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Zinc deficiency impairs the immune system leading to frequent infections.
Although zinc is known to play critical roles in maintaining healthy immune
function, the underlying molecular targets are largely unknown. In this
study, we demonstrate that zinc is important for the CD154-CD40-mediated
activation of downstream signaling pathways in human B lymphocytes.
CDA40 is a receptor localized on the cell surface of many immune cells, includ-
ing B lymphocytes. It binds to CD154, a membrane protein expressed on
antigen-activated T helper (Th) lymphocytes. This CD154-CD40 interaction
leads to B-cell activation. We showed that cellular zinc deficiency impaired
the CD154-CD40-mediated p38 mitogen-activated protein kinase (p38
MAPK) phosphorylation. We also showed that zinc supplemental treatment
of B lymphocytes had limited effect on this CD40-mediated p38 MAPK sig-
naling. Most importantly, we demonstrated that the zinc transporter protein
zinc transporter 7 (ZNT7) interacted with CD40 using immunoprecipitation
analyses. ZNT7 knockdown in B lymphocytes had a negative effect on the
cell surface expression of CD40. Consequently, the CD40-mediated p38
MAPK signaling transduction was down-regulated in ZNT7KD B lympho-
cytes. Conversely, this p38 MAPK signaling activity was up-regulated by
overexpression (OE) of ZNT7 in B lymphocytes. Moreover, we found that
ZNT7 knockdown in B lymphocytes constitutively up- and down-regulated
the inhibitor of i kappa B kinase and AKT serine/threonine kinase phospho-
rylation, respectively, which implies the activation of survival signaling in
ZNT7KD B cells. We conclude that CD40 is the target molecule for ZNT7 in
regulation of immune function of B lymphocytes.
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Effect of ZNT7 on the CD40 signaling pathway

The B lymphocyte functions in the humoral immunity in
humans [1]. B-cell activation is induced by binding to
antigens, and the activation can be both T cell-dependent
and -independent [2]. In the T cell-dependent pathway, B
cells bind to antigens which are presented by antigen-
presenting cells via antigen-binding receptors. The
antigen-bound receptor is then internalized through
receptor-mediated endocytosis [3]. The internalized anti-
gen is processed and then coupled with major histocom-
patibility complex (MHC)-IT molecules on the cell
membrane. Subsequently, T helper (Th) cells bind to the
antigen-presenting complex via the T-cell receptor
(TCR)-MHC-II-peptide-binding mechanism [4]. Acti-
vated Th cells express a membrane-bound protein of the
tumor necrosis factor receptors (TNFRs), cluster of dif-
ferentiation 154 (CD154) [5]. It is a ligand of cluster of
differentiation 40 (CD40), another member of TNFRs
expressed abundantly on the surface of the B-cell. Inter-
action of CD154 with CD40 results in the recruitment of
Janus kinase 3 (JAK3) [6] and/or several TNFR-asso-
ciated factor adaptor proteins, such as TRAF1 [7],
TRAF?2 [7], TRAF3 [8], TRAF5 [9], and TRAF6 [10] as
well as TNFR-associated factor (TRAF)-interacting
proteins to form a signalosome [11]. These proteins serve
as mediators of signal transduction pathways including
p38 mitogen-activated protein kinase (p38 MAPK) [12],
c-Jun N-terminal kinase (JNKs) [13], nuclear factor
kappa-light-chain-enhancer of activated B cells (NF-«xB)
[10], AKT serine/threonine kinase (AKT) [14], and signal
transducer and activator of transcription 3 (STAT3) [6],
which triggers intracellular signaling cascades leading to
B-cell proliferation, survival, immunoglobulin isotype
switching, and somatic hypermutation [15].

Zinc is an essential trace metal for body growth
[16]. In humans, zinc deficiency causes impaired
immune function leading to increased risk of infec-
tions, such as upper respiratory infection and diarrhea
[17,18]. It has also been shown that marginal zinc defi-
ciency negatively affects both adaptive immunity and
humoral immunity [19]. In the thymus, abnormal cel-
lular zinc homeostasis decreases T-cell maturation and
activation with altered Th cell 1/T helper cell 2 (Thl/
Th2) responses. Zinc deficiency also impairs B-cell
development and differentiation in response to
immune stimuli, such as vaccination. Cellular zinc
homeostasis is tightly regulated by two families of zinc
transporters, solute carrier 30A (SLC30A; ZNT) and
solute carrier 39A [SLC39A; zinc, iron permease
(ZIP)] in humans. The ZNT and ZIP families contain
10 and 14 members, respectively. ZNT proteins mainly
function to reduce cytoplasmic zinc levels by removing
cytoplasmic zinc out of the cell, or shifting it into
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organelles when zinc is replete [20] while ZIP proteins
do the opposite [21].

During a search for a potential protein—protein inter-
action partner for zinc transporter 7 (ZNT7), we came
across the CD40 protein [22]. CD40 has been shown to
interact with many protein partners to transduce signals
from activated T cells to B cells or other immune cells,
such as macrophages, via the CD154-CD40 signaling
pathway. In a large-scale mapping of human protein—
protein interactions by mass spectrometry, Ewing et al.
[22] showed that CD40 could partner with two zinc
transporters, ZNT7 [23] and ZIP7 [24-26]. Both ZNT7
and ZIP7 are localized on the membrane of the Golgi/
endoplasmic reticulum (ER) and vesicular compart-
ments. They function to transport zinc in opposite direc-
tions [23,24]. mRNA expression profiles of ZNT7 and
ZIP7 are similar to each other: both are widely
expressed but more abundantly in tissues containing
high zinc levels [23,24,26-28]. The possible interaction
of CD40 with ZNT7 or ZIP7 suggests that zinc may be
an important regulator or cofactor for the CD40-
mediated signal transduction in immune cells.

Overexpression (OE) of ZnT7 in Chinese hamster
ovarian cells (CHO) exposed to high zinc results in
accumulation of zinc in the Golgi apparatus and vesi-
cles [23]. Mice with a null-mutation of Znt7 are mar-
ginally zinc deficient with serum zinc concentrations
~20% lower than the wild-type (wt) control [29].
Embryonic fibroblasts isolated from Znt7 knockout
(KO) mice contain only ~ 50% of cellular zinc com-
pared to the wt littermates [29]. Znt7 KO mice gain
less weight than the wt control due to a defect in fat
accumulation in adipocytes [30]. The low body weight
in Znt7 KO mice cannot be corrected by feeding these
KO mice with a zinc supplemental diet (180 mg
zinc-kg™! diet) [29]. Furthermore, although Znt7 KO
mice are lean, they are susceptible to diet-induced insu-
lin resistance in muscle and fat tissues [30,31].

Our recent studies suggest that Znt7 KO, or siRNA
silencing Znt7 expression negatively affects cellular sig-
naling pathways, including insulin/insulin receptor-
mediated AKT activity [30,31]. In addition, we found
that the circulating B and T lymphocytes in Znz7 KO
mice were significantly reduced compared to the wt lit-
termate control (C. P. Kirschke & L. Huang, unpub-
lished data). Given that CD40 potentially interacted
with ZNT7 (which was uncovered in a bait—prey pair
mapping of proteins of significant biomedical interest)
and Znt7 KO mice had low B and T lymphocyte num-
bers in the circulation, we hypothesized that ZNT7
might play a critical role in the CD40-mediated signal-
ing transduction in B lymphocytes.
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Here, we report, for the first time, the molecular
mechanism of how zinc affects immune function. We
demonstrated that the activation of the CD40 ligand
(CD154)-induced p38 MAPK was negatively affected
by cellular zinc deficiency in Raji B lymphocytes while
zinc supplementation had little influence on the activ-
ity of p38 MAPK when cellular zinc was replete. We
also confirmed CD40-ZNT?7 interaction by immuno-
precipitation analysis with either glutathione S-trans-
ferase-tagged ZNT7 or endogenous ZNT7 isolated
from Raji B lymphocytes. Lastly, we showed that
alternation of ZNT7 expression in Raji B cells was
associated with the cell surface expression level of
CD40 and the downstream activity of the CDI154-
induced signaling pathways.

Results

Zinc affects the CD154-induced activation of p38
MAPK in Raji B lymphocytes

Recently, a large-scale mapping study of human pro-
tein—protein interaction by mass spectrometry [22] has
suggested that ZNT7 may physically interact with
CD40. Before we verified this putative interaction
between ZNT7 and CD40, we first examined whether
changes in cellular zinc concentrations would affect
the activity of p38 MAPK, one of the major kinases
that is stimulated by the interaction of CD154-CD40
in Raji B cells. We chose the Raji B cell line because
the CD40 mRNA expression in Raji B cells were high-
est among B lymphocyte cell lines according to the
CD40 RNA expression pattern revealed by BioGPS
(http://biogps.org). We found that stimulation of Raji
B lymphocytes with a soluble CD154 (100 ng-mL ")
for 10 min activated p38 MAPK (Fig. 1A, comparing
lanes 1 & 6). We also found that treatment of Raji B
cells with TPEN, a zinc chelator, at 2.5 um for 2 h
before CD154 stimulation inhibited the ligand-trig-
gered p38 MAPK activation (Fig. 1A, comparing lanes
6 & 7). When TPEN concentrations were increased to
5, 7.5, and 10 pm, no further inhibition of the CD154-
induced p38 MAPK activation was observed (Fig. 1A,
comparing lanes 6-10). The total p38 MAPK expres-
sion levels were not significantly influenced by the zinc
chelation before or after CD154 stimulation (Fig. 1A,
comparing lanes 1-5 to 6-10). In addition, we noticed
that TPEN treatment at 2.5 um slightly increased the
basal p38 MAPK phosphorylation in Raji B cells
(Fig. 1A, comparing lanes 1 & 2), with a more pro-
found augment at 5.0 um (lane 3). TPEN concentra-
tions at 7.5 and 10 um did not further increase the
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basal p38 MAPK activity in Raji B cells (Fig. 1A,
comparing lanes 4 & 5 to lane 3).

As we expected, addition of zinc (ZnSOy,) at 5 pum
neutralized the detrimental effect of TPEN on the acti-
vation of p38 MAPK after CD154 stimulation in Raji
B cells (Fig. 1B, comparing lanes 4 & 6). Zinc treat-
ment also suppressed the TPEN-induced basal p38
MAPK activity in Raji B cells (Fig. 1B, comparing
lanes 3 & 5). Nevertheless, treatment of Raji B cells
with ZnSO, (5 um) alone had little beneficial effects on
both basal and CD154-stimulated p38 MAPK phos-
phorylation when zinc was replete in Raji B cells
(Fig. 1C). Taken together, our results suggest that zinc
deficiency has a negative impact on the CD154-CD40-
mediated p38 MAPK signaling transduction pathway
in Raji B cells, whereas zinc supplementation has lim-
ited influence on this signaling pathway.

ZNT7 interacts with CD40

To confirm the interaction of ZNT7 and CD40, which
was revealed by the bait—prey pair mapping [22], we
constructed and purified glutathione S-transferase
(GST)/ZnT7 (GST-tagged mouse ZnT7) and CD40/
Myc fusion proteins from bacteria and investigated
whether ZnT7 could pull-down CD40 in an in vitro
pull-down assay. As shown in Fig. 2A, GST/ZnT7
was able to pull-down the CD40/Myc fusion protein
(lane 2). However, glutathione (GSH) beads and GST-
bound GSH beads could not bind to the CD40/Myc
fusion protein (lanes 3 & 4, respectively). We detected
two forms of the CD40/Myc fusion protein on the
western blot (Fig. 2A, lane 1). One was in the expected
size (~42 kDa) [32] and the other was smaller
(~ 25 kDa). Since the Myc tag was attached to the C-
terminal end of CD40, the smaller band is likely a pro-
teolytic product of the C-terminal end of CD40. This
cleaved peptide is similar to the one (~ 27 kDa)
reported in mammalian cells, such as B lymphocytes,
macrophages, and dendritic cells [33]. Based on the
peptide size, the cleavage site could be located within
the exodomain of CD40.

The CD40 protein is comprised of one transmem-
brane domain and the C-terminal domain, which con-
tains 62 amino acids, faces the cytoplasm of the cell
[32]. We expressed and purified the Myc-tagged C-
terminal end of CD40 (CD40C/Myc) and determined
whether GST/ZNT7 (human ZNT7) or GST/ZnT7
(mouse ZnT7) could interact with the C-terminal part
of CD40 in an in vitro pull-down assay. As shown in
Fig. 2B, both human and mouse ZnT7 proteins were
able to bind to the C-terminal part of CD40,
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Fig. 1. The effect of changes in cellular zinc concentrations on the
p38 MAPK activity in Raji B lymphocytes. (A) Depletion of cellular
zinc attenuated the p38 MAPK activity stimulated by CD154 in Raji
B cells. Raji B cells were seeded into 6-well plates at 3 x 10° in
serum-free  RPMI 1640 media with TPEN at the indicated
concentrations or vehicle at 37 °C for 2 h. Cells were then
stimulated with CD154 at 37 °C for 10 min and lysed for western
blot analysis. (B) TPEN-induced reduction in the p38 MAPK activity
was restored by zinc treatment in Raji B cells. Raji B cells were
seeded into six-well plates at 3 x 10° in serum-free RPMI 1640
media with or without TPEN (5 pum). As indicated, ZnSO, was
added into the medium at 5 um to negate the TPEN function. The
cells were incubated at 37 °C for 2 h. Cells were then stimulated
with CD154 at 37 °C for 10 min and lysed for western blot
analysis. (C) Zinc treatment increased the CD154-stimulated p38
MAPK activity in Raji B cells. Raji B cells were seeded into six-well
plates at 3 x 10° in serum-free RPMI 1640 media with or without
ZnSO, at 5 pum. The cells were incubated at 37 °C for 2 h. Cells
were then stimulated with CD154 at 37 °C for 10 or 20 min and
lysed for western blot analysis. The phosphorylated p38 MAPK
was detected by an anti-phosphor-p38 MAPK (Thr180/Tyr182)
antibody and the total p38 MAPK was detected by an anti-p38
MAPK antibody.
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indicating the binding of CD40 to ZNT7/ZnT7 via its
C-terminal end of the protein.

We next sought to determine whether endogenous
ZNT7 could interact with CD40. We first showed that
ZNT7 and CD40 proteins were abundantly expressed
in Raji B lymphocytes by immunofluorescence micro-
scopy (Fig. 3A) and western blot analysis (Fig. 3B).
CD40 was detected on the cell surface of Raji B cells
(no permeabilization) with an anti-CD40 antibody
against the N-terminal end of the protein while ZNT7
was localized intracellularly with a punctate staining
pattern (Fig. 3A). It is worth noting that some ZNT7-
positively stained fine punctates were localized along
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: <58
<46
CD40/Myc I: <30
5 Sid il <23
Lane 1 2 3 4
B
GST bound GSH beads =~ — + - =
GST/ZNTT bound GSH beads 2 — - + -
GST/ZnT7bound GSHbeads & — 2 — — 4+
CD40CMyc 5 + =

CD40C/Myc -

Lane 1 2 3 4 5

Fig. 2. Interaction of ZNT7 with CD40 in vitro. Purification of
bacteria-expressed fusion proteins, including mouse GST/ZnT7,
human GST/ZNT7, human CD40/Myc, and human CD40C/Myc
was described in Materials and methods. (A) Binding of CD40 to
mouse ZnT7. Lane 1, the purified CD40/Myc protein. Two protein
bands (~ 42 and ~ 25 kDa) were detected. The upper band is the
intact CD40 protein and the lower band is a proteolytic product.
Lane 2, the pulled-down CD40/Myc by GST/ZnT7. Lane 3,
negative control (CD40/Myc was incubated with GSH beads).
Lane 4, negative control (CD40/Myc was incubated with GST-
bound GSH beads). GST/ZnT7, but not GSH or GST-bound GSH
beads, was able to bind to CD40/Myc. (B) Binding of the C-
terminal end of CD40 to either mouse or human ZNT7. Lane 1,
the purified CD40C/Myc protein (the C-terminal 62 amino acids of
CD40; ~ 8 kDa). Lane 2, blank. Lane 3, negative control (CD40C/
Myc was incubated with GST-bound GSH beads). Lane 4, the
pulled-down CD40C/Myc by human GST/ZNT7. Lane 5, the pulled-
down CD40C/Myc by mouse GST/ZnT7. The mouse or human
GST-ZNT7 fusion protein, but not the GST-bound GSH beads,
was able to bind to CD40C/Myc. Molecular markers are indicated
by arrows. CD40/Myc or CD40C/Myc was detected using an
antibody against the Myc tag.
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Fig. 3. Interaction of ZNT7 with CD40 in Raji B lymphocytes. (A)
Subcellular localization of endogenous ZNT7 and CD40 in Raji B
cells. Cells were seeded in the complete RPMI 1640 medium
without FBS for 2 h before staining. ZNT7 and CD40 were
detected by antibodies against ZnT7 [23] and CD40, respectively.
(B) Expression of endogenous ZNT7 and CD40. Proteins were
detected using anti-ZnT7 and anti-CD40 antibodies by western Blot
analysis. The expression of BIP was used as the loading control.
The two lanes are the protein lysate harvested from two
independent experiments. (C) Immunoprecipitation. Raji B cells
treated with or without CD154 (100 ng-mL~") were harvested for
the immunoprecipitation assay as described in Materials and
methods. CD40 was immunoprecipitated by the antibody against
human ZNT7 and detected by the antibody against CD40 in
western blot analysis. Interaction of ZNT7 with CD40 was
observed in lanes 5 and 6 (arrowheads). Two CD40 protein bands
were pulled down by the ZNT7 antibody, ~ 40 and ~ 60 kDa. The
lower band is the intact CD40 protein and the upper band may
represent an additional protein bound to the ZNT7-CD40 complex.
The asterisk represents a nonspecific binding of protein to the goat
anti-(rabbit IgG) magnetic beads. IP, immunoprecipitation; WB,
western blot assay. Molecular markers are indicated by arrows.
The amounts of the input (lanes 3 & 4) were 1.6% of the starting
lysate used in the IP assay.

the plasma membrane (Fig. 3A). Next, we confirmed
the interaction of the endogenous ZNT7 with CD40 in
Raji B cells by cross-linking immunoprecipitation
using a ZnT7 antibody to pull-down CD40. Western
blot assay using a CD40 antibody displayed two pro-
tein bands with the sizes in ~ 40 kDa and ~ 60 kDa
(Fig. 3C, lanes 5 & 6). The upper protein band was
more abundant than the lower protein band. The
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lower protein band is in the expected size for CD40
and the upper protein band could be the result of an
additional protein(s) bound to the ZNT7-CD40 com-
plex in the cell. Notably, we showed that ZNT7 was
able to interact with CD40 in both CD40 ligand-stimu-
lated and unstimulated conditions. Taken together,
our data demonstrated that ZNT7 could interact with
CD40 at both the basal and CD154-stimulated condi-
tions in Raji B cells.

Reduction in ZNT7 expression decreased cell
surface expression of CD40 in Raji B lymphocytes

To understand ZNT7’s role in the CD154-CD40 com-
plex-induced signal transduction pathways in Raji B
cells, we established a stable ZNT7 knockdown
(ZNT7KD) Raji B cell line using a lentiviral short
hairpin RNA (shRNA) against the human ZNT7
(Sigma-Aldrich, St. Louis, MO, USA). We confirmed
that the mRNA expression of ZNT7 in ZNT7KD Raji
cells was reduced to ~ 60% of the normal level by
quantitative RT-PCR (Fig. 4A). Most importantly, we
showed that ZNT7 protein expression in ZNT7KD
Raji B cells was reduced to ~ 70% of the level in the
control cells (Fig. 4B). Next, we investigated whether
reduced ZNT7 expression in Raji B cells affected
CD40 expression at both mRNA and protein levels
using quantitative RT-PCR and western blot assays.
We found that ZNT7KD in Raji B cells had little to
no effect on both CD40 mRNA expression (data not
shown) and protein expression (Fig. 4C).

CD40 on the cell surface is constitutively internal-
ized, through which the amount of CD40 on the cell
surface is regulated. The concentration of CD40 on
the cell surface available for CD154 binding determi-
nes the degree of activation of downstream signaling
transduction pathways [34]. As such we examined the
surface expression of CD40 in ZNT7KD Raji B cells
before and after CDI154 stimulation. Fixed ZNT7KD
and vector control cells were probed with a mouse
monoclonal antibody raised against the extracellular
domain of CD40. The cell surface expression of CD40
was indirectly determined by the amount of antibodies
bound to the cell surface. As shown in Fig. 5,
ZNT7KD in Raji B cells resulted in about 30-50%
reduction in the expression of CD40 on the cell surface
in both basal and stimulated conditions. It is worth
noting that CD154 stimulation up to 20 min did not
have negative effects on the cell surface expression of
CD40 in both ZNT7KD and control Raji B cells.
Taken together, our data suggest that ZNT7 plays a
critical role in regulation of cell surface expression of
CD40 in Raji B cells.
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Fig. 4. Analysis of ZNT7KD Raji B cell line. (A) mRNA expression of ZNT7 in ZNT7KD Raji B cells. ZNT7 mRNA expression in ZNT7KD and
vector control Raji B cell lines was measured using a SYBR-based quantitative RT-PCR. ACTB was used as the internal control. Data were
obtained from three independent experiments. Relative expression of ZNT7 mRNA in ZNT7KD Raji B cells to the control was plotted. (B)
ZNT7 protein expression in ZNT7KD Raji B cells. ZNT7 was detected using an anti-ZnT7 antibody [23]. The expression of BIP was used as
the loading control. (C) CD40 protein expression in ZNT7KD Raji B cells. CD40 was detected using an anti-CD40 antibody purchased from
Santa Cruz Biotechnology. The expression of BIP was used as the loading control. Data were presented as mean + SE (n = 3) of three
independent experiments. Representative western blots are presented. *P < 0.05; **P < 0.01.

Reduction in ZNT7 expression negatively affects
CD154-CD40-stimulated signal transduction
pathways in Raji B lymphocytes

We next sought to investigate whether decreased cell
surface expression of CD40 in ZNT7KD Raji B cells
had a significant impact on the CD154-CD40-induced
activities of downstream signal transduction pathways.
It has been reported that CD154-CD40 interaction
recruits diverse effector components, which can trigger
various downstream signal transduction pathways,
including p38 MAPK, ERK1/2 MAPK, JNKs, inhibi-
tor of 1 kappa B (IxB) kinase (IKK), AKTs, and
STAT3 (Fig. 6D). We examined whether ZNT7KD
altered these signaling transduction pathways after
CD154 stimulation in Raji B cells. As shown in
Fig. 6A, activation of the p38 MAPK signal pathway
could be detected at 5 min after CD154 (100 ng-mL ")
stimulation in ZNT7KD and control Raji B cells.
Importantly, we observed that the phosphorylation of
p38 MAPK and AKTs was lower in ZNT7KD Raji B
cells than the control (Fig. 6A,B). The ratio of phos-
phor-p38 MAPK/total p38 MAPK and phosphor-
AKTs/total AKTs were decreased in ZN77KD Raji B
cells compared with the control (Fig. 6A,B).

Interestingly, we observed that CD154-CD40 interac-
tion slightly down-regulated the activity of IKKs (the
IKKs that phosphorylates IxB o resulting in the acti-
vation of NF-kB) in the control but not in the
ZNT7KD Raji B cells (Fig. 6C). Nevertheless, we did
not detect any significant differences in the activation
of the JNKs signaling pathway between ZNT7KD and
the control after CD154 stimulation (data not shown).
Neither did we observe any detectable phosphorylation
of ERK1/2 MAPK and STAT3 in both ZN7T7KD and
control Raji cells after CDI154 stimulation up to
20 min (data not shown). Together, our results suggest
that down-regulation of the cell surface expression of
CD40 in ZNT7KD Raji B cells impairs the CD154-
CD40-induced p38 MAPK and AKT signal transduc-
tion pathways.

Overexpression of ZNT7 stimulates CD154-
induced activations of p38 MAPK and AKTs and
cell surface expression of CD40

We have demonstrated that reduction in ZNT7 expres-

sion by a ZNT7 gene-silencing approach impaired the
activation of p38 MAPK after CD154 stimulation as
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Fig. 5. Cell surface expression of CD40 in ZNT7KD and control Raji B lymphocytes. (A) Western analysis of total CD40 protein levels and
cell surface-expressed CD40 levels (indicated by the levels of the CD40-bound IgG chains) in ZNT7KD and control Raji B lymphocytes. BIP
was used as a control. (B) Densitometry analysis of CD40 expression on the western blots. The amount of expressed BIP was used for
normalization. (C) Ratio of cell surface-expressed CD40. The densitometry of CD40-bound IgG H and L chains was determined and
normalized to the total expressed CD40. Data are mean + SD from two independent experiments and a representative western blot is

shown. *P < 0.05.

well as the basal activity of AKTs in Raji B cells
(Fig. 6). To confirm the role of ZNT7 in the CD154-
CD40-mediated signal transduction pathways in Raji
B cells, we generated a ZNT7-overexpressing Raji B
cell line using a mammalian-expressing plasmid that
carried a full-length ¢cDNA of ZNT7. We selected
three individual cell clones for the ZNT7 line with the
ZNT7 mRNA expression level at ~ 50% higher than
the vector control (two lines, data not shown). We
next examined the activities of p38 MAPK and AKTs
in these cell lines treated with or without CDI154. As
shown in Fig. 7A,B, OE of ZNT7 increased the activa-
tion of p38 MAPK by 70% compared to the control
after CD154 stimulation for 10 min. We also observed
that ZNT7 OE in Raji B cells strongly enhanced the
phosphorylation of AKTs in the basal condition

(Fig. 7C,D), consistent with the results obtained from
the ZNT7KD Raji B cell line (Fig. 6B). Interestingly,
CD154 stimulation seemed to have little to no impact
on the AKT phosphorylation in either ZNT7-overex-
pressing or vector control Raji B cells (Fig 7C,D),
again consistent with the results obtained from
ZNT7KD Raji B cells (Fig. 6B). In addition, we exam-
ined the cell surface expression of CD40 in ZNT7-
overexpressing Raji B cells and compared it to the
control. Again the cell surface expression of CD40 was
indirectly determined by the amount of antibodies
bound to the cell surface using a biotin-conjugated
antibody against human CD40. As shown in Fig. 7E,
F, ZNT7 OE in Raji B cells lead to about 30-47%
increase in the expression of CD40 on the cell surface
in both basal and stimulated conditions, consistent
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Effect of ZNT7 on the CD40 signaling pathway

Fig. 6. Effect of ZNT7 knockdown on the CD40 signaling pathways in Raji B lymphocytes. ZNT7KD and control Raji B cells were seeded
and cultured for 48 h. CD154 stimulation (100 ng~mL’1) was carried out at 0, 5, 10, or 20 min at 37 °C in duplicate. After stimulation, the
cells were washed and lysed for western blot analysis. (A) Phosphorylation of p38 MAPK. (B) Phosphorylation of AKTs. Total p38 MAPK and
AKTs were also examined. (C) Phosphorylation of IKKs. ACTB was used for the loading control. The activations of STAT3 and ERK1/2
signaling pathways were not detectable in both ZNT7KD and control Raji B cells after CD154 stimulation (data not shown). Experiments
were each performed twice and representative results are shown. (D) The CD154-CD40 signaling pathways in B lymphocytes. CD154-
stimulated CD40 signaling activates multiple downstream signaling pathways in B lymphocytes that influence B lymphocyte proliferation,
isotype switching, differentiation, and survival. The diagram represents the pathways that were examined in this study. Single arrow, direct
stimulation; multiple arrows, multistep simulation; p with a circle, activated by phosphorylation.

with the results obtained from ZNT7KD Raji B cells
(Fig. 5). Taken together, our data suggest that ZNT7
affects levels of CD40 expression on the cell surface,
and ZNT7 is involved in the CD154-CD40-mediated
p38 MAPK activation in Raji B lymphocytes.

Discussion

It is known that individuals with moderate or severe
zinc deficiency are prone to infections due to
impaired immune function [19]. However, the molec-
ular targets and mechanisms underlying the action of
zinc in the immune system are still poorly under-
stood. Here, we report a role of ZNT7 in CDI154-
triggered CD40 signal transduction pathways in
human Raji B lymphocytes. We demonstrated that
cellular zinc deficiency induced by TPEN could inhi-
bit CD154-stimulated p38 MAPK phosphorylation in
Raji B lymphocytes. We also demonstrated that this
TPEN-induced inhibition of p38 MAPK activation
in Raji B cells could be reversed by the addition of
zinc to the cell. In addition, our study revealed that
when Raji B cells were zinc replete, the addition of
supplemental zinc to the cell did not further aug-
ment the CD40-mediated activation of p38 MAPK
in the cell. These results suggest that, in humans,
prevention of zinc deficiency is the key in maintain-
ing optimal immune system. While zinc supplementa-
tion can boost immune function in individuals with
zinc deficiency, the beneficial effect of zinc supple-
mentation on immune function (in the aspect of T
cell-mediated B-cell activation) seems little when cel-
lular zinc is replete.

Cluster of differentiation 40 is a cell surface receptor
with its N-terminal end located in the extracellular
space for ligand binding and the C-terminal end
located in the cytosol to be bound by the effector
molecules recruited during CD154-CD40 interaction.
The effector molecules are organized in both temporal
and spatial ways to transduce signals to downstream
kinases leading to B-cell proliferation, survival and
antibody isotype switching. In the present study, we

demonstrated that ZNT7 was able to physically bind
to CD40. We showed that the binding of ZNT7 to
CD40 was likely via the cytosolic C-terminal 62 amino
acid tail of the CD40 protein, a domain that many
effector molecules bind to during B-cell activation. We
also showed that the interaction of ZNT7 with CD40
was critical for the activations of p38 MAPK, AKTs,
and IKK in Raji B cells as these kinase activations
were affected by either ZN77KD or OE in Raji B
cells. Moreover, we provided evidence indicating that
regulation of cell surface expression of CD40 was
likely the molecular mechanism underlying the altered
activations of CD154-CD40-mediated downstream sig-
naling transductions observed in ZNT7KD or
ZNT70E Raji B lymphocytes.

We speculate two possible mechanisms by which
ZNT7 regulates the CD40 signaling transduction in B
lymphocytes (Fig. 8). First, ZNT7 may regulate the
cellular CD40 trafficking by binding to CD40, to influ-
ence either CD40 transport from the vesicular com-
partment to the cytoplasmic membrane, or CD40
recycling from the cell surface to the cytoplasm. Sec-
ond, ZNT7 may regulate local zinc concentrations in
the CD40-TRAFs-kinase signalosome after CDI154-
CD40 interaction, as TRAFs contain multiple zinc-
binding sites, including RING fingers and zinc fingers
[35]. ZNT7 may be involved in delivering zinc to these
domains to facilitate structural transformation and/or
activity of TRAFs after being recruited to the CD40
molecule.

It is interesting to note that ZNT7 mainly affects
phosphorylation of p38 MAPK with a limited effect
on the activation of extracellular signal-regulated
kinases (ERKs) and JNKs in Raji B cells after CD154
stimulation. MAPKs are the terminal kinases regulated
by the upstream kinases, mitogen-activated protein
kinase kinases (MKKs), which themselves are regu-
lated by mitogen-activated protein kinase kinase
kinases (MKKKSs). There are at least 20 MKKKs
which receive extracellular stimuli and transduce sig-
nals downstream to MKKs and MAPKs to regulate
cellular response to each stimulus. The specificity of
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the terminal MAPK activations is largely achieved by
the upstream components of MKKKs and MKKs.
Given that the upstream kinases that phosphorylate
p38 MAPK are MKK3/6, which themselves are regu-
lated by MEKK3 and MEKK4 (the two MKKK
members that bind to TRAF6/7), we speculate that
ZNT7 plays a critical role in regulation of the activity
of the newly formed CDI154-CD40-TRAF6/7-
MEKK3/4 complex after CD154 stimulation through
which a degree of specificity in the signaling cascade is
achieved in the B lymphocyte.

684

performed twice with duplication and
representative western blots are shown.
*P < 0.05; **P < 0.01.

The role of zinc as a second messenger in cellular
signaling has been demonstrated previously [36]. A rise
in cytoplasmic-free zinc concentrations, the so called
‘zinc wave’ after immune cells are activated by external
stimuli, is associated with the inhibition of protein
phosphatases [36,37]. This zinc-mediated inhibition of
phosphatases increases levels of activated kinases in
immune cells during early phases, usually within
minutes, of cellular responses to extracellular stimuli
[36-38]. It is worth mentioning that SLC39A7 (ZIP7), a
zinc transporter [24,26] with a similar tissue expression
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Fig. 8. An illustration of the working hypothesis of the regulatory role of ZNT7 in the CD40-mediated signal transduction. In the B
lymphocyte, ZNT7 binds to CD40 that may promote the CD40-containing vesicles to the cytoplasmic membrane or inhibit CD40 recycling
from the cell surface leading to an increase in CD40 expression on the cell surface. As such, ZNT7 indirectly influences the CD40-mediated
downstream signal transduction. This theory is supported by the association of cell surface expression of CD40 with ZNT7 expression in
both ZNT7KD and ZNT70E Raji B cells and by the subcellular localization pattern of ZNT7 (shown in green) in Raji B lymphocytes. The
arrows in orange and magenta indicate the localization of ZNT7-containing vesicles along the cytoplasmic membrane and in the cytosol,
respectively. On the other hand, ZNT7 may regulate local zinc levels in the CD154-CD40-TRAFs complex leading to changes in signal
transduction activities. This theory is supported by the effect of ZNT7 expression levels on the CD154-triggered p38 MAPK activation in Raji
B cells and by the in situ Zinquin staining of zinc ions (shown in magenta) in ZnT7-overexpressing CHO cells (shown in maenta) [23]. The

arrows in white indicate the location of zinc-rich vesicles along the cytoplasmic membrane.

pattern and cellular localization to ZNT7, has been
shown to be involved in this zinc wave response by
delivery of stored zinc into the cytoplasm from either
the ER and/or Golgi apparatus [39,40]. Interestingly,
like ZNT7, ZIP7 has also been indicated to interact
with CD40 during a protein—protein interaction screen-
ing using affinity capture-mass spectrometry [22].
Although the physical interaction of ZIP7 with CD40
needs to be further confirmed by coimmunoprecipita-
tion, our results clearly indicate that zinc is required
for the initial stage of immune cell activation in
response to extracellular stimuli. It is likely that ZNT7
and ZIP7 coordinate together to control cellular signal
transductions in immune cells during early phases of
cellular response to external stimuli by delivery of zinc
to the local CD40 signalosome/trafficking components,
or by increase in the cytoplasm zinc level for phos-
phatase inhibition.

In the present study, we observed that phosphoryla-
tion of IKKs was up-regulated by ZNT7KD in Raji B
cells in a CD154-independent manner, which is consis-
tent with previous reports demonstrating that up-regu-
lation of the NF-xB signal transduction pathway is
one of the signature molecular characteristics in most
aggressive B lymphoma cells [16]. It has been shown
that constitutive NF-xB activation in B lymphoma is

required for lymphocyte proliferation and survival,
and it is a key pathogenetic factor in lymphoma [16].
In B lymphocytes, receptor self-oligomerization, such
as cluster of differentiation 30 (CD30) self-oligomeriza-
tion [41], can recruit TRAFs to the signalosome and
constitutively activate IKKs leading to constitutive
activation of NF-xB via both the canonical (through
degradation of IkB) and alternative (through partial
proteolytic digestion of NF-kB2/p100 to p52) signaling
pathways to promote cell growth and survival [19]. In
addition, IKKs has been shown to directly phosphory-
late other cellular proteins to promote cell growth. For
example, IKKs can phosphorylate p53 and Foxo3a
that are involved in tumor suppressor function [42,43].
In addition, IKKs are shown to control the mam-
malian target rapamycin complex 1 (mTORCI) activ-
ity by phosphorylation of TSCI in the complex when
AKTs are not activated [44]. Activated mTORCI is
directly associated with cell survival by promoting
oncogene translations [44,45]. Interestingly, in the pre-
sent study, we also found that AKT phosphorylation
levels were constitutively down-regulated in ZNT7KD
Raji B lymphocytes. We showed that CD154 stimula-
tion did not dramatically increase the activity of AKTs
in the B cell, which could favor the IKKs-mTORCI-
oncoprotein translation pathway leading to cell
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survival and tumorigenesis. This result agrees with our
previous findings demonstrating ZNT7 KO or knock-
down can negatively impact the insulin-mediated AKT
activation in muscle and fat tissues leading to down-
regulation of glucose uptake into myotubes and adipo-
cytes [30,31]. Together, our study suggests that ZNT7
participates in cellular signaling pathways in regulation
of growth and survival of B lymphocytes. ZNT7KD
may promote B cell growth and/or survival leading to
tumorigenesis. Indeed, we have previously shown that
ZNT7 KO in mice promotes prostate cancer develop-
ment and metastasis via inhibition of apoptosis of
prostate epithelial cells [46].

In conclusion, the present study demonstrates that
ZNT7 physically interacts with CD40 and ZNT7KD
has a negative impact on the expression of CD40 on
the cell surface of B lymphocytes. As a result,
ZNT7KD leads to down-regulation of the CDI154-
CD40-mediated p38 MAPK signaling transduction,
whereas OE of ZNT7 up-regulates p38 MAPK activity
in Raji B lymphocytes. We also demonstrate that
ZNT7KD in B lymphocytes constitutively up-regulates
IKK phosphorylation and down-regulates AKT
phosphorylation, which may be associated with B-cell
survival.

Materials and methods

Cell culture

Raji B lymphocytes were purchased from American Type
Culture Collection (ATCC, Manassas, VA, USA). Raji B
cells were grown as a suspension culture in RPMI 1640
complete media (ThermoFisher Scientific, Carlsbad, CA,
USA), supplemented with 10% FBS, 5 mm GlutaMAX™,
and 100 U-mL~" penicillin 100 U-mL~" streptomycin solu-
tion (ThermoFisher Scientific). Cells were maintained in
this complete medium at a density between 5 x 10* and
1 x 10° cellsmL ™" in a humidity controlled incubator at
37 °C and 5% CO,.

Plasmid constructions

To generate GST-tagged mouse and human ZNT7
expressing plasmids, the entire open reading frame (ORF)
sequence of mouse Znt7 or human ZNT7 was PCR-
amplified, purified and subsequently inserted into pGEX-
4T3 (Promega Corp., Madison, WI, USA) in which Znt7
(mouse) or ZNT7 (human) was placed in-frame down-
stream to the GST gene. To obtain a Myc-tagged human
CD40 full length or a Myc-tagged C-terminal end of the
CD40, the entire ORF sequence of CD40 and the cDNA
sequence encoding the last 62 amino acid of CD40 were
PCR-amplified wusing primers with a HindlIl site
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incorporated immediately after the first methionine codon
or the lysiney;s codon of CD40 and BamHI site right
before the stop codon of CD40. A methionine codon was
also added into the forward primer for the PCR amplifi-
cation of CD40 C-terminal cDNA fragment so that the
c¢cDNA could be translated in the bacteria. The CD40 or
CD40C ORF fragment was then inserted into a modified
pGEX-4T3 vector (pGEXBI) along with a MycHis-tag,
which was fused in-frame at the C-terminal end of CD40
or CD40C. The pGEXBI was generated by removing the
whole GST gene by HindllI-BamHI digestion of pGEX-
4T3. As such, the final CD40- or CD40C-expressing plas-
mid would only express CD40/MycHis or CD40C/MycHis
fusion protein. To generate V5-tagged human ZNT7
expressing plasmids for mammalian cell expression, the
human ZN77 ORF sequence was PCR-amplified and
inserted in-frame along with a V5 c¢cDNA sequence (li-
gated to the C-terminal end) into the BamHI and Xhol
sites of pcDNAG6 (Life Technology, Carlsbad, CA, USA).
All plasmids generated for this study were validated by
sequencing.

Expression and purification of fusion proteins in
bacteria

Plasmids, including pGEX/hZNT7, pGEX/mZnT7,
pGEXBI/hCD40, and pGEXBI/hCD40C, were trans-
formed into Escherichia coli strain BL21(DE3)pLysS. For
ZNT7/ZnT7 expression, two bacterial colonies were inoc-
ulated into 3 mL LB containing 0.1 mg-mL ™" ampicillin
and cultured overnight. Next day culture was diluted
1/50 and grown for 1.5 h. EDTA (I mm) and IPTG
(0.1 mm) was added into the culture and the cultures
were incubated at 37 °C for another 1.5 h with shaking.
For CD40 or CD40C expression, bacterial colonies were
inoculated into 2x YTA containing 0.1 mg-mL™! ampi-
cillin and cultured overnight. The culture was then
diluted 1/50 and incubated at 37 °C for another 1.5h
with shaking. IPTG (0.1 mm) was then added and the
culture was further incubated at 37 °C for 2 h with shak-
ing. After incubation, bacterial cells were pelleted, washed
once with ice-cold 1x PBS. The bacteria were then resus-
pended in GST binding/wash buffer (1/25 original culture
volume; Promega) plus a tablet of complete mini protease
inhibitor (Roche, South San Francisco, CA, USA) and
I mgmL~" lysosome (Sigma-Aldrich). The mixture was
incubated at room temperature (RT) for 30 min. Four
microliters of DNase (1 U-uL™") and CaCl, (0.5 mm) was
then added and the mixture was further incubated for
30 min at RT. Bacteria were lysed by freeze/thaw cycles
for eight times and sonicated with a Digital Sonifier®
Cell Disruptor model 450 (Branson Ultrasonics, Danbury,
CT, USA) at 18% for 10 s (0.5 s with 1 s break) three
times in an ice water bath. The bacterial debris was
removed by centrifugation.
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The bacterial lysate (200 pL) containing GST/hZNT7 or
GST/mZnT7 fusion protein was diluted in 250 pL. GST-
binding buffer. MagneGST magnetic beads (100 pL, pre-
washed with GST-binding buffer) were added to the lysate
and the mixture was incubated at 4 °C overnight with
rotating. The supernatant was then removed on a magnetic
stand and the beads were washed and ready for protein—
protein interaction assay (see below). CD40/Myc and
CD40C/Myc fusion proteins were purified using HisPur™
Cobalt Purification Kit according to the manufacturer’s
instruction (ThermoFisher Scientific).

Interaction of ZNT7 with CD40

Purified CD40/Myc or CD40C/Myc fusion protein was
mixed with magnetic beads bound with either human
ZNT7 or mouse ZnT7 and incubated at 4 °C for overnight
in GST-binding buffer with rotating. Unbounded protein
was removed by centrifugation and the beads were washed
with 400 pL of GST-binding buffer five times. The CD40/
ZnT7, CD40C/ZNT7, or CD40C/ZnT7 complex was then
released from the beads in 2x protein loading buffer
(BioRad, Hercules, CA, USA) at 99 °C for 10 min fol-
lowed by western blot analysis.

Generation of stable ZNT7 knockdown and
ZNT7-overexpressing Raji cell lines

A stable ZNT7KD line was established by transduction of
Raji cells with lentiviruses expressing ShARNA complementary
to the human SLC30A47 (ZNT7) mRNA (Sigma-Aldrich).
Raji cells (5 x 10%) seeded in a 12-well cell culture plate were
incubated with 8 pg-mL ™' polybrene and 1.5 lentiviral parti-
cles/cell in RPMI 1640 media for 24 h. After incubation, viral
particles were removed and the cells were incubated with
RPMI 1640 for another 24 h at 37 °C. The stable cells were
selected by incubating cells in the medium containing
1 pg-mL~" puromycin for 10 days. After selection, the cells
were pooled and used for subsequent experiments.

The ZNT7-overexpressing Raji cell line was generated by
transfecting cells with pcDNAG6 (Life Technologies, Carls-
bad, CA, USA) or pcDNA6/ZNT7 plasmid by electropora-
tion, according to the manufacturer’s protocol (Cell-Porator,
Life Technologies). After 48 h of incubation at 37 °C, dead
cells were removed by seeding the cells in 10 mL of fresh
RPMI without FBS in T-25 flasks for 5 h. Live cells were
then incubated in the complete medium containing
10 pg-mL~'ml blasticidin. After a 7-day selection period, sin-
gle cell lines were selected in the complete medium containing
5 pg-mL™" blasticidin by limiting dilution [47]. Three indi-
vidual ZNT7-overexpressing cell clones that expressed
~ 50% more ZNT7 mRNA than the controls were selected
for the subsequent experiments. The control Raji cells (2
lines) were the pools of blasticidin resistance cells.

Effect of ZNT7 on the CD40 signaling pathway

Antibodies

Antibodies against p38 MAPK, phosphor-p38 MAPK
(Thr180/Tyr182), AKT, phosphor-AKT (Ser472), phos-
phor-IKKa (Ser176)/IKKf (Serl177), and phosphor-JNK
(Thr183/Try185) were purchased from Cell Signaling Tech-
nology (Danvers, MA, USA). Antibodies against human
CD40 and c-Myc were purchased from Santa Cruz Biotech-
nology (Santa Cruz, CA, USA). Antibodies against binding
immunoglobulin protein (BIP) and human ZNT7 were
obtained from Eurogentec (Fremont, CA, USA) and
Proteintech (Rosemont, IL, USA), respectively. The anti-
body against mouse ZnT7 was described previously [23]. A
biotin-conjugated antibody against human CD40 (clone
EA-5) was purchased from Life Span BioSciences, Inc.
(Seattle, WA, USA). ACTB and tubulin antibodies were
purchased from Sigma-Aldrich. Horseradish peroxide-con-
jugated secondary antibodies were obtained from Cell Sig-
naling Technology.

Western blot analysis

For TPEN (N,N,N’N’-Tetrakis(2-pyridylmethyl)ethylene-
diamine; Santa Cruz Biotechnology) treatment experi-
ments, Raji cells were seeded into six-well plates at
3 x 10° per well in serum-free RPMI 1640 media with
either TPEN concentrations at 0, 2.5, 5, 7.5, or 10 pm,
or with the vehicle (ethanol) at 0.01% (v/v) at 37 °C for
2 h. Where indicated, ZnSO, was also added into the
well at 5 um. Cells were then washed and stimulated with
either 0 or 100 ng-mL~' CD154 (Cell Signaling Technolo-
gies) at 37 °C for 10 min. The cells were then washed
with ice-cold 1x PBS, lysed in M-PER™ buffer
(0.15 mL) containing 1x Halt™ Protease and Phos-
phatase Inhibitor Cocktail (ThermoFisher Scientific) and
stored at —80 °C until use. For experiments examining
the activation of signaling pathways after CD154 stimula-
tion in zinc repletion condition, Raji cells (3 x 10° per
well) were seeded into six-well plates in serum-free RPMI
1640 media with or without ZnSO,4 (5 um) and incubated
at 37 °C for 2 h. After incubation, cells were stimulated
with 100 ngmL~' CDI154 for 0, 10, or 20 min. Cells
were lysed and stored after stimulation in M-PER™ buf-
fer as described above.

For detection of endogenous CD40 and ZNT7 proteins,
Raji cells were cultured in the complete RPMI media for
48 h and 3 x 10° cells were lysed. For determination of
kinase activities, Raji cells including ZNT7KD and ZNT7-
overexpressing lines, cells were seeded into six-well plates at
3 x 10° per well in serum-free RPMI 1640 media and incu-
bated at 37 °C for 2 h. Cells were then stimulated with
CD154 (100 ng~mL_1) at 37 °C for 0, 5, 10, or 20 min.
After stimulation, cells were lysed as described above. For
experiments examining the surface expression of CDA40,
cells were seeded and stimulated for the indicated time
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Table 1. Primer sequences.
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Gene Forward primer (5'—3') Reverse primer (5’ —3')

ZNT7 GCAGATCCTATCTGTTCAATTCT TTCTAATAGGGGAGGAGTTCT
ACTB ACTGGCATCGTGATGGACTC AGGTAGTCAGTCAGGTC

TBP ACAGTGAATCTTGGTTGTAAAC GCAGCAAACCGCTTGGGATTA

points as described above. Cells were then washed with ice-
cold 1x PBS and fixed with freshly made 4%
paraformaldehyde at RT for 10 min on ice. Cells were
incubated with 5% BSA for 30 min at RT followed by a
CD40 antibody (1.25 pgmL™"; LifeSpan BioSciences) at
RT for 1 h. Cells were washed with 1x PBS and lysed as
described above.

Lysate was sonicated for 10 s, with 0.5 s on and 1.0 s
off and at an amplitude of 10% on a Digital Sonifier® Cell
Disruptor model 450 (Branson Ultrasonics). Protein con-
centration was determined by a bicinchoninic acid kit
(BioRad) prior to loading on 10% Criterion™ TGX™ pre-
cast gels (BioRad). Western blot assays were performed as
described previously [31]. Protein bands were visualized
using a chemiluminescent substrate (either a Clarity™ Wes-
tern ECL substrate (BioRad) or a SuperSignal® West
Femto Maximum Sensitivity Substrate; ThermoFisher
Scientific) on a ChemiDoc XRS+ System (BioRad) and
quantitated using IMAGE Lab software (BioRad).

Immunofluorescent microscopy

Raji B lymphocytes were seeded in 96-well plates (black/
clear) or slide chambers at 0.75 x 10° per well and incu-
bated in serum-free RPMI 1640 media at 37 °C for 4 h.
Cells were fixed with 4% paraformaldehyde. Cells that were
used for ZNT7 detection were permeabilized with 0.4%
saponin (Sigma-Aldrich). Anti-CD40 and anti-ZnT7 pri-
mary antibodies were applied, followed by Alexa 488-con-
jugated goat anti-rabbit antibodies. Photomicrographs were
obtained by either a Zeiss Axiovert 40 CFL (Zeiss Interna-
tional, Oberkochen, Germany) or a Nikon Eclipse 800
microscope (Nikon Instruments Inc., Melville, NY, USA).

Immunoprecipitation

Raji B cells (3 x 10%) were treated with 100 ng-mL™'
CD154 (Cell Signaling Technology) or vehicle for 10 min.
Cells were washed with 1x ice-cold PBS and cross-linked
with 1% paraformaldehyde in 1x PBS for 7 min. Cells
were pelleted and resuspended in 1 mL 1.25 m glycine/PBS
to stop the cross-linking reaction. Cells were washed with
1.25 M glycine twice and lysed in 500 uL. M-PER™ con-
taining 1x Halt™ Protease and Phosphatase Inhibitor
Cocktail (ThermoFisher Scientific). Protein concentration
was determined by a bicinchoninic acid assay (BioRad).
Lysate (250 pg) was diluted 1 : 1 in 1x PBS and incubated
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with 1 pg normal rabbit IgG (Santa Cruz Biotechnology)
at RT for 30 min. Goat anti-(rabbit 1gG) magnetic beads
(200 pg, New England BioLabs, Ipswich, MA, USA) were
added and incubated at RT for another 30 min. The pre-
cleared lysate was then incubated with a ZNT7 antibody
(1 pg) at RT for 1 h. Prewashed magnetic beads (200 pg)
were then added and incubated overnight at 4 °C. The
beads were then washed with 1 mL diluted M-PER (1 : 1
with 1x PBS). The protein complex was released from the
beads in 2x protein loading buffer (BioRad) at 99 °C for
10 min followed by western blot analysis.

Total RNA isolation, cDNA synthesis, and
quantitative PCR

ZNT7 knockdown, ZNT7-overexpressing, and control Raji
cells were seeded into 12-well plates in duplicate at 1 x 10°
per well in RPMI 1640 complete media. After 2 h of incu-
bation at 37 °C, the cells were treated with CDI154
(100 ngmL™") or mock treated. The cells were further
incubated for 0, 2, 4, or 6 h at 37 °C. The cells were then
harvested at the above indicated time points for total RNA
purification using a TRIzol® reagent (ThermoFisher Scien-
tific) according to the manufacturer’s protocol. Total RNA
(1 pg) was converted to cDNA using an iScript™ Reverse
Transcription Supermix for RT-qPCR (BioRad) following
manufacturer’s instructions. Quantitative PCR reactions
were performed in an ABI PRISM® 7900 HT Sequence
Detection System (Applied Biosystems, Foster City, CA,
USA) using an iTaq™ universal SYBR® Green supermix
(BioRad). Fold difference of the target gene expression was
calculated using a ACt method as described previously [48].
The expression of either ACTB or TBP was used as a refer-
ence for quantitation of the expression of the target gene.
Primer pairs used in this study are listed in Table 1.

Statistical analysis

Significant differences between two test groups were deter-
mined using an unpaired Student’s ¢ test. Differences were
considered significant at P < 0.05. Data were presented as
either mean + SE or mean + SD.
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