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Palbociclib is in early-stage clinical testing in advanced hepato-
cellular carcinoma (HCC). Here, we investigated whether the
anti-tumor activity of palbociclib, which prevents the CDK4/6-
mediated phosphorylation of RB1 but simultaneously activates
AKT signaling, could be improved by its combination with a
PI3K/AKT/mTOR inhibitor in liver cancermodels. The selective
pan-AKT inhibitor, MK-2206, or the microRNA-199a-3p were
tested in combination with palbociclib in HCC cell lines and
in the TG221 HCC transgenic mouse model. The combination
palbociclib/MK-2206 was highly effective, but too toxic to be
tolerated by mice. Conversely, the combination miR-199a-3p
mimics/palbociclib not only induced a complete or partial
regression of tumor lesions, but was also well tolerated. After
3 weeks of treatment, the combination produced a significant
reduction in number and size of tumor nodules in comparison
with palbociclib or miR-199a-3p mimics used as single agents.
Moreover, we also reported the efficacy of this combination
against sorafenib-resistant cells in vitro and in vivo. At the mo-
lecular level, the combination caused the simultaneous decrease
of the phosphorylation of both RB1 and of AKT. Our findings
provide pre-clinical evidence for the efficacy of the combination
miR-199a-3p/palbociclib as anti-HCC treatment or as a new
approach to overcome sorafenib resistance.

INTRODUCTION
Hepatocellular carcinoma (HCC) comprises 80% of primary liver
cancers and is the fourth-leading cause of cancer deaths worldwide.1

Advanced-stage HCC exhibits a poor prognosis. Among treatments
for advanced HCC, the multikinase inhibitor sorafenib has been the
only therapeutic option available for more than 10 years. More
recently, additional small molecules, such as lenvatinib, have been
approved for first-line HCC treatment, while second-line therapy op-
tions include regorafenib and cabozantinib.2 The immune-check-
point inhibition has recently expanded the treatment landscape for
advanced HCC and the combination of atezolizumab (anti-PDL1
antibody) and bevacizumab (anti-VEGF antibody) was the first
regimen to improve overall survival compared with sorafenib.3 Other
molecules, such as CDK4/6 inhibitors (e.g., palbociclib, ribociclib),
are in earlier stages of clinical testing.4
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The use of palbociclib was granted for clinical use in 2015 in combi-
nation with letrozole for the treatment of postmenopausal women
with estrogen receptor (ER)-positive, HER2-negative advanced breast
cancer,5 and in 2016 in combination with fulvestrant for the treat-
ment of women with hormone receptor (HR)-positive, HER2-nega-
tive advanced or metastatic breast cancer with disease progression
following endocrine therapy.6 In patients with advanced HCC, a
phase II trial is currently active to determine whether palbociclib
can be effective in subjects with inoperable, recurrent/refractory,
advanced HCC who failed or are intolerant to standard first-line ther-
apy with sorafenib7 (ClinicalTrials.gov Identifier: NCT01356628).

Palbociclib is a selective CDK4/6 inhibitor that efficiently blocks cell
cycle progression by preventing the CDK4/6-mediated phosphoryla-
tion of RB1.8 While known to be effective in RB1-proficient cells, pal-
bociclib was also shown to be active on tumor cell lines independently
of RB1 gene status by inhibition of FOXM1 phosphorylation.9 Oddly,
palbociclib was shown to induce a dose-dependent up-regulation of
MTOR and AKT protein phosphorylation, leading to the activation
of AKT signaling10 and potentially reducing its anti-tumor efficacy.
This finding provides a rationale for the use of palbociclib in combi-
nation with inhibitors of the PI3K/AKT/MTOR pathway. Indeed, the
combination of palbociclib with PI3K/MTOR/AKT inhibitors was
shown to potentiate the pro-apoptotic effect in triple-negative breast
cancer cells11 and in malignant pleural mesothelioma cells.12

Here, we investigated whether the combination of palbociclib with
agents active on AKT could be effective on liver cancer. In cellular
and in vivo HCC models, palbociclib was combined with MK-2206,
a selective pan-AKT inhibitor, whose anti-cancer activity was
The Authors.
://creativecommons.org/licenses/by-nc-nd/4.0/).
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Figure 1. The combination of AKT and CDK inhibitors is effective against HCC cells

(A) HepG2 cells were treated with palbociclib (PB) (10 mM) or MK-2206 (MK) (5 mM) as single agents or with the combination of the two (PB 5 mM +MK 5 mM). A fourth group

of cells received no treatment (NT). Viability and apoptosis were evaluated 72 h after the beginning of treatment. Data are represented as mean ± SD. *p value %0.05;

**p value %0.01; ***p value %0.001; ****p value %0.0001. (B) Western blot analysis and quantification of RB1, AKT proteins and their phosphorylated forms in

(legend continued on next page)
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demonstrated in both pre-clinical settings and clinical trials,13,14 or
with miR-199a-3p, which was shown to modulate MTOR and
PAK4 oncoproteins, both essential factors of the PI3K-AKT-PTEN
molecular pathway.15-18 miR-199a-3p, a microRNA (miRNA)
down-regulated in virtually all HCCs,19 was associated with poor sur-
vival in HCC patients. Restoration of miR-199a-3p was shown to
exhibit a significant anti-tumor activity in experimental
models.15,19-22 It was also shown to enhance doxorubicin sensitivity
in HCC cells, suggesting a potential strategy for increasing HCC che-
mosensitivity, but no correlation was found with sorafenib resis-
tance.23-27

RESULTS
Increased efficacy of palbocicib on HCC in vitro and in vivo by

combination with the AKT inhibitor MK-2206

We investigated the effects of palbociclib and MK-2206, either as sin-
gle agents or as combination on human HepG2 and Hep3B liver can-
cer cells. Compared with single drugs, the combination induced a sig-
nificant increase in apoptosis in HepG2 cells (Figure 1A). A
significant reduction of palbociclib IC50 was detected when used in
combination with MK-2206 (Figure S1). At the molecular level, pal-
bociclib as single agent induced a decrease of phosphorylated RB1
protein and, at the same time, an increase of AKT phosphorylation
(residue S473). In addition, we also observed a reduction of total
RB1protein, as typically described for palbociclib in other reports.8

Instead, MK-2206 as single agent, inhibited the phosphorylation of
AKT at residue S473. When combined, the two drugs produced a
simultaneous decrease in p-RB1 and p-AKT (Figure 1B).

The combination produced the same biological effects in Hep3B cells
(Figure S2A). However, since Hep3B cells carry an STOP codon in the
RB1 gene (c.1727C>G, p.Ser576Ter), a very low expression of full-
length RB1 protein can be found in these cells (Figure S3). This
finding suggests that inhibition of RB1 protein phosphorylation is un-
likely a major mechanism responsible for the observed pro-apoptotic
effects of palbociclib on Hep3B cells. Hence, we investigated and
confirmed that palbociclib induced an inhibition of FOXM1 activity
mainly by reducing total FOXM1 protein (Figure S2B), as also previ-
ously reported.9,28 As FOXM1 activation is AKT-dependent,29,30 in-
hibition of FOXM1 was also sustained by MK-2206 (Figure S2B).

The in vitro results prompted us to investigate the in vivo anti-cancer
activity of palbociclib and MK-2206. TG221 male mice were treated
intraperitoneally (i.p.) with the carcinogen N-diethylnitrosoamine
(DEN) at 10 days of age to accelerate the development of liver tumors.
Tumor development was monitored by ultrasonography. When the
volume of tumors reached about 2 to 3 mm3, at approximately
6 months of age, mice were split into four experimental groups: (1)
palbociclib (100 mg/kg); (2) MK-2206 (150 mg/kg); (3) palbociclib
HepG2-treated cells. The values are normalized on the GAPDH protein levels. (C) Tumo

(PB) (n = 6); (2) MK-2206 (MK) (n = 6); (3) palbociclib + MK-2206 (PB + MK) (n = 5); (4)

presented one or more tumor nodules in their livers. Single tumor nodules were monitor

tored during treatment to check drug toxicity. Data are represented as mean ± SD.
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(100 mg/kg) + MK-2206 (150 mg/kg); and (4) vehicle. Each drug
was daily administered by oral gavage for 3 weeks (21 days). Drug ef-
ficacy was assessed by measuring tumor nodule volumes by ultraso-
nography at the beginning and at the end of the treatment. Single
agents exhibited heterogeneous effects, ranging from complete
response to no response on single nodules. The combination pro-
duced either a complete response or stable disease, with no obvious
progression (Figures 1C and Table S1), but it was hardly tolerated
as shown by the substantial weight loss of all mice in the combination
treatment arm (Figure 1D).

Anti-tumor activity of palbociclib was enhanced bymiR-199a-3p

Since we have previously shown that miR-199a-3p can act on AKT
activation,15 we tested the in vitro and in vivo efficacy of the combi-
nation palbociclib + miR-199a-3p. The expression levels of miR-
199a-3p in the different cell lines employed in the study are shown
in Figure S4. They all exhibit very low levels of miR-199a-3p
expression.

We first investigated the in vitro effects of palbociclib and miR-199a-
3p either as single agents or as combination on human HCC cells.
Hep3B cells were transduced with an adeno associated viral vector ex-
pressing miR-199a-3p (AAVV-199) at anMOI = 100 (Figure 2A) and
treated with palbociclib (20 mM). The combination led to a decrease
in viability and a higher level of cell apoptosis than single agents or
control AAVV (AAVV-CTRL) (Figure 2B). Identical effects were
also observed in HepG2 cells (Figures S5A and S5B). At the molecular
level, the combined administration of miR-199a-3p and palbociclib
led to a reduction of the phosphorylated AKT (S473), decreasing
the activation of AKT induced by palbociclib in both cell lines
(Figures 2C and S5C). Also in this case, analysis of FOXM1 in
Hep3B cells revealed a reduction of phosphorylation and amount of
FOXM1 protein in samples treated with palbociclib, both as a single
agent and in combination with miR-199a-3p (Figure 2C). As FOXM1
activation is also AKT-dependent,29,30 inhibition of FOXM1 was also
mediated by miR-199a-3p, as we previously reported15(Figure 2C).

Then, we investigated the effects of the mir-199a-3p and palbociclib
combination in vivo (Figures 2D–2F). As in the previous experi-
mental setting, at time of appearance of tumor nodules, mice were
randomly split into the following groups: (1) palbociclib (100 mg/
kg); (2) miR-199a-3p mimics (5 mg/kg); (3) palbociclib (100 mg/
kg) + miR-199a-3p mimic (5 mg/kg); and (4) vehicle/scramble oligo-
nucleotides. As an additional control, a group of animals treated with
sorafenib was included. miRNA mimics were administered by i.p. in-
jection three times a week, while palbociclib or sorafenib drugs were
administered by daily oral gavage, for 3 weeks (21 days). Tumor vol-
ume was monitored by ultrasonography at the beginning and at the
end of treatment, showing the growth trend of tumor nodules: the
r nodule volumes in DEN-treated TG221 mice of the following groups: (1) palbociclib

vehicle (CTRL) (n = 13). Experimental therapies started at 6 months, when all mice

ed by ultrasound at the beginning and end of treatment. (D) Mice weight was moni-



Figure 2. miR-199a-3p increased palbociclib efficacy on human HCC cells in vitro and in vivo

(A) Hep3B cells were transduced with an Adeno Associated Virus expressing miR-199a-3p (AAVV-199) or with a control AAVV (AAVV-CTRL) at MOI = 100. A group of cells

received no treatment (NT). Palbociclib (PB) (20 mM) was added to cell culture 72 h before cell collection. The levels of miR-199a-3p were measured 120 h after transduction.

(B) Viability and apoptosis were evaluated 120 h after transduction. Data are represented asmean +SD. (C)Western blot analysis and quantification of RB1, AKT, FOXM1, and

their phosphorylated forms in Hep3B-treated cells. The values were normalized on the GAPDH expression. Because Hep3B cells exhibit a low level of full-length protein,

digital images of RB1 and p-RB1were acquired with an exposure time of 300 s instead of 30 s. (D) Tumor nodule volumes in DEN-treated TG221mice of the following groups:

(1) palbociclib (PB) (n = 11); (2) miR-199a-3p mimics (miR-199) (n = 9); (3) palbociclib + miR-199a-3p mimics (PB + miR-199) (n = 11); (4) sorafenib (SF) (n = 9); (5) vehicle/

scramble oligonucleotides (CTRL) (n = 9). Experimental therapies started at 6months, when all mice presented one ormore tumor nodules in their livers. Single tumor nodules

were monitored by ultrasound at the beginning and end of treatment. (E) Distribution of tumor nodule size measured at the time of euthanization. (F) Mice weight was moni-

tored during treatment to check drug toxicity. Data are represented as mean ± SD. *p value %0.05; **p value %0.01; ***p value %0.001; ****p value %0.0001.
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combination was superior to the single agents and not inferior to sor-
afenib (Figure 2D and Table 1). Mice treated with the combination of
palbociclib and miR-199a-3p showed a reduction of tumor growth
and regression of some nodules, as confirmed by the significant
reduction in size of tumor lesions in comparison with single agents
or untreated controls at time of euthanization (Figure 2E). An
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Table 1. In vivo anti-cancer activity of palbociclib and mir-199a-3p

N of mice

Increase of tumor volume
between post and pre-treatment
(mean ± SD, mm3)

CTRL 9 11.30 ± 30.90

PB 11 0.69 ± 12.50

PB + miR199 11 �1.62 ± 2.90

SF 9 �0.43 ± 2.13

miR199 9 1.29 ± 5.45

CTRL = untreated; PB = palbociclib; SF = sorafenib.

Molecular Therapy: Nucleic Acids
increase of apoptosis and a decrease of cell proliferation were detected
in mice treated with miR-199a-3p and palbociclib combination in
comparison with single agents or untreated controls (Figures S6A
and S6B). Considering that TG221 mice are immunocompetent, we
evaluated the presence of lymphocytic infiltrates that could have
influenced the results. No or very little immune or inflammatory
component was detected in tumor lesions, indicating that the anti-tu-
mor effect of miR-199a-3p with palbociclib was not mediated or sus-
tained by an immune response (Figure S7). All treatments were well
tolerated by animals, with no significant weight loss, indicating no or
minor distress or suffering due to treatments (Figure 2F).

Analysis of the expression of molecular targets of palbociclib and
miR-199a-3p in TG221-derived HCC samples yielded results similar
to what was observed in vitro (Figure S8). The combination of the two
agents produced a decrease in both phosphorylated RB1 (S780) as
well as phosphorylated AKT (S473) proteins. The downregulation
of PAK4, an miR-199a-3p direct target, confirmed miRNA mimics
activity in tumor cells. These findings justify the synergistic anti-tu-
mor effect observed in the combination experimental arm. Further-
more, to explore possible additional mechanisms involved in anti-tu-
mor effects, we performed transcriptome RNA-sequencing analyses
on TG221-derived HCC treated with either single agents or the com-
bination. A gene set enrichment analysis (GSEA) revealed that mul-
tiple gene sets involved in cell cycle, cellular response to stimuli or
stress and DNA repair hallmarks were significantly depleted in
mice treated with miR-199a-3p and palbociclib combination versus
CTRL group (Table S2).

miR-199a-3p enhances palbociclib efficacy on sorafenib-

resistant HCC cells

As the efficacy of sorafenib is hampered by the emergence of resis-
tance to treatment, we investigated whether the combination of pal-
bociclib and miR-199a-3p could represent a useful approach to over-
come resistance to sorafenib. Here, we provided a proof of principle.

First, to develop HCC cells resistant to sorafenib, the H55.1C mouse
cells were injected subcutaneously into the lateral backside of C57BL/
6 female mice. After tumor appearance, mice were treated with sora-
fenib (30 mg/kg) (Figure S9A). Tumor xenografts were sensitive to
sorafenib during the first month of treatment. Afterward some began
542 Molecular Therapy: Nucleic Acids Vol. 29 September 2022
to regrow and became insensitive to sorafenib (Figure S9B). To
confirm that these cells were indeed resistant to sorafenib, xeno-
graft-derived cells were isolated and re-implanted into the flanks of
C57BL/6 mice; after tumor appearance, four mice were treated with
sorafenib and the remaining four were left untreated (Figure S9C).
We observed no significant difference in tumor growth between
mice treated with sorafenib in comparison with untreated controls,
thus confirming that these cells were stably resistant to sorafenib (Fig-
ure S9D). As we previously did with human cell lines, we evaluated
basal levels of RB1 and p-RB1 protein in both H55.1C and H55.1 sor-
afenib-resistant cells (Figure S10).

Then, to assess whether the combination of palbociclib and miR-
199a-3p could overcome resistance to sorafenib, we first demon-
strated that an enforced expression of miR-199a-3p improved palbo-
ciclib efficacy on mouse sorafenib-resistant HCC cells growth in vitro
(Figures S11A and S11B). Next, we investigated the effect in vivo. To
this aim, since subcutaneous tumors can hardly be reached by sys-
temic delivery of miRNA mimics (data not shown), H55.1C sorafe-
nib-resistant cells were transduced with either AAVV-199 or
AAVV-CTRL (MOI = 500). Cells were then subcutaneously im-
planted into the right or the left side, respectively, of C57BL/6 female
mice. After tumor appearance, mice were randomly split into the
following groups: (1) no treatment; (2) palbociclib (100 mg/kg); (3)
sorafenib (30 mg/kg) (Figure 3A). Palbociclib efficacy was enhanced
by the enforced expression of miR-199a-3p. Tumor xenografts from
AAVV-199 transduced cells revealed a significantly better control on
tumor growth in comparison with tumors originating from cells
transduced with AAVV-CTRL (Figures 3B–3E), thus indicating a
cooperative effect of the palbociclib + miR-199a-3p (confirmed by
miRNA high expression at the end of experiment) combination in
sorafenib-resistant cells too (Figures 3F and 3G).

Combined palbociclib/miR-199a-3p is an effective and better

tolerated therapy after sorafenib

An important limitation to the use of sorafenib in patients with
advanced HCC is drug tolerability.31 Here, we investigated whether
the administration of palbociclib and miR-199a-3p combination
following sorafenib treatment could be better tolerated while main-
taining a therapeutic efficacy in TG221 mice.

At 6 months of age, all TG221 DEN-treated mice (male mice treated
with the carcinogen N-diethylnitrosoamine) exhibited multiple tu-
mor nodules in their livers. At that time, sorafenib was administered
as first-line treatment (two cycles of 21 days) to all mice. Then, mice
were subdivided into three experimental groups: (1) no treatment; (2)
sorafenib continuation (30 mg/kg); and (3) palbociclib (100 mg/kg) +
miR-199a-3p mimics (5 mg/kg) combination. These latter ap-
proaches lasted for 21 days (Figure 4A). Sizes of tumor nodules
were monitored by ultrasound analysis, and mean tumor size for
the different treated groups was reported (Table S3). During the first
two rounds of sorafenib (42 days), liver tumor nodules were all
responsive to therapy, as shown by the reduction or stability of sizes
of tumor nodules. During the following 21 days, sorafenib removal



(legend on next page)
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led tumors to grow back (Figure 4B); sorafenib continuation exhibited
a very effective anti-tumor activity (Figure 4C), but could be hardly
tolerated, as shown by the significant weight loss shown by all mice
(Figure 4F); combination of palbociclib and miR-199a-3p exhibited
both a good therapeutic efficacy (Figure 4D) and a good tolerability,
as no weight loss was observed (Figure 4G).

DISCUSSION
Anti-cancer miRNA-based therapies are spawning a growing
research interest. Restoration of tumor suppressor miRNAs or inhibi-
tion of oncogenic miRNAs are approaches that have been tested in a
number of pre-clinical models, including liver cancer. Furthermore, a
few clinical trials based onmiRNAmodulation as a strategy for cancer
treatment are presently ongoing (ClinicalTrials.gov Identifier:
NCT01829971; NCT02369198; NCT02580552; NCT03713320).32-34

In this study, we hypothesized that, rather than single agents,
miRNA-based therapies could possibly be more effective if used in
combination with drugs already in clinical use either to increase their
efficacy or reduce their toxic effects or contrast the appearance of
resistance phenomena. In this study we investigated miR-199a-3p
in combination with palbociclib in in vitro and in vivo HCC experi-
mental models. Some of the above-mentioned hypotheses were
proven by results of this study.

We have previously shown that in vivo administration of miR-199a-
3p exhibits an anti-tumor activity in TG221 mice and is well tolerated
by mice.15,16,35 The tumor-suppressing activity of miR-199a-3p has
been also reported in subcutaneous, orthotopic HCC tumor
models19-21 and in patient-derived HCC xenograft (PDX) models.22

As mechanism of action, miR-199a-3p enforced expression was
shown to modulate MTOR and PAK4 oncoproteins, both essential
factors of the PI3K-AKT-PTEN molecular pathway involved in cell
survival and proliferation.17,18

Palbociclib is currently being tested in patients who failed or are intol-
erant to standard first-line therapy with sorafenib7 (NCT01356628).
The use of palbociclib in combination with other drugs in HCC
models has also been tested. Digiacomo et al. provided evidence for
the effectiveness of palbociclib and regorafenib combination in
HCC cell models, where the drug combination inhibited cell prolifer-
ation and induced cell death more strongly than individual drugs.36

Combination of palbociclib with sorafenib showed additive effects
in human HCC xenografts models.37

Here, we tested miR-199a-3p for its ability to enhance anti-cancer ac-
tivity of palbociclib in the TG221 mouse model. We previously
demonstrated that this miR-221 transgenic mouse model represents
Figure 3. miR-199a-3p enhanced palbociclib therapeutic effect on xenografts

(A) AAVV-199 transduced SF-resistant cells were implanted into the right side, while AAV

When tumor reached a volume of�50mm3 (10 days after injection of cells), mice receive

sorafenib (SF) (n = 10). Size of tumor nodules was measured with a caliper every 2 days

expression levels in tumors at time of euthanization. Data are represented as mean ± S
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a fairly accurate valuable model of liver cancer to perform pre-clinical
investigations aimed at testing miRNA-based therapies. In addition to
the up-regulation of miR-221, other miRNAs known to play a key role
in human HCC, such as miR-199a-3p, or miR-122 or miR-21 were
dysregulated in tumors arising in the TG221 model similarly to hu-
man HCC.35

The rationale for the use of palbociclib in combination with miR-
199a-3p is based on the fact that palbociclib, while suppressing
CDK4/6 kinase activity, at the same time increases AKT activity.
Hence, we hypothesize that inhibition of the AKT pathway could
synergize with palbociclib to enhance anti-cancer activity. Indeed,
we confirmed the value of the hypothesis by detecting a strong syn-
ergistic effect between palbociclib and the pan-AKT inhibitor, MK-
2206. However, heavy toxicity hampered the possibility of using this
combination in vivo. Conversely, the combination of miR-199a-3p
with palbociclib demonstrated a good therapeutic efficacy and an
excellent tolerability, providing a pre-clinical proof of principle of
the value of miR-199a-3p and palbociclib combination in anti-
HCC therapy. These results suggest inhibition of AKT activity rep-
resents a general approach to increase anti-tumor palbociclib
efficacy.

The basis for using CDK4/6 inhibitors, like palbociclib, as anti-cancer
agents is the presence of RB1-proficient cells, as RB1 protein is a ma-
jor target phosphorylated by CDK4/6. However, the observed palbo-
ciclib-induced downregulation of RB1 protein is puzzling as it would
go against the tumor suppressor function of RB1. While we have no
explanation for the finding, as molecular mechanisms leading to RB1
protein decrease is presently unknown, our results are in agreement
with other reports that have previously shown that palbociclib causes
a decrease in levels of total RB1 protein together with a decrease of its
phosphorylation.36

Moreover, our results are in contrast with the idea that inhibition of
RB1 phosphorylation is the sole mechanism associated with palboci-
clib anti-tumor action, considering that its growth inhibitory effect is
also observed in Hep3B cells, which carry an STOP codon in the RB1
gene and present an intrinsic very low expression of RB1 protein.
Instead, this study highlights the importance of FOXM1, an onco-
genic transcription factor master regulator of cell cycle progression38

aberrantly expressed in several human cancers, including HCC,39

which is a substrate of CDK4/6.40 FOXM1 exhibits a similar and
potentially even more relevant state, as it presents oncogenic activity.
In fact, its lack of phosphorylation by CDK4/6 promotes its degrada-
tion and inhibition of its activity. Furthermore, inhibition of FOXM1,
which is also activated via the AKT pathway,29,30 can be at the same
time sustained by miR-199a-3p.
of sorafenib-resistant cells

V-CTRL transduced cells were implanted into the left side of each mouse. (B and C)

d the following treatments: (1) not treated (NT) (n = 5); (2) palbociclib (PB) (n = 10); (3)

until euthanization. (D and E) Endpoint mean tumor volume; (F and G) miR-199a-3p

D. *p value %0.05; **p value %0.01.
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Figure 4. Palbociclib in combination with miR-199a-3p represents an effective and better tolerated therapy after sorafenib treatment

(A) At 6 months of age, all DEN-treated mice were treated with sorafenib (two cycles of 21 days each) as a first-line treatment. Then, mice were split into three groups and

treated for an additional 21 days as follows: (1) no further treatment (n = 3); (2) sorafenib (SF) (n = 3); (3) combination of palbociclib + miR-199a-3p mimics (PB + miR199) (n =

3). Tumor growth wasmonitored with ultrasound (usg) at the beginning and at the end of each treatment. Results indicated that the suspension of sorafenib treatment led to a

reduction of toxicity effects (E) but also tumors grew back (B). Continuation of sorafenib led to a reduction of tumor growth (C) but also to a critical weight loss. (D) PB + miR-

199 combination led to a reduction of tumor nodule sizes and was well tolerated (G).
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As a more general indication, this study suggests that miRNA-based
therapy could find a useful application through the combination with
drugs already in use in the clinic to improve their effectiveness
without increasing toxicity. In fact, an important limitation to the
use of sorafenib is its toxic side effects during long-term treatments.41

This toxic effect was confirmed in TG221 mice: we showed that a
continuous administration of sorafenib (three cycles of 21 days
each) was effective in terms of anti-tumor efficacy, but poorly toler-
ated by treated mice, as shown by a dangerous body weight loss.
Replacement of sorafenib in the third cycle with palbociclib + miR-
199a-3p combination could overcome this problem, it offered a ther-
apeutic strategy that was effective both in terms of efficacy against
tumor growth and in term of tolerability. Finally, our results demon-
strated that administration of palbociclib together with miR-199a-3p
can reduce the growth of sorafenib-resistant xenograft tumors,
providing evidence of the potential efficacy of these drugs as a new
therapeutic option to contrast the emergence of sorafenib resistance.
While any anti-cancer treatment is prone to fail because of develop-
ment of acquired resistance, a combination of drugs is expected to
reduce the risk of resistance but is generally flawed by an increased
toxicity. This was indeed the case of the combination of palbociclib
and MK-2206 described in this study. However, by replacing the
AKT inhibitor with an miRNA-based approach, we proved that the
combination of palbociclib with miR-199a-3p could represent an
effective option against sorafenib-resistant cells without increasing
toxicity. Long-term experiments will be needed to assess how long
the effect may last, before other mechanisms of resistance develop.

In summary, our findings suggest an miRNA-based alternative to sor-
afenib that can potentially be considered in addition to available ther-
apies in advanced HCC. It also suggests a general strategy for the use
of miRNA-based molecules to improve the anti-tumor efficacy of
drugs without producing adverse toxicities, thus providing this addi-
tional value to their potential use in a clinical setting. This study es-
tablishes a proof of principle for carrying out further pre-clinical in-
vestigations, such as evaluation of the effect of the combined
treatment on PDX models generated from sorafenib sensitive, sorafe-
nib-resistant, or metastatic human tumors, aimed at establishing the
ground for future clinical trials.
MATERIALS AND METHODS
Cell culture

The HCC cell lines Hep3B (HB-8064) and HepG2 (HB-8065) were
obtained from the American Type Culture Collection (ATCC, Man-
assas, VA, USA). The human embryonic kidney cells 293FT were ob-
tained from Invitrogen (Carlsbad, CA, USA). H55.1C mouse cells, es-
tablished from a primary hepatoma of C57BL/6J mice, were obtained
from CLS Cell Lines Service GmbH, Germany. Cell lines were prop-
agated and maintained in Dulbecco’s modified Iscove’s Medium
(IMDM) supplemented with 10% fetal bovine serum (FBS), 0.1% gen-
tamycin, and 1% L-glutamine (Sigma-Aldrich, St. Louis, MO, USA).
All cell lines were authenticated by the provider and tested free of my-
coplasma contamination (MycoAlert Mycoplasma Detection kit,
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LT07-418, Lonza Group Ltd, Basel, Switzerland). In vitro cell trans-
fections were performed using Lipofectamine 2000 (Invitrogen).

Cell viability and apoptosis assays

The Muse Count & Viability Kit was used to perform quantitative
analysis of cell count and viability (MCH100102, Luminex Corpora-
tion, Austin, TX, USA). TheMuse Annexin V and Dead Cell Assay kit
(MCH100105, Luminex Corporation) was used to measure viable,
apoptotic, and dead cells. All assays were performed in triplicate
and analyzed in a Muse Cell Analyzer instrument (Merck Millipore).

Anti-tumor drugs

For in vitro experiments, all drugs were solubilized in dimethyl sulf-
oxide (DMSO). For all in vivo experiments, drugs were administered
daily by oral gavage as indicated by the manufacturer’s instructions:
sorafenib (S-8599, LC Laboratories, Woburn, MA, USA) was dis-
solved in a 50:50 Cremophor EL and ethanol solution; MK2206
(MK2206 dihydrochloride, Medchem Express, HY-10358-0002, NJ,
USA) was dissolved in 15% Captisol (SBE-b-CD, Medchem Express,
HY-17031-0731); palbociclib (palbociclib Isethionate Salt, CAS No.
827,022-33-3, BOC sciences, Shirley, NY, USA) was dissolved in so-
dium lactate buffer (50 mM, pH 4.0)

Recombinant AAVVs

The AAVV expressing miR-199a-3p (AAVV-199) and the AAVV-
CTRL vector, expressing the GFP, were previously described.15

RNA mimics for in vivo therapies

miR-199a-3p mimics and scrambled unmodified single-stranded
RNA oligonucleotides were obtained from Axolabs GmbH (Kulm-
bach, Germany). The oligonucleotide sequences were as follows: (1)
miR-199a-3p mimic sequence 50-ACAGUAGUCUGCACAUUG
GUUA-30 (unmodified sequence); (2) scramble sequence 50-UCA-
CAACCUCCUAGAAAGAGUAGA-30 (unmodified sequence). For
in vivo delivery, lipid nanoparticles were used as vehicle.

Lipid nanoparticles

The lipid components of the nanoparticles were 1,2-dioleoyl-sn-glyc-
ero-3-phosphoethanolamine (DOPE), 1,2-dimyristoyl-sn-glycerol,
methoxypolyethylene glycol (DMG-PEG, Mw 2,000; #15091,
Cayman Chemical Company, Ann Arbor, MI, USA), and linoleic
acid (#L1376, Sigma-Aldrich, St. Louis, MO, USA). The preparation
of empty nanoparticles was performed as previously described.42

In vivo mouse studies

The study was performed according with the Guidelines for the Care
and Use of Laboratory Animals of the Italian Ministry of Health. All
animals received human care and ensured that study protocols
comply with the institution’s guidelines. All studies involving animal
experiments are compliant with the Animal Research: Reporting of
In Vivo Experiments (ARRIVE) guidelines. To comply with the
2010/63/EU directive of the European Parliament and Council, en-
forced by the Italian law requiring a minimized number of experi-
mental animals, G*Power (http://www.gpower.hhu.de/) was used to

http://www.gpower.hhu.de/
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define the sample size for the experiments. All animals were randomly
assigned to different treatment groups at the start of the studies. The
protocols for animal experimentation were approved by the Italian
Ministry of Health (approval no. 701/2017-PR and no. 645/2021-PR).

The TG221 transgenic mouse used in the experiments, characterized
by the overexpression of miR-221 in the liver and predisposed to the
development of liver tumors. was already described.35 C57BL/6J wild-
type female mice (6–8 weeks old) were obtained from Charles River
Laboratories s.r.l., Calco, Italy. All mice were maintained in vented
cabinets at 25�C with 12-h light-dark cycle, with food and water ad
libitum.

TG221 experiments: to facilitate tumor development, 10-day
newborn male mice received one i.p. injection of DEN (#N0756,
Sigma-Aldrich) (7.5 mg/kg body weight). Mice were monitored for
the presence of hepatic lesions using an ultrasound diagnostic device
(Philips IU22) as previously described.16 Mice were randomly
enrolled for treatments at 6 months of age.

Xenograft experiments: (1) To obtain sorafenib-resistant xenograft tu-
mors, mice were injected subcutaneously into the lateral backside with
5� 104 H55.1Cmouse cells diluted 1:1 inMatrigel (Matrigel Basement
Membrane Matrix, High Concentration, phenol red-free, #354262;
Corning, NY, USA). When tumor reached a volume of �50 mm3

(10 days after cell injection), mice were randomly enrolled for treat-
ments. Tumor lengths (major tumor axis) and widths (minor tumor
axis) were measured at a regular interval of 2 days from their first
appearance and tumor volumes were calculated according to the for-
mula: Tum Vol = width2 � length � 0.5. At the end of the treatment,
mice were euthanized and tumor xenografts resistant to sorafenib were
collected. To obtain in vivo selected sorafenib-resistant cells (SF-resis-
tant cells), small slices of tumor xenograft tissues were cultured in com-
plete IMDMMedium in presence of sorafenib. (2) To test the therapeu-
tic effect of miR-199a-3p in combination with palbociclib, SF-resistant
cells were first transduced in vitro with AAVV-199 (MOI = 500) or
with AAVV-CTRL (MOI = 500) as a control. After 24 h, 5 � 104 cells
were then subcutaneously implanted into the right or the left side,
respectively, of C57BL/6 female mice as described above. When tumor
reached a volume of�50 mm3 (10 days after cell injection), mice were
randomly enrolled for treatments. At the end of the all in vivo experi-
ments, mice were euthanized, tumor tissues were collected, immedi-
ately frozen in liquid nitrogen, and stored at �80�C or fixed in 10%
phosphate-buffered formalin for 12 to 24 h and embedded in paraffin
for histological analysis.

Western blot analyses

Cell cultures were collected at the indicated time point and then
washed with PBS. Tissue samples were collected, immediately frozen
in liquid nitrogen, and stored at �80�C until protein extraction. All
samples were dissolved in radioimmune precipitation (RIPA) Buffer
(#R0278; Sigma-Aldrich) containing phosphatase and protease inhib-
itors (#P2850 and #P8340; Sigma-Aldrich). Lysates were centrifuged
at 8,000 � g for 10 min at 4�C to pellet the debris, and supernatants
were collected. Protein concentrations were measured with Bradford
assay (#500-0205, Bio-Rad, Hercules, CA, USA). Equal amounts
(30 mg) of protein extracts from all samples were applied to SDS–
PAGE electrophoresis (4%–15% Tris Glycine Gel, #4561083, Bio-
Rad) and then transferred to a PVDF membrane (#1704156,
Bio-Rad). After incubation with 5% Blocking agent, the membrane
were incubated overnight at 4�C with the following antibodies and
specific conditions: Rabbit antibodies against p-RB (Ser780,
D59B7, #8180), p-AKT (Ser473, D9E XP, #4060), p-FOXM1
(Thr600, D9M6G, #14655), RB (D20, #9313), FOXM1 (D12D5,
#5436) and PAK4 (#3242) were all from Cell Signaling Technology
(Danvers, MA, USA) and were diluted in 5% w/v BSA (A4503,
Sigma-Aldrich), 1X Tris-buffered saline (TBS; Bio-Rad Laboratories,
Hercules, CA, USA), and 0.1% Tween 20 (Bio-Rad) and incubated at
4�C for 16 h. Rabbit antibody against AKT (C-20, sc-1618) was ob-
tained from Santa Cruz Biotechnology (Dallas, TX, USA) and was
diluted in 1% w/v milk, 1X TBS, and 0.1% Tween 20 (Bio-Rad).
The anti-glyceraldehyde-3-phosphate dehydrogenase (GAPDH)
monoclonal antibody (clone 2D9, TA802519; OriGene Technologies,
Rockville, MD, USA) was used as a loading control. For chemilumi-
nescent detection, a horseradish peroxidase (HRP)-conjugated sec-
ondary antibody (#7074; Cell Signaling Technology) was used in
combination with Clarity Western ECL Blotting Substrate (#170-
5060; Bio-Rad) and digital images were acquired using a Chemidoc
(Bio-Rad). Signals were quantified with ImageJ software (https://
imagej.nih.gov) and protein expression levels were normalized ac-
cording to the expression of the housekeeping protein.

Histological and immunohistochemistry procedures

Tissue samples from at least two representative fragments of each lobe
of the liver were taken at autopsy and fixed in 10% phosphate-buff-
ered formalin for 12 to 24 h and embedded in paraffin. Serial sections
were stained with H&E for the histological determination of nodules
dimensions and for the assessment of tumor-infiltrating lymphocytes.
The presence and localization of Cleaved Caspase 3 and Ki67 proteins
in liver tissues from transgenic mice were immunohistochemically as-
sessed on formalin-fixed, paraffin-embedded sections. Serial 4-mm-
thick sections were processed. Cleaved Caspase-3 (Asp175) (D3E9)
Rabbit mAb (#9579, Cell Signaling) and Ki-67 (D2H10) Rabbit
mAb (#9027, Cell Signaling) were diluted in SignalStain Antibody
Diluent (#8112, Cell Signaling) and detected by the polymer-based,
HRP-conjugated SignalStain Boost IHC Detection Reagent (#8114)
in combination with SignalStain DAB Diluent (#11724, Cell
Signaling) and Chromogen Concentrate (#11725, Cell Signaling),
following the manufacturer instructions. To verify the specificity of
staining, a concentration-matched rabbit monoclonal immunoglob-
ulin G control was used. After rinsing in distilled water, slides were
counterstained with Leica Microsystem’s hematoxylin (Fisher Scien-
tific, Italy) and mounted with Micromount mounting media (Dia-
path, Italy, SKU060500). For apoptosis and proliferation evaluation,
six separate areas of cleaved caspase-3- and Ki-67-stained tissues
were analyzed. The percentage of cleaved caspase-3 or Ki-67-positive
stained area was calculated per selected region and the results were
quantified by ImageJ software.
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Reverse transcription and droplet digital polymerase chain

reaction

Total RNA was extracted from cells or from frozen liver tissues using
the automated Maxwell Rapid Sample Concentrator Instrument
(Promega Corporation, Madison, WI, USA) with the purification
kit Maxwell RSCmiRNA from Tissue (#AS1460, Promega) according
to the manufacturer’s instructions. Droplet digital polymerase chain
reaction (ddPCR) was used to measure the expression level of miR-
NAs. For quantitative PCR analysis, 5 ng of purified RNA were
retro-transcribed using TaqMan MicroRNA Reverse Transcription
kit (Applied Biosystems, Foster City, CA, USA) and cDNA was
used for amplification as previously described.15 A TaqMan miRNA
PCR probe set specific for miR-199a-3p (assay ID002304; Applied
Biosystems) was used, while a TaqMan Assays for RNAs U6 (assay
ID001973; Applied Biosystems) was used to normalize the relative
abundance of miRNAs.
RNA sequencing

After RNA quality and integrity check by Bioanalyzer 2100 and Agi-
lent RNA 6000 Nano Kit (# 5067-1511 Agilent, Santa Clara, CA,
USA), RNA-sequencing libraries were prepared using Qiagen QIAseq
Fast Select rRNA HMR kit (#334386, Qiagen Düsseldorf, Germany)
for ribosomal RNA depletion and Qiagen QIAseq stranded total
RNA library kit (#180745, Qiagen) according to the manufacturer’s
instructions. RNA sequencing was carried out according to the Illu-
mina pipeline on a NextSeq 500 Instrument (Illumina, San Diego,
CA, USA.) using NextSeq 500/550 High Output Kit v2.5 150 Cycles
(#20024907, Illumina).
Bioinformatics analysis

Obtained sequences were mapped to the human genome (GRCm38)
using the algorithm HISAT2 [https://pubmed.ncbi.nlm.nih.gov/
25751142/] and a pre-built genome index downloadable form
HISAT2 website. Then, StringTie [https://pubmed.ncbi.nlm.nih.
gov/25690850/] was used to assemble and quantify the transcripts
in each sample. Finally, expressed transcripts have been normalized
using the DeSeq2 [https://pubmed.ncbi.nlm.nih.gov/25516281/]
package for R. GSEA [ https://pubmed.ncbi.nlm.nih.gov/16199517/]
was performed using GSEA 4.1.0 with a database containing hallmark
gene sets from MSigDB collection and canonical pathways gene sets
derived from the Reactome pathway database. Significant gene sets
were selected to have a false discovery rate adjusted p value < 0.05.
Statistical analysis

To assess the statistical significance of group similarity, we used the t
test when the variance of the two compared samples were equal, or
Welch’s t test when two samples exhibited unequal variances. Test
was considered statistically significant at p value % 0.05. Variances
between groups were assessed by the F-test. When appropriate,
data values were expressed in terms of mean ± SD. GraphPad Prism
6.0 (GraphPad Software, La Jolla, CA, USA) was used for data anal-
ysis. No samples or animals were excluded from the analyses.
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