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SUMMARY

Colorectal cancer is one of the most serious tumors and berberine can inhibit the
recurrence and transformation of colorectal adenoma into colorectal cancer.
However, the direct binding target proteins of berberine in inhibiting colorectal
cancer remain unclear. In this study, the chemical proteomics method was used
and demonstrated that berberine is directly bound to pyruvate kinase isozyme
type M2 (PKM2) in colorectal cancer cells. The triangular N-O-O triangular struc-
ture of berberine contributed to hydrophobic interaction with 1119 amino acid
residues and w- interaction with F244 amino acid residues of PKM2 protein.
Moreover, berberine was shown to inhibit the reprogramming of glucose meta-
bolism and the phosphorylation of STAT3, down regulate the expression of
Bcl-2 and Cyclin D1 genes, ultimately inhibiting the progression of colorectal can-
cer. This study uncovered the direct binding target protein and mechanism of
berberine to improve metabolic reprogramming in colorectal cancer, which is
helpful to guide the optimization of berberine.

INTRODUCTION

Colorectal cancer is currently the third most prevalent malignancy and second most deadly cancer world-
wide (Bray et al., 2018). The outcome is still unsatisfactory despite using various treatments such as surgery,
chemotherapy, and radiotherapy. Drug research has mainly focused on preventing the occurrence of colo-
rectal cancer in high-risk populations and recurrence in post-operative patients, and improving outcomes
in patients with advanced disease. Given the side effect profile and limitations in improving the prognosis
of existing treatments, there remains an unmet medical need for alternative options, such as medicinal
plants, in the treatment of colorectal cancer.

Berberine, a quaternary ionic isoquinoline alkaloid (Figure 1A), is the main active ingredient of the medic-
inal plants Huang Lian and Huang Bai and has antibacterial, diarrheal, hypolipidemic, and hypoglycemic
effects (Chen et al., 2015; Zhang et al., 2008; Kong et al., 2004). In recent years, Lancet Gastroenterol
Hepatol has reported that berberine could reduce colorectal adenoma recurrence and inhibit colorectal
carcinogenesis for the chemoprevention of colorectal adenoma and intestinal cancer (Chen et al,,
2020b; Kwon and Chan, 2020).

The molecular mechanisms of berberine have been initially explored in several studies, involving the inhi-
bition of the expression of the oncogenes C-MYC and hypoxia-inducible factor HIF-1 in colorectal cancer
cells (Mao et al., 2018), reduction of the transcription of the glucose uptake and glucose metabolism genes
GLUT1, LDHA and HK2 (Wu et al., 2018), activation of AMPK signaling to inhibit the expression of cycloox-
ygenase (COX-2) (Li et al.,, 2015), inhibition of GTPase ERAL1 and mitochondrial ribosomal proteins
including MRPL11, 15, 30, 37, 40, and 52 in colorectal cancer cells (Li et al., 2021a). In addition, berberine
could stabilize the structure of the human telomeric g-quadruplexes and exert anti-tumor activity (Bessi
et al., 2012). Su et al. found that berberine bound to vasodilator-stimulated phosphoproteins, induced
changes in their secondary structure and inhibited actin polymerization (Su et al., 2016). Yi et al. reported
that berberine directly bound to actin and inhibited the migration of mouse mononuclear macrophage leu-
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Figure 1. Berberine inhibits colorectal cancer with improved metabolism

(A) Chemical structure of Berberine.

(B) Berberine inhibits the proliferation of HT29 cells.

(C) Berberine inhibits lactate production in HT29 cells.

(D-J) Berberine inhibits tumor growth in HT29 cell-bearing mice intraperitoneally injected with berberine (5 or 10 mg/kg
body weight) for 28 days, including (D) Tumor pictures; (E) Tumor volume; (F) Tumor weight; (G) Representative FDG
PET/CT images; (H) SUV of FDG in tumor indicating glucose uptake; () Tumor pyruvate production. (J) Tumor lactate
production. The data are shown as the mean + SD of three independent experiments. Statistics differences were
analyzed by one-way ANOVA followed by Dunnett’s post-hoc test. *p < 0.05, **p < 0.01.

investigated in previous studies are not sufficient to elucidate the role of berberine in improving the meta-
bolic reprogramming of colorectal cancer.

As an important technical tool in chemical biology research, chemical proteomics has become a new model
for studying the mechanism of action of natural drug components, which is useful for facilitating the devel-
opment of natural drug chemistry into new drugs. The general process of chemical proteomics involves the
incubation of chemical probes or compound matrices with protein extracts, protein separations using af-
finity chromatography, identification by highly sensitive mass spectrometry (MS), followed by bioinformat-
ics analysis. When a drug molecule is found to have a therapeutic effect but it is not clear which protein it
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Figure 2. Chemoproteomic identification of direct binding target proteins of berberine in colorectal cancer cells

(A) Synthesis pathway diagram of biotinylated berberine.

(B) Flow chart of chemical proteomics study.

(C) Top six of pathway enrichment through bioinformatics analyses. The data are shown from three independent experiments.

acts on, chemical proteomics is used to “catch” the target protein out of thousands of proteins
(Chen et al., 2020a).

PKM2 plays an important role in tumor and inflammation-related diseases (Li et al., 2018). In this study, a
chemical proteomics approach was used to identify PKM2, the direct target protein of berberine in colo-
rectal cancer cells. Combining computational chemistry and molecular biological technique, it was re-
vealed that the key sites of PKM2 binding by berberine were 1119 and F244. The binding of berberine to
PKM2 resulted in an increase in the ubiquitination and degradation of PKM2. Moreover, berberine was
shown to inhibit the reprogramming of glucose metabolism and the phosphorylation of STAT3, down-
regulate the expression of Bcl-2 and Cyclin D1 genes, inhibit cell proliferation and promote apoptosis, ul-
timately inhibiting the progression of colorectal cancer.

RESULTS

Berberine inhibited the progression of colorectal cancer and improved the metabolic
function of colorectal cancer cells

In vitro, berberine inhibited the proliferation of colorectal cancer cells HT29 and HCT116 with ECsq of
4.62 uM and 9.39 uM, respectively (Figures 1B and S1A). Further assays showed that berberine inhibited
lactate production (Figure 1C), promoted apoptosis (Figures S1B and S1C), and blocked the cell cycle in
the GO-G1 phase (Figures S2A and S2B). In vivo experiments showed that tumor growth was inhibited
in HT29 cell-bearing mice injected intraperitoneally with berberine (5 or 10 mg/kg body weight)
(Figures 1D-1F). 2-Deoxy-2-[F-18]fluoro-D-glucose positron emission tomography/computed tomo-
graphy (FDG PET/CT) is used for the tumor diagnosis and evaluation of glucose metabolism
(Facchin et al., 2020). The results showed a significant reduction in tumor size and standard uptake
value (SUV) of FDG in HT29 cell-bearing mice (Figures 1G and 1H). Pyruvate and lactate production
were also inhibited (Figures 11 and 1J). These in vitro and in vivo observations indicated that berberine
inhibited the progression of colorectal cancer and improved the metabolic function of colorectal cancer
cells.

Chemical proteomics identified the direct binding protein of berberine

As the direct binding target proteins of berberine involved in the metabolic reprogramming of colorectal
cancer cells and the progression of colorectal cancer have not been reported, the chemical proteomic
technique was used to explore the direct binding target proteins of berberine to inhibit the metabolic re-
programming of colorectal cancer cells. Firstly, biotinylated berberine (biotin-aminocaproic acid-
berberine ester) was synthesized, and the synthesis flow chart is shown in Figure 2A.

Biotinylated berberine was characterized by MS (Figure S3), hydrogen spectroscopy (Figure S4), and car-
bon spectroscopy (Figure S5). The structural information of biotinylated berberine was obtained by
NMR and mass spectra:wH NMR (400 MHz, DMSO-d6) & 10.02 (s, 1TH), 9.06 (s, 1H), 8.28 (d, J = 9.4, 1H),
821 (d, J=92,1H),7.93 (t, J = 5.6, TH), 7.81 (s, 1H), 7.09 (s, TH), 6.43 (s, TH), 6.38 (s, 1H), 6.17 (s, 2H),
498 (t, J=6.1,2H),4.29 (dd, J =7.6,5.1, 1H), 4.12 (m, 1H), 4.03 (s, 3H), 3.22 (t, J = 5.9, 2H), 3.08 (dq, J =
12.3, 6.3, 3H), 2.88 (dd, J = 8.8, 5.8, 2H), 2.80 (dd, J = 12.4, 5.1, 1H), 2.57 (d, J = 12.4, 1H), 2.07 (t, J = 7.3,
2H), 1.74 (t, J = 7.2, 2H), and 1.65-1.2 (m, 12H). "3C NMR (400 MHz, DMSO-d6) 3 171.96, 170.66, 162.75,
150.39, 149.98, 147.72, 144.49, 138.08, 133.59, 132.93, 130.87, 126.70, 125.87, 121.19, 120.62, 120.39,
108.45, 105.57, 102.15, 61.07, 59.23, 57.23, 55.47, 55.23, 39.86, 38.26, 35.25, 33.19, 28.92, 28.26, 28.08,
26.20, 25.79, 25.38, and 23.99. ESI-MS (methanol), m/z calcd for (C35H41N4O;S™Cl~, [M=CI]"), 661.27;
found, 661.42.

The anti-tumor activity of biotinylated berberine was examined as part of the chemoproteomics study
and biotinylated berberine showed an inhibitory effect on colorectal cancer cell HT29 with ECso of
3.47 uM which was similar to berberine (Figure S6é), supporting biotinylated berberine as a chemoproteo-
mics tool.
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Figure 3. Berberine interacts directly with PKM2

(A-D) Effect of berberine on the proliferation of HT29 cells after knockdown of metabolic pathway proteins H6PD, PKM2, MBP-1, or GAPDH.

(E-H) The effect of berberine on the lactate production of HT29 cells after knockdown of metabolic pathway proteins H6PD, PKM2, MBP-1, or GAPDH.
(1) Thermal migration method to detect the interaction of berberine with PKM2 in HT29 cell (n = 3).

(J) Determination of berberine bound with PKM2 of HT29 cells co-incubated with vehicle or berberine (5 uM) for 30 min.

(K) Co-localization of PKM2 and biotinylated berberine was detected by Immunofluorescence after HT29 cells were incubated with biotinylated berberine for
30 min. Scale bar, 10 um. The data are shown as the mean + SD of three independent experiments. Statistics differences were analyzed by one-way ANOVA
followed by Dunnett’s post-hoc test. *p < 0.05, **p < 0.01.

Based on the chemoproteomics study outlined in the flow chart (Figures 2B), 52 possible direct binding
target proteins were detected (Table S1). Through bioinformatics analysis, four proteins were identified
to be associated with metabolic reprogramming, namely H6PD, PKM2, MBP-1, and GAPDH (Figure 2C).

Berberine inhibited colorectal cancer progression by direct targeting PKM2

Berberine inhibited significantly the proliferation and lactate production of colorectal cancer cells when
H6PD, MBP-1, or GAPDH was knocked down (Figures 3A, 3C, 3D, 3E, 3G, and 3H). The inhibitory effect
of berberine on the proliferation and lactate production of colorectal cancer cells was found to be signif-
icantly attenuated or disappeared when PKM2 was knocked down (Figures 3B and 3F). These results indi-
cate that berberine can directly bind PKM2 to produce pharmacological effects. MS/MS spectra shown in
Figures S7 and S8 demonstrated the trypsin-digested peptide fragments belong to PKM2 confirmed by
further library search, which indicates that berberine binds directly to PKM2 in HT29 cells.

Thermal transfer assay is a biophysical technique for the direct study of ligands that bind proteins in cells
and tissues. The cellular thermal migration analysis further confirmed the presence of direct binding of
berberine to PKM2 in HT29 cells (Figure 3l).

The immunoprecipitated PKM2 was further analyzed by liquid chromatography-mass spectrometry (LC-MS)
to determine the binding of berberine to PKM2 based on our previous detection methods (Dai et al., 2018a).
The chromatograms of the control and berberine groups are shown in Figure 3J. The secondary mass
spectra of berberine are shownin Figure S9A, the chromatogram of the blank sample is shown in Figure S9B,
and the chromatogram of the berberine standard is shown in Figure S9C. (Green is the berberine detection
channel andred is the internal standard detection channel. According to the guidelines for the bioanalytical
method recommended by US Food and Drug Administration (US Food and Drug Administration, 2013), the
interference was considered acceptable if the peak area counts of analytes and IS were not more than 20%
for analytes, and 5% for IS, compared to the area counts in the berberine sample. For this detection, the
chromatogram of the blank sample and control group exhibit insignificant interference which was far less
than 20%. Therefore, the interference peak did not affect the accuracy and precision).

Immunofluorescence detection showed the co-localization of biotinylated berberine (green) with PKM2
(red) expression (Figure 3K).

Mechanism of interaction of berberine with PKM2 in inhibiting colorectal cancer

HT29 cells were used for the in vitro detection of the activity, protein, and gene levels of PKM2 in the pres-
ence of berberine. Berberine inhibited PKM2 activity (Figure S9D) and its protein level (Figure 4A), but did
not affect its MRNA (Figure 4C). The protein (Figure 4A) and mRNA (Figure 4D) levels were unaffected for
PKM1.

Considering that berberine directly down-regulated the expression of PKM2 protein, we speculated that
berberine affected the stability of PKM2 through the level of post-translational modification of the protein.
We examined the effect of berberine on PKM2 ubiquitination. The low levels of PKM2 ubiquitination were
detected in the blank control group, indicating a systemic equilibrium process between the synthesis and
ubiquitination degradation of PKM2 in tumor cells. In contrast, berberine increased ubiquitination
(Figure 4B).

In contrast to PKM2 inhibition, berberine showed no effect on the expression of ubiquitin ligase Stub1 (spe-
cific ubiquitin ligase for the degradation of PKM2 (Shang et al., 2017) by the immunoconfocal technique
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Figure 4. Direct binding of berberine to PKM2 promotes ubiquitination to inhibit the pathway in colorectal
cancer

(A) The effect of berberine on PKM2, PKM1, Bcl-2, Cyclin D1 expression in HT29 cells was studied using Western blot
analysis.

(B) Berberine promotes PKM2 ubiquitination.

(C) PKM2 mRNA levels (n = 6).

(D) PKM1 mRNA levels (n = 6).

(E) Bcl-2 mRNA levels (n = 6).

(F) Cyclin D1 mRNA levels (n = 6).

(G) The effect of Sh PKM2 on Bcl-2, Cyclin D1, and STAT3 phosphorylation in HT29 cells was studied using Western blot
analysis. The data are shown as the mean + SD of three independent experiments. Statistics differences were analyzed by
unpaired t test. *p < 0.05, **p < 0.01.

(Figure S9E), suggesting that berberine may promote the ubiquitination of PKM2 by directly targeting
PKM2 and changing its spatial structure.

In addition, berberine caused decreases in protein (Figure 4A) and mRNA (Figures 4E and 4F) levels of Bcl-2

and Cyclin D1, accompanied by an increase in apoptosis, and cell-cycle arrest at the GO-G1 phase and in-
hibition of proliferation.
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Figure 5. Structural model study of berberine-PKM2 binding
(A) Spatial conformation of berberine-PKM2 binding.
(B) Effect of berberine on cell proliferation after the knockdown or mutation of the PKM2 amino acid site (n = 6).
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Figure 5. Continued

(C) Effect of berberine on lactate production after the knockdown or mutation of the PKM2 amino acid site (n = 6).

(D) Effect of berberine on the expression of PKM2 and p-STAT3 in HT29 cells after the knockdown or mutation of the PKM2 amino acid site.

(E) Effect of berberine on the ubiquitination of PKM2 after the knockdown or mutation of the PKM2 amino acid site. The data are shown as the mean + SD of
three independent experiments. Statistics differences were analyzed by unpaired t test. *p < 0.05, **p < 0.01.

PKM2 is not only a glycolytic enzyme but also an active protein kinase that phosphorylates oncogene
signal transduction and transcriptional activator 3 (STAT3) at the Y705 site and promotes cancer cell
proliferation (Gao et al., 2012; Christofk et al., 2008). PKM2 gene silencing inhibited the phosphoryla-
tion of STAT3, which in turn inhibited the expression of downstream factors Bcl-2 and Cyclin D1
(Figure 4G).

Structural modeling and simulation of berberine-PKM2 binding

Based on the sequence of the protein (3grd) given by RCSB PDB (http://www.rcsb.org/), the structure of
3grd was developed by homology modeling with 4jpg as a template on the SWISS-MODEL server (Water-
house et al., 2018). The initial coordinate of berberine was retrieved from the TCMSP database (Ru et al.,
2014) and was optimized by Avogadro 1.2.0 (http://avogadro.cc/).

Both rigid and flexible dockings were carried out on 3gr4 using AutoDock Vina software with a default
configuration setting (https://vina.scripps.edu/tutorial/) (Trott and Olson, 2010). The flexible docking
studies show that berberine is docked to the residue N210 of 3gr4 in all the 20 best-scoring binding modes
with binding affinity from —6.7 to —8.0 kcal/mol (Table S2). The structure of the binding mode was selected
as the initial complex for MD simulations (Figure S10A).

Distance analysis along the 80ns MD trajectory was carried out to visualize the time evolution of the relevant
distance between the berberine and its nearest amino acids with both the ff99sb and ff14sb force field. An
emphasis was laid on protein residues that are within 4 A of the berberine at the start or end of the trajec-
tory. The evolution of the distances between 1119, V209, N210, V216, F244 with respect to berberine mole-
cule with time was recorded separately. V209, N210, and V216 appeared to move away, and fluctuations
around 4 A of F244 and 1119 indicate their stable interactions with berberine molecule (Figures S10B
and S10C). The extension of MD duration just caused slight changes in both the RMSD (Figure S10D)
and potential energies (Figure ST0E).

The inner oxygen ring and N atomic ring on the berberine molecule interacted with F244 amino acid res-
idue via 7t~ interaction and with the 1119 amino acid residue of PKM2 via hydrophobicinteraction, forming
an overall structure similar to a sandwich (Figure 5A). A 2D format of docking interactions predicted by MD
simulations was presented in Sl (Figure S10F) (Laskowski and Swindells, 2011).

The binding free energy calculation with Molecular Mechanics/Poisson-Boltzmann Area (MM/PBSA) based
on amino acid site-mutation revealed that the “sandwich” structure was disrupted by mutating F244
(phenylalanine) to alanine (F244A) or 1119 (isoleucine) to serine (1119S) (Figure S11A, S11B, and
Table S3). These results suggest that F244 and 1119 may be the key amino acid sites of interaction between
berberine and PKM2.

The knockdown and overexpression experiments were used to verify the role of PKM2. As expected, the
inhibitory effect of berberine on the survival of HT29 cells disappeared after the knockdown of PKM2. How-
ever, the effect was restored after the overexpression of the homologous PKM2. Even after overexpression
of the two PKM2 mutants F244A or 11195 in HT29 cells, respectively, the inhibitory effects of berberine on
the survival of colorectal cancer cells were not observed (Figure 5B). The same trends were seen for lactate
production (Figure 5C).

In addition, PKM2 knockdown significantly decreased PKM2 expression and STAT3 phosphorylation, while
both homologous PKM2 overexpression and overexpression of PKM2 with mutant F244A or 1119S signifi-
cantly increased STAT3 phosphorylation level. Berberine inhibited PKM2 expression and STAT3 phosphor-
ylation in the wild-type and homologous mutant strains of HT29 cells, but not in the two strains with mutant
F244A or 1119S (Figure 5D).
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Figure 6. CDX models to validate berberine-PKM2 binding site inhibition in colorectal cancer cell HT29

Nude mice were inoculated with Sh/OE PKM2 (homologous mutation) HT29 cells, Sh/OE PKM2 (F244A) HT29 cells, or Sh/OE PKM2 (1199S) HT29 cells to
construct xenograft mouse models and intraperitoneally injected with vehicle or berberine (10 mg/kg body weight) for 28 days.

A)

B) Tumor weight (n = 6).

C) Representative FDG PET/CT images.

D) SUV of FDG in tumor indicating glucose uptake (n = 6).

E) Lactate production (n = 6).

F) PKM2 and p-STAT3 expression.

G) Representative Western blot analysis of PKM2 and downstream proteins after amino acid site mutation. Scale bar, 50 pm. The data are shown as the
mean £ SD of three independent experiments. Statistics differences were analyzed by one-way ANOVA followed by Dunnett’s post-hoc test. *p < 0.05,
**p < 0.01.

Tumor pictures. Scale bar, 1 cm.

(
(
(
(
(
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Similar results were seen in vitro PKM2 ubiquitination assay after immunoprecipitation. An increase in PKM2
ubiquitination was detected in the HT29 cell line expressing wild-type and homologous mutational PKM2
not in the cell lines with mutant F244A or 1119S under treatment with berberine (Figure 5E).

Cell-derived xenograft models confirmed that berberine directly bound to 1119 and F244 of
PKM2

Nude mice were inoculated with Sh/OE PKM2 (homologous mutation, similar to WT, HWT) HT29 cells,
Sh/OE PKM2 (F244A) HT29 cells, or Sh/OE PKM2 (1199S) HT29 cells to construct xenograft mouse models
and treated with berberine (10 mg/kg) intraperitoneally. Berberine decreased the tumor volumes in nude
mice transplanted with HWT cells, compared with no changes in the tumor volumes and weights in nude
mice transplanted with F244A and 1199S mutant cells (Figures 6A and 6B). The same trend was seen for PET/
CT results (Figures 6C and 6D).

Berberine inhibited the proliferation index (Ki67 expression) and promoted the apoptotic index (Tunel) of
HWT cells, and no changes were observed in F244A or 1199S mutant cells (Figures S12A and S12B).

Berberine inhibited lactate production, glucose uptake, pyruvate production, and PKM2 activity in HWT
tumor tissues, but no apparent effects were observed in both F244A mutant cells and 1199S mutant tumor
tissues (Figures 6E, 6D, S14D, and S14E).

Berberine inhibited the co-expression of PKM2 with p-STAT3 in HWT HT29 tumor tissues not in F244A or
1199S mutant tumor tissues by immunofluorescence detection Figure 6F).

Heat migration analysis showed the binding of PKM2 with berberine in HWT cells (Figure S13A), without
apparent interactions seen in both F244A and 1199S mutant cells (Figure S13C and S13E). The co-localiza-
tion study of PKM2 and biotinylated berberine showed that the biotinylated berberine content in the
PKM2-expressing region was higher in HWT cells Figure S13B) compared with a significant reduction in
F244A or 1199S mutant cells (Figures S13D and S1F). MS combined with immunoprecipitation showed
high content of berberine in PKM2 of HWT HT29 cells (Figure S14A) and no berberine was detected in
PKM2 of F244A or 1199S mutant cells (Figures S14B and S14C).

Western blotting showed that PKM2, p-STAT3, Bcl-2, and Cyclin D1 were significantly decreased in HWT
HT29 cells after berberine intervention, but no change was apparent in F244A or 1199S mutant cells
(Figure 6G).

Patient-derived xenograft models confirmed that berberine inhibited colorectal cancer
progression by binding to PKM2 and promoting its ubiquitination

Patient-derived xenograft (PDX) models were established using intestinal cancer tissues from three
different patients, and berberine was administered intraperitoneally. The colorectal cancer tumor growth
was inhibited by berberine, as measured by tumor volumes and weight changes shown in Figures 7A and
7B. The FDG PET/CT results showed a significant reduction in tumor size and glucose uptake (Figures 7C
and 7D). Compared with controls, the PKM2 ubiquitination was increased (Figure 7E) in berberine-
treated groups, accompanied by decreased lactate production (Figure 7F), pyruvate production and
PKM2 activity (Figures S15A and S15B), proliferation of colorectal cancer tissues (Figure S15C) and
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Figure 7. PDX models confirm that berberine promotes PKM2 ubiquitination to inhibit colorectal cancer

PDX models were established using intestinal cancer tissues from three different patients and intraperitoneally injected with vehicle or berberine (10 mg/kg
body weight) for 28 days.

(A) Tumor pictures. Scale bar, 1 cm.

(B) Tumor weight (n = 6).

(C) Representative FDG PET/CT images.

(D) SUV of FDG in tumor indicating glucose uptake (n = 6).

(E) PKM2 ubiquitination.

(F) Lactate Production (n = 6).

(G) Representative Western blot analysis of PKM2 and downstream proteins.

(H) PKM2 and p-STAT3 expression. Scale bar, 50 um. The data are shown as the mean + SD of three independent experiments. Statistics differences were
analyzed by one-way ANOVA followed by Dunnett’s post-hoc test. *p < 0.05, **p < 0.01.

increased apoptosis of colorectal cancer cells (Figure S15D), as well as inhibited co-expression of PKM2
and P-STAT3 (Figure 7H) and phosphorylation of STAT3, and down-regulated expressions of Bcl-2 and
Cyclin D1 (Figure 7G).

DISCUSSION

Berberine, a bioactive ingredient of Rhizoma coptidis and Phellodendron phellodendron, has been reported to
improve the metabolism of colorectal cancer cells, promote cell apoptosis and inhibit cell proliferation (Mao et al.,
2018; Wu etal., 2018; Li et al., 2015) and inhibit tumor progression in other types of cancer by modulating the War-
burg effect (Li et al., 2021b). However, the target proteins of berberine have not been reported. Precise identifi-
cation of molecular targets is essential for the development of natural active drugs for the treatment of colorectal
cancer and can help guide the structural optimization of natural components (Spradlin et al., 2019). Chemical pro-
teomics has become a valuable tool for discovering protein targets of natural product components with specific
biological activities (Dai et al., 2018b; Chen et al., 2019, 2021; Kotake et al., 2007; Abegg et al., 2015). It will provide
important clues to guide the functional elucidation of their mechanisms of action and open new windows for drug
development. In our studies, we used a chemical proteomic strategy with biotin-avidin system to identify protein
targets of berberine and confirmed that PKM2 is a direct target of berberine, which was further identified by the
gene knockout technology.

PKM2 gene silencing inhibits cancer cell proliferation and promotes apoptosis (Goldberg and Sharp, 2012;
Wong et al., 2015), but the complete deletion of PKM2 does not inhibit tumor growth in mouse models
(Israelsen et al., 2013; Dayton et al., 2016). In addition, protein kinase activity was not detected from the
purified PKM2 protein [Hosios et al., 2015], suggesting that the role of PKM2 in vivo is complex. In the ther-
mal migration assay, a biophysical technique that allows the direct study of ligands binding to proteins in
cells and tissues (Molina et al., 2013; Dai et al., 2019), the interaction between berberine and PKM2 was
observed, as reflected by a slower decreasing trend in PKM2 expression in berberine group. Laser confocal
microscopy observed that biotinylated berberine was significantly increased in the PKM2-expressing re-
gion. In addition, bound berberine was detected in PKM2 using immunoprecipitation PKM2 binding MS.
PKM1 has different spatial conformation and function from PKM2 owing to 23 amino acids at
C-terminus. Based on our chemical proteomics, berberine selectively and directly targeted PKM2 rather
than PKM1, consistent with the strong inhibitory effect on PKM2, not PKM1 reported in the literature
(Yang et al., 2014).

The high expression of PKM2 promotes the malignant process of colorectal cancer. We found that in colo-
rectal cancer cells, proliferation was inhibited by berberine, the protein level of PKM2 was significantly
downregulated and the mRNA level remained unaffected. We further found that berberine affected
PKM2 spatial structure and promoted PKM2 ubiquitination, thus disrupting the equilibrium between syn-
thesis and ubiquitination-mediated degradation of PKM2 in tumor cells and promoting its degradation.
This is in line with previous observations that PKM2 is regulated by the ubiquitination pathway (Zheng
et al., 2019; Kim et al., 2015), and confirms our hypothesis that berberine affects the stability of PKM2
through the level of post-translational modification of the protein. The high expression of PKM2 in tumor
cells also promotes the phosphorylation of STAT3 into the nucleus, and the sustained activation of STAT3
up-regulates the expression of genes such as the apoptosis suppressor Bcl-2 and the cell cycle regulatory
protein Cyclin D1, stimulating cell proliferation and inhibiting apoptosis (Nagasawa et al., 2020; Tang et al.,
2018). In our experiments, the interaction between berberine and PKM2 leads to the negative regulation of
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STAT3 phosphorylation, thereby inhibiting its activation, promoting apoptosis, and inhibiting the prolifer-
ation of colorectal cancer cells.

Despite the anti-colorectal cancer mechanisms of berberine that have been explored (Tong et al., 2020)
and multiple targets and pathways, as well as transcriptional and post-translational interference, have
been reported, how they interfere with the metabolic reprogramming of colorectal cancer cells has not
been demonstrated. In our in vivo and ex vivo experiments, the inhibitory effect of berberine on metabolic
reprogramming and proliferation of colorectal cancer cells was no longer observed when PKM2 was
knocked down, which was restored after the overexpression of PKM2 homologous mutation. These results
provide strong evidence that berberine analogs exert their anti-colorectal cancer effects mainly by acting
directly on PKM2, a rate-limiting enzyme.

From our structural modeling, the binding sites of berberine in PKM2 were identified as F244 and 1119, sug-
gesting the mechanism of ubiquitination modification allosteria. It was found that F244A and 1119S mutants
eliminated the inhibitory effect of berberine on PKM2 by separating berberine from its active sites. This is
demonstrated by both in vitro cell proliferation assay and in vivo tumor-bearing mice assay, in which
berberine did not show a significant inhibitory effect on F244A and [119S mutant tumor cells. When the tu-
mor cells with F244A or 11195 mutant PKM2 were tested for thermal migration analysis, the expression of
PKM2 in the berberine group was similar to that in the control group, indicating that berberine did not
interact with F244A and 1119S mutant colorectal cancer cells. In addition, biotinylated berberine was signif-
icantly reduced in the PKM2 expression region of F244A or [119S mutants by laser confocal microscopy; no
berberine was detected in PKM2 by immunoprecipitation combined with MS. Therefore, we conclude that
F244 and 1119 sites are responsible for the changes in PKM2 ubiquitination induced by berberine. We also
observed a small amount of ubiquitination of PKM2 in colorectal cancer cells, which is assumed to be in
dynamic equilibrium. We further examined the co-expression of PKM2 and Stub1, which is a key ubiquitin
ligase for PKM2 degradation (Shang et al., 2017). In contrast to PKM2 that the protein level was inhibited,
the expression of Stub1 was unaffected by berberine, showing that the inhibitory effect of berberine by
directly targeting PKM2 and resulting in changes in its spatial structure and promotion of its ubiquitination
is independent of Stub1.

As a personalized method for drug sensitivity analysis, PDX model tumors are similar to primary tumors
and have become an important tool for cancer transformation research (Yoshida, 2020; Qin et al., 2016).
In our studies, three PDX tumors from different patients with high EXPRESSION of PKM2 were used to
establish PDX models. Owing to the low oral bioavailability of berberine (Chen et al., 2011; Kheir et al.,
2010), the intraperitoneal route was used based on literature (Wu et al., 2018; Li et al., 2015). Consis-
tent with the in vitro results observed in colorectal cancer cell lines, berberine promoted PKM2 ubi-
quitination and inhibited PKM2 expression. PKM2 activity was down-regulated, and pyruvate and lactic
acid production was reduced, indicating an inhibitory effect on metabolic reprogramming. The co-
expression of PKM2 and P-STAT3 was also inhibited and the expression of Bcl-2 and Cyclin D1 was
down-regulated.

The structural model of PKM2-berberine indicated that the inner oxygen ring and the N atomic ring are the
key binding positions. Such N-O-O structure is observed in other anti-cancer drugs such as harringtonine
and camptothecin when comparing their structures with that of berberine (see Figure S16, marked with an
"*"). We, therefore, assume that the N-O-O triangular structure and the internal ammonium salt structure
have a close relationship with the anti-tumor activity and the optimization of the structure-activity relation-
ship by medicinal chemistry, combined with a more detailed structural analysis of PKM2-berberine interac-
tions, would lead to novel drugs with better pharmacodynamics and pharmacokinetics. In this regard,
without disrupting the N-O-O triangular structure and the internal ammonium salt structure, and the
high expression of avidin of tumor cells, biotinylated berberine has a good inhibitory effect with ECsg of
3.47 uM. In addition, Boc-aminocaproic acid-berberine ester (Figure S17A) and p-aminobenzoic acid-
berberine ester (Figure S18A) were synthesized to improve lipid solubility and characterized by MS,
hydrogen NMR, and carbon NMR (Figures S19-524). The ECsg values to inhibit tumor cells were 4.71
and 1.59 uM, respectively (Figures S17B and S18B). Compared with berberine (4.62 uM), the biological ac-
tivity of p-aminobenzoic acid-berberine ester was improved to some extent. Our next plan is to open the
benzene ring at the methoxy position or add an F atom to further optimize the structure and activity of
berberine. Overall, the spatial structure of the berberine-PKM2 complex will help to finally reveal the
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Figure 8. lllustration of the mechanism of berberine inhibition of colorectal cancer progression

Berberine enters the cell and directly targets PKM2. The N-O-O triangle structure of berberine contributes to
hydrophobic interaction with 1119 amino acid residues and -7 interaction with F244 amino acid residues of PKM2
protein, forming a sandwich-like overall structure, resulting in an increase in ubiquitination and degradation of PKM2. As a
result, berberine further inhibits the reprogramming of glucose metabolism as well as the phosphorylation of STAT3,
down-regulates the expression of Bcl-2 and cyclin D1 genes, suppresses cell proliferation, and promotes cell apoptosis,
ultimately inhibiting the progression of colorectal cancer.

detailed mechanism of action of berberine analogs and make it possible to design new modulators of this
key metabolic enzyme based on the structure.

In conclusion, berberine enters the cell and directly targets PKM2. Its N-O-O triangular structure contrib-
utes to the hydrophobic interaction with 1119 amino acid residues and -7 interaction with F244 amino acid
residues of PKM2 protein, forming an overall structure similar to a sandwich, thereby causing an increase in
the ubiquitination and degradation of PKM2. As a result, berberine shows the inhibitory effect on both the
reprogramming of glucose metabolism and the phosphorylation of STAT3, down-regulates the expression
of Bcl-2 and Cyclin D1 genes, inhibits cell proliferation, promotes apoptosis, and inhibits the progression of
colorectal cancer (Figure 8). Given the long history of the application of berberine in the practice of Tradi-
tional Chinese medicine and no major safety problems reported, we believe that berberine may be an ideal

¢? CellPress

OPEN ACCESS

iScience 25, 104773, August 19, 2022 15




¢? CellPress iScience
OPEN ACCESS

candidate or lead compound for the prevention and treatment of colorectal cancer and other tumors with
high PKM2 expression.

Limitations of the study

In addition to PKM2, our chemical proteomics analysis identified other proteins that may interact with
berberine, and whether they are also involved in regulating other aspects of berberine in inhibiting intes-
tinal cancer remains to be investigated.
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REAGENT or RESOURCE SOURCE IDENTIFIER
Antibodies

Anti-PKM2 antibody Cell Signal Technology #4053
PKM2-specific Monoclonal antibody proteintech 60268-1-Ig
Anti-Bcl-2 antibody Affinity Biosciences LTD AF6139
Anti-Cyclin D1 antibody Affinity Biosciences LTD AF0931
Phospho-STAT3 (Tyr705) Antibody Affinity Biosciences LTD AF3293
Anti-STAT3 antibody Affinity Biosciences LTD AF6294
Anti-Stub1 antibody abcam ab134064
Anti-Ubiquitin antibody abcam ab134953
Anti-Ki67 antibody abcam ab16667
Chemicals, peptides, and recombinant proteins

Berberine Shanghai yuanye Bio-Technology Co., Ltd 2086-83-1
MG132 MedChemExpress LLC 133,407-82-6
Dynabeads M—280 Streptavidin ThermoFisher Scientific #11205D
Critical commercial assays

CCK8 Beyotime Biotechnology C0038
Annexin V-FITC apoptosis Detection Kit Beyotime Biotechnology C1062L
Cell Cycle and Apoptosis Detection Kit Beyotime Biotechnology C1052
Experimental models: Cell lines

HT29 ATCC #HTB-38
HCT116 ATCC #CCL-247
Experimental models: Organisms/strains

Mouse: Nu/Nu mice Charles River N/A
Mouse: NCG mice GemPharmatech Co., Ltd. N/A
Oligonucleotides

See Table Sé for oligonucleotide information This paper N/A

Software and algorithms

GraphPad Prism version 6.0
Image-Pro 6.0
CFX ManagerTM version 2.1

GraphPad Software
NIH
Bio-Rad

https://www.graphpad.com/
https://sybyl-x.software.informer.com/2.0/
N/A

RESOURCE AVAILABILITY
Lead contact

Further information and requests for resources and reagents should be directed to and fulfilled by the lead

contact (gengzr@nju.edu.cn).

Materials availability

Mice and reagents generated in this study are available by request to the lead contact (gengzr@nju.

edu.cn).

Data and code availability

All data produced in this study are included in the published article and its supplemental information, or
are available from the lead contact upon request. This paper does not report original code. Any additional
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information required to reanalyze the data reported in this paper is available from the lead contact upon
request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS
Cell culture

HT29 #HTB-38) and HCT16 cells (#CCL-247) were obtained from ATCC. All the cell lines were cultured ac-
cording to the provider’s recommendations.

Patient specimens

Tissue collection was approved by the Medical Ethical Committee of the Affiliated Hospital of Nanjing Uni-
versity of Chinese Medicine. Fresh and paraffin-embedded colorectal cancer blocks were collected from
patients undergoing surgery at the Affiliated Hospital of Nanjing University of Chinese Medicine with
informed consent.

METHOD DETAILS

Cell viability assay

Cells were seeded at a density of 1 x 10* cells/well in 96-well plates under the condition of high glucose
(4.5 g/L). Cell viability was determined 24 h after the addition of berberine or biotinylated berberine by
CCK8 (Beyotime Biotechnology) according to the manufacturer’s instruction. Absorbance was measured
in a plate reader at 450 nm. Fractional survival was plotted against the logarithm of drug dose, and ECsg
values were calculated by Prism software (GraphPad Software).

Animal studies

All animal experiments were approved by the Medical Ethical Committee of the Affiliated Hospital of Nanj-
ing University of Chinese Medicine. Mice were housed in a sterile environment with micro isolator cages
and allowed access to water and chow ad libitum. Cell line xenografts were established by subcutaneously
injecting 4x10° HT29 cells into the axilla of 5-6-week-old male Nu/Nu mice (Charles River).

PDX tumors were established and propagated in 5-6-week-old male NOD/ShiLtJGpt-Prkdc®™24l12rge™2¢/
Gpt (NCG) mice (GemPharmatech Co., Ltd.) as described. PDX1 was established using microsatellite stable
(MSS) tumor fragments (T3NOMO) taken from the sigmoid colon of a 52-year-old female. PDX2 was estab-
lished using MSS tumor fragments (T4N1MO) taken from the sigmoid colon of a 71-year-old male. PDX3 was
established using MSS tumor fragments (T3NOMO) taken from the right colon of a 54-year-old male. Xeno-
graft tumors reached 3-6 mm in size before treatment.

Tumor-bearing mice were randomized into different groups of 6 mice each and treated with berberine (10 mg/
kg). Calipers monitored tumor growth, and tumor volumes were calculated according to the formula
1/2 % length x width?. The ethical endpoint was defined as a time point when a tumor reached 1.5 cm or
more in any dimension. Tumor tissues were dissected and fixed in 10% formalin and embedded in paraffin.

Synthesis and characterization of biotinylated berberine

For berberrubine biosynthesis, a high-temperature lysis method was used. Berberine (2.00 g, 5.390 mmol)
was weighed on a weighing balance and placed in a 250 ml round-bottom flask, from which the air was
pumped out. The flask was placed in an oil bath and heated with shaking at 196°C for 20 min until all
the yellow solid changed to dark red, and 100 ml of mixed solvent (5:95 mixture of ethanol and hydrochloric
acid, v/v) was added to acidify the content after cooling at room temperature, and distilled under reduced
pressure to obtain a red solid (1.66 g, 4.639 mmol), namely, berberrubine with a yield of 86.1%.

Synthesis of biotin-N-hydroxysuccinimide activated ester: To a 250 ml three-necked flask, biotin (5 g,
20.484 mmol) and 1-(3-dimethylaminopropyl)-3-ethylcarbodiimide hydrochloride (5.79 g, 30.203 mmol)
were added and dissolved in 100 ml N, N-dimethylformamide (DMF) under stirring, and then
N-hydroxysuccinimide (2.83 g, 24.589 mmol) and 4-dimethylaminopyridine (1.16 g, 0.949 mmol) were
added and stirred at room temperature for 24 h before spun dry. 150 ml isopropanol was added to the re-
maining residue. The mixture was sonicated to dissolve and refrigerated at 4 °C overnight, filtered, and
dried to obtain a solid white, namely, biotin-N-hydroxysuccinimide activated ester (5.64 g, 16.535 mmol)
with a yield of 80.7%.
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Synthesis of 6-biotin aminohexanoic acid: To a 250 ml three-necked flask, biotin-N-hydroxysuccinimide
activated ester (1.50 g, 4.397 mmol) and 6-aminohexanoic acid (0.70 g, 5.337 mmol) was added and dis-
solved in 30 ml DMF under stirring, and then 1.5 ml triethylamine was added under an ice bath. After
the reaction was carried out at room temperature for 24 h, the mixed solution was spun dry. 80 ml of water
and 10 ml of formic acid were then added to the remaining residue, and the pH was adjusted to 6. The
mixture was dissolved by ultrasonication and refrigerated at 4 °C overnight, and a white solid was precip-
itated, filtered and dried to obtain é-biotinylaminohexanoic acid (1.30 g, 3.640 mmol) with a yield of 82.8%.

Synthesis of biotin-aminocaproic acid-berberine esters: To a 100 ml three-necked flask, 6-biotin-
aminocaproicacid (1.11 g, 3.108 mmol) and 1-(3-dimethylaminopropyl)-3-ethylcarbodiimide hydrochloride
(0.67 g, 3.495 mmol) were added and dissolved in 10 mI DMF under stirring, and then berberine (0.92 g,
2.576 mmol) dissolved in 20 ml DMF and 4-dimethylaminopyridine (0.03 g, 0.246 mmol) were added under
an ice bath. The resulting mixed solution was reacted at room temperature for 36 h. After completion of the
reaction, the solvent was removed by distillation under reduced pressure. The crude product was purified
by silica gel column chromatography (1:8 mixture of methanol and dichloromethane, v/V) to give a red solid
(1.01 g, 1.451 mmol), namely, biotin-aminocaproic acid-berberine ester (compound 2) with a yield of 46.7%.

Chemoprobe pull-down and chemo-proteomics

250 pL of Dynabeads M-280 Streptavidin (ThermoFisher Scientific; #11205D) were washed 3 times and re-
suspended in 250 pL PBS. 350 pg of native protein extract (containing the biotinylated probe) was added
and incubated for 30 minutes at room temperature with gentle rotation. The chemoprobe complex bound
to the streptavidin beads was separated using a magnet and washed 4 times in PBS. After the last wash, the
bound proteins were eluted with the incubation of glycine buffer (pH 2.5-3.0) for 20 min. The mixture was
centrifuged for 20 min at room temperature at 15000 g. The supernatant after centrifugation was collected
and neutralized with 1 M tris buffer (pH 8.0). The sample was reduced, alkylated and digested with trypsin
(m/m 1:50) at 37°C for 20 h. The digested product was desalted, lyophilizated and reconstituted in 0.1% FA
solution. The sample was loaded to the trap column by the automatic sampler with 1 h gradient elution.
After each full scan, up to 20 product ion scans were collected. Proteins were homologously searched ac-
cording to the Homo Sapiens protein database with proteome discoverer 1.4 software. KEGG analysis was
carried out through Omicshare platform (Omicshare, http://www.omicshare.com/tools/).

Cell lysis

Cells were lysed in 1X Cell Lysis Buffer (Cell Signaling; #9803) containing 1X Complete Mini Protease Inhib-
itor Cocktail Tablets (ROCHE; #11836153001) and biotinylated probe (25 nM for ELISA or 5 uM for chemop-
robe pull-down) was added to frozen cell pellets containing 1% 10° cells. Tubes were incubated for 5 min on
ice and briefly sonicated to achieve lysis. The resulting extracts were centrifuged for 10 min at 14000 rpm at
4°C. According to the manufacturer’s instructions, supernatants were collected and quantified by Bradford
assay (BIO-RAD; #500-0006).

Immunoprecipitation (IP)

Anti-PKM2 antibody (Cell Signaling Technology; #4053) diluted 1:25 in PBS, was added to native protein
extraction or rKkDM1A (Active Motif; #31334) and incubated overnight (O/N) at 4°C with gentle rocking.
50 pl of Protein A Magnetic Beads (Cell Signaling; #8687) were washed with 500 uL 1x Cell Lysis Buffer
(Cell Signaling; #9803) and the supernatant was removed using a magnet.

Lysate preincubated with primary antibody (immune-complex) was then added to magnetic bead pellet.
Cross-link reaction was performed with gentle rocking for 30 min at room temperature (RT). Protein A mag-
netic beads not bound to immunocomplex were removed by washing 3 times. The resulting pellet was re-
suspended in 25 pl of 3 x sodium dodecyl sulfate (SDS) sample buffer and stored at —20°C.

Transient knockdown of H6PD, PKM2, MBP-1, and GAPDH

HT29 cell lines were transiently transfected with shRNA plasmids. Plasmids were constructed, packed, and
purified by Genechem (Shanghai, China), and were processed according to the protocol provided by the
manufacturer. The sequences of the oligonucleotides can be found in the Table S4.
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Stable PKM2 knockdown and PKM2 mutation overexpression

PKM2 knockdown HT29 cell lines were transfected stably with the shRNA Lentivirus. Cell cultures were
maintained under neomycin selection for 2 weeks to generate stable shRNA-expressing cells. The se-
quences of the oligonucleotides can be found in the Table S4.

Lentiviral CMV enhancer-MCS-3FLAG-EF1a-ZsGreen1-T2A-puromycin PKM2 (NM_002654-homologous
mutation), PKM2 (NM_002654 (1119S)-mutation) or PKM2 (NM_002654 (F244A)-mutation) plasmids and
Lentiviruses were constructed, packed, and purified by Genechem (Shanghai, China), and were processed
according to the protocol provided by the manufacturer. For the generation of stable over-expressing
cells, cell cultures were maintained under puromycin selection for 2 weeks.

PKM2 (Homologous mutation)

388aa-3%4aa

The sequences of WT: GCCATCTACCACTTGCAATTA
The sequences of Homologous mutation: GCAATATATCATTTACAGTTG
PKM2 (I1119S mutation)

119aa

The sequences of WT: ATC

The sequences of Locus mutation: AGC

PKM2 (F244A mutation)

244aa

The sequences of WT: TTC

The sequences of Locus mutation: GCC

Western Blot

Western blotting assays were carried out using standard procedures. The antibodies included anti-PKM2,
p-STATS3, STAT3, bcl-2, cyclin D1, and PKM1 (Table S5). Antibodies for horseradish peroxidase-conjugated
goat anti-rabbit/anti-mouse 1gG and B-actin were purchased from Sigma (St. Louis, MO, USA).

Immunofluorescence

For immunofluorescence staining, cells or cross-sections of tissues were treated with anti-PKM2, p-STAT3,
or biotin overnight at 4 °C, and secondary Fluor Ab was used to detect the signal.

Immunohistochemistry

Immunohistochemistry for Ki67 was performed using the tumor sections obtained from nude mice xeno-
grafts. Slides containing the sections were stained with antibodies against Kié7. After microwaving 3 times
for 5 min, endogenous peroxidase was neutralized with 3% hydrogen peroxidase in methanol for 15 min at
room temperature and primary antibodies were applied at 4°C overnight. Anti-rabbit IgG biotinylated sec-
ondary antibody was applied for 30 min at 37°C followed by SA-HRP for 30 min at 37°C. Peroxidase was
visualized using DAB for 5 min and counterstained in Mayer’s hematoxylin for 20 min.

Quantitative polymerase chain reaction (qPCR)

The total RNA was extracted by using Trizol (Ambion, USA). The High Capacity cDNA Reverse Transcription
Kit (Vazyme, Nanjing, China) was used to conduct the reverse transcription. Thermo Fisher Scientific syn-
thesized the primers, and the primer sequences are summarized in the Table S6. SYBR Green chemistry
(Vazyme, Nanjing, China) on a 7500 fast RT-PCR system was used to perform an amplified reaction. The

2—AACT

amount of target, normalized to an endogenous reference (B-actin), was given by the calculation.

Sample extraction procedure and LC-MS/MS instrumentation and conditions

All samples were thawed at room temperature before analysis. A 50 L aliquot of IP PKM2 protein was
transferred into a 1.5 mL centrifuge tube, and 10 pL of IS working solution (1.4 ug mL™") and 150 pL
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acetonitrile were added. The mixture was vortexed for 3 min and then centrifuged at 12,000 rpm for 10 min.
Subsequently, 5 pL supernatant was injected onto the LC-MS/MS system for analysis.

Analyses were performed with ACQUITY Ultra Performance LC chromatography System (Waters, USA) con-
sisting of a quat pump, an auto-sampler and an online degasser. The chromatographic separation was per-
formed on an Agilent ZOBAX SB C18 column (4.6 mm X 150 mm, 5 um). The mobile phase consisted of
acetonitrile-0.1% formic acid (45:55, v/v) at a flow rate of 0.25 mL/min. The auto-sampler temperature
was maintained at 4°C and the injection volume was 5 pL. The total LC run time was 3 min with the column
temperature kept at 40°C.

The berberine and tetrahydropalmatine (IS) were detected using a Quattro Premier mass spectrometer
(Waters, USA) with an electrospray ionization (ESI) interface in positive ion mode. Multiple reaction moni-
toring (MRM) was used to monitor precursor to production transition of m/z 336.2 —320.0 for berberine,
and m/z 356.1—191.9 for IS. The analytical data were processed using MassLynx software (version 1.4,
Waters).

For the analyte and IS, the source parameters were set as follows: capillary voltage, 3500 V; desolvation
temperature, 350°C; source temperature, 120°C; desolvation gas flow, 600 L/h, and cone gas flow,
30 L/h. The compound-dependent parameters such as cone voltage and collision energy were optimized
at 30 V and 32 eV for berberine, and 30 V and 32 eV for IS, respectively. Quadrupole 1 and quadrupole 3
were maintained at unit resolution. The dwell time was 200 ms for both the analyte and IS.

Cellular thermal shift assay (CETSA)

The binding of berberine to endogenous PKM2 was analyzed by CETSA based on a published protocol.
Briefly, cells were treated with berberine or control (0.1% DMSQO) for 2 hours in T-75 flasks. After treatment,
cells were harvested, washed once with 1x PBS, resuspended in 750 pL HBSS, and lysed by 4 cycles of
freezing (dry ice/ethanol for 5 min) and thawing (37°C for 5 min). Samples were then aliquoted equally
into 0.2-mL PCR tubes and heated at different temperatures for 3 min on a thermal cycler (Hybaid), followed
by centrifugation at 13,200% rpm for 5 min. The supernatants were analyzed by western blotting.

Computational details (Molecular docking and dynamics simulation)

The three-dimensional structure of the PKM2-berberine complex was derived using the best-scoring bind-
ing mode given by AutoDock Vina software. MD simulations were then performed to examine the structure
of the ligand and its surrounding residues at a distance of about 4 A by for the first and last frames (i.e., at
80 ns) and to obtain the amino acid-berberine interaction mode separately, recording the evolution of the
spacing of the atom pairs they contain over time.

In the molecular dynamic simulations, the force field parameters of the protein were selected as the ff99sb
and ff14sb force field of AMBER16 software package (Case et al., 2016) and the force field parameters of the
ligand were selected as GAFF (general AMBER force field). The TIP3PBOX water model was used, and the
surface of the water box was 10 A away from the protein. The 150 mM of sodium and chloride ions were
added to the system to maintain the salt concentration to simulate the real physiological environment.
The entire system contains about 72,000 water molecules (about 216,000 atoms), one protein molecule
(about 15,900 atoms), and one ligand molecule (43 atoms), for a total of about 232,000 atoms. The integra-
tion step was set to 2 fs, and the SHAKE algorithm was used to constrain all bonds containing H atoms. The
temperature and pressure control methods used were Langevin thermostat and Berendsen Barostat,
respectively. The heat bath coupling time constant and pressure relaxation time of the system was set
to 2 ps. The output frequency of the MD trajectory was 10 ps.

The protein a-carbon atoms were first confined (binding constant was set to 5.0 kcal/mol/A?), and the sys-
tem was energy minimized using the steepest descent method (20,000 steps). The system was equilibrated
by first keeping the protein a-carbon atoms constrained and ramping up the system temperature from 100
K to 300 K (100 ps), after which the temperature and pressure were maintained at 300 K and 1 atm, respec-
tively, and all constraints were removed for kinetic sampling. The duration of the MD sampling was 80 ns.
The evolution of the distances of amino acids 1119, V209, N210, V216, F244, and berberine molecules with
time was recorded separately. The possible modes of interaction of these amino acids with berberine mol-
ecules were analyzed.
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MM/PBSA was used to calculate the binding free energies from the MD trajectories of the original
berberine-3grd complex and its mutants. In MM/PBSA, the binding free energy (AGng) between a ligand
and a receptor to form a complex is calculated as

AGbind =AH - TAS:AEMM + AGSO¢ — TAS
AEMI\/I = AEintema/ + AEe/ectrostatiC + AEvdw
AGg = AGpg+AGsa

where AEpm, AGgo and —TAS are the changes of the gas phase MM energy, the solvation free energy, and
the conformational entropy upon binding, respectively. The AEy term includes AE;emal, AEejectrostatic: and
AE, 4, (van der Waals) energies. The AG,,, is the sum of electrostatic solvation energy (polar contribution),
AGpg, and the non-electrostatic solvation component (nonpolar contribution), AGsa. PB model is used to
calculate the polar contribution, while solvent accessible surface area (SASA) is used to estimate the
nonpolar energy. The conformational entropy change was neglected in our calculations.

To reduce noise in the simulations, single trajectory approach was chosen to cancel AE;yema between ligand,
receptor and complex. Then the gas-phase interaction energy between the protein and the ligand, AEmw, is
the sum of electrostatic and van der Waals interaction energies. The solvation free energy AGgopation is the
sum of polar (AGpg) and nonpolar (AGsa) parts. The AGpg term was calculated by numerically solving the
finite-difference Poisson-Boltzmann equation using pbsa program included with AmberTools. The atomic radii
were set up according to the prmtop files. The ionic strength (in Molarity) was set to 0.15. The value of the exte-
rior dielectric constant was set to 80, and the solute dielectric constant was set to one of three values: 1, 2, or 4
(Wang and Kollman, 2000). The nonpolar contribution was determined based on SASA using LCPO method
(Weiser et al., 1999). AGsa = 0.005 x ASASA. Calculations of AEyn, AGpg, and AGsa, used 200 snapshots
that evenly extracted from the last 2 ns of the single MD trajectory of complex.

Measurement of PKM2 activity, pyruvate and lactate

PKM2 activity was measured based on the generation of pyruvate, which was oxidized by pyruvate oxidase
and produced a color change (A = 570 nm). Assay of PKM2 activity followed the protocol of the PKM2 Ac-
tivity Colorimetric/Fluorometric Assay Kit (Biovision).

According to the manufacturer’s instructions, lactate and pyruvate were measured using an assay kit (Nanj-
ing Jiancheng Bioengineering Institute, Nanjing, China). Cells or tissues were mechanically homogenized
in pyruvate assay buffer (1 mg/5 plL buffer). After extracts were clarified by centrifugation (20,000g, 4°C,
20 min, X2), the supernatant was used for the assay. 1 x 10° cells were lysed in the corresponding buffer
for assay.

PET/CT

Mice-bearing xenografts were subjected to '8F-FDG micro-PET/CT analysis performed on an Inveon MM
Platform (Siemens, Munich, Germany). Mice were anesthetized with 2% isoflurane before BF_FDG injection
(a single injection of 3.7-7.4 MBg/0.1 mL "8F-FDG via tail vein). 40 min after administration of the tracer,
mice were placed on the PET scanner bed and were maintained under continuous anesthesia during the
study. Inveon Acquisition Workplace (Siemens) was used for scanning. 3D regions of interest were drawn
over the entire tumor guided by CT images, and tracer uptake was measured using Inveon Research Work-
place software. The SUV was calculated as decay-corrected activity (kBq) per milliliter of tissue volume/
injected "8F-FDG activity (kBq) per gram of body weight.

QUANTIFICATION AND STATISTICAL ANALYSIS

The data are presented as the mean + SD All results are representative of at least three independent ex-
periments. The differences were analyzed by Fisher exact test for categorical variables and by Student’s
t test for continuous variables using SPSS 16.0 software (SPSS, Chicago, IL, USA). Differences with a
p value <0.05 (denoted by *) are considered significant (**p < 0.01 and *p < 0.05).
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