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One of the mechanisms by which cancer cells acquire hyperinvasive and migratory properties with progressive loss
of epithelial markers is the epithelial-to-mesenchymal transition (EMT). We have previously reported that in dif-
ferent cancer types, including nonsmall cell lung cancer (NSCLC), the microRNA-183/96/182 cluster (m96¢l) is
highly repressed in cells that have undergone EMT. In the present study, we used a novel conditional m96¢l mouse to
establish that loss of m96cl accelerated the growth of Kras mutant autochthonous lung adenocarcinomas. In con-
trast, ectopic expression of the m96¢cl in NSCLC cells results in a robust suppression of migration and invasion in
vitro, and tumor growth and metastasis in vivo. Detailed immune profiling of the tumors revealed a significant
enrichment of activated CD8" cytotoxic T lymphocytes (CD8* CTLs) in m96cl-expressing tumors, and m96cl-
mediated suppression of tumor growth and metastasis was CD8" CTL-dependent. Using coculture assays with naive
immune cells, we show that m96c¢l expression drives paracrine stimulation of CD8" CTL proliferation and function.
Using tumor microenvironment-associated gene expression profiling, we identified that m96c¢l elevates the inter-
leukin-2 (IL2) signaling pathway and results in increased IL2-mediated paracrine stimulation of CD8" CTLs. Fur-
thermore, we identified that the m96cl modulates the expression of IL2 in cancer cells by regulating the expression
of transcriptional repressors Foxf2 and Zeb1, and thereby alters the levels of secreted IL2 in the tumor microenvi-
ronment. Last, we show that in vivo depletion of IL2 abrogates m96cl-mediated activation of CD8* CTLs and results
in loss of metastatic suppression. Therefore, we have identified a novel mechanistic role of the m96cl in the sup-
pression of lung cancer growth and metastasis by inducing an IL2-mediated systemic CD8* CTL immune response.
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The development of new therapeutic strategies for the
treatment of metastatic lung cancers necessitates the
thorough understanding of the underlying basic biological
mechanisms of metastasis. For this, the genetically engi-
neered Krast41*; p53R172HAG/ (KP) (Zheng et al. 2007;
Gibbons et al. 2009) mouse model is used, as it closely re-
capitulates the human disease and produces spontaneous
multifocal lung adenocarcinomas with local invasion and
a 30% incidence rate for fulminant metastases. From
these murine models, syngeneic immunocompetent cell
line models have been derived, which are comprised of a
panel of tumor cell lines isolated from primary lung tu-
mors or metastases from the KP mice. These cell lines
vary in their metastatic potentials when injected in synge-
neic wild-type animals (Gibbons et al. 2009; Ahn et al.
2012; Yang et al. 2014). Multiple groups have shown
that in these models and in many other tumor types, the
microRNA-200 family (miR-200) and the ZEB family of
transcriptional repressors modulate EMT by regulating
each other through a double-negative feedback loop
(Bracken et al. 2008; Burk et al. 2008; Gregory et al.
2008; Gibbons et al. 2009). MicroRNA-200 expression
was strongly correlated with expression of microRNA-
183/96/182 (m96cl) in different epithelial tumor types, in-
cluding NSCLC, whereas both these microRNA groups
showed significant negative correlation with EMT status
(Kundu et al. 2016). It was also shown that these micro-
RNA families convergently target the EMT transcription-
al repressors Zeb1 and Foxf2, which can potently regulate
EMT, invasion, and metastasis in lung cancers by tran-
scriptional repression of E-Cadherin and miR-200. How-
ever, it has not been determined whether m96cl has an
independent function in regulating tumorigenesis or me-
tastasis in lung cancers.

An adaptive immune response to a growing tumor is a
hallmark of cancer and plays a dynamic role in the pro-
gression and outcome of the disease (Hanahan and Wein-
berg 2011; Hanahan and Coussens 2012). One of the
crucial antitumor immune cell populations in the tumor
microenvironment is the tumor-infiltrating effector
CD8" cytotoxic T lymphocytes (CTLs) (Restifo et al.
2012; Farhood et al. 2019; van der Leun et al. 2020).
Upon primary stimulation of CD8" T lymphocytes by
dendritic cell-mediated tumor antigen presentation
through MHC-], the effector CD4" T cells costimulate
the CD8" T lymphocytes into an effector cytolytic state
through release of a milieu of inflammatory cytokines
(Chen et al. 2018b; Farhood et al. 2019). Among these cy-
tokines, interleukin-2 (IL2) is of primary importance, as at
lower doses it is critical to drive the proliferation and sus-
tained maintenance of the activated CD8" CTLs in an ef-
fector cytolytic state. In contrast, high levels of IL2 induce
proliferation of CD4" T, cells, which in combination
with other immune-suppressive cells (myeloid-derived
suppressor cells and macrophages) results in switching
of effector CD8* CTLs to a nonfunctional exhausted state
(Kalia et al. 2010; Malek and Castro 2010; Wherry 2011;
Josefowicz et al. 2012; Spolski et al. 2018). Therefore, a
fine balance of IL2 in the tumor microenvironment is crit-
ical for the cytolytic activity of antitumor CD8" CTLs.

miR-96 cluster induces antitumor immune response

Cancer types that show increased abundance of these
CD8* CTLs in the tumor microenvironment show an ele-
vated and sustainable response toward targeted immuno-
therapies (Restifo et al. 2012; Spolski et al. 2018). The
underlying mechanisms influencing the activation, re-
cruitment, and infiltration of CD8* CTLs in the tumor mi-
croenvironment is not fully understood and is a topic of
great interest to the scientific community. Our previous
work has established that in lung and breast cancer mod-
els, EMT is a major factor that controls the infiltration of
CD8* CTLs in the tumors and also determines metastatic
outcomes (Chen et al. 2014b; Lou et al. 2016; Joseph et al.
2021).

In the present study, we used a novel conditional m96cl
mouse to show that m96c¢l functions as an important tu-
mor and metastasis suppressor in lung adenocarcinomas.
We further elucidated a mechanism whereby elevated ex-
pression of m96¢l in epithelial tumors results in an IL2-
mediated paracrine activation of CD8" CTLs to elicit an
antitumor immune response.

Results

Loss of the microRNA-183/96/182 cluster results
in accelerated tumor growth and decreased survival
of Kras-driven lung cancers in a novel GEMM

Previous work from our group has shown the combined
role of the microRNA-183/96/182 cluster (m96c¢l) and
the miR-200 family in repressing lung cancer metastasis
(Kundu et al. 2016). Therefore, to determine whether
m96¢l has an independent role in driving tumorigenesis
and metastasis, we generated the novel genetically
engineered mouse, m96cl™, where Cre-recombinase-me-
diated deletion of the m96c¢l could be induced by introduc-
tion of loxP sites flanking the microRNA-183/96/182
cluster stem-loop (Supplemental Fig. S1A, panel i). Allelic
integration was validated by Southern blotting (Supple-
mental Fig. SIE-G). We crossed m96cl'’ mice with
Kras'St"¢12P mice to generate m96c1FL/FL; KrastSL-c12D
mice. Mice expressing the targeted alleles were validated
by PCR amplification of the stem-loop loxP site (Fig. 1A;
Supplemental Fig. S1A, panel ii). Intratracheal delivery of
adenoviral-Cre produced autochthonous lung adenocarci-
nomas with an activated Kras®2P and homozygous loss
of the microRNA-183/96/182 cluster (KrasS'2P/%,
m96cl*/4). Furthermore, we verified by qPCR analysis
that m96¢cl expression was lost in the autochthonous
lung tumors from the KrasS'*®/*; m96cl*/* mice, as com-
pared with the Kras'?P/* mice (Supplemental Fig. SIB).
Micro-CT image analysis performed monthly after induc-
tion revealed that loss of m96c¢l caused a significant accel-
eration in growth of lung adenocarcinomas from as early
as month 3 (Fig. 1B,C; Supplemental Fig. SIC). To ascer-
tain the increased tumor burden upon m96¢cl loss, we
quantified the tumor diameters in the H&E-stained lung
sections upon sacrifice of the animals. We observed that
the average size of the tumor nodules in the Kras©!2P/+;
m96cl*® mice was significantly larger than those from
the Kras®!'?P animals (Fig. 1D,E; Supplemental Fig.
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Figure 1. Loss of microRNA-183/96/182 cluster results in accelerated tumor growth and decreased survival of Kras-driven lung cancers
in a novel GEMM. (A) Schematic showing deletion of m96cl in the m96cI™* mice upon Ad-Cre infection. PCR gel showing screening for
mice with the engineered allele to show the presence of the LoxP site. (B) Representative micro-CT images of Kras2P/* and KrasS'?P/*,
m96¢cl*’® lungs at months 2 and 4. Yellow dashed circles outline target lesions. “H” indicates the mouse heart. (C) Total tumor area as
assessed by micro-CT imaging of mouse lungs at months 2, 3, and 4. n=9-12. Data were analyzed using unpaired Student’s t-test.
(N.S.) Not significant, (*) P<0.05, (**) P<0.01. (D) Representative H&E images of mouse lungs from C at month 4. Yellow dashed circles
outline lung tumors. Scale bar, 6 mm. (E) Quantification of tumor diameter on H&E-stained lungs from Kras<'?>/* and Kras&'2P/*; m96¢l1*/
A mice. (****] P<0.0001. (F) Kaplan-Meier survival curve of Kras'?®/* and Kras®'?®/*; m96¢l®/* mice. n = 8-12. Statistical difference de-
termined using log rank test.

S1D). Additionally, we found that the KrasS'2P/*; m96c14/4 Induced expression of the microRNA-183/96/182 cluster

mice had a median survival of 96 d, which was significantly suppresses cancer cell invasion and metastasis

shorter than the Kras®'?™* mice, with a median survival of

152 d based on a log rank test (Fig. 1F). Overall, these data We have reported that transient coexpression of miR-183,
establish that loss of the microRNA-183/96/182 cluster in- miR-96, and miR-182 in NSCLC cells resulted in reduced
creases tumor growth and has a consequential role in regu- cellular migration and invasion (Kundu et al. 2016).
lating lung tumorigenesis and progression. To understand the functional implication of stable
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overexpression of m96¢l on cancer cell growth, invasion,
and metastasis, we generated a doxycycline-inducible
construct expressing the complete microRNA-183/96/
182 genomic cluster. This construct was used to produce
stable inducible m96cl-expressing cell lines using the
mesenchymal-like, metastatic (Kras4!/*; TP53R172HAG/*
[KP]) 344SQ and 344LN murine lung cancer cells (Zheng
etal. 2007; Gibbons et al. 2009). We confirmed overexpres-
sion of all members of the m96c¢l as early as 24 h after Dox
induction (Fig. 2A; Supplemental Fig. S2A). Consistent
with our previously published data, the induced expres-
sion of miR96¢cl promoted a mesenchymal-to-epithelial
transition in the mesenchymal-like 344SQ and 344LN
cells. This was evidenced phenotypically, as the cells
showed a rounded and clustered epithelial morphology
in 2D (Fig. 2B), as well as molecularly by elevated E-Cad-
herin expression and suppression of Zebl and vimentin
expression as shown by qPCR analysis. Foxf2 and Adcy6
are known targets of the m96cl and were included as con-
trols (Supplemental Fig. S2B,D). Overexpression of m96cl
suppressed invasiveness of the 344SQ and 344LN cells in
2D transwell assays (Fig. 2C; Supplemental Fig. S2C,E).
Additionally, using a 1.5 mg/mL collagen/Matrigel ma-
trix, which recapitulates the tumor extracellular matrix
(ECM), and quantifying the structures with invasive pro-
trusions on days 4, 6, and 9, we showed that m96cl re-
presses invasion in 3D cultures (Fig. 2D; Supplemental
Fig. S2F). Next, to test whether m96cl expression altered
the in vivo metastatic potency, the syngeneic mouse
lung cancer cell line 344SQ with inducible expression
of m96cl or control was injected subcutaneously in syn-
geneic 129/Sv WT mice and monitored for tumor growth
with or without doxycycline induction. In the doxycy-
cline-induced cohorts, the m96cl-induced tumors
showed a severe decrease in final tumor volume as com-
pared with the control tumors (Fig. 2E). These results
were analogous to the phenotype observed in vitro, where
m96¢cl expression resulted in significantly repressed
cellular growth (Supplemental Fig. 2G). Interestingly, in
the doxycycline group, the m96cl-induced tumors
showed robust repression of lung metastases when com-
pared with the vector control tumors, which was evident
from the quantification of the macrometastatic nodules
in the lung, as well as by the H&E-stained lung sections
(Fig. 2F). The doxycycline-untreated cohorts showed no
difference in either tumor volumes or metastasis be-
tween the m96cl and vector controls. Furthermore, to as-
certain that the reduced metastatic potential of the
m96¢l tumors is not a consequence of reduced tumor vol-
ume, we included an additional cohort in which the
m96cl-induced tumors were allowed to grow longer in or-
der to become size-matched with the vector controls. We
also observed in this group that the tumors showed a sig-
nificant reduction in metastasis when compared with the
control group (Fig. 2E,F), establishing that m96cl could
significantly suppress metastasis independent of primary
tumor size.

Next, we wanted to determine whether loss of m96¢l in
vivo could drive metastasis. For this, we generated cell
lines from autochthonous lung tumors, which were

miR-96 cluster induces antitumor immune response

formed by delivery of Ad-CRE in conditional GEMMs
with different genotypes. We generated the KrastSL-¢12D,
P53™FL - m96cel™ !t mice and used the KrastSi"&12P;
p53FY/FL mice as controls. Autochthonous lung tumors
were harvested, and cells lines were generated with the re-
spective genotypes. We first validated that in the KPM96
cells (derived from Kras®'??/~; p53~/=; m96¢l~/~ tumors),
m96¢l expression was completely lost as compared with
the KP cells (derived from KrasS'?P/~; p53~/~ tumors)
(Supplemental Fig. S2H). We also observed that the
KPM96 cell lines were more migratory and invasive in vi-
tro versus the control KP lines (Supplemental Fig. S2I).
Furthermore, when we implanted these cells in syngeneic
hosts, we observed that in comparison with the KP cells,
the KPM96 cell lines formed significantly larger tumors
and significantly greater numbers of lung metastases (Sup-
plemental Fig. S2J,K). The KPM96 cells also formed dis-
tant metastasis in other organs (the kidney, liver, and
heart), whereas the KP cells did not show observable organ
metastases (data not shown). Therefore, our data strongly
indicate that in addition to controlling tumor cell prolifer-
ation, m96cl also alters other cellular processes to regu-
late in vivo metastasis.

The microRNA-183/96/182 cluster stimulates
an antitumor CD8" CTL response

To identify downstream targets and pathways altered by
m96cl, we performed an mRNA microarray analysis using
the 344SQ cells expressing the m96¢l or vector control.
Upon analyzing the data set using Ingenuity pathway
analysis, we observed that multiple gene and signaling
networks were differentially altered upon induction of
m96cl (Supplemental Fig. S3A-E). Of the top 20 most al-
tered pathways, we noted that canonical mitotic and
cell cycle pathways underwent m96cl-mediated down-
regulation (Fig. 3A). This is consistent with our data show-
ing that decreased proliferation was manifested as reduced
tumor (Fig. 2E) and cellular (Supplemental Fig. S2G)
growth upon m96c¢cl overexpression. Interestingly, we ob-
served that a host of immune pathways was up-regulated
upon m96cl induction, which could elucidate the tumor
growth-independent role of m96cl as a metastasis sup-
pressor (Fig. 3A). The canonical pathways that were up-
regulated upon m96¢l overexpression include iNOS sig-
naling, NF«B signaling, and several interleukin signaling
processes. Thus, to elucidate the specific changes in the
tumor immune microenvironment associated with
m96¢l tumor expression, we performed immune profiling
by flow cytometry using the early primary syngeneic tu-
mors formed by 344SQ cells expressing the m96¢l or vec-
tor as controls 3 wk after injection. We observed that
m96cl induction results in a prominent and significant in-
crease in total CD8" CTLs with a decrease in the total
CD4* T cells. Upon further analysis, we detected that
within the CD8" CTLs, the effector/memory CD8" CTL
subpopulation (CD44h/CD62L'°") was substantially ele-
vated, with a concurrent reduction in the naive CD8*
CTL subpopulation (CD44'°"/CD62Lh) (Fig. 3B). Upon
tSNE analysis of representative samples, it was revealed
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Figure 2. Induced expression of the microRNA-183/96/182 cluster suppresses cancer cell invasion and metastasis. (A) gPCR analysis for
relative expression of miR-96, miR-182, and miR-183 in 344SQ Vec and 344SQ m96cl at 24, 48, or 72 h of doxycycline induction. Stat-
istical significance is as indicated. (**) P<0.01, (***) P<0.001. (B) Bright-field microscopy images showing morphology of 344SQ Vec or
344SQ m96cl cells induced with doxycycline for 48 h. Scale bar, 100 um. (C) Quantitation of cells for invasion (red) and migration
(blue) of 344SQ Vec and 344SQ m96¢l cells at 16 h after seeding. n=3. (*) P<0.05. (D) 344SQ Vec or 344SQ m96cl cells were plated in
triplicate wells in 1:1 Matrigel:collagen-I matrix. Images were taken at days 4, 6, and 9. Representative images from day 9 are shown at
the Ieft, and quantification of invasive structures are shown at the right. Statistical significance is as indicated. (**) P<0.01, (***) P<
0.001. (E) 344SQ Vec or 344SQ m96cl cells were implanted subcutaneously into 129/sv mice. Doxycycline-containing chow or normal
chow was placed as indicated. Mice were sacrificed after 8 wk, except for the primary tumor size-matched cohort of 344SQ m96cl
(+Dox), which was grown for 12 wk. Tumor volume was quantified and analyzed using unpaired Student’s t-test. (N.S.) Not significant,
(**) P<0.01. (F) Quantitation of lung metastatic nodule formation from mice corresponding to E. (Top) Metastatic nodules counted from
lung surface. (Bottom) Whole-lung tissue H&E. Scale bar, 6 mm. Data were analyzed using unpaired Student’s t-test. (N.S.) Not significant,

(***) P<0.001.
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Figure 3. The microRNA-183/96/182 cluster stimulates an antitumor CD8* CTL response. (A) The top canonical pathways affected by
m96cl induction were identified using IPA analysis, quantifying fold change between 344SQ Vec and 344SQ m96cl cells at 72 h after in-
duction. Bar chart representing the percentage of genes from the data set that are found in each canonical pathway. Genes up-regulated are
shown in red, genes down-regulated are shown in green, and genes that did not change in the data set are shown in white. (B) Percentage of
tumor-infiltrating CD4"* T cells (top left), CD8" T cells (top right), memory/effector CD8* T cells (bottom Ileft), and naive CD8"* T cells
(bottom right) from 344SQ Vec and 344SQ m96cl tumors at 3 wk after implantation. (C) Representative tSNE plots from B for 344SQ
Vec or 344SQ m96¢l tumors. (Green) CD3" T cells (gray), CD4" T cells, (red) CD8" T cells, (orange) memory/effector CD8* T cells,
(blue) naive CD8" T cells. (D) Representative images of CD8 and granzyme B THC staining in primary tumors formed by subcutaneous
implantation of 344SQ Vec or 344SQ m96cl after week 8. Scale bar, 100 um. (E) Representative images of CD8 and granzyme B IHC stain-
ing in lung metastasis formed in the mice as described in D. Scale bar, 100 pm. (F) CD8 H-score (left) and granzyme B H-score (right) from
images as in D. n = 3 mice per group. Data were analyzed using unpaired Student’s t-test. (*) P<0.05, (**) P<0.01. (G) CD8 H-score (left) and
granzyme B H-score (right) from images as in E. n =3 mice per group. Data were analyzed using unpaired Student’s t-test. (**) P<0.01. (H)
Representative images of CD8 and granzyme B IHC staining in lungs from Kras©*2P/* and KrasS'2P/*, m96cl*/* mice 3 mo after Ad-Cre
infection. Scale bar, 100 pm. (I) Tumor volumes for 344SQ Vec and 344SQ m96cl tumor-bearing mice treated with IgG or a-CD8 for 5 wk
after implantation. Week 5 data were analyzed using unpaired Student’s t-test. (*) P <0.05. (J) Quantitation of lung metastatic nodule for-
mation in mice corresponding to I. Metastatic nodules counted from lung surface. Data were analyzed using unpaired Student’s t-test.
(N.S.) Not significant, (**) P<0.01, (***) P<0.001. (K) Percentage of tumor-infiltrating CD8" T cells from different treatment cohorts as
indicated, at week 5. Data were analyzed using unpaired Student’s t-test. (**) P<0.01, (***) P<0.001.
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that in tumors with m96cl overexpression, the majority of
the CD8" CTLs were in an effector/memory state, where-
as in the vector control tumors, the CD8* CTLs were in a
naive state (Fig. 3C). Analysis for other immune cells re-
vealed no detectable differences in percentages of immu-
nosuppressive Ty, cells, ICOS CD4" T cells or
exhausted CD8" CTLs (Supplemental Fig. S3F) in the tu-
mors with induced m96cl expression compared with the
control tumors. We also observed a significant decrease
in MDSCs in the m96¢l cohort but no discernable differ-
ence in the antigen-presenting cell (APC) populations
(Supplemental Fig. S3G) between the two groups. We ob-
served a similar significant increase in CD8" CTL re-
sponse in m96cl-induced tumors collected 6 wk after
implantation (i.e., the stage of macroscopic metastatic
outgrowth), confirming that this is a durable long-term ef-
fect (Supplemental Fig. S3H). Furthermore, we confirmed
similar effects in additional lung adenocarcinoma synge-
neic models, including the 344P and LLC-JSP, that showed
an up-regulation of total and effector/memory CD8" CTLs
upon induced expression of m96cl in the tumor cells (Sup-
plemental Fig. S31,]J). To assess the cytolytic functions of
the elevated CD8" T cells in the tumors with induced
m96¢l expression, we probed for CD8 and granzyme B in
sections of the primary tumors and lung tissue with met-
astatic nodules. IHC staining and subsequent quantifica-
tion revealed a significant increase in both CD8* CTLs
and granzyme B-positive cells in both the primary and
metastatic tumors in the m96cl-induced tumor cohort
as compared with the control (Fig. 3D-G; Supplemental
Fig. S3K). Conversely, we observed a decrease in the abun-
dance of CD8* CTLs and granzyme B* cells in the autoch-
thonous lung tumors from the Kras<2P/*; m96cl*/* mice,
as compared with Kras<'?P/* mice (Fig. 3H). Furthermore,
to ascertain the role of elevated CD8" CTL response as a
mechanism of m96cl-mediated suppression of tumor
growth and metastasis, we let tumors from 344SQ cells
with induced expression of m96¢l or vector control grow
in syngeneic mice that were continually depleted for
CD8* CTLs by biweekly injections with anti-CD8 anti-
bodies. We observed that with near-complete depletion
of CD8* CTLs (Fig. 3K; Supplemental Fig. S3M) there
was a significant increase in tumor volumes (Fig. 3I; Sup-
plemental Fig. S3L) in both the vector control and m96cl
cohorts. More strikingly, CD8* CTL depletion completely
abrogated the metastatic suppression due to m96¢cl ex-
pression in tumors (Fig. 3]). Furthermore, to ascertain
whether m96¢l expression could alter MHC-I expression,
we assayed the cell surface expression of MHC-I in either
cells with induced expression of m96¢l or tumors formed
using these cells. We observed that m96cl did not signifi-
cantly alter baseline MHC-I expression on the tumor cells
or their ability to increase MHC-I in response to [FNy. We
also assayed for MHC-I expression in a panel of KP cell
lines and did not observe a discernable contribution of
the EMT status on the expression of MHC-I (Supplemen-
tal Fig. SSN-P). These results indicate that m96cl expres-
sion in tumors induces a suppression of tumor growth and
metastasis by stimulating the activation and function of
CDS8" CTLs.
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MicroRNA-183/96/182 cluster expression in tumor
cells induces paracrine activation of CD8" CTL
proliferation and function

Activation of CD8* CTLs is dependent on antigenic TCR
stimulation by two independent signals and costimula-
tion by inflammatory cytokines. Sustained functionality
and proliferation are also dependent on the availability
of cytokine-mediated stimulation. Therefore, we next
sought to examine the mechanism by which m96cl ex-
pression in tumor cells influences CD8* CTL expansion
and functionality. First, we wanted to determine whether
direct cell-cell contact between the tumor cells and im-
mune cells is necessary for this process. For this, we seed-
ed 344SQ cells with induced expression of m96cl or vector
control with a suspension of naive immune cells isolated
from syngeneic WT mouse spleens for a period of 96 h in
the presence of CD3 and CD28 stimulatory antibodies.
We then performed flow cytometric analysis to determine
changes in the immune subpopulations (Fig. 4A). Results
from the coculture assays recapitulated the in vivo pheno-
type. When in coculture with m96cl-expressing tumor
cells, compared with control cells, we observed a signifi-
cant elevation in the abundance of total and proliferating
CD8" CTLs and the effector/memory CD8* CTL subpo-
pulation, with no significant changes to the proliferating
naive population (Fig. 4B). We further collected condi-
tioned media from the 344SQ cells with inducible expres-
sion of m96¢l or vector control to culture the naive
immune cells (Fig. 4A). Upon immune profiling of the
naive immune cells after culture, we observed that the re-
sults from the conditioned media assay closely mimicked
what we noted in the coculture assay (Fig. 4C). We also
confirmed these immune response phenotypes using addi-
tional KP tumor models (the 344P and 531LN3) with in-
ducible expression of m96cl (Supplemental Fig. S4A-D).
To further assess the functionality of these CD8" CTLs,
we analyzed the CD8" CTLs that had been cultured in
conditioned media from 344SQ vector or m96c¢l cells for
IFNy response. We observed that the CD8" CTLs stimu-
lated in the conditioned media of m96c¢l-induced cancer
cells showed a significant increase in IFNy, indicating
greater functional activation (Fig. 4D). To further validate
the functional properties of these stimulated CD8* CTLs,
we performed a cytotoxicity assay. To do this, we enriched
stimulated CD8" CTLs from naive immune cells that
were cultured in the conditioned media from 344SQ cells
with induced expression of vector or m96c¢l. These primed
CD8" CTLs were incubated at varying ratios with the re-
spective cells as target and cell death was measured using
an LDH release assay. We observed that the CD8* CTLs
primed and stimulated in the conditioned media from
m96cl-expressing cells were significantly more cytotoxic
to the respective target cancer cells as compared with
the controls (Fig. 4E). These results further established
that cancer cells expressing miR-96¢ could induce para-
crine stimulation of effector CD8" CTLs.

Last, we evaluated whether m96cl expression in cancer
cells could affect the relative numbers of immunosuppres-
sive Th17 cells within the CD4" T cells. We observed no
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Figure 4. MicroRNA-183/96/182 cluster expression in tumor cells induces paracrine activation of CD8* CTL proliferation and function.
(A) Schema representing the methodology of culturing naive immune cells with cancer cell lines (coculture, left) or culturing them in
conditioned media (right) collected from cancer cells grown in vitro for 72-96 h with or without Dox induction. (B) Coculture of naive
immune cells with 344SQ Vec or 344SQ m96cl cells while induced for 96 h with Dox. After coculturing, immune cells were then analyzed
by flow cytometry. (Panel i) Percentage total CD8* T cells. (Panel ii) Percentage effector/memory CD8* T cells (CD44hCD62L!°%). (Panel
iii) Percentage Ki-67* effector/memory (CD44hCD62L'°") CD8* T cells. (Panel iv) Percentage naive CD8* T cells (CD44'°"/CD62Lh).
(Panel v) Percentage Ki-67* naive (CD44°¥CD62Lh) CD8* T cells. Data were analyzed using unpaired Student’s t-test. (N.S.) Not signifi-
cant, (***) P<0.001. (C) Conditioned media (CM) from 344SQ Vec or 344SQ m96cl cells induced for 72 h was used to culture naive immune
cells for 72-96 h. Immune cells were then analyzed by flow cytometry as described above in B. Data were analyzed using unpaired Stu-
dent’s t-test. (N.S.) Not significant, (*) P<0.05, (***) P<0.001. (D) Quantitation of IFN-y-expressing CD8" T cells in the immune cell pop-
ulation, cultured in conditioned media from 344SQ Vec or 344SQ m96cl cells that were either uninduced or induced with Dox for 96
h. Data were analyzed using unpaired Student’s t-test. (***) P<0.001. (E) Percentage cytotoxicity of 344SQ Vec or 344SQ m96cl cells
when cultured for 24 h with CD8" T cells that were precultured for 6 d in conditioned media from 344SQ Vec or 344SQ m96cl cells. A
ratio of 1:0-1:40 of tumor cell line:CD8" T cells was used. Data were analyzed using unpaired Student’s t-test. (**) P<0.01.
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detectable difference in the stimulation of Th17 cells be-
tween the m96c¢l and vector control group (Supplemental
Fig. S4E F). Thus, our data indicate that m96cl expression
in cancer cells results in paracrine stimulation of CD8"
CTLs, thereby inducing their differentiation into an effec-
tor/memory state primed for killing target cancer cells.

MicroRNA-183/96/182 cluster expression induces
interleukin-2 family signaling in cancer cells

To identify immune-associated genes and pathways that
are induced upon m96cl expression and result in stimula-
tion of CD8" CTL response, we performed a qRT-PCR
analysis to study a panel of cytokines, chemokines, and
transcription factors that regulate common immune path-
ways in cancers. From the qPCR analysis, we identified
several cytokines (IL1, IL2, IL4, and IL23) and chemokines
(CXCL9, CXCL11, CCL2, and CCL20) that were up-regu-
lated in the m96cl-expressing cells (Fig. 5A; Supplemental
Fig. S5A). We validated several of these hits in the KP mu-
rine 531LN3 cell line and in the human H157 cells with
induced expression of m96c¢l (Supplemental Fig. S5B,C).
In parallel, to study a broader panel of tumor-immune mi-
croenvironment-associated genes and pathways in cancer,
we performed NanoString nSolver advanced gene expres-
sion analysis on either cell lines with induced expression
of m96¢l or vector as control grown in vitro or syngeneic
tumors formed by these cell lines in vivo. The NanoString
nSolver analysis from the cells and tumors revealed signif-
icant alteration in several genes and pathways of the tu-
mor-immune microenvironment upon m96c¢l expression
(Fig. 5B,C; Supplemental Fig. S5D-I). We observed from
the three independent analyses that the interleukin-2
(IL2) gene/signaling pathway was the only one commonly
up-regulated because of m96cl expression in all condi-
tions (Fig. 5D). Next, we wanted to functionally validate
whether m96¢l-mediated increased expression and secre-
tion of IL2 from the cancer cells was sufficient to induce
the CD8" T-cell stimulation. For this, we individually de-
pleted IL2 or the other cytokines and chemokines that
were observed to be elevated in the m96cl-expressing cells
from conditioned media collected from culturing either
the vector control or miR-96-induced cells using specific
depletion antibodies or IgG as control. The depleted con-
ditioned media was then used to culture naive immune
cells over a period of 4 d, followed by flow analysis to
quantify total or the effector/memory subpopulation of
CD8" CTLs. We observed that depletion of only IL2 or
CCL2 was sufficient to revert the stimulation of CD8"
CTLs by the conditioned media (Fig. 5E; Supplemental
Fig. S5]J). We also observed that IL2 protein expression
was significantly elevated in the m96cl-induced cells
both in an unstimulated state or when stimulated by ion-
omycin and PMA (Fig. 5F; Supplemental Figs. S5K-L,
S8H). However, we did not observe any such elevation
in protein levels for CCL2 (Supplemental Fig. S5M) in
the m96cl-induced cells. Therefore, we inferred that IL2
was the cytokine that was elevated in the m96cl-express-
ing cancer cells, which when secreted could articulate a
paracrine stimulation of the CD8" CTLs. We further vali-

590 GENES & DEVELOPMENT

dated this by performing an IFNy response assay and a cy-
totoxicity assay as described in Figure 4 using the IL2-
depleted conditioned media. We observed that IL2 deple-
tion from the conditioned media of the m96cl-induced
cells significantly abrogated the IFNy expression and tar-
geted cytotoxicity of the cultured CD8* T cells (Fig. 5G-
H). To further ascertain the role of IL2 as the downstream
effector of m96c¢l expression, we generated CRISPR-medi-
ated mIL-2 knockout clones in 344SQ m96c¢cl and 344SQ
Vec cell lines. Genomic sequences were verified for loss
of the 136-bp region covering IL2_codonl (Supplemental
Fig. S8]). Conditioned media from these lines was used
for coculture assays using naive immune cells (as de-
scribed in the Materials and Methods). Reassuringly, we
observed that upon loss of IL2 expression, the 344SQ
m96cl_IL2 KO cells completely lost the ability to induce
the proliferation and activation of total and effector
CD8" T cells as compared with the control 344SQ
Vec_IL2 KO cells. Concurrently, we observed that the
m96¢cl_IL2 KO cells could induce a significant increase
in CD4" T cells and naive CD8" T cells as compared
with the controls (Supplemental Fig. S8K). These results
establish that increased IL2 expression and secretion
because of elevated m96cl expression in tumor cells are
the driving mechanisms for the m96cl-induced paracrine
stimulation of CD8" CTL function.

The microRNA-183/96/182 cluster modulates IL2
expression by repressing Zeb1 and Foxf2

To understand the molecular mechanism underlying the
regulation of IL2 expression downstream from m96cl,
we studied the promoter of IL2 to identify possible binding
sites for transcriptional repressors that are known targets
of m96c¢l. JASPAR analysis revealed several binding mo-
tifs with varying affinities for ZEB1 and Foxf2, which we
have previously identified as bona fide transcription factor
targets of the m96cl and miR-200 microRNA family (Fig.
6A; Supplemental Fig. S6A,S6D; Kundu et al. 2016). To as-
certain the transcriptional regulation of IL2 by Foxf2 and
ZEBI1, we performed a luciferase reporter assay. We ob-
served that inducible expression of m96¢l and miR-200
could elevate IL2 promoter activity in different cell lines,
whereas inducible expression of Foxf2 and ZEBI signifi-
cantly inhibited IL2 promoter activity (Fig. 6B). We further
performed ChIP analysis and identified that both ZEB1
and Foxf2 bind to the IL2 promoter at the motifs that
were predicted for the higher affinity by JASPAR (Fig.
6C; Supplemental Fig. S6D). To elucidate the regulation
of the IL2 signaling by Foxf2 and ZEB1, we performed a
qRT-PCR analysis looking at the expression of members
of the IL2 signaling pathways as annotated by the Nano-
String nSolver analysis. As expected, induced expression
of m96cl in murine and human cells resulted in a signifi-
cant up-regulation of the genes of the IL2 signaling path-
way, but Foxf2 and ZEB1 expression completely reversed
the expression profiles of these genes (Fig. 6D). We also
confirmed that IL2 protein expression was significantly
repressed by Foxf2 and ZEB1 expression in the same cells
(Supplemental Fig. S6C). To address the functional
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Figure 5. MicroRNA-183/96/182 cluster expression induces interleukin-2 family signaling in cancer cells. (A) Heat map of QqRT-PCR ex-
pression analysis for cytokines, chemokines, and immune TFs in 344SQ Vec or 344SQ m96cl cells after 72 h of Dox induction. (B) Heat
map of pathway scores from nSolver Nanostring advanced analysis. 531LN3 Vec or m96cl and 344SQ Vec or m96¢l cells were induced for
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RNA extracted from tumors grown from subcutaneous implantation of 344SQ Vec or 344SQ m96c¢l cells that were harvested after 3 wk of
Dox induction in vivo. Each number represents a distinct mouse. The top 10 pathways are shown. (D) Venn diagram depicting overlap
between qRT-PCR, in vitro Nanostring pathway scores, and in vivo Nanostring pathway scores described in A-C. (E) CD8" T cells (panel
i) or effector/memory CD8" T cells (panel ii) in immune cell population that were cultured in conditioned media from 344SQ Vec or
344SQ m96cl cells (induced for 72 h with Dox), which were depleted of IL2 or IgG (as control). Data were analyzed using unpaired Stu-
dent’s t-test. (N.S.) Not significant, (*) P<0.05, (**) P<0.01. (F) Percentage of IL2-expressing 344SQ Vec or 344SQ m96cl cells (induced
for 72 h with Dox) with and without ionomycin/PMA stimulation for 24 h. Data were analyzed using unpaired Student’s t-test. (*) P<
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Not significant, (**) P<0.01.
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Figure 6. The microRNA-183/96/182 cluster modulates IL2 expression by repressing Zebl and Foxf2. (A) Schematic representation of
potential E-boxes (black) located on the IL2 promoter. Arrows indicate primer binding sites used to determine binding of Zeb1 (green)
and Foxf2 (purple) to the IL2 promoter after ChIP of the respective proteins. (B) Luciferase reporter assay using the dual-luciferase reporter
system (Firefly [GL3] and Renilla [RL] as control) for IL2 promoter activity upon expression of either Vec, m96c¢l, miR-200, Zeb1, or Foxf2
in 344SQ (blue), 531LN3 (red), and 393P (green) cells as indicated. Data were analyzed using unpaired Student’s ¢-test. (*) P<0.05, (**) P<
0.01, (***) P<0.001. (C) Chromatin immunoprecipitation for Zebl and Foxf2 binding to IL2 promoter. GFP only, GFP-Zeb1, or GFP-Fox{2
from inducible 393P cells were chromatin-immunoprecipitated using an anti-GFP antibody, and qPCR was performed to assay for binding
of these proteins to the predicted respective high-affinity E-boxes on the IL2 promoter. Control ChIP was performed with rabbit IgG. Data
were analyzed using unpaired Student’s t-test. (*) P<0.05, (***) P<0.001. (D) Heat map of qRT-PCR expression analysis for IL2 pathway-
associated genes in 344SQ Vec or m96c¢l; H157 Vec or m96c¢l; and 393P Vec, Zeb1, or Foxf2 cells after 72 h of Dox induction. (E) Condi-
tioned media from 344SQ Vec or m96c¢l; H157 Vec or m96¢l; and 393P Vec, Zebl, or Foxf2 cells after 72 h of Dox induction was used to
culture naive immune cells for 96 h. A percentage CD8" T cells was quantified in the cultured immune cell population. (F) Quantitation of
IFN-y-expressing CD8" T cells in the immune cell population, cultured for 96 h in conditioned media from either Vec-, m96cl-, miR-200-,
Zebl-, or Foxf2-expressing 344SQ (blue), 531LN3 (red), and 393P (green) cells that were induced for 72 h with Dox. Data were analyzed
using unpaired Student’s t-test. (***) P<0.001, (****) P<0.0001. (G) Percentage cytotoxicity of Vec-, m96cl-, miR-200-, Zeb1-, or Foxf2-ex-
pressing 344SQ (blue), 531LN3 (red), and 393P (green) cells (Dox-induced) when cultured for 24 h with CD8* T cells that were precultured
for 6 d in conditioned media collected from culturing the respective (Dox-induced) cell lines. A ratio of tumor cells:CD8* T cells of 1:10
was used. Data were analyzed using unpaired Student’s ¢-test. (*) P<0.05, (***) P<0.001.
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outcome of Foxf2 and ZEB1 expression on CD8* CTL ac-
tivation, we collected conditioned media from cultures of
cells expressing the control vectors m96¢l, miR-200,
Foxf2, and ZEB1. We cultured naive immune cells in the
respective conditioned media in the presence of activation
signals (anti-CD3 and anti-CD28) and assessed the effect
on CD8" CTL expansion. We noted that while condi-
tioned media from m96cl- and miR-200-expressing cells
significantly boosted the total and effector/memory
CD8* CTL population, this stimulation was strongly in-
hibited when conditioned media from Foxf2- and ZEB1-
expressing cells were used (Fig. 6E; Supplemental Fig.
S6B). We further validated this by performing an IFN-y re-
sponse assay and a cytotoxicity assay as described in Fig-
ure 4 using the different conditioned media as described
above. We observed that conditioned media from the
m96¢l- and miR-200-induced cells was able to stimulate
IFN-y expression and targeted cytotoxicity of the CD8"
CTLs, whereas the conditioned media from Foxf2- and
ZEB1-expressing cells significantly reversed these effects
(Fig. 6F,G). To further ascertain the role of Zebl and
Foxf2 downstream from m96¢l, we performed siRNA-me-
diated knockdown of either Zeb1, Foxf2, or both in 344SQ
m96¢l and 344SQ Vec cells. qPCR analysis was performed
to confirm specific knockdown of the target genes (Sup-
plemental Fig. S6E). We collected conditioned media
from cells transfected with the different targeting siRNAs
as indicated. Naive immune cells were cultured in the dif-
ferent pools of conditioned media, and immune profiling
was performed by flow cytometry. We observed that,
only for 344SQ Vec cells that were treated with siRNA tar-
geting Zebl, Foxf2, or both, there was a significant eleva-
tion in the abundance of total and proliferating CD8*
CTLs and effector/memory CD8" CTL subpopulation,
with no significant changes to the naive population or ex-
hausted CD8" T cells. These changes were not observed in
the cohorts of the 344SQ m96cl cells transfected with the
siRNAs (Supplemental Fig. S6F, panels i—iv). These results
confirm that only in the 344SQ Vec control cells when the
high levels of Zeb1/Foxf2 were knocked down were the
proliferation and activation increased in CD8" T cells. In
case of the m96cl-expressing cells in which the levels of
Zeb1/Foxf2 were already low, further knockdown of their
expression did not have any effect on the CD8" T cell
subpopulations.

These results show that m96cl modulates the ex-
pression of IL2 in cancer cells by regulating the expression
of the transcriptional repressors Foxf2 and ZEB1, thereby
altering the levels of secreted IL2 in the tumor
microenvironment.

IL2 depletion abrogates microRNA-183/96/182
cluster-mediated metastasis suppression in vivo

We have shown that lung cancer cells expressing m96cl
could inhibit metastasis by stimulating IL2-mediated
functional activation and expansion of CD8* CTLs. To ex-
tend these analyses, we performed an in vivo metastasis
study with antibody-mediated IL2 depletion. The murine
344SQ cells with inducible expression of vector or m96c¢l
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were implanted into syngeneic mice. These mice were fed
with doxycycline-containing feed. Half of the mice from
either vector or m96cl cell-injected cohorts were injected
with depleting antibodies targeting IL2 (200 pg/mouse bi-
weekly, IP), and the remaining half were dosed with IgG as
control. After 6 wk of treatment, we noted that there was a
significant increase in the volume of the primary tumors
of the IL2-depleted cohorts when compared with the re-
spective IgG control groups (Fig. 7A; Supplemental Fig.
S7A). Upon quantifying the metastasis, we observed that
the IL2-depleted 344SQ m96¢cl cohort showed a signifi-
cantly higher number of lung and other organ metastasis
when compared with the IgG-treated 344SQ m96cl group.
Similar high lung and other organ metastasis was also ob-
served in the 344SQ vector groups (Fig. 7B; Supplemental
Fig. S7B,C). Flow cytometric analysis revealed a signifi-
cant drop in the IL2* tumor cells in the IL2-depleted tu-
mors as compared with the IgG-treated 344SQ m96cl
tumors (Fig. 7C), validating the effective depletion of sys-
temic IL2. We also observed a significant drop in the
counts of the proliferating (Ki67*) total and effector/mem-
ory CD8" CTLs in the 344SQ m96cl tumors that were de-
pleted for IL2 as compared with the IgG-treated tumors
(Fig. 7D,E). We did not observe a significant difference in
the overall counts of the CD8" CTL subpopulations (Sup-
plemental Fig. S7D) between the respective cohorts. To
substantiate the role of tumor cell-expressed IL2 in regu-
lating CD8" T-cell response, we generated IL2-overex-
pressing cell line using the parental 344SQ cells. IL2
expression was confirmed using qPCR, Western blotting,
and ELISA (Supplemental Fig. SSE-G). These cell lines
were implanted in syngeneic mice, and tumors were pro-
cessed for immune profiling. We observed that tumors
with IL2 expression showed significantly elevated total
and proliferating CD8* T cells and effector memory T
cells, with significantly lower naive T cells, CD4" T cells,
and T regulatory cells (Supplemental Fig. S8I), as was ob-
served in the m96c¢l-expressing tumors. Next, we wanted
to assess the clinical relevance of these findings to deter-
mine the status of m96cl and IL2 expression in human
pan-cancer data sets and whether their expression profile
could be a prognostic indicator of disease outcome. We ob-
served in pan-cancer data sets that patients with higher
expression of either IL2, hsa-miR-96, or hsa-miR-182
showed significantly better overall survival (Fig. 7F,G;
Supplemental Fig. S7G). We also observed that in the
TCGA lung adenocarcinoma-specific data set, high IL2
expression was significantly associated with better overall
survival (Supplemental Fig. S7E, F).

Based on our findings, we propose a model in which el-
evated levels of m96cl in primary epithelial lung cancers
lead to an increased suppression of the transcriptional re-
pressors ZEB1 and Foxf2, which results in an elevated ex-
pression and secretion of IL2. Increased IL2 in the tumor
microenvironment of epithelial tumors induces a para-
crine stimulation of tumor-infiltrating CD8" CTLs, re-
sulting in their expansion and increased functionality.
These elevated levels of cytotoxic CD8* CTLs result in
enhanced tumor clearance and suppression of metastatic
outgrowth. In more advanced mesenchymal states, the
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Figure 7. 1IL2 depletion abrogates microRNA-183/96/182 cluster-mediated metastasis suppression in vivo. (A) Tumor volumes for 344SQ
Vec and 344SQ m96¢l tumor-bearing mice treated with IgG or anti-IL2 antibodies for 6 wk after implantation. Data were analyzed using
unpaired Student’s t-test. (N.S.) Not significant, (**) P<0.01. (B) Quantitation of lung metastatic nodule formation in mice corresponding
to A. (Left) Metastatic nodules counted from lung surface. (Right) H&E-stained sections of representative whole lungs. Scale bar, 6 mm.
Data were analyzed using unpaired Student’s t-test. (N.S.) Not significant, (**) P<0.01, (****) P<0.0001. (C) Percentage of IL2* EpCAM"*
(IL2*EpCAM*CD31~CD45~) tumor cells from 344SQ Vec and 344SQ m96c¢l tumors from A. Data were analyzed using unpaired Student’s
t-test. (N.S.) Not significant, (*) P <0.05. (D) Percentage of tumor-infiltrating proliferating Ki67* CD8" T cells from 344SQ Vec and 344SQ
m96c¢l tumors from A. Data were analyzed using unpaired Student’s ¢-test. (N.S.) Not significant, (*) P <0.05, (**) P<0.01. (E) Percentage of
tumor-infiltrating proliferating effector/memory CD8" T cells (Ki-67*/CD44"/CD62L°%/CD8*) from 344SQ Vec and 344SQ m96cl tu-
mors from A. Data were analyzed using unpaired Student’s t-test. (*) P <0.05. (F) Kaplan-Meier survival curves for TCGA lung adenocar-
cinoma patients with m96c¢l high (red) versus m96c¢l low (blue) expression. Statistical difference was determined using log rank Cox test.
(G) Kaplan-Meier survival curves for TCGA lung adenocarcinoma patients with IL-2 high (red) versus IL-2 low (blue) expression. Statis-
tical difference was determined using log rank Cox test. (H) Working model: High m96cl expression in epithelial tumors results in reduced
expression of EMT TFs like Zeb1 and Foxf2, which leads to increased IL2 expression and secretion in the tumor microenvironment. This
increased local intratumoral IL2 gradient results in a paracrine activation and proliferation of CD8* CTLs, which consequently primes an
elevated antitumor immune response and increased immune clearance of metastatic tumors, whereas repressed m96cl expression in mes-
enchymal tumors suppresses this mechanism and results in increased tumor growth and metastasis.
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tumors have reduced levels of m96c¢l and other epithelial
microRNAs like miR-200, resulting in inhibition of the
IL2-mediated CD8" T-cell activation and loss of effective
immune surveillance, with increased tumor growth, inva-
sion, and distant metastasis (Fig. 7H).

Discussion

Detailed elucidation of the various underlying molecular
mechanisms of lung cancer progression and metastasis is
of primary concern to the cancer research community.
One of the established models for initiation and progres-
sion of metastasis is EMT, where epithelial cancer cells
progressively lose cell-cell contacts, induce stem cell-
like properties, and elevate motility and invasion. This
is brought about by orchestrated molecular changes, in-
cluding up-regulation of Zebl, Foxf2, and several other
transcriptional repressor proteins with coordinated re-
pression of epithelial microRNAs like miR-200 and the
m96cl (Gibbons et al. 2009; Liu et al. 2012; Pacurari
et al. 2013; Tsai and Yang 2013; Feng et al. 2014; Kundu
et al. 2016; Krebs et al. 2017; Pastushenko and Blanpain
2019). EMT, and specifically the role of the Zebl/miR-
200 double-negative feedback in modulating the revers-
ible alteration between a growth-promoting epithelial
state and an invasive mesenchymal state, have been stud-
ied by us and others in the context of metastasis in lung
and multiple other cancer types (Burk et al. 2008; Korpal
et al. 2008; Gibbons et al. 2009; Ahn et al. 2012). Our pre-
vious observations on the functional role of m96¢l as an
inhibitor of cellular invasion (Kundu et al. 2016) laid the
foundation for us to query for an independent role of
m96cl in lung tumorigenesis and metastasis. The acceler-
ated tumor growth and severe reduction of overall sur-
vival of the new conditional m96¢cl knockout GEMMs
(KrasS12P/*; m96cl*/4) establishes m96¢cl as a prominent
tumor suppressor in lung adenocarcinoma. The lack of
metastasis in these animals could potentially be attribut-
ed to wild-type p53 levels, as the loss of m96¢l with Kras
mutation only is possibly an insufficient genetic driver
to initiate metastasis.

Although the advent and success of immune check-
point blockade (ICB) therapies in various cancers has al-
tered the treatment landscape, a majority of patients
still do not receive durable benefit from this therapeutic
modality (Fridman et al. 2012; Larkin et al. 2015a,b). It
has been documented that tumors that have a higher
abundance of infiltrated CD8" T cells have a higher predis-
position for better response to immunotherapy. There-
fore, insights into the mechanisms that regulate the
recruitment or activation of CTLs in the tumor microen-
vironment are of utmost importance (Hildner et al. 2008;
Fridman et al. 2012; Spranger and Gajewski 2018; Garner
and de Visser 2020). Inactivation of major tumor suppres-
sors like p53, LKB1, and PTEN or activation of oncogenic
signaling like WNT/b-Catenin and MYC has been shown
to diminish the infiltration of activated CTLs within the
tumor microenvironment and also lead to their elevated
exhaustion (Xue et al. 2007; Spranger et al. 2015; Casey
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etal. 2016; Koyama et al. 2016; Peng et al. 2016; Topalian
et al. 2016; Skoulidis et al. 2018; Spranger and Gajewski
2018; Sitthideatphaiboon et al. 2021). EMT has also
been implicated as an immunosuppressive mechanism
in different cancers by elevating inflammation and induc-
tion of exhaustion of the CD8* CTLs at the tumor micro-
environment (Derynck and Weinberg 2019). We have
previously shown in NSCLC that epithelial tumor cells
with high miR-200 could directly target expression of
the immunosuppressive ligand PD-L1 on tumor cells, re-
sulting in decreased exhaustion and increased infiltration
of CTLs in the tumor microenvironment (Chen et al.
2014a). Here we elucidate another novel mechanism in
which elevated m96c¢l, an epithelial microRNA whose ex-
pression is tightly correlated to miR-200, could induce the
paracrine activation and proliferation of CTLs in the tu-
mors by increased IL2 secretion. These results are excit-
ing, as they define a parallel function for m96cl to
epigenetically regulate a tumor cell-nonautonomous im-
mune response to inhibit metastasis.

Materials and methods

Cell culture

Human and murine lung cancer cell lines were maintained in
RPMI 1640 supplemented with 10% fetal bovine serum (FBS).
Kras'21"G12D (KP) murine cell lines were derived and cultured
as previously described (Gibbons et al. 2009). The Lewis lung ad-
enocarcinoma LLC-JSP was obtained from ATCC. Cells were cul-
tured in a 37°C humidified incubator with 5% CQO,. Cells were
mycoplasma-tested using LookOut mycoplasma PCR detection
kit (Sigma-Aldrich). For doxycycline (Sigma-Aldrich) induction,
afinal concentration of 2 ug/mL was added for the indicated time.

Plasmid constructs and lentivirus generation

For generating the human and mouse m96cl-inducible lentiviral
constructs, miR-183-96 genomic fragment was PCR-amplified
from genomic DNA isolated from H157 cells as a Xmal-Kpnl frag-
ment. (Human and mouse mature miR-183 and miR-96 have
identical core sequences, so the same genomic fragment was
used for both human and mouse m96cl constructs.) Human or
mouse genomic fragments for miR-182 were individually PCR-
amplified as KpnI-Sall fragments from genomic DNA isolated
from H157 or 344SQ cells, respectively. The miR-183-96 frag-
ment and respective miR-182 fragment were ligated in the Dox-
inducible pTRIPZ-GFP vector (Kundu et al. 2016, 2018) digested
with Agel-Xhol (pTRIPZ-GFP digested with Agel + Xhol excised
out GFP). The resulting constructs were sequenced for verifica-
tion. Lentiviruses generated using these constructs were used to
generate human or mouse stable lines after infection, followed
by puromycin selection. These stable inducible cell lines ex-
pressed mature miR-183, miR-96, and miR-182 when induced
with doxycycline. All primers used are listed in Supplemental Ta-
ble S1.

For generating the mouse IL2 promoter reporter construct, an
~1.2-kb fragment of mouse IL2 promoter (starting from the
TSS) was PCR-amplified as a KpnI-HindIIl fragment from geno-
mic DNA isolated from murine 344SQ cells. This was ligated
in pGL3 (Promega) vector digested with the same restriction en-
zymes. All primers used are listed in Supplemental Table S1.
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Lentiviruses were generated by transfecting pTRIPZ construct
with psPAX2/pMD2.G into HEK 293T cells using Lipofectamine
2000 (Thermo Fisher). Fresh media was added after 24 h and incu-
bated for 48 h. Virus was collected and syringe-filtered through
0.45-um filter. Virus and polybrene (8 pg/mL; Millipore) were add-
ed to cell lines for 48 h. The transduced cells were then selected
for using puromycin.

Generation of m96cI'" mice

The m96cI™" mice were generated in a manner similar to miR182F*

mice (Sachdeva et al. 2016), except that the loxP sites flank the en-
tire miR183-96-182 cluster. A targeting construct was generated in
E. coli from a 129Sv BAC by recombineering (Zhang et al. 1998). A
mobile pSIM vector recombineering system (Datta et al. 2006) was
introduced into BAC clone bMQ340c02 (obtained from Source Bio-
Science LifeSciences) containing 120 kb of mouse chromosome 6
harboring miR-183-96-182. LoxP sites and a neomycin cassette
flanked by frt sites were recombineered into the BAC, followed
by recombineering out into the targeting vector (Supplemental
Fig. S1A, panel i). A linearized targeting vector was electroporated
into 129Sv ES cells, and homologous recombination events were
detected by PCR (Nagy et al. 1993). After verification of correct re-
arrangement by Southern blot analysis, clones were injected into
C57BL/6 blastocysts following standard procedures. Chimeric
males were mated to WT C57BL/6 females to generate heterozy-
gote miR-m96¢I™t mice (Supplemental Fig. SIA, panel i).

Animal experiments

Animal experiments were approved by the Institutional Animal
Care and Use Committee at The University of Texas MD Ander-
son Cancer Center (protocol 1271).

The m96cI™/F* mice on a mixed 129Sv and C57BL/6 back-
ground were bred with 129sv mice and backcrossed for at least
five generations to obtain a background of ~98%. The m96cIF/F-
mice were then crossed with the Kras"S"¢!?P mice to generate
the Kras*"S12P; m96cl™/f mouse model. Adeno-cre-inducible
mice of 129sv background were infected with virus at 3 mo of
age by intratracheal intubation. Formation of lung tumors was as-
sessed monthly with cross-sectional micro-CT imaging for tumor
formation and tumor area measurement. Mice were genotyped to
determine mutational status with ear snips at 3 wk of age. Only
mice showing expected mutations were used for further assays.
Mice were sacrificed upon visible morbidity or completion of
the experimental period.

For experiments with syngeneic tumor assays, cells (unless oth-
erwise noted, 1 x 10° cells in 100 L of DPBS) were implanted sub-
cutaneously into the right flanks of male or female 129sv mice of
3-6 mo of age. Tumor size as measured by digital caliper was cal-
culated based on formula 1/2(length x width?) at the time point
indicated. Mice were placed on doxycycline-containing chow
(625 mg/kg doxycycline; Envigo) 2-3 d after tumor implantation.
Doxycycline feed was replaced weekly. After euthanasia, meta-
static nodules on the lung surface were counted. Lungs were per-
fused, fixed in 10% formalin, and processed for sectioning.

Antibody-mediated cell depletion was performed using anti-
CD8 antibody (clone 2.34, BioXcell) at 400 pg/mouse (intraperito-
neally) 1 wk before tumor cell implantation. A maintenance dose
of 200 pg/mouse twice weekly was started on day 1 after subcuta-
neous cancer cell implantation.

IL2 depletion in vivo was performed by administration (intra-
peritoneally) of 200 pg/mouse twice weekly of anti-IL2 (JES6-
1A12; BioXcell BE0043) or rat IgG2a,x (2A3; BioXcell BEOO89) as
control.

596 GENES & DEVELOPMENT

Invasion and migration assays

Transwell migration of 8 uM inserts (BD Biosciences) and inva-
sion (BD Biosciences) assays was performed for 16 h as previously
described (Kundu et al. 2016, 2018). Inserts were imaged using
crystal violet solution, and migratory or invasive cells were ana-
lyzed on an Olympus IX73 microscope and counted using Image]
software (National Institutes of Health). For 3D invasion assays,
single cells were seeded on a matrix of Matrigel (BD-Biosciences)
or a 1.5 mg/mL Matrigel/collagen mixture (BD-Biosciences). Me-
dia was replenished every 2 d. Structures were imaged on days 4,
6, and 9 using an Olympus IX73 microscope and counted.

RNA isolation and qPCR analysis

Total RNA was isolated using TRIzol reagent (Thermo Fisher) fol-
lowing the manufacturer’s recommendations. cDNA was synthe-
sized using qScript cDNA supermix (Quantabio). Real-time PCR
was performed using SYBR Green PCR master mix (Life Technol-
ogies) with primers listed in Supplemental Table S1. L32 was used
to normalize expression. TagMan assays (Life Technologies) for
miRNA qPCR were normalized to miR-16. The 7500 Fast real-
time PCR system (Applied Biosystems) were used for qPCR reac-
tions. Low-abundance cytokines and chemokines were amplified
via qPCR by using the PerfeCTa PreAmp supermix (Quantabio).
cDNA was synthesized using qScript XLT c¢cDNA supermix
(Quantabio). Primers were pooled, and preamplification reactions
with PerfeCta PreAmp supermix were performed following the
manufacturer’s recommendations. Real-time PCR was per-
formed using iTaq universal SYBR Green supermix (Bio-Rad)
with primers listed in Supplemental Table S1. L32 was used to
normalize expression. The CFX384 real-time PCR detection sys-
tem (Bio-Rad) was used.

Microarray and IPA analysis

mRNA was isolated from 344SQ Vec or 344SQ m96cl cells that
were induced for 24, 48, or 72 h with 2 pg/mL doxycycline and
checked for quality before processing for microarray analysis us-
ing in-house custom-made mouse MTA1.0 chips and an Affyme-
trix platform as described earlier (Kundu et al. 2016). Differential
expression was determined using two-sided tests on log, trans-
formed data. SigTerms (Creighton et al. 2008) was used to identify
enriched GO terms.

Pathway analysis was evaluated using Qiagen Ingenuity path-
way analysis (IPA). IPA upstream analysis, canonical pathway
analysis, regulator effects analysis, and networks were performed
and visualized following the manufacturer’s recommendations.
A cutoff at FDR adjusted P <0.05 and fold change 0.5 were used
to identify significantly differentially expressed genes. Enriched
canonical pathway analysis of the differentially expressed genes
from 344SQ Vec and 344SQ m96cl induced for 72 h was per-
formed. The top 20 significant canonical pathways were identi-
fied. Statistical analysis of canonical pathways was determined
using right-tailed Fisher’s exact test as listed in Supplemental Ta-
ble S2. The genes down-regulated, up-regulated, with no change,
and with no overlap with the data set for each canonical pathway
are listed in Supplemental Table S2.

Flow cytometry

Tumors were processed following the MACS (Miltenyi Biotec,
Inc.) mouse tumor dissociation kit. Tumors were chopped with
a sterile scalpel until 2-3 mm, and then placed in digestion media
containing 0.05% collagenase I (Sigma), 30 U/mL DNase type IV
(Sigma), and 0.01% hyaluronidase type V (Sigma). Mechanical
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dissociation using the gentleMACS dissociator (Miltenyi Biotec,
Inc.) was performed followed by 40-min incubation at 37°C. Sam-
ples were further mechanically dissociated and passed through a
70-um filter. RBC lysis (BioLegend) was performed following the
manufacturer’s recommendation. Tumor cells were stained for
1 h with cell surface antibodies as listed in Supplemental Table
S1. Cells were fixed in 2% PFA for 15 min, followed by two wash-
es with permeabilization buffer (BioLegend). Cells were further
stained with intracellular antibodies as listed in Supplemental
Table S1 and washed with FACS buffer. Cells were acquired using
BD LSR Fortessa (BD Biosciences) and analyzed using FlowJo soft-
ware (10.6.2). The gating scheme is shown in Supplemental Fig-
ure S8. T cell gating strategy was as follows: CD8" were gated
from parent CD3* CD45" cells, which were gated from live
cells > from singlets. Antigen-presenting populations were gated
from parent CD45" live cells. All antibodies used for flow cytom-
etry are listed in Supplemental Table S1. tSNE analysis was per-
formed using FlowJo software (10.6.2), and manual gates were
applied that excluded doublets, debris, and dead cells. DownSam-
pling gate tool (plugin) was used for 50,000 events. All popula-
tions from down-sampled gate were then concatenated, and
tSNE parameters were applied.

Immunohistochemistry

Paraffin-embedded tissue sections were processed as described
earlier (Peng et al. 2019). H&E sections were examined to count
and measure metastatic lung lesions. For IHC staining, mouse
CD8 (antibody clone D4W2Z; 1:80; Cell Signaling Technology
98941) and mouse granzyme B (1:800; Abcam ab4059) were de-
tected using the Leica detection kit (Leica Microsystems). The
stained slides were digitally scanned using the Aperio ScanScope
Turbo slide scanner (Leica Microsystems).

IHC quantitation

Hematoxylin and eosin (H&E)- and immunohistochemistry
(THC)-stained slides were scanned at 20x, using an Aperio AT2
scanner (Leica Biosystem). We performed digital image analysis
using Halo (Indica Lab) image analysis software to assess the ex-
pression of Ki67 in tumor cells and the presence of CD8" cells
and granzyme B* cells in the tumor microenvironment. The anal-
ysis was supervised by a pathologist with training in digital image
analysis. For all biomarkers, we selected tumor area and excluded
necrosis, and processed or stained artifacts using Halo annotation
tools. For Ki67 assessment, we used the “cytonuclear v2.0.5” al-
gorithm to detect the number of tumor cells with positive expres-
sion at “weak,” “moderate,” and “strong” levels of intensity. We
reported the percentage of Ki67* tumor cells and the H-score (0-
300), and the tissue area analyzed. For the assessment of CD8 and
granzyme B, we used the “cytonuclear v2.0.5” algorithm to
detect the number of positive immune cells at any intensity level.
We exported the results as total number of positive cells and tu-
mor area analyzed, and calculated densities of CD8- and gran-
zyme B-positive cells (n/mm?, where n is the number of CD8/
granzyme B-positive cells per square millimeter of the sample
section). In a subset of cases, we assessed CD8 and granzyme B
in tumor metastasis and adjacent normal lung tissue area.

In vitro coculture/conditioned media culture

Cancer cells were seeded in a 24-well plate, and naive immune
cells processed from spleens of wild-type 129sv mice were added
at 1:6-1:8 ratio. All cocultures were supplemented with 5 pg/mL
anti-CD3 and anti-CD28 (BioLegend or BioXcell) antibodies and
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50 pM B-mercaptoethanol. Cells were cocultured and induced
with doxycycline for 96 h at 37°C with 5% CO,. For conditioned
media assays, conditioned media was collected after 72 h of dox-
ycycline induction of cancer cells, centrifuged at 1500 rpm to re-
move potential detached cancer cells, and then added to naive
immune cells and cultured for 72-96 h at 37°C with 5% CO,.

Cytotoxicity assay

Naive immune cells were precultured for 6 d in conditioned me-
dia collected from either doxycycline-induced 344SQ Vec or
344SQ m96¢l cells. CD8" T lymphocytes were enriched using
the mouse CD8a* T-cell isolation kit (Miltenyi Biotec 130-104-
075). Enrichment of CD8" T cells was confirmed via flow cytom-
etry, and purity was found at >98%. Enriched CD8" T cells that
were precultured in 344SQ Vec or 344SQ m96c¢l conditioned me-
dia were then added to induced 344SQ Vec or 344SQ m96c¢l cells,
respectively, for 24 h at the indicated ratios. Cytotoxicity was de-
termined using the LDH cytotoxicity assay (Thermo Fisher) fol-
lowing the manufacturer’s instructions. For cytotoxicity
experiments after cytokine/chemokine depletion, the naive im-
mune cells were precultured in cytokine/chemokine-depleted
conditioned media from respective cells and used as described
above.

Nanostring analysis

NanoString nCounter expression assay was performed on 344SQ
Vec, 344SQ m96¢l, 531LN3 Vec, or 531LN3 m96¢l cells that were
induced for 72 h with doxycycline. RNA was collected from cell
lines using TRIzol reagent (Thermo Fisher) following the manu-
facturer’s recommendations. 129/sv mice implanted with
3448Q Vec or 344SQ m96¢l cells were on doxycycline feed for
3 wk. Tumors were harvested and flash-frozen, and total RNA
was isolated using the mirVana isolation kit (Thermo Fisher).
Gene expression analysis was done using a custom mouse tumor
microenvironment panel. A total of 100 ng of total RNA in a final
volume of 5 pL was mixed with capture probes and reporter
probes tagged with a fluorescent barcode from the custom gene
expression code set. Probes and targets were hybridized for
12-24 h at 65°C. Hybridized samples were run on the NanoString
nCounter preparation station following the manufacturer’s rec-
ommendations. The samples were run on maximum scan resolu-
tion on the nCounter digital analyzer. Data were analyzed using
nSolver analysis software. Additional statistical analysis on
NanoString nCounter data was conducted as described (Chen
et al. 2018a) and suggested by the manufacturer using R version
3.4.2 (R Core Team 2016, https://www.r-project.org). Samples
were scaled by the geometric mean of the positive spike-in
RNA hybridization controls, as described in the nCounter Ex-
pression Data Analysis Guide (NanoString Technologies, Inc.).
The expression of each endogenous gene was then tested against
the detected expression of all negative control genes using one-
sided, two-sample t-tests. Genes showing greater expression
than the negative control genes with P<0.001 were included in
further analysis, while others were omitted. Housekeeping gene
normalization was applied using the same geometric mean scal-
ing, with a housekeeping gene set identified as most stable in a
larger data set by the method of Vandesompele et al. (2002).
This set consisted of Alas1, Abcfl, Tbp, Ppia, and Tubb5. Differ-
ential expression analysis was conducted on the data after log,
transformation, comparing 344SQ Vec versus 3445SQ m96cl using
the Empirical Bayes method in LIMMA (Smyth 2004; Ritchie
et al. 2015). Differential expression (DE) values for all immune
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genes as assayed and analyzed by NanoString in in vitro and in
vivo samples are listed in Supplemental Table S3.

Cytokine/chemokine depletion experiments

Conditioned media from 344SQ Vec or m96cl cells was collected
after 72 h of doxycycline induction. The conditioned media was
selectively depleted of individual cytokine/chemokine or IgG
(control) by incubating with specific antibodies as listed in Sup-
plemental Table S1 and Protein G beads for 6 h. Beads bound to
antibody-protein complexes were centrifuged, and the cyto-
kine/chemokine-depleted supernatant conditioned media was
used to culture the naive immune cells for 72-96 h before analysis
by flow cytometry for different immune subpopulations.

Cytokine stimulation

KP cells were seeded at 100,000 cells per well in a 24-well plate.
Dox was added to the treated groups (+Dox) only. After 72 h, cells
in both +Dox and —Dox cohorts were stimulated for cytokine pro-
duction using PMA and ionomycin for 24 h. Four hours prior to
completion, Brefeldin-A (Golgi-Plug, BD Bioscience) was added
as per the manufacturer’s recommended concentration for maxi-
mal intracellular retention of proteins.

Prediction of binding sites

To generate the predicted transcription factor (TF) binding sites
on the IL2 promoter, the promoter sequence for the mouse IL2
gene was used for the matrix profile search on the JASPAR web
portal (Fornes et al. 2020). For the search, the vertebrate database
selecting the different TF binding motifs was selected to search
through the promoter sequence of IL2 with a relative profile
threshold score cutoff of >80%. The resulting sites were ranked
accordingly, and the highest-scoring motifs were annotated on
the promoter segment.

Luciferase reporter assay

For reporter assays, respective cells were cotransfected with 500
ng of the reporter construct (GL3) with 10 ng of control (RL) con-
structs for 16 h with Lipofectamine LTX (Thermo Fisher Scien-
tific) and then assayed for luciferase activity after 48 h of
doxycycline induction using the dual-luciferase reporter assay
system (Promega E1980).

ChIP assay

ChIP was performed in 393P Vec (GFP), 393P-GFP-Zebl (Man-
shouri et al. 2019), and 393P-GFP-Foxf2 (Kundu et al. 2016) using
the Zymo-Spin ChIP kit (Zymo Research D5210) according to the
manufacturer’s protocol. An anti-GFP antibody (Thermo Fisher
Scientific A-11122) or isotype IgG (BioXcell) was used to perform
ChIP for GFP only or GFP-tagged Zeb1 or Foxf2. IL2 promoter seg-
ment enrichment was analyzed by qPCR using primers as listed
under “ChIP Primers” in Supplemental Table S1.

Clinical analysis

For pan-cancer expression analyses, we collected RNA-seq and
miRNA-seq data from The Cancer Genome Atlas (TCGA) repre-
senting tumors of various histological subtypes as previously de-
scribed (PMID: 29440175). RNA-seq and miRNA-seq data were
obtained from The Broad Institute Firehose pipeline (http://gdac
.broadinstitute.org). For miRNA-seq, we previously corrected

598 GENES & DEVELOPMENT

for batch effects between data platforms (Illumina GAIIx or HiSeq
2000; PMID: 29440175). Patient survival data from TCGA were
current as of March 31, 2016.

Statistics

All statistical analyses were performed using GraphPad Prism
version 8.0.0. Unless otherwise noted, a one-way ANOVA test
was used for multigroup comparisons, while unpaired Student’s
t-test (two-tailed) was performed for two-group comparisons. A
P-value of <0.05 was considered statistically different. Figures
denote statistical differences of P<0.05 (*), P<0.01 (**), P<0.001
(***), and P<0.0001 (****). Survival experiments used log rank
test for survival analysis. Animal experiments were repeated
twice, and all in vitro experiments were repeated at least three
times with comparable results.
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