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Sirtuin 7 (SIRT7), a member of the sirtuin family of NAD+-dependent deacetylases, plays a vital role in 
cancer, exhibiting context-dependent functions across various malignancies. Our study investigates 
the role of SIRT7 depletion in head and neck squamous cell carcinoma (HNSCC) progression. In vitro 
and 3D organotypic models demonstrated that SIRT7 knock-out attenuates cancer cell viability, 
proliferation, and motility as well as induces downregulation of migration- and epithelial-mesenchymal 
transition (EMT)-related gene expression. Moreover, the SIRT7 loss results in slower organoid 
formation and less invasive organoid morphology, validated by vimentin downregulation. The SIRT7 
loss potentiates S-phase arrest in cell cycle progression after 5-FU treatment and elevates the ratio 
of dead cells. Additionally, SIRT7 deletion reduces the expression of G1 phase-associated proteins, 
Cyclin D and CDK4. Altogether, our study highlights SIRT7 as a promising therapeutic target in HNSCC, 
enhancing the effectiveness of treatment modalities such as combinational treatment.
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Head and neck cancers constitute a heterogeneous group of tumours, where the most common are squamous 
cell carcinomas (HNSCCs). They are the sixth most common malignancy worldwide, affecting over 500.000 new 
cases annually and almost  50% − 250.000 of them – die every year1. The most substantial factors for the initiation 
and progression of HNSCC are chronic tobacco smoking and heavy alcohol consumption, especially in the case 
of oral cavity and larynx cancers. In contrast, pharynx cancers mainly originate from human papillomavirus 
(HPV) infection2. The overall 5-year survival rate for patients with HNSCC is relatively low due to late 
detection and diagnosis, as well as its invasive and metastatic nature3. The most common first-line strategies 
for primary HNSCC treatment for stage I-III cancer patients are surgical resection (for oral cavity cancers) and 
radiotherapy (pharyngeal and laryngeal cancers), followed by immunotherapy and chemotherapy for recurrent 
and metastatic HNSCC (stage IV), often administrated in combination4. Currently, chemotherapy is not used 
as first-line therapy, and for advanced treatment of HNSCC, the extreme regimen consisting of a combination 
of cisplatin, 5-fluorouracil (5-FU) and Cetuximab is widely used5. The recent meta-analysis, including 107 trials 
for non-metastatic, stage III and IV head and neck carcinoma patients, confirmed the benefits of induction and 
concomitant chemotherapy (cisplatin and 5-FU)6.

The molecular and genetic landscape of HNSCC has been actively investigated over the past decade, 
introducing new molecular strategies potentially beneficial for patient treatment. Alterations in genes that affect 
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cell motility, apoptosis, and cell cycle have often been found to occur in patients suffering from HNSCC7–10. 
Along with the accumulation of genetic alterations, epigenetic and posttranslational modifications have gained 
particular interest since they also influence tumour development and metastasis11,12. Epigenetic modifiers like 
the histone deacetylases (HDACs) remove the acetyl groups from both histones (thus tightening the chromatin 
structure in silenced regions) and non-histone proteins, impacting essential cell functions and eventually 
determining its fate13,14. The HDAC family consists of 18 enzymes and is divided into four groups. The third 
group of HDACs, called Sirtuins, has seven members (SIRT1-SIRT7). While some Sirtuin family members like 
SIRT1 and SIRT2 have been comprehensively studied, and selective inhibitors are available, others like SIRT7 
are yet to be better understood, and there are no small molecule inhibitors commercially available specifically 
targeting these proteins15. There is limited knowledge concerning the role of SIRT7 in cancer progression, and 
the existing data are not comprehensive. On the one hand, some studies emphasize the oncogenic potential 
of SIRT7, resulting in aggressive cancer phenotypes with enhanced metastasis and poor patient prognosis16,17. 
SIRT7-mediated deacetylation of histone 3 (H3) at the lysine 18 residue (H3K18Ac) is critical for maintaining a 
cancer phenotype and stabilizes tumorigenicity18. On the other hand, SIRT7 functions as a tumour suppressor in 
some cancer types19,20. In advanced HNSCC, SIRT7 expression has been significantly upregulated in leukocytes 
in preoperative and postoperative peripheral blood samples21. Whereas a reduction of SIRT7 expression has 
been observed in patient tissues with advanced stages compared to early stages, indicating that downregulation 
of SIRT7 in tumour tissue might trigger tumour progression22.

This study aims to further elucidate the functional role of SIRT7 in HNSCC and reports the novel finding 
that SIRT7 loss sensitizes the cells to chemotherapy. In the current research, we used two patient-derived cell 
lines from the University of Turku Squamous Cell Carcinoma (UT-SCC) panel: UT-SCC-24B and UT-SCC-42B, 
isolated from the cervical lymph node of patients suffering from recurrent tongue squamous cell and metastatic 
laryngeal squamous cell carcinoma, respectively. We examined the effects of SIRT7 knock-out (SIRT7-KO) on 
cell proliferation, migration, and changes in phenotypic and morphological features in organoids. Additionally, 
we analyzed the changes following 5-FU treatment. The outcome showed a tremendous impairment in the 
formation of the organotypic cultures and classified SIRT7 as an HNSCC oncoprotein.

Results
SIRT7 mRNA expression is dysregulated in HNSCC, and it correlates with poor patient 
overall survival (OS)
To investigate SIRT7 expression in tissue samples from HNSCC patients, we analyzed data from several open-
access databases: cBioPortal (https://www.cbioportal.org), Genomic Data Commons Data Portal ​(​​​h​t​t​p​s​:​/​/​p​o​r​t​a​l​
.​g​d​c​.​c​a​n​c​e​r​.​g​o​v​​​​​) and GEPIA (http://www.gepia.cancer-pku.cn). Initially, we compared mRNA expression levels 
of SIRT7 in HNSCC samples and non-tumour samples (Fig. 1a). We observed higher SIRT7 expression in tumour 
samples (red) compared to non-tumour ones (green). Further, we compared the overall survival (OS) rate among 
HNSCC patients with higher vs. lower SIRT7 expression (Fig. 1b). We found slightly better survival for patients 
with a decrease in SIRT7. We also observed that changes in the distribution of SIRT7 mRNA expression did not 
correlate with the tumor stage (Fig. 1c). Interestingly, we noticed that SIRT7 differential expression is mutually 
exclusive to the expression of SIRT1, SIRT2 and HDAC1. In other words, when SIRT1, SIRT2 or HDAC1 is 
overexpressed or altered, SIRT7 remain unchanged and vice versa (Fig. 1d). All these observations prompted 
us to investigate the SIRT7 role in HNSCC progression. Since there are not any commercially available SIRT7 
inhibitors, we employed CRISPR/Cas9 genome editing in both the recurrent (UT-SCC-24B) and metastatic 
(UT-SCC-42B) carcinoma cells to create a homozygous knockout of SIRT7, confirming SIRT7 deletion by 
Western blotting. To ensure biological significance, our experiments used two SIRT7-knockout (SIRT7-KO) 
clones for each cell line (Fig. 1e, f).

Loss of SIRT7 promotes inhibition of proliferation and impairs cell motility of HNSCC cells
To address whether SIRT7 potentiates or impairs cell growth, we examined cell viability and proliferation upon 
knock-out of SIRT7. Our data showed that the deletion of SIRT7 significantly inhibited viability in both cell 
lines (UT-SCC-24B and UT-SCC-42B) compared to their controls. Remarkably, the decrease in metabolic 
activity indicated by cellular viability was consistently observed in both clones of SIRT7-KO compared to their 
respective controls (Fig. 2a). The proliferation analysis yielded similar results, with both cell lines exhibiting a 
slower proliferation rate than their controls (Fig. 2b). Further, we analyzed how the SIRT7 knock-out affects 
cell motility by performing a wound healing (scratch) assay followed by expression analysis of genes strongly 
associated with cell movement and, simultaneously, confirmed to be involved in HNSCC progression23–25. 
Our findings revealed that SIRT7-KO clones exhibited decreased migration for both cell lines compared to 
their respective controls (Fig. 2c, d). In line with this observation, we found that CD44, Fibronectin (FN1), and 
TWIST1 mRNA levels were downregulated for SIRT7-KO clones compared to their controls in both cell lines 
(Fig.  2e, f,g). Intriguingly, while we observed significant SIRT7-KO-mediated downregulation of N-cadherin 
(CDH2) expression in UTSCC42B, the level of CDH2 in UT-SCC-24B remained unchanged (Fig. 2h). Thus, 
we examined the E-cadherin (CDH1) mRNA levels for the UT-SCC-24B line and observed an increase in its 
expression in SIRT7-KO clones compared to the control (Supplementary Fig. 1).

Knock-out of SIRT7 inhibits the growth of organoids and affects their morphology
To validate 2D data, we generated a 3D organotypic model. The single cells started to replicate and form organoids 
in 4 days from cell seeding for controls and SIRT7-KO clones of both the UT-SCC cell lines. However, over time, 
there was a significant inhibition of the growth of organoids in SIRT7-KO clones of both cell lines compared to 
their controls (Fig. 3a). After 10 days in culture, the organoids were stained with live cell dye, Calcein AM. As 
expected, SIRT7 deletion caused a significant decrease in cell viability (Fig. 3b) as well as changes in morphometric 
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properties such as size, shape, and texture of the organoids (Fig. 3c). The organoids grew faster and significantly 
larger as computed by their Area (in pixels) in control compared to the SIRT7-KO clones in both cell lines 
(Fig. 3d). For UT-SCC-24B, we observed that SIRT7-KO organoids presented a significantly higher percentage 
of differentiated round organoids than their control, while for UT-SCC-42B, the effect was the opposite (Fig. 3e). 
Both cell lines showed a reduced length of cell motility-related appendages/protrusions (MedApp in pixels) 
in organoids, yet the effect was more profound for the UT-SCC-24B cell line (Fig. 3f). The higher percentage 
of roundness and decreased number of appendages/protrusions are indicative of less pronounced invasion 
dynamics and reduced cell motility26. The control organoids with parental SIRT7 expression had a more irregular 
shape with a larger number of multicellular protrusions (arrows in Fig. 3c), indicating increased growth and 
invasiveness. Further, we investigated the expression of vimentin, an established marker of mesenchymal trans-
differentiation in epithelial cancer cells (EMT), and often associated with increased invasiveness in HNSCC27. 
The SIRT7-KO led to a marked decline in vimentin expression compared to the respective controls in both cell 
lines (Fig. 3g, h). This observation, at least partly, might explain the observed decrease in the invasive phenotype 
of the SIRT7-KO organoids. Collectively, these results show that the depletion of SIRT7 diminishes cancer cell 
growth and tumour cell motility and invasion in both 2D and 3D conditions, suggesting that SIRT7 acts as an 
oncoprotein in advanced HNSCC.

Knock-out of SIRT7 blocks S-phase progression in cell cycle progression after 5-FU treatment
In the light of the significant decrease in cellular viability and proliferation observed upon SIRT7 depletion 
in both 2D and 3D models, we investigated its potential influence on cell cycle progression in these cell lines. 
Concurrently, considering the continued use of 5-FU as a standard treatment for HNSSC patients, we evaluated 

Fig. 1.  SIRT7 acts as an oncogene in patients with head and neck squamous cell carcinoma (HNSCC). The 
relative SIRT7 expression in HNSCC tissues (red) and non-tumour tissues (green) (a). The Kaplan-Meier 
survival plot for HNSCC patient groups with high SIRT7 (red) vs. lower SIRT7 (blue) expression (b). The 
expression level of the SIRT7 gene in different stages of HNSCC; TPM – transcripts per million (c). The part of 
plot showing genetic alterations for HDAC1, SIRT1, SIRT2 and SIRT7 among HNSCC patient samples; green 
dot – missense mutation red – amplification, blue – deep deletion, red frame – mRNA high, blue frame – 
mRNA low, grey – no alteration (d). The confirmation of SIRT7 knockout in two cell lines, UT-SCC-24B and 
UT-SCC-42B, is shown as the ratio between SIRT7 and α-tubulin (loading control) (e). Representative blots of 
SIRT7 expression level across two independent repetitions.
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the effects of SIRT7 KO on cell lines treated with 5-FU. We determined IC50 values for each cell line separately. 
We found that IC50 values for SIRT7-KO clones in both cell lines (2.98  µg/ml and 3.49  µg/ml for UT-SCC-
24B SIRT7-KO1 and SIRT7-KO 2 respectively, and 1.67 µg/ml and 2.03 µg/ml for UT-SCC-24B SIRT7-KO1 
and SIRT7-KO 2, respectively) are lower than controls (10.53  µg/ml and 9.47  µg/ml for UT-SCC-24B and 
UT-SCC-42B, respectively) suggesting SIRT7 KO might make these cells more susceptible to 5-FU treatment 
(Supplementary Fig. 2). The analysis of cell cycle progression revealed that in UT-SCC-24B, deletion of SIRT7 
led to a reduction of cells entering the S phase while showing a slight upregulation of cells in the G1 phase 
compared to the control. Interestingly, the proportion of cell cycle phase distribution was reversed after 5-FU 
treatment. 5-FU treatment caused the general upregulation of cell number in the M2 phase and downregulation 
of the M1 phase across all cells, the SIRT7-KO clones showed significant S phase arrest while the S phase 
in control remained unchanged (Fig.  4a, b). In UT-SCC-42B, both SIRT7-KO clones and the control group 
demonstrated a consistent pattern in the distribution of cell cycle phases. However, after 5-FU treatment, we 

Fig. 2.  Deletion of SIRT7 impairs UTSCC cell proliferation and motility. Cell viability is assessed by the 
CTG assay. The graphs illustrate changes in viability between SIRT7-KO clones (UT-SCC-24B and UT-SCC-
42B) and their controls, expressed as a percentage of the control. A t-test was used for statistical analysis (* 
p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001) (a). The diagrams present changes in cell proliferation as 
the percentage of surface confluence in a time-dependent manner between SIRT7-KO clones (UT-SCC-24B 
and UT-SCC-42B) and their controls (b). The plots represent time-dependent changes in wound confluence 
between SIRT7-KO clones (UT-SCC-24B and UT-SCC-42B) and their controls (c). Representative pictures 
of wound closure at two-time points: 0 h (pictures taken immediately after a made scratch and after 20 h 
(pictures taken when controls reach full confluence) across three independent repetitions (d). The bar plots 
show the relative gene expression across a set of four genes: CD44 (e), Fibronectin (FN1) (f), TWIST1 (g), and 
N-cadherin (CDH2) (h) normalized to GAPDH. For statistics, the ordinary one-way ANOVA with multiple 
comparisons was used (* p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001).
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observed a significant cell accumulation in the S-phase of SIRT7-KO clones compared to the control (Fig. 4c, d). 
We further investigated the expression of cyclins and cyclin-dependent kinases (CDKs), which are prognostic 
markers in cancer progression28,29. We observed a significant downregulation of Cyclin D expression after 5-FU 
treatment in the SIRT7-KO clones in both cell lines, reaching statistical significance for UT-SCC-42B compared 
to untreated cells (Fig. 4e). We also noticed a general tendency to downregulate expression of CDK4 in 5-FU-
treated cells compared to their untreated controls, regardless of SIRT7 depletion for both cell lines (Fig. 4g). A 
similar tendency was observed for Cyclin B expression in both cell lines, yet it is to be noticed that in UT-SCC-
42B, the inhibition of Cyclin B was more profound for control (control (-) vs. control (+)) compared with SIRT7-
KO clones (SIRT7-KO (-) vs. SIRT7 (+)) (Fig. 4h). UT-SCC-24B cells displayed a minor CDK1/2 expression 
elevation in SIRT7-KO clones post-5-FU treatment compared with control (control (-) vs. control (+)), while 
in UT-SCC-42B, a downward trend was observed across both control and SIRT7-KO clones, with no marked 
distinction between them (Fig. 4i). Overall, the findings suggest that loss of SIRT7 affects cell cycle progression 
and the response to chemotherapy, with a lower concentration of 5-FU in SIRT7-KO clones, generally having a 
similar effect to control cells treated with a higher 5-FU concentration. Additionally, S-phase arrest is observed 
in SIRT7-KO clones after drug administration, indicating an impact of SIRT7 depletion on cell cycle regulation 
in response to chemotherapy.

5-FU treatments further decrease cell growth of SIRT7-KO and increase cell death in 3D 
cultures
To assess whether the absence of SIRT7 enhances the chemotherapeutic treatment effects, we administered 5-FU 
to 3D organotypic cultures at concentrations determined to be effective (IC50 values) in prior experiments. The 
cells seeded into Matrigel formed organoids within 4 days, after which 5-FU treatment was started. We refreshed 
the media, supplemented with 5-FU, every two days until the end-point on day 10. At the end-point, the 
organoids were stained with live cell dye Calcein AM (green stain) and dead cell marker Ethidium homodimer-2 
(red stain) (Supplementary Fig. 3). As anticipated, we observed a notable reduction in the area (measured in 
pixels) of organoids treated with 5-FU compared to solvent control, depicted in the representative brightfield 
microscopy images (Fig. 5a). The decrease in the growth and size of organoids was regardless of SIRT7 deletion 
in the UT-SCC-24B and UT-SCC-42B. Moreover, the size of organoids (area) from SIRT7-KO cells treated with 
5-FU was significantly smaller than that of their respective untreated controls (Fig. 5b). We also quantified the 
relative amount of red fluorescence (cell death) in these multi-organoid cultures indicated by the image-related 
parameter AreaRatioR (in %). This parameter indicates there is a significantly higher percentage of dead cells 
in the organoids upon 5-FU treatment compared to the respective controls (p < 0.0001), irrespective of SIRT7 
expression. Along with the phenotypic measures, the treatment also affected the metabolic activity of the cells, 
which is seen by the marked reduction in treated samples compared to untreated ones. There was only a slightly 
reduction of viability observed in control cells compared to SIRT7-KO clones (Fig. 5c). This suggests that lower 
dosages of 5-FU (as used for SIRT7-KO clones) may generate similar effects compared to higher dosages when 
SIRT7 is absent. A similar pattern for organoid degradation following 5-FU treatment was observed in the UT-
SCC-42B cell line. The area (size) of the organoids indicating their growth was significantly decreased regardless 
of SIRT7 deletion, yet 5-FU treated SIRT7-KO clones showed more profound morphometric changes and less 
active cells.

To investigate if the effect of 5-FU treatment on SIRT7-KO clones could be compensated by other sirtuins 
sharing nuclear localisation with SIRT7, we analysed their gene expression level after treatment. We observed 
that the mRNA expression for SIRT1, SIRT2, and SIRT6 largely remained unchanged after SIRT7 deletion in 
UT-SCC-24B. However, 5-FU treatment incluced significant downregulation of SIRT1 in SIRT7-KO clones, 
while the levels of SIRT1 remained unchanged in control. SIRT2 is downregulated in both the clones and the 
control after 5-FU treatment. The SIRT6 expression shows significant downregulation after treatment in control 
samples, whereas it is upregulated in a SIRT7-KO clones (Supplementary Fig. 4a, b,c). In UT-SCC-42B, the 
mRNA expression for SIRT1, SIRT2, and SIRT6 is mostly unaffected upon SIRT7 deletion. However, these genes 
are significantly downregulated after 5-FU treatment in the control and SIRT7-KO (Supplementary Fig. 4d, e,f).

Discussion
Decades of research have confirmed the prominent role of reversible acetylation in tumorigenesis and metastasis, 
and outlining the fundamental role of HDACs that mediate this process. These findings have gained the interest 
of researchers, pharmaceutical companies, and medical practitioners. Among all HDACs, SIRT7 remains the 
most underinvestigated member. Its upregulation is associated with an aggressive phenotype and correlates with 
poor disease outcomes in prostate, breast, and hepatocellular carcinoma (HCC)30–34. Mechanistically, SIRT7 
deacetylation of H318Ac has been found to favour oncogenic transformation18 Conversely, other studies propose 
the anti-tumour role of SIRT7 by impeding epithelial-mesenchymal transition (EMT) in breast cancer in various 
in vivo models and suppressing proliferation and cell motility while enhancing apoptosis in bladder cancer35,36.

In HNSCC, the role of SIRT7 is complex and probably ambiguous. On the one hand, the downregulation of 
SIRT7 has been shown to facilitate tumour progression22. On the other hand, SIRT7 expression was associated 
with increased stromal lymphocyte infiltration, suggesting its involvement in influencing the invasiveness of the 
cancer30. Despite conflicting findings, the frequent occurrence of SIRT7 genomic alterations and its substantial 
overexpression, on par with the most abundant family members such as SIRT1 and HDAC1, intrigued us to 
investigate its role in HNSCC.

To address whether SIRT7 plays an oncoprotein in HNSCC progression, SIRT7-KO in vitro model using 
patient-derived cell lines were used to test the effects of SIRT7 on functional and phenotypical characteristics of 
the cells. We observed a 40% reduction in cell viability and a significant decrease in cell proliferation in SIRT7-
KO clones that was similar to the reduction previously confirmed in prostate and hepatocellular carcinoma 
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(HCC)37,38. The loss of SIRT7 also inhibited tumor cell motility and invasiveness, which is often associated with 
an active EMT. Thus, we specifically investigated altered expression of genes involved in cell motility, which may 
be simultaneously engaged in HNSCC progression, and potentially critical for EMT. We observed the significant 
downregulation of CD44, Fibronectin, and Twist1 gene expression in SIRT7-KO lines. This is in line with the 
observation that in patient samples, CD44 and Fibronectin were significantly upregulated in HNSCC tissues 
and correlated with poor survival39,40. Moreover, Twist1 was found to promote EMT through downregulation 
of E-cadherin (CDH1) in esophageal squamous cell carcinoma (ESCC)41. E-cadherin to N-cadherin (CDH2) 
switching is a significant marker in the EMT in HNSCC, which we observed in UT-SCC-42B SIRT7-KO clones42. 
Meanwhile, in UT-SCC-24B SIRT7-KO clones, the CDH2 mRNA level remained unchanged, and CDH1 was 
upregulated. Overall, these data showed that SIRT7 deletion suppresses cancer cell growth and migration, 
suggesting that SIRT7 could act as an oncoprotein. Yet, another published report observed that high expression 
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Fig. 3.  SIRT7 KO represses HNSCC growth in 3D organotypic cultures. After organoid formation (4 days), 
the area of organoid growth is reduced in SIRT7-KO clones compared to the control in UT-SCC-24B and UT-
SCC-42B cells (a). Significant decrease in proliferation and viability upon loss of SIRT7 in UT-SCC-24B and 
UT-SCC-42B KO clones and controls. One-way ANOVA using Dunnett’s test of n = 3 replicas (* p < 0.05, ** 
p < 0.01, *** p < 0.001, **** p < 0.0001) (b). Representative brightfield microscopy images of the 3D organoids on 
day 10 of culture. The arrows indicate the protrusions or appendages from the organoids. Scale bar of 400 μm 
(c). The box and whisker plots show the median size, shape, and appendages of the organoids (black horizontal 
line), the median size, shape and appendages of the control (dotted red horizontal line), and the total 
number of objects in the analyses under the box plot. Statistical significance of n = 3 replicas calculated using 
Bonferroni-corrected t-test (* p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001) (d, e,f). Immunofluorescence 
staining of the 3D organoids using Vimentin (green) and nuclei counterstained with DAPI (blue). The merged 
Z-stack images from confocal microscopy are displayed with a scale bar of 50 μm (g). The graphs represent a 
significant decrease in Vimentin (VIM) and DAPI ratio upon SIRT7 deletion from both cell lines. For statistical 
analysis, the ordinary one-way ANOVA with multiple comparisons was used (* p < 0.05, ** p < 0.01, *** 
p < 0.001, **** p < 0.0001) (h).

◂

Fig. 4.  SIRT7-KO induces S-phase arrest after 5-FU treatment.SIRT7 loss itself does not affect the cell cycle 
progression, as indicated by the use of flow cytometry after 48 h of drug treatment. The use of lower dosages of 
5-FU (IC50 values determined for each cell line) showed similar cell cycle arrest in the G2/M phase in SIRT7-
KO for UT-SCC-24B clones and SIRT7-KO2 for UT-SCC-42B compared to control. For all clones (both cell 
lines), the use of lower values of 5-FU induces cell cycle arrest in the S phase compared to the control, where 
5-FU concentration was higher. (-) indicates untreated cells (DMSO) and (+) are treated cells with IC50 value of 
5-FU. For statistics, two-way ANOVA with multiple comparisons was used (* p < 0.05, ** p < 0.01, *** p < 0.001, 
**** p < 0.0001). To keep the graphs readable, we implemented statistics for treated and untreated samples 
within one cell line. The statistics between different cells (clones vs. control) are attached as Supplementary 
Table 3. The representative flow cytometry charts across three independent repetitions for UT-SCC-24B 
and UT-SCC-42B (b, d). The representative blots across three independent repetitions for UT-SCC-24B and 
UT-SCC-42B after 48 h 5-FU treatment for Cyclin D1, CDK4, CyclinB, CDK1/2, and α-tubulin used as a 
loading control (e). The graphs show changes in proteins expression (normalized to α-tubulin) after 48 h of 
5-FU treatment inUT-SCC-24B and UT-SCC-42B cells. For statistics, the one-way ANOVA with multiple 
comparisons was used (treated vs. untreated cells) (* p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001) (f, g,h, 
i).
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Fig. 5.  SIRT7 deletion enhanced a decrease in organoid prosperity after 5-FU treatment. Brightfield images 
with 10x objective and scale bar of 400 μm. These indicate the condition of the organoids with IC50 5-FU 
treatment (+) and with solvent control (-) in control and SIRT7-KO clones (a). The quantitative measure of 
the 5-FU treatment with (+) and without (-) IC50 of the drug. The box and whisker plots show the median 
size (area) and the ratio of dead cells (AreaRatioR) in the organoids (black horizontal line), the median size of 
untreated control (dotted red horizontal line), and the total number of objects in the analyses under the box 
plot. Statistical significance of n = 3 replicas calculated using Bonferroni-corrected t-test (* p < 0.05, ** p < 0.01, 
*** p < 0.001, **** p < 0.0001) (b). The effect on cellular viability of the organoids after 6 days of treatment 
with 5-FU. One-way ANOVA using Dunnett’s test of n = 3 replicas (* p < 0.05, ** p < 0.01, *** p < 0.001, **** 
p < 0.0001) (c).
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levels of SIRT7 may reduce HNSCC metastasis by suppressing EMT43. Since the role of SIRT7 in cancer is 
complex, cellular- and context-dependent, the different origins of the cell lines in this study could, at least partly, 
explain these opposite effects. SIRT7 expression and activity may strongly depend on the context, the genetic 
mutation background of the tumor cells, and their differentiation status.

In the more physiologically representative 3D model, we observed a slower rate of organoid formation 
along with morphological changes such as a reduction in the size of the SIRT7-KO organoids coupled with 
lower metabolic viability compared to controls. The irregular morphology of control organoids that show more 
protrusions and a less round may signify poorly differentiated organoids with a heightened invasion potential, 
compared to the more round, more differentiated, and less invasive SIRT7-KO organoids26. This could correlate 
with a significant decrease in vimentin expression observed in SIRT7-KO clones, which is in line with another 
report demonstrating that overexpression of SIRT7 was associated with upregulation of vimentin expression and 
increased invasion in colorectal cancer32,44.

We further tested whether SIRT7-KO-mediated reduction in proliferation could be associated with 
changes in the cell cycle progression. It has been reported that SIRT7 is required for p53-dependent cell cycle 
arrest in the G1 phase45. TP53 is one of the most frequently mutated genes in HNSCC. Therefore, we would 
speculate that this functional link may provide an alternative explanation through which SIRT7 modulates 
the cell cycle progression in HNSCC46. Our data indicate that SIRT7 deletion caused a general reduction in 
the S phase progression during cell cycle progression. A similar result was observed when SIRT7 was knocked 
down in non-small cell lung cancer, indicating that SIRT7 may facilitate tumour progression through cell cycle 
regulation47. The involvement of SIRT7 in cell growth and its importance in promoting or facilitating entry 
into the S phase could be associated with its ability to regulate DNA replication and repair. SIRT7 has been 
linked to DNA damage response by indirectly promoting non-homologous end joining (NHEJ) DNA repair, 
and thus promoting genome stability48. To investigate whether other sirtuins can compensate for the SIRT7-KO, 
we analysed mRNA levels of SIRT1, SIRT2 and SIRT6 before and after treatment. In patients with acute myeloid 
leukaemia, a significant positive correlation between certain sirtuins, particularly between SIRT2 and SIRT7, and 
SIRT6 and SIRT7 was reported49. Our data showed that sirtuin levels were largely unaffected by SIRT7-KO in 
both cell lines. However, in UT-SCC-24B, the expression of SIRT1 was significantly downregulated after 5-FU 
administration in SIRT7-KO clones compared to the control. Interestingly, SIRT1 overexpression is associated 
with a good prognosis in HNSCC patients50. In UT-SCC-42B, SIRT1, SIRT2, and SIRT6 were significantly 
downregulated after treatment in controls and SIRT7-KO clones, suggesting that expression patterns of these 
sirtuins can be stage- and phenotype-dependent.

We also addressed whether SIRT7-KO could affect cell cycle distribution following 5-FU treatment. As a 
pyrimidine analogue, 5-FU is well known to induce S-phase arrest in HNSCC51. We observed a significant 
enhancement in 5-FU-mediated S-phase arrest in SIRT7-KO clones, whereas a similar effect was not found in 
the controls. The lower IC50 observed for 5-FU in SIRT7-KO cells compared to control cells suggests that lack 
of SIRT7 makes these HNSCC cell lines more susceptible to the growth-inhibitory effects of 5-FU. Moreover, 
we observed a similar pattern for G1 phase reduction after 5-FU treatment for both controls and SIRT7-KO 
clones, which partly confirms the SIRT7-KO mediated sensitization. The reduction of the number of cells in 
the G1 phase is indicative of decreased tumorigenesis, especially since 5-FU is accompanied by the general 
downregulation of G1 master regulators Cyclin D and CDK4 in SIRT7-KO clones upon treatment52. Notably, 
the area (= size) of the organoids in SIRT7-KO clones was significantly further reduced after 5-FU treatment 
compared to both untreated SIRT7-KO clones and controls. Simultaneously, there was an increase in the ratio of 
dead cells (stained ethidium homodimer) in 5-FU treated SIRT7-KO clones compared to 5-FU treated control 
in UT-SCC-24B. In UT-SCC-42B, while the use of 5-FU did not increase the dead cell in 5-FU treated SIRT7-
KO clones, we found that SIRT7-KO itself elevates the ethidium homodimer positive cells. The data from 3D 
organoid cultures partly confirm the potential SIRT7-KO mediated sensitization to 5-FU treatment. Lower 5-FU 
dosages induced a similar or more pronounced effect in SIRT7-KO clones than the high dosage of 5-FU used 
in the control treatment. This is indicated by the general reduction of growth and decreased morphological 
irregularity observed already at the beginning of organoid formation.

However, the exact mechanism for these phenotypic changes should be more deeply investigated, including 
genome-wide expression analyses.

Conclusions
SIRT7 plays an important, cancer-type dependent role in cancer progression and metastasis. Our research 
indicates a potential tumorogenic role in HNSCC, suggesting that SIRT7 could be a potential target in anti-
cancer therapy. The observed susceptibility to 5-FU treatment in SIRT7-deleted cells suggests that targeting 
SIRT7 could enhance the efficacy of existing chemotherapy regimens. Downregulation or inhibition of SIRT7 
activity could benefit patients suffering from HNSCC, yet the FDA has not approved any sirtuin inhibitors to 
date, and the first selective SIRT7 inhibitor has been reported only recently but is not commercially available 
for academic research53,54. While our study contributes to a better understanding of the role of SIRT7 in cancer 
progression, it also emphasizes the need for further research to unravel the full spectrum of its complex functions 
and the regulatory mechanisms it may be involved in. Future studies should explore the possibility of targeting 
SIRT7 in combination with other therapeutic agents, including immunotherapeutics, to maximize treatment 
efficacy and minimize potential adverse effects.
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Methods
Cell culture
UT-SCC-24B (RRID: CVCL_7826) and UT-SCC-42B (RRID: CVCL_7848) were kindly received from Prof. 
Reidar Grénman group at the University of Turku, Finland. Cells were authenticated using short tandem repeat 
profiling at IdentiCell Laboratories (Department of Molecular Medicine at Aarhus University Hospital Skejby, 
Århus, Denmark). They were routinely tested for mycoplasma (Lonza LT07-118 mycoplasma detection kit) 
while in culture. Cells were transfected to generate stable knockout clones according to the method described 
in Sect. 5.2. UT-SCC-24B and UT-SCC-42B cells were cultured at 37 ˚C, 5% CO2 in growth media DMEM with 
high glucose and GlutaMAX™ Supplement (ThermoFisher Scientific, US) supplemented with 10% fetal bovine 
serum (FBS; ThermoFisher Scientific, USA), 0.4 µl/ml hydrocortisone (Merck, Germany), and 100 Units/ml of 
Potassium Penicillin and 100 µg/ml of Streptomycin Sulfate (Lonza Bioscience, USA). The drug, 5-fluorouracil 
(5-FU) was purchased from Selleck Chemicals (NSC 19893, US).

Transfection and generation stable knock-out
The CRISPR-Cas9 genome editing technique was employed to generate stable SIRT7 knock-out HNSCC cell 
lines. Two guide RNA (gRNA) sequences were design using the CRISPOR and Benchling ​(​​​h​t​t​p​s​:​/​/​w​w​w​.​b​e​n​c​
h​l​i​n​g​.​c​o​m​​​​​​)​ online platform and subsequently ordered as a synthetic DNA fragments flanked BbsI recognition 
site55. These sequences: ​T​T​T​G​G​C​G​T​T​C​C​G​G​A​C​G​G​C​G​C and ​C​G​C​A​G​G​T​G​T​C​G​C​G​C​A​T​C​C​T​G were ligated 
into pSpCas9(BB)-2A-Puro (PX459) V2.0 vector, generously provided by Feng Zhang (Addgene plasmid # 
62988 ; http://n2t.net/addgene:62988 ; RRID: Addgene_62988). The cloning process utilized the Golden Gate 
Assembly56. Cell lines (UT-SCC-24B and UT-SCC-42B) were seeded at density 5 × 104 cells/well into a 24-well 
plate 24  h before transfection. Using Lipofectamine 3000® transfection reagent following the manufacturer’s 
protocol, cells were transfected with pSpCas9(BB)-2A-Puro (PX459) V2.0 with guide RNA (gRNA) vector. 
Transfection with plasmid pSpCas9(BB)-mCardinal-2A-Puro without gRNA, created in our laboratory for 
the visualization of Cas9-expressing cells, was employed and used as a negative control. After 48 h, cells were 
selected with Puromycin (1 µg/ml) for over three weeks to generate stable lines. Following selection, individual 
cell colonies were seeded into separate wells. PCR amplification was conducted to screen for modified cells 
compared to the control, using the following primers: forward 5’-​A​C​C​T​T​T​T​A​A​A​G​A​G​A​C​T​G​G​C​A​G​G-3’ 
and reverse 5’-​G​A​G​T​T​T​T​T​C​G​C​G​A​T​T​A​C​T​G​G​A​G-3’. All mutant clones were validated by sequencing of the 
genomic DNA using primer 5’-​A​C​C​T​T​T​T​A​A​A​G​A​G​A​C​T​G​G​C​A​G​G-3’. To confirm SIRT7 knockout, Western 
blot analyses were performed.

2D cell proliferation and viability assay
The UT-SCC-24B and UT-SCC-42B SIRT7-KO clones and controls were seeded in a 96-well plate at a density of 
0.5 × 104 cells/well in the growth media. Once the cells adhered overnight, the cells were imaged every 12 h using 
Incucyte® S3 live cell imager (Sartorius Stedim Biotech, France). The proliferation was monitored for 3 days after 
seeding and the data from phase-contrast images were segmented and analyzed with the Incucyte® S3 software. 
The Cell Titre Glo 2.0 metabolic viability assay (Promega, USA) was used according to the manufacturer’s protocol 
to measure the difference between cellular viability across the controls and SIRT7-KO cells. The luminescence of 
cells was measured using the VICTORX Light Luminescence Microplate Reader (Perkin Elmer, USA).

Determination of IC50 values
Cells were seeded on a 96-well plate at a density of 1.0 × 104 cells/well. The following day, cells were exposed 
to serial dilutions of a total concentration of 5-FU (controls: 0.1–25  µg/ml, SIRT7-KO clones: 0.1–10  µg/
ml) for 48  h. After 48  h, the Titre Glo 2.0 assay (Promega, USA) was used according to the manufacturer’s 
protocol. The luminescence was measured using an Infinite M200 Pro microplate reader (Tecan, Männedorf, 
Switzerland). Dose-response curves were plotted to determine half-maximal inhibitory concentrations (IC50) for 
the compound 5-FU, using GraphPad Prism 9.0 (GraphPad Software, San Diego, CA, USA).

Wound healing assay
Cells were seeded on a 96-well plate at a density of 1.0 × 104 cells/well. After they reached complete confluence, 
a wound in the form of a scratch was made uniformly in each well using the Incucyte® Woundmaker Tool 
(Sartorius, Germany). The cells were washed twice with phosphate-buffered saline (PBS) (ThermoFisher, 
USA), and fresh growth medium was added with and without drug treatment (IC50 of 5-FU). The cell plate 
was monitored using IncuCyte S3 imaging system (Sartorius, Germany) until the wound was closed. The time-
dependent, wound confluence was quantitated and analyzed using the IncuCyte S3 software.

Quantitative reverse transcriptase-polymerase chain reaction (qRT-PCR)
The controls and SIRT7-KO clones for both the cell lines were seeded on a 6-well plate at a density of 5.0 × 105 
cells/well in complete media. The cells were cultured until 60% confluence. In the case of 5-FU treatment, 
the following day after seeding, the culture medium was replaced with the medium containing 5-FU (IC50 as 
mentioned in Sect. 5.3.1) and incubated for 48 h. After 48 h, cells were harvested, and total RNA was extracted 
with the RNeasy Mini Kit (Qiagen, Germany). A concentration of 1 µg of RNA was used to make complementary 
DNA with a mix of dNTP (Thermo Fisher Scientific, Finland), Oligo dT primer (Oligomer Oy, Finland), RNase 
inhibitor (Promega, USA) and Maxima reverse transcriptase (Thermo Fisher Scientific, Finland). The PCR was 
carried out using SYBR™ Green master mix (Thermo Scientific, Finland) in a CFX384 Touch™ system (Bio-Rad, 
Finland). The primers used were designed in the NCBI database. The 2−ΔΔCt method was used to calculate mRNA 
expression the relative to the housekeeping gene. The primer sequences are mentioned in Supplementary Table 
1.
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Western blotting
Cells were seeded on a 6-well plate at a density of 5.0 × 105 cells/well. In the case of 5-FU treatment, the following 
day after seeding, the culture medium was replaced with the medium containing 5-FU (IC50 as mentioned in 
Sect. 5.3.1). After 48 h, the cells were harvested in RIPA Buffer (Merck, Germany) with protease (ThermoFisher 
Scientific, USA) and phosphatase (ThermoFisher Scientific, USA) inhibitors. The protein concentration was 
measured using a bicinchoninic acid (BCA) protein assay (ThermoFisher Scientific, USA). The protein lysates 
were loaded at equal concentrations into each well, along with protein ladder (Biorad, Cat. 1610374 or Nippon 
Genetics, Cat. MWPO4). The samples were separated on 4–12% Mini-PROTEAN® TGX™ Precast Gels (Bio-Rad, 
Finland) and transferred onto the nitrocellulose membrane at 4 °C for 1.5 h at 100 V in Towbin transfer buffer. 
The membrane was blocked with blocking buffer [5% bovine serum albumin (BSA); Sigma-Aldrich, Finland] in 
Tris-buffered saline with 0.1% Tween-20 (TBST) for 1 h at room temperature (RT). The blocked membrane was 
incubated overnight at 4 °C with primary antibodies (Supplementary Table 2). The membrane was washed in 
TBST (5min x 3) and incubated with anti-rabbit 800CW or anti-mouse 680CW secondary antibodies (IRDye® 
LI-COR Biosciences, US) for 1 h at room temperature. The signals from target proteins were visualized and 
quantitated using the Odyssey® CLx imaging system and software (LI-COR, USA). The original, uncropped 
images of the membranes are shown in Supplementary Fig. 5.

Cell cycle analysis
Cells were seeded on a 6-well plate at a density of 5.0 × 105 cells/well. The growth medium was replaced with the 
medium containing 5-FU (IC50 as mentioned in Sect. 5.3.1) after the cells were adhered. After 48 h of treatment, 
the cells were pelleted and washed with cold PBS. Further cell processing was performed using a Cell Cycle 
Analysis Kit (Abcam, ab287852) according to the manufacturer’s protocol. The stained cells were analyzed with 
Cytoflex (Beckman Coulter) flow cytometer using CytExpert software (2.3.0.84). The acquisition rate was 200 
events per second in medium acquisition mode, and at least 10,000 events were measured. The raw numerical 
data were processed using CytExpert software (2.3.0.84).

Organotypic 3D cultures
The organotypic 3D cultures were generated as described previously17. Briefly, the growth matrix was prepared 
using BD Matrigel™ (#356231 Corning, USA). 1000 cells/well were seeded in a 2:1 ratio of Matrigel (4 mg/ml) 
in the bottom and the upper layer (2 mg/ml) of the sandwich model in 96-well angiogenesis µ-plates (#89646, 
Ibidi, Germany). After 4 h of polymerization at 37 °C, each well was topped with growth media and monitored 
continuously for 10 days using IncuCyte S3 live-cell imaging. The organoids were maintained by the addition of 
fresh growth media every 2–3 days.

Drug treatment in 3D model
After 4 days of culturing and organoid formation, they were treated with 5-FU (IC50 as mentioned in Sect. 5.3.1). 
The growth medium supplemented with 5-FU or solvent DMSO (control) was renewed every 2–3 days up to day 
10 of organoid growth.

3D organoid staining and confocal image acquisition
After 10 days of culturing, the organoids were stained with 1 µg/ml of Calcein AM (#C3099, ThermoFisher, 
Finland) to visualize the live cells (green fluorescence) and 1 µg/ml of Ethidium Homodimer-2 (red fluorescence; 
#E3599, ThermoFisher, Finland) to visualize the dead cells. The plate with stained organoids was incubated 
at 37 °C for 30 min and imaged using a spinning disk confocal microscope (3i CSU-W1, Zeiss 5x objective, 
Germany). Confocal stacks were acquired with the use of the Plan-Neofluar 5× objective. The images were 
processed using the SlideBook6 software (Intelligent Imaging Innovations Inc., USA).

Morphometric quantification of 3D organotypic culture
The images of the organoids obtained were segmented using the AMIDA software57. The raw numerical data 
providing morphometric measures including size or area (in pixels), shape or roundness (in percentage), and 
protrusions typical of invasion, such as appendages (in pixels), were statistically processed and visualized as 
graphs with R (version 3.6.2) within the Rstudio interface (http://www.r-project.org).

Cell viability assay in 3D model
The cells were seeded on the 96-well Ibidi plate and cultured as described in point 2.3. After the 5-FU treatment 
(IC50 as mentioned in Sect. 5.3.1), the viability was acquired using CellTiter-Glo® Luminescent Cell Viability 
Assay (Promega, USA) as per the manufacturer’s protocol. The luminescence reading was measured using the 
VICTORX Light Luminescence Microplate Reader (Perkin Elmer, USA).

Immunofluorescence staining and quantification
The organoids were fixed with 4% paraformaldehyde, permeabilized with 0.5% Triton X-100, and blocked with 
3% BSA. These organoids were washed with PBS and incubated with primary antibodies overnight. The dilutions 
of the antibodies are mentioned in Supplementary Table 2. Excess antibody was washed off with PBS and 
incubated with nuclear stain DAPI (450 nm, 1:1000; Thermo Fischer, Finland) along with a secondary antibody 
(goat anti-rabbit IgG-Alexa Flour Plus 488, Thermo Fischer Scientific, USA). The images were recorded with 
the 3i CSU-W1 spinning disk confocal microscope using Zeiss 40x/0.6 LD Plan-Neofluar objectives (3I GmbH, 
Germany). The organoids in the images were then segmented as objects using AMIDA. Their fluorescence was 
quantified by creating masks for each wavelength, obtaining the average voxel value in the object and the mask 
statistics in the SlideBook6 software (Intelligent Imaging Innovations Inc., USA).
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Bioinformatics and statistical analysis
Gene expression profiling interactive analysis (GEPIA, http://gepia.cancer-pku.cn/help.html) was applied to 
analyze SIRT7 expression in patient samples58. The correlation of SIRT7 mRNA expression and SIRT7 protein 
expression in HNSCC was assessed using cBioPortal59. The data in all the experiments in this study are shown as 
the average of three biological replicates with ± standard deviation (SD). Statistical analyses were conducted in 
GraphPad Prism v. 9.0.0. (GraphPad Software Inc., USA). The statistical tests used are mentioned in the captions 
under each figure. Statistical differences were considered relevant at p < 0.05 (* p < 0.05, ** p < 0.01, *** p < 0.001, 
**** p < 0.00001 versus the control). Data on the graphs are expressed as mean ± standard deviation of the mean 
(± SD). When the ANOVA test was used, since we focused on the significance between controls and SIRT7-KO 
clones, we did not show statistical significance between clones.

Data availability
Data is provided within the manuscript or supplementary information files.
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