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Simple Summary: Zinc-finger protein 768 (ZNF768) is a transcription factor that was recently shown
to promote proliferation and repress senescence downstream of growth factor signaling in vitro. This
protein was found to be overexpressed in a small cohort of lung adenocarcinoma (LUAD) compared
to normal tissue, but its clinical value in this cancer remains unknown. The aim of this study was to
determine whether ZNF768 associates with clinicopathological features in LUAD. We found that
ZNF768 levels are often elevated in LUAD and that ZNF768 protein levels positively correlate with
Ki-67 and other proliferative clinicopathological features in this cancer. Supporting a role for ZNF768
in promoting proliferation, ZNF768 depletion severely impairs proliferation in several lung cancer
cell lines. Our study, that extends previous in vitro data, provides the first clinical observations
supporting a possible role for ZNF768 in promoting cancer cell proliferation and tumor development
in humans.

Abstract: Lung adenocarcinoma (LUAD) is the most common type of lung cancer and a leading cause
of cancer-related deaths worldwide. Despite important recent advances, the prognosis for LUAD
patients is still unfavourable, with a 5 year-survival rate close to 15%. Improving the characterization
of lung tumors is important to develop alternative options for the diagnosis and the treatment of
this disease. Zinc-finger protein 768 (ZNF768) is a transcription factor that was recently shown to
promote proliferation and repress senescence downstream of growth factor signaling. Although
ZNF768 protein levels were found to be elevated in LUAD compared to normal lung tissue, it is
currently unknown whether ZNF768 expression associates with clinicopathological features in LUAD.
Here, using tissue microarrays of clinical LUAD surgical specimens collected from 364 patients, we
observed that high levels of ZNF768 is a common characteristic of LUAD. We show that ZNF768
protein levels correlate with high proliferative features in LUAD, including the mitotic score and
Ki-67 expression. Supporting a role for ZNF768 in promoting proliferation, we report that ZNF768
depletion severely impairs proliferation in several lung cancer cell lines in vitro. A marked decrease
in the expression of key proliferative genes was observed in cancer cell lines depleted from ZNF768.
Altogether, our findings support a role for ZNF768 in promoting proliferation of LUAD.

Keywords: lung adenocarcinoma; ZNF768; cell proliferation

1. Introduction

Lung cancer is amongst the most common cancer worldwide and is the leading cause
of cancer-related deaths, accounting for 1.76 million deaths annually in men and women [1].
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A large portion of patients are diagnosed with an advanced stage of the disease and are left
with limited treatment options [2—4]. Recent advances in the management of lung cancer
with targeted therapies and immunotherapy have greatly improved the survival rate of
this disease, but despite these promising new treatments nearly all patients will develop
resistance [5-7].

Lung cancer is classified into two main histological groups based on their clinical
behavior, small cell lung carcinoma (SCLC) and non-SCLC (NSCLC), with NSCLC repre-
senting the majority of the cases. This group can further be divided into adenocarcinoma,
squamous cell carcinoma and large cell carcinoma. Lung adenocarcinoma (LUAD) is the
most common type of NSCLC and constitutes almost half of all lung cancer cases [8,9].
This subtype also shows a higher incidence in non-smokers and females [8,10]. Multiple
genetic alterations are associated with LUAD. Based on the most recent reports of the
Cancer Genome Atlas Research Network on LUAD, the driver mutations associated with
LUAD are concentrated in some key pathways and processes [11,12]. These include acti-
vation of the receptor tyrosine kinase (RTK)/RAS/RAF (76%, e.g., EGFR, K-RAS, MET)
and phosphoinositide-3-kinase (PI3K)/mechanistic target of rapamycin (mTOR) (25%,
e.g., STK11, PIK3CA) pathways, inactivation of the p53 pathway (63%, e.g., TP53, MDM?2)
and repression of key cell cycle regulators (64%, e.g., CDKN2A).

Zinc-finger protein 768 (ZNF768) is a transcription factor that has been shown to
greatly impact the proliferation and the survival of cancer cells in vitro [13,14]. We recently
identified RAS as a novel upstream regulator of ZNF768 [13]. More specifically, ZNF768 is
phosphorylated and destabilized in response to RAS activation via the mitogen-activated
protein kinases (MAPK) and the PI3K/mTORC2 pathways. Supporting its role in promot-
ing cell proliferation, we found that ZNF768 depletion impairs proliferation and induces
senescence by altering the expression of major cell cycle effectors and p53 targets. Notably,
we found that ZNF768 overexpression allows cells to bypass RAS-induced cellular senes-
cence in a p53-dependant manner in vitro. Additionally, we showed that ZNF768 interacts
with and represses p53 phosphorylation and activity. Based on cancer genomic databases,
we found that ZNF768 overexpression is common in a variety of human cancers suggesting
that elevated levels of ZNF768 could serve as a way to bypass oncogene-induced senes-
cence and sustain tumor proliferation. We confirmed this finding in a small cohort of
NSCLC where we observed elevated protein levels of ZNF768 in many tumors compared
to matched lung tissue [13]. Altogether, these results highlight a new role for ZNF768 in
repressing senescence and promoting cancer cell proliferation.

Despite evidence showing that ZNF768 expression is elevated in lung tumors, it is
currently unknown whether these findings extend to a larger cohort and whether ZNF768
expression associates with clinicopathological features in LUAD. Here, using tissue mi-
croarrays, we report that high levels of ZNF768 is a common feature in these tumors. Fur-
thermore, ZNF768 expression measured with the immunohistochemistry score (H-score)
correlates with high proliferative clinicopathological features including the mitotic score
and Ki-67 expression in the tumors. Further supporting the proliferative signature asso-
ciated with ZNF768 in LUAD, knockdown of ZNF768 in different lung cancer cell lines
severely impaired proliferation and decreased the expression of key cell cycle effectors.
Altogether, our findings show that ZNF768 protein levels are elevated in LUAD, that
ZNF768 associates with proliferative markers in this cancer and that this transcription
factor is required to support cancer cell proliferation. Our study, that extends previous
in vitro data, provides the first clinical observations supporting a possible role for ZNF768
in promoting cancer cell proliferation and tumor development in humans.
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2. Materials and Methods
2.1. Patient and Tissue Selection, Tissue Microarray Construction

The study population included a selection of 577 patients that underwent a lung
surgical resection for an adenocarcinoma between 2003 and 2012 at the Institut Universitaire
de Cardiologie et de Pneumologie de Québec (IUCPQ). A consent form was obtained by the
institution’s Biobank from all participants. Clinical and pathological data, including age,
sex, smoking status, tumor stage (American Joint Committee on Cancer AJCC 8th edition)
and overall survival, were retrieved using the electronic medical files and pathology reports.
A thoracic pathologist (P]) reviewed each tumor’s histologic slides and a representative area
of the lesion was identified on one of them. The corresponding formalin-fixed, paraffin-
embedded tissue blocks were retrieved, and tissue microarrays (TMA) were prepared
by punching the donor block in the corresponding identified area on hematoxylin and
eosin (H&E) slide. Tumor representative cores of 1.0 mm in diameter were placed 1.0 mm
apart from each other on the recipient TMA paraffin block with a tissue arrayer (Beecher
Instruments, Estigen, Estonia).

2.2. Immunohistochemistry

Five-micrometre-thick sections were cut from the TMA blocks on a microtome and
placed on charged slides. For ZNF768 immunohistochemistry (IHC) (Aviva Systems
Biology, San Diego, CA, USA, polyclonal, FL]23436) slides underwent heat-induced epitope
retrieval in a DAKO PT-Link using EnVision FLEX Target Retrieval Solution, Low pH
(Citrate buffer pH 6.1), followed by an automatized IHC protocol on Dako Autostainer
Link 48 (Dako, Agilent Technologies, Santa Clara, CA, USA). A previous validation set
with positive tissues allowed to set ZNF768 antibody dilution to 1:100 with an incubation
time of 20 min. The remaining of the IHC procedure was a standard Autostainer protocol
using Dako EnVision FLEX+ kit reagents. After IHC, slides were counter-stained using
EnVision FLEX hematoxylin. Ki-67 and p53 IHCs (respectively clones MIB1 and DO-7,
Dako, Agilent Technologies, Santa Clara, CA, USA) were carried out on the same platform
according to the manufacturer’s specific protocols.

2.3. Slide Digitalization and Pathologist’s Scoring of Protein Expression

Scoring of ZNF768, p53 and Ki-67 were done on digitalized slides. Digital images of
each TMA stained with standard H&E and all IHCs at 20 x magnification were obtained
using a slide scanner (NanoZoomer 2.0-HT, Hamamatsu, Bridgewater, NJ, USA). Whole
slide images were visualized using the companion software (NDP view, Hamamatsu,
Japan). Cores were excluded if they had fewer than a hundred tumor cells. ZNF768
and p53 expression were evaluated using the H-score method. This method combines
the percentage of stained nuclei and the staining intensity using the following equation
to obtain a score between 0 and 300: % nuclei of intensity 1 x 1 + % nuclei of intensity
2 X 2 + % nuclei of intensity 3 x 3. Ki-67 expression was evaluated using the percentage
of stained nuclei on a scale of 0 to 100%.

2.4. Statistical Analysis

Associations with the ZNF768 H-score and background as well as clinical indica-
tors were investigated using parametric (t-test; analysis of variance; Pearson r) or non-
parametric (Spearman rho) analyses, depending on the nature of the variables and their
distribution. All analyses were two-tailed with o = 0.05.

2.5. Cell Culture and Reagents

All cell lines (A549, NCI-H441 and NCI-H460, 293T) were obtained from American
Type Culture Collection (ATCC, Manassas, VA, USA). A549 and 293T cells were cultured
in complete Dulbecco’s Modified Eagle Medium (DMEM), while NCI-H441 and NCI-
H460 cells were cultured in Roswell Park Memorial Institute (RPMI) 1640 medium. Both
mediums were supplemented with Fetal Bovine Serum (FBS) (10%) (Wisent, #098-150, lot
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185730, St-Bruno, QC, Canada) and penicillin-streptomycin (1%) (Wisent, #450-201-EL,
St-Bruno, QC, Canada).

2.6. Virus Production and Transduction

Lentiviral shRN As were obtained from the collection of The RNAi Consortium (TRC)
at the Broad Institute (Cambridge, MA, USA). These shRNAs are named with the num-
bers found at the TRC public website: sh_Luciferase (TRCN0000072246), shZNF768_1
(TRCN0000017384), shZNF768_2 (TRCN0000017385). Lentiviruses were produced using
psPAX2 and pMD2G as the packaging system. 293T cells were transfected with the vec-
tors. Virus-containing supernatant was collected 48 h after transfection and filtered using
a 0.45 pm filter. Cells were transduced for 24 h in the presence of 8 ng/mL polybrene.
After the transduction, cells were dispersed into fresh medium. Cells were selected on the
subsequent days using 2 pug/mL puromycin.

2.7. Western Blotting

All cells were rinsed twice with ice-cold PBS before lysis. Cells were lysed with
Triton-X 100 containing lysis buffer (50 mM HEPES, pH 7.4, 2 mM EDTA, 10 mM sodium
pyrophosphate, 10 mM sodium glycerophosphate, 40 mM NaCl, 50 mM NaF, 2 mM
sodium orthovanadate, 1% Triton-X 100, and one tablet of EDTA-free protease inhibitors
per 25 mL). Cells were rotated at 4 °C for 10 min and then the soluble fractions of cell lysates
were isolated by centrifugation for 10 min in a microcentrifuge. Protein levels were then
quantified using Bradford reagent and analyzed by Western blotting. Protein extracts were
diluted in sample buffer, denatured by heat (95 °C) for 10 min and loaded on precast gels
(Life Technologies, Carlsbad, CA, USA). Proteins were transferred to PVDF membranes
blocked in 5% milk diluted in PBS-Tween and incubated with their primary antibody
overnight at 4 °C. The following antibodies were used: ZNF768 (Aviva Systems Biology,
San Diego, CA, USA, FL]J23436, dilution 1:1000); anti—f3-actin (Cell Signaling Technology,
Danvers, MA, USA, #4967, dilution 1:1500). Secondary antibodies were purchased for Cell
signaling technology (#7074S, dilution 1:5000). Amersham ECL Western Blotting Detection
Reagent (RPN2106) was used to image the blots.

3. Results
3.1. Analysis of ZNF768 in LUAD Tissue Microarrays

To characterize in detail the expression of ZNF768 in a large cohort of LUAD, im-
munohistochemistry (IHC) was performed on a tissue microarray (TMA) constructed using
LUAD collected from 364 patients that underwent a wedge resection (n = 18), segmen-
tectomy (n = 37), lobectomy (1 = 270), pneumonectomy (n = 24), bilobectomy (1 = 23) or
another type of surgical resection (1 = 2). A detailed summary of the cohort’s characteristics
is presented in Table 1.

ZNF768 is a protein that contains C2H2 domains in its C-terminal section and localizes
to the nucleus in cancer cell lines. To validate the specificity of the ZNF768 antibody, an
IHC was first conducted on tissues from wild-type mouse and ZNF768 complete knockout
mouse as positive and negative controls respectively (Figure S1A). The absence of signal
in all ZNF768 knockout tissues compared to wild-type mice confirmed the specificity of
the staining. Here, we confirmed that ZNF768 staining in the tumors was predominantly
nuclear, as seen in vitro (Figure 1A). Interestingly, in addition to the nuclear staining,
we also observed some cytoplasmic staining in a small number of cases. Although this
cytoplasmic staining was not observed often, it was usually of high intensity and of
granular appearance.
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Table 1. Clinical characteristics of the cohort.

Characteristics

No. (n = 364)

%

Age, M(SD) [min-max]

64 (8.8) [33-83]

Sex
Male 152 41.8
Female 212 58.2
Smoking status
Nb. pack year, M(SD) [min-max] 41 (23.8) [0-156]
Non-smoker 30 8.2
Former 237 65.1
Active 89 24.5
Passive 8 2.2
Stage (AJCC 8th edition)
I 238 65.4
I 71 195
I 48 13.2
v 7 1.9
Follow-up
Months, M(SD) [min-max] 94.3 (36.9) [3.3-197.7]
Survival
5-year survival 281 772

Abbreviations: M, mean; SD, standard deviation; Min, minimum; Max, maximum; Nb, number.

ZNF768

H&E

80
g 60
:
01 (53%) w5 40
W 2 (38.5%) 2 5
W3 (8.5%) E |—|
I e e
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0000000000 - B T e s P

Staining intensity

IR
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Figure 1. ZNF768 expression is often elevated in human LUAD. (A) Representative pictures of the different ZNF768
immunohistochemistry staining patterns in the tumors (nuclear—cytoplasmic-cytoplasmic granular) (magnification x 20,
scale bar 100 um). (B) Example of the three-pronged scoring system (intensity 1-intensity 2-intensity 3) (magnification x 20,
scale bar 100 pm). (C,D) Distribution of the main staining intensity and the percentage of ZNF768 positive cells in the
tumors of the cohort.
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To compare the different levels of ZNF768 expression in the tumors, the H-score
method was used, which combines the percentage of the positively stained cells with
the intensity of the staining to give a semi-quantitative score between 0 and 300. The
average H-score obtained for ZNF768 was 130 in this cohort. To classify the intensity of
the ZNF768 IHC staining, a three-pronged system was used based on the nuclear staining
only. We found that the average ZNF768 staining intensity varied substantially between
the tumors (Figure 1B,C). More specifically, tumors with a score of 1, meaning lower
ZNF768, represented about half of our cohort with 53%, while tumors with scores of
2 or 3 represented the other half with 38.5% and 8.5%, respectively. When looking at the
percentage of ZNF768 IHC positively stained cells, we found that it had a highly negatively
skewed distribution meaning that the majority of the values are concentrated to the right of
the distribution (Figure 1D). With the median being 90 in our cohort, this result highlights
the fact that most tumor cells in LUAD express ZNF768. Consistent with our previous
findings, these results show that ZNF768 is heterogeneously expressed in LUAD and that
high levels of this protein are a common feature of these tumors.

3.2. ZNF768 Expression Associates with Ki-67 and Proliferative Clinicopathological Features
in LUAD

Despite having observed high levels of ZNF768 in LUAD and in certain types of
cancer, the exact functions of ZNF768 in cancer remain unknown. To better define the
effect of high levels of ZNF768 in tumors and to verify its clinical relevance, we examined
the pairwise correlations between the ZNF768 H-score with different clinicopathological
characteristics in our cohort. The results of these analyses are presented in Table 2.
Consistent with studies showing that ZNF768 promotes cell proliferation and survival
in vitro, we observed a positive correlation between ZNF768 levels and the well-known
proliferation marker Ki-67 (Figure 2A-C and Figure S2A). A positive correlation between
ZNF768 and the mitotic score of the tumors was also noted, further supporting the
increased proliferation associated with high levels of ZNF768 (Figure 2D). We next
looked at the other clinicopathological features associated with ZNF768 and found an
association with sex, pleural invasion and with certain histologic patterns of the tumors
(Figure 2E,F). For instance, we found that the highest levels of ZNF768 were observed in
solid, followed by acinar pattern. In contrast, papillary pattern showed the lowest levels
of ZNF768, while lepidic and micropapillary pattern showed intermediate levels of
ZNF768. Of note, we did not find any association between ZNF768 and overall survival
(Hazard ratio = 1.0, ns). However, ZNF768 possibly associates with tumor stage in
LUAD with a p-value just above the alpha in our cohort and higher levels of ZNF768 in
tumors of stage 3 and above. Given that pleural invasion and some histologic patterns
are generally associated with worse prognosis, we next asked whether high levels of
ZNF768 in these categories were also associated with higher proliferation. To do so, we
compared ZNF768 levels and the percentage of Ki-67 positive cells. Interestingly, we
observed similar patterns of expression for ZNF768 and Ki-67 in the different categories
(Figure 2G,H). Altogether, these results indicate that high ZNF768 levels associate with
proliferation in LUAD.

3.3. Depletion of ZNF768 Impairs Proliferation in Lung Cancer Cell Lines

Given the correlation between ZNF768 levels and proliferative clinicopathological
features in LUAD, we investigated whether repressing ZNF768 could impact proliferation
of lung cancer cells in vitro. ZNF768 was knockdown in various NSCLC cell lines and
proliferation was assessed. Three NSCLC cell lines with different mutation signatures
were used, i.e., two adenocarcinoma cell lines (A549 and NCI-H441) and one large cell
carcinoma cell line (NCI-H460). All three cell lines are mutated for the K-RAS oncogene,
while both the A549 and NCI-H460 cell lines contain mutations activating the PI3K/mTOR
pathway (A549: STK11, NCI-H460: STK11-PIK3CA). Lastly, of the three cell lines, only
the NCI-H441 is p53 mutant. We first identified two short hairpin RNA (shRNA) that
effectively knockdown ZNF768 (Figure 3A-C and Figure S3A,B). Using these hairpins, we
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observed that ZNF768 knockdown greatly reduces proliferation in all these cell lines. No
differences between the two hairpins were noted. This result agrees with previous findings
where we showed that ZNF768 controls proliferation in different cancer cell lines [13].
Collectively, these results highlight a direct effect of ZNF768 on proliferation in lung cancer
cell lines and further support a link between ZNF768 and proliferative clinicopathological

features in LUAD.

Table 2. Associations between ZNF768 H-score and clinicopathological features in LUAD using univariate analyses.

t-Test ANOVA Correlation
Variable Value p
t F r/rho
Sex Male, female —2.12 0.03
Age Continuous variable 0.04 ns
Smoking status Non-sm oker, fgrmer, 0.82 ns
active, passive
Pack/year Continuous variable —0.01 ns
Max. tumor size Continuous variable —0.06 ns
Histological Lepldl(.?, acinar, 4.58 (Acinary,
attern papillary, Solid > Papillary) <0.001
P micropapillary, solid
Lymphovg scular Yes, no —1.00 ns
invasion
Necrosis Yes, no —1.28 ns
Pleural invasion Yes, no —2.36 0.02
Cytological grade Low, high -1.11 ns
Spread through air
spaces (STAS) Yes, no 0.30 ns
Distance of STAS Continuous variable —0.06 ns
from tumor
Inflammation None, Acute, ChI'O.I’l 16 0.27 ns
acute and chronic
Pathological stage
(AJCC 8th ed.) 1,2,3&4 2.63 0.07
Mitotic sgore Continuous variable 0.12 0.03
(2 mm*)
Ki-67 (%) Continuous variable 0.31 <0.0001
Progression Yes, no -1.03 ns

ns: non-significant.
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Figure 2. ZNF768 expression associates with proliferative clinicopathological features in LUAD.
(A) Tumors were separated in high and low ZNF768 expressing groups based on the H-score of the
tumor (low, ZNF768 H-score < 130; high, ZNF768 H-score > 130). Difference in the Ki-67 percentage
between high and low ZNF768 expressing groups. (B) Correlation between the ZNF768 H-score
and the percentage of Ki-67 positive cells. (C) Difference in the mitotic score between high and
low ZNF768 expressing groups. (D) Differential expression of ZNF768 in the tumors with pleural
invasion. (E) ZNF768 expression in the different histological patterns of the tumors. (F) Differential
percentage of Ki-67 positive cells in the tumors with pleural invasion. (G) Ki-67 percentage in the
different histological patterns of the tumors. Significance was determined by Spearman’s correlation,
t-tests (2 variables) or ANOVAs (< 2 variables) depending on the nature of the factors (* p < 0.05).
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Figure 3. ZNF768 depletion impairs proliferation of various lung cancer cell lines. (A) A549 cells, (B) NCI-H441 and (C) NCI-
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Representative pictures are shown. Western blot analyses were performed to confirm ZNF768 depletion. This experiment
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Two-way ANOVA (* p < 0.05 versus control).

3.4. ZNF768 Depletion Alters the Expression of Key Genes Regulating Proliferation in Lung

Cancer Cells

ZNF768 is a transcription factor that has been shown to regulate a wide variety of
genes in a cell-specific manner by binding to mammalian-wide interspersed repeats (MIRs)
in vitro [14]. It was recently shown that the transcriptional signature associated with
ZNF768 depletion was enriched in pathways regulating cell cycle progression [13]. Based
on the impact of ZNF768 depletion on lung cancer cells, we aimed to determine whether
ZNF768 depletion also altered the expression of genes involved in cell cycle progression.
To do so, ZNF768 was knockdown in A549, NCI-H441 and NCI-H460 cells and RNA was
extracted following selection. Several genes controlling the cell cycle (e.g., CDK1, MYBL2,
CCNB1, CCNB2), chromosome segregation (e.g., SMC4, NUSAP1, AURKA, AURKB, PLK1,
CDC20), genome replication (e.g., PCNA, CDC45, TOP2A) and stability (e.g., BRCA1, DDB2,
EZH2, MYBL2, TOP2A) were next measured. These genes were selected based on previous
transcriptomics assays performed following the knockdown of ZNF768 in U87 cells [13] or
the overexpression of a dominant negative ZNF768 in U20S cells [14]. Some of these genes
were also shown to be regulated following ZNF768 depletion in several cell lines in the
iLincs resource, a publicly available databank providing the expression profile of almost
1000 genes (L1000 assay) in response to various perturbagens in multiple cell lines [15]. As
shown in Figure 4, we found that ZNF768 depletion was associated with a severe decrease
in the expression proliferative genes (Figure 4A-C). Although the global effect on gene
expression was consistent, the extent of repression was slightly different in the three lines,
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with the highest repression in NCI-H441 cells and the lowest repression in NCI-H460
cells. Overall, these results support a strong connection between ZNF768 expression and
proliferation in lung cancer cell lines.
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Figure 4. ZNF768 depletion alters the expression of key genes regulating proliferation in lung
cancer cells. (A) A549 cells, (B) NCI-H441 and (C) NCI-H460 cells were transduced with lentivirus
expressing shRNA targeting ZNF768 and were selected with puromycin. RNA was harvested
from cells following selection and the expression of proliferative genes was measured by qPCR
(n =3/condition). This experiment was performed once. Significance was determined by ¢-test
(* p < 0.05 versus control).

4. Discussion

ZNF768 is a newly characterized transcription factor that is required for cell prolif-
eration [13,14]. We recently showed that ZNF768 is phosphorylated and destabilized in
response to RAS pathway activation [13]. We found that this transcription factor regulates
a core set of proliferative genes but also interacts with and represses p53 phosphorylation
and activation in vitro. Furthermore, we measured high ZNF768 protein levels in a small
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cohort of NSCLC compared to healthy lung tissue suggesting a possible role of ZNF768
in tumorigenesis. Despite evidence that ZNF768 is overexpressed in NSCLC, the exact
role of ZNF768 in cancer and its clinicopathological relevance remain unknown. Here, we
report that high levels of ZNF768 are frequently observed in LUAD and that these levels
positively correlate with high proliferative clinicopathological features of the tumors. These
observations, that support previous in vitro findings, provides the first clinical observations
of a possible role for ZNF768 in supporting cancer cell proliferation and tumor develop-
ment in humans. Along with these results, we also show that ZNF768 depletion directly
impairs proliferation of different NSCLC cell lines. This effect of ZNF768 knockdown was
associated with a severe repression in the expression of several genes controlling the cell
cycle. Our results support a central role for ZNF768 in promoting the proliferation of lung
cancer cells.

ZNF768 protein levels are elevated in LUAD. Our findings, that complement pre-
liminary observations made in a smaller cohort of patients, also revealed a link between
ZNF768 and proliferative markers in LUAD. As recently discussed, preliminary analy-
ses through the Human Protein Atlas resource showed that several cancers display high
ZNF768 protein expression [13]. Autoantibodies against ZNF768 are also detected in the
plasma of patients with colorectal cancer [16,17]. These results suggest that other cancer cell
types may exploit ZNF768 to promote proliferation. An interesting question that emerges
from these observations relates to the mechanisms driving ZNF768 expression cancer cells.
Although we found a severe rise in ZNF768 proteins levels in LUAD compared to normal
lungs, this effect was not linked to profound changes in ZNF768 mRNA transcription [13].
Because ZNF768 gene is rarely amplified in these tumors, these results suggest that post-
transcriptional and/or post-translational processes probably take place to promote ZNF768
protein levels in cancer. Overall, these observations indicate that a disconnection between
ZNF768 mRNA expression and ZNF768 protein levels exists in LUAD, and that measuring
ZNF768 protein levels is key to study this transcription factor in this cancer.

ZNF768 expression correlates with high proliferative clinicopathological features
in LUAD. In cancer cell lines, ZNF768 promotes the expression of key genes required
for proliferation [13,14]. Supporting the established role of ZNF768 in modulating gene
expression, we found that ZNF768 staining in the tumors was predominantly nuclear.
We also observed cytoplasmic ZNF768 staining in a small number of LUAD. Although
this cytoplasmic staining was not observed often, it was usually of high intensity and
of granular appearance. This observation appears to be specific to tumor cells in vivo as
ZNF768 was never observed outside the nuclei in cancer cell lines in vitro [13,14]. The
biological processes that contribute to ZNF768 cytoplasmic accumulation in LUAD as well
as the role of ZNF768 in this cell compartment remain to be determined.

There is growing interest in the study of the role of transcriptional regulators in cancer.
Transcription factors, cofactors and chromatin regulators can contribute to tumorigenesis
by altering the core transcriptional regulatory circuits of the cells to drive proliferation and
survival [18-20]. Here, we provide data suggesting that ZNF768 might be one important
transcription factor promoting proliferation in LUAD. The striking loss of proliferative
capability and the reduction in the expression of proliferative genes in lung cancer cells
depleted from ZNF768 support this conclusion. It should be noted that the impact of
ZNF768 deletion on proliferative gene expression was not the same in all three cell lines
tested, with the highest repression in NCI-H441 and the lowest repression in NCI-H460.
The reason for these differences is unknown. It is possible that differences in the basal
expression of these targets may have affected the impact of ZNF768 depletion on their
expression. Additionally, ZNF768 was previously shown to control gene expression in a cell-
specific manner by regulating the expression of an array of other transcription factors [14].
This could have contributed to generate differences in gene expression between the cell
lines depleted from ZNF768. Lastly, we need to point out that basal ZNF768 protein levels
were different between the cell lines, with NCI-H441 showing the higher levels compared
to A549 and NCI-H460. Interestingly, these cells are the ones that were the most affected
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by ZNF768 depletion in both the repression of cell cycle genes and the proliferation rate,
suggesting that this cell line may be more ‘addicted” to high ZNF768 expression. This could
also explain why the impact of ZNF768 depletion on the proliferative gene signature was
different between the cell lines.

We have previously reported that, in addition to control the expression of proliferative
genes, ZNF768 also supports cell proliferation by directly repressing p53 [13]. In vitro,
ZNF768 physically interacts with p53 to repress its phosphorylation and prevent its full
activation [13]. These observations suggest that ZNF768 might also promote LUAD de-
velopment by repressing the tumor suppressive functions of p53. Over the years, several
negative regulators of p53 were shown to be amplified and/or overexpressed in can-
cer [21-27]. The best example is the E3-ubiquitin ligase mouse double minute 2 (MDM2)
that triggers the proteasome-dependent degradation of p53. Hyperactivation of MDM2
is found in many cancers where it represses p53 [22-25,27]. Although ZNF768 unlikely
modulates p53 to the same extent as MDM2, our observations support the possibility that
ZNF768 overexpression might fulfill similar functions in the development of LUAD.

ZNF768 expression is linked to proliferation in LUAD but is not a predictor for
the overall survival of the patients in our cohort. These results suggest that ZNF768 is
not a suitable prognostic factor in LUAD. Although this finding may look surprising,
it is important to point out that tumour cell proliferation and survival are not always
associated in cancer. For example, the link between the proliferation marker Ki-67 and
survival is still controversial in some types of cancer and has limitations depending on the
study [28-30]. Furthermore, while mutations in driver oncogenes such as K-RAS in lung
cancer are commonly associated with poor outcome [31-33], many studies failed to detect
a significant association between these clinical data and prognosis [34-36]. Hence, the
lack of an association between ZNF768 and prognosis in LUAD does not detract from its
association with proliferation in this cancer and its possible contribution to tumorigenesis.

Our study suggests a possible role for ZNF768 in LUAD as a pro-proliferative tran-
scription factor. Nevertheless, many questions remain concerning the exact impacts of
ZNF768 in LUAD and its oncogenic potential. Foremost, the genomic context in which
ZNF768 protein levels are elevated in LUAD is still unknown. Secondly, while in vitro
evidence and cancer proteomics point to a possible role of ZNF768 in LUAD, additional
studies are needed to define the exact contribution of ZNF768 in tumorigenesis. The use of
animal models of cancer such as LUAD driven by oncogene(s) or xenografts with altered
levels of ZNF768 could establish whether ZNF768 directly contributes to tumor formation
in vivo. In parallel, it would be interesting to determine whether ZNF768 overexpression
alone has oncogenic capabilities in vivo. Testing these hypotheses could help define the
exact functions of ZNF768 in cancer and explore its therapeutic potential in this disease.

5. Conclusions

In conclusion, we report that ZNF768 levels are commonly elevated and correlate with
high proliferative markers in LUAD. We provide evidence that ZNF768 knockdown greatly
impairs proliferation in NSCLC cell lines, which is accompanied by decreased expression
of numerous genes involved in cell cycle progression and genomic integrity. These findings
indicate that high levels of ZNF768 could offer a proliferative advantage to lung cancer cells
and thus, might contribute to tumor formation. Further studies are required to establish
the direct role of ZNF768 in human cancer and its possible mechanisms of action in vivo.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/ cancers13164136/s1, Figure S1: Knockout validation of ZNF768 antibody by immunohisto-
chemistry in mouse tissues, Figure S2: NF768 levels positively correlate with the proliferation marker
Ki-67 in lung adenocarcinoma, Figure S3: ZNF768 knockdown in non-small cell lung cancer cell lines.


https://www.mdpi.com/article/10.3390/cancers13164136/s1
https://www.mdpi.com/article/10.3390/cancers13164136/s1

Cancers 2021, 13, 4136 13 of 14

Author Contributions: A.P, PJ. and M.L. designed the experiments; A.P. and M.L. wrote the
manuscript; A.P. and M.M. performed the experiments in cell culture; M.O. played a central role in
developing the IHC for ZNF768; S.P. performed the IHC staining; A.G., PL. and PJ. performed the
pathological evaluation of lung tumors; A.P. and D.]. performed the statistical analyses; A.G., P.L.,
MM., M.O,,S.P, DJ. and PJ. critically reviewed the manuscript. All authors have read and agreed to
the published version of the manuscript.

Funding: Support to M.L. was provided by the Canadian Cancer Society Research Institute (CCSRI,
#705827), the Canadian Institutes of Health Research (CIHR) (271671; 374552; 419593), La Fondation
de I'Institut universitaire de cardiologie et de pneumologie de Québec—Université Laval (IUCPQ-UL)
and Merck Sharpe and Dohme Corp/Faculté de Médecine de 1'Université Laval.

Institutional Review Board Statement: The patients included in this study were diagnosed with
lung adenocarcinoma (LUAD) and underwent surgical resection at the Institut universitaire de cardi-
ologie et de pneumologie de Québec—Université Laval (IUCPQ-UL). Lung tumors were collected
and stored at the IUCPQ-UL site of the Respiratory Health Network Tissue Bank (www.tissuebank.ca,
accessed on 10 August 2021). The Research Ethics Committee of IUCPQ-UL approved this study
(#2017-2829, 21441; date of approval: 7 February 2017 and all participants provided written and
informed consent. The study was conducted in accordance with the Declaration of Helsinki.

Informed Consent Statement: Informed consent was obtained from all subjects involved in the study.

Data Availability Statement: No new data were created or analyzed in this study. Data sharing is
not applicable to this article.

Acknowledgments: The authors acknowledge the invaluable collaboration of the surgery team and
biobank staff of the IUCPQ-UL as well as the translational research platform in thoracic oncology
(TRITON). The authors also want to thank William Enlow for the design and the construction of the
adenocarcinoma arrays.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Bray, F; Ferlay, J.; Soerjomataram, I.; Siegel, R.L.; Torre, L.A.; Jemal, A. Global cancer statistics 2018: GLOBOCAN estimates of
incidence and mortality worldwide for 36 cancers in 185 countries. CA Cancer |. Clin. 2018, 68, 394-424. [CrossRef]

2. Knight, B.S,; Crosbie, P.A.; Balata, H.; Chudziak, J.; Hussell, T.; Dive, C. Progress and prospects of early detection in lung cancer.
Open Biol. 2017, 7. [CrossRef]

3. Walters, S.; Maringe, C.; Coleman, M.P,; Peake, M.D.; Butler, J.; Young, N.; Bergstrom, S.; Hanna, L.; Jakobsen, E.; Kolbeck, K.; et al.
Lung cancer survival and stage at diagnosis in Australia, Canada, Denmark, Norway, Sweden and the UK: A population-based
study, 2004-2007. Thorax 2013, 68, 551-564. [CrossRef]

4. Lemjabbar-Alaoui, H.; Hassan, O.U.; Yang, Y.W.; Buchanan, P. Lung cancer: Biology and treatment options. Biochim. Biophys. Acta
Rev. Cancer 2015, 1856, 189-210. [CrossRef] [PubMed]

5. Yuan, M.; Huang, L.L.; Chen, ] H.; Wu, J.; Xu, Q. The emerging treatment landscape of targeted therapy in non-small-cell lung
cancer. Signal Transduct. Target. Ther. 2019, 4, 61. [CrossRef] [PubMed]

6.  Asao, T,; Takahashi, F; Takahashi, K. Resistance to molecularly targeted therapy in non-small-cell lung cancer. Respir. Investig.
2019, 57, 20-26. [CrossRef] [PubMed]

7.  Singh, S.S.; Dahal, A.; Shrestha, L.; Jois, S.D. Genotype driven therapy for non-small cell lung cancer: Resistance, pan inhibitors
and immunotherapy. Curr. Med. Chem. 2020, 27, 5274-5316. [CrossRef]

8.  Barta, J.A,; Powell, C.A.; Wisnivesky, ].P. Global epidemiology of lung cancer. Ann. Glob. Health 2019, 85. [CrossRef]

9.  Curado, M.P; Edwards, B.; Shin, H.R.; Storm, H.; Ferlay, J.; Heanue, M.; Boyle, P. Cancer Incidence in Five Continents, Volume IX;
IARC Press: Lyon, France, 2008; pp. 1-837.

10. Smolle, E.; Pichler, M. Non-smoking-associated lung cancer: A distinct entity in terms of tumor biology, patient characteristics
and impact of hereditary cancer predisposition. Cancers 2019, 11, 204. [CrossRef]

11.  The Cancer Genome Atlas Research Network. Comprehensive molecular profiling of lung adenocarcinoma. Nature 2014, 511,
543-550. [CrossRef]

12.  Campbell, ].D.; Alexandrov, A.; Kim, J.; Wala, J.; Berger, A.H.; Pedamallu, C.S.; Shukla, S.A.; Guo, G.; Brooks, A.N.;
Murray, B.A; et al. Distinct patterns of somatic genome alterations in lung adenocarcinomas and squamous cell carcinomas. Nat.
Genet. 2016, 48, 607-616. [CrossRef]

13. Villot, R.; Poirier, A.; Bakan, I.; Fernandez, E. ZNF768 links oncogenic RAS to cellular senescence. Nat. Commun. 2021, 12, 4841.

[CrossRef]


www.tissuebank.ca
http://doi.org/10.3322/caac.21492
http://doi.org/10.1098/rsob.170070
http://doi.org/10.1136/thoraxjnl-2012-202297
http://doi.org/10.1016/j.bbcan.2015.08.002
http://www.ncbi.nlm.nih.gov/pubmed/26297204
http://doi.org/10.1038/s41392-019-0099-9
http://www.ncbi.nlm.nih.gov/pubmed/31871778
http://doi.org/10.1016/j.resinv.2018.09.001
http://www.ncbi.nlm.nih.gov/pubmed/30293943
http://doi.org/10.2174/0929867326666190222183219
http://doi.org/10.5334/aogh.2419
http://doi.org/10.3390/cancers11020204
http://doi.org/10.1038/nature13385
http://doi.org/10.1038/ng.3564
http://doi.org/10.1038/s41467-021-24932-w

Cancers 2021, 13, 4136 14 of 14

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

Rohrmoser, M.; Kluge, M.; Yahia, Y.; Gruber-Eber, A.; Magbool, M.A.; Forne, I.; Krebs, S.; Blum, H.; Greifenberg, A.K.;
Geyer, M.; et al. MIR sequences recruit zinc finger protein ZNF768 to expressed genes. Nucleic Acids Res. 2019, 47, 700-715.
[CrossRef]

Subramanian, A.; Narayan, R.; Corsello, S.M.; Peck, D.D.; Natoli, T.E.; Lu, X.; Gould, J.; Davis, ].E,; Tubelli, A.A.; Asiedu, ].K,; et al.
A next generation connectivity map: L1000 platform and the first 1,000,000 profiles. Cell 2017, 171, 1437-1452.e17. [CrossRef]
[PubMed]

Fitzgerald, S.; O'Reilly, ].A.; Wilson, E.; Joyce, A.; Farrell, R.; Kenny, D.; Kay, E.W,; Fitzgerald, J.; Byrne, B.; Kijanka, G.S.; et al.
Measurement of the IgM and IgG autoantibody immune responses in human serum has high predictive value for the presence of
colorectal cancer. Clin. Colorectal Cancer 2019, 18, e53—e60. [CrossRef]

O'Reilly, J.A.; Fitzgerald, J.; Fitzgerald, S.; Kenny, D.; Kay, E.W.; O’Kennedy, R.; Kijanka, G.S. Diagnostic potential of zinc finger
protein-specific autoantibodies and associated linear B-cell epitopes in colorectal cancer. PLoS ONE 2015, 10, €0123469. [CrossRef]
[PubMed]

Lee, TL; Young, R.A. Transcriptional regulation and its misregulation in disease. Cell 2013, 152, 1237-1251. [CrossRef] [PubMed]
Jen, J.; Wang, Y.C. Zinc finger proteins in cancer progression. J. Biomed. Sci. 2016, 23, 53. [CrossRef] [PubMed]

Bushweller, J.H. Targeting transcription factors in cancer-from undruggable to reality. Nat. Rev. Cancer 2019, 19, 611-624.
[CrossRef] [PubMed]

Dornan, D.; Bheddah, S.; Newton, K.; Ince, W.; Frantz, G.D.; Dowd, P.; Koeppen, H.; Dixit, V.M.; French, D.M. COP1, the negative
regulator of p53, is overexpressed in breast and ovarian adenocarcinomas. Cancer Res. 2004, 64, 7226-7230. [CrossRef] [PubMed]
Karni-Schmidt, O.; Lokshin, M.; Prives, C. The roles of MDM?2 and MDMX in cancer. Annu. Rev. Pathol. Mech. Dis. 2016, 11,
617-644. [CrossRef]

Leach, ES.; Tokino, T.; Meltzer, P.; Burrell, M.; Oliner, ].D.; Smith, S.; Hill, D.E.; Sidransky, D.; Kinzler, K.W.; Vogelstein, B. P53
mutation and MDM2 amplification in human soft tissue sarcomas. Cancer Res. 1993, 53, 2231-2234. [PubMed]

Momand, J.; Jung, D.; Wilczynski, S.; Niland, ]. The MDM2 gene amplification database. Nucleic Acids Res. 1998, 26, 3453-3459.
[CrossRef] [PubMed]

McCann, A.H.; Kirley, A.; Carney, D.N.; Corbally, N.; Magee, H.M.; Keating, G.; Dervan, P.A. Amplification of the MDM2 gene in
human breast cancer and its association with MDM2 and p53 protein status. Br. J. Cancer 1995, 71, 981-985. [CrossRef] [PubMed]
Riemenschneider, M.].; Buschges, R.; Wolter, M.; Reifenberger, J.; Bostrom, J.; Kraus, J.A.; Schlegel, U.; Reifenberger, G. Amplifi-
cation and overexpression of the MDM4 (MDMX) gene from 1q32 in a subset of malignant gliomas without TP53 mutation or
MDM2 amplification. Cancer Res. 1999, 59, 6091-6096. [PubMed]

Wade, M.; Li, Y.C.; Wahl, GM. MDM2, MDMX and p53 in oncogenesis and cancer therapy. Nat. Rev. Cancer 2013, 13, 83-96.
[CrossRef] [PubMed]

Jakobsen, J.N.; Sorensen, J.B. Clinical impact of ki-67 labeling index in non-small cell lung cancer. Lung Cancer 2013, 79, 1-7.
[CrossRef]

Nielsen, T.O.; Leung, S.C.Y.; Rimm, D.L.; Dodson, A.; Acs, B.; Badve, S.; Denkert, C.; Ellis, M.J.; Fineberg, S.; Flowers, M.; et al.
Assessment of Ki67 in breast cancer: Updated recommendations from the international Ki67 in breast cancer working group. J.
Natl. Cancer Inst. 2020. [CrossRef]

Xie, Y.; Chen, L.; Ma, X;; Li, H,; Gu, L,; Gao, Y,; Fan, Y.; Zhang, Y.; Zhang, X. Prognostic and clinicopathological role of high Ki-67
expression in patients with renal cell carcinoma: A systematic review and meta-analysis. Sci. Rep. 2017, 7, 44281. [CrossRef]
Guan, J.L.; Zhong, W.Z.; An, S.J.; Yang, ].].; Su, J.; Chen, Z.H.; Yan, HH.; Chen, Z.Y.; Huang, Z.M.; Zhang, X.C.; et al. KRAS
mutation in patients with lung cancer: A predictor for poor prognosis but not for EGFR-TKIs or chemotherapy. Ann. Surg. Oncol.
2013, 20, 1381-1388. [CrossRef]

Marabese, M.; Ganzinelli, M.; Garassino, M.C.; Shepherd, F.A.; Piva, S.; Caiola, E.; Macerelli, M.; Bettini, A.; Lauricella, C.;
Floriani, I; et al. KRAS mutations affect prognosis of non-small-cell lung cancer patients treated with first-line platinum contain-
ing chemotherapy. Oncotarget 2015, 6, 34014-34022. [CrossRef]

Sun, ] M.; Hwang, D.W.; Ahn, ].S.; Ahn, M ].; Park, K. Prognostic and predictive value of KRAS mutations in advanced non-small
cell lung cancer. PLoS ONE 2013, 8, e64816. [CrossRef] [PubMed]

Scoccianti, C.; Vesin, A.; Martel, G.; Olivier, M.; Brambilla, E.; Timsit, ].F,; Tavecchio, L.; Brambilla, C.; Field, ].K.; Hainaut, P; et al.
Prognostic value of TP53, KRAS and EGFR mutations in nonsmall cell lung cancer: The EUELC cohort. Eur. Respir. ]. 2012, 40,
177-184. [CrossRef] [PubMed]

Cserepes, M.; Ostoros, G.; Lohinai, Z.; Raso, E.; Barbai, T.; Timar, ].; Rozsas, A.; Moldvay, J.; Kovalszky, L.; Fabian, K.; et al. Subtype-
specific KRAS mutations in advanced lung adenocarcinoma: A retrospective study of patients treated with platinum-based
chemotherapy. Eur. J. Cancer 2014, 50, 1819-1828. [CrossRef] [PubMed]

Zer, A.; Ding, K; Lee, S.M.; Goss, G.D.; Seymour, L.; Ellis, PM.; Hackshaw, A.; Bradbury, P.A.; Han, L.; O’Callaghan, C.J.; et al.
Pooled analysis of the prognostic and predictive value of KRAS mutation status and mutation subtype in patients with non-small
cell lung cancer treated with epidermal growth factor receptor tyrosine kinase inhibitors. J. Thorac. Oncol. 2016, 11, 312-323.
[CrossRef]


http://doi.org/10.1093/nar/gky1148
http://doi.org/10.1016/j.cell.2017.10.049
http://www.ncbi.nlm.nih.gov/pubmed/29195078
http://doi.org/10.1016/j.clcc.2018.09.009
http://doi.org/10.1371/journal.pone.0123469
http://www.ncbi.nlm.nih.gov/pubmed/25875936
http://doi.org/10.1016/j.cell.2013.02.014
http://www.ncbi.nlm.nih.gov/pubmed/23498934
http://doi.org/10.1186/s12929-016-0269-9
http://www.ncbi.nlm.nih.gov/pubmed/27411336
http://doi.org/10.1038/s41568-019-0196-7
http://www.ncbi.nlm.nih.gov/pubmed/31511663
http://doi.org/10.1158/0008-5472.CAN-04-2601
http://www.ncbi.nlm.nih.gov/pubmed/15492238
http://doi.org/10.1146/annurev-pathol-012414-040349
http://www.ncbi.nlm.nih.gov/pubmed/8387391
http://doi.org/10.1093/nar/26.15.3453
http://www.ncbi.nlm.nih.gov/pubmed/9671804
http://doi.org/10.1038/bjc.1995.189
http://www.ncbi.nlm.nih.gov/pubmed/7734324
http://www.ncbi.nlm.nih.gov/pubmed/10626796
http://doi.org/10.1038/nrc3430
http://www.ncbi.nlm.nih.gov/pubmed/23303139
http://doi.org/10.1016/j.lungcan.2012.10.008
http://doi.org/10.1093/jnci/djaa201
http://doi.org/10.1038/srep44281
http://doi.org/10.1245/s10434-012-2754-z
http://doi.org/10.18632/oncotarget.5607
http://doi.org/10.1371/journal.pone.0064816
http://www.ncbi.nlm.nih.gov/pubmed/23724098
http://doi.org/10.1183/09031936.00097311
http://www.ncbi.nlm.nih.gov/pubmed/22267755
http://doi.org/10.1016/j.ejca.2014.04.001
http://www.ncbi.nlm.nih.gov/pubmed/24768329
http://doi.org/10.1016/j.jtho.2015.11.010

	Introduction 
	Materials and Methods 
	Patient and Tissue Selection, Tissue Microarray Construction 
	Immunohistochemistry 
	Slide Digitalization and Pathologist’s Scoring of Protein Expression 
	Statistical Analysis 
	Cell Culture and Reagents 
	Virus Production and Transduction 
	Western Blotting 

	Results 
	Analysis of ZNF768 in LUAD Tissue Microarrays 
	ZNF768 Expression Associates with Ki-67 and Proliferative Clinicopathological Features in LUAD 
	Depletion of ZNF768 Impairs Proliferation in Lung Cancer Cell Lines 
	ZNF768 Depletion Alters the Expression of Key Genes Regulating Proliferation in Lung Cancer Cells 

	Discussion 
	Conclusions 
	References

