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Abstract
Sirtuin 6 (SIRT6), a NAD+ -dependent histone deacetylase, has been shown to function as a tumor
suppressor gene in several cancer types, including in squamous cell carcinoma of the head and neck
and esophagus (HNSCC and ESCC). However, the potential of therapies involving the activation of SIRT6
in HNSCC and ESCC remains unexplored. In this work, we investigated the therapeutic potential and
mechanisms of action of the allosteric SIRT6 activator MDL-800 in HNSCC and ESCC cell lines both in
vitro and in vivo. First, we showed that MDL-800 treatment exhibited extensive anti-tumor activity in vitro
by inhibiting the proliferation and migration of HNSCC and ESCC cell lines. In cell-derived xenograft
mouse models, MDL-800 treatment effectively delayed tumor growth in two cancer models.
Mechanistically, using global H3K9ac acetylation  profiling, and protein arrays, we demonstrated that
MDL-800 treatment potently inhibits glucose metabolism, and protein translation induced by impeded
mTOR, E2F-related G1/S transcription, ribosomal protein S6 (S6) and, 4E-BP1 activity. This inhibition of
mTOR induces a feedback loop involving IGF-1R/INSR activation, which subsequently enables glucose
uptake into the cell. IGF1R activation limited the anti-tumor activity of MDL-800 as the PI3K/AKT
pathway became hyperactive. Preventing this feedback loop using alpha-specific PI3K inhibitor
(BYL719/Alpelisib) resulted in a synergistic anti-tumor effect when MDL-800 and BYL719 were
combined. In vivo, the combined treatment of MDL-800 and BYL719 resulted in a prolonged response,
with minimal progression observed even 30 days post-initial treatment. Overall, our study identified the
molecular mechanisms underlying SIRT6 activation in HNSCC and ESCC. Our findings indicate that
SIRT6 activators may have therapeutic potential, either alone or in combination with PI3K inhibition in
cancers where SIRT6 is downregulated and serves as a tumor suppressor.

Introduction
Squamous cell carcinoma (SCC) arises from squamous epithelial cells in mucosal tissues and can affect
the head and neck area (e.g., oral cavity, pharynx, larynx, etc.), giving rise to head and neck squamous
cell carcinoma (HNSCC), and the esophagus, leading to esophageal squamous cell carcinoma (ESCC)[1,
2]. Transformation from normal epithelium to SCC, the predominant subtype of both head and neck and
esophageal cancer, begins with epithelial cell hyperplasia, followed by dysplasia, carcinoma in situ,
which is ultimately followed by invasive carcinoma[1, 3]. In line with their histopathological similarity,
HNSCC and ESCC share several key characteristics, such as their primary risk factors – alcohol
consumption and tobacco usage, nutritional factors, and ethnicity[1, 4]. In addition, HNSCC and ESCC
share similar molecular characteristics, such as mutations in the genes TP53, PIK3CA, CCND1, EGFR,
and others [2, 5]. Since HNSCC and ESCC share several molecular targets, similar therapies are being
investigated for both diseases[6].

HNSCC is the sixth most common type of cancer, with a 5-year survival rate of 66%, while ESCC is the
eighth most common, with a 5-year survival rate that ranges from 15–25%[1, 4, 7]. Collectively, these
cancer types contribute to nearly 1.5 million new cases and 900,000 deaths worldwide annually, and the
incidence is expected to continue and rise[1, 4]. Current treatment for HNSCC and ESCC includes surgery



Page 4/25

followed by radiotherapy, chemotherapy, immunotherapy, and targeted therapy[8, 9]. However, the
emergence of resistance to chemotherapy, radiotherapy, and some targeted therapies often occurs,
resulting in malignancy progression and mortality [10, 11]. The increasing incidence, together with the
inadequate clinical outcomes of current therapies, stresses the importance of identifying novel
therapeutic targets for HNSCC and ESCC.

Sirtuin 6 (SIRT6) is a member of the Sirtuins, a family of nicotinamide adenine dinucleotide (NAD+)-
dependent class III histone deacetylases (HDACs)[12]. SIRT6 possesses several enzymatic activities,
including fatty acid deacylation, mono-ADP-ribosylation, and deacetylation of non-histone and histone
proteins[13], with the latter being the most extensively studied. These post-translational modifications
make the enzymatic activity of SIRT6 valuable to the integrity of multiple cellular processes and enable
SIRT6 to regulate various physiological and pathological processes[12]. Notably, not all SIRT6 functions
are dependent on its enzymatic activity[14]. Both through its enzymatic activity and independently, SIRT6
was shown to regulate various cellular processes, including metabolism, glucose homeostasis, gene
expression, inflammation, genomic stability, DNA damage repair, and aging [15]. As a result of its
involvement as a regulator of multiple cellular processes, SIRT6 was shown to play a major role in the
development and progression of multiple cancer types[12, 16]. Interestingly, the role of SIRT6 in cancer
was shown to be tissue-specific, acting as a tumor promoter in some types of cancer while acting as a
tumor suppressor in others[17]. In HNSCC, SIRT6 was shown to act as a tumor suppressor, as its
downregulation is associated with shorter overall patient survival[18–20]. Moreover, Choi and colleagues
recently demonstrated that SIRT6 knock-out (KO) enhanced tumor development in mice that were
exposed to a carcinogen compared to their wild-type (WT) counterparts and showed that this tumor-
suppressive role is related to SIRT6 negative regulation of glycolysis [18].

Given the fundamental role of SIRT6 in maintaining cellular homeostasis and its involvement in several
diseases, including cancer, it has emerged as an appealing target for the development of specific
modulators. In the effort to identify small-molecule activators of SIRT6, Huang and colleagues reported
the identification of the cellularly active allosteric activator MDL-800[21]. MDL-800 allosterically binds to
SIRT6, and by increasing the binding affinities of its cofactor and substrates, it activates its deacetylate
activity and catalytic efficiency. In hepatocellular carcinoma (HCC) cells, MDL-800 treatment was shown
to decrease the acetylation levels of two well-known SIRT6 substrates, H3K9ac and H3K56ac, and to
consequently inhibit their proliferation by inducing cell-cycle arrest in hepatocellular carcinoma and in
non-small cell lung cancer (NSCLC)[21, 22]. Here, we hypothesized that increased activation of SIRT in
HNSCC and ESCC will induce tumor growth delay, and thus, we sought to investigate MDL-800 as a
potential therapeutic target for these malignancies.

Materials and methods

Cell Lines and Chemical Compounds
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The human HNSCC cell lines SNU-1076 (KCLB), CAL33 (DSMZ), HSC-2(HSRRB), CAL27, Detroit562 and
FaDu (ATCC) and ESCC cell line KYSE-180(DSMZ), were purchased from the mentioned commercial
vendors. All cell lines were maintained at 37° in a humidified atmosphere at 5% CO2 in Dulbecco’s
Modified Eagle’s medium (DMEM) or RPMI-1640 medium supplemented with 1% L-glutamine 200mM,
100 units of penicillin and streptomycin 10% fetal bovine serum (FBS).

In vivo experiments

NOD.Cg-Prkdcscid Il2rgtm1Wjl/SzJ (NOD SCID gamma; NSG) mice were purchased from The Jackson
Laboratory. Mice were housed in air-filtered laminar flow cabinets with a 12/12-hour light/dark cycle and
were fed food and water ad libitum. Mice were maintained and treated according to the institutional
guidelines of Ben-Gurion University of the Negev, and the experiments were approved by the Institutional
Animal Care and Use Committee [IL-57-12-2022E]. To generate cell-derived xenografts, KYSE-180 and
HSC-2 cells (10 × 106 and 5 × 106 cells, respectively) were suspended in 60µl of PBS and injected
subcutaneously into the backs of 6–8 weeks old female NSG mice. When tumors reached the volume of
100mm3, mice were randomized into 2 or 4 groups of 4–6 mice per group, depending on the experiment.
In all In vivo experiments, MDL-800 (80mg/kg) was dissolved in 5% DMSO, 30% PEG300, and 65% PBS
and administered every other day by intraperitoneal injection (IP), and BYL719 (25mg/kg) was dissolved
in 5% CMC and administered daily by oral gavage. Drug-treated mice received MDL-800, BYL719, or both,
depending on the experiment. Vehicle-treated mice received 5% DMSO, 30% PEG300, 65% PBS, 5% CMC,
or both, depending on the experiment. Tumors were measured with a digital caliber twice a week, and
tumor volumes were calculated according to the formula: Tumor volume = (L × W × W), where W stands
for tumor width and L for tumor length. At the end of the experiments, animals were euthanized with
CO2, and the tumors were harvested, fixed in 4% paraformaldehyde (PFA) overnight, and stored in 70%
ethanol for investigation. Measurements of tumor volumes are plotted as means ± SEM.

Statistical analysis
Statistical analysis was performed using GraphPad Prism software version 9, and results are presented
as means ± SEM. For comparisons between two groups, P values were calculated using unpaired t-test.
For comparisons between three or more groups, P values were calculated using one-way ANOVA with
Tukey’s multiple comparison test (*p < 0.05, **p < 0.01, ***p < 0.001). Statistical analysis for protein and
RTK arrays was performed using unpaired multiple t-tests with false discovery rate (FDR) control,
applying the two-stage step-up method by Benjamini, Krieger, and Yekutieli. Statistical analysis for
comparing growth curves from in vivo experiments was performed using CGGC permutation tests
developed by Walter& Elisa Hall bioinformatics - Institute of Medical Research -
http://bioinf.wehi.edu.au/software/compareCurves/index.html[36].

Results
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MDL-800 treatment inhibits the progression of HNSCC and
ESCC in vitro and in vivo
To evaluate the sensitivity of ESCC and HNSCC cell lines to MDL-800 in vitro, we started by measuring
the half-maximal inhibitory concentration (IC50) of MDL-800 in human HNSCC (HSC-2, CAL33, CAL27,
FaDu, Detroit-562, SNU-1076) and ESCC cell line (KYSE-180). A variable response to MDL-800 was
detected, with IC50 values ranging between 19.71µM and 58.6µM (Fig. 1A). We noted that the tumor cell
lines responded to MDL-800 in a dose-dependent manner, and the highest sensitivity to MDL-800 was
observed in HNSCC cell line SNU-1076 and the ESCC cell line KYSE-180, with IC50 values of 19.71µM and

29.59µM, respectively. Based on the IC50 values and the proliferation assay, we decided to focus mostly
on SNU-1076 and KYSE-180 cell lines for further studies. To ensure the on-target effect of MDL-800, we
measured the acetylation levels of SIRT6 substrates H3K9ac and H3K56ac in two cell lines treated with
25µM and 50µM [22], and observed that MDL-800 treatment decreased both H3K9ac and H3K56ac
acetylation levels (Fig. 1B). We next confirmed the anti-tumor activity in multiple cells lines by treating
them with 25µM and 50µM of MDL-800 and performing a proliferation assay, as these concentrations
were previously reported to effectively inhibit cell viability[22]. Notably, 25µM MDL-800 treatment
significantly inhibited the proliferation of 3 out of 4 cell lines, while 50µM significantly inhibited the
proliferation of all tested cell lines (Fig. 1C). Moreover, live imaging proliferation assay showed that
SNU1076 and KYSE180 cell lines displayed substantial growth inhibition when treated with 25µM and
50µM MDL-800 (Fig. 1D). Further analysis showed that MDL-800 induced a cytostatic effect with G1-
phase cell cycle arrest in the KYSE-180 cell line without inducing apoptosis (Supplementary Fig. 1A and
B). We next evaluated the efficacy of MDL-800 in inhibiting cell migration in vitro by performing a
transwell migration assay and found that treatment of SNU1076 and KYSE-180 tumor cells with 25µM of
MDL-800 resulted in a significant decrease in cell migration compared to treatment with DMSO (Fig. 1E).

To evaluate the efficacy of MDL-800 in vivo, we created a cell line-derived xenograft (CDX) model by
implanting the highly MDL-800-sensitive KYSE-180 tumor cells and modest-sensitive HSC-2 tumor cells
into NSG mice and treated them with vehicle or MDL-800 (80mg/kg) every other day by intraperitoneal
(i.p) injection. MDL-800 treatment induced a significant growth delay of KYSE-180 tumors when
compared to vehicle treatment (Fig. 1F). Immunohistochemistry (IHC) staining of KYSE-180 tumor tissue
showed that treatment of MDL-800 reduced tumor cell proliferation, as measured by staining of the
proliferation marker Ki67 (Fig. 1G) and decreased the staining of the SIRT6 substrate H3K9ac (Fig. 1H).
Similar results, but less robust, were observed in HSC-2 tumor-bearing mice. Although MDL-800 inhibited
the growth of HSC-2 tumors in mice, tumors quickly started to progress at a similar rate to the vehicle-
treated group (Supplementary Fig. 1C). Overall, these results indicate that the activation of SIRT6 with
MDL-800 has anti-tumor activity in HNSCC and ESCC cell lines in vitro and in vivo.

SIRT6 activation results in broad cellular dysregulation in
HNSCC and ESCC
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To explore the mechanism underlying the anti-tumor effect of MDL-800 in KYSE180 and SNU1076 cell
lines, we profiled the global acetylation of H3K9ac in cells treated with either DMSO or MDL-800. Tumor
cells were treated for 48 hours, after which their nuclei were extracted, incubated with an H3K9ac-
specific antibody or an IgG control and subjected to Cleavage under targets & release using nuclease
(CUT&RUN), followed by DNA sequencing to identify genome-wide changes in H3K9 acetylation patterns
(Fig. 2A). Global profiles of H3K9ac peaks reveal broad changes between SIRT6 activation (MDL-800)
and DMSO control reflected in both KYSE180 and SNU1076 cell lines, as visualized by Multidimensional
scaling (MDS), with MDS1 broadly reflecting the differential representation of H3K9ac peaks between the
cell-lines and MDS2 reflecting differential peaks between treatment and control (Fig. 2B).

To assess the epigenetic impact of MDL-800 and its potential role in modulating gene expression, we
performed a global analysis of differential peak representation between MDL-800 treated cells and
control while mapping peaks to genes in their immediate proximity (See Methods, Supplementary Table
S1 with listed differentially affected genes). Next, to explore the biological processes and molecular
mechanisms underlying the effects of MDL-800, we performed Gene Set Enrichment Analysis (GSEA)
based genome-wide on the Fold-Change of peak intensity under treatment (See Methods). The analysis
revealed broad chromatin dysregulation across both KYSE180 and SNU1076 cell lines (Supplementary
Table S2 with listed gene sets enriched or depleted under MDL-800 treatment). Among the most
pronounced biological processes that were similarly disrupted in KYSE180 and SNU1076, we observed
robust activation of apoptosis and inhibition of E2F and G1/S cell-cycle transcription (Fig. 2C).

To gain further insight into the molecular changes that occur in tumor cells following treatment with
MDL-800, we profiled key proteins related to cancer using a targeted protein array. Specifically, we tested
the abundance of key oncogenic proteins in SNU-1076 and KYSE-180 cell lines after treatment with
25µM of MDL-800 or DMSO for 48 hours. Densitometric analysis of the two cell lines showed major
changes in multiple oncogenic pathways, including ones related to cell migration, regulation of cell cycle,
and glucose metabolism, as expected (Supplementary Fig. 2A). The volcano plot indicates the changes
in specific proteins in two cell lines (Fig. 2D). Among the top down-regulated proteins, we observed HIF-
1α, a known transcription factor regulated by SIRT6 [37], which we further validated using WB analysis
(Supplementary Fig. 2C). Next, we performed pathway enrichment analysis to identify shared
downregulated pathways using the BioPlanet 2019 database [34], and found that the proteins from the
PI3K/AKT/mTOR pathway were the most downregulated (Fig. 2E, Supplementary Fig. 2B).

SIRT6 activation inhibits mTOR and protein translation, disrupts glucose metabolism and induces AKT
hyperactivation via stimulation of IGF1R/INSR in HNSCC and ESCC cell line

Given the broad dysregulation observed in chromatin accessibility and cellular signaling at the protein
level, we next investigated the reduction in global gene expression by assessing total protein levels and
measuring protein translation. Briefly, puromycin was used to label newly synthesized proteins, followed
by a WB analysis to detect the total amount of translated protein. MDL-800 treatment for 48 hours
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decreased protein translation in both cell lines (Fig. 3A). Altogether, our analysis indicates that MDL-800
has a broad effect on the tumor cells and downregulation of key elements in cancer progression.

Due to the well-established link between PI3K/AKT/mTOR pathway to translation [38], and the known
roles of SIRT6 in regulating mRNA translation[39, 40] we decided to explore in detail the effect of MDL-
800 on this pathway. To this end, we treated tumor cell lines with MDL-800 or DMSO for 24 and 48 hours
and showed that MDL-800 substantially suppressed the phosphorylation of S6 and Eukaryotic
translation initiation factor 4E-binding protein 1 (4E-BP1), both proposed to inhibit protein translation [41,
42]. To understand why mTOR is negatively regulated, we tested the levels of AMP-activated protein
kinase (AMPK) and its downstream target acetyl-CoA carboxylase (ACC) by WB analysis, key negative
regulators of mTOR activity[38] but no increase in AMPK activation following MDL-800 treatment was
observed (Supplementary Fig. 3A). Interestingly, while a reduction of mTOR was detected, a rapid
feedback loop activation of AKT was detected, indicated by an increase of pAKT473 (Fig. 3B). This
activation of AKT following mTOR inhibition was well documented as a mechanism of resistance [43],
and thus, we were interested in further understanding how MDL-800 induced the activation of AKT and if
it is related to the reduction in glucose metabolism.

Next, we explored the altered cell state with respect to metabolic rewiring and glucose uptake mediate
by SIRT6 [44, 45] and identified significant reductions in pathways related to the downregulation of
metabolism, which suggest potential disruptions in cellular energy production and gene regulation, both
of which are critical for tumor growth and survival. Based on these findings, we prioritized these
pathways for further experimental validation to better understand their role in the anti-tumor effects of
MDL-800. Because SIRT6 was shown to exert its anti-tumorigenic effect by attenuating glucose
metabolism [18, 37], we sought to explore it in our HNSCC and ESCC cell line models. To examine the
impact of MDL-800 on glycolysis, we used the Seahorse XF Analyzer to perform the Seahorse glycolysis
Stress assay. Following 24 and 48 hours of treatment with MDL-800, the extracellular acidification rate
(ECAR) after the addition of glucose lowered significantly, indicating cellular glycolysis was strongly
inhibited, with almost complete inhibition of glycolysis after 48 hours of treatment in both KYSE-180 and
SNU-1076 cell lines (Fig. 3C).

Notably, additional glycolytic parameters were inhibited following 24 and 48 hours of MDL-800
treatment. Glycolytic capacity, which is measured as the maximal ECAR measurement reached by the
cells after the addition of oligomycin that inhibits oxidative phosphorylation and thus drives the cells to
use glycolysis to the maximum capacity, was significantly inhibited in both cell lines. Moreover, glycolytic
reserve, which measures the capability of cells to respond to energetic demands and indicates their
proximity to their theoretical maximal glycolytic function, was robustly inhibited in both KYSE-180 and
SNU-1076 cell lines (Fig. 3C).

To explore the mechanism by which SIRT6 activation increases AKT phosphorylation, we characterized
the activation status of key receptor tyrosine kinases (RTKs) in SNU-1076 and KYSE-180 cells treated
with DMSO or MDL-800 for 48 hours using phospho-protein array of 42 RTKs. The analysis revealed
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substantial inhibition of multiple RTKs following MDL-800 treatment, with an almost exclusive activation
of the metabolic-related RTKs Insulin-like growth factor 1 receptor (IGF1-R) in both cell lines and
upregulation of Insulin receptor (INSR) in KYSE-180 cells (Fig. 3D, Supplementary Fig. 3B). These results
align with a previous report showing that inhibition of mTOR results in increased S473 AKT
phosphorylation through activation of IGF-1R[46]. To explore if the activation of IGF-1R/IR is responsible
for AKT hyperactivation, we blocked IGFR1 activity in cells using AEW541. Specifically, we co-treated
SNU-176 and KYSE-180 tumor cells with MDL-800 with or without AEW541 for 48 hours and noticed that
supplementation of AEW541 attenuated the MDL-800 induced-activation of AKT to its baseline levels of
untreated cells (Fig. 3E). To gain further insight on glucose metabolism and activation of IGFR1, we
explored if MDL-800 treatment influences glucose uptake using the fluorescent glucose analog, 2-NBDG.
Flow cytometry analysis showed that MDL-800 treated cells exhibited increased glucose uptake
compared to DMSO control-treated cells (Fig. 3F). These results indicate that the inhibition of glycolysis
of the tumor cells following MDL-800 treatment is not induced by a reduction of glucose levels in the
cells, but rather by disruption of glycolysis machinery in the cells, and the uptake of glucose is more
likely mediated by GLUT1/4 and the activation of IGF1R and INSR.

PI3K/AKT inhibition enhances MDL-800 anti-tumor efficacy in vitro
and in vivo
To study whether inhibiting AKT via PI3K inhibition will sensitize cells to MDL-800 treatment, we decided
to use the isoform-specific PI3Kα inhibitor BYL719, which has shown anti-proliferative activity and block
PI3K/AKT/mTOR signaling in HNSCC and ESCC[47]. Western blot analysis showed that while MDL-800
increased pAKT, and BYL719 reduced pAKT, the combined treatment of MDL-800 with BYL719
attenuated the AKT activation observed following MDL-800 treatment, (Fig. 4A). This attenuation did not
inhibit pAKT completely, indicating that the AKT pathway may be activated in a p110a-independent
manner. To evaluate the efficacy of the combination of MDL-800 with BYL719, we tested the proliferation
of cells treated with increasing concentrations of both drugs for 72 hours. By performing synergy
analysis, we found that the combination of MDL-800 with BYL719 has a synergistic anti-proliferative
effect in ESCC and HNSCC and cell lines (Fig. 4B - D and Supplementary Fig. 4A).

In light of the synergistic effect observed in vitro, we sought to test the efficacy of the combination of
MDL-800 and BYL719 in vivo. To this end, we injected KYSE-180 cells into NSG mice and treated them
with vehicle, MDL-800 (80mg/kg/2 days) and BYL719 (25mg/kg/day), either separately or combined.
Both MDL-800 and BYL719 induced growth delay of KYSE-180 tumors compared to the vehicle-treated
group, though tumor progression was detected early on despite continuous treatments. However, the
combination of MDL-800 and BYL719 showed a superior anti-tumor activity, with almost no detectable
increase in tumor volume, until 21 days of treatment (Fig. 4E). In line with the lower tumor volume, tumor
weights at the end of the experiment of the combination group were significantly lower compared to the
single drug-treated groups (Fig. 4F). Overall, these results indicate that blocking PI3K/AKT with BYL719
enhances the efficacy of MDL-800 in vitro and in vivo.
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Discussion
In this study, we show for the first time that pharmacological activation of SIRT6 using the small-
molecule MDL-800 is a potential therapeutic for HNSCC and ESCC. Treatment with MDL-800 showed
anti-tumor activity in HNSCC and ESCC cell lines in vitro and in vivo, inhibiting tumor cell proliferation and
migration. Mechanistically, MDL-800 inhibited mTOR activity and downstream signaling and
consequently protein translation. mTOR inhibition was accompanied by an upstream feedback-loop
activation of AKT, which was mediated by IGF-1R/IR activity. Finally, we identified that blocking PI3K
using BYL719 sensitized cells to MDL-800 treatment and showed superior and synergistic anti-tumor
activity (Scheme 1).

As most of the research addressing the role of SIRT6 in cancer is based on genetic models, there is still
a limited amount of information regarding the therapeutic potential of SIRT6 activators. The first
synthetic SIRT6 activator UBCS039 was shown to induce autophagy-related cell death in multiple cancer
cell lines, including colon and non-small cell lung cancer, identifying the modulation of SIRT6 activity as a
therapeutic strategy[48]. Recently, the small-molecule allosteric SIRT6 activator MDL-800 was shown to
have anti-tumor activity in hepatocellular carcinoma, by promoting the deacetylation of H3K9ac and
H3K56ac and inducing cell cycle arrest, consequently inhibiting cell proliferation, with IC50 values ranging
between 18.6µM to 24µM[21]. Similarly, in non-small cell lung cancer, MDL-800 treatment was
demonstrated to inhibit cell proliferation by inducing cell cycle arrest, with IC50 values ranging between
21.5µM and 34.5µM[22]. As part of its anti-tumor activity in HNSCC and ESCC we demonstrated that
MDL-800 treatment strongly inhibited cell proliferation in vitro and in vivo, with IC50 values ranging
between 19.71µM to 43.45µM, similarly to recent publications (Fig. 1A).

In this work, we shed light on the mechanism by which pharmacological activation of SIRT6 using MDL-
800 exerts its anti-tumor activity. Upon activation of SIRT6, we observed a substantial inhibition of cell
proliferation, concomitant with the inhibition of glycolysis (Fig. 1 and Fig. 3C). This finding aligns with
multiple previous studies that have demonstrated SIRT6's role as a negative regulator of glycolysis[18,
37]. The regulation of glycolysis by SIRT6 was shown to occur via the deacetylation of H3K9, and through
co-repression of HIF-1α, ultimately resulting in reduced transcription of multiple glycolytic genes[37].
Consistently, we observed a downregulation of HIF-1α following treatment with MDL-800 (Fig. 2D and
Supplementary Fig. 2C). Together, these results strongly indicate that SIRT6 activation with MDL-800
leads to the inhibition of glycolysis, possibly through the regulation of HIF-1α. Furthermore, we
demonstrated that MDL-800 treatment inhibited mTOR activity in HNSCC and ESCC cell lines, resulting in
the inhibition of S6 ribosomal protein and de-phosphorylation of 4E-BP1 (Fig. 3B). Additionally, MDL-800
treatment led to the inhibition of protein translation, a crucial process for cancer cell proliferation
(Fig. 3A). These findings hold significance, as activating mutations in the PI3K/mTOR pathway, which is
frequently altered in HNSCC and ESCC, play a pivotal role in driving cancer cell proliferation and
promoting its survival[49, 50], and consequently have become attractive targets for the development of
specific inhibitors[49, 51]. Taken together, our results highlight the therapeutic potential of MDL-800, and



Page 11/25

demonstrate its anti-tumor activity is mediated by the inhibition of oncogenic processes necessary for
cancer progression and proliferation such as glycolysis and PI3K/mTOR signaling.

Multiple evidence has demonstrated that cancer cells develop escape or resistance mechanisms in
response to treatment[10, 52], with recent publications implicating SIRT6 as a modulator of resistance
for several therapies[53–55]. Thus, cancer cells may develop different mechanisms of cellular response
to the pharmacological modulation of SIRT6. Here, we show that alongside the substantial suppression
of mTOR activity, we observed an activation of AKT following MDL-800 treatment (Fig. 3B). Over recent
decades, it was demonstrated that pharmacological inhibition of mTOR results in increased AKT
phosphorylation and following activation[46, 56, 57]. Mechanistically, it was demonstrated that inhibition
of mTOR relieves an mTORC1-induced inhibition of insulin and IGF-1 receptors, resulting in their re-
activation and consequent AKT activation[46]. Notably, we observed increased activation of IGF-1R
following MDL-800 treatment (Fig. 3D). Thus, we hypothesized that similarly, by inhibiting mTOR, MDL-
800 treatment prevents the mTORC1-induced inhibition of IGF-1R, which results in IGF-1R activation.
Furthermore, we speculated that the elevated activity of IGF-1R contributed to the observed activation of
AKT following MDL-800 treatment. Markedly, combined treatment of MDL-800 with AEW541, an inhibitor
targeting IGF-1R/IR, attenuated the MDL-800-induced activation of AKT (Fig. 3E). Additionally, as the
insulin/IGF-1 signaling pathway plays a critical role in regulating cellular glucose uptake[58], it is possible
that the observed activation of IGF-1R/IR may explain the increase in glucose uptake following MDL-800
treatment (Fig. 2F). However, further experimentation is needed to test this hypothesis. Taken together,
these results suggest that the MDL-800-induced mTOR inhibition induces a feedback-loop activating IGF-
1R, leading to AKT activation, and consequently limiting the anti-tumor activity MDL-800.

Considering the feedback-loop activating AKT following MDL-800 treatment limiting its efficacy, we
hypothesized that combining MDL-800 with inhibition of PI3K/AKT using BYL719 will sensitize the cells
to MDL-800 treatment. Indeed, our results demonstrated a superior and synergistic anti-tumor activity in
vitro and in vivo following combination treatment of MDL-800 and BYL719 (Fig. 4). These findings
strengthen our notion that the activation of AKT serves as a molecular compensatory mechanism
employed by cells in response to SIRT6 activation.

To the best of our knowledge, our study demonstrates for the first time the tumor-suppressive role of
SIRT6 in ESCC. Presently, there is a limited amount of information available describing the role of SIRT6
in ESCC, and the existing data suggests an oncogenic role. Additionally, our work sheds further light on
the role of SIRT6 in HNSCC. We comprehensively characterized the anti-tumor effect of SIRT6 in HNSCC
and ESCC and showed it is mediated by inhibition of mTOR signaling and the modulation of cellular
glucose metabolism. Moreover, we discovered SIRT6 activation triggers a compensatory feedback loop
resulting in AKT activation and demonstrated that combining PI3K/AKT inhibition with SIRT6 activation
sensitizes the cells and presents superior anti-tumor efficacy. Taken together, our findings highlight the
role of SIRT6 as a tumor suppressor in HNSCC and ESCC and identify SIRT6 activation as a promising
therapeutic strategy, either alone or in combination with PI3K inhibition.
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Limitations of the study
While we showed that SIRT6 activation leads to dramatic cell reprogramming, including reduced
glycolysis, increased glucose uptake, and reduced protein synthesis, we did not show that these are
responsible for the anti-tumorigenic effects of the SIRT6 activator. In addition, we found reduced mTOR
signaling, which could explain the above-mentioned phenotypes[59]. However, we did not demonstrate
that mTOR inhibition is responsible for SIRT6 anti-tumorigenic functions. These results did lead us to
predict and find that inhibiting PI3K/AKT will synergize with SIR6 activation. In future studies, we will
investigate the link between SIRT6, mTOR, and the tumor suppressor functions of the SIRT6 activator,
MDL-800.
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Figure 1

Characterization of the anti-tumor effect of MDL-800 in HNSCC and ESCC.

(A) Dose-response curve of the indicated cell lines following 72 hours of treatment with increasing
concentrations of MDL-800 (0-100uM), N=3. (B) Western blot analysis for H3K9ac and H3K56ac in SNU-
1076 and KYSE-180 cells treated with DMSO, 25µM MDL-800 or 50µM MDL-800 for 48 hours. Histone H3
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served as a loading control. (C) SNU-1076, KYSE-180, HSC-2 and FaDu cells were treated with DMSO,
25uM or 50uM of MDL-800 for 72 hours. Cell viability was determined using crystal violet staining. Error
bars indicate SE, N=3. (D) Growth rate of SNU1076 and KYSE-180 cells treated with DMSO, 25uM or
50uM of MDL-800 for 72 hours. Cell confluence was monitored by a live cell imager every 6 hours. Error
bars indicate SE, N=3. Data represents a representative experiment from two independent experiments.
(E)Following 24-hour treatment of DMSO or 25uM, SNU-106 and KYSE-180 cells were seeded in a trans-
well and allowed to migrate for 24 hours. The number of migrated cells was quantified after fixation and
staining. Error bars indicate SE, N=3. (F) Tumor growth kinetics of KYSE-180 derived tumors in NSG mice
(n=4) treated with vehicle or MDL-800 (80 mg/kg). Statistical significance was calculated by CGGC
permutation test (*p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001). (G)KI67 IHC staining of tumors from
vehicle and MDL-800 treated mice. The percentage of positive cells was calculated and presented in a
bar graph. Error bars indicate SE. Statistical significance was calculated using unpaired t-test (*p < 0.05,
**p < 0.01, ***p < 0.001, ****p <0.0001).  (H) H3K9ac IHC staining of tumors from vehicle and MDL-800
treated mice. The percentage of relative staining levels was calculated and presented in a bar graph.
Error bars indicate SE.
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Figure 2

The SIRT6 activation cell state changes reflected in altered chromatin and protein expression suggesting
induction of apoptosis, inhibition of cell-cycle transcription, and broad signaling pathways dysregulation
in HNSCC and ESCC.
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(A) The tornado plot visualizing binding intensity near the transcription start sites (TSS) across the
global profiles of H3K9ac acetylation with (CUT&RUN) sequencing with for SNU-1076 (SNU) and KYSE-
180 (KYSE) cells treated with MDL-800 (Trt) or DMSO control (Ctrl) in two replicates. (B)
Multidimensional scaling (MDS), of the genome-wide CUT&RUN patterns, reveal high reproducibility
among replicates and the two main sources of variability - with MDS1 reflecting the differential
representation of H3K9ac peaks between the two cell-lines and MDS2 reflecting differential peaks
between MDL-800 treatment and control. (C) Gene Set Enrichment Analysis (GSEA) of the most
pronounces pathways that are significantly dysregulated in both cell lines under SIRT6 treatment include
induction of apoptotic signalling as reflected with positive Normalized Enrichment Score (NES) across
three apoptosis-related Gene Ontology Biological Process gene sets and inhibition of E2F and G1/S cell-
cycle transcription and reflected with negative NES across three related gene sets. The GSEA
significance is color-coded as -log10(p-value) and the size of each GSEA dot represent the number of
genes in the set. (D) Volcano plot showing the altered expression of oncogenic proteins for SNU-1076
and KYSE-180 cells treated for 48 hours with 25µM MDL-800. Statistical significance calculated using
unpaired multiple t-tests with FDR control. (E) Bar graph showing the 10 most enriched downregulated
pathways sorted by p-value ranking in SNU-1076 and KYSE-180 cells following 48 hours MDL-800
treatment.
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Figure 3

SIRT6 activation inhibits mTOR and induces AKT hyperactivation and results in disruption of translation
and glucose metabolism in HNSCC and ESCC cell line

(A) Western blot analysis for SUnSET assay in SNU-1076 and KYSE-180 cells treated with puromycin for
20 minutes following 48 hours treatment of 25µM MDL-800. Cells treated with 50µg/ml cycloheximide
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(CHX) for 1 hour served as a negative control. Membranes were stained with ponceau prior to
immunoblotting and β-Actin served as a loading control. Data represents a representative experiment
from two independent experiments. Statistical significance was calculated using one-way ANOVA (*p < 
0.05, **p < 0.01, ***p < 0.001, ****p <0.0001).  (B) Western blot analysis for total protein and
phosphorylated S6, 4E-BP1 and AKT in SNU-1076 and KYSE-180 cells treated with 25µM MDL-800 for 48
hours. β-Actin served as a loading control. Data represents a representative experiment from two
independent experiments. (C) Upper panels: ECAR measurements of KYSE-180 and SNU-1076 cells
treated for 24 and 48 hours with DMSO or MDL-800. Cells were treated with the following compounds:
glucose for activation of glycolysis, the mitochondrial complex V inhibitor oligomycin, and the glycolysis
inhibitor 2-Deoxy-D-glucose (2DG). Error bars indicate SE, n=5. Data represents a representative
experiment from two independent experiments. Lower panel: ECAR measurements of glycolysis,
glycolytic capacity and glycolytic reserve of the experiment described in above. Error bars indicate SE.
Data represents a representative experiment from two independent experiments. (D) The relative
expression of each RTK was calculated for both SNU-1076 (Y-axis) and KYSE-180 (X-axis) cells treated
for 48 hours with 25µM MDL-800. RTKs that were upregulated in both cell lines are shown in the higher-
right quartile; RTKs that were downregulated in both cell lines are shown in the lower-left quartile. (E)
Western blot analysis for total protein and phosphorylated AKT and S6 in SNU-1076 and KYSE-180 cells
treated with DMSO, 25µM MDL-800 for 48 hours, 5µM AEW541 for 1 hour or both. β-Actin served as a
loading control. Data represents a representative experiment from two independent experiments. (F)
Flow cytometry analysis of 2-NBDG uptake by KYSE-180 and SNU-1076 cells treated with DMSO or 25μM
MDL-800 for 24 or 48 hours. Normalized 2-NBDG mean fluorescence intensity is shown as bar graph.
Error bars indicate SE, N=3. Statistical significance was calculated using one-way ANOVA (*p < 0.05, **p 
< 0.01, ***p < 0.001, ****p <0.0001).
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Figure 4

PI3K/AKT inhibition enhances MDL-800 anti-tumor efficacy in vitro and in vivo.

(A) Western blot analysis for total protein and phosphorylated S6, and AKT in SNU-1076 and KYSE-180
cells treated with DMSO, 25µM MDL-800 for 48 hours, 2µM BYL719 for 24 hours, or both. β-Actin served
as a loading control. Data represents a representative experiment from three independent experiments.
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(B) Proliferation of KYSE-180 cells treated with increasing concentrations of both MDL-800 and BYL719
for 72 hours. Cells were fixed and stained with crystal violet. N=3. (C) 2D & 3D synergy matrix showing
the synergy scores of all MDL-800 and BYL719 concentration combinations in KYSE-180 cells treated as
described in B. (D) Synergy scores of different cell lines calculated as described in B. (E) Tumor growth
kinetics of KYSE-180-derived tumors in NSG mice (n=5) treated with vehicle, MDL-800 (80 mg/kg)
BYL719 (25 mg/kg) or both. Error bars indicate SE. Statistical significance was calculated by CGGC
permutation test (*p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001). (F) Tumor weighs of KYSE-180-
derived tumors in NSG mice treated with vehicle, MDL-800 (80 mg/kg) BYL719 (25 mg/kg) or both.
Tumor weights and means were calculated and presented in a bar graph. Error bars indicate SE.
Statistical significance was calculated using one-way ANOVA with Tukey’s multiple comparison test (*p 
< 0.05, **p < 0.01, ***p < 0.001, ****p <0.0001).
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