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ABSTRACT

7 ) ifferentiation syndrome (DS) is a life-threatening complication

arising during retinoid treatment of acute promyelocytic
., leukemia (APL). Administration of all-trans retinoic acid leads to
significant changes in gene expression, among the most induced of
which is transglutaminase 2, which is not normally expressed in neu-
trophil granulocytes. To evaluate the pathophysiological function of
transglutaminase 2 in the context of immunological function and disease
outcomes, such as excessive superoxide anion, cytokine, and chemokine
production in differentiated NB4 cells, we used an NB4 transglutaminase
knock-out cell line and a transglutaminase inhibitor, NC9, which inhibits
both transamidase- and guanosine triphosphate-binding activities, to
clarify the contribution of transglutaminase to the development of
potentially lethal DS during all-trans retinoic acid treatment of APL. We
found that such treatment not only enhanced cell-surface expression of
CD11b and CD11c but also induced high-affinity states; atypical transg-
lutaminase 2 expression in NB4 cells activated the nuclear factor kappa
()-light-chain-enhancer of the activated B-cell pathway, driving patho-
genic processes with an inflammatory cascade through the expression of
numerous cytokines, including tumor necrosis factor alpha (TNF-o),
interleukin 1 beta (IL-1p), and monocyte chemoattractant protein 1. NC9
decreased the amount of transglutaminase 2, p65/RelA, and p50 in dif-
ferentiated NB4 cells and their nuclei, leading to attenuated inflammato-
ry cytokine synthesis. NC9 significantly inhibits transglutaminase 2
nuclear translocation but accelerates its proteasomal breakdown. This
study demonstrates that transglutaminase 2 expression induced by all-
trans retinoic acid treatment reprograms inflammatory signaling net-
works governed by nuclear factor k-light-chain-enhancer of activated B-
cell activation, resulting in overexpression of TNF-a and IL-1f in differ-
entiating APL cells, suggesting that atypically expressed transglutami-
nase 2 is a promising target for leukemia treatment.

Introduction

Acute promyelocytic leukemia (APL), an acute myeloid leukemia (AML) sub-
type, is identified by clonal proliferation of promyelocytic precursor cells with
reduced ability to differentiate into mature neutrophil granulocytes."® Expression
of PML/RARa in APL suppresses differentiation along the neutrophil lineage.”” In
clinical settings, the target is primarily the PML/RARa chimeric protein and its
degradation, initiated by all-trans retinoic acid (ATRA) or arsenic trioxide.""*
ATRA-induced differentiation therapy leads to differentiation syndrome (DS),
which can be fatal in 2.5-30% of cases. DS is characterized by large numbers of
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inflammatory differentiating leukemic cells in the blood-
stream, releasing chemokines and cytokines in a so-called
cytokine storm, which shifts endothelial cell function
from normal toward inflammatory processes. DS is also
characterized by manifestation of unexplained fever, res-
piratory distress, pleural and pericardial effusions, pul-
monary edema, episodic hypotension, and vascular capil-
lary leakage, which may lead to acute renal failure.'*
Although glucocorticoid treatment leads to recovery in
most patients within 12 hours (h) and resolution of symp-
toms within 24 h, the condition is fatal in 1-5% of
patients. Dexamethasone treatment will not inhibit the
induction of chemokines in differentiating APL cells."*°

ATRA-induced differentiation can be modeled to a cer-
tain extent using NB4 APL cells.”" The differentiation
process involves modulation of thousands of genes to pro-
duce functional neutrophil granulocytes. The most highly
up-regulated gene in ATRA-activated maturation of NB4
cells is tissue transglutaminase (TG2). TG2 expression
silencing in NB4 cells has revealed functional TG2 partici-
pation in modulation of gene expression, reactive oxygen
species (ROS) generation, cytokine expression, adhesion,
and migration, and phagocytic capacity of differentiated
neutrophil granulocytes.™”*

TG?2 is a Ca2*-dependent protein cross-linking enzyme
that also adds amines to proteins and is capable of deami-
dating y-carboxamide groups of particular protein-bound
glutamines.”” In addition, TG2 has several enzymatic
activities that do not require Ca2’; it can hydrolyze guano-
sine triphosphate (GTP) and adenosine triphosphate
(ATP), can mediate signal transduction via G-protein-cou-
pled receptors, and has protein kinase and protein disul-
fide isomerase activities. Recent evidence shows that TG2
in the GTP-bound/closed (signaling) conformation drives
cancer cell survival.”**

To provide firm evidence for the critical involvement of
TG2 in ATRA-induced differentiation of promyelocytic
leukemia cells to inflammatory neutrophils, we generated
TG2-deleted NB4 cells and applied a cell-penetrable, irre-
versible TG2 inhibitor to observe how TG2 influences the
development of inflammatory states. Our results demon-
strate that ATRA-induced atypical TG2 expression
enhances NF-kB gene expression, nuclear translocation,
and transcriptional activation of NF-«B target genes, lead-
ing to unregulated production of inflammatory cytokines
and chemokines.

Methods

Cell lines, treatments and measurements

The cell culture conditions of the NB4 APL cell line have been
described previously."®

The NB4 TG2-KO cell line was generated from the wild-type
cell line by TALEN which is described in detail in the Ounline
Supplementary Appendix. NB4 cell lines were treated with 1 uM
ATRA (Sigma-Aldrich) or 1 uM ATRA + 30 uM NC9 (30 mM
stock solution) and collected at the indicated time points. Phorbol-
myristate acetate (PMA) in 10 nM or tumor necrosis factor alpha
(TNF-a) at a concentration of 2 ng/mL were used.

Western blot analysis (preparation of cell lysate and subcellular
fractions), cell preparation, and staining methods for fluorescence-
activated cell sorting (FACS) analysis and the nitro-blue-tetrazoli-
um test (NBT) have been described previously.**”*

To evaluate NF-kB pathway activity, an NF-kB promoter-driven

luciferase construct was used, stably integrated into the genomic
DNA of NB4 cell lines (CLS-013-L8-QIAGEN). The assay was per-
formed according to the manufacturer’s protocol. The transfected
cells were selected by administration of puromycin (Sigma-
Aldrich) at a final concentration of 10 ug/mL. Measurement of
luciferase activity was performed using a Bright-Glo™ Luciferase
Assay System (Promega). The data were validated by GraphPad
Prism 7.0 using a parallel normalizing method based on cell num-
bers and protein concentration.

The preparation of the RNA samples has been published previ-
ously.”**! Real-time Q-PCR reaction utilized the following probes
(ABI, Applied Biosystems): TGM2, MCP-1, TNF-a, IL-1p,
GP91PHOX, NCF2, GAPDH, and CYCLO-D. The analysis was
performed using an ABI Prism 7900 (ABI, Applied Biosystems).
Relative expression levels were normalized to the level of
cyclophilin-D and glyceraldehyde 3-phosphate dehydrogenase
(GAPDH).

Secreted cytokine concentration was measured using an ELISA
Kit (BioLegend/RayBiotech) according to the manufacturer’s
instructions.

NB4-WT cells were treated as described above for 11 days. At
day 11, cells were treated with 5 uM MG132 for 3 h. Samples
were harvested after 30 minutes, 1 h, 2 h, and 3 h, and handled as
described previously.”*!

A more detailed description of the methods used are available
in the Online Supplementary Appendix.

Results

TG2 accelerates phagocytotic and antimicrobial
functions of differentiating NB4 cell lines

The NBT test is a simple method for examining phago-
cytic and oxygen-dependent antimicrobial ability of neu-
trophil granulocytes. We previously reported that NB4
TG2-KD (TG2 knockdown) cells reduced NBT but to a
lesser extent than wild-type NB4 (NB4-WT) cells after
three days of ATRA treatment.” To determine the contri-
bution and correlation of TG2 expression levels to differ-
entiated neutrophil granulocyte status, NB4 human acute
promyelocytic leukemia cells (NB4-WT) and sublines NB4
TG2-C (virus control), NB4 TG2-KD, NB4 TG2-ha (het-
erozygous allele), NB4 TG2-KO (knockout) (see Omnline
Supplementary Figures S1-S3) were treated with ATRA.
First, the level of TG2 mRNA transcription and protein
expression was determined in cell lines; it was found that
while the TG2-KO cell line did not express TG2, the NB4-
WT and NB4 TG2-C cell lines expressed TG2 abundantly
and comparably. However, the NB4 TG2-KD and NB4
TG2-ha cell lines expressed TG2 at intermediate levels
between the total and TG2-deficient level (Figure 1A and
B). TG2-deficient conditions (TG2-KO) led to a rightward
shift in the NBT-positivity response curve compared to
NB4-WT cells, indicating that the moderate or total
expression of TG2 accelerated the differentiation process
in NB4 TG2-KD or TG2-ha and NB4 TG2-C or NB4-WT
cells, respectively, resulting in an early increase in NBT-
positivity and a saturation curve over the 11-day time
scale (Figure 1C and Online Supplementary Figure S4).

ATRA induces expression of leukocyte 32 integrin
receptors MAC-1 and p150,95 and their high-affinity
state on the cell surface of NB4 cell lines

Analysis of the cell-surface expression of L-selectin,
CD11b, and CD11c, which are indicators of the degree of
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Figure 1. Tissue transglutaminase (TG2) accelerates antimicrobial ability of differentiating NB4 cell lines. (A) Relative mRNA expression of TG2 in NB4-wild-type
(WT) treated with 1 uM all-trans retinoic acid (ATRA), virus control TG2-C, shRNA-silenced TG2-KD, hetero-allelic TG2-ha, and TALEN-TG2 knocked-out (KO) cells meas-
ured at the indicated days by real-time Q-PCR and normalized to glyceraldehyde 3-phosphate dehydrogenase (GAPDH) mRNA expression (n=3). (B) Representative
Western blot showing TG2 protein expression levels upon ATRA treatment over 11 days (n=3). (C) NB4 cell lines undergoing differentiation characterized by ability to
reduce nitro-blue-tetrazolium (NBT). The assays were performed at the indicated time points in triplicates. Percentage of the NBT-positivity expressed as mean
%=*Standard Deviation for 3 parallel experiments. Statistical analysis was performed via two-way analysis of variance (ANOVA; Bonferroni post-hoc test; *P<0.05,

**P<0.01, ***P<0.005 ****P<0.001).

differentiation on ATRA-treated NB4 cell lines, showed
that while the expression of L-selectin, CD11b, and
CD11c increased significantly from day 0 to day 3, subse-
quently remaining almost unaltered regarding cell surface
positivity (Online Supplementary Figure S5), the mean fluo-
rescence intensity (MFI) of the cells increased during the
11-day treatment. ATRA-induced differentiation is associ-
ated with increasing TG2 expression parallel to the pro-
gression of the differentiation of NB4 cell lines. Neither
knockdown of TG2 expression nor use of the NB4 TG2-
KO cell line changed the cell-surface expression of L-
selectin, CD11b, and CD11c in ATRA-induced differenti-
ation (Figure 2A-C). In addition, PMA did not stimulate
cell-surface expression of CD11b over basal expression
(Figure 2B). Notably, some non-activated adhesion recep-
tors were observed on the cell surface, while others were
restricted to cytoplasmic granules, like CD11b.* To gain
insight into the activation states of ATRA-treated NB4 cell
lines, we used CBRM1/5 mAb, which is specific for high-
affinity CD11b and does not recognize CD11b on resting
myeloid cells, and examined the cell-surface expression
and affinity status of CD11b. We found that ATRA not

only enhanced the cell-surface expression of CD11b but
also induced its high-affinity state (Figure 2B). Assuming
that the measured surface expression levels of CD11b
might be the “basal expression levels” on NB4 cell lines,
we determined the PMA-stimulated CD11b cell-surface
expression levels by CBRM1/5, revealing that PMA can-
not further increase cell-surface expression of CD11b inte-
grin (Figure 2B). Antibody anti-CD11c Clone 3.9 binds to
CD11c in an activation-dependent manner and is specific
to the I domain of CD11c.” Anti-CD1lc antibody
revealed gradually increasing expression of activated
CD11c integrin receptors on ATRA-treated NB4 cell lines,
which could not be further enhanced by PMA (Figure 2C).

TG2 drives the respiratory burst of NB4 cell lines

Some phagocytes and neutrophil granulocytes can gen-
erate large amounts of reactive oxidants in response to
particulate or soluble inflammatory stimuli. We had previ-
ously found that neutrophils of TG2-KO mice showed
lower expression of both GP91PHOX mRNA and protein
with less ROS production compared to wild-type mice.”
The TG2-dependence of PMA-induced ROS capacity was

haematologica | 2019; 104(3) 507 -



-m haematologica | 2019; 104(3)

K. Jambrovics et al.

A
— NB4 WT TG2C TG2 KD TG2 ha TG2 KO
LL
gzoo o 200, | ATRA 200 | ATRA 200,  ATRA 200 § ATRA
=150 BATRA + NC9 - IATRA + NC9 - BATRA + NC9 150 IATRA +NC9 150 IATRA + NC9
8100 =z 100 100 100
]
? 50 50 50
_Iob“.\")’\%'\ 5 9 Ao QD5 H A O 00'59)'\%\0‘56'\
N) N N) N N
AR R R o"’*ds\ &P P o”*o«r\ & o P o"’*ds‘ &P P o”*oo‘\ & P P o"’*dﬁ
B
= 1501 warea 150) warma
= | | R
N
Qo
-~
5 iﬂl il il
8 o m iinl I
S H H©6 A O N “
o P & & P & P @ o”?‘ o"‘ o*‘ o”;‘ oﬁ‘ o*\ o”* o“"\ o"‘ o“'~§ of‘ Qo* oﬁ\ o’* o"“ o’;‘ o”"\ o«:\
C
: 250, B ATRA
% 18
~ %
Q 100
-
o 504
o o
(&}

o
QO ™ b A O N QO M b A K
S S S S PP P P P

S B> H A o N
& PP &

O » H© A 9o N 9 B 6 A o N
FFF AP PSP

Figure 2. All-trans retinoic acid (ATRA) induces both CD11b and CD11c 2 integrin expression and their high-affinity state on the cell surface of NB4 cell lines.
FACS analysis of (A) cell-surface expression of L-selectin, differentiation marker (B) CD11b and (C) CD11c in 1 uM ATRA, 1 uM ATRA + 30 uM NC9, or after 20 minutes
stimulation of 10 nM PMA-treated NB4-WT, TG2-C, NB4 TG2-KD, TG2-ha, and TG2-KO cells, respectively, at the indicated days. Measurements were conducted in
triplicates, and values were validated via Flowing software. Graphs show the representation of the meantStandard Deviation fluorescent intensity (MFI) values, in
parallel. MFI values were calculated based on each treatment’s respective isotype control (n=9). Statistical analysis was performed via two-way analysis of variance
(ANOVA; Bonferroni post-hoc test; *P<0.05, **P<0.01, ***P<0.005 ****P<0.001).

further investigated by measuring the expression levels of
GP91PHOX and NCF-2/P67PHOX mRNA, the two major
components of the neutrophil NADPH-oxidase system.
The TG2-dependent expression pattern of these genes
(Figure 3A and B) was also consistent with the findings
that ATRA-differentiated total TG2 expressing NB4-WT
cells produced more than 20-fold higher levels of ROS
(70996.33+9034.96: RLU/100 pg protein) than the ATRA-
differentiated TG2 deficient NB4 TG2-KO cells
(2767.33+205.90 RLU/ 100 ug protein) (Figure 3C).

TG2 induces typical proinflammatory cytokines and
chemokine expression through NF-xB and
transcriptional activation

Proinflammatory cytokine TNFa, IL-1f, and chemokine
monocyte chemoattractant protein-1 (MCP-1/CCL2) have
many functions in the progression of inflammation and
activation of other leukocytes. In the case of NB4 cell lines,
the expression patterns of TNFa, IL-1f, and MCP-1 in both
mRNA and protein levels showed very similar trends in the
context of TG2 expression. While high TG2 expression was
accompanied by elevated mRNA and protein expression of
cytokines and MCP-1 chemokine (NB4-WT; TNFa
3120.74+321.39 pg/mL, IL-1p 6721.27+510.05 pg/mL, and
MCP-1 2053.95+55.53 pg/mL) at low (NB4 TG2-KD and
TG2-ha) or deficient expression of TG2-KO, both remained
low in each case (TG2-KO; TNFa 658.28+36.33 pg/mL, IL-
1p 818.00+10.02 pg/mL, and MCP-1, 576.16+133.86
pg/ml) (Figure 4A1-C2, black bars and lines).

Because the expression levels of GP91PHOX (Figure 3B),
MCP-1/CCL2, MDC/CCL22,21 TNF-a, and IL1p had
changed proportionally with the amount of TG2 in differ-
entiating NB4 cell lines, and as all these proteins were
found to be NF-kB-dependent genes, we hypothesized
that TG2 mediated the transcriptional activity of NF-kB
proportional to TG2 abundance. To confirm that TG2
level supports NF-kB-mediated transcriptional activity, we
carried out a luciferase reporter assay using an NF-kB pro-
moter-driven luciferase construct that was stably integrat-
ed into the genomic DNA of the NB4 cell lines. We found
that the various expression levels of TG2 in the cell lines
during the 11-day time frame were associated with pro-
portionate NF-kB promoter-driven luciferase reporter
activit (WT: 1.41x10°+3.14x10%, TG2-C
1.29x10°+1.46x10%, TG2-KD 2.40x10°+7.35x10°, TG2-ha
1.39x10°£8.63x10°, TG2-KO 5.22x10°+1.44x10°/100 ug
protein) and could not be further enhanced by exogenous
TNF-a (Figure 4D).

TG2 expression level drives inflammatory cytokine
expression quantitatively in resting ATRA-differentiated
NB4 cells

We determined the secreted proteins appearing in the
supernatant of NB4 cells at normal, reduced, or abrogated
TG2 expression. Inflammatory biomarkers were quanti-
fied from the supernatants of ATRA-differentiated NB4-
WT, TG2-KD, TG2-KO, and NB4-WT NC9-treated cells
using the ELISA-based RayBiotech 200 Human Biomarker
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Figure 3. Tissue transglutaminase (TG2) expression drives both expression of NCF2 and GP91PHOX respiratory burst oxidase genes and the generation of reactive
oxygen species (ROS). (A and B) Relative mRNA expressions of NCF2 and GP91PHOX upon ATRA and ATRA + NC9 treatment over 11 days were determined at the
indicated time points by real-time Q-PCR and normalized to cyclophilin-D mRNA levels in NB4-WT, TG2-C, TG2-KD, TG2-ha, and TG2-KO cells. Results are the
meanzStandard Deviation of 3 independent experiments. (C) Production of ROS was determined for each cell line by using a luminescence-based method in tripli-
cates (n=5) and reported as relative light units (RLU). Values are normalized to 100 ug protein of cell lysate content, respectively. Statistical significance was deter-
mined via two-way analysis of variance (ANOVA; Bonferroni post-hoc test; *P<0.05, **P<0.01, ***P<0.005 ****P<0.001). GAPDH: glyceraldehyde 3-phosphate

dehydrogenase; ATRA: all-trans retinoic acid.

Testing Service. Among the 200 proteins available, 50
were detectable in the supernatants. Among the 50
detectable proteins, 44 were expressed in a TG2-depen-
dent manner, from which 18 were identified as NF-xB
transcription-factor target genes in the Boston NF-kB tar-
get gene database.”® Of these 18 proteins, the expression
level of the following 10 cytokines was observed to
change in parallel with changes in the expression of TG2 :

a Y
[-309 (CCL-1), IP-10 (CXCL10), MIP-3a (CCL20), IL-10,
ICAM-1, MCSE, IL-1ra, MDC (CCL22), and PAI-1 in NB4-
WT, TG2-KD, and TG2-KO cells (Figure 5A). The levels of
8 NF-kB-controlled chemokines [MCP-1 (CCL2), MIP-1a
(CCL3), MIP-1b (CCL4), cytokines IL-1b, IL-8, and IL-9,
CCL-28, and OPN (SPP1)] were found to vary in parallel
with TG2 expression (Figure 5B). Furthermore, expression
of MCP-3 (CCL7), MCSF R, TNF RII, GDF-15, angiogenin,
VEGEF R1, PECAM-1, lymphotactin (XCL1), and CXCL16,
which do not depend on NF-«B, was also TG2 expression-
dependent (Figure 5C). Similarly, Cathepsin S, TNF RI,
Resistin, and IL-2 Rb, but not Eotaxin-3 (CCL26) or
Eotaxin-2 (CCL24), were expressed in a TG2-dependent
manner (Figure 5D). The supernatant concentration of the
remaining 16 biomarkers is shown in Online Supplementary
Figure Sé.

TG2 is a new potential chemotherapeutic target in APL
to prevent development of DS

NC9 is a novel penetrating, irreversible transamidase
site-specific inhibitor of TG2, which can transform TG2
from its closed/folded (signaling) conformation to its open

(non-signaling) form, modulating both its conformation
and activity.”**We used NC9 to test its effect on NBT-pos-
itivity, cell-surface adhesion receptors, ROS, cytokine, and
chemokine production in differentiating NB4 cell lines.
We did not observe any significant difference in NBT-pos-
itivity (Figure 1C, right) between NC9-treated and
-untreated NB4 TG2-KO cells. However, we did observe
effective inhibition of ROS production, with almost 10
times lower magnitude at day 11 in all cell lines (WT
8884.00+759.29 RLU/100 ug protein and TG2-KO
133.66+17.67 RLU/100 ug protein) (Figure 3C). We also
found that at low TG2 expression levels, the mRNA and
protein expression levels of TNFo and IL-1f and the
expression of MCP-1 remained low, similar to TG2-defi-
cient states in the NB4 cells (Figure 4A-C, red bars and
lines). In the ATRA-treated NB4-WT and NB4 TG2-C
cells, where TG2 expression was maximal, the total
expression levels of mRNA of TNFa, IL-18 , and MCP-1
were reduced by at least 50% or more in the presence of
NC9. The lower mRNA levels were directly reflected in
the amounts of secreted TNFa, IL-18 , and MCP-1 (WT;
TNFo 1133.01+£214.01pg/mL, IL-1f 3467.16+310.59
pg/mL, and MCP-1 1220.14+53.09pg/mlL) (Figure 4A-C,
red bars and lines). In parallel, the stably integrated NF-xB
promoter-driven luciferase reporter activity was at least 15
times less inducible in the NB4-WT cell lines in the pres-
ence of the TG2 inhibitor (WT: 1.12x10%+7.48x10°, TG2-C
1.58x10°£9.73x10°, TG2-KD 6.15x10°+3.40x10°, TG2-ha
2.54x10°+2.05x10°, and TG2-KO 4.15x10°+1.58x10%/100
ug protein) (Figure 4D). The reduced endogenous NF-kB
activities also became apparent in the amounts of secreted

haematologica | 2019; 104(3) “-
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Figure 4. Tissue transglutaminase (TG2) up-regulates both expression of tumor necrosis factor alpha (TNF-a), interleukin 1 beta (IL-1B), and monocyte chemoat-
tractant protein 1 (MCP-1) through nuclear factor kappa (k)-light-chain-enhancer of the activated B-cell (NF-kB) pathway transcriptional activation and their secre-
tion. Relative mRNA expression of (A1) TNF-o, (B1) IL-1 and (C1) MCP-1 in 1 uM ATRA or 1 uM ATRA plus 30 uM NC9-treated NB4-WT, TG2-C, TG2-KD, TG2-ha, and
TG2-KO cells measured at the indicated days by real-time Q-PCR and normalized to cyclophilin-D mRNA expression. In the cell culture, supernatant-secreted (A2) TNF-
o chemokine, (B2) IL-1B and (C2) MCP-1 inflammatory cytokines were quantified by ELISA and normalized to 100 ug protein content of cell lysate. Figures show
secreted protein levels from 3 independent experiments measured in triplicate and graphs show the representation of the meantStandard Deviation. (D) All-trans
retinoic acid (ATRA) induced NF-kB transcriptional activity on NF-kB responsive luciferase reporter gene. Treated and harvested cells were analyzed for luciferase
reporter activity as relative light units (RLU). Luciferase activity measurements were performed in triplicates (n=9). Statistical significance was determined via the
two-way analysis of variance (ANOVA; Bonferroni post-hoc test; *P<0.05, **P<0.01, ***P<0.005 ****P<0.001).
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Figure 5. Atypical expression levels of tissue transglutaminase (TG2) drives inflammatory cytokine expression. In the cell culture, supernatant-secreted
chemokines and cytokines were quantified by ELISA-based fluorescent detection cytokine array (RayBiotech Human Cytokine Array). Figures represent the
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Figure 6. Tissue transglutaminase (TG2) both induces and guides nuclear translocation of nuclear factor kappa (k)-light-chain-enhancer of the activated B-cell
(NFxB). (A) Relative mRNA expression of TG2 in 1 uM all-trans retinoic acid (ATRA) + 30 uM NC9 treated NB4-WT, TG2-C, TG2-KD, TG2-ha, and TG2-KO cells measured
at the indicated days by real-time Q-PCR and normalized to GAPDH mRNA expression (n=3). (B) Representative Western blot showing TG2 protein expression levels
upon ATRA + NC9 treatment through 11 days (n=3). (C1-2) Representative Western blots showing total cell lysate samples TG2, p65/RelA, phospho-p65/RelA, and
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inflammatory proteins, which were expressed in a TG2-
quantity-dependent manner (Figure 5A). Secretory pro-
teins not targeting NF-kB genes but expressed in a TG2-
dependent manner also included NC9 sensitive secretory
proteins (Figure 5C).

TG2 contributes to expression and nuclear
translocation of NF-xB, which is significantly reduced
by the TG2 inhibitor NC9

NF-kB promoter-driven luciferase reporter activity and
the extent of the expression of several NE-kB-controlled
inflammatory biomarkers suggested that NF-kB transcrip-
tional activity might depend on the magnitude of the
expression of TG2 (Figures 4D and 5A). Our starting
observation was that NB4 cells treated with ATRA plus
NC9 expressed lower amounts of TG2 protein than cells
treated only with ATRA (Figures 1B and 6B). First, we
examined the impact of NC9 on the transcription level of
TG2 mRNA and found that it did not change. The amount
of TG2 protein was affected by NC9, while TG2 mRNA
levels remained unaffected suggesting that the proteolytic
degradation of TG2 might be increased by NC9. To test
this hypothesis, 11-day differentiated NB4 cells were
treated for 3 h with MG132 proteasome inhibitor.
Western blot analysis of TG2 expression confirmed the
enhanced proteolytic degradation of TG2 during the NC9
treatment. In the presence of NC9, the amount of TG2
decreased to approximately one-tenth that measured in
cells treated with ATRA alone (Figure 6E1 and E2).

Next, we investigated the effect of the lower TG2 pro-
tein levels on the expression of p65/RelA, p50, and phos-
pho(Ser536)-p65/RelA components of NF-kB and found
that the absence, or reduced gene expression, or suppres-
sion of TG2 by NC9 significantly restricted the expression
of p65/RelA, phospho-p65/RelA and p50 proteins in NB4-
WT, TG2-C, TG2-KD, TG2-ha, and TG2-KO cells (Figure
6C1 and C2, upper and lower, left and right panels).
However, we have long been aware that in the ATRA-dif-
ferentiated NB4-WT cells, significant amounts of TG2
protein translocate to the nucleus during differentiation.”
To demonstrate the role of nuclear TG2, after 11 days of
differentiation, the cytosolic and nuclear fractions of NB4-
WT were separated and analyzed for the expression of
TG2, p65/RelA, phospho-p65/RelA, and p50 (Figure 6D1
and D2). In the differentiated cells, NC9 treatment was
associated with significantly increased cytosolic TG2 lev-
els and lower levels in the nucleus compared to cells treat-
ed only with ATRA (Figure 6D2, upper left). Concurrently,
the amount of total and nuclear p65/RelA also decreased
with NC9 treatment (Figure 6D2, upper right).
Distribution patterns of phospho(Ser536)-p65/RelA,
which is the transcriptionally active form of p65/RelA,
were very similar to the TG2 protein detected in the total,
cytosolic, and nuclear fractions (Figure 6D2, upper and
lower right, black and red bars). Both total and nuclear
phospho-p65/RelA protein contents were significantly
reduced in the presence of NC9 inhibitor (Figure 6D2,
lower left, black and red bars). The p50 subunit of NF-B
showed patterns of cellular distribution very similar to
p65/RelA (Figure 6D2, lower right and upper right, black
bars), with a distinctive difference in the amount of
nuclear p50 protein remaining low, around the detection
limit, in NC9-treated NB4-WT cells (Figure 6D2, lower
right, black and red bars). The cellular distribution of TG2
indicated that NC9 inhibits nuclear translocation of TG2

and considerably increases cytosolic levels (Figure 6D2,
upper left, red bar). In addition, both phospho-p65/RelA
and p50 showed similar distribution patterns upon NC9
treatment (Figure 6D2, lower left and right, black and red
bars).

Discussion

Treatment of APL principally comprises ATRA-based
therapy, which leads to terminal differentiation of APL
cells to neutrophil granulocytes. In adverse events, this
treatment is frequently associated with severe hyper-
inflammatory reactions, leading to organ infiltration of
differentiating APL cells.

The pathogenic processes of the hyper-inflammatory
cascade in DS are not completely understood. At least two
different mechanisms appear to play important roles in DS
development: differentiation of APL cells with cytokine
release and adhesion, and migration of differentiated APL
cells to different organs. ATRA-induced differentiation of
APL cells is associated with elevated expression of inflam-
matory cytokines and adhesion molecules called integrins.
Activation of neutrophils is elicited by mediators, includ-
ing chemokines, selectins, and integrin-mediated outside-
in signaling. Locally produced chemokines mediate a
sequence of events leading to extravasation of leukocytes
at the inflammatory site. Neutrophils express different
chemokine receptors, including CXCR2, whose most
potent ligand is IL8 (CXCL8).*" Shibakura er al. first
demonstrated that ATRA could induce synthesis and
secretion of IL8 in NB4 cells. Thereafter, it was shown that
not only do ATRA-treated APL cells express IL8 mRNA in
ex vivo cell cultures, but also IL8, as well as chemokines
such as MCP-1 (CCL2), MIP-la (CCL3), and MIP-1b
(CCL4), are present in the serum of APL patients who
developed DS during ATRA treatment.” It has also
become obvious that NB4 cells secrete IL8 constitutively,
which is further enhanced during ATRA-induced differen-
tiation, and cannot be inhibited by dexamethasone.” In
the presence of IL8, neutrophil granulocytes increase the
amounts of CD11b integrin receptor along with its bind-
ing activity and the amounts of CD11c on their cell sur-
faces.*® Simultaneously, secreted TNF-o also stimulates
neutrophils, triggering activation of CD11¢.* Since 1998,
CD11b has been used as a surface marker of granulocytic
cell differentiation of NB4 cells in published research, in
spite of the fact that CD11b is mainly stored intracellular-
ly in both specific and gelatinase granules and secretory
vesicles under normal physiological conditions.”* Our
observations confirm that during ATRA-induced differen-
tiation of NB4 cell lines, CD11b and CD11c receptors
were translocated in large quantities to the cell surface,
and show that the amount of surface CD11b cannot be
further increased by chemoattractant or phorbol-esters
(Figure 3A-C and Ownline Supplementary Figure S5).
Nevertheless, Nupponen et al. found that while “neu-
trophil CD11b expression and circulating interleukin-8
represent a diagnostic marker for early-onset neonatal sep-
sis,” CD11c is also a potential diagnostic biomarker for
sepsis and systemic inflammation.”” An antibody detecting
activation-associated CD11c revealed gradually increasing
cell-surface receptor expression in an activated state, with
a high affinity for ligands on ATRA-treated NB4 cell lines
(Figure 2C). In this manner, inflammatory cytokines could
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result in rolling, stable adhesion, microvascular sequestra-
tion, and infiltration of differentiated APL cells, with
increasing potential for the APL-mediated organ damage
observed in DS.**

TNFo is among the most effective physiological induc-
ers of NF-kB activity. In NB4-WT cells, TNFo did not
enhance further NF-kB activity already highly elevated by
ATRA, but it increased NF-kB transcriptional activity from
5.2x10°+£1.4x10° to 3.2x10*+7.2x10° RLU in NB4 TG2-KO
cells (Figure 4D). This may indicate that NF-kB maintains
a low basal transcriptional activity in the absence of TG2
in NB4 TG2-KO cells, and adding exogenous TNFa could
trigger more NF-kB transcription activity from the
IkB:p65:p50 complex. In NB4-WT cells, ATRA-induced
atypical expression of TG2 can exacerbate low-level
inflammation (IL8 expression, see above) as its expression
is associated with both upregulation and activation of NF-
kB, resulting in increased endogenous TNFa synthesis and
secretion, which may become a sort of self-accelerating
process (Figure 4A2-D and Figure 6C1 and 2).

Our findings strongly indicate that ATRA-induced TG2
expression is associated with translocation of NF-kB into
the nucleus, upregulation of numerous inflammatory
genes, and secretion of their products. These include
TG2-quantity-dependent-regulated NF-kB transcription
factor target genes: TNFa, 1-309 (CCL-1), IP-10
(CXCL10), MIP-3a (CCL20), IL10, ICAM-1, MCSE, 1IL-
1ra, MDC (CCL22), and PAI-1, whose amounts were sig-
nificantly reduced in the absence of TG2 in NB4 TG2-KO
cells, with the exception of IL-1ra (Figure 5A). Similarly,
among TG2-modulated NF-kB transcription factor target
genes and TG2 inhibitor NC9-insensitive secretory pro-
teins [MCP-1 (CCL2), MIP-1a (CCL3), MIP-1b (CCL4),
cytokines IL-1b, IL-8, IL-9, CCL-28, and OPN (SPP1)],
only MIP-1a (CCL3) did not show a significant decrease
in TG2 deficiency (Figure 5B). In addition, of the remain-
ing 15 TG2 expression-dependent secretory proteins,
only one was not significantly changed in the absence of
TG2 expression. Together, these results suggest that
expression of TG2 in ATRA-induced differentiating APL
cells is a crucial factor in the developing inflammatory
process.

The suppression of TG2 parallels the considerably low
levels of p50 and phospho (Ser536) p65/RelA (Figure
6C2), suggesting that ATRA-induced expression of TG2
reprograms APL cells to be inflammatory neutrophils and
induces NF-«xB nuclear translocation. Destruction of IkB is
stimulated by several signals such as lipopolysaccharide,
ROS, TNFa, and II-. One possibility for TG2-dependent
NEF-«B activation is that TG2 interacts with IkB to initiate
its non-proteasomal degradation, causing both activation
and nuclear translocation of NF-kB-s.” Alternatively,
TG2-mediated cross-linking of IkBo and activation of NE-
kB has been previously described, yet we could not detect
any forms of IkBa polymer in differentiated NB4 cells (K
Jambrovics, 2018, unpublished observation). It was demon-
strated that TG2 can form a complex in cytosol as well as
in nuclei, with p65 binding to the promoter of the HIF-1a
transcription factor, and in this sense, TG2 could become
a transcriptional co-regulator in the nucleus.”

In the presence of NC9, an irreversible transamidase
site-specific inhibitor of TG2, the conformational equilib-

rium of TG2 shifts from the closed GTP-binding form to
the open conformation characterized by disorganized
GTP-binding sites.”® According to our studies, NC9-
induced conformational changes in TG2 significantly
affect the NF-«B signaling pathway. In the presence of
NC9, total TG2 is reduced, as is the nuclear translocation
of the decreased amount of TG2, significantly increasing
the amount of cytosolic TG2. In turn, the reduced
amount of nuclear TG2 correlates with reduced total lev-
els of nuclear p50, p65/RelA, and phospho-p65/RelA pro-
teins in NB4-WT cells, while the level of the transcrip-
tionally active form of p65 and phospho-p65 is increased
significantly in the cytosol. This raises the possibility that
TG2 in its GTP-bound closed conformation can readily
translocate to the nucleus and assist the nuclear transloca-
tion of p65/RelA. When TG2 is no longer capable of
adopting its GTP-bound closed conformation, due to
modification by NC9, the accumulation of both TG2 and
p65/RelA in the cytosol results in low NF-kB transcription
activity, and, consequently, in the significantly reduced
production of inflammatory cytokines and chemokines.
Finally, the balance of TG2 synthesis and degradation is
changed by degradation triggered by NC9.

Among the secreted cytokines and chemokines, TNFa
and IL-1p are the most powerful inflammatory agents. At
the highest concentrations of TNFa (0.8-1.2 ng/L in DS
patients), they cause capillary leakage and reduced car-
diac, lung, and renal function.*** Our data indicate that
TG2 is a critical component of this process, and NC9-
induced inhibition of TG2 may prevent development of
this dangerous side effect of retinoid therapy.

Overall, our study revealed a novel, active role of TG2
in expression and activation of the components of NE-kB
and thus in the development of atypical response to con-
ventional ATRA treatment of APL. Targeted suppression
of the TG2-dependent process may alleviate the common
and potentially fatal toxicity of retinoid treatment in APL,
representing an important potential therapeutic strategy.
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