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Abstract
ZHX3, which encodes for a transcriptional repressor, is associated with fasting blood glucose (FBG) levels and increased type 2 diabetes 
(T2D) risk but its role in cell types involved in glucose metabolism is not well understood. Here, we show that the deletion of ZHX3 in the 
human pancreatic β-cell line EndoC-βH1 did not impair glucose-stimulated insulin secretion (GSIS) nor perturb its transcriptome. On the 
other hand, we found that ZHX3 represses the expression of gluconeogenic genes PCK1 and G6PC1 in the human hepatoma line HepG2. 
Transcriptomic analysis of ZHX3-deficient HepG2 cells revealed that the uric acid transporter gene SLC17A1 was up-regulated, which 
consequentially led to increased uric acid secretion. High levels of uric acid could then impair GSIS in EndoC-βH1 cells. Subsequently, 
in-depth co-immunoprecipitation followed by mass spectrometry analysis of ZHX3 in HepG2 cells identified transcription factor 
CEBPB as its binding partner, required to repress the transcription of PCK1, G6PC1, and partially SLC17A1 in HepG2 cells. Overall, our 
study uncovered the role of ZHX3 in regulating glucose metabolism in hepatocytes, thereby influencing FBG levels and their 
association with T2D risk.
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Significance Statement

ZHX3, which encodes for a transcriptional repressor, is associated with fasting blood glucose (FBG) levels and increased type 2 diabetes 
(T2D) risk but its role in cell types involved in glucose metabolism is not well understood. Here, we show that the loss of ZHX3 in hu
man β-cell lines had no appreciable impact on β-cell transcriptome or insulin secretion function. We found ZHX3 to repress hepatic 
gluconeogenic gene expression, in concert with CEBPB. ZHX3 also represses hepatic uric acid secretion that can be detrimental to 
β-cell insulin secretion function. Overall, ZHX3 contributes to FBG and T2D risk by acting on the hepatocytes. Individuals with variants 
in ZHX3 can potentially be treated by targeting the hepatic glucose production pathway.
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Introduction
ZHX3 is a gene found to be associated with fasting blood glucose 
(FBG) levels (1–3) and increased type 2 diabetes (T2D) risk (2) in 
the European population. It encodes a transcriptional repressor 
that contains two C2H2 zinc finger domains and five homeodo
mains (4). Currently, there is limited understanding of the 
physiological function of ZHX3, except that it is mostly impli
cated in various cancers, where it can act as an oncogene (5–7) 

or a tumor suppressor (8–11). Therefore, its role in cell types in

volved in glucose metabolism, such as pancreatic β cells or the 

liver, is unclear.
Based on multitrait profiling, the ZHX3 T2D risk locus was 

found to be associated with FBG levels but not fasting insulin lev

els or other insulin sensitivity traits such as BMI, suggesting that 

β-cell function may be implicated (2). In addition, ZHX3 transcript 

expression was found to be lower in T2D islets when compared 
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with healthy islets (12). The finding that acute glucose stimulation 
in human islets represses ZHX3 expression further indicates 
that it is a glucose-sensitive gene in islets (12). Last but not least, 
correlation analysis revealed that human islets with poorer 
glucose-stimulated insulin secretion (GSIS) stimulation index 
tended to have lower ZHX3 levels (12). While the evidence points 
to a role for ZHX3 in β-cell biology and function, a direct mechan
istic relationship has yet to be demonstrated.

Apart from the pancreatic islets, ZHX3 could also play a role in 
another metabolic tissue, the liver. Luciferase reporter assays sug
gested that ZHX3 could be repressing glycolytic genes Pkm and 
Hk2 in rat hepatocytes (10). In a separate study, ZHX3 was found 
to bind onto the promoters of the gluconeogenic genes Pck1 and 
G6pc1 in the mouse liver upon refeeding, although it was not 
determined whether the binding results in gene activation or 
repression (13). The binding of ZHX3 to the Pck1 promoter in 
mouse hepatocytes is dependent on insulin and the presence of 
the insulin response sequence on the Pck1 promoter (13). These 
observations suggest that ZHX3 could mediate the repression of 
gluconeogenesis in hepatocytes. However, ZHX3 has yet to be dir
ectly perturbed in hepatocytes to test this hypothesis.

Here, we used human cellular models to examine the role 
of ZHX3 in regulating glucose metabolism in pancreatic β cells 
and hepatocytes, and its potential role in contributing to T2D 
development. While the loss of ZHX3 in human pancreatic β cells 
was found to exert limited direct effects on their GSIS function 
and transcriptome, the loss of ZHX3 in human hepatoma cells 
led to increased gluconeogenesis and uric acid secretion. 
Hyperuricemia could then impair GSIS in human β cells. Overall, 
our study demonstrated that the T2D risk association underlying 
ZHX3 is likely mediated through the regulation of hepatic gluco
neogenesis and uric acid secretion.

Results
Loss of ZHX3 does not affect GSIS and the 
transcriptome in human EndoC-βH1 cells
To first investigate whether ZHX3 plays a role in regulating insulin 
secretion in human pancreatic β cells, three different gRNAs 
(sgZHX3-1, sgZHX3-2, and sgZHX3-3) were used to knockout (KO) 
ZHX3, with an empty CRISPR vector used as the control (termed 
as Empty; Fig. S1A). Sanger sequencing of gDNA (Fig. S1B) and 
western blot analyses (Fig. S1C) then showed that ZHX3 was suc
cessfully KO in sgZHX3-2 and sgZHX3-3 EndoC-βH1 stable lines. 
Next, to determine whether the loss of ZHX3 affects the function
ality of these β cells, we compared the insulin secretion capacity 
between the control and KO cells. GSIS assay showed that insulin 
secretion at low (2.8 mM) and high (16.7 mM) glucose, as well as the 
stimulation index, were not different between the Empty control 
and ZHX3 KO EndoC-βH1 cells (Fig. S1D and E), indicating that 
the loss of ZHX3 did not affect the functionality of EndoC-βH1 cells.

To further understand the role of ZHX3 in human pancreatic β 
cells, we performed RNA-seq analysis on Empty and sgZHX3-3 
EndoC-βH1 cells (Table S1). Using a threshold of at least 2-fold 
change and false discovery rate (FDR) < 0.05, we only identified 
41 and 39 genes that were significantly up- and down-regulated, re
spectively (Fig. S1F). RT-qPCR validation of some of the most differ
entially expressed genes (BCAR4, CXCL8, SYNPO, GRM4, and TNR) in 
terms of log2FC and FDR values (Fig. S1F) revealed that the expres
sion of these genes was directionally consistent with the RNA-seq 
results but was not significantly different in sgZHX3-3 EndoC-βH1 
cells when compared with the Empty control (Fig. S1G–K). CBLN4, 

SLC12A1, and HS3ST4 were not selected for the validation because 
they are very lowly expressed in EndoC-βH1 cells. Overall, our data 
indicated that the KO of ZHX3 in EndoC-βH1 cells did not have any 
apparent effect on GSIS function and their transcriptome.

ZHX3 represses gluconeogenic genes PCK1 
and G6PC1 in HepG2 cells
We next investigated the role of ZHX3 in hepatocytes by knocking 
out ZHX3 in HepG2 cells using two different gRNAs (sgZHX3-2 and 
sgZHX3-9), with an empty CRISPR vector as the control (termed as 
Empty; Figs. 1A and B, S2A and B). ZHX3 has been reported to re
press the promoter activity of rat Pkm and Hk2 genes (10). To val
idate this in human liver cells, we performed RT-qPCR analysis of 
human PKM and HK2 gene expression in the ZHX3 KO HepG2 lines. 
However, the KO of ZHX3 did not affect the expression levels of 
PKM and HK2 genes in HepG2 cells (Fig. S2C and D). Although it 
was reported that ZHX3 binds to Pck1 and G6pc1 promoters in 
mouse hepatocytes upon refeeding (13), whether ZHX3 regulates 
their expression in human hepatocytes remains to be confirmed. 
We evaluated the expression of PCK1 and G6PC1, and found that 
they were both up-regulated in ZHX3 KO HepG2 cells when com
pared with the Empty control (Fig. 1C and D). Western blot ana
lyses then confirmed that PCK1 and G6PC1 proteins were 
modestly up-regulated in ZHX3 KO HepG2 cells (Figs. 1E and S2E
and F). To further validate these findings, we also performed an 
siRNA knockdown of ZHX3 in HepG2 cells (Fig. S2G), and inde
pendently confirmed the up-regulation of PCK1 and G6PC1 gene 
expression in ZHX3-depleted HepG2 cells (Fig. S2H and I).

To confirm that ZHX3 represses the expression of PCK1 and 
G6PC1 in HepG2 cells, we stably overexpressed ZHX3 with a 
FLAG and V5 tag at the N- and C-terminus, respectively, in ZHX3 
KO HepG2 cells for rescue experiments. It has been reported 
that ZHX3 protein expression is regulated by ubiquitination- 
mediated proteasomal degradation (5). Hence, to enhance the 
overexpression of ZHX3 protein, we treated the stable overexpres
sion rescue lines with the proteasome inhibitor MG132, and ob
served that 10 µM of MG132 treatment can increase the protein 
levels of recombinant ZHX3 protein from 8 h onwards (Fig. S3A). 
Therefore, all ZHX3 rescue experiments were performed with 
8 h of 10 µM MG132 treatment. Immunofluorescence analysis 
confirmed that FLAG-ZHX3-V5 can be successfully expressed 
and co-localized to the nucleus in HepG2 cells (Fig. S3B). Using 
these rescue lines, we evaluated the expression of PCK1 and 
G6PC1, and found that the overexpression of ZHX3 could indeed 
repress their expression (Fig. S3C and D).

To further study the repression of PCK1 and G6PC1 transcrip
tional activity by ZHX3 in HepG2 cells, we performed luciferase re
porter assays using luciferase constructs containing the human 
PCK1 or G6PC1 promoter sequence. It was reported that ZHX3 re
quires an intact insulin response sequence on the mouse Pck1 pro
moter for binding (13). Similar to Pck1 (14), the G6pc1 promoter also 
harbors an insulin response sequence (15, 16). Therefore, we con
structed luciferase reporter plasmids with the promoters of hu
man PCK1 and G6PC1 containing the insulin response sequence. 
Luciferase assays showed that the overexpression of ZHX3 could 
repress the promoter activities of PCK1 and G6PC1 in HepG2 cells 
(Fig. 1F and G). The deletion (Δ) of the insulin response sequence 
did not abolish ZHX3 repression of PCK1 promoter activity 
(Fig. 1H) but did abolish G6PC1 promoter activity (Fig. 1I), suggest
ing that the ZHX3 repression of G6PC1 transcription is dependent 
on the insulin response sequence. Overall, our data confirmed 
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that ZHX3 can repress the transcription of gluconeogenic genes 
PCK1 and G6PC1 in HepG2 cells.

ZHX3 represses phosphoenolpyruvate 
and glucose production in HepG2 cells
The PCK1 enzyme controls the first rate-limiting step in 
gluconeogenesis, which is the conversion of oxaloacetate to 

phosphoenolpyruvate (PEP) (17, 18). The G6PC1 enzyme controls 
the last step of gluconeogenesis, which is the conversion of 
glucose-6-phosphate to glucose (19). Transcriptional regulation 
of these two enzymes is considered to be the main regulatory 
mechanism of hepatic glucose production (HGP) (20, 21). To inves
tigate the impact of PCK1 and G6PC1 gene derepression upon the 
loss of ZHX3 in HepG2 cells, we measured the amount of PEP 
and HGP in ZHX3 KO HepG2 cells. Consistent with our transcript 
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Fig. 1. ZHX3 represses the transcription of PCK1 and G6PC1 in HepG2 cells. A) Western blot analyses of ZHX3 in ZHX3 KO HepG2 lines (one representative 
experiment) and B) the corresponding quantification graph (n = 3). ZHX3 protein levels were normalized to GAPDH protein levels. RT-qPCR analyses of C) 
PCK1 and D) G6PC1 in ZHX3 KO HepG2 lines (n = 3). Data normalized to ACTB levels. E) Western blot analyses of PCK1 and G6PC1 in ZHX3 KO HepG2 lines 
(one representative experiment). Luciferase analyses of F) PCK1, G) G6PC1, H) PCK1△IRS, or I) G6PC1△IRS promoter in HepG2 cells overexpressed with 
Empty or FLAG-ZHX3-V5 vector (n = 3). Data normalized to Renilla luminescence values. IRS, insulin response sequence. J) Intracellular PEP 
measurement in ZHX3 KO HepG2 lines (n = 3). K) HGP measurement in ZHX3 KO HepG2 lines (n = 3). L) Western blot analyses of p-AKT, AKT, and ZHX3 in 
NT or INS-treated HepG2 cells (one representative experiment) and M) its corresponding quantification graph (n = 6). ZHX3 levels were normalized to 
GAPDH levels. Data presented as mean ± SEM. *P < 0.05; **P < 0.01; ****P < 0.0001. Statistical analyses were performed using unpaired t test or one-way 
ANOVA followed by Tukey’s multiple comparison test. See also Figs. S2 and S3.
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data, ZHX3 KO HepG2 cells had higher PEP levels (Fig. 1J). We next 
performed a HGP assay on ZHX3 KO HepG2 cells, under 
nontreated (NT), insulin (INS) treatment (simulating the fed state) 
or dexamethasone and forskolin (Dex + Fsk) treatment (simulat
ing the starved state) conditions. Under NT and Dex + Fsk 
conditions, ZHX3 KO HepG2 cells produced higher, albeit not stat
istically significant, levels of glucose when compared with the 
Empty control (Fig. 1K). This effect was more pronounced in the 
insulin-treated condition, where ZHX3 KO HepG2 cells produced 
significantly higher levels of glucose than the Empty control 
(Fig. 1K). In addition, insulin repressed HGP in Empty control 
HepG2 cells but not ZHX3 KO HepG2 cells, suggesting that ZHX3 
could be mediating insulin’s repression on HGP. Overall, our 
data suggest that ZHX3 represses the generation of PEP and HGP.

Insulin increases ZHX3 protein expression in 
HepG2 cells
The insulin response sequence is essential for insulin to repress 
mouse G6pc1 transcription (15, 16). After demonstrating that 
ZHX3 requires the insulin response sequence to repress human 
G6PC1 transcriptional activity (Fig. 1G and I) and insulin requires 
ZHX3 to repress HGP (Fig. 1K), we hypothesized that ZHX3 expres
sion or activity could be regulated by insulin. To investigate this, 
we treated WT HepG2 cells with 100 nM of insulin for 1 h after 
an overnight serum starvation. Insulin stimulation increased 
the phosphorylation of AKT (Fig. 1L), indicating that insulin sig
naling was activated. Upon insulin stimulation, we observed an 
increase in ZHX3 protein expression (Fig. 1L and M), suggesting 
that insulin increases ZHX3 expression to repress G6PC1 tran
scription and expression.

ZHX3 represses the urate transporter gene 
SLC17A1 in HepG2 cells
To obtain an unbiased genome-wide understanding of the role of 
ZHX3 and the genes it regulates in hepatocytes, we performed 
RNA-seq analyses on Empty, sgZHX3-2, and sgZHX3-9 HepG2 
cells. The transcriptome profile of ZHX3 KO HepG2 cells was dif
ferent from that of Empty control HepG2 cells (Fig. S4A). Using a 
threshold of at least 2-fold change and FDR < 0.1, we identified 
184 and 55 genes that were commonly up- and down-regulated, 
respectively, in sgZHX3-2 and sgZHX3-9 HepG2 cells compared 
with Empty HepG2 cells (Table S2). Since ZHX3 is a known tran
scriptional repressor (4), we ran the overrepresentation analysis 
on the 184 up-regulated genes using g:Profiler (22) and interesting
ly, found urate metabolic process to be enriched (Fig. 2A). 
Over-representation analysis of the 55 down-regulated genes us
ing g:Profiler did not yield any pathways in gene ontology (GO) bio
logical processes (BPs). Volcano plot analysis of genes in the uric 
metabolic process showed ABCG2, G6PC1, SLC17A1, and SLC17A3 
to be significantly up-regulated in ZHX3 KO HepG2 cells (Fig. 2B). 
SLC17A1 was selected for characterization as a downstream target 
of ZHX3 based on its large fold change of up-regulation when com
pared with that of ABCG2, and the very low expression levels of 
SLC17A3 in HepG2 cells.

We then performed RT-qPCR validation for SLC17A1 and found 
that it was indeed up-regulated in both ZHX3 KO (Fig. 2C) and 
siZHX3-17 (Fig. S4B) HepG2 cells. Western blot analyses also con
firmed SLC17A1 protein expression to be higher in ZHX3 KO 
HepG2 cells when compared with Empty control HepG2 cells 
(Fig. 2D and E). We then evaluated the expression of SLC17A1 in 
the ZHX3-rescued HepG2 cells and found that the overexpression 
of ZHX3 could indeed repress its expression (Fig. 2F). Consistently, 

luciferase reporter assays using SLC17A1 promoter also showed 
that the overexpression of ZHX3 could repress its promoter activ
ity (Fig. 2G). Overall, these results indicate that ZHX3 represses the 
transcription and expression of the uric acid transporter SLC17A1 
in HepG2 cells.

ZHX3 represses uric acid secretion from HepG2 
cells that could be detrimental to insulin secretion 
from human β cells
SLC17A1 encodes a uric acid transporter (23) that exports uric acid 
in hepatocytes (24). The up-regulation of SLC17A1 in ZHX3 KO 
HepG2 cells prompted us to investigate whether these cells se
creted more uric acid. First, we incubated WT HepG2 cells in 
serum-free (uric acid-free) media and measured the amount of 
uric acid in the media over time. Our data showed that the amount 
of uric acid in the media increased up to 24 h of incubation 
(Fig. 3A), indicating that HepG2 cells can secrete uric acid into 
the media. Next, uric acid secretion assays performed on 
sgZHX3-2 and sgZHX3-9 ZHX3 KO HepG2 cells reflected an in
crease in uric acid secretion by 30–50% (Fig. 3B). Overexpression 
of ZHX3 was then able to repress the uric acid secretion in ZHX3 
KO HepG2 cells (Fig. 3C), confirming ZHX3 to be a negative regula
tor of uric acid secretion in HepG2 cells. Overall, our data reflected 
that the loss of ZHX3 can result in increased uric acid secretion 
from HepG2 cells.

Hyperuricemia has been shown to impair GSIS in rodent β cells 
(25–27). To determine whether this is also the case in human 
β cells, we treated EndoC-βH1 cells with doses that represent se
vere hyperuricemia, such as 10 or 30 mg/dL of uric acid (with 
NaOH as the vehicle control) and evaluated their viability and 
functionality. Neither 10 nor 30 mg/dL of uric acid treatment for 
14 days affected the viability or proliferation of EndoC-βH1 cells, 
as assessed by the MTT assay (Fig. 3D). After 3 days of 10 or 
30 mg/dL of uric acid treatment, we found that insulin secretion 
function was impaired in EndoC-βH1 cells, when compared with 
the NaOH vehicle control group (Fig. 3E). Overall, these results in
dicate that the loss of ZHX3 results in increased uric acid secretion 
from human hepatocytes. We postulate that the elevated uric 
acid levels could be detrimental to the insulin secretion function 
from human pancreatic β cells.

ZHX3 interacts with CEBPB to repress PCK1, 
G6PC1, and SLC17A1 expression levels  
in HepG2 cells
To further investigate the mechanisms underlying ZHX3 repres
sion of PCK1, G6PC1, and SLC17A1 expression levels in HepG2 
cells, we used co-immunoprecipitation (co-IP) assays, with the 
aim of identifying novel binding partners of ZHX3 (Fig. 4A). 
First, we showed that anti-FLAG antibody beads could pull 
down FLAG-ZHX3-V5 from lysates of MG132-treated HepG2 cells 
stably overexpressing FLAG-ZHX3-V5 (Fig. 4B). Second, ZHX3 
has been reported to bind to the transcriptional activator 
NF-YA (4). To validate this, we performed western blot analysis 
of NF-YA in ZHX3 co-IP HepG2 lysates and found that ZHX3 does 
not bind to NF-YA in HepG2 cells (Fig. 4B). Having established 
that FLAG-ZHX3-V5 can be immunoprecipitated using anti- 
FLAG beads, we next performed double-labeling stable isotope 
labeling by amino acids in cell culture (SILAC) mass spectrom
etry (MS) analyses to identify novel binding partners of ZHX3 
(Fig. 4A). Using a threshold of normalized SILAC ratio > 1.5 and 
ratio count > 1, we identified 45 and 39 proteins (in 2 separate 
experiments) that were significantly enriched in the ZHX3 
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pull-down samples when compared with the Empty pull-down 
controls (Tables S3 and S4). Among the proteins that were 
identified, eight were common across the two experiments, of 
which ZHX3 was, as expected, the top hit (Table 1). One notable 
hit was CEBPB, as CEBPB is a transcription factor known to acti
vate the expression of gluconeogenic gene PCK1 in hepatocytes 
(28–30). Therefore, we hypothesized that ZHX3 interacts with 
CEBPB to regulate the transcription of PCK1 and G6PC1 in 
HepG2 cells.

First, we confirmed the SILAC-MS data that ZHX3 binds to 
CEBPB protein via co-IP followed by western blot analyses 
(Fig. 4C). Next, we generated CEBPB and ZHX3 double KO HepG2 
stable cell lines (Fig. 4D and E). As expected, KO of CEBPB reduced 
PCK1 and G6PC1 expression levels (Fig. 4F and G). Notably, KO of 
ZHX3 in CEBPB-deficient HepG2 cells did not result in a derepres
sion of PCK1 or G6PC1 gene expression (Fig. 4F and G), suggesting 
that either (i) CEBPB is a critical activator without which there is 
nothing to repress by ZHX3 or (ii) ZHX3 requires CEBPB binding 
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Fig. 2. ZHX3 represses the transcription of SLC17A1 in HepG2 cells. A) Overrepresentation analysis of up-regulated genes in ZHX3 KO HepG2 stable lines 
using g:Profiler and GO BPs. B) Volcano plot, with genes in the urate metabolic process pathway labeled. C) RT-qPCR analyses of SLC17A1 in ZHX3 KO 
HepG2 lines (n = 3). Data normalized to ACTB levels. D) Western blot analyses of SLC17A1 in ZHX3 KO HepG2 lines (one representative experiment) and E) 
the corresponding quantification graph (n = 3). SLC17A1 protein levels were normalized to GAPDH protein levels. F) RT-qPCR analyses of SLC17A1 in ZHX3 
KO HepG2 cells stably overexpressed with Empty or FLAG-ZHX3-V5 vector (n = 3). Data normalized to ACTB levels. G) Luciferase analyses of SLC17A1 
promoter in HepG2 cells overexpressed with Empty or FLAG-ZHX3-V5 vector (n = 3). Data normalized to Renilla luminescence values. Data presented as 
mean ± SEM. *P < 0.05; **P < 0.01; ***P < 0.001. Statistical analyses were performed using one-way ANOVA with Tukey’s multiple comparison post hoc test. 
See also Figs. S2–S4.
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to repress their transcription. While the KO of CEBPB also reduced 
SLC17A1 expression levels (Fig. 4H), the KO of ZHX3 in the 
CEBPB-deficient HepG2 cells could, however, derepress SLC17A1 
expression levels (Fig. 4H), albeit to a smaller extent compared 
with ZHX3 KO HepG2 cells expressing functional CEBPB protein 
(Fig. 2C). This suggests that ZHX3 partially requires CEBPB to re
press SLC17A1 transcription.

Discussion
The ZHX3 gene locus was found to be associated with T2D risk but its 
role in cell types involved in glucose metabolism, such as the pancre
atic islets and liver, is not well understood. Here, we investigated the 
role of ZHX3 in glucose metabolism using various human cell models 
(Fig. S4C). Using EndoC-βH1 cells as a model for human β cells, we 
found that the loss of ZHX3 did not appear to affect cell functionality 
or transcriptomic profile, despite a previous study suggesting its im
plications with islets (12). Even though ZHX3 transcript levels were 
found to be positively correlated with insulin secretion levels in hu
man islets (12), correlation may not equate to causation. Moreover, 
islets contain other endocrine cell types, such as the α and δ cells, 

both of which have been shown to affect β cell insulin secretion 
(31–34). It is possible that while ZHX3 may not affect the β cells direct
ly, ZHX3 can affect insulin secretion via other endocrine cell types. 
However, more work is needed to verify such dynamics.

Using HepG2 as a model for human hepatocytes, we found that 
ZHX3 expression is induced by insulin signaling and the loss of 
ZHX3 leads to an up-regulation of gluconeogenic genes PCK1 
and G6PC1. The up-regulation of these two genes led to increased 
PEP generation and HGP. The loss of ZHX3 also leads to an up- 
regulation of the uric acid transporter SLC17A1, which in turn in
creases uric acid secretion by HepG2 cells. Increased uric acid se
cretion by hepatocytes can lead to hyperuricemia (35), which we 
have shown to impair insulin secretion in human EndoC-βH1 
cells. Overall, the loss of human ZHX3 could increase FBG levels 
and T2D risk by increasing hepatic gluconeogenesis, and hepatic 
uric acid secretion which impairs insulin secretion (Fig. S4C).

FBG levels are maintained primarily by HGP, and aberrant regula
tion of HGP can lead to fasting hyperglycemia and T2D (36). Here, we 
confirmed through various assays that ZHX3 represses the expres
sion of PCK1 and G6PC1 in human hepatoma cells. In HepG2 cells, in
sulin activates ZHX3 expression and then ZHX3 represses G6PC1 

A B C

ED

Fig. 3. KO of ZHX3 leads to an increase in uric acid secretion in HepG2 cells that is detrimental to β-cell function. A) Time-course analyses of the amount 
of uric acid secreted into the media by WT HepG2 cells (n = 3). B) Uric acid secretion assay on ZHX3 KO HepG2 stable lines (n = 3). Amount of uric acid 
secreted by each sample is normalized to its respective total protein content. C) Uric acid secretion assay on ZHX3 KO HepG2 cells stably overexpressed 
with either the Empty or FLAG-ZHX3-V5 vector (n = 3). Amount of uric acid secreted by each sample is normalized to its respective total protein content. 
D) MTT assay on EndoC-βH1 cells treated with NaOH (vehicle control) or various concentrations of uric acid (n = 3). E) Insulin secretion stimulation index 
(high glucose [HG]/low glucose [LG]) of EndoC-βH1 cells treated with NaOH (vehicle control) or various concentrations of uric acid (n = 3). Data presented 
as mean ± SEM. *P < 0.05. Statistical analyses were performed using one-way ANOVA with Tukey’s multiple comparison post hoc test. See also Figs. S2
and S3.
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gene expression in an insulin response sequence-dependent manner, 
indicating that ZHX3 could be a downstream mediator of insulin to 
repress gluconeogenesis. In line with this, ZHX3 KO HepG2 cells pro
duced more glucose under nontreated conditions, and this effect is 
even more pronounced under insulin-treated conditions. In addition, 
the loss of insulin-mediated repression on HGP in ZHX3 KO HepG2 
cells supports the notion that ZHX3 is a downstream mediator of in
sulin to repress HGP. This is consistent with a previous study report
ing that ZHX3 binds to the promoter of Pck1 and G6pc1 only upon 
insulin stimulation in mouse hepatocytes (13). In the same study, it 
was shown that ZHX3 requires the insulin response sequence to 

bind to the Pck1 promoter in mouse hepatocytes, while it was not 
shown for the G6pc1 promoter (13). This discrepancy between our 
study and Wang et al. (13) could be due to species-specific differences.

We also found that ZHX3 interacts with CEBPB to repress 
the transcription of PCK1 and G6PC1 in HepG2 cells. CEBPB is 
responsible for maintaining the constitutive expression of these glu
coneogenic genes in hepatocytes but its expression is also enhanced 
during fasting conditions (37). Importantly, Cebpb−/− mice die shortly 
after birth due to hypoglycemia, illustrating the role of CEBPB in ac
tivating HGP during fasting (28, 38). KO of Cebpb in mice did not affect 
glycogen storage in hepatocytes but affected their ability to mobilize 

A

B C D

E F G H

Fig. 4. ZHX3 interacts with CEBPB to repress the transcription of PCK1, G6PC1, and partially SLC17A1 in HepG2 cells. A) Experimental design of identifying 
ZHX3-binding partners in HepG2 cells using SILAC-MS. Western blot analysis of B) NF-YA or C) CEBPB upon FLAG co-IP in HepG2 cells stably 
overexpressing Empty or FLAG-ZHX3-V5 vector. D) Western blot analyses of ZHX3 and CEBPB in CEBPB and ZHX3 double KO HepG2 cells (one 
representative experiment) and E) the corresponding quantification graph (n = 3). RT-qPCR analyses of F) PCK1, G) G6PC1, and H) SLC17A1 in CEBPB and 
ZHX3 double KO HepG2 cells (n = 3). Data presented as mean ± SEM. *P < 0.05; **P < 0.01. Statistical analyses were performed using one-way ANOVA with 
Tukey’s multiple comparison post hoc test.
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it and activate hepatic Pck1 expression (28, 38). Interestingly, we 
found that CEBPB regulates SLC17A1 expression and that ZHX3 re
presses SLC17A1 expression partly in concert with CEBPB in HepG2 
cells. Overall, these findings unravel additional mechanisms in 
which ZHX3 interacts and cooperates with the transcription factor 
CEBPB to repress its target genes.

In the human liver cell model, we also found that the loss of ZHX3 
in HepG2 cells led to an increase in hepatic uric acid secretion. Uric 
acid is mainly produced and secreted into the circulation by the liver 
(39). In humans, serum uric acid concentrations above 7 mg/dL are 
considered hyperuricemic, with 10 mg/dL found in severe hyperuri
cemic patients (40). Hyperuricemia is associated with a higher T2D 
risk (41, 42), insulin resistance (43) and β-cell dysfunction (44). 
Although it has been shown that hyperuricemia can impair insulin 
signaling in HepG2 cells (45, 46), hyperuricemia does not always re
sult in insulin resistance in mice (25). Therefore, a causative role for 
hyperuricemia in insulin resistance may not be that straightforward 
and may involve other factors. On the other hand, hyperuricemia 
impairs both viability and GSIS function of rodent β cells via oxida
tive stress (25–27). High uric acid levels can induce the nuclear factor 
kappa B signaling pathway, leading to an increase in inducible nitric 
oxide (NO) synthase expression and NO levels, which induces apop
tosis (25). Here, we showed that 10 and 30 mg/dL of uric acid impair 
GSIS function but not cell viability or proliferation of human 
EndoC-βH1 cells. Notably, it has been suggested that human islets 
are more resistant to oxidative stress than rodent islets (47–49), pro
viding a possible explanation for the difference. Overall, our study 
showed that the hypersecretion of uric acid by hepatocytes due to 
the inactivation of hepatic ZHX3 can impair human β-cell function.

In summary, we uncovered the yet-unknown role(s) of ZHX3 in 
regulating FBG levels primarily in hepatocytes but not β cells. Upon 
insulin stimulation, ZHX3 exhibits an inhibitory role on hepatic glu
coneogeneis by repressing the transcription of PCK1 and G6PC1, and 
on hepatic uric acid secretion (which at high levels is detrimental to 
β-cell function) by repressing the transcription of SLC17A1 (Fig. S4C). 
We posit that in T2D conditions, reduced circulatory insulin levels 
(reduced β-cell function) and diminished insulin effects on hepato
cytes (insulin resistance) lead to lower hepatic ZHX3 expression, con
tributing to abnormally high HGP. Overall, this study provides 
evidence for ZHX3 as the effector gene at the risk locus, to influence 
FBG levels and T2D risk.

Experimental model and subject details
Cell culture
HepG2 cells were cultured in Dulbecco‘s Modified Eagle Medium 
(DMEM) low glucose supplemented with 10% fetal bovine serum 

(FBS), 1% nonessential amino acids (NEAA) and 1× GlutaxMAX. 
EndoC-βH1 cells were cultured on tissue culture-treated dishes 
coated with 2 μg/mL of fibronectin and 1% of extracellular matrix 
in DMEM high glucose. For insulin treatment, HepG2 cells were 
serum-starved overnight before treatment with 100 ng of insulin 
for 1 h. The culture media for EndoC-βH1 cells consists of DMEM 
low glucose supplemented with 2% bovine serum albumin 
(BSA), 50 μM β-mercaptoethanol, 1% GlutaxMAX, 10 mM nicotina
mide, 5.5 μg/mL human transferrin, and 6.7 ng/mL sodium selen
ite (50). All cells were tested negative for mycoplasma. All cells 
were incubated at 37 °C with 5% CO2 and relative humidity of 
around 95%.

Method details
Generation of plasmids
To KO ZHX3 in EndoC-βH1, three sgRNAs (sgZHX3-1, sgZHX3-2, 
and sgZHX3-3; Resource Table) targeting exon 4 of human ZHX3 
were designed using the E-CRISP software (51). gRNAs were cloned 
into the lentiCRISPRv2 vector from Addgene (Plasmid 52961) with 
the EFS promoter replaced by a modified rat insulin promoter (RIP; 
lentiCRISPRv2-RIP), which was a gift from Dr Paul Gadue (52).

To KO ZHX3 in HepG2 cells, we utilized the dimeric CRISPR 
RNA-guided FokI nuclease system (53). Briefly, two pairs of 
sgRNAs (sgZHX3-2 and sgZHX3-9; Resource Table) targeting 
exon 4 (first coding exon) of human ZHX3 were designed using 
the ZiFit Targeter software and cloned into an all-in-one plasmid 
containing both pCAG-Csy4-T2A-dCas9-Fok1 and pU6-dual 
sgRNAs (53, 54).

To KO CEBEB in HepG2 cells, sgCEBPB-2 (Resource Table) was 
designed using CHOPCHOP (55) to target the first coding exon of 
human CEBPB. sgCEBPB-2 was cloned into the lentiCRISPRv2 vec
tor from Addgene (Plasmid 52961).

To overexpress ZHX3, human ZHX3 cDNA was amplified via 
PCR (using primers listed in Table S5) from EndoC-βH1 cDNA 
and cloned into the pCDH overexpression vector. The resulting 
vector, pCDH-FLAG-ZHX3-V5, expresses recombinant ZHX3 with 
a FLAG tag at the N-terminus and a V5 tag at the C-terminus. 
The vector also contains a GFP gene driven by an independent 
EF1α promoter.

For luciferase assays, the promoters of human PCK1 (PCK1p; 
−1,847 to +38 relative to transcription start site [TSS]), G6PC1 
(G6PC1p; −1,947 to +53 relative to TSS) and SLC17A1 (SLC17A1p; 
−1,190 to +120 relative to TSS) were amplified by PCR from 
HepG2 gDNA and cloned into the pGL4.10 luciferase vector. 
Primers used are listed in Table S5. These regions were selected 
to encompass potential ZHX3-binding motif (56) and the insulin 
response sequence (for PCK1p and G6PC1p) (14–16). To delete the 
insulin response sequence region in PCK1p (−395 to −381 relative 
to TSS) (13, 14) and G6PC1p (−185 to −157 relative to TSS) 
(15, 16), site-directed mutagenesis was performed using primers 
listed in Table S5.

Generation of lentiviruses
The pCDH and lentiCRISPRv2 plasmids were packaged into lenti
viruses using a third-generation lentiviral system. 293FT cells 
were seeded onto 100 mm plates using a split ratio of 1:2.5 to 
achieve ∼90% confluency. The next day, lentiCRISPRv2 plasmids, 
packaging plasmids (pRC-CMV-Rev and pHDM-HIVgpm) and en
velope plasmid (pHDM-VSV-G) were co-transfected into 293FT 
cells using the CalPhos transfection mix. Virus-containing media 
were collected at 48 and 72 h after transfection. After centrifuga
tion and filtration through the 0.4 µm filter, lentiviruses were 

Table 1. Eight proteins commonly identified by two independent 
co-IP-MS experiments in HepG2 cells.

Experiment 1 Experiment 2

Protein Normalized ratio 
(ZHX3/Empty)

Ratio count 
(ZHX3/ 
Empty)

Normalized ratio 
(ZHX3/Empty)

Ratio count 
(ZHX3/ 
Empty)

ZHX3 160.7 159 15.2 162
TPP1 5.3 13 4.3 7
ACADVL 4.2 2 2.0 7
CEBPB 2.3 3 1.5 3
MRPS25 2.2 2 8.5 2
XRCC5 1.9 32 1.8 58
XRCC6 1.9 22 1.9 58
TFB2M 1.6 2 1.8 3
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pelleted using ultracentrifugation at 23,000 rpm for 90 min. 
The concentration of lentiviruses was quantified using the 
Lenti-X p24 Rapid Titer Kit.

Generation of stable lines in EndoC-βH1 cells
To generate ZHX3 KO EndoC-βH1 stable lines, lentiCRISPRv2-RIP 
Empty (without any gRNAs), sgZHX3-1, sgZHX3-2, or sgZHX3-3 
vectors were packaged into lentiviruses and were used to trans
duce EndoC-βH1 cells at an MOI of 50 with 8 µg/mL polybrene. 
Forty-eight hours after transduction, cells were selected with 
2 µg/mL puromycin for 5–7 days and maintained in 1 µg/mL puro
mycin as stable lines thereafter.

Generation of stable lines in HepG2 cells
For the generation of ZHX3 KO HepG2 stable lines, HepG2 cells 
were transfected with either Empty (CRISPR vector without any 
gRNAs), sgZHX3-2 or sgZHX3-9 vectors. For transfection, 3 million 
HepG2 cells were seeded onto 6 cm tissue culture-treated plates 
and 8 µg of plasmids were transfected using Lipofectamine 2000 
one day later. Forty-eight hours after transfection, cells were se
lected using 12 µg/mL of blasticidin for 6 days. Thereafter, cells 
were maintained in normal HepG2 growth media as stable lines.

For the generation of CEBPB and ZHX3 double KO HepG2 stable 
lines, sgCEBPB-2 lentiCRISPRv2 vector was packaged into lentivi
ruses. For transduction, sgZHX3-9 HepG2 cells were transduced 
with either empty or sgCEBPB-2 vector-containing lentiviruses at 
an MOI of 50 with 8 µg/mL polybrene. 48 h after transduction, 
cells were selected with 2 µg/mL puromycin for 5–7 days and 
maintained in 1 µg/mL puromycin as stable lines thereafter.

For the generation of HepG2 stable ZHX3 overexpression lines, 
pCDH-Empty (pCDH vector without any insert) or pCDH-FLAG- 
ZHX3-V5 vectors were packaged into lentiviruses. For transduc
tion, either WT or sgZHX3-2 HepG2 cells were transduced with 
the two overexpression vectors with an MOI of 30 with 8 µg/mL 
polybrene. Forty-eight hours after transduction, cells were se
lected with 2 µg/mL puromycin for 5–7 days and maintained in 
1 µg/mL puromycin as stable lines thereafter.

Transfection
For luciferase assays, HepG2 cells were seeded at a density of 
300,000 cells per well of a 24-well plate. In each well, HepG2 cells 
were co-transfected with pCDH overexpression (0.5 µg), pGL4.10 
luciferase (0.4 µg) and pRL-TK renilla (10 ng) vectors. 
Transfection was performed with FuGENE HD Transfection 
Reagent at a FuGENE:plasmid ratio of 3:1 according to the manu
facturer’s protocol. Forty-eight hours after transfection, cells 
were harvested for luciferase assay.

GSIS and human insulin ELISA
EndoC-βH1 cells were seeded on 24-well plates at a density of 
500,000 cells/well. Twenty-four hours after cell seeding, cells 
were first starved in Krebs–Ringer Bicarbonate (KRB) buffer 
(1 mM CaCl2, 2.5 mM HEPES, 4.74 mM KCl, 1.2 mM K2HPO4, 
1.2 mM MgSO4, 125 mM NaCl, 5 mM NaHCO3, and 0.1% fatty acid- 
free BSA) with 2.8 mM glucose for 1 h. Cells were then incubated in 
KRB buffer with 2.8 mM glucose for 1 h, followed by KRB buffer 
with 16.7 mM glucose for 1 h. The media in these two steps were 
collected for human insulin ELISA analysis. Before each step, cells 
were washed with KRB buffer. All incubations were done at 37 °C 
with 5% CO2 and relative humidity of around 95%. The amount of 
insulin that was secreted into the media was quantified using the 
human insulin ELISA kit (Mercodia) as per the manufacturer’s 

instructions. To calculate stimulation index, the amount of insu
lin secreted at high glucose levels was divided by that at low glu
cose levels.

Intracellular PEP assay
Two million HepG2 cells were collected during weekly passaging. 
After centrifugation, cell pellets were lysed in 100 µL of 3 M 
perchloric acid and subsequently neutralized with 3 M potassium 
bicarbonate to about pH 6.5 to 7.5. Thereafter, the amount of PEP 
was measured using the PEP assay kit (Abcam).

HGP assay
HepG2 stable lines were seeded on 6-well plates at a density of 
1.5 million cells/well. Twenty-four hours after cell seeding, cells 
were serum-starved by incubating in serum-free HepG2 culture 
media overnight. Thereafter, cells were incubated in glucose-free 
and phenol red-free DMEM, supplemented with 4 mM 
L-glutamine, 20 mM sodium lactate, and 2 mM sodium pyruvate, 
with or without 100 nM insulin, or 1 µM dexamethasone, and 
10 µM forskolin for 6 h. After the 6 h incubation, media were col
lected and centrifuged at 2,000 rpm for 5 min to remove any float
ing cells before the supernatant was collected for glucose assay. 
The concentration of glucose in the media was measured using 
the Amplex Red Glucose Assay Kit (Thermo Fisher Scientific). 
Cells were harvested for protein normalization.

Uric acid secretion assay
HepG2 stable lines were seeded on 12-well plates at a density of 
600,000 cells/well. Twenty-four hours after cell seeding, cells 
were incubated in HepG2 culture media without FBS for 8, 24, 
and 48 h. For ZHX3 KO HepG2 cells stably overexpressing Empty, 
FLAG-ZHX3-V5 vector, 10 µM MG132 was added into the medium. 
After 8 h, the media were collected and centrifuged to remove any 
floating cells before uric acid quantification using the Amplex Red 
Uric Acid/Uricase Assay Kit (Thermo Fisher Scientific). Cells were 
harvested for protein normalization.

RNA extraction and qPCR analysis
EndoC-βH1 cells were seeded onto 24-well plate at 500,000 cells/ 
well in triplicates. HepG2 cells were seeded onto 24-well plate at 
300,000 cells/well in triplicates. Cells were harvested 1 day after 
seeding. For HepG2 stable overexpression cells, cells were treated 
with 10 µM MG132 1 day after seeding for 8 h before being har
vested. For mouse hepatocytes, hepatocytes from each mouse 
were seeded at 500,000 cells/well of a 12-well plate in DMEM 
high glucose + 10% FBS + 1% Pen/Strep. Three hours after cell 
seeding, media were replaced with DMEM low glucose + 10% FBS  
+ 1% Pen/Strep and cells were incubated overnight before RNA ex
traction. RNA was extracted from samples via the NucleoSpin 
RNA Kit or the TRIzol reagent as per the manufacturer’s protocol. 
RT was performed using the High-Capacity cDNA Reverse 
Transcription Kit as per the manufacturer’s protocol. qPCR was 
set up using the iTaq Universal SYBR Green Supermix and 
6.25 ng of cDNA in duplicates. Relative gene expression was ana
lyzed using the 2−ΔΔCt method. Primers used for qPCR are sum
marized in Table S5.

RNA-seq analysis
About 1 µg of RNA from EndoC-βH1 and HepG2 cells was sent to 
Novogene for total RNA sequencing. Triplicates for each genotype 
were sent for RNA-seq. A directional mRNA library prep was se
lected and at least 30 million reads were sequenced. Briefly, raw 
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reads were processed by using Trim Galore! v0.6.4 (57) to remove 
low-quality reads and trim adapters. Trimmed reads were then 
aligned to the human reference genome, hg38 using STAR 
v2.6.1d aligner (58) and FeatureCounts v1.6.4 (59) were used to as
sign reads. Finally, differential gene expression analysis was per
formed using the DESeq2 package (60), where genes showing at 
least 2-fold change and FDR < 0.05 or 0.1 when compared with 
the Empty control were considered as differentially expressed 
genes (DEGs). Over-representation analysis using g:Profiler was 
performed on the list of DEGs to identify significant GO BPs (22).

Protein isolation and western blot analysis
EndoC-βH1 cells were seeded onto a 6-well plate at 2.5 million 
cells/well. HepG2 cells were seeded onto a 6-well plate at 1.5 mil
lion cells/well. Cells were harvested one day after seeding by man
ual scraping in NP-40 lysis buffer (150 mM NaCl, 1% NP-40, 50 mM 
tris pH 8.0) with 1:100 protease inhibitors and phosphatase inhib
itors before incubation on ice for 30 min with constant agitation. 
Protein concentrations were measured using the BCA Protein 
Assay Kit. For western blots, 20–50 µg of lysates were loaded 
into 8% sodium dodecyl sulfate–polyacrylamide gel electrophor
esis (SDS–PAGE) gel. Proteins were blotted onto PVDF membrane 
via wet transfer. Membranes were blocked in 3–5% milk in tris- 
buffered saline + 0.01% Tween-20 (TBST) for an hour at room tem
perature, before overnight incubation with primary antibodies 
(Resource Table). Secondary antibody (Resource Table) incuba
tions were done at room temperature for 1 h. Signals were devel
oped using the SuperSignal West Dura Extended Duration 
Substrate and Bio-Rad ChemiDoc MP Imaging System.

Co-immunoprecipitation
HepG2 cells stably overexpressed with Empty or FLAG-ZHX3-V5 
vectors were seeded in two 10 cm treated plates each at a density 
of 10 million cells/plate. Twenty-four hours after cell seeding, 
cells were treated with 10 µM of MG132 for 8 h before being har
vested. Cells were manually scraped in cold phosphate-buffered 
saline (PBS). Cell pellets were lysed in NP-40 lysis buffer with 
1:100 protease inhibitors and phosphatase inhibitors for 30 min 
on ice with constant agitation. Protein concentration was quanti
fied by BCA assay and adjusted to 3 mg/mL. For each cell line, 
FLAG pulldown was performed by incubating 10 mg of protein 
with 20 µL of Anti-FLAG M2 Affinity Gel at 4 °C overnight. 
Subsequently, the anti-FLAG antibody-conjugated agarose beads 
were washed thrice with 1 mL of NP-40 lysis buffer before being 
heated at 99 °C for 5 min in 60 µL of SDS–PAGE loading buffer 
(41 µL of NP-40 lysis + protein and protease inhibitors, 15 µL of 
PAGE LDS Sample Buffer (4×) and 4 µL of 10 ×  dithiothreitol). 
Twenty microliters of samples were loaded for western blot 
analysis.

For SILAC-MS, HepG2 cells stably overexpressed with Empty or 
FLAG-ZHX3-V5 vectors were cultured in “light” (Lys0Arg0) or 
“heavy” (Lys8Arg10), respectively, SILAC media supplemented 
with 10% dialyzed FBS, 1% GlutaxMAX, 1% NEAA, and 1% Pen/ 
Strep for 4 weeks, where an incorporation test was carried out. 
After ensuring that heavy isotopes (K8R10) were successfully in
corporated, cells were lysed for co-IP as described above. After 
overnight incubation with the anti-FLAG antibody-conjugated 
agarose beads, the “light” and “heavy” agarose beads were com
bined for washes, and immunoprecipitated proteins were eluted 
from the beads by heating at 99 °C for 5 min in 60 µL of SDS– 
PAGE loading buffer. The eluates were then separated by 1D 4– 
12% Bis–Tris protein PAGE gel, stained with Colloidal Blue, and 

thereafter protein bands were excised and digested using in-gel 
digestion procedures (61).

Mass spectrometry and data analysis
Tryptic peptides were subjected to Proxeon Liquid chromatog
raphy and Orbitrap Mass Spectrometry (Thermo Fisher 
Scientific) analysis, as described previously (62). Mass spectrom
etry raw data were processed by MaxQuant version 1.6.0.1 (63) us
ing default settings and the Uniprot human database (2023 June 
release, 104,508 entries). Maximum FDRs were set to 0.01 for 
both peptides and proteins.

Luciferase assay
Luciferase assay was performed using the Dual-Luciferase 
Reporter 1000 Assay System assay (Promega) following the manu
facturer’s protocol. Briefly, cells were lysed in 100 µL of passive ly
sis buffer. After centrifugation, 20 µL of supernatant was 
transferred into a white flat-bottom 96-well plate. Fifty microliters 
of Luciferase Assay Reagent II were added and quantified using 
GloMAX 96 luminometer. Fifty microliters of Stop & Glo Reagent 
were then added and quantified again.

Immunofluorescence microscopy
Five hundred thousand HepG2 cells were seeded on coverslips, and 
cells were fixed in 4% paraformaldehyde the next day at room tem
perature for 15 min. Cells were then blocked in 5% donkey serum 
in PBS with 0.1% Triton X-100 at room temperature for 1 h, fol
lowed by primary antibody incubations at 4 °C overnight and sec
ondary antibody incubations at room temperature for 1 h. 
Subsequently, cells were stained with DAPI (1:5000) at room tem
perature for 20 min. Cells were washed with PBS three times after 
each step. Lastly, cells on coverslips were mounted onto glass 
slides using DAKO fluorescence mounting medium. Images were 
taken using an Olympus Fluoview Inverted Confocal microscope.

Statistical analysis
Analysis was performed using Graphpad Prism version 9.0. When 
analyzing two groups, the unpaired t test was used. For compari
son among three groups or more, either one-way or two-way 
ANOVA followed by a post hoc test (Tukey’s single-tailed test) 
was used. Data are presented as mean ± SEM, and n is the number 
of independent experiments.
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