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Introduction

Targeted therapy and immune checkpoint inhibitors 
introduced into clinical practice in recent years for 
cutaneous melanoma, have significantly increased patient 
survival rates. However, relatively rapid resistance 
development to any antitumor agent makes essential 
further studies to discover mechanisms of melanoma 
dissemination. Among the drugs used for melanoma 
treatment, the alkylating cytotoxic agent dacarbazine 
(DTIC) recognized as baseline and used as a reference 
tool for new antitumor medicine efficacy evaluation in 
melanoma [1]. 

Intensive studies of small non-coding RNAs have 
allowed to consider miRNA-based agents as perspective 
tool to reinforce antitumor therapy [2]. MicroRNAs have 
been shown to act as master regulators of key processes 
driving melanoma dissemination and drug resistance 
formation [3]. Previously we have been shown that 
miR-204-5p expression levels in melanoma are diminished 
as compared to benign melanocytic nevi that can 
correspond to miR-204-5p oncosuppressive functioning 
during melanomagenesis [4]. Several studies pointed 
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out a possible miR-204-5p targeting to modulate tumor 
progression [5, 6]. Therefore, miR-204-5p overexpression 
can induce tumor growth inhibition and metastasis 
development. 

Metastasis is originated from disseminated tumor 
cells that can reside in distant organs in quiescent state 
corresponding to resting phase, G0 of a cell cycle, for 
uncertain period of time [7]. Under unknown triggers, 
disseminated cancer cells re-enter to a cell cycle and start 
to divide actively, resulting in distant metastasis formation. 
Therefore, the transition from the G0 phase to a cell cycle 
is a critical event for disseminated tumor cells located in 
distant organs that corresponds to tumor progression. As 
demonstrated previously, miR-204-5p implicated in cancer 
cell proliferation regulation [8]. But it is undiscovered if 
miR-204-5p can be involved in a transition of quiescent 
cancer cells into proliferative state. Therefore, the aim 
of the present miR-204-5p overexpression study is to 
determine how miR-204-5p overexpression can affect 
melanoma cells dissemination in vivo.
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Materials and Methods

Cells and animals
MicroRNA mimic miR-204-5p was purchased by 

DNA-synthesis (Moscow, Russia). Melanoma B16 cell 
line was kindly provided by Federal State Budgetary 
Scientific Institution “Research Institute of Fundamental 
and Clinical Immunology” (Novosibirsk, Russia). 

The study was approved by the local Ethical Committee 
of Prof. V.F. Voyno-Yasenetsky Krasnoyarsk State 
Medical University (No116/2022 issued by 27.12.2022). 
Experimental studies on laboratory animals were 
performed in accordance the Rules of Good Laboratory 
Practice approved by the order of the Ministry of Health of 
the Russian Federation№. 199 issued by April 1, 2016, and 
the recommendations in the National Institute of Health’s 
Guide for the Care and Use of Laboratory Animals [9]. 
C57Bl6 mice female (n=48), 8 weeks old and weighing 
16-18 g were obtained from the Federal State Unitary 
Enterprise “RAPPOLOVO Laboratory Animal Nursery’ 
of the National Research Centre ‘Kurchatov Institute”. 

Experimental therapy by DTIC and miR-204-5p mimic
Animals were divided into groups randomly at the day 

7. Control group consisted of animals (n=12) obtaining 
intraperitoneal injection phosphate buffered saline, PBS, 
250 μl (VWR Radnor, USA) on the 8th, 10th, 12th 
days after tumor cell transplantation. Second group was 
presented by animals treated by intraperitoneal injections 
of DTIC, (n=12) at a dosage of 50 mg/kg. Third group of 
animals (n=12) was treated by intraperitoneal injections 
of DTIC and 5 nMol Negative Control and NC. Fourth 
group of animals (n=12) was treated by intraperitoneal 
injections of DTIC and 5 nMol miR-204-5p mimic. 
Mice were sacrificed on day 14 after melanoma B16 cells 
transplantation. Tissue samples were fixed in 10% neutral 
buffered formaldehyde and embedded in paraffin.

Immunohistochemical study of distant organs of metastasis
For immunohistochemical assay PMEL primary 

antibodies (Abcam, Waltham, USA) were used at a 
dilution of 1:100. Horseradish peroxidase (HRP) and 
AEC chromogen-based labelling was used (Mouse and 
Rabbit specific HRP/AEC IHC Detection Kit system 
(Abcam, Waltham, USA). Slides were further stained with 
hematoxylin and enclosed in mounting medium. PMEL 
expression level was determined by estimating positively 
stained cells at a magnification of 400x using an Olympus 
BX-41 microscope (Olympus, Tokyo, Japan). 

Real time PCR
The relative expression level of TYR, SIRT1 and 

BCL2 genes in distant organs was determined by 
real-time PCR on a StepOneTM Real Time PCR-System 
(AppliedBiosystems, Singapore, Singapore). Total RNA 
was isolated using DiaGen reagent kit (Dia-M, Moscow, 
Russia). Reverse transcription reaction was carried out 
using the MMLV RT kit (Eurogen, Moscow, Russia). 
Reagent kits containing 20x specific primers were used to 
assess mRNA expression of TYR, SIRT1, BCL2 in mice: 
TYR (Mm00495817_m1)), SIRT1 (Mm00490758_m1), 

BCL2 (Mm00477631_m1) (Applied Biosystems, USA), 
ACTB (Mm02619580_g1) and HPRT1 (Mm02800695_
m1) (Applied Biosystems, USA). Results were normalized 
simultaneously using two endogenous controls, ACTB 
and HPRT1 (AppliedBiosystems, USA). Relative gene 
expression levels for the tested samples were estimated 
by ΔΔCT method.

Statistical analysis
Statistical analysis was performed using Statistica 7 

(StatSoft, Moscow, Russia). Mann-Whitney U-test was 
applied. The difference considered as significant if P-level 
of was ˂0.05.

Results

In all groups of experimental animals after 
transplantation of melanoma B16 cells a uniform growth 
of subcutaneous tumors on the day 7th was determined. 

As reported previously, SIRT1 and BCL2 were shown 
as functional gene targets of miR-204-5p. Therefore, 
SIRT1 and BCL2 expression levels in lungs and liver were 
evaluated to assess miR-204-5p mimic functioning in these 
organs [10]. Indeed, SIRT1 was down-regulated in lungs 
and liver in a group of animals treated by a combination of 
DTIC and miR-204-5p mimic as compared to a group of 
animals treated by a combination of DTIC and NC. BCL2 
expression was diminished in the lungs of mice treated 
by DTIC, whereas it’s expression level was increased 
two times in the livers under DTIC treatment. miR-204-
5p mimic application resulted in BCL2 expression level 
increase as compared with control, negative control 
(Figure 1). 

The presence of PMEL-positive cells in lungs and 
liver of melanoma B16-bearing mice was determined by 
immunohistochemical assay. Besides, TYR expression was 
evaluated in these tissues by real-time PCR. Both TYR 
and PMEL proteins are components of melanosome and 
pigment granule and expressed in normal melanocytes 
and melanoma cells [11]. 

According to immunohistochemical study, PMEL-
positive cells were found in lungs of animals from all 
experimental groups and in livers of control group animals 
treated by PBS as well as in the group of animals treated by 
a combination of DTIC and miR-204-5p mimic (Figure 2).

PMEL expression in lungs was 2-fold higher in the 
group of animals treated by DTIC (p = 0.014) versus 
PMEL expression in lungs of animals treated by PBS. 
Besides, PMEL expression increased 4.2-fold in the 
group of animals treated by a combination of DTIC and 
miR-204-5p mimic versus PMEL expression levels in a 
group of animals obtaining PBS (p = 0.001), as well as in 
comparison with the group of animals that were treated 
by a combination of DTIC and negative control (p = 
0.00003) (Figure 3).

Surprisingly, PMEL expression was not observed in 
livers of animals treated by DTIC, DTIC and NC. PMEL-
positive cells were found in the liver of animals treated 
with PBS and a combination of DTIC and miR-204-5p 
mimic. 

Tyr showed increased expression in the lungs of 
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Figure 1. BCL2 expression in the lungs (A), liver (C) of melanoma B16-bearing mice under DTIC (50 mg/kg), miR-
204-5p mimic (5nmol) treatment. SIRT1 expression in the lungs (B), liver (D) of C57Bl6 melanoma B16-bearing 
mice under DTIC (50 mg/kg), miR-204-5p mimic (5nmol) treatment (p<0.05). SIRT1 down-regulation in lungs of 
melanoma B16-bearing mice treated by a combination of DTIC and miR-204-5p mimic in comparison to a group of 
animals treated by DTIC and NC that confirms efficient delivery and action of miR-204-5p mimic

Figure 2. Immunostaining for Visualization of the Melanocyte Marker PMEL in the Lungs of Melanoma B16-bearing 
Mice Treated by PBS (A), DTIC (B), NC+DTIC (С), miR-204-5p mimic + DTIC (D) in liver tissues of mice treated 
by PBS (E) and DTIC+MIMIC (F) and. (×400). Lung and liver tissue sections were stained for the melanocyte marker 
PMEL and hematoxylin. Micrographs represent positive staining of single tumor cells (red) among the mouse lung 
and liver cells (hematoxylin, blue). The combination of the miR-204-5p mimic and DTIC led to a marked increase in 
PMEL-positive cells compared to other treatments.
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Figure 3. PMEL Expression in Lungs and Liver of Melanoma B16-Bearing Mice under Treatment with PBS, DTIC, 
NC+DTIC, miR-204-5p mimic+DTIC. The combination of the miR-204-5p mimic and DTIC led to a marked increase 
in a percentage of PMEL-positive cells compared to other treatments (p<0.05).

Figure 4. Relative Tyrosinase Expression in Melanoma B16 Tumor Cells and Distant Organs of Melanoma B16-
Bearing Mice under Treatment with PBS, DTIC, NC+DTIC, miR-204-5p mimic+DTIC. Tyrosinase expression was 
detected in lungs of melanoma B16-bearing mice treated by dacarbazine and negative control (*p<0.05).

animals treated with NC+DTIC. However, most prominent 
TYR expression was showed in melanoma B16 cells 
obtained from mice tumors that were used as positive 
control (Figure 4).

Discussion

Previous studies revealed that miR-204-5p is 
implicated in melanoma development and progression. 
miR-204-5p was shown to be downregulated in melanoma 
as compared with melanocytic nevi. Besides, miR 204-5p 
inhibits apoptosis in DTIC-treated melanoma cells [5]. 
miR-204-5p mimic hindered invasion, whereas miR-204-
5p inhibitors stimulated cancer cell migration [8].

At the beginning of the present study we determined 
the efficiency of miR-204-5p mimic delivery to distant 
organs by miR-204-5p target genes expression  [12]. 
Our previous studies as well as other reports showed that 
SIRT1 and BCL2 considered as functional gene targets of 
the miR [5, 13].

Indeed, we observed SIRT1 down-regulation in lungs 
of animals treated by a combination of DTIC and miR-
204-5p mimic in comparison to a group of animals treated 
by DTIC and NC that confirms efficient delivery and 
action of miR-204-5p mimic. However, BCL2 expression 
levels were increased in the livers of melanoma B16-
bearing mice treated by a combination of DTIC and miR-
204-5p mimic as compared to a group of animals treated 
by DTIC and NC. Previously, target gene overexpression 
as microRNAs effect was described referred to their non-
canonical effects [14].

The development of drug resistance in cutaneous 
melanoma is facilitated by the transition of tumor cells to 
a dormant state corresponding resting phase (G0) of a cell 
cycle. Chemoresistant tumor cells can survive and become 
reactivated causing metastatic disease when disseminated 
[15]. Distant organs form a plausible environment for 
their colonization by disseminated cancer cells. It is well 
documented now that disseminated cancer cells achieve 
distant organs at early stages of tumor development [16], 
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cell invasion promoter [30].
DTIC administration in combination with miR-204-

5p mimic enhances PMEL-positive cells presence both 
in lungs and liver. Such alterations can be due to ability 
of cancer cells to alter their phenotype under injurious 
stimuli. Further investigation of cancer cell plasticity 
is needed to develop more effective cancer treatment 
approaches.

Author Contribution Statement

Ekaterina Lapkina: Data curation, Formal analysis, 
Investigation, Methodology, Writing – original 
draft, Writing – review & editing. Tatiana Ruksha: 
Conceptualization, Data curation, Formal analysis, 
Investigation, Methodology, Resources, Supervision, 
Writing – review & editing.

Acknowledgements

Funding Statement
The study was supported by a grant from the Russian 

Science Foundation (project №19-15-00110).

Ethical Declaration
The study was carried out according to the 

recommendations in the National Institute of Health’s 
Guide for the Care and Use of Laboratory Animals 
(website ncbi.nlm.nih.gov/books/NBK54050) and 
was approved by the Local Ethics Committee of the 
Krasnoyarsk State Medical University (approval no 
116/2022, date issued: 27.12.2022).

Data Availability 
The authors declare that the data supporting the 

findings of this study are available within the paper. 
Should any raw data files be needed in another format 
they are available from the corresponding author upon 
reasonable request.

Conflict of Interest
The authors declare that they have no conflicts of 

interest.

References

1. Kan T, Takahagi S, Kawai M, Matsubara D, Tanaka A, Hide 
M. Rechallenge of programmed cell death 1 inhibitor after 
an interval with dacarbazine treatment may be effective for 
advanced malignant melanoma. J Dermatol. 2020;47(8):907-
10. https://doi.org/10.1111/1346-8138.15408.

2. Wang B, Hu S, Teng Y, Chen J, Wang H, Xu Y, et al. Current 
advance of nanotechnology in diagnosis and treatment 
for malignant tumors. Signal Transduct Target Ther. 
2024;9(1):200. https://doi.org/10.1038/s41392-024-01889-y.

3. Elango R, Rashid S, Vishnubalaji R, Al-Sarraf R, Akhtar M, 
Ouararhni K, et al. Transcriptome profiling and network 
enrichment analyses identify subtype-specific therapeutic 
gene targets for breast cancer and their microrna regulatory 
networks. Cell Death Dis. 2023;14(7):415. https://doi.
org/10.1038/s41419-023-05908-8.

4. Komina A, Palkina N, Aksenenko M, Tsyrenzhapova S, 

where they can persist without forming visible metastasis 
for uncertain period of time [17]. It is assumed that 
disseminated cancer cells preferably exist in quiescent 
state in distant organs [18]. Disseminated quiescent 
cancer cells reactivation is forced by unknown yet stimuli. 
Therefore triggering disseminated cancer cell reactivation 
is a key target to regulate metastatic process. 

Alkylating anticancer agents induce genome damage 
and reactive oxygen species production activation [19]. 
Although chemotherapy is well-recognized cancer 
treatment, in some cases tumor growth and metastasis 
are rapidly enhanced by chemotherapy, leading to 
treatment failure. The biological mechanism mediating 
the development of tumor cell resistance is explained by 
several processes including the ability of proliferating 
cancer cells reversely exit from cell cycle to G0 
phase [20]. Targeted agents are disrupting mostly cell 
proliferation signal pathways leading to intracellular 
signaling blockade followed by apoptosis development. 
However, due to the heterogeneity of tumor cells, the 
efficacy of targeted therapeutics is limited because of 
reactivation mechanisms or signal pathways activation 
with similar functional affect and the presence of cancer 
cells with diverse molecular alterations [21, 22]. Besides, 
slowly cycling cells are escaping apoptosis-inducible 
stimuli provided by anticancer drugs [23].

In our study, we used alkylating agent DTIC, which 
induced an increase of disseminated tumor cells presence 
in the lungs of melanoma B16-bearing mice. Although 
chemotherapy has a suppressive effect on tumors, it 
can affect host tissues and enhance cancer progression 
leading to drug resistance via several mechanisms: 
supression of apoptosis-related proteins, drug target 
modification, drug efflux, activation of DNA repair, signal 
pathway reactivation, etc. [24]. According to the report 
of Zenitani et al., liver metastasis in B16F10 melanoma 
bearing mice was enhanced by the administration 
of cisplatin. The authors explained it by profibrotic 
microenvironment development under cisplatin treatment 
and MMP-2-mediated periostin production leading 
to fibrosis [25]. In our study, microRNA mimic miR-
204-5p, when co-administered with DTIC, increased 
the level of disseminated tumor cells in distant organs 
- lungs and liver. A “pre-metastatic” niche formation and 
favorable microenvironment in distant organs is crucial 
for disseminated cancer cells survival favoring further 
progression of melanoma and metastasis [15, 26]. Our 
findings may indicate the ability of tumor cells to evade 
apoptosis when exposed to DTIC in distant organs.

In the present study we observed an increase of PMEL-
positive cells percentage in lungs of melanoma B16-
bearing mice under treatment by DTIC in combination 
with miR-204-5p mimic. We suggest that it can be 
explained by miR-204-5p-mediated melanoma cells 
phenotype switch from proliferative to invasive. Indeed, 
there are several studies reported an ability of miR-204-5p 
to modulate invasive capacities of cancer cells [27, 28]. 
Disseminated cancer cells enhancement in target organs 
followed by metastasis development can be associated 
with miR-204-5p-mediated down-regulation of it’s target 
genes such as SMAD4 [29], that was identified as cancer 



Ekaterina Lapkina and Tatiana Ruksha

Asian Pacific Journal of Cancer Prevention, Vol 271160

Ruksha T. Antiproliferative and pro-apoptotic effects 
of mir-4286 inhibition in melanoma cells. PLoS One. 
2016;11(12):e0168229. https://doi.org/10.1371/journal.
pone.0168229.

5. Palkina N, Sergeeva E, Ruksha T. Mir 204-5p inhibits 
apoptosis in dacarbazine-treated melanoma cells. Oncol 
Res. 2021;29(6):393-400. https://doi.org/10.32604/
or.2022.025816.

6. Hu Y, Liu L, Chen Y, Zhang X, Zhou H, Hu S, et al. Cancer-
cell-secreted mir-204-5p induces leptin signalling pathway 
in white adipose tissue to promote cancer-associated 
cachexia. Nat Commun. 2023;14(1):5179. https://doi.
org/10.1038/s41467-023-40571-9.

7. Cackowski FC, Heath EI. Prostate cancer dormancy and 
recurrence. Cancer Lett. 2022;524:103-8. https://doi.
org/10.1016/j.canlet.2021.09.037.

8. Palkina N, Komina A, Aksenenko M, Moshev A, Savchenko 
A, Ruksha T. Mir-204-5p and mir-3065-5p exert antitumor 
effects on melanoma cells. Oncol Lett. 2018;15(6):8269-80. 
https://doi.org/10.3892/ol.2018.8443.

9. National research council (us) committee for the update of 
the guide for the care and use of laboratory animals. Guide 
for the care and use of laboratory animals. 8th edition. 
Washington (dc): National academies press (us); 2011. 
Https://doi.Org/10.17226/12910. 

10. Palkina N, Aksenenko M, Zemtsov D, Lavrentev S, 
Zinchenko I, Belenyuk V, et al. Mir-204-5p in vivo inhibition 
cause diminished cd45ro cells rate in lungs of melanoma 
b16-bearing mice. Noncoding RNA Res. 2022;7(3):133-41. 
https://doi.org/10.1016/j.ncrna.2022.06.001.

11. Palmer JW, Kumar N, An L, White AC, Mukhtar MS, Harris 
ML. Molecular heterogeneity of quiescent melanocyte stem 
cells revealed by single-cell rna-sequencing. Pigment Cell 
Melanoma Res. 2024;37(4):480-95. https://doi.org/10.1111/
pcmr.13169.

12. Chen Y, Gao DY, Huang L. In vivo delivery of mirnas 
for cancer therapy: Challenges and strategies. Adv Drug 
Deliv Rev. 2015;81:128-41. https://doi.org/10.1016/j.
addr.2014.05.009.

13. Zhu X, Liu Y, Cui J, Lv J, Li C, Lu J, et al. Lncrna lyplal1-
dt screening from type 2 diabetes with macrovascular 
complication contributes protective effects on human 
umbilical vein endothelial cells via regulating the mir-204-
5p/sirt1 axis. Cell Death Discov. 2022;8(1):245. https://doi.
org/10.1038/s41420-022-01019-z.

14. Dragomir MP, Knutsen E, Calin GA. Classical and 
noncanonical functions of mirnas in cancers. Trends 
Genet. 2022;38(4):379-94. https://doi.org/10.1016/j.
tig.2021.10.002.

15. Fane ME, Chhabra Y, Alicea GM, Maranto DA, Douglass 
SM, Webster MR, et al. Stromal changes in the aged lung 
induce an emergence from melanoma dormancy. Nature. 
2022;606(7913):396-405. https://doi.org/10.1038/s41586-
022-04774-2.

16. Nguyen DX, Bos PD, Massagué J. Metastasis: From 
dissemination to organ-specific colonization. Nat Rev 
Cancer. 2009;9(4):274-84. https://doi.org/10.1038/nrc2622.

17. Peinado H, Zhang H, Matei IR, Costa-Silva B, Hoshino A, 
Rodrigues G, et al. Pre-metastatic niches: Organ-specific 
homes for metastases. Nat Rev Cancer. 2017;17(5):302-17. 
https://doi.org/10.1038/nrc.2017.6.

18. van der Toom EE, Verdone JE, Pienta KJ. Disseminated 
tumor cells and dormancy in prostate cancer metastasis. Curr 
Opin Biotechnol. 2016;40:9-15. https://doi.org/10.1016/j.
copbio.2016.02.002.

19. Naumann SC, Roos WP, Jöst E, Belohlavek C, Lennerz 
V, Schmidt CW, et al. Temozolomide- and fotemustine-

induced apoptosis in human malignant melanoma cells: 
Response related to mgmt, mmr, dsbs, and p53. Br J 
Cancer. 2009;100(2):322-33. https://doi.org/10.1038/
sj.bjc.6604856.

20. Yang C, Tian C, Hoffman TE, Jacobsen NK, Spencer 
SL. Melanoma subpopulations that rapidly escape mapk 
pathway inhibition incur DNA damage and rely on stress 
signalling. Nat Commun. 2021;12(1):1747. https://doi.
org/10.1038/s41467-021-21549-x.

21. Alsaed B, Lin L, Son J, Li J, Smolander J, Lopez T, et 
al. Intratumor heterogeneity of egfr expression mediates 
targeted therapy resistance and formation of drug tolerant 
microenvironment. Nat Commun. 2025;16(1):28. https://
doi.org/10.1038/s41467-024-55378-5.

22. Komina AV, Palkina NV, Aksenenko MB, Lavrentev 
SN, Moshev AV, Savchenko AA, et al. Semaphorin-5a 
downregulation is associated with enhanced migration and 
invasion of braf-positive melanoma cells under vemurafenib 
treatment in melanomas with heterogeneous braf status. 
Melanoma Res. 2019;29(5):544-8. https://doi.org/10.1097/
cmr.0000000000000621.

23. Truskowski K, Amend SR, Pienta KJ. Dormant cancer 
cells: Programmed quiescence, senescence, or both? Cancer 
Metastasis Rev. 2023;42(1):37-47. https://doi.org/10.1007/
s10555-022-10073-z.

24. Davodabadi F, Sajjadi SF, Sarhadi M, Mirghasemi S, 
Nadali Hezaveh M, Khosravi S, et al. Cancer chemotherapy 
resistance: Mechanisms and recent breakthrough in targeted 
drug delivery. Eur J Pharmacol. 2023;958:176013. https://
doi.org/10.1016/j.ejphar.2023.176013.

25. Zenitani M, Nojiri T, Hosoda H, Kimura T, Uehara S, 
Miyazato M, et al. Chemotherapy can promote liver 
metastasis by enhancing metastatic niche formation in 
mice. J Surg Res. 2018;224:50-7. https://doi.org/10.1016/j.
jss.2017.11.050.

26. Borlongan MC, Saha D, Wang H. Tumor microenvironment: 
A niche for cancer stem cell immunotherapy. Stem Cell Rev 
Rep. 2024;20(1):3-24. https://doi.org/10.1007/s12015-023-
10639-6.

27. Yin Y, Zhang B, Wang W, Fei B, Quan C, Zhang J, et al. 
Mir-204-5p inhibits proliferation and invasion and enhances 
chemotherapeutic sensitivity of colorectal cancer cells by 
downregulating rab22a. Clin Cancer Res. 2014;20(23):6187-
99. https://doi.org/10.1158/1078-0432.Ccr-14-1030.

28. Liu Q, Lei C. Linc01232 serves as a novel biomarker and 
promotes tumour progression by sponging mir-204-5p and 
upregulating rab22a in clear cell renal cell carcinoma. Ann 
Med. 2021;53(1):2153-64. https://doi.org/10.1080/078538
90.2021.2001563.

29. Wang Y, Li W, Zang X, Chen N, Liu T, Tsonis PA, et al. 
Microrna-204-5p regulates epithelial-to-mesenchymal 
transition during human posterior capsule opacification by 
targeting smad4. Invest Ophthalmol Vis Sci. 2013;54(1):323-
32. https://doi.org/10.1167/iovs.12-10904.

30. Huang W, Navarro-Serer B, Jeong YJ, Chianchiano P, Xia 
L, Luchini C, et al. Pattern of invasion in human pancreatic 
cancer organoids is associated with loss of smad4 and 
clinical outcome. Cancer Res. 2020;80(13):2804-17. https://
doi.org/10.1158/0008-5472.Can-19-1523.

This work is licensed under a Creative Commons Attribution-
Non Commercial 4.0 International License.


