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Phosphoproteomics profiling reveals a kinase network
conferring acute myeloid leukaemia intrinsic
chemoresistance and indicates HMGA1 phosphorylation

as a potential influencer

Dear Editor,

The underlying mechanisms of cancer intrinsic drug
resistance’ remain elusive. Herein, we report findings rel-
evant to phosphoproteomics of acute myeloid leukaemia
(AML) specimens. Specifically, we profiled phosphopro-
teins of cells from AML patients undergoing chemo-failure
compared with those achieving remission, and identify sig-
natures associated with AML refractoriness.

We collected bone marrow specimens at initial diag-
nosis from patients with comparable clinical characteris-
tics (Tables S1 and S2); they exhibited either treatment
failure (F) or reached complete remission (R) follow-
ing 7 + 3 induction therapy. We performed quantita-
tive phosphoproteomics and total proteomics (Figure 1A),
and found 9181 phosphorylation sites corresponding to
3001 phosphoproteins from phosphor-proteome, 4648 pro-
teins from total-proteome (Figure 1B). Due to phosphopep-
tide distribution and technical consideration (Figure 1C),
we focused on phosphor-serine/threonine. We confirmed
high accuracy of the analysis (mass-errors/peptide length)
(Figure S1A-C) and observed good reproducibility of phos-
phorylated and total peptides (Figure 1D; Figure S1D). A
total of 20% (630) of 3001 phosphoproteins (of which 627
were up-regulated) and 3% (146) of the 4648 proteins were
differentially seen in F relative to the R group (Figure 1E,F).
Differential proteins/phosphoprotein criteria was applied
as fold-change [F/R] > 1.5 or < 0.67 and p < 0.05).
Unsupervised hierarchical clustering analysis to separate
failure from remission samples indicated that chemo-
failure cases exhibited a distinct phosphoprotein signature
(Figure 1G).

Ingenuity pathway analysis (IPA) identified that DNA
damage response pathway was top-ranked (Figure 2A).

ATM signalling was up-regulated in chemo-failure speci-
mens, consistent with others.? FLT3, ERK/MAPK and Rho
kinase signalling pathways were also enriched in F sam-
ples, as reported® (Figure S2A). We next focused on up-
regulated phosphoproteins (627) to identify correspond-
ing kinases. NetworKIN analysis showed that in F group,
250 up-regulated phosphor-proteins (confidence score >
2)* are potentially phosphorylated by 54 kinases. Those
250 substrates were more abundant than the remain-
ing phosphoproteins, as evidenced by a shift in inten-
sity (Figure S2B). We further analysed the top 24 kinases
(Table S3), of which each was responsible for >1% of total
phosphorylation sites (Figure 2B). Those top 24 kinases
all function in cell cycle regulation (Figure S2C). In addi-
tion to NetworKIN, KEA2 analysis revealed that activ-
ity of Casein Kinase II (CK2, gene name: CSNK2A1) or
CDK family members was higher in F relative to R spec-
imens (Figure 2C; Table S4). Moreover, DEPMAP analysis
revealed that depleting CDK family members in AML cell
lines decreased cell viability (a gene with a score < -1 indi-
cates an essential gene) (Figure 2D). Not only identified as
a top kinase from NetworKIN analysis (Table S3), CK2 was
also the most enriched upstream kinase in chemo-failure
samples through our IPA analysis (Figure 2E). Accord-
ingly, CK2 inhibition by CX-4945 significantly enhanced
cytarabine-induced cell death in chemo-failure AML cells
(Figure 2F). Thus, we next focused on CK2 substrates in
context of haematopoiesis.

We observed an overlap of 27 differentially phospho-
rylated proteins between the top two IPA terms rele-
vant to haematopoiesis (Figure 3A; Table S5). We then
analysed the top 10 most abundant proteins of the 27
(Figure 3B); among them, KIT, BCR, LAIR1 and RB1
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FIGURE 1

F: Failure;

R: Remission

In-depth phosphoproteomics analysis of chemo-refractory versus chemo-sensitive acute myeloid leukaemia (AML)

specimens. (A) Workflow of proteomics analysis of leukaemia cells from AML patient bone marrow specimens. Cases either exhibited failure
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are leukemic oncoproteins.’ Interestingly, modified forms
of HMGA1 phosphorylated at S99, S102 or S103 were
among the top most abundant phosphoproteins in chemo-
failure AML samples (Figure 3C; Table S6). HMGAI1
S99/102/103 is highly conserved across species (Figure 3D).
Our mass spectrometry analysis in another set of sam-
ples verified HMGAI1 hyperphosphorylation in chemo-
failure AML specimens (Figure 3E,F; Table S7). Although
HMGAL1 function in leukemogenesis has been unclear,
phosphorylation of HMGA1 S102 is reportedly catalysed
by CK2.° We verify the activity by treating primary AML
cells with CK2 inhibitor (Figure S3A). It is also notewor-
thy that as a central hub of the CK2-substrate network
(Figure 3G), HMGALI interacts with other proteins, such as
SP1, which is a critical transcription factor responsible for
aberrant expression of many genes which regulate cancer
progression.’

IPA analysis suggested that HMGA1 phosphorylation
may promote cell survival (Figure S3B). To test this, we
used shRNA to knockdown (KD) HMGAI1 in AML lines
and observed markedly decreased cell growth (Figure 4A;
Figure S4A) and induction of GO/G1 cell cycle arrest
(Figure S4B,C). We also observed remarkable loss of
phosphor-serine signals after mutating HMGALI residues
S99/5102/S103 (to phosphorylation-deficient S3A), con-
firming that they are the primary HMGAI1 phosphor-
residues (Figure 4B). We then ectopically expressed
HMGALI constructs mimicking constitutive phosphoryla-
tion (S3D) or phospho-deficiency (S3A) form in MLL-
AF9/FLT3-ITD (MA9/ITD) murine bone marrow cells to
assess AML growth regulation (Figure S4D). Enforced
S3D expression enhanced CFC of MA9/ITD, while expres-
sion of S3A in cells did not (Figure 4C; Figure S4E).
Furthermore, serum-starved S3D-expressing cells showed
enhanced survival relative to similarly treated MOCK cells,

while S3A overexpression conferred no survival advantage
(Figure 4D). Finally, when we treated MA9/ITD cells with
cytarabine (AraC), S3D cells showed some resistance rela-
tive to cells expressing S3A or MOCK (Figure 4E-G).

HMGAL is a chromatin-binding protein that interacts
with SP1 to enhance its trans-activity.” SP1 up-regulates
the expression of BIRC5, an AML relevant anti-apoptotic
gene.® Interestingly, BIRC5 expression was upregulated
in 293T cells upon WT HMGALI overexpression, while
S3A overexpression did not have a comparable effect
(Figure 4H). We thus asked whether HMGAI phospho-
rylation at S99/102/103 promoted SP1 binding to BIRC5
promoter region and increased BIRCS5 transcription. Co-
IP analysis demonstrated that mutation of S99/5102/S103
but not threonine 53 (T53)° robustly attenuated HMGA1
binding to SP1 (Figure 41; Figure S4F). ChIP analysis also
revealed that mutating HMGA1 S99/S102/S103 attenuated
HMGALI binding to the BIRC5 promoter; SP1 KD signifi-
cantly decreased HMGALI binding to the BIRC5 promoter
(p < 0.001), but only modestly affected HMGA1-S3A pro-
tein binding to the same region (p = 0.0342) (Figure 47;
Figure S4G,H). These suggest that phosphor-HMGALI reg-
ulation of BIRCS expression is SP1 dependent. Further-
more, treatment of primary AML cells with CK2 inhibitor
not only downregulated HMGA1 phosphorylation levels
(Figure S3A) but also decreased BIRCS levels (Figure 4K).
These results support a model that hyper-phosphorylated
HMGA1 enhances SP1 to transactivate BIRC5 (Figure 4L).

Overall, we reveal that HMGALI phosphorylation pro-
motes intrinsic resistance and that blocking CK2-mediated
HMGALI phosphorylation may enhance cytarabine-based
chemo-therapy. We also reveal a kinase signature predic-
tive of chemoresistance and illustrate the importance of
proteomics technology for better understanding cancer
resistance.

(F) during 7 + 3 induction chemotherapy or reached remission (R) after induction chemotherapy (four specimens per group). After digestion,
peptides were labelled with TMT reagent and enriched using metal affinity chromatography (IMAC). (B) Proteins, phosphosites and

phosphoproteins identified and quantified in bone marrow of AML patients. (C) Distribution of serine- (S), threonine- (T) and tyrosine- (Y)

phosphorylated sites in bone marrow cells from eight AML patients. Distribution of phosphopeptides with one, two or more phosphorylated

sites. (D) Heatmap showing Pearson’s correlation coefficients (R?) of phospho-proteome data, indicating reproducibility among individual

patient-derived samples, among failure or remission groups. (E) Volcano plot displaying distribution of proteins with relative protein
abundance (x-axis: Log, fold-change;cut-off: 0.5849625 or —0.57767; linear fold-change (failure [F]/remission[R] > 1.5 or < 0.67) plotted
against significance level (y-axis:-Log;, p-value;cut-off:1.30103, linear p-value < 0.05), showing significantly (p < 0.05) increased

(failure/remission >1.5, in red) or decreased (failure/remission < 0.67; green) phosphorylated proteins in chemo-failure patients. (F) Volcano

plot displaying the distribution of phosphorylated proteins with relative protein abundance (x-axis: Log, fold-change; cut-off: .05849625 or

—0.57767; linear fold-change (failure [F]/remission[R] > 1.5 or < 0.67) plotted against significance level (y-axis:-Log,, p-value;cut-off:1.30103,
linear p-value < 0.05), showing significantly increased (failure/remission >1.5; red) or decreased (failure/remission <0.67; green)
phosphorylated proteins in chemo-failure patients. (G) Heatmap showing an abundance of 630 differentially phosphor-proteins after

unsupervised hierarchical clustering in eight individual samples. Results indicate separation between failure and remission groups
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FIGURE 2 Network analysis reveals kinase signature in refractory acute myeloid leukaemia (AML) specimens. (A)

The top 15 canonical

pathways derived from IPA gene ontology algorithms for 630 differentially phosphorylated proteins. Pathways emerged following IPA ‘Core

Analysis’. (B) Kinases predicted to be enriched in refractory AML specimens, based on NetworKIN analysis. Y-axis: percentage of

phosphor-sites catalysed by corresponding kinases (384 phosphorylation sites for 250 phosphor-proteins). (C) Significantly activated kinases
in chemo-failure AML specimens based on KEA?2 analysis (red bars); blue bars indicate high confidence kinases enriched in failure patients,
based on NetworKIN analysis. (D) Graph showing effects following knockout of indicated activated kinase in AML cell lines (n = 20) (data
sourced from the Cancer Dependency Map (https://depmap.org/portal/)). For gene effects, a score <-0.5 represents modest depletion in most

cell lines, and a score <—1 represents an essential gene. The dependency score of CDK family members is indicated in red. (E) Predicted top

10 activated kinases upon IPA analysis of differentially phosphorylated proteins. (F) Apoptosis analysis after 48 h of combination treatment
with CX-4945 (CK2 inhibitor; 5 uM) and/or AraC (2 uM) of failure AML specimens. The apoptotic percentage is indicated by annexin V

positivity. Error bars represent standard error of the mean. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001


https://depmap.org/portal/)

LETTER TO EDITOR CLINICAL AND TRANSLATIONAL MEDICINE 5 of7
(A) B) g .
Differentiation of hematopoietic o g g
progenitor cells (n=43) Development of hematopoietic =241
rogenitor cells (n=33) % :
S o0 3
< =
z E
5]
=
g1
2 =
A 0-
& A D o >
SEEFITTS &”’é‘%«?
v & 7S
F: Failure; R: Remission
(C) (D) (E)
D —
E= HMGA1 aa91 aal07  24-
z 12 X
5 $99 $102/5103 -y
= % g3
- pHMGA1-S99 Homo sapiens EKEEEEGISQESSEEEQ L]
S 10}  pHMGA1-s102 Mus musculus EKEEEEGISQESSEEEQ 5 21
S pHMGA1-S103 ) 2T 2
= Rattus norvegicus EKEEEEGISQESSEEEQ :t’
é 8 Canis lupus EKEEEEGISQESSEEEQ 2 Ly
2 Equus caballus EKEEEEGISQESSEEEQ = 0
3 0-
= F7 R5 R-6
on 6 T T T
3 0 5000 10000 F: Failure; R: Remission
Peptides
(F) (G) EIF2S52

241018

yi-HO
25810097

12345

v NHy i NHy by, bt
2590901

bty 3NH b
W7

Intensity (1073)

20 y

" gefefolBfqsg TEefa

biH ‘ yi-H ; )
0 PRESR 1o

8 ..321

67 89

FIGURE 3

sg/e\gzm
£

Phosphorylation of HMGALI, a canonical CK2 substrate, is highly expressed in chemo-failure AML. (A) Ingenuity pathway

analysis (IPA) analysis of differentially phosphorylated proteins relevant to hematopoietic disease, showing 27 phosphoproteins common in
the top two IPA terms associated with haematopoiesis. (B) The top 10 abundant differentially phosphoproteins derived from 27 proteins are
shown in Figure 3A, the rank is based on fold-change. (C) Phospho-proteomics screen for all the protein phosphorylation sites in eight AML
specimens; pHMGA1 S99, S102 and S103 are marked in red. (D) Sequence alignment of HMGAL1 proteins from different species showing
conserved S99/102/103 sites. (E) Relative abundance of phosphorylated HMGA1 among F and R AML patients. (F) Representative spectra of
phosphorylated HMGAL peptides including all three p-sites (S99, S102 and S103). (G) Prediction of HMGAI-interacting proteins based on IPA

analysis
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FIGURE 4 HMGALI phosphorylation modulates acute myeloid leukaemia (AML) cell chemo-sensitivity via regulating BIRC5 expression.
(A) Cell viability analysis of indicated cells transduced with shCtrl or ssHMGAL. (B) Western blotting for pan-phospho-serine levels in 293T
cells transduced with MOCK, Flag-tagged HMGA1-WT, HMGA1-S99A, HMGA1-S102A, HMGA1-S103A or HMGAL1-S3A. Respective proteins
in lysates were pulled down with an anti-Flag-M2 antibody. (C) Colony-forming cell assay performed in MA9/ITD cells transfected with
mock, HMGAI1-S3D, or HMGAL1-S3A. Note that 500 cells were plated per well. Error bars represent SD from three independent experiments.
(D) Analysis of apoptosis based on annexin V staining in serum-starved MA9/ITD cells transduced with indicated constructs. (E) Cytotoxicity
assays in the presence of varying concentrations of AraC in MA9/ITD cells expressing the indicated constructs. (F-G) Apoptosis assay of
MAUY/ITD cells expressing the indicated constructs after 48 h of 0.25 uM AraC treatment. (H) BIRC5 mRNA expression in MOCK,
HMGAI1-WT, or HMGAI1-S3A transduced 293T cells. Error bars represent SD from three independent experiments. (I) Immunoblotting of
Flag-M2, SP1 and $-actin in 293T cells transduced with indicated constructs following IP with Flag-M2 antibody. (J) ChIP-qPCR assay in 293T
cells that ectopically overexpress Flag-tagged HMGA1-WT or HMGA1-S3A, and with siSP1 in these Flag-HMGALI expressing cells. ChIP
analysis using anti-flag antibodies or control normal mouse IgG was performed in four groups: HMGA1-WT/siCtrl, HMGA1-WT/siSP1,
HMGA1-S3A/siCtrl and HMGA1-S3A/siSP1. Primers used for amplification of a targeted region of the BIRC5 promoter contain some SP1
binding sites (see Supporting Information). Error bars represent SD from three independent experiments. (K) Real-time PCR was performed
using BIRC5 tagman-probes in AML primary cells treated 48 h with the CK2 inhibitor CX-4945 (5 uM). (L) Schema showing the proposed
model of HMGA1/SP1/BIRCS axis. Error bars represent the standard error of the mean. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001
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