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IDH1 K224 acetylation promotes colorectal cancer

via miR-9-5p/NHE1 axis-mediated regulation

of acidic microenvironment

Bo Wang,'® Long Zhao,"* Changjiang Yang,'-* Yilin Lin," Shan Wang," Yingjiang Ye," Jianyuan Luo,?
9 9 gJiang 9 9 gjlang y

and Zhanlong Shen'#*

SUMMARY

The acidic microenvironment is considered an important factor in colorectal can-
cer (CRC) that contributes to malignant transformation. However, the underly-
ing mechanism remains unclear. In a previous study, we confirmed that IDH1
K224 deacetylation promotes enzymatic activity and the production of a-KG.
Here, we further investigate the effect of IDH1 hyperacetylation on the CRC
acidic microenvironment. We demonstrate that increased o-KG affects hydrox-
ylation of Ago2 and mediates miR-9-5p targeting NHE1 protein. Knockdown of
NHE1 dramatically attenuates CRC cell proliferation and migration by restrict-
ing transport of intracellular H" out of cells. Furthermore, we show that miR-
9-5p is the microRNA with the most significant difference in the alteration of
IDH1 K224 acetylation and can downregulate NHE1 mRNA. Our data also indi-
cate that hydroxylation stabilizes Ago2, which in turn promotes miR-9-5p activ-
ity. Taken together, our results reveal a novel mechanism through which IDH1
deacetylation regulates the cellular acidic microenvironment and inhibits CRC
metastasis.

INTRODUCTION

Colorectal cancer (CRC) is a common malignant tumor that poses a serious threat to human health." Distant
metastasis—especially liver metastasis—is an important cause of poor prognosis in CRC patients.”? How-
ever, the molecular mechanisms underlying metastasis of CRC remain unclear.

Hypoxia around solid tumors can induce metabolic transformation of cells. Tumor cells are forced to pro-
vide energy by glycolysis rather than oxidative phosphorylation, which eventually become permanent
even in aerobic conditions; this phenomenon is termed the “Warburg effect.”® To maintain a normal
pH value in cells, the Na™/H" exchanger (NHE) and proton pump inhibitor (PPI) on the tumor cell mem-
brane must constantly transport intracellular H™ out of cells.*> De Milito et al. demonstrated that the
ability of PPl to inhibit tumor cells is directly related to acidity of the medium.® Downregulation of
NHE1 has also been shown to significantly inhibit the invasion and metastasis of glioma cells.” Thus,
the invasive capabilities of tumor cells are closely associated with metastasis and altering pH seems to
affect tumor cell metastasis.

Protein post-translational modification (PTM), especially lysine acetylation, affects cell growth and progres-
sion. In a previous screening study using proteomics methods, we identified acetylation of IDH1 at the
lysine 224 site as playing a key role in CRC metastasis.” IDH1 is an NADP*-dependent enzyme located in
the cytoplasm that converts isocitrate to a-ketoglutarate (a-KG), thereby greatly affecting the tricarboxylic
acid cycle (TAC).” When the TAC is impaired, pyruvic acid transforms to lactic acid to result in an intracel-
lular acidic environment. To maintain homeostasis, cancer cells must pump out H* to accelerate the extra-
cellular acidic environment.'® Cells generally eliminate their metabolic acid load via membrane proteins
that mediate H* extrusion (e.g., Na*/H" exchange, H"-ATPase activity) or HCO3" uptake (e.g., Na*,
HCO3" cotransporter NBCnl)."" In CRC, Na*™/H™" exchanger 1 (NHE1) is reported to regulate intracellular
pH in relation to the tumor microenvironment'? and is a potential target of cisplatin that could increase
cell sensitivity to chemotherapy.'® Thus, we speculate that IDH1 acetylation may regulate H* extrusion
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Qi et al. found that ¢-KG along with proline hydroxylase (PHD) hydroxylates Ago2 to stabilize Ago2 expres-
sion.'” Ago2 is a key part of the RNA-induced silencing complex (RISC) complex that regulates microRNA
(miRNA) expression or production. Subsequently, miRNA and RISC form a complex to regulate the mRNA
expression of downstream genes.'® As an important PTM, hydroxylation plays a crucial role in the biolog-
ical processes of cells. Mass spectrometry has shown that endogenous Ago2 is hydroxylated at the 700th
proline, and mutation of proline to alanine at this site causes instability of Ago2.'* In this way, regulation of
the 700th proline residue by hydroxylation is linked to stability. This finding suggests that hydroxylation as a
PTM is important for Ago2 stability and effective miRNA interference.'*

In recent years, it has been found that production of miR-451 does not require the Dicer enzyme, whereas
Ago2is necessary.'® miRNAs are the most comprehensively and extensively studied endogenous non-cod-
ing RNA. They are widely involved in regulation of the tumor acidic microenvironment and regulated by
protein acetylation modification, which further affects tumor invasion and metastasis.'’ ' Although
many studies have reported the functions of various miRNAs in CRC, there is still a lack of understanding
of how specific miRNAs affect biological pathways and outcomes.?” Indeed, in CRC, whether IDH1 acety-
lation regulates H* extrusion via the Ago2/miRNA pathway remains unclear.

In a previous study, we demonstrated that SIRT2 deacetylated IDH1 at K224 and exhibited a tumor suppres-
sion function in a colon cancer cell model through IDH1 enzymatic activities. Deacetylation of IDH1 K224 by
SIRT2 significantly inhibited the malignant behaviors of CRC cells in vitro and in vivo and predicted poor
survival in CRC patients.”” In the present study, we investigated the function of IDH1 K224 acetylation in
the regulation of the extracellular acidic microenvironment. We found that deacetylation of IDH1 K224 up-
regulated a-KG to affect hydroxylation of Ago2 and mediated miR-9-5p targeting NHE1 protein. These
findings may provide new insights for IDH1 acetylation-dependent extracellular acidic microenvironment
treatment of liver metastasis in CRC.

RESULTS

IDH1 mRNA and protein expression levels in CRC patients

Consistent with the results of our previous study, the mRNA and protein expression levels of IDH1 in colo-
rectal cancer are significantly lower than those in normal tissues (Figures STA-S1C). Regarding IDH1 pro-
tein expression in CRC, we found that immunohistochemical analysis of IDH1 was negative in CRC but pos-
itive in normal tissues (Figure S1D), as were other tumors (Table S1). The results in the Cancer Genome Atlas
(TCGA) database showed that the median survival time was higher in patients with IDH1 high-expression
group compared with low-expression group, but this difference was not statistically significant (Figure S2A).
Moreover, data analytics in TCGA showed that the expression of IDH1 was directly proportional to the
number of Th2 cells infiltrating in the immune microenvironment and inversely proportional to Th1 cells
(Figure S1E).

Acidic microenvironment impacts CRC functions in vitro

To explore the effect of an acidic microenvironment on CRC cells, we cultured culture the colon cancer cell
lines SW480 and HCT116 in media of different pH values and then evaluated cell proliferation, invasion, and
migration ability. As the pH value of the medium gradually decreased from 7.4 to 6.6, the proliferation abil-
ity of the SW480 and HCT116 cells significantly increased. However, when the pH value continued to drop
to 6.2, the number of invasive cells decreased (Figures 1A and 1B). Consistently, the pH value of the culture
medium also impacted CRC cell migration (Figures 1C and 1D) and promoted its colony formation within a
certain range (Figures 1E and 1F).

IDH1 K224 acetylation is involved in regulation of the acidic microenvironment of CRC cells

Our previous research has revealed that IDH1 deacetylation represses CRC cell invasion and migration,
here, we see in the Compendium of Protein Lysine Modifications 4.0 (CPLM 4.0) database, the acetylation
on K224 of IDH1 may be an important one among many acetylation sites (Figure S1F). Conservation analysis
of IDH1 indicated that K224 is a highly conserved site from Danio rerio to Homo sapiens (Figure S1G). And
in order to clarify whether IDH1 acetylation of K224 affects the cell acidic microenvironment, we con-
structed a wild type (WT) IDH1 plasmid and mutant plasmid. In the IDH1 mutant plasmid, the lysine site
(K) was muted to arginine (R) to mimic the deacetylated states of protein while K to glutamine
(Q) presented the acetylated situation. The WT IDH1 plasmid and IDH1 K224R plasmid were transfected
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Figure 1. The expression of IDH1 in CRC and its acetylation regulates the acidic microenvironment

(A and B) Colony formation ability after changing the pH of culture medium.

(C and D) Transwell assay was performed to evaluate the invasion abilities of SW480 and HCT116 cells after setting the
culture medium to different pH values. Stained cells in the lower chambers were quantified.

(E and F) CCK8 assay showing cell proliferation of SW480 and HCT116 cells in different pH value culture medium.

(G) Extracellular pH assessed by pH meter in HCT116 cells after overexpression of IDH1 wild type or K224R plasmid.
(H) Relative mRNA expression of different transporters that regulate H* in WT, K224R, K224Q cells.

(I) Correlation between IDH1 and NHE1 expression in TCGA database.
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into IDH1 knockout HCT116 cells. As shown in Figure 1G, the medium of K224R cells had a significantly
higher pH value than that of the WT cells, indicating that acetylation of the K224 site of IDH1 affected
the acidic microenvironment.

The expression of NHE1 is affected by IDH1 acetylation

IDH1 activity may result in the accumulation of acidic metabolites in cells; however, as cells can eliminate
metabolic acid load via H* extrusion, the mechanism requires clarification. We analyzed the mRNA expres-
sion of membrane proteins regulating the acidic metabolism of cells, including NHE1, H*-ATase, and
NBCnl. The mRNA expression of NHE1 altered more obviously than H*-ATPase and NBCnl in different
IDH1 K224 acetylation levels HCT116 cells (Figure TH). Also, the data from the TCGA showed that the
mRNA expression levels of IDH1 and NHE1 were significantly negatively correlated (Figure 11).

NHE1 regulates cell invasion and migration by regulating extracellular pH

Initially, we used TCGA databases to compare the transcription levels of NHE1 in many types of can-
cer and normal individuals. The NHET mRNA expression was increased in a variety of malignant tu-
mors, but the opposite is true in CRC (Figure S2G). Supplementary 2B to 2E showed that five-year
survival rates were higher in glioblastoma, lower grade glioma, liver cancer and mesothelioma patients
with NHE1 low-expression group compared with high-expression group. To verify the effect of NHE1
on the extracellular acidic microenvironment and the biological behaviors of CRC cells, we knocked
down NHE1T in HCT116 cells. The efficiency of siRNAs was confirmed by western blot and quantitative
real-time polymerase chain reaction (qRT-PCR). As si-2 showed higher interference efficiency than si-1,
it was selected for the subsequent experiments (Figures 2A and 2B). The migration and invasion abil-
ities of HCT116 and SW480 cells were obviously decreased after NHE1 knockdown by si-2
(Figures 2C-2F). When the culture time increased from 12 h to 36 h, the pH of the cell culture medium
gradually declined in both HCT116 and SWA480 cells; however, the decline rate was lower in CRC cells
in the groups with NHE1 knocked down (Figure 2G). Furthermore, the pH values in NHE1 knockdown
cells were significantly higher than those in control cells at the same culture time. Through bioinfor-
matics analysis, we found that the expression of NHE1 was highly positively correlated with NK
CD56 bright cells (Figure S2H). In addition, through GO and KEGG analysis, we found that the differ-
ential genes between the NHE1 high-expression group and the low-expression group were mainly
enriched in nucleosome assembly, nucleosome, serine-type endopeptidase inhibitor activity, and sys-
temic lupus erythematosus (Figure S2I).

IDH1 acetylation affects the expression of miRNA in CRC cells

To investigate the mechanism through which IDH1 K224 acetylation regulates the acidic microenvironment
in CRC, we used Agilent miRNA chips for miRNA screening. We identified 50 miRNAs with more than 2-fold
differential expression between WT cells and K224R cells: of these, 44 miRNAs were upregulated and é
miRNAs were downregulated (Table 1). We used the TAM2.0 Website tools to compare these differential
miRNAs, which collapse the mature miRNA names provided to the corresponding miRNA genes. We chose
cancer-related miRNA sets to constitute the major part of our curated data. The results are shown in Fig-
ure 3A. As can be seen, most of these differential miRNAs have been linked to various cancers, including
CRC. Figure 3B shows the diseases enriched by miRNAs with the largest fold differences, with the blue and
red bars representing downregulated and upregulated miRNAs, respectively. As shown, some of the up-
regulated miRNAs with the largest fold differences are positively correlated with the occurrence of rectal
cancer.

Next, we used the bioinformatics software TargetScan 7.1 to predict miRNAs that may regulate NHE1
expression. Both the bioinformatics prediction approach and microarray screening results identified
miR-9-5p. Notably, miR-9-5p showed the greatest differential expression among all candidates
screened using miRNA chips, showing more than 5-fold upregulation (Figure 3B). Enrichment analysis
was performed on all target genes of miR-9-5p. As shown in Figure S3A, the results indicate that these
genes are enriched in the KEGG pathway of “response to oxygen levels” and “response to decreased
oxygen levels.” Since some pathways are related to lymphocytes, we further employed bioinformatics
methods to analyze the correlation between miR-9-5p and various lymphocytes. As shown in Supple-
mentary 1D, the expression of miR-9-5p was significantly positively correlated with Gamma delta
(vd), T cells, B cells, Mast cells, and NK cells, but negatively correlated with the number of Th2/
Th17 cells (Figure 3D).
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Figure 2. Knockdown of NHE1 inhibits HCT116 and SW480 cells invasion, migration and extracellular pH
(A and B) Western blot and gRT-PCR showed that NHE1 was downregulated in colorectal cancer cells after transfection of
siRNAs.

(C and D) Wound healing assay was performed on HCT116 and SW480 cells treated with siRNAs or siNC (Ctrl). The area
was measured at the indicated time points.

(E and F) HCT116 and SW480 cells were treated with siRNAs or siNC (Ctrl) for 48 h. Transwell assay was performed to
evaluate the invasion abilities of HCT116 and SW480 cells. Stained cells in the lower chambers were quantified.

(G) NHE1 suppression inhibited the extracellular pH of HCT116 and SW480 cells.

IDH1 acetylation affects NHE1 expression via regulation of miR-9-5p

To test the hypothesis that miR-9-5p directly targets NHE1, we first transfected miR-9-5p mimics into
SW480 cells. The expression of NHET mRNA and protein was significantly downregulated (Figures 4A
and 4B), indicating that miR-9-5p can inhibit the expression of NHE1. The invasion and proliferation capac-
ity of SW480 cells was also attenuated by upregulation of miR-9-5p (Figures 4C-4F). Subsequently, gRT-
PCR was used to assess the expression of miR-9-5p and NHE1 in cells with different acetylation levels,
including WT, K224R, and K224Q cells. The results showed that miR-9-5p expression was downregulated
while NHE1 expression was increased (both p < 0.05) in K224Q cells, whereas the results in K224R cells
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Table 1. Differential miRNA screened by Agilent miRNA chip

miRNA p value fold change Correlation p value K224R/WT
hsa-miR-9-5p 3.96E-08 5.0266385 6.43E-07 up
hsa-miR-424 1.61E-07 4.790935 1.74E-06 up
hsa-miR-96 1.88E-05 4.6753187 9.50E-05 up
hsa-miR-224 1.19E-09 4.0992484 6.76E-08 up
hsa-miR-193a-3p 2.46E-11 3.8018782 1.86E-09 up
hsa-miR-374a 9.63E-08 3.6398978 1.23E-06 up
hsa-miR-18a 1.60E-07 3.405375 1.74E-06 up
hsa-miR-374b 1.03E-07 3.2578483 1.24E-06 up
hsa-miR-18b 6.33E-08 3.241428 8.98E-07 up
hsa-miR-642b 4.63E-05 3.1707356 2.10E-04 up
hsa-miR-494 3.82E-06 3.1002054 2.48E-05 up
hsa-miR-17 1.58E-08 3.0253882 2.98E-07 up
hsa-miR-874 1.64E-06 2.8921137 1.16E-05 up
hsa-miR-574-5p 2.63E-07 2.872613 2.51E-06 up
hsa-miR-575 2.69E-07 2.8667836 2.51E-06 up
hsa-miR-214 3.97E-07 2.7780242 3.47E-06 up
hsa-miR-199b-5p 5.19E-06 2.7233331 3.16E-05 up
hsa-miR-30b 1.71E-06 2.6923351 1.17E-05 up
hsa-miR-296-5p 4.63E-08 2.6503394 7.00E-07 up
hsa-miR-425 3.12E-04 2.608453 0.001106846 up
hsa-miR-497 6.81E-07 2.5956757 5.52E-06 up
hsa-miR-582-5p 9.07E-04 2.5721729 0.002644529 up
hsa-miR-663 2.48E-08 2.5235507 4.33E-07 up
hsa-miR-10b 4.11E-05 2.5190513 1.90E-04 up
hsa-miR-99b 3.53E-04 2.5041425 0.001196308 up
hsa-miR-181a 2.10E-05 2.4961073 1.04E-04 up
hsa-miR-103 7.84E-06 2.4097784 4.45E-05 up
hsa-miR-27b 1.07E-08 2.3861763 2.42E-07 up
hsa-miR-301a 1.72E-05 2.2875125 9.09E-05 up
hsa-miR-101 4.37E-04 2.269115 0.001398463 up
hsa-miR-590-5p 2.20E-04 2.223755 8.34E-04 up
hsa-miR-188-5p 6.43E-07 2.1704097 5.41E-06 up
hsa-miR-29¢ 6.76E-04 2.1453586 0.002045042 up
hsa-miR-451 1.65E-04 2.1434171 6.81E-04 up
hsa-miR-125a-3p 8.15E-04 2.140921 0.002434763 up
hsa-miR-200c 1.43E-05 2.1153274 7.93E-05 up
hsa-miR-141 0.002199963 2.1135263 0.005740133 up
hsa-miR-151-5p 3.94E-04 2.1107652 0.001316055 up
hsa-miR-125a-5p 1.68E-05 2.1066935 9.09E-05 up
hsa-miR-125b 0.004796712 2.099044 0.010780729 up
hsa-miR-1 6.33E-04 2.0902555 0.00194311 up
hsa-miR-429 1.09E-06 2.0666552 8.56E-06 up
hsa-let-7g 1.16E-06 2.0383909 8.59E-06 up
hsa-miR-140-3p 3.07E-05 2.0094886 1.46E-04 up
hsa-miR-4281 0.002030803 4.1526136 0.005360376 down

(Continued on next page)
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Table 1. Continued

miRNA p value fold change Correlation p value K224R/WT
hsa-miR-4299 0.008836888 2.1870918 0.018403428 down
hsa-miR-99a 0.005613912 2.1439571 0.012372408 down
hsa-miR-365 0.002819073 2.141723 0.006880964 down
hsa-miR-376a 2.84E-04 2.0393367 0.001022722 down
hsa-miR-192 0.001349537 2.015111 0.00382931 down

were the opposite (Figure 4G). Similarly, the acid-base of the culture medium had also changed after trans-
fecting miR-NC or miR-9-5p mimic into CRC cells (Figure 4H).

Furthermore, we used TargetScan to analyze the possible binding sites between miR-9-5p and NHE1.
The results showed that the binding sites of miR-9-5p and NHE1 are relatively conserved across different
species (Figure S3B). The binding sequences between NHE1 and miR-9-5p are shown in Figure S3B using
TargetScan Human 7.2. We also designed a mutated binding sequence (Figure 5A). The results of the
dual-luciferase reporter assay showed that miR-9-5p expression significantly attenuated the luciferase ac-
tivity of the reporter with the WT NHE1 promoter, but not that with the mutant reporter (Figures 5B
and 5C).

IDH1 K224 acetylation level is correlated with the expression of Ago2 and NHE1 protein in
CRC cells and tissues

Ago2is a crucial partner of miRNAs in regulating the expression of target RNA. The results of the RNA co-
immunoprecipitation assay with flag-tagged Ago2 showed that the level of miR-9-5p bound to Ago2 in
K224R cells was significantly higher than that in WT and K224Q cells (Figure 5D and Table S2). To further
investigate the relationship between the expression levels of Ago2 and acetylation modification of
IDH1, we determined Ago2 expression among K224R, K224Q, and WT cells. As shown in Figure 5E,
Ago?2 expression in K224R cells was significantly higher than that in the other cells. The previous results
were also confirmed by repeated experiments in SW480 cells (Figures SSA-S5C).

The immunohistochemistry results revealed that IDH1 K224 acetylation, Ago2 protein, and NHE1 protein
were mainly expressed in the cytoplasm of CRC tissues. Compared to normal tissues, 52% (26/50), 48%
(24/50), and 58% (29/50) of the CRC tissue samples showed high IDH1 224 acetylation, Ago2, and NHE1
positive expression, respectively. Moreover, the IDH1 K224 acetylation level was significantly correlated
with NHE1 expression (p < 0.05); however, no significant correlation with Ago2 expression (p > 0.05) was
observed in the 50 CRC tissue samples (Figure 5F).

IDH1 acetylation stabilizes Ago2 protein expression by enhancing hydroxylation

As previous study reported that a-KG, a substrate of IDH1, could stabilize Ago2 expression by hydroxylat-
ing Ago2,'” we speculated that acetylation modification of IDH1 might influence the regulation of Ago2
through a similar mechanism. To assess this hypothesis, we quantified the a-KG content in the medium
of WT and K224R HCT116 cells. After 24 h and 48 h of culture, a-KG was significantly increased in the me-
dium of K224R cells compared to WT cells (Figure 5G). Furthermore, after a-KG was added to the medium
of HCT116 cells (Figure 5H), the expression of Ago2 increased whereas the expression of NHE1 decreased.
When we added a-KG to WT/K224R/K224Q stable cells, we observed that the expression of NHE1
changed, and the pH value in the medium also changed (Figures 5I-5K). At the same time, a number of
cellular tumor biological assays of WT/K224R/K224Q stable cells showed that the cancer-promoting
effect of IDH1 K224 acetylation was counteracted when a-KG was added to the cell culture medium
(Figures S4A-S4H). While, the expression of IDH1, miR-9-5p, and NHE1 did not change when we changed
the pH of the medium only (Figures S5D and S5E). In order to exclude the effect of a-KG alone on the pH of
the medium, we added a-KG directly to the cell-free medium, and the results showed that the pH did not
change with the addition of a-KG (Figure S5F).

The proline hydroxylase (PHD) detection kit was used to test PHD activity in K224R, K224Q, WT, and blank vec-

tortransfection cells. Compared to WT cells, PHD activity (optical density [OD] value at 450 nm) was significantly
enhanced in K224R cells, but decreased in K224Q cells (Figure 6A). The co-immunoprecipitation results
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(A) Heatmap of correlations between differential miRNAs and different cancers.
(B) Correlation analysis between up/downregulated top fifteen differential genes and different diseases.

(C) The miRNA in the green circle regulate NHE1 and the differential miRNA between IDH1 K224R and WT screened
by Agilent miRNA chips were in the blue circle. The Venn diagram shows that the miRNA shared by the two groups is

miR-9-5p.

(D) Correlation between miR-9-5p and immune cells around tumors in TCGA database.

showed that the hydroxylation level of Ago2 was clearly higher in K224R cells compared to the other cells

(Figure 6B).

Furthermore, the cycloheximide (CHX) chase assay was used to determine the effect of hydroxylation on
Ago?2 stability. The Ago2-FLAG plasmid was transfected into K224R and WT cells, and CHX was added
to inhibit the function of ribosomes at 3 h, 6 h, and 9 h after transfection. The Ago2 protein was enriched
by immunoprecipitation to observe its degradation rate. The results showed that Ago2 protein expression
at6 hand 9 hinIDH1 K224R cells was higher than that in WT cells (Figure 6C), indicating that the protein
stability of Ago2 increased and the half-life was prolonged in K224R cells. Since P700 was confirmed to be
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Figure 4. miR-9-5p down-regulates NHE1 in colon cancer cells

(A and B) Western blot and gRT-PCR showed that NHE1 was downregulated in colorectal cancer cells after transfection of
miR-9-5p.

(C and D) Transwell assay was performed to evaluate the invasion abilities of SW480 cells after transfection of miR-9-5p.
(E and F) Colony formation ability after transfection of miR-NC and miR-9-5p mimic.

(G) Mutation of IDH1 K224R and K224Q causes altered mRNA levels of NHE1 and miR-9-5p measured by RT-gPCR.

(H) Alternation of the medium pH value after transfection of miR-NC and miR-9-5p mimic.

the main hydroxylation site of Ago2, it was mutated to investigate the effect on the ubiquitination of Ago2;
ubiquitination is the main degradation pathway of Ago2 protein.”*?> As shown in Figure 6D, ubiquitination
of Ago2 was obviously enhanced after the hydroxylation of Ago2 was inhibited.

IDH1 K224 deacetylation impairs CRC growth and affects the expression of Ago2 and NHE1
in vivo

To gain further insights into the physiologic significance of IDH1 hypoacetylation on CRC progression, we
established a xenograft tumor model in nude mice injected with Vector, IDH1 WT, IDH1 K224Q, or IDH1
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Figure 5. The effect of IDH1 acetylation on miR-9-5p and NHE1

(A) The mRNA level of NHE1 were analyzed by RT-qPCR assay after transfected of miR-9-5p mimic and inhibtor.

(B) The sequence of NHE1 wild-type 3'UTR with predicted targeting site containing base complementarity with miR-9-5p
and NHE1 mutated 3'UTR.

(C) The fluorescence intensity was greatly decreased after co-expression of miR-9-5p and NHE1 reporter in wild type.
NHE1 promoter constructs containing a potential miR-9-5p binding motif.

(D) RIP assays for Ago2 and miR-9-5p binding. Antibodies anti-IgG and anti-Ago2 were used in the RIP assays. gRT-PCR
was performed to quantify the binding activity.

(E) Expression levels of IDH1 K224Ac in human CRC tumor and normal tissue specimens, assessed by
immunohistochemistry.
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Figure 5. Continued

(F) Mutation of IDH1 K224R and K224Q resulted in altered protein levels of NHE1 and Ago2 by western blot.

(G) IDH1 K224 deacetylation regulates cellular a-KG levels in cells. In HCT116 stable cells with IDH1 knockout and re-
expressing the indicated proteins, the a-KG levels in cells was measured in OD values at different time point.

(H) Expression levels of Ago2 and NHE1 with addition of a-KG in the cell medium.

(I-K) The expression of NHE1 mRNA and protein and the pH value of culture medium altered after adding a-KG to
different stable cell lines.

K224R HCT116 cells. Slower xenograft tumor growth was observed in the IDH1 K224R group (Figures 7A,
7B, and 7D) compared to the IDH1 WT or IDH1 K224Q group. These findings imply that IDH1 K224 deace-
tylation exerts a suppressive effect on CRC growth in vivo. Moreover, as shown in Figure 7C, we investi-
gated IDH1 K224 acetylation levels in xenograft tumor tissues. The Ago2 and NHE1 antibodies were
used to detect the expression levels of these two proteins in xenograft tumor tissues. The results showed
that Ago2 expression was significantly decreased in IDH1 K224Q group tissues compared to other group
tissues, while the expression of NHE1 showed the opposite pattern. These results suggest that the down-
regulation of IDH1 K224 acetylation could lead to Ago2 expression upregulation and NHE1 expression
downregulation. A schematic depiction of the proposed interaction mechanism is shown in Figure 7E.

DISCUSSION

The five-year survival rate for metastatic CRC is very low, even when combined with chemotherapy, molecular
targeting treatment, and radiotherapy.”**’ In particular, liver metastasis is a challenge in CRC treatment. How-
ever, the molecular mechanisms underlying the progression and liver metastasis of CRC have not been
completely elucidated. Protein lysine acetylation, specifically non-histone acetylation modification, is involved
in the occurrence and development of various tumors—especially in the invasion and metastasis of CRC.?*° In
previous studies, we identified a complete atlas of acetylome in CRC and paired liver metastases and demon-
strated that SIRT2 suppresses CRC cell progression and liver metastases by regulating IDH1 acetylation and its
enzymatic activity.>** In the present study, we present evidence suggesting that the substrate a-KG of IDH1
together with PHD regulates Ago2 expression. Furthermore, we propose that IDH1 regulates the extracellular
acidic microenvironment via the a-KG induced miR-9-5p/NHE1 signal pathway.

An acidic microenvironment can promote the occurrence and development of CRC. Active glycolysis pro-
duces many acidic products that create an acidic microenvironment with strong toxicity to adjacent normal
cells, which is conducive to tumor invasion of adjacent normal tissues. Therefore, the establishment of an
acidic microenvironment is an essential process of tumor metastasis.>’ Some studies have reported that
acidic medium treatment can significantly enhance the invasion and metastatic ability of CRC cells.** In
contrast, an acidic microenvironment around tumor cells can also cause tumor cell-cycle arrest, inhibit
cell proliferation, and induce apoptosis. Thus, the acidic microenvironment appears to have extensive
and complex effects on tumor cells, and inhibition of the acidic microenvironment can effectively interfere
with tumor progression.* Our results suggest that, within a certain range, the invasive ability of CRC cells
increases with a decreasing pH value of the cell culture medium.

a-KG is a potent antineoplastic metabolite which can drive tumor cell differentiation and antagonize ma-
lignant progression®® and in CRC it significantly restricts tumor growth and extend survival through atten-
uating Wnt signaling.”® While IDH1 is a key enzyme converting isocitrate to a-KG, which greatly affects the
TAC. When TAC is disturbed, pyruvic acid transforms to lactic acid, thereby contributing to an acidic intra-
cellular environment. IDH1 has been mainly studied in other cancers such as glioma® and acute myelog-
enous leukemia.®’ In contrast, the function of IDH1 in CRC remains unclear. Previously, we assessed IDH1 as
a PTM and its functions in CRC and revealed the critical role of IDH1 K224 acetylation in the promotion of
the a-KG/HIF1a/SRC signaling pathway in the metastasis process of CRC and elucidated the mechanism of
IDH1 acetylation regulation in primary CRC tissues and liver metastatic tissues. We analyzed the acetylation
features of IDH1 using the CPLM tool and found that acetylation on K224 was significant for IDH1. Also, in
the current study, IDH1 K224R led to increasing pH of CRC cell medium, demonstrating that IDH1 acety-
lation is involved in the regulation of the acidic microenvironment in CRC.

The ion transporters that maintain the abnormal pH gradient of tumor cells include the NHE, vacuolar pro-
ton pump (V-ATPase), Na*-dependent CI7/HCO;3;~ exchanger (NCBE), etc. Among them, NHE is the most
important for balancing and regulating the acidic microenvironment inside and outside cells and has
received the most in-depth research. Among the eight NHE subtypes, subtype 1 (NHE1) is the most widely
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Figure 6. The acetylation of IDH1 changes the stability of Ago2

(A) Mutation of IDH1 K224R and K224Q altered PHD catalytic activity.

(B) Ago2 hydroxylation level was enhanced with mutation of K224R. Flag-Ago2 was overexpressed in different acetylation
of IDH1 cells. Ago2 hydroxylation level was determined by western blot.

(C) Mutation of IDH1 K224R can extend the half-life of Ago2. Cycloheximide (CHX) was added to the medium at different
time point, and western blot was used to determine the Ago2. P53 was used as a positive reference.

(D) Mutations at the P700 site of Ago2 inhibited its hydroxylation and increased its own ubiquitination degradation.

expressed and plays a key role in the regulation of extracellular pH. The incidence of tumor events is signif-
icantly reduced in cells lacking NHE1 expression.*® Downregulation of NHE1 expression has been shown to
significantly inhibit the invasion and metastasis of various tumor cells, such as glioma,” pancreatic can-
cer,"? breast cancer,”’ gastric cancer,’” and CRC."® Our results suggest that IDH1 K224 acetylation may
downregulate the pH of the extracellular microenvironment via NHE1. In the TCGA database, NHE1
adversely affects patient survival in a variety of cancers, with the exception of colorectal cancer. We spec-
ulate that this may be related to the presence of a large number of NHE1 in the healthy human intestine due
to physiological factors,*® which masks its role in tumor promotion.

The generation of mature miRNA is completed by multiple splicing steps involving the actions of a variety
of enzymes: Firstly, primary miRNA (pri-miRNA) is generated by gene transcription, which is then processed
into precursor miRNA (pre-miRNA) with Drosha nuclease. The pre-miRNA is transferred to the cytoplasm
through transporters and generated into mature miRNA by the Dicer enzyme.** Mature miRNA and RISC
form a complex to regulate the mRNA expression of downstream genes. Ago2 is an essential part of the
RISC complex that regulates miRNA expression or production.'® Although Dicer is not necessary for the
generation of certain miRNAs, Ago2 is required.’® Ago2 stability is regulated by its own PTM, particularly
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Figure 7. IDH1 K224 deacetylation impairs CRC growth in vivo
(A) Pictures of the tumors after nude mice being sacrificed were shown in four subgroups.
(B) Tumor volumes of each group during the tumor growth process.

(C) Immunohistochemical analysis of IDH1 K224A, Ago2. NHE1 protein in representative xenograft model.
(D) Tumor weight measured from the xenograft model.

(E) A working model illustrating regulation of this study.

hydroxylation. Prolyl-4-hydroxylase is reported to interact with Ago2 and hydroxylates Ago2 at proline 700,
and mutation of proline 700 to alanine results in destabilization of Ago2."* Wu et al. demonstrated that hy-
droxylation of Ago2 increases the level of miRNAs and increases the endonuclease activity of Ago2.”> As
the mutation of proline to alanine at position 700 can also cause instability of Ago2, regulation of proline at
position 700 and hydroxylation of this residue influence its stability. This finding indicates that hydroxylation
as a PTM is important for the stability of Ago2 and effective RNA interference.'” The hydroxylation of Ago2
is required for its interaction with heat shock protein 90, and this interaction is necessary for the assembly of
miRNA into the RISC complex and its transfer to stress particles. Hydroxylation of Ago2 has been shown to
enhance the expression of miRNA and the endonuclease activity of Ago2."”

¢? CellPress

OPEN ACCESS

iScience 26, 107206, July 21, 2023 13




¢? CellPress

OPEN ACCESS

To further explore the mechanism by which IDH1 K224 acetylation regulates NHE1 through Ago2/miRNA
pathway, we used the microRNA microarray to evaluate miRNAs expression after hypoacetylation of IDH1
K224, and found that IDH1 acetylation affected the expression of Ago2 through the PHD enzyme and then regu-
lated miR-9-5p expression. Hydroxylation is an important PTM that plays important biological roles. PHD hydrox-
ylation of Ago2 is essential for its functional folding and stability, and further impairs downstream targets such as
miRNA regulation. Using microarray detection, we identified differential miRNAs in colon cancer cells with
different acetylation status of IDH1. Next, using bioinformatics methods, we confirmed that these miRNAs
were associated with various tumors. Focusing on miR-9-5p, which showed the most obvious changes, we deter-
mined that its target genes were related to oxygen levels via KEGG pathway enrichment. Overall, these findings
are consistent with our hypothesis. The change in IDH 1 activity leads to disorders of glucose metabolism, which
makes cells more likely to undergo glycolysis and produce acidic substances. Subsequent exploration in this
study revealed that miR-9-5p is associated with various types of T cells, which is likely due to changes in the acidic
microenvironment outside of tumor cells. The change in pH of the microenvironment may result in changes in the
proliferation ofimmune cells diffused there. However, further experiments are needed to verify these hypotheses.

In addition, we demonstrated that NHE1 3'UTR is targeted by miR-9-5p. Recent reports have shown that
miR-9-5p mediates cell invasion, metastasis, proliferation, and apoptosis by targeting different mRNAs
such as TM4SF1 and UHRF1.%"* Further studies have shown that the promotion of CRC caused by acet-
ylation of IDH1 can be counteracted by exogenous ketoglutarate and also alter the pH value of culture me-
dium. Interestingly, we also found that changes in NHE1 expression caused by changes in IDH1 acetylation
levels may also be related to lymphocyte infiltration in the tumor immune microenvironment, which of
course needs further experimental verification.

Taken together, the results of this study have demonstrated an important mechanism of IDH1 regulation of
the extracellular acidic microenvironment. NHE1, as a key acid-base transporter, can be regulated by IDH1
K224 acetylation through the miR-9-5p/Ago2 complex in CRC. a-KG, as a catalyst of IDH1, may stabilize
Ago?2 protein expression by enhancing hydroxylation and reducing ubiquitination. These findings suggest
a potential strategy for CRC therapy by targeting IDH1 K224 or the Ago2/miR-9-5p/NHE1 axis.
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Antibodies

Rabbit Polyclonal Anti-IDH1 Abcam Cat # ab172964
Rabbit Polyclonal Anti-Ago2 Abcam Cat # ab186733
Rabbit Polyclonal Anti-NHE1 Abcam Cat # ab67314
Anti-IDH1 K224Ac antibody PTM Biolabs Inc. N/A
Hydroxyproline Antibody Cell Signaling Technology Cat # 73812
Rabbit Polyclonal Anti-GAPDH Cell Signaling Technology Cat # ab172964
Bacterial and virus strains

si-NC (5’ to 3'): ACGUGACACGUUCGGAGAATT GenePharma N/A

si-NHE1 (5’ to 3'): AGAUAGUGGGGAUCACAUGGA GenePharma N/A

Biological samples

CRC tissue microarray Peking University People’s Hospital N/A

Chemicals, peptides, and recombinant proteins

TRIzol Invitrogen Cat # 15596026
RIPA Lysis Buffer Applygen Cat #C1053-100
RNase R Lucigen Cat # RNR07250
Lipofectamine 3000 Invitrogen Cat #1.3000001
Matrigel Matrix Corning Cat # 356234
Critical commercial assays
1st Strand cDNA Synthesis SuperMix for gPCR Yeasen Cat # 11141ES10
gPCR SYBR Green Master Mix Yeasen Cat # 11199ESO3
KOD Plus Mutagenesis Kit TOYOBO Cat # SMK-101
Cell Counting Kit-8 (CCK8) Sigma Cat # 96992
BCA Protein Assay Kit Kangwei Century Co. Cat # CW0014
Pierce ECL Western Thermo Fisher Cat # 32106
Dual-Luciferase® Reporter (DLR™) Assay System Promega Cat #E1910
Deposited data
miRNA microarray data This paper N/A
Experimental models: Cell lines
SW480 American Type Culture Collection Cat # CCL-228
HCT116 American Type Culture Collection Cat # CCL-247
Experimental models: Organisms/strains
BALB/c nude mice Vital N/A

River Laboratories
Oligonucleotides
NHE1 forward: 5-GGGGAGGGACTGCTGAC-3' This paper N/A
NHE1 reverse: 5-AGGACAGGTTGGGTGGTG-3' This paper N/A
NBC1 forward: 5-CACAATCTCTAGGGTAAGCCA-3' This paper N/A
NBC1 reverse: 5'-GTCTCTTCTCCCTCAATCTCC-3' This paper N/A
ATP4B forward: 5'-CAGGAGGACAGCATCAACT-3/ This paper N/A
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ATP4B reverse: 5'-CGTGAACTTGCAGGAGAAC-3' This paper N/A

Ago2 forward: 5'-CAGTGCGTGCAGATGAAG-3' This paper N/A

Ago2 reverse: 5'-GGCAGCAGGATGTTGTTC-3' This paper N/A

Software and algorithms

ImageJ NIH N/A

GraphPad Prism 8 GraphPad N/A

The R Project for Statistical Computing Datagurn N/A

Other

Fetal bovine serum Gibco Cat # 16000-044
Dulbecco’s Modified Eagle Medium (DMEM) Gibco Cat # 12491015
Penicillin Sigma-Aldrich Cat # 52-67-5
Streptomycin Sigma-Aldrich Cat # SBR00068
RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources and reagents should be directed to and will be fulfilled by
the lead contact, Zhanlong Shen (shenzhanlong@pkuph.edu.cn)

Materials availability

The study did not generate new unique reagents.

Data and code availability

® The Cancer Genome Atlas (TCGA) (https://cancergenome.nih.gov/) databases were employed for
retrieving all original data.

® The Human Protein Atlas (HPA) (https://www.proteinatlas.org/) was then utilized for confirming the de-
gree of IDH1 immunohistochemical staining in CRC tissues.

® R 3.1.2 was employed for integrating the original information and validating the outcomes of the website
database analysis. Entire utilized internet web tools were presented below, and employing the
"ggplot2” R package, the box diagrams were drawn.

® This paper does not report original code.

® Any additional information required to reanalyze the data reported in this paper is available from the
lead contact upon request.

EXPERIMENTAL MODELS AND SUBJECT DETAILS

Patients and CRC tissue specimenss

Tissue microarrays were obtained from the surgical oncology laboratory of Peking University People’s Hos-
pital. Written informed consent was provided by all patients before sample collection. The local Research
Ethics Committee of Peking University People’s Hospital approved this study.

Cell culture

The human CRC cell lines SW480 and HCT116 were purchased from the American Type Culture Collection
(ATCC). All cells were cultured at 37°C in a humidified environment containing 5% CO2 in Dulbecco’s
modified eagle medium (DMEM) and supplemented with 10% fetal bovine serum (FBS, Gibco), 100 U/ml
penicillin (Sigma-Aldrich), and 100 pg/mL streptomycin (Sigma-Aldrich). All cell lines were tested for myco-
plasma contamination and authenticated by short tandem repeat profiling.

18 iScience 26, 107206, July 21, 2023


mailto:shenzhanlong@pkuph.edu.cn
https://cancergenome.nih.gov/
https://www.proteinatlas.org/

iScience

Animal models

All experimental procedures were approved by the Animal Care Committee of the Peking University Peo-
ple’s Hospital. BALB/c nude mice (6 weeks old, purchased from Beijing Vital River Laboratories, China) were
housed in an environment with temperature of 22 + 1°C, relative humidity of 50 + 1%, and a light/dark
cycle of 12/12 h. All animal studies (including the mice euthanasia procedure) were done in compliance
with the regulations and guidelines of Peking University People’s Hospital institutional animal care and
conducted according to the AAALAC and the IACUC guidelines.

METHOD DETAILS

MicroRNAs microarray analysis

For miRNA microarray analysis, total RNAs were extracted from the CRC cells transfected with WT IDH1
plasmid and IDH1 K224R plasmid. Sample preparation and microarray hybridization were performed ac-
cording to Arraystar standard protocols. The Agilent feature extraction program was used to examine
the acquired array images.

Bioinformatics analysis of miRNA

The TAM2.0 website (http://www.lirmed.com/tam2/), which is a powerful tool for miRNA analysis, was used
to further explore the differential miRNAs detected by our microarray. To use this tool, we entered the com-
parison program and copy and pasted the list of upregulated and downregulated miRNAs into “Step1”
and "Step2”, respectively, with the other parameters unchanged. We then submitted the request by click-
ing the “Run” button to obtain a function heat map and bar graph of the upregulated and downregulated
miRNAs. To analyze the immune cell correlations of miRNAs in CRC with tumor tissue infiltration, we used R
version 4.1.2. The GSVA package was used to analyze the miRNAseq data of level 3 BCGSC miRNA
profilingin TCGA’s COADREAD project. The miRNAseq data in the RPM (Reads per Million mapped reads)
format was log2 transformed. The markers of the 24 immune cells used for analysis were obtained from an
article published in Immunity. For the target gene function enrichment analysis of miR-9-5p, we used the
CancerMIRNome database (http://bioinfo.jialab-ucr.org/CancerMIRNome/).

miRNA target prediction

miRNA sequences and family information were obtained from the TargetScan 7.2 website (http://www.
targetscan.org/). To predict microRNAs regulating NHE1 (gene name SLC9A1) in humans, we entered
the human gene symbol “SLC9A1" in the website search bar. The predicted results comprised 865 micro-
RNA including miR-9-5p. The miR-9-5p target was also identified by TargetScan 7.2. The predicted target
sites of NHE1 on 3'UTR were obtained from the TargetScan website.

Dual-luciferase reporter assay

HCT116 cells were seeded at a density of 2 x 105 cells per six-well dish. Wild type (WT) or mutant
NHE1 3'UTR containing the miR-9-5p binding sequences was synthesized and cloned into the pGL3-Basic
Vector (Promega, Beijing, China). The HCT116 cells were co-transfected with constructed vector and miR-
9-5p mimics or miRNA NC using Lipofectamine2000. Next, 48 h after transfection, luciferase activity was
assessed using the Dual-Luciferase reporter assay kit (Promega, Beijing, China) and normalized for
analysis.

RNA immunoprecipitation (RIP) assay

The RIP assay was performed using a RIP kit (Millipore, Billerica, MA, USA). 1 x 107 HCT116 cells were lysed
with lysis buffer and magnetic beads (Thermo Fisher, USA) were conjugated to the anti-Ago2 antibody or
1gG antibody. Immunoglobulin G was used as a negative control. After digestion with protease K to remove
the protein components, the RNA was extracted using TRIzol (Invitrogen, USA). The RNAs were heated at
92°C for 2 min (to remove the secondary structure) and incubated with Ago2 or IgG in RIP buffer (150 mM
KCI, 25mM Tris pH7.4,0.5mM DTT, 0.5% NP40, 1 mM PMSF) and protease inhibitor (Roche Complete Pro-
tease Inhibitor Cocktail Tablets) for 3h at 4°C. The gRT-PCR assay was then used to measure the expression
of miR-9-5p as described above.
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siRNA synthesis and cell transfection

Two human siRNA sequences were designed against NHE1 and synthesized by Shanghai GenePharma Co.,
Ltd. (Shanghai, China). The siRNAs were transfected into cells using Lipofectamine 3000 (Thermo Fisher
Scientific) for 48 h and then incubated in DMEM with 10% FBS for 48 h.

The cDNA of IDH1 and Ago2 was amplified and cloned into the pcDNA3.1 vector. The IDH1-mutant con-
structs were generated using a KOD Plus Mutagenesis Kit (TOYOBO). All expression constructs were veri-
fied by Sanger sequencing.

pH measurement

The cell suspension in serum-free culture medium was collected into a centrifuge tube and centrifuged at
10,000 rpm for 10 min. The extracellular pH of the cells was measured by monitoring culture medium pH
changes using a pH microelectrode (Sl Analytics, Mainz, Germany). We report the average pH + standard
deviation (SD) measured for all samples.

Protein extraction and western blot analysis

Total protein was extracted with lysis buffer. The protein concentration was determined by the BCA
method (Kangwei Century Co., Ltd., Beijing, China). Lysates were denatured with sodium dodecyl sulfate
(SDS) sample loading buffer at 95°C for 5 min, separated on 8%—12% polyacrylamide gel, and then trans-
ferred to nitrocellulose blotting (NC) membranes (Millipore, Massachusetts, USA). The membranes were
blocked with 5% non-fat milk powder in TBST buffer for 45 min at room temperature, incubated overnight
at 4°C with primary antibodies, and then incubated with conjugated secondary antibody for 90 min at room
temperature. The band signals were visualized using enhanced chemiluminescence (ECL; Pierce, Rockford,
IL) and subsequently exposed to a ChemiDocTM XRSC System (Bio-Rad, California, USA).

qRT-PCR analysis

Total RNA was extracted using TRIzol reagent (Invitrogen, United States) according to the manufacturer’s
instructions. Subsequently, 1 pg of total RNA was converted to cDNA using the 1st Strand cDNA Synthesis
Super Mix for gPCR Kit (Yeasen, China). Quantitation of NHE1, NBC1, ATP4B, Ago2 mRNA, and miR-9-5p
was performed by real-time fluorescence detection. PCR was performed using gPCR SYBR Green Master
Mix (Low Rox Plus) Kit (Yeasen, China). Real-time detection of emission intensity of SYBR green bound to
double-stranded DNA was performed using the ABI PRISM 7500 Sequence Detection System (Applied Bio-
systems). GAPDH PCR products were amplified from the same RNA samples and served as an internal
control.

Co-immunoprecipitation

Harvested cells were lysed in BC100 buffer (20 mmol/L Tris-HCI (pH 7.9), 100 mmol/L NaCl, 0.2% NP-40, and
20% glycerol) containing protease inhibitor cocktail (Selleck), 1 mmol/L dithiothreitol, and 1 mmol/L phe-
nylmethyl sulfonyl fluoride. Whole lysates were treated with DNase | for 1 h and then incubated with 2 pg of
mouse anti-Flag or rabbit anti-HA. Briefly, bound proteins were eluted with loading buffer and the elution
was analyzed by Western blot analysis with the Ago2 or hydroxyl antibody.

Protein stability and hydroxylation experiment

Cycloheximide (CHX), which is a protein synthesis inhibitor, acts on the large subunit of the eukaryotic ribo-
some, inhibits transpeptidase, blocks peptide chain extension, and further inhibits protein synthesis.
Approximately 30 h after transfection, CHX (HY12320; MedChemExpress) was added to the CRC cell cul-
ture medium at a concentration of 100 png/mL and the total protein was extracted for Western blot analysis.
To eliminate any effects due to protein ubiquitination degradation, we used MG132, a proteasome inhib-
itor, to inhibit protein degradation in a proteasome dependent manner. Approximately 48 h after transfec-
tion, 5 uM MG132 (HY12359; MedChemExpress) was added to the CRC cell culture medium and the same
amount of dimethyl sulfoxide (DMSO) was added to the control group. Eleven h after this treatment, the
total protein was extracted for Western blot analysis. We used the immunoprecipitation (IP) method to
enrich the protein and the hydroxylation antibody to detect alterations in the hydroxylation modification
level of Ago?2 in the different cell lines.
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Cell proliferation assays

To measure cell proliferation, we seeded 1500 cells per well in a 96-well plate. After 24 hours, we measured
cell viability using the CCK8 reagent, which we considered day 0. We continued to analyze cell viability
every 24 hours and normalized the absorbance to that measured on day 0. We graphed the fold change
in cell growth from day O to day 4.

Wound healing and invasion assays

HCT116 and SW480 cells transfected with si-NHE1 and si-NC were seeded in six-well plates until about 90%
cell confluence was reached. Subsequently, a vertical wound was scratched in the middle of the wells using
a 200 plL microtip. Images were captured at 0, 18, and 36 h to assess wound closure. The cell invasion assay
was performed in a Transwell chamber with 8 um pores (Product #3422, Corning Costar Corp., United
States). Cells (8 x 104) were prepared in the same way as above in serum-free media and seeded into
the upper chamber and media containing 30% FBS was placed in the lower chamber as a chemoattractant
for the invasion assays (with Matrigel, Sigma). After 48 h of incubation, the membranes were fixed with 4%
paraformaldehyde and stained with 0.1% crystal violet for microscopic analysis.

Plasmid mutation

Lysine (K) is positively charged, and acetylation neutralizes the charge. After point mutation of K to gluta-
mine (Q), Q is electrically neutral, which is equivalent to complete acetylation. Conversely, when K is
mutated to arginine (R), R is electropositive, which is equivalent to not being acetylated. We mutated all
the candidate acetylated lysine sites of IDH1 (from UniProt database) to arginine (R) which mimicked the
deacetylated states of protein. To investigate the mechanism by which K224 acetylation might affect IDH1

activity, we recombinantly expressed and purified human wild-type IDH1 and the K224R and K224Q mu-
tants from E. coli.

QUANTIFICATION AND STATISTICAL ANALYSIS

Results are expressed as the mean + SD. Differences between two groups were analyzed using Student’s t
test. One-way analysis of variance (ANOVA) was used to compare three or more groups, while two-way
ANOVA was used to compare differences between groups that were split by two independent categorical
variables. All statistical tests were two-sided and p < 0.05 was considered statistically significant. Statistical
analyses were performed using SPSS 20.0 software (SPSS, Chicago, IL, USA). Statistical significance is de-
noted as follows: *p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001, while a lack of significance is rep-
resented by ""ns" for p > 0.05.
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