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A miR‑375/YAP axis regulates 
neuroendocrine differentiation 
and tumorigenesis in lung carcinoid 
cells
Xiaojing Yang1,7, Jina Nanayakkara1,7, Duncan Claypool2, Sadegh Saghafinia3, 
Justin J. M. Wong1, Minqi Xu1, Xiantao Wang2, Christopher J. B. Nicol4,5, Iacovos P. Michael3, 
Markus Hafner2, Xiaolong Yang6 & Neil Renwick1*

Lung carcinoids are variably aggressive and mechanistically understudied neuroendocrine neoplasms 
(NENs). Here, we identified and elucidated the function of a miR-375/yes-associated protein (YAP) 
axis in lung carcinoid (H727) cells. miR-375 and YAP are respectively high and low expressed in wild-
type H727 cells. Following lentiviral CRISPR/Cas9-mediated miR-375 depletion, we identified distinct 
transcriptomic changes including dramatic YAP upregulation. We also observed a significant decrease 
in neuroendocrine differentiation and substantial reductions in cell proliferation, transformation, 
and tumor growth in cell culture and xenograft mouse disease models. Similarly, YAP overexpression 
resulted in distinct and partially overlapping transcriptomic changes, phenocopying the effects of 
miR-375 depletion in the same models as above. Transient YAP knockdown in miR-375-depleted cells 
reversed the effects of miR-375 on neuroendocrine differentiation and cell proliferation. Pathways 
analysis and confirmatory real-time PCR studies of shared dysregulated target genes indicate that 
this axis controls neuroendocrine related functions such as neural differentiation, exocytosis, and 
secretion. Taken together, we provide compelling evidence that a miR-375/YAP axis is a critical 
mediator of neuroendocrine differentiation and tumorigenesis in lung carcinoid cells.

Lung carcinoids are increasingly common and variably aggressive neuroendocrine neoplasms (NENs) that are 
incompletely understood at the molecular level1–4. Two pathological types, namely typical and atypical carcinoid 
(TC and AC), are currently recognized based on their mitotic activity and metastatic potential. Once metastatic, 
carcinoids are challenging to treat due to their high resistance to radiotherapy and chemotherapy1,5. In compari-
son with more aggressive lung NENs, namely small cell lung carcinoma (SCLC) and large cell neuroendocrine 
carcinoma (LCNEC), few studies focus on carcinoids and only limited therapeutic options are available2,6. Cur-
rently, there is a substantial gap in our knowledge of the molecular mechanisms that underpin lung carcinoid 
biology.

microRNAs (miRNAs) are small (19–24 nt) RNA molecules that typically destabilize multiple messenger 
RNA (mRNA) molecules through complementary and computationally predictable sequence interactions7. These 
molecules control many cellular processes including cell differentiation and proliferation in neurons and other 
cells. miRNAs are frequently dysregulated in cancer8 and can function as tumor suppressors or oncogenes by 
targeting genes involved in cell proliferation, survival, apoptosis and metastasis9,10. Recently, we found that 
miR-375 is highly expressed in lung carcinoid tissues11,12 and cell lines (unpublished data). Although miR-375 

OPEN

1Laboratory of Translational RNA Biology, Department of Pathology and Molecular Medicine, Queen’s University, 
88 Stuart St, Kingston, ON  K7L 3N6, Canada. 2Laboratory of Muscle Stem Cells and Gene Regulation, NIAMS, 
50 South Drive, Bethesda, MD  20892, USA. 3Swiss Institute for Experimental Cancer Research, School of Life 
Sciences, École Polytechnique Fédérale de Lausanne, 1015 Lausanne, Switzerland. 4Department of Pathology and 
Molecular Medicine, Queen’s University, 88 Stuart St, Kingston, ON K7L 3N6, Canada. 5Division of Cancer Biology 
and Genetics, Queen’s Cancer Research Institute, 10 Stuart St, Kingston, ON K7L 3N6, Canada. 6Cancer Research 
Laboratory, Department of Pathology and Molecular Medicine, Queen’s University, 88 Stuart St, Kingston, ON K7L 
3N6, Canada. 7These authors contributed equally: Xiaojing Yang and Jina Nanayakkara. *email: neil.renwick@
queensu.ca

http://crossmark.crossref.org/dialog/?doi=10.1038/s41598-021-89855-4&domain=pdf


2

Vol:.(1234567890)

Scientific Reports |        (2021) 11:10455  | https://doi.org/10.1038/s41598-021-89855-4

www.nature.com/scientificreports/

is a promising biomarker for lung and other NENs11, its role as a potential lineage oncogene and the underlying 
mechanism have yet to be explored.

Among many predicted mRNA targets, YAP—a transcriptional co-activator and main effector of the Hippo 
pathway—is an experimentally validated miR-375 target in lung cancer cell lines13. YAP promotes cell prolifera-
tion and transformation14,15 and YAP overexpression is associated with tumor progression and worse survival in 
certain malignancies, such as pancreatic cancer16. Widely considered to be an oncogene, YAP can also function 
as a tumor suppressor. Decreased or absent YAP expression is highly correlated with tumor progression and 
worse survival in breast cancer and other tumors17. Thus, YAP has tissue- and/or cell-specific oncogenic or tumor 
suppressive functions18,19. Loss of YAP expression is a characteristic of high-grade NEN cell lines, indicating 
a potential regulatory role in neuroendocrine differentiation20,21. However, the role and mechanism by which 
YAP regulates neuroendocrine differentiation and tumorigenesis in lung carcinoids remains largely unknown.

Here, we identify and elucidate the mechanism of a miR-375/YAP axis that controls neuroendocrine dif-
ferentiation and tumorigenesis in a well-differentiated lung carcinoid cell line (H727). We show that miR-375 
depletion and YAP overexpression have overlapping transcriptomic changes and similar regulatory effects on 
neuroendocrine differentiation and tumorigenesis in vitro and in vivo. We also explore the shared downstream 
RNA targets of this miR-375/YAP axis through pathways analyses, identifying neural differentiation, exocytosis, 
secretion, and cell cycle pathways that may be dysregulated through disruption of this axis.

Results
miR‑375 expression in H727 cells is efficiently depleted through CRISPR/Cas9 gene edit‑
ing.  miR-375 is highly expressed in lung carcinoid tissues11,12 and cell lines (Supplementary Fig. 1); miR-375 is 
the sixth-highest miRNA in H727, contributing approximately 4% of miRNA expression. To investigate miR-375 
function in H727 cells, we depleted miR-375 expression through lentiviral CRISPR/Cas9-mediated gene editing 
(Fig. 1A). Following transduction, we assessed targeting efficiency and specificity using T7EN1-based mismatch 
detection (Fig. 1B) and DNA sequencing of a 932-bp PCR amplification product encompassing the miR-375 
gene locus (Fig. 1C); cleavage products and sequencing indicated the presence of indel mutations adjacent to 
the protospacer adjacent motif. Lastly, we quantitated miR-375 expression in miR-375-depleted H727 cells using 
real-time PCR; knockdown efficiency was approx. 98% in paired-gRNA miR-375 H727 cells (Fig. 1D). miR-
375-depleted and control H727 cells were used for transcriptomic, functional, and mechanistic studies below.

miR‑375 depletion is associated with distinct transcriptomic and molecular pathway changes 
in H727 cells.  To better understand the RNA regulatory role of miR-375 in H727 cells, we studied tran-
scriptomic changes pre- and post- miR-375 depletion using RNA-seq. Following depletion, we identified 788 
upregulated and 751 downregulated genes using a 1.5-fold threshold (Supplementary Table 4, Fig. 2A). Upregu-
lated genes were primarily enriched in pathways related to neuroendocrine functions, secretion and exocyto-
sis, whereas downregulated genes were predominantly enriched in Notch signalling and cell cycle pathways 
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Figure 1.   miR-375 expression in H727 cells is efficiently depleted through CRISPR/Cas9 gene editing. (A) miR-
375 stem-loop. Representation of CRISPR/Cas9 single guide RNAs (gRNAs) targeting Drosha/Dicer processing 
sites of the miR-375 stem-loop (blue box: mature miR-375/miR-375-3p, orange box: miR-375-5p, red sequence: 
gRNA and complementary target sequence, green sequence: protospacer adjacent motif). (B) T7EI assay. T7 
endonuclease (T7EI) cleavage produced the expected DNA bands to confirm CRISPR/Cas9 gene editing. (C) 
Sanger sequencing. Following gene editing, sequencing confirmed the presence of indels within the miR-375 
stem-loop sequence (blue box: mature miR-375/miR-375-3p, orange box: miR-375-5p). (D) Real-time PCR. 
miR-375 expression (n = 3) was significantly reduced in miR-375 depleted compared to empty vector control 
cells (t test: *P < 0.05; **P < 0.01). Replicate numbers are indicated (n) and all experiments were independently 
repeated three times.
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(Supplementary Table 4, Fig. 2B,C). To discover biologically relevant miR-375 targets, we used the Bio-miRTa 
algorithm7 to identify and rank 2677 candidate target genes; YAP was the second highest ranked target (Sup-
plementary Table 5) and was 1.8-fold upregulated following miR-375 depletion. Taken together, miR-375 poten-
tially controls a distinct set of transcripts, including YAP, that mediate functions related to neuroendocrine 
differentiation and cell proliferation.
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Figure 2.   miR-375 depletion is associated with distinct transcriptomic and molecular pathway changes in 
H727 cells. (A) Volcano plot of dysregulated genes between miR-375 depleted (n = 3) and empty vector control 
cells (n = 3). Following miR-375 depletion, 788 upregulated and 751 downregulated genes were identified. The 
indicated target gene of miR-375, YAP, was 1.8-fold upregulated. (B) Enrichment map of upregulated pathways. 
Of 51 upregulated pathways (indicated as individual bubbles), 22 (43%) pathways were related to secretion and 
exocytosis. (C) Enrichment map of downregulated pathways. Of 182 downregulated pathways, 53 pathways 
(30%) were related to Notch signalling and the cell cycle.
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miR‑375 depletion reduces neuroendocrine differentiation and suppresses tumorigenesis 
in vitro and in vivo.  Given that miRNAs regulate a wide range of cellular and disease processes9, we assessed 
the impact of miR-375 depletion on neuroendocrine differentiation and tumorigenesis. Following depletion, we 
saw substantial and mild reductions of NEN markers CgA and SYP protein levels in H727 cells, respectively 
(Fig. 3A, Supplementary Fig. 2). Compared to controls, miR-375 depletion was associated with decreased cell 
proliferation (Fig. 3B) and reduced colony formation (Fig. 3C,D). To investigate the tumorigenic role of miR-375 
in vivo, we assessed tumor growth of miR-375-depleted H727 and control cells in a xenograft mouse model. Fol-
lowing four weeks of observation, mice were sacrificed and xenograft tumors removed and evaluated (Fig. 3E). 
Mean tumor weight and volume were significantly lower for miR-375-depleted than control tumors (Fig. 3F,G). 
As expected, miR-375 expression was significantly lower in miR-375-depleted than control tumors using real-
time PCR (Fig. 3H). CgA and SYP expression levels were also lower in miR-375-depleted than control tumors 
based on IHC staining (Supplementary Fig. 3). Together, these findings indicate that miR-375 regulates neu-
roendocrine differentiation, cell growth, and tumorigenesis in H727 cells in vitro and in vivo.

YAP overexpression is associated with distinct transcriptomic and molecular pathway changes 
in H727 cells.  To identify biologically relevant miR-375 targets we used the Bio-miRTa algorithm7, which 
ranked YAP as the second highest predicted gene target (Supplementary Table 5). We confirmed that YAP is a 
bona fide target of miR-375 using a luciferase reporter assay (Supplementary Fig. 4), in agreement with previous 
studies13. Subsequently, we reasoned that YAP overexpression should have similar transcriptomic and functional 
consequences as miR-375 depletion in H727 cells. To better understand the RNA regulatory role of YAP in 
H727 cells, we studied transcriptomic changes pre- and post- YAP overexpression using RNA-seq. Following 
overexpression, we identified 937 upregulated and 1032 downregulated genes using a 1.5-fold threshold (Sup-
plementary Table 6, Fig. 4A). Upregulated genes were primarily enriched in exocytosis and cytoskeletal organi-
zation pathways whereas downregulated genes were predominantly enriched in hormone secretion pathways 
(Supplementary Table 6, Fig. 4B,C). Taken together, YAP potentially controls a distinct set of transcripts that 
mediate functions related to neuroendocrine differentiation and cell proliferation, in part resembling pathways 
dysregulated by miR-375 depletion.

YAP overexpression in H727 cells phenocopies miR‑375 depletion in vitro and in vivo.  To assess 
phenotypic similarities between YAP overexpression and miR-375 depletion, we overexpressed constitutively 
active YAP (YAP-S127A), in which LATS1/2 kinase phosphorylation/inactivating site Serine (S) 127 is mutated 
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Figure 3.   miR-375 depletion reduces neuroendocrine differentiation and suppresses tumorigenesis in H727 
cells in vitro and in vivo. (A) Western blot analysis of neuroendocrine markers. Blots were cut into two pieces 
between 50 and 75 kDa, and simultaneously probed with anti-CgA, anti-SYP, or anti β-actin. miR-375 depletion 
is associated with decreased CgA and SYP expression relative to empty vector control cells. Densitometry 
analysis provided in Supplementary Fig. 2. (B) Cell proliferation. miR-375 depletion significantly reduced 
cell proliferation (n = 3). Data presented as mean ± SEM (t test: *P < 0.05). (C,D) Colony formation. miR-375 
depletion significantly reduced colony formation on soft agar (n = 3). Data presented as mean ± SEM (t test: 
*P < 0.05). (E) Images of tumor xenografts. After four weeks, empty vector control (top) or miR-375-depleted 
(bottom) H727 tumors were harvested. (F) Tumor weight. After four weeks, miR-375-depleted xenograft 
tumors (n = 5) weighed significantly less than tumors derived from empty vector control cells (n = 6) (t test: 
*P < 0.05). (G) Tumor volume. miR-375 depleted xenograft tumors (n = 5) were significantly smaller than empty 
vector control xenograft tumors (n = 6) at weeks 2–4 (t test: **P < 0.01). (H) miR-375 expression in xenograft 
tumors. miR-375 expression was significantly lower in xenograft tumors derived from miR-375 depleted (n = 5) 
compared to empty vector control cells (n = 6) (t test: **P < 0.01). Replicate numbers are indicated (n) and all 
experiments were independently repeated three times.
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into alanine (A), in H727 cells and examined its effects on neuroendocrine differentiation and tumorigenesis 
in vitro and in vivo. Following Dox treatment, we saw substantial and mild reductions of CgA and SYP protein 
levels in H727 cells, respectively (Fig. 5A, Supplementary Fig. 5). Compared to controls, YAP overexpression 
was associated with decreased cell proliferation (Fig. 5B) and reduced colony formation (Fig. 5C,D). To inves-
tigate the tumorigenic role of YAP in vivo, we assessed tumor growth of YAP overexpression and control cells 
in a mouse xenograft model. Following four weeks of observation, mice were sacrificed and xenograft tumors 
removed and evaluated (Fig. 5E). Similar to miR-375 depletion, mean tumor weight and volume were signifi-
cantly lower for YAP overexpression than control tumors (Fig. 5F,G). As expected, higher YAP and lower CgA 
and SYP expression was detected in YAP overexpression than control tumors using WB (Fig. 5H, Supplemen-
tary Fig. 6). CgA and SYP expression levels were also lower in YAP overexpression than control tumors based 
on IHC analyses (Supplementary Fig. 7). With similar effects on neuroendocrine differentiation, growth, and 
tumorigenesis, these findings indicate that YAP overexpression phenocopies miR-375 depletion in H727 cells.

Evidence for and mechanistic implications of a miR‑375/YAP axis.  Based on the similarities above, 
we hypothesized that a miR-375/YAP axis controls neuroendocrine differentiation and tumorigenesis in H727 
cells. To test this hypothesis, we targeted YAP in miR-375-depleted H727 cells using an siRNA approach. YAP 
knockdown increased CgA and SYP expression (Fig. 6A), partially rescued cell growth inhibition caused by 
miR-375 depletion (Fig. 6B), recovered colony formation in soft agar (Fig. 6C,D) and the expression of some 
neuroendocrine transcription factors (Supplementary Fig. 8). Thus, a miR-375/YAP axis mediates neuroendo-
crine cell differentiation, proliferation and tumorigenesis in H727 cells.
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Figure 4.   YAP overexpression is associated with distinct transcriptomic and molecular pathway changes in 
H727 cells. (A) Volcano plot of dysregulated genes between Dox-induced YAP overexpression (n = 3) and 
control cells (n = 3). Following YAP overexpression, 937 upregulated and 1032 downregulated genes were 
identified. YAP (indicated) was 46.6-fold upregulated. (B) Enrichment map of upregulated pathways. Of 237 
upregulated pathways (indicated as individual bubbles), 48 pathways (20%) were related to exocytosis and 
cytoskeletal organization. (C) Enrichment map of downregulated pathways. Of 26 downregulated pathways, 9 
pathways (35%) were related to hormone secretion.
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To further explore the mechanistic implications of this axis, we identified 435 genes commonly dysregulated 
in miR-375-depleted and YAP overexpression cells (Fig. 6E). Pathways analysis showed that genes upregulated 
by the axis (n = 218) were primarily involved in cell motility and epithelial development (Supplementary Table 7, 
Fig. 6F) whereas genes downregulated by the axis (n = 217) were involved in neural differentiation and hormone 
secretion, among other functions (Supplementary Table 7, Fig. 6G). A subset of upregulated (GPRC5A, ANXA1, 
CITED2) and downregulated (ASCL1, INSM1, NEUROD1) genes were analyzed by SYBR Green qRT-PCR, con-
firming that these genes were increased or decreased after miR-375 depletion or YAP overexpression (Fig. 6H). 
Further, we confirmed these patterns in gene expression data from human lung carcinoid tissue22 (Supplementary 
Fig. 9). Our results indicate that the miR-375/YAP axis controls neuroendocrine differentiation and tumorigenesis 
through direct or indirect regulation of mechanistically relevant genes, summarized in Fig. 6I.

Discussion
Although miR-375 is highly expressed in lung carcinoid tissues and cell lines, its RNA regulatory and functional 
roles remain to be determined. Here, we show that miR-375 targets a distinct set of transcripts, including YAP, 
and is a potent regulator of neuroendocrine differentiation and tumorigenesis. As expected for a bona fide 
miRNA target, YAP overexpression phenocopies miR-375 depletion. Lastly, we show that miR-375 and YAP 
form a molecular axis, through which well-known downstream genes related to neuroendocrine phenotype and 
tumorigenesis are potentially regulated. Our study provides a better understanding of RNA regulatory networks 
and molecular mechanisms in lung carcinoids that can be leveraged for diagnostic and therapeutic purposes.

In the present study, we depleted miR-375 in H727 lung carcinoid cells using a lentivirus CRISPR/Cas9-
mediated strategy. Following depletion, transcriptomic and pathway analyses indicated that genes associated 
with secretory and exocytotic functions are upregulated whereas those associated with Notch signalling and cell 
cycle regulation are downregulated. Functional studies of miR-375-depleted cells showed decreased neuroen-
docrine differentiation, substantial inhibition of cell proliferation and decreased anchorage-independent colony 
formation, and considerably slower tumor growth in xenograft models. miR-375 is known to regulate lineage-
specific differentiation of lung neuroendocrine cancer cells13, but its role in RNA regulation and tumorigenesis 

YAP

β-actin

β-actin

CgA

SYP

Dox +-

Time (days)

1
2
3
4
5
6
7
8
9

10
11

C
el

l n
um

be
r (

x1
04 )

-Dox
+Dox

1 2 3 4 5 60

+-Dox

0
50

100
150
200
250
300
350
400
450
500

C
ol

on
y 

nu
m

be
r

+Dox-Dox

Dox

+

-

Time (weeks)

0

20

40

60

80

100

120

140

Tu
m

or
 v

ol
um

e 
(m

m
3 )

-Dox
+Dox

1 2 3 4 -Dox +Dox
0

0.02

0.04

0.06

0.08

0.1

0.12

0.14

Tu
m

or
 w

ei
gh

t (
g)

YAP

Dox - +

CBA D

GFE H

β-actin

CgA

SYP

β-actin

* * * * *

*
*

Figure 5.   YAP overexpression reduces neuroendocrine differentiation and suppresses tumorigenesis in H727 
cells in vitro and in vivo. (A) Western blot analysis of neuroendocrine markers. Blots were cut into two pieces 
between 50 and 75 kDa, and simultaneously probed with anti-CgA, anti-SYP, or anti β-actin. Dox-induced 
YAP overexpression resulted in decreased expression of CgA and SYP. Densitometry analysis provided 
in Supplementary Fig. 5. (B) Cell proliferation. Dox-induced YAP overexpression significantly reduced 
cell proliferation (n = 3). Data presented as mean ± SEM (t test: *P < 0.05). (C,D) Colony formation. Dox-
induced YAP overexpression significantly suppressed colony formation on soft agar (n = 3). Data presented 
as mean ± SEM (t test: *P < 0.05). (E) Images of tumor xenografts. H727-YAP-S127A cells without (−) or with 
(+) Dox feed after four weeks of tumor growth. (F) Tumor volume. H727-YAP-S127A (+) Dox (n = 6) were 
significantly smaller than (−) Dox xenograft tumors (n = 6) at week 4 (t test: *P < 0.05). (G) Tumor weight. 
After four weeks, H727-YAP-S127A (+) Dox xenograft tumors (n = 6) weighed significantly less than (−) Dox 
xenograft tumors (n = 6) (t test: *P < 0.05). (H) Western blot analysis of YAP and neuroendocrine marker 
(CgA and SYP) expression in xenograft tumors. Blots were cut into two pieces between 50 and 75 kDa, and 
simultaneously probed with anti-YAP, anti-CgA, anti-SYP, or anti β-actin. YAP expression was increased 
and CgA and SYP expression decreased in H727-YAP-S127A (+) Dox compared to (−) Dox xenograft 
tumors. Densitometry analysis provided in Supplementary Fig. 6. Replicate numbers are indicated (n) and all 
experiments were independently repeated three times.



7

Vol.:(0123456789)

Scientific Reports |        (2021) 11:10455  | https://doi.org/10.1038/s41598-021-89855-4

www.nature.com/scientificreports/

in carcinoids is unclear. Although considered a tumor suppressor in many cancers23, the high abundance of 
miR-375 in lung carcinoids argues for an oncogenic or bystander role; our experimental data indicate that miR-
375 is a novel oncogene in H727 cells.

YAP is one of hundreds of computationally predicted miR-375 targets. Based on its second ranking in Bio-
miRTa analysis and our confirmation of its known targeting ability13, we decided to study its transcriptional 
impact and functional roles in lung carcinoid cells. Accordingly, we used a lentivirus-mediated approach to 
overexpress YAP in H727 cells, uncovering similar transcriptomic and functional changes as seen with miR-375 
depletion. Following YAP overexpression, transcriptomic and pathway analyses indicated that genes associated 
with exocytosis and cytoskeletal organization functions are upregulated whereas those associated with hormone 
secretion are downregulated. Functional studies of YAP overexpression cells showed reduced neuroendocrine 
differentiation, inhibition of cell proliferation and decreased anchorage-independent colony formation, and 
slower tumor growth in xenograft models. YAP was also recently shown to be a critical regulator of neuroen-
docrine differentiation in high-grade neuroendocrine lung tumors; YAP loss correlated with strong expression 
of neuroendocrine markers20. Similar to miR-375, YAP has oncogenic and tumor-suppressive activities in dif-
ferent cancers17–19. Our experimental data indicate that YAP is a tumor suppressor in H727 cells and that YAP 
overexpression phenocopies miR-375 depletion.

We found strong evidence for a functional miR-375/YAP axis in H727 cells. YAP knockdown in miR-375-de-
pleted cells recovered neuroendocrine marker expression, partially rescued cell growth and rescued colony 
formation in soft agar. Given that YAP acts as a tumor suppressor in some cancers18, we expect that sustained 
YAP loss in the context of miR-375 depletion would also recover in vivo tumor growth. To further explore this 
molecular axis and gain downstream mechanistic insights, we identified 435 dysregulated genes shared between 
miR-375 depletion and YAP overexpression states. Of these, upregulated genes were enriched in cell motility 
and epithelial development pathways and downregulated genes were enriched in neural differentiation path-
ways. Established target genes of YAP, such as connective tissue growth factor (CTGF) and cysteine-rich protein 
61 (Cyr61), were not identified among these commonly dysregulated genes. Instead, epithelial-related genes 
(GPRC5A and CITED2) and tumor suppressors (GPRC5A and ANXA1) were upregulated and neuroendocrine 
transcription factors (ASCL1, NEUROD1 and INSM1, among others) were downregulated. GPRC5A positively 
modulates epithelial cell adhesion24 and is a documented tumor suppressor in lung cancer cells25, ANXA1 is a 
tumor suppressor that inhibits the NF-KB pathway26, and CITED2 is a transcriptional modulator that controls 
differentiation of lung epithelial cells27. ASCL1 induces neuroendocrine differentiation28 and also regulates multi-
ple genes involved in cell cycle progression, including canonical cell cycle regulators and oncogenic transcription 
factors29. Similarly, over-expression of NEUROD1 in non-neuroendocrine lung cancer cell lines is sufficient to 
increase cell proliferation and activate a neuroendocrine program30. ASCL1 and NEUROD1 distinguish het-
erogeneity in SCLC with distinct genomic landscapes and gene expression programs31, and INSM1 regulates 
neuroendocrine differentiation in lung cells32, directs transcription13,32,33 and inhibits cell cycle progression by 
binding to cyclin D134. Given the function of these dysregulated genes, we propose that the miR-375/YAP axis 
is a dominant switch in neuroendocrine differentiation and tumorigenesis through control of lineage-defining 
genes and transcription factors (Fig. 6G).

Our study showed that YAP knockdown only partially rescued cell growth changes associated with miR-375 
depletion and did not assess the impact of miR-375/YAP on metastasis or negative feedback in the Hippo path-
way. In addition to YAP, Bio-miRTa target prediction found other potentially relevant miR-375 targets, including 
PLEHKA3, with changes in gene expression following miR-375 depletion (data not shown). Therefore, other 
miR-375 targets may mediate miR-375-induced neuroendocrine differentiation and tumorigenesis. Nonethe-
less, our data show that YAP is an important component of these phenotypic changes. We expect that miR-375/
YAP will have a similar effect on metastasis as cell proliferation, given that YAP acts as a tumor suppressor and 
inhibitor of metastasis in other cancer cells35. However, repression of metastasis through miR-375/YAP should 
be validated in the context of lung carcinoids with invasion and migration assays. The role of miR-375/YAP in 
Hippo pathway negative feedback also requires further investigation; activated YAP normally induces transcrip-
tion of LATS2, but LATS2 may be post-translationally modified in cancer cells36, like lung carcinoids, to prevent 
negative feedback. In summary, we have demonstrated the phenotypic importance of miR-375/YAP in lung 
carcinoid cells and highlighted directions for future studies.

Our findings indicate that a miR-375/YAP axis has a critical regulatory role in neuroendocrine differentiation 
and tumorigenesis of lung carcinoid cells in vitro and in vivo. This axis can be leveraged for diagnostic and thera-
peutic purposes, and screening of downstream genes in this axis is expected to provide more complete elucidation 
of the molecular networks underpinning neuroendocrine differentiation and tumorigenesis in lung carcinoids.

Materials and methods
Cell lines and cell culture.  Lung carcinoid (NCI-H727) and human embryonic kidney (HEK) 293T cell 
lines were obtained from the American Type Culture Collection (ATCC). H727 cells were grown in ATCC-
formulated RPMI-1640 (Invitrogen) supplemented with 10% fetal bovine serum (FBS). HEK 293T cells were 
cultured in Dulbecco’s modified Eagle’s medium (DMEM; Sigma-Aldrich) supplemented with 10% FBS, and 1% 
penicillin/streptomycin (Invitrogen). Both lines were maintained at 37 °C in a humidified 5% CO2 incubator.

Plasmid construction.  Transfer vectors enabling lentivirus-mediated miR-375 depletion (LentiCRISPR-
gRNAs-miR-375) or constitutively active YAP expression (pTRIPZ-YAP-S127A) were generated as described 
below or as previously reported37. Briefly, lentiCRISPR v1 (Addgene; plasmid #49353) vector DNA was digested 
using FastDigest BsmBI (Fermentas) and FastAP Alkaline Phosphatase (Fermentas) prior to purification with 
the QIAquick Gel Extraction Kit (Qiagen). Guide RNA (gRNA) sequences targeting the Drosha or Dicer pro-
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cessing sites in the human miR-375 precursor sequence were designed using the CRISPR DESIGN (http://​crispr.​
mit.​edu/) web tool (Supplementary Table 1) and synthesized as complementary single-stranded oligonucleotides 
with BsmBI overhangs (Life Technologies). Following phosphorylation with T4 polynucleotide kinase (NEB), 
oligonucleotides were annealed using the following thermal cycling conditions: 37  °C for 30 min and 90  °C 
for 5 min with a stepwise reduction in temperature to 25 °C at a rate of − 5 °C/min. Annealed oligonucleotides 
were ligated into digested lentiCRISPR v1 vector using the Quick Ligation Kit (NEB) and the resulting plasmid 
LentiCRISPR-gRNAs-miR-375 was transformed into Stbl3 bacteria (propagated from Invitrogen C7373-03).

Lentivirus production and cell transduction.  To produce lentivirus, HEK 293T cells seeded in 100-mm 
plates were transfected with 2.5 μg expression plasmid (lentiCRISPR-gRNAs-miR-375 or pTRIPZ-YAP-S127A), 
1.875 μg packaging plasmid (psPAX2), and 0.626 μg envelope plasmid (pMD2G) using PolyJet reagent (Signa-
Gen Laboratories) according to the manufacturer’s instructions. Cells were subsequently grown in DMEM (high 
glucose) containing 10% FBS for 48 h. Lentivirus-containing supernatants were harvested, passed through a 
0.45-μm filter (Sarstedt), and either used immediately or flash frozen in liquid nitrogen and stored at − 80 °C.

Stable miR-375-depleted H727 or doxycycline (Dox)-inducible YAP overexpression H727 (H727-YAP-S127A) 
cells were established by infection with lentivirus and subsequent antibiotic selection. Briefly, H727 cells were 
grown to 30–50% confluence in 6-well plates prior to replacement of the complete growth medium (ATCC-
formulated RPMI-1640 containing 10% FBS) with virus solution containing 8 μg/mL Polybrene (Sigma Aldrich). 
Following an incubation period of 12 h at 37 °C, virus-containing medium was refreshed and cells further cul-
tured for 24 h. Stable miR-375-depleted H727 or H727-YAP-S127A cells were respectively selected with 2 μg/
mL puromycin or 800 μg/mL hygromycin over a period of 8–9 days. Finally, single cell clones were obtained for 
miR-375-depleted H727 by limiting dilution and expansion. Once established, stable cells were used for molecular 
characterization or in functional assays below; H727-YAP-S127A cells were treated with 1 µg/mL doxycycline 
hyclate (Bioshop Canada) for 48 h prior to use.

Verification of CRISPR‑mediated genome editing.  CRISPR-mediated genome editing was verified by 
T7 endonuclease I (T7E1) mismatch detection assay and Sanger sequencing. For mismatch verification, genomic 
DNA from miR-375-depleted and empty vector control H727 cells was extracted using the PureLink Genomic 
DNA Mini Kit (Thermo Fisher Scientific). A 932-bp PCR amplification product, spanning the expected editing 
sites, was generated using PrimeSTAR GXL DNA Polymerase (Clontech) and custom primers (Supplementary 
Table 2) prior to purification with the QIAquick PCR Purification Kit (Qiagen). T7EN1 (NEB) mismatch detec-
tion assay was performed according to manufacturer’s instructions. Mismatched products were separated by 
1% agarose gel electrophoresis containing 0.5 μg/mL ethidium bromide and images acquired using an Amer-
sham Imager 600 (GE Healthcare Life Science). For sequencing-based verification, the PCR product subjected 
to T7EN1 enzyme digestion was also ligated into pGEM-T Easy vectors (Promega) for Sanger sequencing at the 
McGill University and the Génome Québec Innovation Centre.

RNA isolation and quality control.  Total RNA was isolated from miR-375-depleted, YAP overexpres-
sion, and control cells using TRIzol Reagent (Invitrogen) according to manufacturer’s instructions. Total RNA 
concentration and purity was determined using a SmartSpec™ Plus Spectrophotometer (Bio-Rad Laboratories) 
and 1% agarose gel electrophoresis.

RNA sequencing and annotation.  miRNA and mRNA expression profiles were generated in tripli-
cate for miR-375-depleted, YAP overexpression, and control cells using small RNA sequencing and RNA-seq. 
miRNA profiles were generated using a well-established sequencing, annotation, and analysis pipeline38,39. RNA-
seq libraries were prepared using the NEBNext Ultra RNA Library Prep Kit (NEB, E7530) and the NEBNext 
rRNA depletion kit (NEB, E6310) according to the manufacturer’s instructions; RNA fragmentation was per-
formed for 10 min. Following sequencing on the Illumina HiSeq 3000 platform, FASTQ sequence files were de-
multiplexed prior to annotation and downstream analyses. Raw sequence reads were assessed for quality using 

Figure 6.   Evidence for and mechanistic implications of a miR-375/YAP axis. (A) Neuroendocrine marker 
expression after YAP knockdown. Blots were cut into two pieces between 50 and 75 kDa, and simultaneously 
probed with anti-CgA, anti-SYP, or anti β-actin. Following siYAP transfection of miR-375-depleted cells, CgA 
and SYP expression was recovered. (B) Cell proliferation after YAP knockdown. Following siYAP transfection 
of miR-375-depleted cells, cell proliferation was partially recovered (n = 3) (ANOVA test: **P < 0.01). (C,D) Soft 
agar assay after YAP knockdown. Following siYAP transfection of miR-375-depleted cells, colony formation 
was recovered (n = 3) (t test: **P < 0.01). (E) Venn diagram of miR-375/YAP dysregulated genes. Dysregulated 
gene sets from miR-375 depletion and YAP overexpression were overlapped to define the shared gene set: 
218 genes were upregulated and 217 genes were downregulated by the miR-375/YAP axis. (F) Enrichment 
map of upregulated pathways. Of 46 upregulated pathways mediated by the miR-375/YAP axis, 33 pathways 
(72%) were related to cell motility and epithelial development. (G) Enrichment map of downregulated 
pathways. Of 18 downregulated pathways mediated by the miR-375/YAP axis, 13 pathways (72%) were 
related to neural differentiation and hormone secretion. (H) Real-time PCR. Gene expression fold change 
of select neuroendocrine transcription factors, oncogenes or tumor suppressor genes dysregulated by miR-
375/YAP (n = 3; mean ± SEM). (I) miR-375/YAP axis. Schematic of proposed miR-375/YAP axis mediating 
neuroendocrine differentiation and tumorigenesis through direct or indirect regulation of downstream genes. 
Replicate numbers are indicated (n) and all experiments were independently repeated three times.

▸

http://crispr.mit.edu/
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FastQC (v.0.11.8)40 and adapter sequences and low-quality reads removed using Trimmomatic (v.0.36)41. Reads 
were annotated against the human reference transcriptome GRCh38 (release 97) using an established align-
ment and quantification tool (Kallisto v.0.46.0)42. Sequencing data reported in this paper have been deposited in 
NCBI’s Gene Expression Omnibus and are accessible through GEO Series GSE154872.

Quantitative miRNA and mRNA real‑time PCR.  Select miRNA and mRNA targets were respectively 
measured in triplicate and in duplicate using reverse transcription quantitative real-time PCR (real-time PCR). 
miR-375 and endogenous RNU6B were quantitated using TaqMan MicroRNA Assays (Applied Biosystems, 
Assay IDs: 000564, 001093) as described43; relative miRNA expression was calculated using the ΔCt method44. 
Following bulk first-strand cDNA synthesis using the SuperScript III First-Strand Synthesis System (Invitrogen), 
mRNAs of interest and 18S rRNA were quantitated on a ViiA 7 Real-Time PCR System (Thermo Fisher Scien-
tific); each reaction contained cDNA from 25 ng of total RNA, 2 × QuantiFast SYBR Green PCR Master Mix 
(Qiagen), and gene-specific primers (Supplementary Table 3) and amplified using the following thermal cycling 
conditions: 95 °C for 5 min followed by 40 cycles of 95 °C for 10 s and 60 °C for 30 s. Mean and SEM Ct values 
for each target were obtained and relative mRNA expression calculated using the 2−ΔΔCt method44.

siRNA‑mediated gene expression knockdown.  siRNA duplexes targeting YAP (siYAP) and an siRNA 
with scrambled sequence (siControl) were purchased from Integrated DNA Technologies. miR-375-depleted 
H727 cells were transfected with 50 nmol/L of siRNAs using GenMute siRNA and DNA Transfection Reagent 
(SignaGen Laboratories) according to the manufacturer’s instructions. Forty-eight hours post transfection, cells 
were collected and proteins extracted for Western blot analysis.

Western blot analysis.  Cells were rinsed three times with ice-cold 1 × PBS, scraped in RIPA buffer 
[150 mM NaCl, 50 mM Tris–HCl (pH 7.4), 5 mM EDTA (pH 8.0),1% NP-40, 0.5% sodium deoxycholate, 0.1% 
sodium dodecyl sulfate (SDS)] containing 1 × Halt Protease Inhibitor Cocktail (Thermo Scientific), agitated for 
30 min at 4 °C, and centrifuged at 12,000 rpm for 20 min. Protein concentrations were quantified using the BCA 
Protein Assay Kit (Thermo Fisher Scientific). For western blot analysis, protein samples were mixed with 6 × 
SDS sample buffer (375 mM Tris–HCl, 9% SDS, 50% glycerol, 9% beta-mercaptoethanol, 0.03% bromophenol 
blue), boiled for 5 min, separated by SDS-PAGE, and electrophoretically transferred to nitrocellulose membrane 
(BIO-RAD Laboratories). After blocking [5% nonfat milk and TBST (0.1% Tween 20 in Tris-buffered saline con-
taining 50 mM Tris and 150 mM NaCl, pH 7.5)] for 1 h, blots were cut into two pieces between 50–75 kDa and 
probed with mouse monoclonal [LK2H10] anti-chromogranin A (Abcam, ab8204, 1:100), rabbit monoclonal 
[YE269] anti-synaptophysin (Abcam, ab32127, 1:20,000), mouse monoclonal anti-YAP (Santa Cruz, sc-101199, 
1:200), or mouse monoclonal anti-β-actin antibody (Sigma, A5441, 1:10,000) in blocking buffer overnight at 
4 °C. Blots were washed three times in TBST for 5 min, incubated with peroxidase-labeled anti-mouse IgG anti-
body (Abcam, ab6789, 1:3000) or anti-rabbit IgG antibody (Abcam, ab6721, 1:3000) in blocking buffer for 1 h, 
washed as above, detected using Clarity Western Enhanced Chemiluminescence Substrate (BIO-RAD Laborato-
ries), and visualized using an Amersham Imager 600UV.

Cell proliferation assay.  Cell proliferation assays were performed as described45 and repeated at least three 
times. Briefly, 1.5 × 104 cells from each transduced cell line were seeded into each well of a 12-well plate in trip-
licate and counted daily for 6 days; YAP expression was induced on alternate days using fresh culture medium 
containing doxycycline (1 μg/mL).

Soft agar colony formation assay.  Soft agar colony formation was assessed as described45 and repeated 
at least three times. Briefly, 2 × 104 cells from each transduced cell line were mixed with complete growth medium 
containing 0.4% agarose and overlaid on 0.8% agarose in each well of a 6-well plate in triplicate; YAP expression 
was induced on alternating days as above. Following an incubation period of 18 days in a CO2 incubator (5% 
CO2, 37 °C), colonies were stained with crystal violet (0.005% crystal violet in 20% methanol), imaged using a 
Bio-Rad Gel Doc System (Bio-Rad Laboratories), and quantified using the colony count program in the Quan-
tity One software package.

Xenograft mouse models.  Xenograft mouse models were used to assess differences in in vivo tumor for-
mation between experimental (miR-375 depleted or YAP overexpression) and control cells. Based on previous 
sample size calculations (effect size: 1.8 σ , α : 0.05, power: 0.8)46, six or twelve mice were used per experimental 
group. Mice were randomly selected based on age from available colony litters with balanced M:F ratios. Paren-
tal H727 cells were injected to control for any confounding effects of Dox treatment. Personnel were initially 
blinded to group allocation, but blinding was not maintained due to obvious differences in tumor growth. Briefly, 
1 × 106 experimental or control cells were suspended in 100 μL (1:1 dilution) of cold 1 × PBS and Growth Factor 
Reduced, Phenol-Red Free Matrigel (BD Bioscience) and injected subcutaneously into opposing flanks of six 
or twelve nude mice (12-week-old Rag2/IL2Rgc double knockout mice) for miR-375-depleted and H727-YAP-
S127A studies, respectively; H727-YAP-S127A and control mice were fed ad libitum with either Dox-containing 
(#C14100-0625I, Cedarlane, Canada) or normal chow (#5021, Lab Diet, Purina USA) as indicated. Mice were 
subsequently assessed at weekly intervals with serial measurements of weight and palpable tumor size; tumor 
volume was calculated as length x width2 × 0.5. Mice were euthanized at four weeks. Harvested tumors were 
either fixed in formalin and embedded in paraffin wax or flash frozen in liquid nitrogen for subsequent molecu-
lar studies. Due to technical error at the time of injection, one miR-375-depleted H727 data point was excluded 
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from analysis. All procedures were approved by the Queen’s University Animal Care Committee in accordance 
with the Canadian Council on Animal Care guidelines and in compliance with the ARRIVE guidelines.

Statistical analyses.  Two-sided student’s t test was used for comparisons between experimental and con-
trol conditions. Experiments containing more than two experimental groups were evaluated using the ANOVA 
test. A P value of < 0.05 was regarded as statistically significant, P-values are indicated in the figures as: *P < 0.05, 
**P < 0.01.

Bioinformatic analyses.  Differentially expressed mRNAs were identified by comparing median gene 
expression (transcripts per million; TPM) between miR-375 depleted, YAP overexpression, and control cells; 
differentially expressed genes met a threshold 1.5-fold change in expression. Pathways analysis was performed 
on sets of differentially expressed genes using gProfiler47 with GO biological processes48,49 and Reactome50 data-
bases. Enriched pathways were visualized in Cytoscape (v.3.7.0)51 using EnrichmentMap52 and Autoannotate53. 
Candidate miR-375 targets were identified and ranked using the Bio-miRTa target prediction algorithm7. Briefly, 
in the first step of Bio-miRTa, the algorithm extracted and ranked miRNA-375 targets from 6 databases (4 target 
prediction algorithms; TargetScan, miRanda, DIANA and PITA, and 2 experimentally validated targets; TarBase 
and starBase). In the second step, the algorithm used differential gene expression analysis between control and 
miR-375 depleted H727 cells for the final ranking of miR-375 predicted gene targets.

Data availability
RNA-sequencing data have been submitted to GEO (GSE154872) and are available to reviewers (https://​www.​
ncbi.​nlm.​nih.​gov/​geo/​query/​acc.​cgi?​acc=​GSE15​4872) using the private token: mhafywsohdwblsb.
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