingham, MA,USA) equipped with a nanoelectrospray ion source. Peptides were
separated with a linear gradient from 5-35% solvent B (acetonitrile, 0.1% formic acid) in 35 minutes, at 300 nL/
min on a picofrit columns (Reprosil 3u, 120A C18, 15 cm x 0.075 mm internal diameter). Mass spectra
were acquired using a data dependent acquisition mode using Analyst software version 1.7. Each full scan
mass spectrum (400 to 1250 m/z) was followed by collision-induced dissociation of the twenty most intense
ions. Dynamic exclusion was set for a period of 3 sec and a tolerance of 100 ppm

Database searching

MGF peak list files were created using Protein Pilot version 5.0 software (Sciex) then searched was per-
formed using Mascot (Matrix Science, London, UK; version 2.5.1) on the CP_HomoSapiens_9606 database
(92237 entries) assuming the digestion enzyme trypsin. Mascot was searched with a fragment ion mass
tolerance of 0,100 Da and a parent ion tolerance of 0,100 Da. Deamidation of asparagine and glutamine
and oxidation of methionine were specified in Mascot as variable modifications.

Criteria for protein identification

Scaffold (version Scaffold_5.0.1, Proteome Software Inc., Portland, OR) was used to validate MS/MS based
peptide and protein identifications. Peptide and protein identifications were filtered with a FDR (false dis-
covery rate) less than 1,0 % by the Scaffold Local FDR algorithm. Proteins that contained similar peptides
and could not be differentiated based on MS/MS analysis alone were grouped to satisfy the principles of
parsimony.
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qRT-PCR

Total RNA was extracted from cells using the RNeasy Mini kit (Qiagen, Hilden, Germany) according to the
manufacturer’s protocol and quantified by Nanodrop (Thermo Fisher Scientific, Waltham,MA, USA). 750 ng
of RNA were used for reverse transcription using the M-MLV reverse transcriptase (Life Technologies, Carls-
bad, CA, USA). These cDNAs were then subjected to quantitative real-time PCR. Reactions were performed
in triplicates using the SYBR Green PCR Master Mix (Life technologies, Carlsbad, CA, USA) and the primers
listed in Table S5 on the ABI PRISM 7000 sequence detection system (Life Technologies, Carlsbad, CA,
USA). Relative expression was calculated by the 22V comparative method (Livak and Schmittgen,
2001) using GAPDH and 32M as reference genes.

Transcriptome analysis of cancer patients

Transcriptome data from childhood ALL patients and controls were obtained from a previous study (Lajoie
etal., 2017). Additional childhood B-ALL patients (11 t(12;21) positive and 14 t(12;21) negative) and controls
(3 CD19"CD10" pre-B cells isolated from healthy cord blood samples) were also included. Briefly, white
cells from bone marrow samples were enriched with Ficoll-Paque PLUS (GE Healthcare Life Sciences, Pis-
cataway, NJ, USA). DNA and RNA from these cells were then extracted using the Allprep DNA/RNA mini kit
(Qiagen, Hilden, Germany). 1 ng of RNA with RIN ranging from 5 to 10 were treated with DNAse (Ambion,
Austin, TX, USA). Libraries were generated using the lllumina TruSeq Stranded Total RNA rRNA removal
GOLD kit according to the manufacturer protocol. Sequencing was performed on the HiSeq 2500 system
(paired-end 100 b.p.; lllumina, San Diego, CA, USA) with 8 x 107 expected reads per sample. The pipeline
to produce the RNAseq binary alignment files (BAM) is based on the GATK Best Practice for germline SNPs
and Indels in RNAseq. The gene expression values (FPKM) were calculated using the Cufflinks tool version
2.2.1 (Trapnell et al., 2010) on hard-clipped BAM files.

TCGA normalized expression values (rundate '20160128') were obtained using the R package RTCGAToolbox
v.2.0.0 (Samur, 2014). For each cancer, a log fold change was calculated for each gene using their median expres-
sion in the top and bottom 10% of ETV6 expressing samples. 20 genes with the most negative fold changes were
retained for further analysis. Additionally, 20 random genes with log fold changes near 0 (over -0.001 and under
0.001) were used as control genes uncorrelated to ETV6 expression. Log fold changes for those cancer-specific
ETVé-correlated and non-correlated genes as well as for known ETVé target genes were calculated similarly with
the top and bottom 10% of samples according to the expression of each modulator.

QUANTIFICATION AND STATISTICAL

Data management and statistical analysis were performed using Excel (Microsoft, Redmond, WA, USA) and
GraphPad Prism 5 software (GraphPad Software, San Diego, CA, USA). Data are reported as mean =+ stan-
dard deviation (SD). Wilcoxon and Student t-test and were used to statistically compare two groups (as
noted in the figure legend) and significance was set to p < 0.05 (***p < 0.001, **p < 0.01, *p < 0.05).
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