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Abstract 

Colorectal cancer (CRC) is the leading cause of cancer death; however, targets with broad anti-CRC effects 
are limited. Sirtuin6 (SIRT6) is a conserved nicotinamide adenine dinucleotide (NAD+)-dependent deacetylase 
that is widely pathologically downregulated in CRC, but its pharmacological effect in CRC remains undefined 
due to the lack of small-molecule SIRT6 activators. We searched for a compound activating SIRT6 and 
investigated its anti-CRC effect in various models. 
Methods: We identified an allosteric SIRT6 activator, MDL-811. Its ability to enhance SIRT6 deacetylation at 
protein and cellular levels was evaluated by Fluor de Lys (FDL) and western blots. We assessed the 
proliferation of 26 CRC cell lines and patient-derived organoids (PDOs) treated with MDL-811. In vivo efficacy 
of MDL-811 was evaluated in HCT116 cell line- and patient-derived xenografts as well as a spontaneous CRC 
model. RNA sequencing and real-time quantitative PCR assays were performed to analyze gene expression 
changes in MDL-811-treated HCT116 cells. Along with controls in SIRT6-overexpressing HCT116 cells, the 
SIRT6-mediated histone H3 deacetylation at the Cytochrome P450 family 24 subfamily A member 1 
(CYP24A1) gene locus was assessed by chromatin immunoprecipitation (ChIP) in MDL-811-treated HCT116 
cells. A combination therapy against CRC based on the downstream gene of SIRT6 activation was evaluated in 
cells and mouse models. 
Results: MDL-811 significantly activated SIRT6 histone H3 deacetylation (H3K9Ac, H3K18Ac, and H3K56Ac) 
in vitro and had broad antiproliferative effects on diverse CRC cell lines and PDOs. More importantly, the in vivo 
anti-tumor efficacy of MDL-811 was demonstrated across cell line- and patient-derived xenografts and in the 
APCmin/+ spontaneous CRC model. Mechanically, we identified a new downstream target gene of SIRT6 in CRC, 
CYP24A1. Based on these findings, a combination drug strategy with MDL-811 to synergistically enhance the 
anti-CRC effect of vitamin D3 was validated in vitro and in vivo. 
Conclusions: Our data provide proof of concept that targeting SIRT6 using a small-molecule activator is an 
attractive therapeutic strategy for CRC and that MDL-811 could be a promising lead compound for further 
preclinical and clinical studies of treatments for CRC. 
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Introduction 
Colorectal cancer (CRC) is one of the most 

common malignant tumors and carries a high risk of 
morbidity and mortality worldwide [1, 2]. Given the 
disadvantages of conventional therapies, such as 

 
Ivyspring  

International Publisher 



Theranostics 2020, Vol. 10, Issue 13 
 

 
http://www.thno.org 

5846 

toxicity and intolerance, clinical outcomes remain 
unsatisfactory [2, 3]. Thus, there is a pressing need to 
identify novel drug targets and develop effective 
therapeutic agents for CRC. In CRC, epigenetic 
alterations, including histone modifications, have 
been recognized as a major driver of tumorigenesis 
and tumor progression [4-7]. Sirtuin6 (SIRT6) is a 
member of the conserved nicotinamide adenine 
dinucleotide (NAD+)-dependent class III histone 
deacetylase (HDAC) sirtuin family, and emerging 
evidence implicates SIRT6 in tumorigenesis [8, 9]. 
Many studies suggest that SIRT6 expression has been 
reduced in many human tumors, including colorectal, 
pancreatic, ovarian, glioma, hepatocellular, and lung 
cancers, which is associated with poor clinical 
outcomes [10-15]; Consistently, depletion of SIRT6 
results in tumor formation and maintenance, 
indicating that SIRT6 acts as a tumor suppressor [10]. 
However, some studies suggest an oncogenic role of 
SIRT6 in skin cancer, squamous cell carcinoma, and 
acute myeloid leukemia [16-20], therefore the 
identification of SIRT6 modulators would be crucial 
for elucidating the pleiotropic effects of SIRT6 in 
cancer biology, as well as for cancer therapy. The 
downregulation of SIRT6 closely correlates with 
carcinogenesis and a poor prognosis in CRC [6, 10, 21, 
22]. The conditional intestinal deletion of SIRT6 can 
significantly increase the size, number, and 
aggressiveness of adenomas in the APCmin/+ mouse 
model of spontaneous CRC [10]. In addition, SIRT6 
overexpression can inhibit CRC stem cell proliferation 
[23]. These findings highlight SIRT6 as a potential 
drug target for CRC and indicate that its activation 
may elicit a therapeutic response against CRC. 

SIRT6 contains a small zinc-binding domain and 
a large Rossmann fold domain and forms a large 
hydrophobic pocket harboring a substrate peptide 
with an acetylated lysine and NAD+, where the acyl 
group is removed from the lysine to NAD+ through 
deacetylation of SIRT6, yielding nicotinamide, 
2′-O-acyl-ADP ribose (OAADPr), and a deacetylated 
substrate [24]. Previous studies have revealed that 
SIRT6 is a chromatin-bound protein and deacetylates 
histone H3 on acetylated K9, K18 and K56 (H3K9Ac, 
H3K18Ac, and H3K56Ac, respectively) depending on 
the genomic or cellular context [25-27]. SIRT6 thereby 
acts as a corepressor of oncogenic transcription 
factors, such as c-Myc [10], Hif-1α [28], and c-Jun [29], 
and is a tumor suppressor controlling metabolism and 
tumorigenesis in cancers, including CRC [10, 11, 23, 
30]. Collectively, these reports indicate that the 
activation of SIRT6 deacetylase activity could play an 
important role in the repression of tumorigenesis in 
CRC. 

Due to the potential of SIRT6 activation, many 
efforts have been directed toward the development of 
potent activators of SIRT6. Lamin A has been reported 
as an endogenous activator of SIRT6 to increase 
deacetylation [31]. Recently, several small molecules 
have been identified to activate the deacetylation of 
SIRT6 but showed poor efficacy in vivo [32-34]. 
Therefore, identifying drug-like SIRT6 activators that 
may be useful in deciphering both the pathological 
function and potential clinical value of the SIRT6 
protein for CRC is desirable. 

Here, we report the discovery of a potent SIRT6 
activator, MDL-811. MDL-811 activated SIRT6 
biochemically in an allosteric manner and is selective 
for SIRT6 over other HDACs. Using MDL-811 as a 
pharmacological probe, we found that MDL-811 
exhibited high anti-tumor efficacy against CRC in 
multiple cell-based assays and several in vivo models, 
including cell line-derived and patient-derived 
xenograft (CDX and PDX, respectively) models, as 
well as in the genetically engineered APCmin/+ model 
of spontaneous CRC. Mechanically, we identified 
Cytochrome P450 family 24 subfamily A member 1 
(CYP24A1) as a new target gene of SIRT6 for the 
inhibition of CRC proliferation. We then showed that 
the activation of SIRT6 by MDL-811 suppressed the 
transcription of CYP24A1, which synergistically 
enhanced the anti-tumor effect of vitamin D3 (VD3) in 
CRC. In summary, our study provides evidence that 
SIRT6 activation is an effective therapeutic strategy 
for CRC and that this highly characterized SIRT6 
activator represents a valuable lead compound for 
advancing the understanding of the role of SIRT6 as a 
target in CRC and developing broad therapeutic 
agents against CRC. 

Materials and Methods 
Cloning, expression, and purification of 
wild-type SIRT6 

According to previously described methods [34], 
WT (wild-type) full-length human SIRT6 was inserted 
into the pET28a-LIC vector (Addgene plasmid 
#26094). The plasmid was transformed into Escherichia 
coli BL21 (DE3) cells. Protein was purified using a 
nickel column and gel filtration. Purified protein was 
dialyzed into assay buffer (50 mM Tris-HCl [pH 8.0], 
137 mM NaCl, 2.7 mM KCl, and 1 mM MgCl2) and 
used in all in vitro assays performed in this study. 

FDL assay 
For the assessment of SIRT6 deacetylase activity, 

5 μM WT SIRT6 was incubated in a 50-μL reaction 
mixture (2.5 mM NAD+, 75 μM RHKK-Ac-AMC, 
compounds/DMSO, and assay buffer) at 37 °C for 2 h, 
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quenched with 40 mM nicotinamide, and developed 
with 6 mg/mL trypsin for another 30 min at 25 °C. For 
the assessment of SIRT6 deacylase activity, 1 μM WT 
SIRT6 was incubated in a 50-μL reaction mixture (1 
mM NAD+, 7.5 μM EALPKK-Myr-AMC, 
MDL-811/DMSO, and assay buffer) at 37 °C for 2 h, 
quenched with 8 mM nicotinamide, and developed 
with 6 mg/mL trypsin for another 2 h at 37 °C. 
Fluorescence intensity was measured using a 
microplate reader (Synergy H4 Hybrid Reader, 
BioTek) at excitation and emission wavelengths of 360 
nm and 460 nm, respectively. EC50 values were 
calculated by fitting the data points with the 
dose-response function in GraphPad Prism V7 
(GraphPad Software). Each experiment was 
independently repeated three times in technical 
triplicates. 

Pharmacokinetic studies in mice 
Pharmacokinetic studies were performed by 

Shanghai Medicilon Inc, China, following standard 
protocols. Briefly, six-week-old male C57BL/6J mice 
were grouped randomly (n = 5 per group). Five mice 
of each group were administrated MDL-800/MDL- 
811 either by a single intravenous (IV) bolus or 
intraperitoneal (IP) injection at a dose of 20 and 30 
mg/kg, respectively. Two administration 
formulations were prepared in the vehicle with 5% 
DMSO, 10% Solutol and 85% saline, with the pH 
adjusted to 7.0-8.0. After treatment, the mice were 
sacrificed, and their plasma samples were collected at 
5 min, 15 min, 30 min, 1 h, 2 h, 4 h, 8 h, and 24 h. The 
drug concentration in plasma was analyzed by 
LC-MS/MS. Pharmacokinetic parameters were 
calculated using Analyst Software 1.6.3 from mean 
plasma concentration-time profiles. The area under 
the curve (AUC) was measured from time versus 
concentration data by the linear trapezoidal rule. The 
IP bioavailability was calculated as the ratio of AUC 
for MDL-800/MDL-811 from IP and IV dosage. The 
calculation was normalized to relative doses.  

Molecular docking  
Molecular docking calculations were performed 

using the crystal structure of SIRT6 in complex with 
MDL-801 (Protein Data Bank [PDB] code 5Y2F) [34] 
and prepared with the Protein Preparation Wizard in 
MAESTRO v11.2.013 (Schrodinger, Inc.). In addition, 
the compound was processed by the LigPrep module 
for 3D structure generation, protonation, and energy 
minimization. Subsequently, each MDL compound 
was docked into the allosteric site on SIRT6 defined 
by a 15 × 15 × 15 grid box implemented by GLIDE 
version 4.5. The best binding mode was selected for 
further analysis of the structure-activity relationship. 

HPLC assay  
For the assessment of SIRT6 deacetylation on 

RHKK-Ac-AMC, 5 μM WT SIRT6 was incubated in a 
50-μL reaction mixture (75 μM RHKK-Ac-AMC, 2.5 
mM NAD+, and assay buffer) with DMSO or the 
indicated concentrations of MDL-800/MDL-811 at 37 
°C for 2 h. Reactions were terminated with 100 mM 
HCl and 160 mM acetic acid. After centrifugation at 
12,000 r.p.m. for 10 min, the supernatant was 
analyzed by high-performance liquid chromatogra-
phy (HPLC) using a Zorbax Eclipse Plus C18 column 
(4.6 × 100 mm, 3.5 μM). The solvents used for HPLC 
were water with 0.1% trifluoroacetic acid (solvent A) 
and acetonitrile with 0.1% trifluoroacetic acid (solvent 
B). Each experiment was independently repeated 
three times. 

Histone deacetylase enzyme selectivity assay 
for MDL-811 

The selectivity assays of MDL-811 on histone 
deacetylase enzymes (HDAC1-11, SIRT1-3, and 
SIRT6) were performed by CEREP company (Eurofins 
Cerep, France) according to CEREP standard 
protocols. In brief, MDL-811 or DMSO control was 
preincubated for 5 min at room temperature with the 
corresponding recombinant enzyme at the indicated 
concentrations in a 20-μL reaction mixture (45 mM 
Tris-HCl [pH 8.0], 123.3 mM NaCl, 2.43 mM KCl, 0.9 
mM MgCl2 and 0.18% BSA). Then, the reaction was 
initiated by adding the fluorogenic HDAC acetylated 
substrate (also adding NAD+ in the deacetylase assays 
of sirtuins) at the indicated concentrations at room 
temperature or 37 °C for the indicated durations. 
After incubation, the reaction was stopped with an 
equal volume of buffer containing 1 mL of HDAC 
developer (peptidase activity, BPS Bioscience); 20 µM 
trichostatin was also included for the termination in 
the deacetylase assays of HDAC1-11. After the 
indicated time, fluorescence intensity was measured 
using a microplate reader (Envision, Perkin Elmer) at 
excitation and emission wavelengths of 355 nm and 
460 nm, respectively. We also developed deacetylase 
assays for SIRT5 and SIRT7, which were not available 
at CEREP. For SIRT5 deacetylation assay, HEK293T 
cells were transiently transfected with empty vector 
or pcDNA3.1-SIRT5-HA (10 μg/10 cm plate) using 
Neofect™ DNA transfection reagent. 48 h after 
transfection, cells were lysed in ice-cold NP-40 buffer 
(50 mM Tris-HCl [pH 8.0], 150 mM NaCl, 1% NP-40, 
and protease inhibitor cocktail) with rotation at 4 °C 
for 30 min. A particle-free supernatant solution was 
obtained by centrifugation at 13,600 × g for 15 min at 4 
°C. Immunoprecipitation was carried out by 
incubating anti-HA magnetic beads (20 μL/ per 10 cm 
plate, Pierce-88836, Thermo Scientific) at 4 °C with the 
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lysate supernatant for 2 h. Beads were washed three 
times with ice-cold NP-40 buffer. HA-peptide 
(HY-P0239, MedChemExpress) was diluted with 
assay buffer to the final concentration of 2 mg/mL. 
Then, HA-SIRT5 protein was eluted with HA-peptide 
dissolved in the assay buffer at 4 °C and used for the 
deacetylase assay. The purification procedures of the 
full-length SIRT7 protein were the same as previously 
described [35]. The methods for the deacetylase assays 
of the HA-SIRT5 protein and the full-length SIRT7 
protein were the same as those for SIRT6 
deacetylation as previously described [34]. The data 
points at various concentrations were expressed as 
percent inhibition or activation effects of the control 
activity. The data were from three independent 
experiments conducted in technical triplicates. 

Immunoblotting and antibodies 
Western blot analysis was performed as 

described previously [34]. Cell lines (3 × 105 cells) 
were seeded in 6-well plates and treated with DMSO 
or MDL-811; the final concentration of DMSO in the 
media was 0.1%. After 48 h of treatment, the cells 
were lysed with 1× SDS and separated by SDS-PAGE, 
followed by incubation with specific primary 
antibodies overnight at 4 °C and then with 
HRP-linked anti-rabbit IgG (#7074, Cell Signaling 
Technology) or HRP-linked anti-mouse IgG (#7076, 
Cell Signaling Technology). An Immobilon Western 
Chemiluminescent HRP Substrate Kit (Merck 
Millipore) was used for detection. Information 
regarding the primary antibodies can be found in 
Table S6. Quantification of western blot data was 
performed using ImageJ V4. 

Detection of SIRT6 deacetylation on 
nucleosome substrates 

In vitro deacetylation reactions on nucleosome 
substrates were performed as previously reported [26, 
32]. Briefly, 5 μg of mononucleosomes purified from 
HeLa cells with a nucleosome preparation kit (Active 
Motif) and 0.2 μg of purified WT SIRT6 were 
incubated in 40 μL of HDAC buffer (50 mM Tris-HCl 
[pH 8.0], 2 mM NAD+, and 150 mM NaCl) for 80 min 
at 30 °C. The indicated concentrations of MDL-811 or 
DMSO control were added before incubation. The 
reaction mixture was analyzed by western blotting. 

Cell culture 
The HEK293T, HeLa, HT29, HCT116, SW480, 

LS174T, RKO, Colo205, SW620, and DLD-1 cell lines 
were obtained from the Cell Resource Center of the 
Shanghai Institute for Biological Sciences, Chinese 
Academy of Sciences. The HCT15, Colo201, 
Colo320DM, SW1116, Caco2, T84, NCI-H716, HCT8, 
and LOVO cell lines were purchased from the 

EK-Bioscience Biotechnology Company Limited 
Shanghai Enzyme Research. The LS123, SKCO1, 
LS180, LS1034, LS513, SW1463, SW1417, SW48, 
NCI-H508, and FHC cell lines were purchased from 
CELLBIO, Saiqi (Shanghai) Biological Engineering 
Company Limited. HEK293T, HeLa, Caco2, T84, 
LS123, SKCO1, LS180, LS174T, and RKO cell lines 
were maintained in Dulbecco's modified Eagle's 
medium (DMEM) supplemented with 10% (v/v) fetal 
bovine serum (FBS) (Gibco). SW480, HCT15, Colo201, 
Colo320DM, NCI-H716, HCT8, LS1034, LS513, 
Colo205, SW620, DLD-1, and NCI-H508 cells were 
maintained in RPMI 1640 medium added with 10% 
(v/v) FBS. HT29, and HCT116 cell lines were 
maintained in McCoy's 5A modified medium 
supplemented with 10% (v/v) FBS. SW1116, SW1463, 
SW1417, and SW48 cell lines were maintained in L-15 
medium supplemented with 10% (v/v) FBS. LOVO 
cells were maintained in F-12K medium 
supplemented with 10% (v/v) FBS. FHC cells were 
maintained in DMEM:F12 medium with 10 mM 
HEPES (for a final concentration of 25 mM), 10 ng/mL 
cholera toxin, 0.005 mg/mL insulin, 0.005 mg/mL 
transferrin, 100 ng/mL hydrocortisone, 20 ng/mL 
human recombinant EGF (Thermo Fisher, PHG0311), 
and 10% (v/v) FBS. All cell lines were cultured 
according to the standard cell culturing protocols of 
American Type Culture Collection and maintained in 
a humidified 37 °C incubator with 5% CO2. However, 
cells cultured in L-15 medium were maintained in free 
gas exchange with atmospheric air at 37 °C. The cell 
lines were authenticated by short tandem repeat (STR) 
profiling, as previously described [36]. 

Cellular thermal shift assay (CETSA)  
CETSA was conducted as previously described 

[37]. HCT116 cells were seeded in 10-cm cell culture 
dishes and grown to ~90% confluence. Subsequently, 
the cells were treated with DMSO or MDL-811 (10 
μM) for 24 h; the final DMSO concentration in the 
assay was 0.1%. Cell pellets were collected by 
centrifugation (1,000 × g, 5 min, 4 °C), resuspended in 
600 μL of 1× PBS, and distributed into different 
0.2-mL tubes, each with 40 μL of cell suspension. The 
tubes were heated at the indicated temperature 
endpoints (38.5-51.5 °C) for 3 min in a PCR 
thermocycler. Immediately after heating, the tubes 
were incubated at room temperature for another 3 
min. The samples were subjected to two freeze-thaw 
cycles in liquid nitrogen. Each cell lysate was 
centrifuged (15,000 × g for 20 min at 4 °C), and 25 μL 
of supernatant was collected. The supernatants were 
lysed in 25 μL of 2× SDS loading buffer at 95 °C for 10 
min. Then, the samples were centrifuged, and the 
supernatants were analyzed by western blotting. 
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Quantification of the SIRT6 level was performed with 
ImageJ V4. The signal intensity of each protein band 
on the western blots was normalized to the signal 
intensity observed at 38.5 °C. The corresponding 
signal intensities were plotted against temperature in 
GraphPad Prism V7. Each data point is shown as the 
mean ± s.e.m. of four independent experiments. 

Cell proliferation 
Cell proliferation was evaluated using a Cell 

Counting Kit-8 (CCK-8) (Dojindo) following the 
manufacturer's instructions. Briefly, CRC cells were 
plated in 96-well plates at a density of 5 × 103 cells per 
well. After attachment overnight, CRC cells were 
treated with MDL-811 at various concentrations for 48 
h. Cells treated with DMSO were used as the positive 
controls, and the final DMSO concentration in the 
medium was 0.1%. After 48 h of treatment, 10 μL of 
CCK-8 solution was added to every well and 
incubated for 1 h at 37 °C. Then, a microplate reader 
(Synergy H4 Hybrid Reader, BioTek) was used to 
measure the absorbance of the solvent at 450 nm. The 
background of drug and culture medium has been 
deducted in each well. The relative cell proliferation 
of each treatment group was expressed as the 
percentage change relative to the positive control 
group. Each data point is the mean ± s.d. of two or 
three independent experiments. 

Calcein-AM/propidium iodide (PI) double 
staining 

Live-dead cell staining was performed following 
the protocol of a Calcein-AM/PI Double Stain Kit 
(Yeasen). Briefly, 3 × 104 cells per well were seeded 
into 24-well plates. After treatment with the indicated 
concentrations of MDL-811 or doxorubicin for the 
indicated times (the final DMSO concentration in the 
medium was 0.1%), the cells were resuspended and 
incubated with Calcein-AM and propidium iodide for 
15 min at 37 °C. Then, cell images were acquired with 
a fluorescence microscope (Nikon Inverted Research 
Microscope Eclipse Ti). For each assay, five random 
fields of view per well were imaged at 10× 
magnification. 

LDH assay 
Cell cytotoxicity was assessed by measuring 

LDH release from damaged or dead cells using a 
Cytotoxicity LDH Assay Kit-WST (Dojindo) following 
the manufacturer's instructions. Briefly, 5 × 103 cells 
per well were plated in 96-well plates. Twelve hours 
after seeding, the cells were treated with various 
concentrations of MDL-811 for 48 h or with 10 μM 
doxorubicin for 12 h. The final DMSO concentration in 
the medium was 0.1%. The amount of LDH leakage 
from the cells was determined by measuring the 

absorbance at 490 nm using a microplate reader 
(Synergy H4 Hybrid Reader, BioTek). The percentage 
of cytotoxicity was calculated as follows: [(test sample 
- low control)/ (high control - low control)] × 100, 
where low control is the absorbance of the culture 
medium without any added extract, and high control 
is the absorbance of the culture medium in which the 
cells were treated with 1% (v/v) Triton X-100 to 
achieve 100% LDH release. Each data point is 
presented as the mean ± s.d. of three independent 
experiments. 

Cell cycle analysis 
Cells were seeded in 6-well plates overnight and 

treated with DMSO or with 5 or 10 μM MDL-811 for 
48 h; the final DMSO concentration in the media was 
0.1%. Then, cells were collected and fixed with 75% 
ethanol at 4 °C overnight. The cells were incubated 
with RNase I (50 μg/mL) in 1× PBS at 37 °C for 30 min 
and stained with propidium iodide (50 μg/mL) for 15 
min. The cells were analyzed by flow cytometry and 
FACS DIVA software, v6.2 (BD Biosciences). The cell 
cycle distribution was analyzed using FlowJo 7.6.1 
software. The data are presented as the mean ± s.d. of 
three independent experiments. 

Clinical sample collection 
All human CRC tissues were collected in the 

Department of Colorectal and Anal Surgery, Xinhua 
Hospital, Shanghai Jiao-Tong University School of 
Medicine. Tumor tissues were collected from four 
independent donors. All clinical sample collections 
were approved by the ethics committee of Xinhua 
Hospital Affiliated with Shanghai Jiao-Tong 
University School of Medicine. Informed consent was 
obtained from all patients providing clinical samples. 

CellTiter-Glo 3D viability assay 
Tumor cell isolation, organoid culture, and 

organoid viability assays were performed as 
previously described [38]. CRC PDOs were plated (n 
= 2 wells/group) in 96-well plates. After 24 h, the 
media were replaced with DMSO- or 
MDL-811-containing Matrigel. 3D organoid viability 
was quantified using CellTiter-Glo (Promega) after 72 
h of incubation. Viability was normalized to that of 
the DMSO groups. 

Human CRC CDX and PDX studies 
All animal studies were performed following 

federal and institutional guidelines approved by the 
Institutional Animal Care and Use Committee at 
Shanghai Jiao-Tong University School of Medicine. To 
establish the CDXs, HCT116 cells (1 × 106) suspended 
in 100 μL of 1× PBS were injected subcutaneously into 
the flanks of six-week-old male BALB/c nude mice. 
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To establish the PDXs, primary tumors resected from 
two independent CRC patients (patient #1 and #2) 
were collected in the culture medium. The necrotic 
and supporting tissues were carefully removed using 
sterilized surgical blades. The gross tumor was cut 
into fragments (2-3 mm in diameter) and inoculated 
subcutaneously into the flanks of nude mice. The mice 
were monitored daily, and caliper measurements 
began when tumors became visible. The tumor 
volume was monitored every other day via calipers. 
The tumor volume was calculated using the following 
formula: (L × W 2) / 2, where L and W refer to the 
tumor diameter along the longitudinal and transverse 
axes, respectively. When the mean tumor volume was 
approximately 100 to 250 mm3, the mice were 
randomly grouped (n = 6 per group for CDXs, n = 8 
per group for PDXs), and treatment was initiated. The 
mice received an intraperitoneal injection of the 
vehicle alone (5% DMSO, 30% PEG-400, and 65% 
saline, pH 7.0-8.0) or designated doses of MDL-811 
every other day for 16 days for CDXs and for 12 days 
for PDXs. After treatment or if meeting the humane 
endpoint criteria, the mice were sacrificed by CO2 
asphyxiation. The tumors were dissected, imaged, 
and weighed. Tumor tissues were collected, fixed in 
10% neutral buffered formalin, or snap frozen in 
liquid N2 and stored at -80 °C for subsequent analyses. 

APCmin/+ mouse model 
C57BL/6J-APCmin/+ mice were obtained from 

Jackson Laboratory. Eight-week-old male mice of the 
same parental generation were divided into two 
groups that received 20 mg/kg MDL-811 or vehicle 
(5% DMSO, 30% PEG-400, and 65% saline, pH 7.0-8.0) 
via intraperitoneal injection every two days for 12 
weeks. The mice were sacrificed in the twentieth 
week. Tumor numbers were calculated, and tumors 
were imaged after longitudinal dissection of the small 
intestine and colon. Then, the small intestines and 
colons were sectioned and stained for 
immunohistochemistry. 

Histological and immunohistochemical 
analyses 

Xenograft tumor tissues were fixed in 4% 
paraformaldehyde for 24 h, embedded in paraffin, 
and sectioned with a semiautomated rotary 
microtome (Leica, RM2235). Morphology was 
evaluated by hematoxylin and eosin (H&E) staining. 
The protein levels of H3K9Ac and Ki67 were analyzed 
by immunohistochemistry according to standard 
protocols with specific primary antibodies 
(anti-H3K9Ac, 1:100 dilution, ab32129, Abcam; 
anti-Ki67, 1:200 dilution, ab15580, Abcam). All assays 
were followed by staining with HRP-conjugated 
rabbit secondary antibody (KIT-9707, Maixin 

Biotechnology), and samples were then 
counterstained with hematoxylin and mounted. 
Images were captured with a Nikon Ti-S microscope. 

Transcriptome profiling 
RNA purification, reverse transcription, library 

construction, and sequencing were performed at 
WuXi NextCODE in Shanghai following the 
manufacturer's instructions (Illumina). Total RNA 
was extracted from 5 × 106 HCT116 cells treated in 
triplicate with DMSO or 10 μM MDL-811 for 48 h. 
Samples containing approximately 500 ng of 
high-quality RNA (OD260/280 = 1.9-2.0, RIN ≥ 8) were 
used to construct the sequencing library. The 
mRNA-focused sequencing libraries were prepared 
from total RNA using an Illumina TruSeq® RNA 
sample preparation kit. PolyA mRNA was purified 
from total RNA using oligo dT-conjugated magnetic 
beads and fragmented in fragmentation buffer. These 
short fragments were used as templates for synthesis 
of first-strand cDNA using reverse transcriptase and 
random primers, followed by synthesis of 
second-strand cDNA. Then, the synthesized cDNA 
was subjected to end repair, phosphorylation and 'A' 
base addition according to Illumina's library 
construction protocol. Then, Illumina sequencing 
adapters were added to cDNA fragments of both 
sizes. After PCR amplification for DNA enrichment, 
AMPure XP Beads (Beckman) were used to clean up 
the target fragments of 200-300 bp. After library 
construction, a Qubit 2.0 fluorometric dsDNA HS 
Assay (Thermo Fisher Scientific) was used to quantify 
the concentrations of the resulting sequencing 
libraries, while the size distribution was analyzed by 
an Agilent BioAnalyzer 2100 (Agilent). Sequencing 
was performed using an Illumina system following 
Illumina-provided protocols for 2 × 150 paired-end 
sequencing in WuXi NextCODE. 

GSEA 
Gene expression differences in biological 

pathways in MDL-811- or DMSO-treated HCT116 
cells were analyzed by GSEA version 3.0 software [39] 
(http://www.broadinstitute.org/gsea/msigdb/inde
x.jsp) under the default parameters with reference 
gene sets from the Molecular Signatures Database 
(MSigDB) C2 (CP: Kyoto Encyclopedia of Genes and 
Genomes [KEGG]) gene sets. The number of 
permutations was set at 1,000. Gene sets were 
considered significantly enriched if they satisfied the 
following cutoffs: nominal P < 0.05 and false 
discovery rate (FDR) < 0.25. 

RNA extraction and RT-qPCR 
Total RNA was extracted with TRIzol reagent 

(Invitrogen) according to the manufacturer's 
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instructions. For cDNA synthesis, 1 μg of total RNA 
was reverse transcribed using a FastKing RT Kit 
(Tiangen). RT-qPCRs were run in triplicate using 
SYBR Green master mix (Roche) in an ABI 7900 
Thermal Cycler (Applied Biosystems) according to the 
manufacturer’s instructions. RT-qPCRs were 
performed in triplicate, and the mean cycle threshold 
(Ct) values were calculated for expression analysis. 
The mRNA levels of target genes were calculated 
using the 2-ΔΔCt method [40]. The expression data were 
normalized to β-actin expression levels and are 
presented as the mean ± s.e.m. of three independent 
experiments. The RT-qPCR primer sequences are 
listed in Table S7. 

Transfection 
HCT116 cells were transiently transfected with 

empty vector, pcDNA3.1-CYP24A1-Flag or pLVX- 
SIRT6-HA using Neofect™ DNA transfection reagent 
following the manufacturer’s protocol. Cells were 
subjected to the following experiments 48 h after 
transfection. 

ChIP assay 
ChIP assays were performed following the 

Chip-IT Express Kit (Active Motif) protocol. Briefly, 
HCT116 cells were treated with the indicated 
concentrations of MDL-811 for 48 h; the final DMSO 
concentration in the medium was 0.1%. Then, the cells 
were cross-linked for 10 min with 1% formaldehyde, 
and the reaction was stopped with 0.125 M glycine. 
Samples were sonicated into DNA fragments of 
200-500 bp with 6 pulses at an amplitude of 25% using 
an EpiShear™ Cooled Sonication Platform (Active 
Motif). Each pulse consisted of sonication for 20 s 
followed by a rest on ice for 30 s. Then, 4% of soluble 
chromatin was retained as the input control. The 
remaining chromatin was incubated with the 
indicated antibodies and 25 μL of magnetic beads at 4 
°C overnight with rotation. Information regarding the 
primary antibodies is provided in Table S8. Following 
reverse crosslinking at 65 °C for 8 h, bound DNA and 
input controls were purified using a MinElute PCR 
Purification Kit (Qiagen) following the manufacturer's 
instructions and were finally resuspended in 50 μL of 
ddH2O. ChIP-associated sequences were detected by 
RT-qPCR as described above. The ChIP-qPCR primers 
were designed based on the DNA sequence of each 
peak region of H3K9Ac, H3K18Ac or H3K56Ac from 
ChIP-seq data extracted from the Cistrome database 
(Figure S10, B to D). The ChIP-qPCR primer 
sequences for the indicated regions are provided in 
Table S9. 

Combination drug treatment 
1,25(OH)2D3 was purchased from TargetMol. For 

cell proliferation assays, 1,25(OH)2D3 was dissolved in 
DMSO, stored at -20 °C and protected from light. The 
maximum final DMSO concentration used in all 
treatment conditions was 0.25%. CRC cell lines were 
exposed to MDL-811 at concentrations ranging from 5 
to 10 μM plus 1,25(OH)2D3 at concentrations ranging 
from 1 to 10 μM. Then, cell proliferation assays were 
performed using the CCK-8 method. Combination 
effects were analyzed by the Chou-Talalay 
combination index (CI) method [41]. The CI values 
and the fraction of cells affected values were 
generated using CompuSyn Version 1.0 software. CI 
values of < 1, = 1, and > 1 indicate synergism, 
additivity, and antagonism between the drugs, 
respectively. For combination treatment in the 
HCT116 CDX model, six-week-old male BALB/c 
nude mice (n = 8) were intraperitoneally treated every 
two days for 14 days with either vehicle (5% DMSO, 
30% PEG-400, and 65% saline [pH 7.0-8.0]), 
1,25(OH)2D3 alone (50 μg/kg), MDL-811 alone (15 
mg/kg), or a combination of the two drugs. 

Statistical analysis 
Significance was evaluated with ANOVA or 

two-tailed Student’s t-tests unless otherwise indicated 
in the figure legends. P values less than 0.05 were 
considered significant (*, P < 0.05; **, P < 0.01; ***, P < 
0.001). The graphs and error bars show the mean ± s.d. 
of independent biological experiments unless stated 
otherwise. All statistical analyses were performed 
using Microsoft Office Excel 2016 or GraphPad Prism 
V7. 

Synthesis, NMR spectra, and the HPLC analysis 
data of MDL analogs are provided in Chemical 
Characterization of Supplemental Information.  

Results 
Identification of a potent and selective SIRT6 
activator, MDL-811 

Our previous efforts have focused on optimizing 
the two side phenyl rings of the screened hit scaffold, 
yielding MDL-800 and MDL-801 [42]. According to 
our co-crystal structure of MDL-801 and SIRT6 (PDB 
ID: 5Y2F), there is a sub-pocket surrounded by Phe82, 
Thr84, Thr85 and Phe86 around the C3 position of the 
central phenyl ring of MDL-801 (Figure S1), where 
MDL compounds may be modified to improve the 
characteristics of the SIRT6 activators. Guided by the 
structure, we synthesized a series of compounds at 
the C3 position by introducing moieties with different 
sizes and properties, leading to 12 MDL analogs 
(Table 1). Evaluated by the Fluor de Lys (FDL) assays 
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with an acetylated peptide (RHKK-Ac-AMC), these 
compounds showed their half-maximal effective 
concentration (EC50) values from 5.7 to 43.6 μM. We 
tried to use a docking model to prompt the potential 
binding poses of these MDL analogs at the SIRT6 site 
(Figure S1 and Table 1). For example, the 
dimethylamine group at the C3 position could not 
form any positive interaction with the residues of the 
SIRT6 site (MDL-818, Figure S1A), but three MDL 

analogs with extended carbon chains of 
dimethylamine probably increased hydrophobic 
contacts with the residues in the site, such as the 
N-ethyl-N-methylbutan-1-amine group of MDL-813 
with Phe82 and Thr85 (Figure S1B). Compared with 
the five-membered heterocycle (MDL-822, Figure 
S1C), we found that the size of a six-membered 
heterocycle (MDL-821) may make a more favorable 
adaption with the site (Figure S1D).  

 

Table 1. Chemical structures of MDL analogs and activity.  

 
* EC50 values were determined by FDL assays. The data are shown as mean ± s.d. from three independent experiments. 
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However, the conformation of the SIRT6 site is 
rather flexible based on the superimposed crystal 
structures and its high Wilson factors so that the 
docking simulation that generally treats a protein as a 
rigid structure [43-45] may be difficult to accurately 
predict the binding poses of MDL-811 and its analogs 
at the site, thus future co-crystals will be of great help 
to reveal the binding poses of the compounds on 
SIRT6. 

As a drug-like six-membered heterocycle, 
morpholine and 3-methylmorpholine groups have 
been commonly used for desirable drug-like 
properties [46, 47]. Thus, we used 
3-methylmorpholine at the C3 position, leading to 
MDL-811. MDL-811 potently activated SIRT6 
deacetylation (EC50 = 5.7 ± 0.8 μM), with two-fold 
greater activity than MDL-800 (EC50 = 12.3 ± 0.7 μM) 
(Figure S2A). Additionally, MDL-811 significantly 
enhanced bioavailability (F%, 92.96%) compared with 
MDL-800 (71.33%) (Table S1), which could improve 
the anti-tumor effect on CRC in vivo. In the docking 
model, the 3-methylmorpholine of MDL-811 could 
form a hydrogen bond with the backbone of Phe86 as 
well as participate in hydrophobic interactions with 
Phe82, Thr85, and Phe86 of SIRT6, which confers a 
more favorable binding mode than that of MDL-800 
(Figure S1E). However, long-chain substituted 
morpholine could not further improve activity 
(MDL-815 and MDL-816). In addition, MDL analogs 
with a larger moiety, such as dipiperidine (MDL-814), 
at the C3 position were also explored to accommodate 
the hydrophobic pocket. Compared with MDL-811, 
the larger substituted dipiperidine of MDL-814 
extended the pocket outward the pocket with fewer 
hydrophobic contacts, although the scaffold of the 
compound maintained the same conformation (Figure 
S1F), which could be the reason for its reduced 
activity. Collectively, MDL-811 could be promising 
for further in vitro and in vivo investigation. 

We further assessed the reproducibility of the 
activating effect using HPLC with RHKK-Ac-AMC as 
the substrate. The HPLC assay results confirmed that 
MDL-811 increased the catalytic efficiency for SIRT6 
deacetylation to a higher level than MDL-800 (Figure 
1B and Figure S2B). To determine whether MDL-811 
might affect SIRT6 deacylase activity, we used a 
synthetic TNFα peptide containing a myristoyl group 
(EALPKK-Myr-AMC) to evaluate the effect of 
MDL-811 using an FDL assay as previously described 
[34, 48-50]. The result showed no apparent effect of 
MDL-811 on SIRT6 deacylation (Figure S3).  

The selectivity of MDL-811 was assessed across a 
panel of HDAC family members with deacetylase 
activity. MDL-811 potently enhanced the deacetylase 
activity of SIRT6 in a dose-dependent manner but 

showed little effect on other histone deacetylase 
enzymes at concentrations up to 100 μM (Figure 1C 
and Table S2), suggesting that MDL-811 selectively 
activated SIRT6 among the HDAC family members. 
More importantly, MDL-811 significantly enhanced 
the deacetylation of SIRT6 (H3K9Ac, H3K18Ac, and 
H3K56Ac) in natural nucleosomes and HEK293T cells 
in a dose-dependent manner (Figure 1D). Having 
confirmed the enhanced effect of MDL-811 on SIRT6 
deacetylation, we next used this activator to evaluate 
the pharmacological activation of SIRT6 in CRC. 

MDL-811 exhibits broad antiproliferative 
effects on CRC cells 

To pharmacologically evaluate the role of SIRT6 
in CRC, we first tested the target engagement of 
MDL-811 in cells using a cellular thermal shift assay 
(CETSA) [37]. HCT116 cells were incubated with 10 
μM MDL-811 and then heated at the indicated 
temperatures to denature proteins (Figure 2A). 
MDL-811 increased the thermal stability of SIRT6, 
with an increase in the melting temperature from 
45.8 °C to 47.6 °C (ΔTm = 1.8 ± 0.2 °C) (Figure S4A and 
Table S3), indicating that MDL-811 can bind and 
stabilize its target, SIRT6, in CRC cells. Because SIRT6 
catalyzes the deacetylation of H3K9Ac, H3K18Ac, and 
H3K56Ac, a cell-permeable activator of SIRT6 would 
be expected to decrease the levels of H3K9Ac, 
H3K18Ac, and H3K56Ac. We assessed the acetylation 
levels of these H3 markers after MDL-811 treatment 
by western blotting in a panel of human CRC cell lines 
and found that MDL-811 effectively enhanced the 
dose-dependent deacetylation of H3K9Ac, H3K18Ac, 
and H3K56Ac in almost every CRC cell line (Figure 2B, 
Figure S4, B and C). Notably, MDL-811-induced 
deacetylation of H3K9Ac, H3K18Ac, and H3K56Ac in 
HCT116, HT29, and SW480 cells was significantly 
stronger than that in other cell lines (Figure 2B and 
Figure S4B), consistent with the higher protein levels 
of SIRT6 in these three cell lines (Figure 2E) and 
supporting a positive association between the action 
of MDL-811 and the protein level of SIRT6 in CRC 
cells. 

Recent findings have demonstrated that SIRT6 
can suppress tumorigenesis by reducing the levels of 
H3K9Ac and H3K56Ac [10, 11, 23, 30]. To 
quantitatively evaluate whether this association has a 
pharmacological effect on tumorigenesis, we assessed 
the anticancer effects of MDL-811 in the 26 CRC cell 
lines. As expected, MDL-811 extensively reduced 
CRC cell proliferation in a dose-dependent manner 
(Figure 2C), with half-maximum inhibitory 
concentration (IC50) values ranging from 4.7 to 61.0 
μM (Figure 2D and Table S4). Importantly, the 
proliferation of more than 75% (20 of 26) of the CRC 
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cell lines was substantially inhibited by MDL-811 (IC50 
< 25 μM). Further analysis revealed that the IC50 
values of MDL-811 in the CRC cell lines negatively 
correlated with not only the protein levels of SIRT6 
(Pearson correlation, r = -0.7939, P = 0.0020, n = 12) 
(Figure 2E) but also the deacetylation of H3K9Ac (r = 
-0.4734, P = 0.0146, n = 26) and H3K56Ac (r = -0.4631, 
P = 0.0172, n = 26) after treatment with MDL-811 
(Figure S4D). Among the CRC cell lines, the higher 
the SIRT6 protein level in the CRC cell line, the greater 
was the effect of MDL-811 treatment on both the 
activation of SIRT6-mediated deacetylation and the 
anti-CRC effect. Collectively, these results reveal the 
common role of SIRT6 in the proliferation of various 
CRC cell lines and indicate that the pharmacological 
effect of MDL-811 is due to reduced histone H3 
acetylation through the activation of SIRT6 
deacetylase activity. 

To investigate the function of MDL-811 in CRC 
cells, we assessed cell viability in the presence of 10 
μM MDL-811 using a live-dead double staining assay. 
MDL-811 did not cause observable cell death but led 

to a significant decrease in the number of CRC cells at 
the pharmacological concentration (Figure S5A). The 
results of lactate dehydrogenase (LDH) assays 
confirmed the minimal cytotoxic effect of MDL-811 at 
these concentrations (Figure S5B), implying that 
MDL-811 could induce an anti-tumor effect by 
suppressing CRC cell proliferation instead of via 
cytotoxicity. Moreover, we evaluated the 
antiproliferative and cytotoxic effects of MDL-811 in 
the non-cancerous colon cell line FHC using CCK8 
and LDH assays. Our results showed that the IC50 of 
FHC cells was approximately 5 times higher than that 
of CRC cell line HCT116 in CCK8 assays (Figure S6). 
Consistent with the relatively low cytotoxic effect of 
MDL-811 in CRC cell lines, we also observed a low 
cytotoxic effect of MDL-811 in FHC cells in LDH 
assays (Figure S5B). Moreover, MDL-811 induced 
marked G0/G1 cell cycle arrest in CRC cells (Figure 
S7A and Table S5), consistent with recent findings 
that SIRT6 activation suppresses cell cycle 
progression in tumor cells [21, 23, 27, 51].  

 
 
 

 
Figure 1. Identification of MDL-811, a potent and selective allosteric SIRT6 activator. (A) Chemical structure of MDL-811. (B) Effects of SIRT6 deacetylation on 
RHKK-Ac-AMC with DMSO, 25 μM MDL-811 or MDL-800, as determined by HPLC. The data are representative of the results of three independent experiments. (C) Target 
selectivity of MDL-811 among histone deacetylase enzymes. Assays were performed using the indicated concentrations of fluorogenic HDAC substrates for the indicated time. 
The data are presented as the mean ± s.d. of three independent experiments. (D) Representative western blots of the dose-dependent effects of MDL-811 on H3K9Ac, 
H3K18Ac, and H3K56Ac in nucleosomes and HEK293T cells. Histone H3 was the internal control, and β-actin was the loading control.  
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Figure 2. MDL-811 exhibits broad antiproliferative effects on CRC. (A) Graphical summary of the CETSA results in HCT116 cells treated with DMSO or 10 μM 
MDL-811 for 24 h. The data are plotted as the mean ± s.e.m. of four independent experiments. (B) Representative western blots of SIRT6 and H3K9Ac, H3K18Ac, and H3K56Ac 
levels in HCT116 cells treated with the indicated concentrations of MDL-811 or 20 μM MDL-800 for 48 h and treated with 10 μM MDL-811 for the indicated times. Histone H3, 
internal control, and β-actin, loading control. (C) Dose response of the proliferation of various CRC cell lines exposed to MDL-811 for 48 h was normalized to the proliferation 
of the corresponding DMSO-treated controls. Cell proliferation was determined by a CCK-8 assay. Black lines, CRC cell lines with IC50 values greater than 25 μM; blue lines, 
between 10 and 25 μM; red lines, less than 10 μM. The points indicate the mean ± s.d. of two or three independent experiments. (D) The IC50 values of MDL-811 in various CRC 
cell lines following 48 h of treatment. The data are presented as the mean ± s.d. of two or three independent experiments. (E) Representative western blots of SIRT6 expression 
in twelve CRC cell lines (upper panel). Correlation analysis of the SIRT6 percentage relative to that of β-actin for twelve CRC cell lines with IC50 values of MDL-811 at 48 h (lower 
panel). Each IC50 value is the average value of two or three independent experiments. Quantification of the SIRT6 level was calculated by ImageJ V4. The SIRT6 level in each CRC 
cell line is presented as the mean ± s.e.m. of three independent experiments. The SIRT6 level and IC50 value of MDL-811 were subjected to Pearson correlation analysis (r = 
-0.7939, P = 0.0020, n = 12). (F) Representative photomicrographs of two CRC PDOs (PDO #1-2) treated with DMSO or with 5 or 10 μM MDL-811 (40× magnification). Scale 
bars, 200 μm. (G) Two CRC PDOs (PDO #1-2) were treated with the indicated concentrations of MDL-811 for 72 h, and cell viability was measured by CellTiter-Glo. Relative 
viability was normalized to that of the DMSO controls. Error bar, s.d. of two replicates; P values were determined by two-way ANOVA.  
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Patient-derived organoids (PDOs) more closely 

recapitulate the genetic and pathological properties of 
the original tumor than do adherent monolayer 
cultures and allow for the prediction of patient 
responses to drug treatment with improved accuracy 
[38]. To evaluate the clinical potential of MDL-811, we 
measured the efficacy of MDL-811 in two organoids 
derived from two independent CRC tumors (PDO 
#1-2). The relative viability of the organoids was 
determined using a CellTiter-Glo assay. Consistent 
with the results of our CRC cell line-based assays, 
MDL-811 significantly repressed the growth of these 
two CRC PDOs in a dose-dependent manner (Figure 
2, F and G), suggesting the potential clinical efficacy of 
MDL-811. Taken together, our data demonstrate that 
MDL-811 pharmacologically exerts broad 
antiproliferative effects on CRC cells. 

MDL-811 elicits pharmacological inhibition on 
CRC in vivo 

To evaluate the pharmacological effect of 
MDL-811 in vivo, we generated both CDX and PDX 
models. In the HCT116 CDX model, MDL-811 
treatment strongly suppressed tumor growth in a 
dose-dependent manner (Figure 3A), indicating 
robust anti-CRC activity of MDL-811 in vivo. Western 
blot analyses of xenograft tissues showed that 
SIRT6-dependent deacetylation of histone H3 marks 
was significantly increased in xenografts treated with 
MDL-811 (Figure 3B). Moreover, immunohisto-
chemical (IHC) staining provided additional evidence 
that CRC tumor regression was associated with 
decreased proliferation (Ki67) and reduced H3K9Ac 
levels in xenografts after treatment with MDL-811 
(Figure 3C). To further confirm the therapeutic effect 
of MDL-811, we established two PDX models from 
tumors resected from two individual CRC patients. 
MDL-811 treatment led to strong tumor regression in 
both PDX models (Figure 3D), with decreased Ki67 
staining and reduced SIRT6-specific histone H3 
acetylation marks (Figure 3, E and F), consistent with 
the pharmacological effect of MDL-811 in the CDX 
model. In particular, we did not observe any 
significant weight loss or other abnormal behavioral 
signs in the mice treated with MDL-811, indicating 
that MDL-811 has little toxicity and is well-tolerated 
at the efficacy dosage in vivo (Figure S8). These 
xenograft models clearly reveal the therapeutic 
efficacy of MDL-811-induced SIRT6 activation in CRC 
in vivo. 

In addition to xenograft models, models of 
spontaneous CRC can provide further evidence 
supporting the therapeutic potential of MDL-811. 

Thus, APCmin/+ mice were treated with either vehicle 
or 20 mg/kg MDL-811 by intraperitoneal injection 
every two days for 12 weeks. MDL-811 significantly 
reduced the number and size of adenomas in both the 
small intestines and colons of APCmin/+ mice (Figure 4, 
A and B). Moreover, moderate decreases in the levels 
of Ki67 and H3K9Ac were observed after MDL-811 
treatment relative to these levels after treatment with 
vehicle control, as evaluated by IHC staining (Figure 
4C). Our pharmacological results agree well with 
recent reports stating that conditional intestinal 
ablation of SIRT6 increases the size and number and 
promotes the aggressiveness of adenomas in APCmin/+ 
CRC mice [10]. Collectively, our results demonstrate 
that MDL-811 effectively elicits pharmacological 
inhibition of CRC in vivo. 

MDL-811 suppresses the transcription of 
CYP24A1 in CRC 

To explore the mechanism of MDL-811 in CRC, 
we performed RNA sequencing analysis to 
investigate the gene expression profiles of MDL-811- 
and DMSO-treated HCT116 cells. Many studies have 
shown that SIRT6 can be recruited to the chromatin to 
repress gene transcription and affect genomic stability 
through histone deacetylation at specific genomic 
regions [10, 11, 23, 25, 26, 28-30]. Gene Set Enrichment 
Analysis (GSEA) showed that MDL-811 induced 
significant changes in the expression of genes 
associated with the downregulation of DNA 
replication and cell cycle activity (Figure S7B), 
consistent with the effect of MDL-811 on cell cycle 
arrest in CRC (Figure S7A and Table S5). Regarding 
the differentially expressed genes after treatment with 
MDL-811, real-time quantitative PCR (RT-qPCR) 
assays revealed that the transcription levels of the 
genes known to exhibit SIRT6-specific repression 
were considerably decreased (Figure 5A). These genes 
included LDHA, GLUT1, PDK1, and PKM2 (involved 
in Hif1α-mediated glycolytic metabolism) [28, 52]; 
PCNA, CDC2, CCNA2, and CDC25C (c-MYC target 
genes and cell cycle checkpoint regulators) [21]; and 
AKT1, AKT2, and MTOR (IGF signaling-related 
genes) [29]. These decreases were consistent with the 
decreases in the mRNA levels of these genes in 
HCT116 cells by SIRT6 overexpression (Figure S9, A 
and B). 

Notably, CYP24A1 (or 1,25-dihydroxyvitamin D3 
24-hydroxylase) was one of the most strongly 
suppressed genes after MDL-811 treatment (Figure 
5B). CYP24A1 is a member of the cytochrome P450 
enzyme family involved in drug metabolism and the 
synthesis of cholesterol, steroids, and other lipids [53].  
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Figure 3. MDL-811 exhibits robust anti-tumor efficacy in CRC CDX and PDX models. (A) Representative image of HCT116 xenograft tumors dissected from nude 
mice in different groups (upper panel). Volumetric measurements of HCT116 xenograft tumors treated intraperitoneally with vehicle or with 20 or 30 mg/kg MDL-811 every 
other day for 16 days (middle panel). The tumor volumes are plotted as the mean ± s.e.m. of n = 6 mice per group. Tumor weights in different groups of mice (bottom panel) are 
shown. The data are presented as the mean ± s.d. of n = 6 mice per group. P values were determined by one-way ANOVA. (B) Representative western blots of SIRT6, H3K9Ac, 
H3K18Ac, and H3K56Ac in three representative xenograft tumors from each group. Histone H3, internal control, and β-actin, loading control. (C) Representative tissue sections 
from HCT116 xenograft tumors with H&E, H3K9Ac, and Ki67 staining after treatment with vehicle or MDL-811. Representative images (40× magnification) are shown. Scale 
bars, 200 μm. (D) Representative images of PDX tumors from CRC patients #1 and #2 dissected from mice of different groups (upper panel). Volumetric measurements of PDX 
tumors from CRC patients #1 and #2 treated intraperitoneally with vehicle or 30 mg/kg MDL-811 every other day for 12 days (middle panel). The tumor volumes are plotted 
as the mean ± s.e.m. of n = 8 mice per group. Tumor weights in different groups of mice (bottom panel) are shown. The data are presented as the mean ± s.d., and P values were 
determined by a two-tailed Student’s unpaired t-test (n = 8). (E) Representative western blots of SIRT6, H3K9Ac, H3K18Ac, and H3K56Ac in three representative PDX tumors 
from CRC patients #1 and #2 in each group of mice. (F) Representative tissue sections from PDX tumors of CRC patients #1 and #2 with H&E, H3K9Ac, and Ki67 staining after 
treatment with vehicle or 30 mg/kg MDL-811. Representative images are shown (40× magnification). Scale bars of H&E staining, 200 μm; Scale bars of H3K9Ac and Ki67 staining, 
20 μm. 
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Figure 4. MDL-811 inhibits tumorigenesis in the APCmin/+ model of spontaneous CRC. (A) Representative image of intestine and colon sections from APCmin/+ mice. 
Mice received an intraperitoneal injection of vehicle alone or 20 mg/kg MDL-811 every two days for 12 weeks. The white arrows indicate the presence of polyps. (B) Adenoma 
numbers in the small intestines and colons of APCmin/+ mice. The error bars indicate the mean ± s.d., and P values were determined by a two-tailed unpaired Student’s t-test (n 
= 10 mice per group). (C) H&E staining showing the morphology of the small intestine or colon from the indicated mice (4× magnification). Scale bars, 200 μm. The lower four 
panels of each figure are zoomed-in images of the areas enclosed in the rectangles in the top two panels. The expression of H3K9Ac or Ki67 in the tumor tissues was analyzed 
by IHC staining. Representative images are shown (40× magnification). Scale bars, 20 μm.  

 
The RT-qPCR results confirmed that MDL-811 

markedly decreased CYP24A1 mRNA expression 
levels (Figure 5A), consistent with the change in the 
mRNA expression level of CYP24A1 in HCT116 with 
SIRT6 overexpression (Figure S9C), implying that 
CYP24A1 could be a downstream gene regulated by 
SIRT6. To investigate whether CYP24A1 is a direct 
downstream target of SIRT6, we performed a 
ChIP-qPCR assay to detect the binding site of SIRT6 at 
the CYP24A1 gene locus in HCT116 cells. Our 
ChIP-qPCR results showed strong signals 
corresponding to histone H3 acetylation marks in the 
CYP24A1 genomic regions compared with those in 
the IgG control, and both MDL-811 treatment and 
SIRT6 overexpression resulted in the deacetylation of 
H3K9Ac and H3K18Ac at the CYP24A1 gene locus 
(Figure 5, D and E, Figure S9, D and E) but had a 
minimal effect on the level of H3K56Ac (Figure S10A). 
This pattern was similar to the results of analysis of 
ChIP-seq data from the Cistrome database [54], 

showing that the CYP24A1 gene exhibits strong 
H3K9Ac and H3K18Ac signals and a relatively weak 
H3K56Ac signal in the region surrounding the 
transcription start site (Figure S10, B to D). Then, we 
identified the direct binding of SIRT6 at the CYP24A1 
gene locus in cells with not only endogenous SIRT6 
but also overexpressed HA-SIRT6 (Figure S9F), 
suggesting that CYP24A1 is a newly identified direct 
downstream target gene of SIRT6 in CRC cells and 
that MDL-811 inhibits CYP24A1 gene transcription by 
decreasing the levels of H3K9Ac and H3K18Ac. 
Finally, we evaluated whether the anti-tumor efficacy 
of MDL-811 in CRC is mediated by CYP24A1 
downregulation. We assessed the proliferation of 
HCT116 cells with CYP24A1 overexpression (Figure 
S11) and observed that compared with the control 
groups, CYP24A1-overexpressing cells were resistant 
to MDL-811 treatment (Figure 5C), indicating that 
CYP24A1 downregulation could mediate the decrease 
in CRC cell proliferation induced by MDL-811. 
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MDL-811 enhances the anti-tumor activity of 
vitamin D3 in CRC 

VD3, especially its most potent metabolite, 
1,25-dihydroxyvitamin D3 (1,25(OH)2D3), shows 
anti-tumor efficacy in CRC through the inhibition of 
cell proliferation and induction of apoptosis by 
binding to the vitamin D receptor (VDR), and 
VD3/1,25(OH)2D3 deficiency is linked to a high 
incidence of neoplasia [55-57]. CYP24A1 is both a 
crucial inactivating enzyme of VD3/1,25(OH)2D3 and 
a downstream transcriptional target of VDR; thus, 
transcriptional activation of CYP24A1 by 1,25(OH)2D3 
can attenuate the anti-tumor effect of VD3 therapy [53, 
58]. Indeed, previous studies have shown that 
CYP24A1 inhibition markedly increases the 
anti-tumor activity of 1,25(OH)2D3 in CRC cells [59, 
60], suggesting that inhibition of CYP24A1 
transcription by MDL-811 may enhance the efficacy of 
1,25(OH)2D3 for CRC treatment. Based on this 
hypothesis, we assessed the mRNA levels of 
CYP24A1 in CRC cells treated with 1,25(OH)2D3 and 
MDL-811. As expected, 1,25(OH)2D3 dramatically 
induced CYP24A1 transcription in HCT116 and HT29 
cells, while this enhanced transcription of CYP24A1 in 

response to 1,25(OH)2D3 was effectively abolished by 
cotreatment with MDL-811 (Figure S12), indicating 
that MDL-811 disrupts the VD3-VDR-CYP24A1 
negative feedback loop. In addition, combination 
treatment with 1,25(OH)2D3 and MDL-811 exhibited 
significantly higher efficacy in inhibiting proliferation 
than the single agent in three CRC cell lines (Figure 
6A). Moreover, CI analyses via the Chou-Talalay 
method [41] indicated that MDL-811 synergistically 
enhanced the anti-tumor activity of 1,25(OH)2D3, with 
CI values of < 1 in three CRC cell lines (Figure 6A). 
Next, we examined the synergistic effect of MDL-811 
and VD3 in the CDX model. Compared with vehicle or 
single-drug treatment, cotreatment with MDL-811 
and 1,25(OH)2D3 dramatically enhanced tumor 
growth regression, consistent with the reduction in 
Ki67 staining (Figure 6, B and D). The results of both 
western blotting and IHC staining also confirmed the 
decrease in histone H3 acetylation marks mediated by 
SIRT6 after MDL-811 treatment (Figure 6, C and D). 
Collectively, these data support a rationale for the use 
of SIRT6 activators in combination with VD3 for CRC 
therapy. 

 

 
Figure 5. MDL-811 suppresses CYP24A1 gene transcription in CRC. (A) RT-qPCR analyses showing the mRNA levels of candidate genes in HCT116 cells treated with 
DMSO or 10 µM MDL-811 for 48 h. The data are normalized to the β-actin levels and presented as the mean ± s.e.m. of three independent experiments. P values were 
determined by a two-tailed unpaired Student’s t-test (*, P < 0.05; **, P < 0.01; ***, P < 0.001). (B) Volcano plot showing differentially expressed genes in HCT116 cells after 
treatment with DMSO or 10 µM MDL-811 for 48 h (absolute log2 fold change > 1, FDR q < 0.05). (C) Effect of CYP24A1 overexpression on the suppressive effect of MDL-811 
in HCT116 cells. HCT116 cells were transiently transfected with vector or pcDNA3.1-CYP24A1-Flag for 48 h before being treated with MDL-811 for 48 h. The data are 
presented as the mean ± s.d. of three independent experiments. P values were determined by two-tailed unpaired Student’s t-test (*, P < 0.05; **, P < 0.01; ***, P < 0.001). (D and 
E) ChIP assays using anti-H3K9Ac (D) or anti-H3K18Ac (E) antibody to detect H3K9Ac or H3K18Ac occupancy in the indicated regions of CYP24A1 in HCT116 cells treated 
with DMSO or with 5 or 10 µM MDL-811 for 48 h. The data are presented as the mean values of the percentage of input ± s.e.m. from one of three independent experiments 
with technical triplicates. P values were determined by two-way ANOVA (*, P < 0.05; **, P < 0.01; ***, P < 0.001).  
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Figure 6. MDL-811 enhances the anti-tumor activity of vitamin D3 in CRC. (A) Cell proliferation was assessed following 48 h of exposure to the indicated 
concentrations of MDL-811, 1,25(OH)2D3 or the combination in HCT116, HT29, and LOVO cells. CI values for the various combinations were calculated using CompuSyn 
Version 1.0 software. Synergism, additivity, and antagonism are defined as CI < 1, = 1, and > 1, respectively. The data are presented as the mean ± s.d. of three independent 
experiments. (B) Representative image of HCT116 xenograft tumors dissected from nude mice in different groups (left). Tumor growth curves of HCT116 CDXs treated with 
intraperitoneal administration of vehicle, 15 mg/kg MDL-811, 50 μg/kg 1,25(OH)2D3 or the combination every other day for 14 days (middle). The data are presented as the mean 
± s.d. of n = 8 mice per group (two-way ANOVA). Tumor weights in different groups of mice. The data are presented as the mean ± s.d. of n = 8 mice per group. P values were 
determined by one-way ANOVA. (C) Representative western blots of SIRT6, H3K9Ac, H3K18Ac, and H3K56Ac in three representative HCT116 xenograft tumors from each 
group. Histone H3, internal control, and β-actin, loading control. (D) Representative tissue sections from HCT116 xenograft tumors with H&E, H3K9Ac, and Ki67 staining after 
treatment with vehicle, 15 mg/kg MDL-811, 50 μg/kg 1,25(OH)2D3 or the combination. Representative images (40× magnification) are shown. Scale bars, 200 μm.  

 

Discussion 
Surgery, radiation, and chemotherapy are 

standard treatments for CRC, but overall clinical 
outcomes remain unsatisfactory [2, 3]. Thus, the need 
to discover innovative drugs against refractory CRC is 

urgent. Epigenetic alteration is a hallmark of cancer, 
and epigenetic enzymes dynamically and reversibly 
control protein translational modifications rather than 
globally affecting the DNA sequence [61]. Increasing 
numbers of drugs targeting epigenetic enzymes have 
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recently been developed and introduced into the 
anticancer drug market, such as inhibitors of DNA 
methyltransferase (DNMTis), HDACs (HDACis), and 
bromodomain and extraterminal domain proteins 
(BETis). These epigenetic drugs exhibit improved 
clinical efficacy and tolerance in patients [61]. SIRT6 is 
a crucial epigenetic regulator of gatekeeping 
physiological and pathological functions, including 
tumorigenesis, via SIRT6-mediated histone H3 
deacetylation [10, 11, 23, 30]. Therefore, SIRT6 as a 
new epigenetic target is currently attracting 
increasing interest to solve the current dilemma in 
cancer treatment. To date, only a few compounds 
have been identified to regulate the deacetylase 
activity of SIRT6. Several SIRT6 inhibitors have been 
reported [62-67], and they exhibit potential for the 
treatment of certain cancers in which elevated SIRT6 
expression may lead to malignancy [16-20]. For 
example, quinazolinedione derivatives and 
polyphenols [62-64], as well as a series of peptides and 
pseudopeptides [66, 67], were discovered to inhibit 
SIRT6 deacetylation but did not exhibit selectivity 
toward SIRT6.  

Morpholine and 3-methylmorpholine groups 
have been widely found in various clinical drugs for 
favorable drug-like properties, such as facile synthetic 
routes, advantageous solubility, potency, and 
pharmacokinetic profiles [46, 47]. For example, 
Gefitinib is a selective epidermal growth factor 
receptor tyrosine kinase inhibitor (EGFR-TKI) for the 
treatment of cancer that contains the morpholine 
moiety for prolonged half-life, improved 
bioavailability, and lack of toxic metabolites [68, 69]. 
AZD2014, a potent and specific mTOR inhibitor with 
anti-tumor efficacy, incorporates the 3-methylmor-
pholine to increase solubility, oral bioavailability, and 
metabolic stability [70, 71]. Therefore, we used 
3-methylmorpholine at the C3 position to yield 
MDL-811. As expected, MDL-811 potently and 
selectively activated SIRT6 deacetylation, and 
significantly increased bioavailability, which 
contributes to the robust anti-CRC effect in vivo. We 
have previously demonstrated the specificity of the 
SIRT6 allosteric site [34]. Sequence alignment of 
SIRT1-7 revealed the high evolutionary diversity of 
the SIRT6 allosteric site; overlapping structures 
between SIRT6 and the other four sirtuins (SIRT1, 
SIRT2, SIRT3, and SIRT5) of known structures 
showed that a single helix in the structures of the 
other sirtuins traverses the same location as the site of 
SIRT6 (Figure S13), precluding the presence of a 
similar site in the other sirtuins for MDL-811 binding. 
To further explain the selectivity of MDL-811 over 
other sirtuins, we docked MDL-811 into the site of 
SIRT6. The result showed that MDL-811 is too large to 

be accommodated in the area of SIRT1-3 and 5 (Figure 
S1E and S13), indicating the structural distinction of 
the SIRT6 site among the sirtuin family members that 
allows for the high specificity of MDL-811. 

Though the role of SIRT6 in cancers is 
cell-context dependent, and SIRT6 plays an oncogenic 
role in some cancers, such as skin cancer, squamous 
cell carcinoma, prostate cancer, and acute myeloid 
leukemia [16-20], SIRT6 acts as a tumor suppressor in 
multiple cancers including CRC and could be a 
potential epigenetic drug target for CRC treatment. 
Accumulating clinical studies have shown that 
reduced SIRT6 expression correlates with tumor 
progression and poor prognosis in CRC and promotes 
CRC proliferation [6, 10, 21, 22]. Furthermore, SIRT6 
overexpression can inhibit the growth of CRC stem 
cells [23], suggesting that SIRT6 activation has 
therapeutic potential in CRC. Consistent with the 
clinical analysis results, the SIRT6 activator MDL-811 
demonstrated the antiproliferative effect of SIRT6 
activation on CRC, from cell line-based assays to three 
powerful preclinical models (PDO, PDX, and 
APCmin/+ spontaneous CRC models). These results are 
the first to provide pharmacological evidence for 
targeting SIRT6 in CRC and for a promising lead 
compound as a SIRT6 activator for future preclinical 
and clinical studies of CRC treatment. 

Here, we found that CYP24A1 is a direct 
downstream target gene of SIRT6 through histone 
deacetylation in CRC. Previous epidemiological and 
clinical reports have noted that CYP24A1 expression 
is aberrantly elevated in CRC and is closely related to 
tumor progression and poor clinical outcomes [72, 73]. 
In addition, CYP24A1 overexpression in CRC cells 
and mouse xenografts grants a proliferative 
advantage and aggressiveness to tumors [74]. Howe-
ver, the regulation of CYP24A1 in CRC remains 
unclear due to the lack of effective screening tools. In 
this study, the discovery of MDL-811 reveals that 
SIRT6 is an upstream regulator of CYP24A1 in CRC 
through regulating the transcriptional response of 
CYP24A1. Moreover, oncogenic CYP24A1 can 
promote tumor cell cycle progression by regulating 
genes involved in G0/G1 phase, such as cyclin A, 
c-Myc, p21, p27, and GADD45A [55], which is closely 
associated with the cell cycle arrest resulting from 
SIRT6 activation in CRC; these observations suggest 
that CYP24A1 could be a downstream target gene for 
SIRT6 responsible for cell cycle regulation. However, 
considering the complicated set of genes targeted for 
SIRT6-mediated histone deacetylation in CRC, more 
effort should be further directed in the future to 
understanding the therapeutic mechanism between 
CYP24A1 and other known genes from SIRT6 
activation. 
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Combination therapy is a promising approach to 
improve drug efficacy and overcome drug resistance 
[75]. Many studies have indicated that epigenetic 
aberrations are more likely than other modifications 
to cause tumor immune escape and drug resistance, 
implying that combining epigenetic drugs with 
conventional therapies increases the susceptibility of 
tumors to treatment [61]; examples include the 
combination of decitabine (a DNMTi) and carboplatin 
and the combination of vorinostat (an HDACi) and 
oxaliplatin [76]. Extensive clinical results indicate that 
VD3 therapy is linked to a decreased mortality risk 
and an improved survival rate in CRC patients 
[55-57], and its active metabolic product 1,25(OH)2D3 

can exert anti-tumor effects on refractory CRC 
through the induction of G0/G1 cell cycle arrest and 
apoptosis as well as the inhibition of angiogenesis 
[55]. In CRC, CYP24A1 not only can be upregulated 
by 1,25(OH)2D3 treatment but also inactivates 
1,25(OH)2D3, leading to an attenuated anti-tumor 
effect of VD3 [53, 58]. These findings indicate that 
inhibition of CYP24A1 can disrupt the VD3-CYP24A1 

negative feedback loop and further enhance the 
efficacy of VD3 therapy. Here, we showed that 
MDL-811 may induce the transcriptional repression of 
CYP24A1 through the activation of SIRT6 
deacetylation; thus, we rationally established a 
combination therapy approach to increase the 
sensitivity of CRC to VD3 therapy by the addition of 
the SIRT6 activator MDL-811. This approach can serve 
as a promising next-generation translational medicine 
platform for CRC therapy. 

Conclusion 
Our study discovered a potent and selective 

activator of SIRT6, MDL-811, which exhibited strong 
antiproliferative efficacy against CRC in multiple 
cell-based assays (CRC cell lines and PDOs) and in 
vivo models (CDX, PDX, and APCmin/+ models). Using 
MDL-811, we revealed CYP24A1 as a new 
downstream target of SIRT6 through histone H3 
deacetylation. Based on this finding, we designed a 
combination strategy with MDL-811 to synergistically 
enhance the anti-CRC effect of vitamin D3. 
Collectively, we provide the first pharmacological 
evidence for supporting the future preclinical and 
clinical application of a promising lead compound as 
a SIRT6 activator, alone or combined with vitamin D3 
for CRC treatment. 
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