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T cell acute lymphoblastic leukemia (T-ALL) is an aggressive hematological malignancy. Current intensified thera-
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peutic protocols coincide with severe side effects, and no salvage therapy is available for primary therapy-resistant
or relapsed patients. This highlights the need to identify new therapeutic targets in T-ALL. PSIP1, dispensable for
normal hematopoiesis, is a dependency factor in KMT2A-rearranged myeloid leukemia. Nonetheless, loss-of-
function mutations suggest a tumor suppressor role for PSIP1 in T-ALL. Here, we demonstrate that the loss of Psip 1
accelerates T-ALL initiation in mice which we correlated with reduced H3K27me3 binding. Contrastingly, loss of
PSIP1 impaired cell proliferation in several T-ALL cell lines. In cell lines, PSIP1 down-regulation leads to a reduction
of COX20, an assembly factor of the cytochrome c oxidase in the mitochondria, and to a reduction in mitochon-
drial respiration. This indicates that PSIP1 can exert a dual role in the context of T-ALL, either as a tumor suppressor
gene during tumor initiation or as a dependency factor in tumor maintenance.

INTRODUCTION

T cell acute lymphoblastic leukemia (T-ALL) is a rare, aggressive
hematological malignancy characterized by a diffuse infiltration of
the bone marrow by malignant T cell progenitors. They represent 10
to 15% of the pediatric and 25% of the adult acute lymphoblastic
leukemia patients (1, 2). The prognosis for patients with T-ALL has
significantly improved with the introduction of intensified chemo-
therapy. Modern protocols reach cure rates of more than 80% in
children and about 50% in adults (I, 3). Nonetheless, intensified
chemotherapy coincides with severe short- and long-term side ef-
fects. In addition, the outcome for primary therapy-resistant or re-
lapse patients remains extremely poor. Therefore, there is an urgent
need for a better molecular understanding of the pathogenesis to
identify key drivers and therapeutic targets to develop more effec-
tive and less toxic therapeutic strategies.

PSIP1, also known as Lens epithelium derived growth factor
(LEDGE), is an epigenetic reader of H3K36 di- and trimethylation
marks that preferentially associates with actively transcribed chro-
matin (4). Two isoforms of PSIP1/LEDGF have been described, p75
and p52, which both contain the H3K36me2/3 binding PWWP do-
main. The smaller isoform, PSIP1/LEDFGF/p52, produced by
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alternative splicing, lacks the C-terminal protein-interacting inte-
grase binding domain (5). PSIP1/LEDGF/p75 was demonstrated to
be a critical component of the ternary PSIP1-KMT2A-Menin com-
plex, with histone methyltransferase KMT2A, also known as MLL,
as a component for transcriptional activation, while Menin func-
tions as a critical molecular adaptor between the two proteins (6, 7).
KMT2A chromosomal rearrangements (KMT2Ar) are detected in 5
to 10% of the acute myeloid leukemia (AML) cases and in 3.3% of
the T-ALL cases (8, 9). More than 80 different fusion partners have
been identified, which lead to epigenetic changes and consequently
to transcriptional deregulation of essential hematopoietic regulato-
ry networks, including MEIS1 and HOXA genes (10-12). Menin,
encoded by the MENI gene, has been described both as a depen-
dency factor in KMT2Ar leukemias (13) and as a key tumor sup-
pressor in type 1 endocrine neoplasias (14). In these endocrine
tumors, Menin regulates cell type-specific transcriptional programs
by linking chromatin regulatory complexes such as KMT2A and
KMT2D to specific target genes. In the context of AML, the interac-
tion of PSIP1 with the N-terminal part of the KTM2Ar fusion on-
cogenes is essential for KMT2Ar-induced leukemic transformation
(13, 15-18). Noteworthy, a divergent effect was observed upon PSIP1
knockdown on wild-type (WT) KMT2A compared to the KMT2Ar
fusion proteins. Depletion of PSIP1 expression reduced the occu-
pancy of WT KMT2A at target genes and paradoxically increased
the occupancy of KMT2Ar at these sites, suggesting a competition
for the binding to these sites by WT KMT2A. However, KMT2Ar
requires PSIP1 to recruit high-order protein complexes, which con-
tain transcription elongation factors (6). Thus, although PSIP1
is unnecessary for the chromatin occupancy of KMT2Ar fusion
proteins, it is essential for their leukemogenic activity. Furthermore,
we previously demonstrated that PSIP1 is dispensable for steady-
state hematopoiesis, making it an interesting therapeutic target in
KTM2Ar AML (18).

Here, we investigated the role of PSIP1 in the initiation and main-
tenance of T-ALL. On the basis of inactivating PSIPI mutations and
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reduced PSIP1 level in patients with T-ALL, we postulated a tumor
suppressor role for PSIP1. By knocking out Psipl in two sponta-
neous T-ALL mouse models, we demonstrated that loss of Psip1 accel-
erates T-ALL formation, which is correlated with altered H3K27me3
signaling. On the basis of this, we propose a tumor-suppressive role
for PSIP1 in T-ALL initiation. In contrast, depletion of PSIP1 ex-
pression in established T-ALL cell lines has a negative effect on
cell proliferation, which is associated with a down-regulation of
COX20 and reduction in mitochondrial respiration. This indicates
a dual role for PSIP1 in T-ALL, where PSIP1 acts as a tumor sup-
pressor in leukemia initiation but acts as a dependency factor in leu-
kemia maintenance.

RESULTS

Recurrent loss-of-function PSIP1 mutations in patients

with T-ALL

To investigate the role of PSIP1 in T-ALL, we first performed a de-
tailed expression analysis of PSIPI in T-ALL by using publicly avail-
able T-ALL patient data (19-22). Compared to normal T cells, a
significant decrease in PSIPI mRNA levels was observed in all T-ALL
subtypes, except for the TLX1 subgroup (fig. S1A) (20). Similar vari-
able and lower PSIP1 levels were detected on protein level when com-
paring three healthy thymus samples to five T-ALL patient-derived
xenograft samples (fig. S1B). In addition, we integrated RNA se-
quencing (RNA-seq) data of an extensive study that combines tran-
scriptomic and genomic data of 264 pediatric and young adult T-ALL
patients (PeCan) (19, 21, 22) with RNA-seq data of human primary
thymus samples (23). In this second dataset, a similar distribution of
PSIP1 mRNA expression levels was detected, with significant lower
PSIP1 mRNA levels in the LMO2/LYL1, NKX2.1, and TAL1 molecu-
lar T-ALL subgroups (Fig. 1A). PSIPI is encoded on the short arm of
chromosome 9, a genomic region that is frequently deleted in pri-
mary T-ALL patient samples. In 13% of the PeCan T-ALL patients
(34 of 264), 9p deletions that contained the PSIPI locus were identi-
fied (Fig. 1B, orange triangles) and those correlated with a reduction
in PSIP1 mRNA levels. In one of these patients, a second hit caused
by an early frameshift mutation (Y18fs) on the remaining PSIP] allele
resulted in full loss of PSIPI activity (Fig. 1B, blue square). Consider-
ing that the PSIPI gene is located in close proximity of CDNK2A, a
frequently deleted gene in T-ALL (24), we verified that the observed
deletions of PSIPI are not exclusively co-occurring with CDKN2A
deletions (fig. S2). In addition, in a recent study conducted at St. Jude
Children’s Research Hospital (25), five not previously described loss-
of-function stop/frame shift mutations in PSIP1 were identified in
patients with T-ALL. Collectively, these data suggest a tumor sup-
pressor role for PSIP1 in T-ALL, which seems contradictory to its
reported cancer dependency role in KMT2Ar AML (18).

Loss of Psip1 accelerates T-ALL initiation in mice

To evaluate the putative tumor suppressor role of PSIP1 in T-ALL,
we crossed conditional Psiplﬂ/  knockout (KO) mice (26) with two
murine spontaneous T-ALL models. First, Psiplﬂ/ 1 mice were inter-
crossed with the Lck-Cre* Pten™" (Pten**) model in which T cell
restricted loss of the tumor suppressor Pten and results in NOTCH1-
independent spontaneous T-ALL formation with a median survival
of 120 days (27, 28). Loss of Psipl in the resulting Psip " Pten’™
(Psip1/Pten™*) mice significantly accelerated leukemia development
in this Pten-null model (Fig. 2A), with a median survival of 92 days.
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Fig. 1. PSIP1 is lower expressed in defined T-ALL molecular subgroups and fre-
quently deleted in patients with T-ALL. (A) Graph showing PS/PT mRNA expres-
sion in thymus and T-ALL molecular subgroups after integration of RNA-seq data
from 264 patients with T-ALL (22) and primary human thymus samples (24 samples
derived from three independent donors) (23). Patients with chromosomal aberra-
tion targeting the PSIP1 locus are indicated as orange triangles, and one patient
with an additional frame shift mutation (Y18fs) is indicated as a blue square
(Kruskal-Wallis test with Dunn’s multiple comparisons test). (B) PSIP1-deleted/
mutated T-ALL cases (PSIPT mut) have lower expression levels of PSIPT compared
to cases with WT PSIP1 alleles (PSIPT WT) (Mann-Whitney test) (23). *P < 0.05,
**P < 0.01, and ****P < 0.0001.

Moreover, we also intercrossed PsipI™™ mice with CD2-Lmo2¥*
mice, which develop T-ALL with two distinct patterns of gene ex-
pression, reflecting either immature/early T cell precursor (ETP) T-
ALL or mature NOTCH]1-driven T-ALLs (29). The CD2-iCre (30)
was used to delete Psipl in the lymphoid compartment, from the
common lymphoid progenitors onward. Also, in this second sponta-
neous T-ALL mouse model, a significant acceleration of leukemia
development was observed upon the loss of Psip1 (Fig. 2B): Psiplﬂ/ﬂ;
CD2-iCre®®*;CD2-Lmo2"* (Psip1/Lmo2°"?) had a median survival
of 213 days compared to 345 days for the Cre-negative littermate
control (Lmo2“P?) mice. In both models, no differences were noted
in organ infiltration or immunophenotype upon the loss of Psipl
(table S1). Depletion of Psip1 transcripts and PSIP1 protein was con-
firmed on thymic lymphoma samples from both models by quanti-
tative reverse transcription polymerase chain reaction (RT-qPCR)
(fig. S3) and by Western blot (Fig. 2C and fig. S4), respectively. To
evaluate whether the acceleration in leukemia development was
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Fig. 2. A tumor-suppressive role for Psip1 in T-ALL tumor initiation. (A and B) Kaplan-Meier survival curves for mice with conditional loss of Psip1 that were crossed
with either the Lck-Cre Pten floxed (Pten) model (A) or CD2-Lmo2' (Lmo2) model (B). The resulting Psip1 KO mice (Psip7ﬂ/ﬂLck—Cre‘g’/J'Ptenﬂ/ﬂ or Psiplﬂ/ﬂCDZ—iCretg”CDZ—
Lmo2'9"*) significantly accelerates T-ALL development compared to Psip WT (Psip1** Lck-Cre'¥* Pten™® or Psip 1D 2-iCre™* CD2-Lm02'9*) (Mantel-Cox test). (C) Western
blot validating the complete loss of Psip1 expression in tumor samples derived from the thymus of Psip7 KO and WT mice from both spontaneous T-ALL mouse models
(Pten or Lmo2). (D and E) Differential gene expression was performed on thymic lymphoma samples of mice with and without Psip1 expression for both the Pten model
(D) (KO: n = 9; WT: n = 6) and the Lmo2 model (E) (n = 6 in each group) (log fold change> 1; Padj < 0.05). (F) Western blot (bottom) and quantification (top) of H3K27me3
protein levels in preleukemic thymus samples of 6-week-old Pten mice, which are Psip1 KO or Psip1 WT, respectively (Mann-Whitney test). Samples were diluted 10 times
for H3 Western blot to avoid overexposure. (G) CUT&RUN analysis for H3K27me3 binding in preleukemic thymus samples of 6-week-old Psip1™/CD2-iCre'* (KO) or Cre-
negative Psiplﬂ/ﬂ/CDz-iCre*/+ littermate control (WT) mice (n = 2 for each group). Individual heatmaps (left) and metanalysis (right) of H3K27me3-binding profiles —3
and +3 kb around the transcription start site. TSS, transcription start site. (H) Venn diagram of differentially expressed genes upon Psip1 KO in the Pten* or Lmo2“P? T-ALL
model. Five common differentially expressed genes were identified: Psip1, Zfp518b, Dcbld1, Lpxn, and Ifi211. *P < 0.05 and ****P < 0.0001.

associated with changes in T cell differentiation, detailed flow cyto-
metric analysis was performed on thymi of 42 days old mice with or
without T cell-specific loss of Psip1. No differences were observed in
thymus size or immature thymocyte fractions in Lck-Cre'® ™ Psip1™/1
compared to their WT control littermates (fig. S5). In concordance
with the abovementioned transcriptomic and genomic data in
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human T-ALL, these murine T-ALL data are highly supportive for a
tumor suppressor role for PSIP1 during the T-ALL initiation.

On the basis of previous publications (31, 32), we hypothesized
that PSIP1 exerts its tumor-suppressive function by facilitating
DNA repair, hence that the loss of Psipl drives genetic instability
to promote leukemia formation. Therefore, we analyzed the levels
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of YH2AX, a marker for double-stranded DNA damage, on thymi
from preleukemic 42-day-old Pten™* or Lmo2“P? mice with or
without PSIP1 KO by Western blot. However, no significant dif-
ference was observed in YH2AX protein levels in these preleukemic
thymi (fig. S4).

As an alternative approach to elucidate the underlying mecha-
nisms of this tumor suppressor role of PSIP1, we performed gene
expression profiling by RNA-seq on Psipl KO and Psip] WT thymus
tumor samples harvested both from the Pten™ and the Lmo2"?
model. However, as both mouse T-ALL models gave rise to a hetero-
geneous set of T-ALL tumors, the separation in the principal com-
ponents according to genotype was minimal (fig. S6). We were able
to identify 40 and 87 differentially expressed genes for, respectively,
the Pten'™ and the Lmo2°"? model (Fig. 2, D and E, and tables $2
and S3). Gene set enrichment analysis (GSEA) was performed, but
no relevant gene sets passed the false discovery rate threshold of
0.25 (33). Nevertheless, an enrichment for EZH2 target genes and
H3K27 trimethylated genes was found in Enrichr (34) for both
mouse models (fig. S7). EZH?2 is a core subunit of the Polycomb re-
pressive complex 2 (PRC2), which acts as an H3K27me3 methyl
transferase. Although no difference was detected in EZH2 expres-
sion levels, a global down-regulation of H3K27me3 was detected in
preleukemic thymi of Psip1/Pten*® mice. This observation could
not be confirmed in the Lmo2?? model (Fig. 2F and fig. $8). To get
a better understanding whether PSIP1 modulates H3K27me3 sig-
naling, we performed quantitative spike-in controlled CUT&RUN
for H3K27me3 on murine thymi with or without Psipl expression
(Psiplﬂ/ﬂ;CDZ—iCretg/ * or Psip1“P?). Less peaks for H3K27me3 were
detected in thymi of mice without Psipl expression compared to
WT mice (Fig. 2G, fig. S9, and tables S4 and S5). In addition, we
evaluated whether common differentially expressed genes could be
found to identify targets that are downstream affected by Psip1 loss,
independent of the type of T-ALL. Five common differential ex-
pressed genes were detected: Psipl, Dcbld1, Lpxn, and Ifi211 and the
gene coding for the EZH2 interacting factor Zfp518b (Fig. 2H)
(35, 36). In conclusion, our data demonstrate a tumor-suppressive
role for PSIP1 in T-ALL initiation, and our molecular analysis cor-
relates it to the modulation of H3K27me3 signaling.

Down-regulation of PSIP1 in T-ALL cell lines has a negative
effect on cell proliferation in vitro

This tumor-suppressive role of PSIP1 in T-ALL initiation seems in
part contradictory to the previously published and publicly available
results demonstrating that PSIP1 is a dependency factor for KM-
T2Ar leukemias (13, 17, 18). To further examine the role of PSIP1 in
T-ALL tumor maintenance, we conducted knockdown experiments
of PSIP1 in several human T-ALL cell lines, which have different
KMT2Ar mutational states and represent different T-ALL subtypes.
An efficient knockdown was achieved upon lentiviral transduction,
using vectors that contained two independent short hairpin RNAs
(shRNAs) targeting PSIP1 (shPSIP1 1 and shPSIP1 2) and a green
fluorescent protein (GFP) reporter (Fig. 3A). In vitro competitive
proliferation assays were performed for which these cells with PSIP1
knockdown and GFP expression were mixed with an equal number
of cells transduced with a scrambled short hairpin containing a blue
fluorescent protein (BFP) reporter (shCtrl BFP). The ratio of GFP/
BFP, which is a robust measure for the effect of the hairpins on cel-
lular proliferation, was assessed over time by flow cytometry (Fig.
3B). As an additional control, a similar mix of cells was made with
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scrambled hairpins containing either a GFP or BFP reporter (shCtrl).
As a proof of principle for our experimental setup, an KMT2Ar
AML cell line, Molm-13, was tested. As described before, the loss of
PSIPI expression had a negative effect on AML cell proliferation
(Fig. 3C) (18). Also in five tested T-ALL cell lines, PSIP1 down-
regulation led to a significant decrease in proliferation (Fig. 3, D to
H). Furthermore, this antiproliferative effect was independent of the
presence of a KMT2A rearrangement or T-ALL subtype. However,
KMT?2Ar cell lines (Karpas-45 and Molm-13) seem more sensitive
to the loss of PSIP1 expression based on how rapid they were over-
grown by the shCtrl BFP control cells. To better understand this dif-
ference, an annexin-7-Aminoactinomycin D (7AAD) staining was
performed to quantify the number of apoptotic cells. In KMT2Ar
cell lines (Molm-13 and Karpas-45), the loss of PSIP1 induced apop-
tosis, while this is not the case in non-KMT2Ar cell lines (Jurkat and
Loucy) (Fig. 3I).

Next, we aimed to rule out the possibility that the observed dual
role of PSIP1 in T-ALL is attributable to species-specific differences
(mouse versus human T-ALL) or variations in growth conditions
(in vivo versus in vitro). To address a potential species bias, we also
evaluated the effects of Psipl knockdown in a murine T-ALL cell
line, derived from a Pten"® thymic lymphoma (Fig. 4A). Similar to
the experimental setup depicted in Fig. 3B, a competitive prolifera-
tion assay was performed with short hairpins targeting murine Psip1
expression. Although the knockdown by the second hairpin only led
to a 25% reduction of PSIP1 protein level, a consistent and signifi-
cant decrease in proliferation of the murine T-ALL cell line was ob-
served, analogous to the effect seen in human T-ALL cell lines (Fig.
4B). In addition, to negate that the dual role is due to in vitro and in
vivo difference, we successfully cloned and validated the previously
used shRNA targeting human PSIP1 in a doxycycline-inducible vec-
tor in Jurkat cells (fig. S10). Immunocompromised NOD-Prkdc*-
IL2rg"™!/Rj (NXG) mice were engrafted with one million Jurkat
cells, which were transduced with either a control hairpin (shCtrl)
or a hairpin targeting PSIPI (shPSIP1 2) (Fig. 4C). Five days postin-
jection, mice were switched from normal (control) to doxycycline-
containing food. As a control for the effect of doxycycline on T-ALL
maintenance, a group of shCtrl mice was kept on control food lack-
ing doxycycline. If one of the mice reached a humane endpoint, then
all mice were euthanized, and bone marrow cells were collected to
measure the percentage human CD45-positive cells. Doxycycline
did not influence the development of T-ALL (Fig. 4D). Knockdown
of PSIP1 led to a reduced leukemic burden as indicated by a signifi-
cant lower percentage of hCD45-positive leukemic cells in the bone
marrow of these mice. These results indicate that PSIP1 also acts as
a dependency factor in an in vivo setting (Fig. 4D).

Down-regulation of PSIP1 is linked to a loss of

COX20 expression

Considering that PSIPI knockdown in the non-KMT2Ar cell line
Jurkat severely reduced proliferation without the induction of apop-
tosis or impairment of cell cycle (Fig. 3, E and I, and fig. S11), we
wanted to further investigate the underlying molecular mecha-
nisms. To get an insight on the downstream targets of PSIP1, we
performed CUT&RUN to see where PSIP1 binds to in the genome.
As described previously (6), PSIP1 primarily binds close to tran-
scription start sites (fig. S12). Unexpectedly, no enrichment was
observed for KMT2A target genes, but instead a strong enrichment
for ALF Transcription Elongation Factor 4 (AF4) and ENL was
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Fig. 3. PSIP1 acts a dependency factor in T-ALL tumor maintenance. (A) Validation of the knockdown of PSIP1 in Jurkat on protein level via Western blot. (B) Sche-
matic representation of the in vitro proliferation assay. Cells are transduced with hairpins containing a GFP tag, which were either targeting PSIP1 (shPSIP1 1 and shPSIP1
2) or a scrambled control hairpin (shCtrl GFP). Those cells are then mixed in a 50/50 ratio with cells that were transduced with a BFP-tagged control hairpin (shCtrl BFP).
Afterward, proliferation was assessed by flow cytometry. (C) The assay was validated using a KMT2Ar AML cell line, Molm-13, where loss of PSIP1 led to an impaired pro-
liferation rate [n = 3, repeated measures two-way analysis of variance (ANOVA) with Geisser-Greenhouse correction]. A similar phenotype was observed in five different
T-ALL cell lines, Karpas-45 (D), Jurkat (E), Loucy (F), DND-41 (G), and HPB-ALL (H), and was independent of the T-ALL subtype or the presence of an KMT2Ar (n = 3, re-
peated measures two-way ANOVA with Geisser-Greenhouse correction). (I) Annexin-7AAD stainings demonstrate that loss of PSIP1 expression induces apoptosis in KM-
T2Ar cell lines (Molm-13 and Karpas-45), while this is not observed in non-KMT2Ar cell lines (Jurkat and Loucy) (n = 3, time point: 6 days, one-way ANOVA with Dunnett’s
multiple comparisons test). NTC, nontransduced control; ns, not significant. *P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001.

detected, which are frequently found to be fusion partners of KM-
T2A (Fig. 5A). In addition, transcriptome profiling by RNA-seq was
conducted 72 hours after knockdown of PSIPI in Jurkat cells. A total
of 80 differentially expressed genes were detected (Fig. 5B and table
S6). Notably, we did not observe the down-regulation of HOXA
genes and other well-known MLL target genes as described upon
PSIP1 loss in AML cell lines (10-12). Instead, GSEA (33) did show a
negative enrichment of the mitochondrial cytochrome C oxidase
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assembly upon knockdown of PSIPI (Fig. 5C). Cytochrome C oxi-
dase is a major complex in the respiratory chain of the mitochon-
dria, which is important in oxidative phosphorylation as it is the
terminal step in the mitochondrial electron transfer chain (37). The
“cytochrome C oxidase assembly factor 20” (COX20) was found
to be significantly down-regulated in Jurkat upon loss of PSIPI ex-
pression (Fig. 5D). Considering that the loss of COX20 in human
embryonic kidney (HEK) 293T was previously reported to lead to
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lower endogenous cell respiration and lower cytochrome c oxidase
activity, we hypothesized that the slower proliferation rate upon
PSIP1 expression loss might be driven by this down-regulation of
COX20 (38). To further establish this down-regulation of COX20,
we validated the mRNA expression levels of COX20 by RT-qPCR in
two KMT2Ar (Molm-13 and Karpas-45) and two non-KMT2Ar
(Jurkat and Loucy) upon PSIPI knockdown (Fig. 5E and fig. S13).
Furthermore, the down-regulation of COX20 in these cell lines was
also validated at the protein level (Fig. 5F and fig. S14). Within the
CUT&RUN data, some binding of PSIP1 at the COX20 locus could
be observed (fig. S15). Independently of the presence of a KMT2A
rearrangement or T-ALL subtype, a clear down-regulation of COX20
expression was observed upon the loss of PSIP1 expression.

COX20 loss impairs T-ALL cell line proliferation and
phenocopies PSIP1 loss

To demonstrate that the down-regulation of COX20 may be respon-
sible for the observed decrease in proliferation upon the loss of
PSIP1, an in vitro competitive proliferation assay, similar to de-
scribed in Fig. 3B, was performed using short hairpins targeting
COX20 (Fig. 6A). In both the KMT2Ar and non-KMT2Ar cell lines,
Karpas-45 and Jurkat, respectively, a decrease in proliferation was
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detected upon knockdown of COX20 (Fig. 6, B and C). Equivalently
to the observed effect upon knockdown of PSIPI, loss of COX20 ex-
pression specifically induced apoptosis in the KMT2Ar T-ALL cell
line Karpas-45, which was not seen in the non-KMT2Ar T-ALL cell
line Jurkat (Fig. 6D). Since it was already previously described that
COX20 down-regulation impairs mitochondrial respiration in HEK-
293T (38), we next evaluated whether the loss of proliferation upon
knockdown of PSIPI could be correlated with an impairment in mi-
tochondrial respiration. Therefore, a Seahorse XF Mito Stress test
was conducted on Jurkat cells transduced with either a control hair-
pin or hairpins targeting PSIP1. As a positive control for the assay, a
hairpin targeting COX20 was taken along. Loss of PSIP1 led to a sig-
nificant reduction of the maximal respiration of the cells (Fig. 6E).

To summarize, we have demonstrated that down-regulation of
COX20 induces an antiproliferative phenotype similar to that of
PSIPI down-regulation. Similar to COX20 loss, reduction of PSIP1
levels leads to an impairment of mitochondrial respiration.

DISCUSSION
PSIP1 plays a critical role in the recruitment of elongation factors to
the KMT2A complex in KMT2Ar AML, which was demonstrated to
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be indispensable for the initiation of this type of leukemia (6, 18). In
T-ALL, our findings present a more complex and disease stage-specific
picture of the functioning of PSIP1, with PSIP1 acting as a tumor sup-
pressor during tumor initiation and as a dependency factor in estab-
lished T-ALL cell lines. These seemingly contradictory phenotypes
can be explained by two mutually exclusive mechanisms of action.
On the one hand, we were able to link the tumor suppressor func-
tion of PSIPI to altered H3K27me3 landscape. H3K27me3 is a re-
pressive histone mark that can be deposited by the PRC2 complex
(39). CRISPR screens revealed a codependency between core mem-
bers of the PRC2 complex (EED and EZH2) and the KMT2A com-
plex (PSIP1 and Menin), and a 57% overlap in downstream affected
genes between a PSIP1 KO and EED KO was detected (40). Almost
half of the differentially expressed genes upon PSIP1 KO were under
the control of bivalently regulated promotors, which contain both the
repressive H3K27me3 and the activating H3K4me3 histone mark
(40). Similarly to PSIP1, EZH2 has been described to have a dual role
in AML dependent on the disease stage. EZH2 was demonstrated to
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function as tumor suppressor during tumor initiation and as facilita-
tor in established AML (41). The tumor-suppressive role of EZH2
could as well be linked to derepression of bivalent promotors of spe-
cific oncogenes through the loss of H3K27me3 binding. Noteworthy,
PSIP1 expression levels are higher in patients with TLXI1-mutated T-
ALL compared to other T-ALL subtypes. Although mutations target-
ing components of the PRC2 complex are widely prevalent in T-ALL,
TLX1 events and PRC2 mutations have been described to be mutu-
ally exclusive (42). Therefore, collectively with our murine data, we
propose a tumor-suppressive role for PSIP1 in T-ALL through safe-
guarding of proper H3K27me3 occupancy.

Contrary to the previously described dependency role of PSIP1
in KMT2Ar AML, we did not observe differential expression of typ-
ical KMT2Ar target genes, for example, HOX genes (6, 18), upon
PSIP1 knockdown in T-ALL cell lines. Instead, we identified COX20
as a downstream affected gene. COX20 is important in the assembly
of cytochrome C oxidase (complex IV) of the respiratory chain of
the mitochondria. COX20 mutations have been described to have a
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causal role in patients with complex IV deficiency, which is asso-
ciated with ataxia and muscle hypotonia (43, 44). Loss of COX20
leads to reduced complex IV formation and consequently a reduced
mitochondrial respiration (38). Our data indicate that the down-
regulation of COX20 upon PSIP1 down-regulation is independent
of the KMT2A mutational status. However, KMT2Ar cells have a
higher sensitivity for the loss of COX20, similarly to the loss of
PSIP1. KMT2A/MLLT3 (MLL/AF9) rearranged AML cell lines have
a higher dependency on oxidative phosphorylation and therefore
were more sensitive to Metformin, a complex I inhibitor, compared
to non-KMT2Ar cell lines (45). As such, the elevated mitochondrial
respiration in KMT2Ar cell lines could potentially explain the ob-
served difference in sensitivity to PSIPI loss based on KMT2A mu-
tational status. Although our study uncovered a link between PSIP1
and COX20, further research will be necessary to elucidate the exact
mechanism of regulation.

PSIP1 has two different isoforms, p75 and p52, which both can
recognize H3K36me3 through their N-terminal PWWP domain
(5). Via distinct molecular mechanisms, both isoforms were previ-
ously reported to be involved in KMT2A and HOX genes regulation
in AML (6, 13, 18). Considering that the observed loss-of-function
mutations in patients with T-ALL affect both isoforms, we decided
to use in vivo and in vitro models in which both isoforms are down-
regulated simultaneously. Therefore, further research will need to be
conducted to identify potential isoform-specific differences.

In summary, our data demonstrate a disease phase-dependent
role of the epigenetic factor PSIP1 in T-ALL, a tumor suppressor
gene during leukemia initiation and a dependency factor in leuke-
mia maintenance (Fig. 7). Considering that PSIP1 is dispensable for
normal hematopoiesis (18) and has a compartmentalized function
based on the disease phase suggests that pharmacological targeting
of PSIP1 could be a viable therapeutic strategy to target all patients
with T-ALL, independent of the molecular and genetic subgroup.
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MATERIALS AND METHODS

Primary samples

Thymocytes were obtained from the Universitair Ziekenhuis (UZ)
Ghent hospital via an established ethical protocol. Primary T-ALL
cells (samples DFAT27681, CBAT93917, DFAT-72032, CBAT-27299,
and DFAT-53836) were purchased from the “Public Repository
of Xenografts” (PRoXe, Dana-Farber Cancer Institute, Boston,
MA) under an established material transfer agreement. Cells were
propagated via NXG mice (NOD-Prkdcscid-II2rgtm1/Rj, Janvier,
Saint-Berthevin, France) and isolated from the spleens for down-
stream analyses.

Murine T-ALL models

Conditional Psipl KO mice (Psiplﬂ/ﬂ) (26) harbor loxP sites
flanking exon 3 of Psipl, enabling restricted KO of both Psip1
isoforms. These mice were crossed with two murine T-ALL mod-
els, the Lck-Cre'®™* Pten™ and the CD2-iCre®* CD2-Lmo2'¢'*
models (28, 29). For both models, mice with and without PSIP1
expression were monitored for leukemia development. Survival
percentages were plotted using a Kaplan-Meier survival curve,
and statistical differences were determined using the log-rank
Mantel-Cox test. All animal experiments were approved by Ethical
Committee for animal experimentation of the Faculty of Medi-
cine and Health Sciences of Ghent University and Ghent Univer-
sity Hospital.

Collection of mouse samples

Tumors were collected, dissociated into a single-cell suspension by
using a 40-um cell strainer (Novolab, A09360), treated with red
blood cell lysis buffer (Gibco, A1049201), washed in phosphate-
buffered saline (PBS) (Gibco, 10010023), and stored as a pellet and/
or viable cells in 10% dimethyl sulfoxide in heat-inactivated fetal
bovine serum (FBS) (HyClone GE, SV3016003).

Tumor maintenance

Days
- shCtrl = shPSIP1 1 -+ shPSIP1 2

Dependency factor

e

COX20

Fig. 7. Graphical abstract: Dual role of the epigenetic factor PSIP1 in T-ALL. Loss-of-function mutations in patients with T-ALL in combination with an accelerated
leukemic onset in two conditional Psip7 KO mouse models indicate a tumor-suppressive role for PSIP1 role in the onset of T-ALL. In addition, we propose safeguarding
proper H3K27me3 occupancy as a mechanism of action for PSIP1 its tumor-suppressive function. During leukemia maintenance, we established that down-regulation of
PSIP1 has a negative effect on T-ALL proliferation which is independent of KMT2A mutational status and T-ALL subtype. Furthermore, we were able to functionally link the
observed phenotype to a reduced mitochondrial respiration orchestrated by down-regulation of COX20. ****P < 0.0001.
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Plasmids

shRNAs targeting PSIP1 and COX20 and the according nontarget-
ing control hairpin were acquired from Sigma-Aldrich [Mission The
RNAi Consortium (TRC) vectors]. The puromycin cassette was
swapped with a GFP or BFP reporter by restriction of the Bam HI
and Kpn I (TRCI vector backbone) or Sex AI (TRC2 vector back-
bone). The sequences of the shRNAs are described in table S7.

Cell lines

Molm-13, Jurkat, Loucy, HPB-ALL, DND-41, and HEK-293T were
purchased from the German Collection of Microorganisms and Cell
Cultures, and Karpas-45 was purchased from the European Collec-
tion of Authenticated Cell Cultures. The human cell lines were cul-
tured in RPMI 1640 medium (Gibco, 52400025) supplemented with
10% (Jurkat, Loucy, DND-41, and HEK-293T) or 20% (Molm-13,
Karpas-45, and HPB-ALL) FBS, penicillin (100 U/ml) and strepto-
mycin (100 pg/ml) (Gibco, 15140163), and 2 mM L-glutamine (L-
Glu) (Gibco, 25030081) at 37°C and 5% CO,.

A primary murine T-ALL cell line was derived from a thymoma
of an Lck-Cre'®™ Pten™ Psip1"™ mouse using a previously described
protocol (46). Concisely, the thymoma was dissected and cut in
smaller pieces using two scalpel blades, and tumor cells/clumbs were
collected in RPMI 1640 medium containing 15% FBS, penicillin (100 U/
ml) and streptomycin (100 pg/ml), 2 mM L-Glu, 0.1 mM nonessential
amino acids (Gibco, 11140050), 10 mM B-mercaptoethanol (Thermo
Fisher Scientific), and recombinant murine interleukin-7 (mIL-7; 5 ng/
ml) (Peprotech, 217-17) and cultured at 37°C and 5% CO;. The
cells were split three times a week and became independent of mIL-7
after 3 weeks.

Lentiviral transduction

Lentiviral particles were produced by cotransfection of the shRNA
TRC vector, pMD2.G and psPAX2 into HEK-293T cells using jetPEI
(Polyplus, 101000020). Forty-eight hours posttransfection, the cul-
ture medium containing the lentiviral particles was collected. Hu-
man and murine cell lines were transduced with these viral particles
by spinoculation (2300 rpm, 90 min, 32°C) in the presence of poly-
brene (8 pg/ml; Sigma-Aldrich, H9268). Transduction efficiency
was verified by flow cytometry (LSR II Flow Cytometer or LSRFort-
essa Cell Analyzer, BD Biosciences) by the GFP or BFP reporter. If
the efficiency was below 80%, then the cells were fluorescence-
activated cell sorting (FACS)-sorted using a FACSAria III Cell Sort-
er (BD Biosciences).

In vitro competitive proliferation assay

Cells were transduced using vectors that contain shRNAs, targeting
either PSIP1 (shPSIP1), COX20 (shCOX20), or nothing (shCtrl),
with a GFP reporter. These cells were mixed in 50/50 ratio with cells
transduced with a scrambled shRNA vector containing a BFP re-
porter (shCtrl BFP), serving as an internal control for proliferation.
The ratio of GFP/BFP was assessed over time by flow cytometry
(LSR II Flow Cytometer, BD Biosciences). A graphic illustration of
the experimental setup can be found in Fig. 3B.

Immunoblot

Cells were lysed at a density of 1 million/ml in 1% SDS in 10 mM
tris-HCI (pH 7.6) for 10 min at 95°C. Nucleic acids were removed
from the lysate by addition of Benzonase Nuclease (Sigma-Aldrich,
E8263). The protein content of the lysates was quantified using Pierce
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BCA Protein Assay (Thermo Fisher Scientific, 23225) to assure equal
sample loading. A total of 10% or 8 to 16% Mini-PROTEAN TGX
Precast Protein Gels (Bio-Rad, 4561035 and 4561103) were run at
a constant voltage of 100 V for 90 min. Thereafter, the proteins were
transferred onto nitrocellulose membranes (Bio-Rad, 1620233) at
100 V for 1 hour. The immunoblots were blocked in 5% milk pow-
der in 1X tris-buffered saline buffer with 0.1% Tween 20 buffer
before incubation with a primary antibody. The following anti-
bodies were used: PSIP1 (1:1000; Bethyl, A300-848A), COX20 (1:1000;
Proteintech, 25752-1-AP), y-H2AX (1:1000; Bethyl, A300-081A),
H3K27me3 (1:1000; Millipore, 07-449), EZH2 (1:1000; Cell Signaling
Technology, 4905), B-actin (1:10,000; Proteintech, 66009-1-Ig), H3
(1:10,000; Abcam, ab1791), and horseradish peroxidase-linked sec-
ondary antibodies (1:10,000; Cell Signaling Technology, 7076S and
7074S). The immunoblots were imaged by chemiluminescent reaction
with West Dura or West Femto (Thermo Fisher Scientific, 10220294
and 11859290, respectively) on an Amersham Imager 680 (GE
Healthcare). The images were analyzed and quantified using the
Image] software (National Institutes of Health).

Quantitative reverse transcription polymerase

chain reaction

RNA was extracted from the samples by using the RNeasy Plus Micro
Kit (QIAGEN, 74034) according to the manufacturer’s instructions.
Five hundred nanograms of RNA was reverse-transcribed by the
iScript cDNA Synthesis Kit (Bio-Rad, 1708891). qPCR was per-
formed with the SsoAdvanced Universal SYBR Green Supermix
(Bio-Rad, 1725275) under standard PCR conditions on a LightCycler
480 System (Roche). The primers are listed in table S8. The data were
normalized and analyzed in the QBase+ software (CellCarta).

Cell cycle analysis and apoptosis assay

For cell cycle analysis, cells were fixated and permeabilized in 70%
ice cold ethanol (1 hour at —20°C). Afterward, the pelleted cells
were washed with PBS before ribonuclease A (RNase A) treatment
(0.5 mg/ml, 1 hour at 37°C; QIAGEN, 19101). Thereafter, the sam-
ples were stained by propidium iodide (40 pg/ml; BD Biosciences,
556463). For the apoptosis assay, the phycoerythrin (PE) Annexin V
Apoptosis Detection Kit I (BD Biosciences, 559763) was used ac-
cording to the manufacturer’s instructions. Stained samples were
measured on flow cytometry (LSR II Flow Cytometer or LSRFort-
essa Cell Analyzer, BD Biosciences).

Doxycycline-inducible viral vectors and in vivo experiment
shRNAs were cloned into the doxycycline-inducible pLKO-TET-
ON vector, as previously described (47). For the in vitro validation
of the system, Jurkat cells were treated 72 hours with doxycycline
(1 pg/ml; D9891-5G, Merck). For the in vivo experiment, 15 NOD-
Prkdcscjd—ILngTml/Rj (NXG) mice (Janvier) were injected with
one million Jurkat cells that were either transduced with a con-
trol shRNA (shCtrl) or a shRNA targeting human PSIPI (shPSIP1
2) (Fig. 4C). Five days postinjection, mice were switched to
doxycycline-containing food (TD.180625, Envigo) or maintained
on control food (2918D, Envigo). If a mouse reached a human
endpoint (20% weight loss or complete hind leg paralysis), all
mice were euthanized, and bone marrow cells were collected.
Consequently, the samples were analyzed on flow cytometry
(FACS Symphony, BD Biosciences) for human CD45 (130-114-
569, Miltenyi Biotec).
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Data mining

We extracted RNA-seq data of patients with T-ALL, described by
Liu et al. (22) from the PeCan database from the St. Jude cloud and
integrated this with RNA-seq raw data of 24 thymocyte samples (23)
(PRJNA741323), downloaded from the Sequence Read Archive. The
data were normalized in R with the DESeq2 package (48).

RNA sequencing

RNA was extracted using the RNeasy Plus Micro Kit (QIAGEN, 74034).
RNA-seq libraries were prepared with the QuantSeq 3’ mRNA-Seq Li-
brary Prep Kit FWD for Illumina (Lexogen, 015.96) according to the
manufacturer’s instructions. The cDNA libraries were sequenced with
the NextSeq500 (High Output, 75 cycli, Illumina, 20024906). Reads
were aligned to GRCh38 or GRCm39 using STAR 2.7.10 (49) and
quantified on Gencode v44. The RUV (remove unwanted variation)
package was applied on the data (50). Differential expressed genes were
identified by DeSEQ2 (48) using the criteria of an absolute log, fold
change of >1 and an adjusted P value of <0.05. Enrichment analyses
were performed with GSEA (33) and Enrichr (34). Hierarchical cluster-
ing and heatmap were generated with R ComplexHeatmap (51).

CUT&RUN

CUT&RUN was performed using CUTANA pA/G-MNase (Epicy-
pher, 15-1016) according to the manufacturer’s instructions except for
minor adaptations. Per sample, nuclei of 0.5 M cells were extracted
[20 mM Hepes-KOH (pH 7.9), 10 mM KCl, 0.1% Triton X-100, 20%
glycerol 1 mM MnCl,, 0.5 mM spermidine, and protease inhibitors],
incubated for 10 min at 4°C on a rotator with activated concanavalin
A beads, resuspended in antibody buffer [150 mM NaCl, 20 mM
Hepes-KOH (pH 7.5), 2 mM EDTA, 0.5 mM spermidine, and prote-
ase inhibitors], and incubated overnight at 4°C with rotation with
1:100 dilution of antibody recognizing PSIP1 (Bethyl, A300-848A),
H3K27me3 (Cell Signaling Technology, 97335), H3K36me3 (Abcam,
ab9050), or a rabbit anti-immunoglobulin G (Cell Signaling Tech-
nology, 39008S). Targeted chromatin digestion and release were per-
formed with 2.5 pl of CUTANA pA/G-MNase and 100 mM CaCl,.
The reaction was terminated with STOP bufter [340 mM NaCl, 4 mM
EGTA, 20 mM EDTA, RNase (0.05 mg/ml), and glycogen (0.05 pg/
ml)]. For the mouse samples, spike-in Escherichia coli DNA (0.01 ng/
ml; Epicypher, 18-1401) was added. Retrieved genomic DNA was pu-
rified with the CUTANA DNA purification kit V2 (Epicypher, 14-
0050). Afterward, samples were library prepped using the NEBNext
Ultra II DNA Library Prep Kit according to the manufacturer’ in-
structions, but NEBNext Endprep was conducted at 50°C for 1 hour.
Sequencing was done on the AVITI, 2 X 75 (Element Biosciences).
Data were processed using an in-house data analysis pipeline as previ-
ously described (52). In short, adapter sequences were trimmed using
Trim-Galore v0.6.5, and reads were aligned to GRCh38 or GRCm39
using bowtie2 v2.3.1. Sorted and quality-filtered (MAPQ30) aligned
files were deduplicated using picard v2.25.1. Peak calling was per-
formed using MACS2 v2.1.0, and resulting significant peaks were fur-
ther processed using the ChIPseeker R package (v1.38.0). In addition,
the data were processed using publicly available NextFlow pipeline
(https://nf-co.re/cutandrun/3.1) (53). Motif enrichment analysis was
performed using Homer (v5.1) and MEME-ChIP (v5.5.6) (54, 55).

Seahorse XF96
A Seahorse XF Cell MitoStress Test (Agilent Technologies, 103015-
100) was conducted on Jurkat cells 10 days after transduction with
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indicated shRNAs. Before the assay, the cells were washed and resus-
pended in Seahorse XF RPMI medium (Agilent Technologies,
103681-100) supplemented with 10 mM glucose, 1 mM puryvate, and
2 mM glutamine. Afterward, 120 000 cells per well were attached to a
poly-D-lysine (Gibco, A3890401)-coated Seahorse XFe96 cell culture
microplates (Agilent Technologies, 103793-100) via centrifugation
(200g, 1 min, no brake). For the Mito Stress test, oligomycin A (port
A), carbonyl cyanide p-trifluoromethoxyphenylhydrazone (port B),
and antimycin A + rotenone (port C) were added to a final concentra-
tion in the well of 1.5, 0.5, and 0.5 pM respectively. Data were ana-
lyzed using the Wave 2.6.3 Software.

Statistical analysis

Prism 10.0 (GraphPad) or R (v4.1.3) was used for statistical analy-
ses. Enrichment analyses were performed with GSEA (33) and Enri-
chr (34). Hierarchical clustering and heatmap were generated with R
ComplexHeatmap (51).
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