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Abstract—MODY is a group of genetically and clinically heterogeneous forms of diabetes characterized by auto-
somal dominant inheritance and is subdivided in 13 subtypes dependent on the gene involved. The subtype
MODY?9 is a very rare form caused by mutations in the gene encoding the PAX4 transcription factor which is
engaged in differentiation of pancreatic beta-cells. PAX4 contains two DNA-binding domains—Paired and
Homeo. Expression of the human PAX4 gene is tissue-specific. The alternatively spliced mRNA variants
encode for protein isoforms which differ within their N- and C-terminal regions. In this study, the transcrip-
tional activities of the human PAX4 variants, both known and new ones, were determined. The full-length PAX4
containing intact DNA-binding domains was found to have maximal activity in transient expression system of
the firefly luciferase reporter gene under control of the insulin promoter in HEK293 cells. The transcriptional
activity is significantly reduced in the variants lacking eight N-terminal amino acid residues and/or variants
whose Homeo domain is truncated from the C-terminus. Similar data were obtained with the glucagon pro-
moter reporter system. The aberrant PAX4 variants were shown to retain stability and nuclear localization.
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INTRODUCTION

The PAX4 transcription factor plays important
roles in organogenesis of the pancreas during embry-
onic development, these are, regulation of prolifera-
tion, migration of precursor cells and coordination of
their differentiation programs, and resistance of insu-
lin-producing cells to stress factors. In murine pancre-
atic o- and B-cell lines, PAX4 is bound to promoter
regulatory elements of the main islet hormones: gluca-
gon [1, 2], grehlin [3], and insulin [4]. Mutations in
the human PAX4 gene are found in patients suffering
from MODY9, one of the forms of MODY monogenic
diabetes (Maturity Onset Diabetes of Young) [5, 6]. In
the mature pancreas, PAX4 participates in adaptation
to adverse factors. PAX4 includes two DNA-binding
domains, Paired and Homeo, located in the N-termi-
nal and central regions, respectively [7]. The import-
ant role of DNA-binding domains in PAX4 function-
ing is confirmed by the fact that the majority of mis-
sense mutations found in patients with different forms
of diabetes substitute amino acids located in these
domains [8—10]. The C-terminal region contains the
transactivation domain whose activity depends on the
cell type in which the protein is expressed, and is fre-

quently associated with activity of E1A-like proteins [11].
Gene expression can give rise to alternatively spliced
mRNAs encoding for protein isoforms which differ in
the structure of their N- and C-terminal regions. This
can substantially affect interactions with gene regula-
tory regions and counterpart proteins. Such isoforms
were previously identified in rodent and human insu-
linomas [12, 13]. The goal of this study is to compare
the transcriptional activity of the known and new nat-
ural alternative PAX4 isoforms in transfected human
HEK?293 cells.

EXPERIMENTAL

Reagents. The ImProm II Reverse Transcription
System (Promega, United States) was used to synthe-
size cDNA. Genomic DNA fragments were amplified
by PCR with High-fidelity DNA polymerase (Thermo
Fisher Scientific, United States). The DNA fragments
for subcloning were obtained by PCR with the Tersus
Plus PCR kit (Evrogen, Russia).

The following enzymes were also used: EcoRI,
BgllI, Sall, Xhol, BamHI, Smal, Notl, Kpnl, T4 poly-
nucleotide kinase, calf intestine alkaline phosphatase
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Table 1. Oligonucleotides used in this study
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Name Sequence 5' — 3' Length, nt
PAX4-2f cagggatcagcagcatgaac” 20
PAX4-10r acacaggagggagcaatcac 20
PAX4-5' tggagcatgcatcaggacgggatcagcagcatgaaccag# 39
PAX4e10-f cctgtgattgeteectectgtgt 23
PAX4ell-r cttttattactgctgagtggagg 23
PAX4-Bg-f Mctcgagcagcatgaaccagc#’ * 26
PAX4-Sa-r ctgcagtcgacectgectcattccaag™ 27
InsPr-f1 tctggggacagcagegeaaa 20
InsPr-r tgcttcacgageccagecac 20
GCG-Pr-Kp-f cacggtacctctagaccgacctaaggcett™® 29
GCG-Pr-Bg-r gatagatcttacaattttataatcatcttaccttc™ 35

#*ATG codons are marked in bold. *Restriction sites are shown in italic.

(CIAP), and T4 DNA ligase (Thermo Fisher Scien-
tific, United States).

The PCR products were cloned using the pPGEM-T
Easy vector (Promega, United States). The following
vectors were used for construction: pcDNA3.1(+)
(Invitrogen, United States), pGL4.10[luc2] (Promega),
and pEGFP-C3 (Clontech, United States). The pRL-tk
(Promega) plasmid was used to normalize luciferase
activity.

Plasmid DNA was purified with a Plasmid Mini-
prep kit. The DNA fragments were isolated from aga-
rose gel with a Cleanup Miniprep kit (Evrogen, Rus-
sia), and the reaction mixtures were purified with the
same Kkit.

Oligonucleotides. Primers synthesized by Syntol
(Russia) were used for DNA amplification and
sequencing (Table 1).

Sequencing. Sequencing was performed in the
Genome Center of Shared Equipment (IMB, Russian
Academy of Scienses) with an ABI PRISM Model
3100 sequencing system (Applied Biosystems, United
States). The Chromas program was used for data treat-
ment.

Human cell culture. Cells of the HEK?293 line (epi-
thelial-like cells from human embryonic kidney) were
cultured in a DMEM medium containing 1 g/L glu-
cose, L-glutamine, phenol red, sodium bicarbon-
ate/sodium pyruvate, 10% inactivated (50°C, 30 min)
FBS, and 10 mg/mL gentamycin. The cells were
grown in a thermostat at 37°C and 5% CO,.

Cell transfection. Cells were placed in a 24-well
plate (75000 cells per well) without antibiotic. Plasmid
DNA (500 ng) encoding one of the PAX4 variants,
100 ng pGL4 plasmid carrying the luciferase gene
under control of the human insulin or glucagon pro-
moters, and 30 ng pRL-tk plasmid carrying the lucif-
erase Renilla reporter gene under control of the thymi-
dine kinase promoter from simplex herpes virus

(Promega, United States) were placed in each well.
Transfection was performed with the TurboFect
reagent according to the ThermoScientific instruction
manual. The cells were grown in the thermostat at
37°C and 5% CO, for 48 h.

Luciferase activity measurement. 48 h post-trans-
fection, the medium was removed from the wells and
the HEK?293 cells were washed with 1 mL PBS. Next,
100 uL Passive Lysis buffer (Promega, United States)
was added to the cells which were incubated at room
temperature (RT) for 10 min. Lysates were transferred
to 1.5 mL tubes and centrifuged for 10 min at RT.
Next, 60 uL lysate was placed in a well of a 96-well
plate. The samples were supplied with 40 uL luciferase
substrate from a Dual-Glo Luciferase Assay System
kit (Promega), incubated at RT for 10 min, and lumi-
nescence was measured with a ChameleonV Multila-
bel detection platform (HIDEX) reader. Finally, the
wells were filled with 40 uL solution of Dual-Glo®
Stop & Glo® Substrate in Dual-Glo® Stop & Glo®
Buffer, incubated at RT for 10 min, and luminescence
of Renilla luciferase was measured. The values of the
firefly luciferase activity were normalized to the
Renilla luciferase activity to eliminate differences in
transfection efficacy and sample treatment.

Immunoblotting. After 48 h transfection of the
HEK?293 cells with the plasmids encoding for the
fused EGFP-PAX4 proteins (1 ug per well), the cul-
ture medium was removed and the wells were washed
with 1 mL PBS. Next, 100 uL lysis buffer of 1 M Tris-
HCI (pH 8.0), 5 M NaCl, 1% Trton X100, and 100x
PMSF) was added, and the cells were incubated at 4°C
for 10 min. The lysates were transferred to 1.5 mL
tubes, incubated for 10 min on ice with constant agita-
tion, and centrifuged at 12000 g and 4°C for 10 min.
Protein concentration in the supernatants was deter-
mined using the Bradford method.
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Fig. 1. Diagram of exon—intron structure of the human PAX4 gene (https://genome.ucsc.edu/). Exons are shown as rectangles.
The exon and intron size (bp) is shown below and above, respectively. TISP2" and TIST!2 designate transcription initiation sites

from the pancreatic and placental promoters, respectively.

To resolve proteins in PAAG, 5X loading buffer was
added to lysate aliquots, containing 20 mg protein.
The loading buffer included 312 mM Tris-HCI (pH 6.8),
50% glycerin, 25% P-mercaptoethanol, 10% SDS,
and 0.01% bromophenol blue. The samples were
boiled for 5 min and loaded on PAAG (5% concen-
trating and 12% resolving gel). Electrophoresis was
run in a buffer of 25 mM Tris (pH 8.3), 192 mM Gly-
cine, and 1% SDS at 20 mA, 140 V, and 3 W. Gel was
placed in a transfer buffer containing 25 mM Tris
(pH 8.3), 192 mM glycine, 20% ethanol. Nitrocellu-
lose membranes were incubated for several minutes in
the same buffer. Protein transfer was carried out for 1 h
at 50 V, 130 mA, and 8 W. Next, the membrane was
blocked in a TBST buffer (140 mM NaCl, 1 M Tris-
HCI, pH 7.5, 0.1% Tween, and 10% fat-free milk) and
incubated overnight at 4°C.

The membrane was washed in TBST and incubated
with agitation at RT for 1 h with primary antibodies
against green fluorescent protein—GFP (Sigma,
United States)—diluted in TBST with the blocking
agent. Next, the membrane was washed in 75 mL
TBST, and secondary antibodies (rabbit anti-IgG)
conjugated with horseradish peroxidase (GE-Health
Care, United States) diluted in TBST with the block-
ing agent were added. The membrane was washed in
TBST once more and treated with the SuperSignal™
West Femto Maximum Sensitivity Substrate reagent
(Thermo Fisher Scientific, United States). Visualiza-
tion was performed with a Chemidoc MP unit (Bio-
Rad, United States).

Statistics. The GraphPad Prism6 program and
one-way ANOVA test were used for data treatment.

RESULTS AND DISCUSSION

Cloning of cDNA Coding for Alternative PAX4 Variants
and Constructing Vectors for Their Expression
in Human Cells

A diagram of the human PAX4 gene localized on
chromosome 7 (https://www.ucsc.edu/) is shown in
Fig. 1. The gene consists of 11 exons and 10 introns,
occupies the chr7:127610292-127616027 region, and
has restricted cellular and tissue specificity of expres-
sion. PAX4 mRNA is present in differentiating and
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mature pancreatic B-cells, placenta [14], intestine,
and some other tissues [15]. The PAX4 gene contains at
least two promoters located before the first and second
coding exons, which initiate transcription in 3-cells and
placenta, respectively (Fig. 1).

PAX4 cDNAs were obtained by reverse transcrip-
tion of total RNA from human placenta and PCR with
the PAX4-2f and PAX4-10r primers. The PCR prod-
ucts were cloned in the pGEM-T-Easy vector.
Sequencing was used to identify PAX4 isoforms which
differed in the long (70 bp) or short (53 bp) exon 7, as
well as the C-terminal region. The next step was
reconstruction of the complete sequences of the
known PAX4 variants represented in the Genome
Bank (NM_001366110 and NM_001366111). To do
this the N-terminal sequence (encoded by exon 1) in
all variants was completed with the use of the PAX4-5'
primer. Moreover, the PAX4el0-f and PAXd4ell-r
primers were used to amplify the fragment corre-
sponding to the exon 11 C-terminus. All structural dif-
ferences in the reconstructed coding sequences of the
PAX4 variants are summarized in Fig. 2. Plasmids
with the PAX4 variants based on the pcDNA3.1(+)
vector and designated for expression in human cells
were constructed at the next step. This resulted in eight
recombinant plasmids (I-VIII) for constitutive
expression of the PAX4 variants under control of the
cytomegalovirus (CMYV) promoter. The plasmid
structure is represented in Table 2 and Fig. 2.

The PAX4 alternative variants are represented in
Fig. 3. Plasmid II carries the known PAX4 variant
(NM_001366111) consisting of 348 amino acid resi-
dues, including the intact Paired (5—124 aa) and
Homeo (162—222 aa) domains. Pax4 from plasmid I
lacks an eight N-terminal aa and has the truncated
Paired domain (Figs. 2a and 3). Plasmid IV encodes
one more previously described PAX4 variant of 351 aa
(NM_001366110). It differs from plasmid I product in
the structure of the C-terminal region due to alterna-
tive splicing: mature mRNA has exon 11 instead of
exon 10 (Fig. 2c and 3). The PAX4 variants derived
from plasmids III and I are truncated from the N-ter-
minus. Finally, the PAX4 sequences located on plas-
mids V—VIII are characterized by a 17 bp deletion of
exon 7 (Fig. 2b). This deletion originates from the use
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(a)
1 2 3 4
Exon 1 M H Q D Intron 1 Plasmids

AGGAGGGTCAGCCTGGAGCATGCATCAGGACGgtgaggag. . pcDNA-PAX4-N1 ..
(I1, TV, VI, VIII)
5 6 7 8 9 10 11 12
G I S S M N Q@ L
Intron 1 Exon 2 1 2 3 4 Plasmids

..tctgtctcacgcccagGGATCAGCAGCATGAACCAGCTT. . pcDNA-PAX4-N2..
(I, II1, V, VII)

(b)

Exon 6 Intron 6

207 208 209 210 211 212 213 214 215
T S L P E D T V R

. .ACCTCTCTGCCTGAGGACACGGTGAGGgtgagtgagctctgcaaca. . .

Exon 7
216 217 218 219 220 221 222 223 224 225 226 Plasmids
Intron 6 V W F S N R R A K W R [-VI
..ccctgtcctcgctcagGTCTGGTTTTCCAACAGAAGAGCCAAATGGCG. .
216 217 218 219 220 Plasmids
K S @ M A V-VIII

..ccctgtcctcgctcaggtctggttttccaacagAAGAGCCAAATGGCG

(©
Exon 9
301 302 303 304
K P C W Intron 9
. .AAGCCCTGCTGGGgtaagaattcaggccaggcctcagtcce. .
Exon 10
305 306 307 308 309 310 311 312 313 Plasmids
Intron 9 G H L P P Q P N S ... (1, 11, V, VI)
.. tgtccccacagGGCCACTTGCCCCCACAGCCGAATTCC
Exon 11
305 306 307 308 309 310 311 312 313 Plasmids
Intron 10 D C G S F L L P V ... (I,1v,VIl, VI

..ctgcccatacagGACTGTGGCTCCTTCCTCCTTCCTGTG. . .

Fig. 2. Difference in primary structure ofPAX4 alternative variants. The exon and intron sequences are shown in upper case and
italic, respectively. (a) The N-terminal regions encoded by exons 1 and 2. ATG initiating codons are underlined. (b) The struc-
tural difference in the region encoded by complete and truncated exon 7. (c) The structural difference in the C-terminal region
encoded by exons 10 and 11.

of the alternative splicing acceptor site in exon 7 and Cloning of Human Insulin and Glucagon Promoters
leads to a reading frame shift. For this reason, the pro- and Constructing Reporter Plasmids
tein products are shorter (278 or 286 aa) and differ

from those encoded by plasmids I—-IV since the
Homeo domain is 7 aa truncated from the C-terminus
followed by a nonsense sequence.

To compare transcriptional activity of the PAX4
variants, reporter plasmids with the luciferase gene
under control of the human insulin and glucagon pro-
moters were constructed. PAX4 was found to bind

MOLECULAR BIOLOGY Vol. 54 No.5 2020
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Fig. 3. Diagram of the domain structure of PAX4 alternative variants. The intact (Paired and Homeo) and truncated (—Paired
and Homeo—) DNA-binding domains are shown as grey boxes. The different C-terminal regions are differently dashed. The
Roman numerals on the left designate the plasmids carrying the corresponding PAX4 variants (Table. 2).

with the 5'-gccagacctgtcectgetcacaget-3' sequence in
the insulin promoter [16]. The promoter fragment of
the insulin gene was amplified with the InsPr-fland
InsPr-r primers (Table 1), which resulted in a 518 bp
PCR fragment (chr11:2161063-2161580) containing
the PAX4 binding site. The promoter fragment of the
glucagon gene was amplified with the GCG-Pr-Kp-f
and GCG-Pr-Bg-r primers (Table 1), which resulted in
a 1726 bp PCR fragment (chr2:162152135-162153860).
The promoter fragments were cloned in the pGEM-T-
Easy vector. The cloned fragments were sequenced
and inserted in the pGL4.10[luc2] vector upstream of
the luciferase gene.

Transcriptional Activity of PAX4 Alternative Variants
in Transfected Human HEK293 Cells

Transactivation properties of the PAX4 variants rel-
ative to the insulin promoter were determined in the
transient expression system post-transfection. These
results are represented in Fig. 4. Canonical PAX4 on
the plasmid I (NM_001366111) with the DNA-bind-
ing Paired and Homeo domains exhibits the maximal
transactivation. The luciferase activity level in the cells
transfected with this plasmid exceeded that of the
pcDNA3.1(+) vector by more than 3-fold. Transacti-
vation capability of the other previously described
variant (NM_001366110) located on plasmid 1V,

Table 2. Characteristics of plasmids for expression of the PAX4 variants

Expression vector Star_t of PAX4 Exon 7 Enq of PA?(4 Translated protein NCBI Ace. no.
coding region | length, bp | coding region | length aa/MW, kDa

pcDNA-PAX4-N2-10 (I) Exon 2 70 Exon 10 340/36.70
pcDNA-PAX4-N1-10 (IT) Exon 1 70 Exon 10 348/37.56 NM_001366111
pcDNA-PAX4-N2-11 (I1I) Exon 2 70 Exon 11 343/37.07
pcDNA-PAX4-N1-11 (IV) Exon 1 70 Exon 11 351/37.92 NM_001366110
pcDNA-PAX4-N2-d7-10 (V) |Exon?2 53 Exon 10 278/29.65
pcDNA-PAX4-N1-d7-10 (VI) |Exon 1 53 Exon 10 286/30.50
pcDNA-PAX4-N2-d7-11 (VII) | Exon 2 53 Exon 11 278/29.65
pcDNA-PAX4-N1-d7-11 (VIII) | Exon 1 53 Exon 11 286/30.50

MOLECULAR BIOLOGY Vol.54 No.5 2020



754

skokoksk

skekskok
skeoksk

sfeskeseske| seokskok

Luciferase, relative act., %

100 . : .
T T T T T

C I 1II I IV V VI VIIVIII

o

Fig. 4. Comparative transactivation of the human insulin
gene by alternative isoforms of the PAX4 transcription fac-
tor. HEK293 cells were cotransfected with the pcD-
NA3.1(+) (C) plasmid or plasmids I—VIII carrying the dif-
ferent PAX4 isoforms (Table 2) and the plasmid containing
the firefly luciferase gene under control of the human
insulin promoter, as well as the pRL-tk plasmid containing
the Renilla luciferase gene under control of the thymidine
kinase promoter from the simplex herpes virus. Firefly
luciferase activity is normalized to Renilla luciferase
activity. The averages with the standard deviations from
three independent experiments are shown (***P <0.001,
*rkk P <0.0001).

which has the significantly changed C-terminal region
due to alternative splicing, is reduced 1.5-fold. The
variants with the Paired domains truncated from the
N-terminus (plasmids I and III) are about 2-fold less
active compared with their full-length Paired counter-
parts. Finally, the short PAX4 variants (plasmids V—VIII)
are almost totally inactive in the system used. This is
the result of the C-terminal rearrangements and, pos-
sibly, the lack of a proposed activator domain [7]. Sim-
ilar results were obtained with a reporter system based
on the human glucagon promoter (Fig 5). The PAX4
variant with the intact DNA-binding domains (plas-
mid IT) had the maximal activity compared to the glu-
cagon promoter. The variant with the alternative
structure of the C-terminal region is 2-fold less active,
and the variants with the Homeo domain truncated
from the C-terminus were also less active (Fig. 5).

Localization of Alternative Variants
in Transfected HEK 293 Cells

The stability of aberrant proteins, or their different
cellular localization may be reasons for the low activity
of the PAX4 alternative variants. To confirm or deny
this hypothesis, plasmids expressing proteins fused
with EGFP were constructed. The DNA fragments
encoding for the PAX4 variants were amplified from
the plasmids I—VIII with the PAX4-Bg-f and PAX4-
Sa-r primers (Table 1) and cloned in the pEGFP-C3
vector to give rise to the EGFP-PAX4 fusions. The
coding frames were assessed by sequencing. The
resulting plasmids were transfected in HEK293 cells
and their lysates were analyzed for the production of

MELNIKOVA et al.

Luciferase, relative act., %
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Fig. 5. Transactivation characteristics of alternative PAX4
isoforms relative to the glucagon promoter. HEK293 cells
were cotransfected with the pcDNA3.1(+) (C) plasmid or
plasmids 11, IV, VI or VIII carrying the different PAX4 iso-
forms (Table 2) and the plasmid containing the firefly
luciferase gene under control of the human glucagon pro-
moter, as well as the pRL-tk plasmid containing the
Renilla luciferase gene under control of the thymidine
kinase promoter from the simplex herpes virus. Firefly
luciferase activity is normalized to Renilla luciferase
activity. The averages with the standard deviations from
three independent experiments are shown (*P <0.05,
** P <0.01).

the fused proteins by immunoblotting with the anti-
bodies against GFP (Fig. 6). Immunoblotting revealed
polypeptides of about 65 kD in the cells transfected
with the pPEGFP-PAX4-N1-10 and pEGFP-PAX4-
N1-11 plasmids, which corresponds to the expected
molecular weight of the fused proteins. The pEGFP-
PAX4-N1-d7-10 and pEGFP-PAX4-N1-d7-11plas-
mids, as might be expected, produced shorter fusions
of about 58 kD. There were no shorter products react-
ing with the antibodies, which indicates protein stabil-
ity. Cellular protein localization was analyzed with
fluorescent microscopy. Fluorescence in cell nuclei
was found in all the cases (not shown). Thus, the
PAX4 variants, are similar in their stability and intra-
cellular localization.

To summarize it can be concluded that the iso-
forms of the human PAX4 transcription factor with
intact DNA-binding domains are transcription activa-
tors in the cotransfection system. This system includes
HEK?93 cells and plasmids based on the human insu-
lin and glucagon promoters. The activity of the PAX4
transactivators with the Paired domain truncated from
the N-terminus or the Homeo domain truncated from
the C-terminus is significantly lower. The PAX4 vari-
ants with the completely changed C-terminal region,
as the result of partial exon 7 deletion, are almost inac-
tive with the insulin promoter, which may be associ-
ated with the absence of the transactivator domain.
These variants can exhibit a dominant-negative effect
similar to previously described isoforms identified in
insulinomas [12, 13].

MOLECULAR BIOLOGY  Vol. 54

No.5 2020



ALTERNATIVE VARIANTS OF Pax4 HUMAN TRANSCRIPTION FACTOR 755

M 1 2

4 5 kDa

Fig. 6. Immunoblotting of fused EGFP-PAX4 proteins synthesized in HEK293 cells. M—Molecular weight markers. (/—4) The
lysates from the cells transfected with the pEGFP-PAX4-N1-10, pEGFP-PAX4-N1-11, pEGFP-PAX4-N1-d7-10, and
pEGFP-PAX4-N1-d7-11 plasmids, respectively. (5) The lysates from the cells transfected with the control pEGFP-C3 plasmid.

Recently, PAX4, as a factor of B-cell survival, became
of more interest. PAX4 overexpression in the insulinoma
line and islets of Langerhans is known to enhance
expression of the antiapoptotic Bcl-xL factor [17]. Inhi-
bition of PAX4 decreases the Bcl-xL expression level,
which correlates with development of spontaneous
apoptosis and higher sensitivity to cytokine induced
apoptosis. Murine insulinoma cells are prevented from
apoptosis induced with the TNF-o necrosis factor,
which leads to higher Bcl-xL expression when the cells
are treated with the recombinant PAX4 protein [18].
Overexpression of the PAX4 mutant does not elevate
the Bcl-2 expression level and does not prevent murine
islet B-cells from apoptosis caused by cytokines, while
overexpression of wild type PAX4 in B-cells of mature
murine pancreatic islets prevents stress-induced
hyperglycemia [19]. It is also shown that PAX4 can
participate in a compensatory response of -cells to
metabolic stress [20]. Therefore, possible effects on
pathways regulated with PAX4 participation, in the
case of diabetes, are discussed [21]. When studying
these processes, possible heterogeneity of the PAX4
variants, including those with dominant-negative
effects, must be taken into account.
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