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RAPID COMMUNICATION
Intracellular zinc signaling via Krüppel-like
transcription factor 6 promotes HuD
expression in pancreatic b cell
Dysfunction of pancreatic b cells caused by zinc deficiency
is related to the pathogenesis of diabetes.1 Impaired zinc
homeostasis in diabetes is associated with reduced zinc
transporters.2 Down-regulation of HuD, an essential factor
for normal b cell function, has been shown in diabetes.3 To
assess the correlation between cellular zinc level and HuD
expression in diabetes, relative levels of HuD and ZIP8, a
highly expressed Zrt-, Irt-like protein (ZIP) transporter
protein in b cells,4 were analyzed between db/db mice and
control wild-type mice. HuD and ZIP8 expressions were
down-regulated in the pancreas of db/db mice compared
with that in control mice (Fig. 1A, B). Cellular zinc content
was also reduced in pancreatic islets of db/db mice
(Fig. 1B). These results suggest a positive correlation be-
tween intracellular zinc contents and HuD expression in the
islet of the pancreas.

To investigate whether cellular zinc level could affect
HuD expression in pancreatic b cells, HuD expression in
mouse insulinoma bTC6 cells maintained in 25 mM of
glucose/DMEM was analyzed after modulating intracellular
zinc concentration by depletion (with a zinc-chelator
TPEN), supplementation (with a nutrient supplement zinc
sulfate (ZnSO4)), or knockdown of ZIP8. Cellular zinc level
in b cells was visualized with a fluorescence microscope
using a cell-permeable dye FluoZin�-3 (Fig. S1A, B).
Zinc depletion caused a decrease in HuD expression. In
contrast, zinc supplementation reversed it (Fig. 1C). In
addition, ZIP8 knockdown down-regulated HuD level
(Fig. 1D). However, the levels of other Hu family proteins,
including HuR, HuB, and HuC, were not significantly
changed by cellular zinc level (Fig. S2). Additionally, ZIP8
knockdown alleviated ZnSO4-mediated HuD induction, as
shown in Figure 1E. These results suggest that cellular zinc
Peer review under responsibility of Chongqing Medical
University.

https://doi.org/10.1016/j.gendis.2023.101144
2352-3042/ª 2023 The Authors. Publishing services by Elsevier B.V. on
article under the CC BY license (http://creativecommons.org/licenses/
level and ZIP8 regulate HuD expression in pancreatic b
cells.

To understand the downstream pathway of zinc-medi-
ated transcriptional regulation of the HuD gene, putative
transcription factors responsible for HuD expression were
explored by searching zinc-dependent transcription factors
with binding sites near the upstream regions of the HuD
gene. In silico analysis using the TRANSFAC� database
identified Krüppel-like transcription factor 6 (KLF6) as one
of the putative transcription factors responsible for HuD
expression. Its putative binding sites near the transcription
start site of the HuD gene were predicted in Figure S3. To
validate whether KLF6 could regulate HuD expression, the
levels of HuD were assessed after transfecting bTC6 cells
with siRNA against the KLF6 gene. KLF6 knockdown down-
regulated HuD expression (Fig. S4) and interfered with
ZnSO4-mediated HuD induction (Fig. 1F). These results
suggest that KLF6 is involved in the zinc-mediated regula-
tion of HuD expression in pancreatic b cells.

To understand the mechanism of KLF6-mediated HuD
expression, the interaction between KLF6 and HuD gene
was investigated by chromatin immunoprecipitation
assay, followed by PCR. As shown in Figure S5A, the up-
stream region of the HuD gene (up to w�5 kb) has several
putative binding sites for KLF6. Each binding between
KLF6 and HuD gene was experimentally validated using
specific primer sets (Fig. S5B). KLF6 binding was observed
only in the binding site 5 (BS5) region of the upstream
region of the HuD gene that was amplified with primer set
D (Fig. 1G). Based on this observation, the relative KLF6
binding to the BS5 region was analyzed after zinc deple-
tion or supplementation. Zinc depletion with TPEN
decreased the binding of KLF6 to the BS5 region, while
zinc supplementation with ZnSO4 increased it compared
with the control group (Fig. 1H). In addition, ZIP8
knockdown decreased the association between KLF6 and
the BS5 region of the HuD gene (Fig. 1H). To examine
behalf of KeAi Communications Co., Ltd. This is an open access
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whether KLF6 could regulate the transcription of HuD,
luciferase reporter vectors (pGL3-HuD_WT and pGL3-
HuD_Mutant) were generated by cloning the DNA frag-
ments including the upstream region of the HuD gene
(�3115 w �1 bp region from transcription start site) or
the same region with BS5 sequence mutated (Fig. S6).
After knockdown or treatment in reporter-transfected
cells, relative luciferase activity in each group was
determined by luciferase assay. Knockdown of ZIP8 or
KLF6 decreased luciferase activity in the pGL3-HuD_WT
transfected cells, but not in the mutant group (Fig. 1I).
Zinc depletion or supplementation also affected reporter
expression as observed in Figure 1I (Fig. 1J). These results
suggest that the signaling via zinc, ZIP8, and KLF6 regu-
lates HuD expression.

HuD has been shown to regulate intracellular triglycer-
ide (TG) accumulation in pancreatic b cells.5 To investigate
the effect of zinc depletion on the TG content of b cells,
cellular TG levels were assessed after TPEN treatment. Zinc
depletion increased TG content in bTC6 cells (Fig. 1K).
However, ectopic expression of HuD reversed TPEN-induced
TG accumulation (Fig. 1K, L). These results indicate that
zinc depletion increases TG content via HuD down-regula-
tion and that HuD overexpression can reverse TPEN-induced
intracellular lipid accumulation in b cells.

In summary, we proposed a novel regulatory mechanism
of HuD expression via zinc signaling in pancreatic b cells
(Fig. 1M) to provide insight into understanding the molec-
ular action of zinc supplementation. Our results indicated
that zinc signaling could promote HuD expression by acti-
vating its transcription via a zinc finger transcription factor
KLF6. While zinc deficiency can lead to b cell dysfunction in
the pathogenesis of diabetes, zinc supplementation or HuD
expression could help restore normal b cell function. These
results suggest that the zinc/KLF6/HuD axis is essential for
Figure 1 Zinc/ZIP8/KLF6-mediated regulation of HuD expression
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evaluated with a triglyceride assay kit (K) and intracellular lipid dr
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analyses. Statistical significance of data was analyzed via Student’
***P < 0.001.
normal b cell functions. Further studies are needed to
determine whether HuD regulation via zinc signaling is
common across different species and whether HuD resto-
ration in b cells could be a valuable strategy for preventing
and treating diabetes caused by b cell dysfunction.
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Appendix A. Supplementary data

Supplementary data to this article can be found online at
https://doi.org/10.1016/j.gendis.2023.101144.
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