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PKR associates with 4.1R to
promote anchorage-independent
growth of hepatocellular carcinoma
and lead to poor prognosis
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RNA-dependent protein kinase (PKR) may have a positive regulatory role in controlling tumor growth
and progression in hepatocellular carcinoma (HCC). However, the downstream substrates and the
molecular mechanism of PKR in the growth and progression of HCC have not been clarified. In this
study, mass spectrometry analysis was performed with immunoprecipitated samples, and 4.1R

was identified as a protein that binds to PKR. In transfected COS7 cells, an immunoprecipitation
experiment showed that 4.1R binds to wild-type PKR, but not to a kinase-deficient mutant PKR,
suggesting that PKR binds to 4.1R in a kinase activity-dependent manner. In HCC cell lines, HuH7

and HepG2, the expression level of 4.1R protein was shown to be regulated by protein expression

and activation of PKR. Interestingly, high expression of 4.1R, as well as PKR, is associated with

a worse prognosis in HCC. PKR increased HCC cell growth in both anchorage-dependent and
anchorage-independent manners, whereas 4.1R was involved in HCC cell growth only in an anchorage-
independent manner, not in an anchorage-dependent manner. The rescue experiment indicated that
increased anchorage-independent growth of HCC cells by PKR might be caused by 4.1R. In conclusion,
PKR associates with 4.1R and promotes anchorage-independent growth of HCC. The PKR-4.1R axis
might be a new therapeutic target in HCC.
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Hepatocellular carcinoma (HCC) is the fourth most common tumor worldwide!. About 840,000 new cases of
liver cancer are diagnosed each year, and 780,000 people die from this disease?.

Transarterial chemoembolization (TACE) or resection is recommended for patients with intermediate-
stage HCC?. For advanced tumors, systemic drugs such as sorafenib, lenvatinib, regorafenib, cabozantinib, and
ramucirumab are used. Even with the above treatments, a median survival of 10-16 months is expected in
advanced-stage HCC*>. Therefore, it would be useful to elucidate the molecular mechanisms to search for new
treatment methods.

Double-stranded RNA-dependent protein kinase (PKR), also known as eukaryotic initiation factor 2-a
kinase 2 (EIF2AK2), is a serine-threonine protein kinase that is expressed throughout the body®. Initially,
PKR was described as an anti-viral protein of the innate immune system induced by interferon’. In previous
research, it was shown that PKR modulates several signal transduction pathways, such as the mitogen-activated
protein kinase (MAPK), signal transducer and activator of transcription (STAT)®’, and nuclear factor kappa-
light-chain-enhancer of activated B cells (NF-kB) pathways!?. It was also reported that PKR could function as
both an oncogene and as a tumor suppressor gene in a tissue-dependent manner!'2. As examples, survival was
significantly shorter with high-grade PKR expression than with low-grade expression in small-sized peripheral
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lung cancer’?, and there were much higher PKR activity levels in human breast cancer cell lines compared
to non-transformed mammary epithelial cell lines'*. Conversely, much lower proliferative activity was seen in
tumor cells with high PKR expression in thyroid carcinoma'®.

In HCC, upregulation of PKR was seen in tumor tissues compared with the surrounding tissues'®!”. In
hepatitis C virus (HCV)-related HCC cell lines, c-Fos and c-Jun activities were upregulated by PKR to increase
HCC cell proliferation'®. However, the molecules that function upstream or downstream of PKR are largely
unknown. In this study, to screen molecules that bind PKR, mass spectrometry (MS) analysis was performed
with immunoprecipitated protein samples after Flag-PKR expression plasmid was transfected into HEK293T
cells. This resulted in 4.1R being identified as a downstream molecule binding with PKR.

4.1R (gene name EPB41) is a member of the protein 4.1 family that was originally discovered as a membrane
protein in human red blood cells'. Four paralogues have been identified in the protein 4.1 family in vertebrates,
and all four are relatively ubiquitously expressed. The proteins are now named 4.1R, 4.1N, 4.1G, and 4.1B%,
Protein 4.1 is a scaffold protein. Studies in erythrocytes indicate that protein 4.1 forms a complex with spectrin
and actin, interacts with transmembrane proteins, and participates in cell morphology?!.

There is evidence for a connection between protein 4.1 and cancer; 4.1B interacts with the tumor suppressor
cell adhesion molecule 1 (CADM1), and loss of 4.1B is linked to malignant potential in non-small cell lung
cancer cells, breast cancer, and renal cancer’>-2°. However, the relationship between 4.1R and HCC has rarely
been reported, and there are many unknowns. In this study, the aim was to analyze the role of 4.1R and the
importance of the interaction between PKR and 4.1R in HCC.

Materials and methods

Cell culture

The human HCC cell lines HuH7 and HepG2, HEK293T cells, and the monkey kidney cell line COS-7 (Japanese
Collection of Research Bioresources, Osaka, Japan) were grown and maintained in Dulbecco’s modified Eagle’s
medium (Thermo Fisher Scientific, Waltham, MA, USA) supplemented with 10% fetal bovine serum (Thermo
Fisher Scientific). Cells were maintained at 37 °C in a humidified atmosphere of 5% CO, and 95% air, and the
culture medium was changed three times per week.

Western blotting (WB)

RIPA buffer (10 mM Tris-HCI pH 7.4, 150 mM NaCl, 0.5% v/v NP-40, and 1% v/v SDS) was added to cells for
protein extraction. Next, 15-20 pg of protein were separated on 4%-12% Bis—Tris Gels (Thermo Fisher Scientific)
and transferred to an Immun-Blot PVDF Membrane for Protein Blotting (BIO-RAD, Hercules, CA, USA) and
then blocked with 1% non-fat milk in Tris-buffered saline-Tween 20 (TBS-T) for 1 h at room temperature. The
blocked membrane was then incubated with primary antibodies overnight at 4 °C. All antibodies used are listed
in Supplementary Table 1. Secondary antibodies purchased from Cytiva (Washington, DC, USA) were used.
Bands were labeled using the ECL Prime Kit (Cytiva) and visualized with ImageQuant LAS 4000 (Cytiva). The
density of the bands was quantified by normalization to B-actin using Image J Software (National Institutes of
Health, Bethesda, MD, USA).

Immunoprecipitation (IP)

COS7 cells were transfected with Flag or 6Myc-PKR and Flag or 6Myc-4.1R using Lipofectamine LTX reagent
(Thermo Fisher Scientific). After 24 h, cells were lysed in the above lysis buffer. Lysates were centrifuged at
15,000 g at 4 °C for 10 min, and supernatants were pre-cleared with the antibody against Flag or Myc at 4 °C for
1 h and then incubated with the Protein G Sepharose (Cytiva) at 4 °C for 1 h. Sepharose was washed four times
with lysis buffer, suspended in a sample buffer, boiled at 95 °C for 5 min, and then incubated on ice. Samples were
then subjected to polyacrylamide gel containing SDS-PAGE followed by WB.

Cell proliferation

Cell viability was quantified by an MTT assay (Promega, Madison, WI, USA). After 24 h of siRNA or plasmid
transfection in 6-well plates, cells were resuspended, and then 2 X 10° cells were seeded in 96-well plates. At each
time point, cells were treated with MTT reagent and incubated for 60 min. Absorbance at 492 nm was recorded.

Colony formation assay

A suspension of 1.5% 10*—3x 10* cells in a culture medium containing 0.3% Agar (Fuji Film Wako Chemicals)
was overlaid onto the precast 0.6% agar in a well of a 6-well culture plate. The cells were incubated at 37 °C for a
period of two weeks. Using a light microscope, each well was photomicrographed evenly, and the average of the
colony area in a square of 0.49 mm? was determined. Each well was then stabilized with 4% paraformaldehyde
and stained with 0.005% (v/w) crystal violet (Fuji Film Wako Chemicals) solution in 10% ethanol, and the entire
well was photographed.

Mass spectrometry (MS)

For MS analysis, duplicate samples of HEK293T cells were transfected with three plasmids (Flag-PKR wild,
Flag-PKR K296R, and pcDNA3 as control). The cells were lysed with lysis buffer (20 mM HEPES-KOH [pH
7.4], 150 mM NaCl, 1% Triton-X100, and protease inhibitor cocktail). After the cell debris was removed by
centrifugation at 15,000 rpm for 10 min at 4 °C, the resulting supernatant was immunoprecipitated using
Dynabeads protein (Thermo Fisher Scientific) by anti-Flag M2 antibody (Sigma-Aldrich, St. Louis, MO, USA).
The beads were washed with wash buffers (10 mM HEPES-KOH [pH 7.5], 150 nM NaCL, and 0.1% Triton-X100).
The beads were then incubated at 100 °C for 5 min in elution buffer (elution buffer: 10 mM HEPES KOH
[pH 7.5], 150 mM NacCl, 0.05% Triton X100, 0.5 mg/mL Flag peptide). The eluted proteins were precipitated
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with 100% (w/v) trichloroacetic acid and washed with acetone. Precipitates produced by this process were re-
dissolved in digestion buffer, consisting of 100 mM ammonium bicarbonate, 0.05% decyl 3-D-glucopyranoside,
and 7 M guanidine hydrochloride. This was followed by treatment with lysyl endopeptidase (Fuji Film Wako
Chemicals, Osaka, Japan) at 37 °C for 3 h, further digestion with Trypsin TPCK (Sigma-Aldrich) at 37 °C for
12 h, and then centrifugation at 15,000 rpm for 1 min. Liquid chromatography-tandem mass spectrometry
(LC-MS/MS) analysis was then performed on the resulting supernatant, and MS analysis was performed twice
for each sample. An EasynLC1200 system (Thermo Scientific) and Q Exactive HF-X (Thermo Scientific) were
used for the LC-MS/MS analyses. The analytical column for LC was a C18 silica resin-packed capillary column
(diameter 10 uM and length 12 cm; Nikkyo Technos, Tokyo, Japan). Using solvents A (0.1% formic acid) and
B (0.1% formic acid/80% acetonitrile), peptide separation was performed with a flow rate of 300 nL/min and
a gradient of B from 0-40% for 80 min. The Data-Dependent Acquisition (DDA) mode was used for the MS
and MS/MS measurements. The mass resolution for MS was 60,000, and that for MS/MS was 15,000. The m/z
measurement range for MS was 380-1,500, and that for MS/MS was 200-2,000. The AGC target and maximum
IT for MS were set to 3e® and 60 ms, respectively, and for MS/MS to 1e® and 45 ms, respectively. On the MS/
MS scan, 20 precursor ions were selected per MS scan with an exclusion time of 12 s. Proteome Discoverer 2.2
software (Thermo Fisher Scientific) was used for the MS/MS data set analyses. The SEQUEST algorithm with
Swiss-Prot (Human: 20,386 entries) as the protein database was used for peptide identification, with tolerances
of 10 ppm for precursor ions and 0.02 Da for fragment ions. The digestion enzyme used was trypsin, allowing
up to two missed cleavages, with oxidation (M), carbamidomethylation (C), and protein N-terminal acetylation
added as modifications. A label-free quantification method using precursor ions was used to quantify proteins.

RNA extraction, cDNA synthesis, and real-time RT-PCR

Total RNA was extracted with TRIzol reagent (Thermo Fischer Scientific). Extracted RNA was reverse-transcribed
using TagMan Reverse Transcription Reagents (Thermo Fisher Scientific). The qRT-PCR assays were performed
in a real-time PCR system (LightCycler 480 Instrument II, Roche Diagnostics Inc., Basel, Switzerland), and
mRNA expression was assessed by the comparative cycle threshold (Ct) method (272¢"). The PKR, 4.1R, and
GAPDH primer and probe sets were obtained from Thermo Fisher Scientific (ID nos. Hs00169345, Hs01057085,
and Hs0275899, respectively).

Chemicals

The PKR inhibitor, oxindole/imidazole compound (C16), was purchased from Merck (Darmstadt, Germany)
and solubilized in dimethylsulfoxide (DMSO). The final concentrations of the PKR inhibitor in the in vitro
experiments are described in the corresponding sections that follow.

RNA interfering

The small interfering RNAs (siRNAs) targeting PKR and 4.1R were obtained from Horizon Discovery (Cambridge,
UK), and the transfection of cells was performed using Lipofectamine RNAiMAX (Thermo Fisher Scientific)
following the manufacturer’s protocol. The sequences of siRNA are presented in Supplementary Table 2.

Expression vector

The cDNAs of wild PKR, point mutant K296R of PKR, and 4.1R were constructed by a PCR-based approach.
Flag or 6Myc-PKR and Flag or 6Myc-4.1R were subcloned into pcDNA3 vector using EcoRI and Xhol restriction
sites. Each plasmid (1 pg/mL-2.5 pg/mL) was transfected using Lipofectamine LTX (Thermo Fisher Scientific).
For siRNA and plasmid co-transfection, the plasmid was transfected 24 h after transfection of siRNA.

Confocal image acquisition

All images were obtained using an upright laser scanning microscope (A1R, Nikon) with a 25 X water immersion
objective lens (Apo LWD 25xNA 1.10). Image stacks comprising more than 70 optical sections with 2-um
Z-steps were acquired from the surface, corresponding to an area of 502 x 502 um? (1024 x 1024 pixel?, 0.49 um
pixel™1). Before observation, Hoechst 33,342 staining (1 pg/ml, 30 min, room temperature) was performed. An
excitation laser at 403 nm was applied, and fluorescence signals were detected at wavelengths of 425-475 nm
via GaAsP-type PMT. All images were filtered using Nikon NIS-Elements ver. 5.20 software. For image stacks,
“median filter (3 X 3)” was applied to the reconstructed 3D image.

UALCAN

UALCAN (http://ualcan.path.uab.edu/) is a comprehensive web portal for analyzing cancer OMICS data®. In
this study, expression of 4.1R was analyzed in UALCAN based on sample types of HCC tissues and normal liver
tissues.

The Kaplan—Meier Plotter

The Kaplan-Meier Plotter (https://kmplot.com/analysis/) is a web server for the discovery and validation of
survival biomarkers?. The survival-analysis tool in the Kaplan-Meier Plotter was used to analyze the prognostic
significance of 4.1R and PKR mRNA. Survival analysis was performed using the Kaplan-Meier method, and
hazard ratios (HRs) with 95% confidence intervals (CIs) and a log-rank P-value were calculated.

Statistical analysis
All statistical analyses were performed using Microsoft Excel (Microsoft, Redmond, WA, USA). Student’s ¢-
test was performed to compare between two groups, and one-way ANOVA was performed for comparisons
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among multiple groups. All values are shown as means + standard deviations (SDs). P values were categorized as
follows: *P < 0.05; **P < 0.01; and ***P <0.001.

Results

PKR interacts with 4.1R in a kinase activity-dependent manner

To determine the binding molecules of PKR, LC-MS/MS analysis was performed. Briefly, HEK293T cells were
transfected with Flag-PKR plasmid, Flag-PKR¥?*R plasmid, a mutant deficient in kinase activity?, or control
plasmid, followed by LC-MS/MS analysis four times using the immunoprecipitated samples by anti-Flag
antibody. The data that could be reproduced four times were analyzed. Of the 105 proteins that were precipitated
with wild-type PKR, 13 proteins were not detected to bind with kinase-dead PKR, and they are shown in Table 1.
Of the PKR-binding proteins identified, 4.1R was the protein of interest. 4.1R is required to efficiently focus
mitotic spindle poles, and knockdown of 4.1R causes defective metaphase and multi-nuclei, suggesting that 4.1R
plays an important role in cell cycle progression®. In addition, we previously reported that 4.1R was required
for the oncogenic role of CADMI1 in small-cell lung cancer (SCLC) 3!. Then, among the 13 proteins, 4.1R was
selected. The interaction between 4.1R and wild-type PKR was confirmed by IP using two distinct epitope-tagged
proteins in transfected COS7 cells (Fig. 1A, B). Moreover, PKR-V5 protein was co-localized with endogenous
4.1R protein on the cell membrane in HEK293FT cells (Supplementary Fig. 1).

Next, to determine whether the interaction of 4.1R with PKR depends on PKR activation, the binding of 4.1R
to a kinase-deficient mutant PKRX?%6R was tested by IP. As shown in Fig. 1C, 4.1R failed to bind to PKRX?%R jn
transfected COS7 cells (Fig. 1C), indicating that PKR interacts with 4.1R in a kinase activity-dependent manner,
or, in other words, 4.1R is a downstream substrate of PKR. The interaction of endogenous 4.1R with PKR-V5 was
demonstrated, but this interaction was not seen with PKRX?*R (Supplementary Fig. 2).

Because 4.1R belongs to the 4.1 protein family including 4.1B, 4.1G, and 4.1N, the binding of the family
members to PKR was then checked. Interestingly, 4.1B, 4.1G, and 4.1N failed to bind to PKR (Supplementary
Fig. 3), suggesting that the 4.1R-PKR interaction is specific within the 4.1 protein family.

PKR affects the expression of 4.1R protein in HCC cell lines

To clarify the importance of 4.1R in HCC, the expression level of 4.1R was examined in HCC cell lines. WB
was performed using three different HCC cell lines, HuH7 cells, HLE cells, and HepG2 cells, and abundant
expression of 4.1R was found in all three cell lines at different levels (Fig. 2A).

Next, to determine the functional relationship between 4.1R and PKR, the effect of PKR on the protein
expression of 4.1R was tested. As shown in Fig. 2B, overexpression of PKR increased the expression of 4.1R
protein in HuH?7 cells (Fig. 2B). Consistent with the result of PKR overexpression, knockdown of PKR by siRNA
decreased the expression of 4.1R protein in HuH7 cells (Fig. 2C). On the other hand, knockdown of 4.1R by siRNA
failed to affect the expression of PKR protein (Supplementary Fig. 4). In addition, knockdown (Supplementary
Fig. 5A), as well as overexpression (Supplementary Fig. 5B), of PKR did not affect the mRNA of 4.1R in HuH7
and HepG2 cells on qRT-PCR. Moreover, the expression level of 4.1R protein was downregulated by C16, an
inhibitor of phosphorylation of PKR?, in a dose-dependent manner, according to the phosphorylation levels of
PKR (Fig. 2D). These results indicated that the expression level of 4.1R protein is regulated by protein expression
and activation levels of PKR.

Expression of PKR and 4.1R associated with a poor prognosis of HCC patients

To clarify the importance of 4.1R in HCC prognosis, the expression levels of 4.1R were compared between
HCC tissues and normal liver tissues using the available online database, UALCAN. As shown in Fig. 3A, the
expression levels of 4.1R were significantly higher in HCC tissues (n=371) than in normal liver tissues (n=>50)
(p=1.62E-12) (Fig. 3A). Accordingly, immunostaining for the surgically removed tissues in HCC patients

Protein name Accession number in UniProt*
14-3-3 protein gamma P61981
14-3-3 protein beta/alpha P31946
14-3-3 protein eta Q04917
Casein kinase IT subunit alpha’ P19784
Casein kinase IT subunit beta P67870
Protein 4.1 P11171
Casein kinase IT subunit alpha P68400
Zinc finger CCCH domain-containing protein 14 Q6PJT7
Trifunctional enzyme subunit alpha, mitochondrial P40939
DBIRD complex subunit ZNF326 Q5BKZ1
Isoform 2 of chromatin target of PRMT1 protein QIY3Y2
U6 snRNA-associated Sm-like protein LSm2 Q9Y333
Apoptotic chromatin condensation inducer in the nucleus | QQUKV3

Table 1. Candidate proteins with which PKR interacts in a kinase activity-dependent manner. *(https://www.
uniprot.org)/
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Fig. 1. PKR interacts with 4.1R depending on its kinase activity. (A) COS7 cells were transfected with the
indicated plasmids, followed by IP and WB. The top panel shows the co-precipitation of PKR with 4.1R by IP
with anti-Flag antibody and WB with anti-Myc antibody. The second panel shows the expression of 4.1R by

IP with anti-Flag antibody and WB with anti-Flag antibody. The lower two panels show the expression level

of each protein without IP. (B) COS7 cells were transfected with the indicated plasmids, followed by IP and
WB. The top panel shows the co-precipitation of 4.1R with PKR by IP with anti-Flag antibody and WB with
anti-Myc antibody. The second panel shows the expression of PKR by IP with anti-Flag antibody and WB with
anti-Flag antibody. The lower two panels show the expression level of each protein without IP. (C) COS7 cells
were transfected with the indicated plasmids, followed by IP and WB. The top panel shows the co-precipitation
of wild type PKR or PKRX?R with 4.1R by IP with anti-Flag antibody and WB with anti-Myc antibody. The
second panel shows the expression of 4.1R by IP with anti-Flag antibody and WB with anti-Flag antibody. The
lower two panels show the expression level of each protein without IP.

Scientific Reports|  (2024) 14:27768 | https://doi.org/10.1038/s41598-024-75142-5 nature portfolio


http://www.nature.com/scientificreports

www.nature.com/scientificreports/

A
HuH7 HLE HepG2
130- ” o < 4.1R
[ e e e e < non-specific band
L0 | w— —— gy g — v v [ 2CtiN
B s &
& % *
& & o
& < 3
130- afedr § §°
Iy} 8
T 4 4
X -~
o < !
70 —| === | «non-specific band
0 0
40 _El actin pcDNA3 Flag-PKR pcDNA3 Flag-PKR
C & B S s .
O Kk *
& & & 1 1
e
L — ~ . = s
g g
L os X 05
o <
[ pe—— <«non-specific band
[ A, A, [ ) )
%, BB %, BB
o S 8. (%] S, 8-
D3 7 4 8 7 &l
D

*

o0 [T PPKR ——— ——
130-[es s =% |<4.1R ‘
05 = 05
70— <non-specific band

0 0
40 Elacﬁn DMSO 1uM 2uM 3uM DMSO 1uM 2uM 3uM

Fig. 2. The expression level of 4.1R protein is regulated by protein expression and activation levels of PKR in
HCC cell lines. (A) Three HCC cell lines, HuH7, HLE, and HepG2 cells, were seeded in a 6-well, flat-bottomed
plate, and cell lysates from three independent wells of each cell line were loaded, followed by WB with anti-
4.1R antibody. Overexpression (B) and knockdown (C) of PKR and C16 treatment (D) affected the expression
level of 4.1R protein. (B) HuH7 cells were transfected with or without Flag-PKR, followed by WB with
anti-PKR antibody (top panel), anti-4.1R antibody (middle panel), and anti-actin antibody (bottom panel).
The quantified PKR:actin ratio (center panel) and the 4.1R at 130 kDa:actin ratio (right panel) of the WB are
shown. (C) HuH?7 cells were transfected with control siRNA and two PKR siRNAs, followed by WB with anti-
PKR antibody (top panel), anti-4.1R antibody (middle panel), and anti-actin antibody (bottom panel). The
quantified PKR:actin ratio (center panel) and the 4.1R at 130 kDa:actin ratio (right panel) of WB are shown.
(D) HuH7 cells were treated with DMSO or 1, 2, or 3 uM of C16 for 24 h, respectively, followed by WB with
anti-phospho-PKR antibody (top panel), anti-PKR antibody (second panel), anti-4.1R antibody (third panel),
and anti-actin antibody (bottom panel). The quantified PKR:actin ratio (center panel) and the 4.1R at 130 kDa:
actin ratio (right panel) of WB are shown. The values in the figure represent fold change to those of control.
Means + SD values of three independent experiments are shown (*p <0.05, **p <0.01, ***p <0.001 compared
to control groups by the two-sided Student’s t-test or Tukey’s test).
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Fig. 3. High expression of 4.1R in HCC patients leads to a poor prognosis. (A) 4.1R levels in HCC tissue and
normal adjacent tissue were analyzed by the UALCAN database (p=1.62E-12 compared to the normal group
by Student’s t-test). (B, C) Survival rates based on the expression level of 4.1R (B) and PKR (C) were analyzed
by the Kaplan-Meier Plotter database (p=0.016, 0.0015, respectively, compared to the low expression group by
the log-rank test).
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for which both tumor and nontumor tissue were preserved was performed. In the case with HCC tissue that
stained strongly for 4.1R, the HCC tissue stained more strongly than nontumor tissue surrounding the tumor
(Supplementary Fig. 6A). Moreover, in the same case, the HCC tissue also stained more strongly for PKR than
nontumor tissue, as for 4.1R (Supplementary Fig. 6B).

Next, the prognostic values of 4.1R and PKR were analyzed in HCC patients using the available online
database, Kaplan-Meier plotter. Interestingly, high expression of 4.1R in HCC tissues was associated with a
worse prognosis in HCC patients (n=364, OS: HR=1.56, 95% CI=1.08-2.24, p=0.016) (Fig. 3B). In addition
to 4.1R, high expression of PKR in HCC tissues was also associated with a poor prognosis in HCC patients
(n=364, 0S: HR=1.79, 95% CI=1.24-2.57, p=0.0015) (Fig. 3C). These results indicated that high expressions
of PKR and 4.1R in HCC are factors associated with a poor prognosis for these patients.
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«Fig. 4. Suppression of anchorage-independent proliferation by silencing of PKR or 4.1R in HCC cell lines.
(A) HuH?7 cells (top panel) and HepG2 cells (bottom panel) on culture dishes were transfected with control
siRNA or two 4.1R siRNAs, followed by MTT assay. The black line, blue line, and yellow line show the results
for control, 4.1R siRNAI, and 4.1R siRNA2, respectively. (B) Huh7 and HepG2 cells were transfected with
control siRNA or two 4.1R siRNAs, followed by colony formation assay. Three representative images of colony
formation on soft agar and their quantified colony area with control siRNA or two 4.1R siRNAs, respectively, in
HuH7 (B, top panels) and HepG2 cells (B, bottom panels) are shown. (C) HuH?7 cells (top panel) and HepG2
cells (bottom panel) on culture dishes were transfected with control siRNA or two PKR siRNAs, followed
by MTT assay. The black line, blue line, and yellow line show the results for control, PKR siRNA1, and PKR
siRNA2, respectively. (D) Huh7 and HepG2 cells were transfected with control siRNA or two PKR siRNAs,
followed by colony formation assay. Three representative images of colony formation on soft agar and their
quantified colony area with control siRNA or two PKR siRNAs, respectively, in HuH7 (D, top panels) and
HepG2 cells (D, bottom panels) are shown. (E) Huh7 and HepG2 cells were transfected with the indicated
siRNA and plasmid, respectively, followed by colony formation assay. Three representative images of colony
formation on soft agar and their quantified colony area after transfection of the indicated siRNA and plasmid,
respectively, in HuH7 (B, top panels) and HepG2 cells (B, bottom panels) are shown. The values indicate the
mean + SD values of four independent experiments. *p < 0.05, **p < 0.01, ***p < 0.001 compared to the control
group by the two-sided Student’s t-test or Tukey’s test.

Silencing of PKR and 4.1R suppresses anchorage-independent proliferation of HCC cell lines
To examine the effect of 4.1R on cell proliferation in HCC cell lines, 4.1R was knocked down using siRNA in
HuH7 cells and HepG2 cells. Transfection efficiency of two siRNAs against 4.1R was confirmed by WB in HuH7
cells (Supplementary Fig. 4) and HepG2 cells (Supplementary Fig. 7).

An MTT assay of cultured cells on plates was then performed to assess anchorage-dependent proliferation
of HCC cells. Knockdown of 4.1R caused no significant change in anchorage-dependent proliferation of HuH7
cells (Fig. 4A, top panel) and HepG2 cells (Fig. 4A, bottom panel).

Next, a colony formation assay was performed to assess anchorage-independent proliferation of the HCC cell
lines. The 3D reconstructed images of the nucleus of the colony were first confirmed using a confocal microscope
(Supplementary Fig. 8). Colony area was then evaluated using light microscopy to quantify the colony formation
of the HCC cell lines in soft agar. As shown in Fig. 4B, silencing of 4.1R decreased anchorage-independent
proliferation of HuH?7 cells (Fig. 4B, top panel) and HepG2 cells (Fig. 4B, bottom panel).

In contrast to 4.1R, the MTT assay showed that knockdown of PKR suppressed anchorage-dependent
proliferation of HuH7 cells (Fig. 4C, top panel) and HepG2 cells (Fig. 4C, bottom panel), corresponding to our
previous report!® in which siRNAs with different sequences were used in HuH7 cells.

As well as 4.1R inhibition, PKR silencing also decreased anchorage-independent proliferation of HuH?7 cells
(Fig. 4D, top panel) and HepG2 cells (Fig. 4D, bottom panel) in the colony formation assay, and the decrease of
colony formation by PKR knockdown was rescued by 4.1R overexpression in HuH?7 cells (Fig. 4E, top panel) and
HepG2 cells (Fig. 4E, bottom panel).

These results demonstrated that PKR silencing inhibited HCC cell growth in both anchorage-dependent and
anchorage-independent manners, whereas 4.1R knockdown inhibited HCC cell growth only in an anchorage-
independent manner, but not in an anchorage-dependent manner. In addition, the rescue experiment showed
that 4.1R acts as a downstream molecule of PKR, at least in HCC cell growth, in an anchorage-independent
manner.

Overexpression of PKR and 4.1R enhances anchorage-independent proliferation of HCC cell
lines

To confirm the results of the above loss-of-function approach, a gain-of-function approach using an
overexpression experiment was performed in HCC cell lines. The transfection efficiency of 4.1R plasmid was
confirmed by WB in HuH7 and HepG2 (Supplementary Fig. 9).

The MTT assay showed that the overexpression of 4.1R caused no significant change in the anchorage-
dependent proliferation of HuH7 cells (Fig. 5A, top panel) and HepG2 cells (Fig. 5A, bottom panel), whereas
the colony formation assay demonstrated that overexpression of 4.1R increased the anchorage-independent
proliferation of HuH?7 cells (Fig. 5B, top panel) and HepG2 cells (Fig. 5B, bottom panel).

On the other hand, the MTT assay showed that PKR overexpression increased anchorage-dependent
proliferation of HuH7 cells (Fig. 5C, top panel) and HepG2 cells (Fig. 5C, bottom panel), corresponding to
our previous report'® in which a different plasmid was used in HuH7 cells. In the colony formation assay, PKR
overexpression also increased anchorage-independent proliferation of HuH7 cells (Fig. 5D, top panel) and
HepG2 cells (Fig. 5D, bottom panel). Moreover, the PKR-induced colony formation was cancelled by 4.1R
knockdown (Fig. 5E).

These results indicated that PKR induces both anchorage-dependent and anchorage-independent growth of
HCC cell lines, but 4.1R was only involved in anchorage-independent growth of HCC cell lines as a downstream
target of PKR.

Discussion

PKR is a ubiquitously expressed enzyme that initiates an immune response to RNA virus infection. In RNA
virus-infected cells, PKR recognizes its dsRNA, forms a dimer, and then undergoes autophosphorylation.
This activates PKR, which phosphorylates elF2a at serine 51, which is known to have antiviral activity®. HCV
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causes persistent infection of hepatocytes, and it is known that PKR is also mobilized during this infection to
suppress HCV replication®. Besides dsRNA, many stimuli activate PKR; these stimuli include cytokines such as
interferon, tumor necrosis factor alpha (TNF-a), and interleukin 1 (IL-1) 3*-%, as well as some cellular stressors
including arsenite, thapsigargin, and hydrogen peroxide®”*%. Through its role in several signaling pathways, PKR
is involved in the regulation of inflammation and immune responses.

Furthermore, several reports have suggested that, in liver cancer, PKR may have a positive regulatory role in
controlling tumor growth and progression'”-*. We have previously examined PKR phosphorylation in pairs of
malignant and surrounding non-malignant tissues from patients with HCV-associated HCC and have shown
that PKR protein levels are consistently increased in HCV-associated HCC tissues®.

Regarding the molecular mechanism of PKR in HCC progression, we previously reported that PKR
upregulated c-Fos and c-Jun activities through activation of ERK1/2 and JNK, respectively, subsequently
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«Fig. 5. Increased anchorage-independent proliferation by overexpression of PKR or 4.1R in HCC cell lines.
(A) HuH?7 cells (top panel) and HepG2 cells (bottom panel) were transfected with or without Flag-4.1R,
followed by MTT assays on culture dishes. The blue line and black line show the results with and without Flag-
4.1R, respectively. (B) Huh7 and HepG2 cells were transfected with or without Flag-4.1R, followed by colony
formation assay. Two representative images of colony formation on soft agar and their quantified colony area
with or without Flag-4.1R in HuH7 (B, top panels) and HepG2 cells (B, bottom panels) are shown. (C) HuH7
cells (top panel) and HepG2 cells (bottom panel) were transfected with or without Flag-PKR, followed by MTT
assay on culture dish. The blue line and black line show the results with and without Flag-PKR, respectively.
(D) Huh7 and HepG2 cells were transfected with or without Flag-PKR, followed by colony formation assay.
Two representative images of colony formation on soft agar and their quantified colony area with or without
Flag-PKR in HuH7 (D, top panels) and HepG2 cells (D, bottom panels) are shown. (E) Huh7 and HepG2
cells were transfected with the indicated plasmid and siRNA, respectively, followed by colony formation assay.
Three representative images of colony formation on soft agar and their quantified colony area after transfection
of indicated siRNA and plasmid, respectively, in HuH7 cells (top panels) and HepG2 cells (bottom panels)
are shown. The values indicate the mean + SD values of four independent experiments. *p <0.05, **p <0.01,
***p <0.001 compared to the control group by the two-sided Student’s ¢-test or Tukey’s test.

increasing HCC cell proliferation. Moreover, the coordinated upregulation of c-Fos and c-Jun signaling was
confirmed in human HCC specimens!8. Moreover, C16, which is a PKR inhibitor, suppressed proliferation of
HCC cells in a dose-dependent manner both in vitro and in vivo. In addition, C16 also decreased angiogenesis
in HCC tissue in the xenograft model due to downregulation of angiogenesis-related growth factors, showing
the effects of PKR on the microenvironment of tumors*’. However, until now, the downstream substrates that
bind to PKR, other than eIF2a in normal cells, have not been clarified. In the present study, 4.1R was found to
be a downstream substrate interacting with PKR, and the oncogenic role of this PKR-4.1R axis in HCC cells was
clarified.

To date, 4.1R has been reported to bind to the cytoskeleton, spectrin or actin, and to act as hubs for membrane
protein organization. In humans, the phenotype of 4.1R mutation was reported to be hereditary elliptocytosis*!.
As with human 4.1R, 4.1R-knockout mice are very anemic, but they do not have a substantially reduced
mortality?>#3. Various phenotypes of 4.1R-knockout mice have also been reported in cells or tissues other than
red blood cells, for example bradycardia, long QT*4, disorganization of gastric glands*’, and learning and memory
defects*!. 4.1B, which is one member of the protein 4.1 family, is identified to have tumor suppressive functions
in lung, breast, ovarian, and prostate cancers??~2>4%47_ Similarly, the homolog 4.1N has also been reported as a
tumor suppressor molecule in ovarian cancer, breast cancer, and non-small cell lung cancer (NSCLC) 48-50 4. 1R
has also been reported as a tumor suppressor in meningiomas and colon cancer’!*>2. However, 4.1R has been
reported to have a tumor-promoting function in small-cell lung cancer (SCLC) 3!. Thus, the role of 4.1R may
differ depending on the malignant disease. In HCC, using the available online database, as shown in Fig. 3A, the
expression levels of 4.1R were significantly higher in HCC tissues than in normal liver tissues. However, Yang
et al. reported that 4.1R expression was significantly decreased in HCC tissue specimens, especially in portal
vein metastasis or intrahepatic metastasis, compared to normal tissues®>. However, this report used Taiwanese
databases and analyzed mainly cases of HBV-related HCC. Thus, the role of 4.1R in HCC may differ depending
on the background or context.

In the present study, modulating the expression level of 4.1R did not affect anchorage-dependent growth on
culture dishes, but it did affect anchorage-independent growth in soft agar in HCC cell lines. This result suggests
that 4.1R, a PKR binding protein, would enhance the malignant features of HCC by promoting anchorage-
independent growth of HCC cells. This function is similar to the results in SCLC reported by Funaki et al.
Namely, they identified that 4.1R is associated with anchorage-independent proliferation; 4.1R binds CADM1
at the 4.1 protein-binding motif, and the 4.1R and CADM1 complex is responsible for the promotion of colony
formation; moreover, knockdown of 4.1R suppressed the colony formation enhanced by CADMI1, suggesting
that the formation of CADM1-4.1R would have a tumor-promoting function in SCLC*".

Anchorage-independent growth is a hallmark of carcinogenesis. After detachment from the ECM, normal
cells are prevented from anchorage-independent growth by various forms of cell death, including anoikis,
autophagy, entosis, and cell cycle arrest. Exposure to multiple stresses, such as loss of growth stimuli from the
ECM, altered mechanical forces, cytoskeletal re-organization, reduced nutrient uptake, and increased reactive
oxygen species (ROS) generation, leads to cell death. However, transformed cells acquire signaling pathways
that regulate mechanical transduction, cytoskeleton re-organization, and metabolism, inhibiting cell death™.
The soft agar colony formation assay is a well-established method for characterizing this capability in vitro®.
Since cancer metastasis is a process in which cancer cells detach from the primary site, enter the vasculature
or lymphatic vessels, localize, and reproduce at remote sites, anchorage-independent growth of cancer cells in
vitro is a key aspect of the tumor phenotype, particularly with respect to metastatic potential®**¢. In HCC,
overcoming anoikis has also been reported to be associated with metastasis and a poor prognosis®’. Then,
PKR-4.1R axis might be associated with metastasis rather than carcinogenesis through anchorage-independent
growth in HCC.

Although the localization of PKR and 4.1R was not confirmed in the present study, it is possible that PKR
and 4.1R also form a complex and co-localize at the plasma membrane, since 4.1R generally functions to cross-
link membrane proteins with the cytoskeleton, and CADM1-4.1R has been shown to co-localize at the plasma
membrane in SCLC. 4.1R also has a FERM (four-point-one, ezrin, radixin, and moesin)-adjacent region (FA
region) that is phosphorylated by protein kinase A (PKA) and protein kinase C (PKC). Activated PKR may
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Fig. 6. Schematic depicting the mechanism by which PKR enhances anchorage-independent proliferation via
4.1R and anchorage-dependent proliferation via mitogen-activated protein kinase (MAPK).

regulate the mechanical properties of the 4.1R at the membrane by phosphorylating the FA region®. The above
mechanisms may have allowed cells to re-organize the cytoskeleton and transmit signals from membrane
proteins and acquire anchorage-independent proliferation. Considering that PKR is activated by viral infection,
endoplasmic reticulum stress, and mechanical stress, such regulation of 4.1R by PKR may be an inherent cellular
stress response of the organism.

In our previous study, PKR promoted anchorage-dependent proliferation through the MAPK signaling
pathway'8, whereas PKR also promotes anchorage-independent proliferation although its interaction with 4.1R
(Fig. 6). In HCC, PKR might work in a multifunctional mode mediated by each different molecule. Therapies
against the above processes or signaling pathways hold the potential to prevent or cure cancer metastasis. Since
the results of the present study showed that 4.1R and PKR contributed to colony formation, future work will
need to analyze whether the interaction of PKR and 4.1R affects cancer invasion and metastasis.

Data availability
The datasets generated during and/or analyzed during the current study are available from the corresponding
author on reasonable request.
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