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Principal Investigator: Yanis Boumber, MD, PhD
1. INTRODUCTION

Analyzing tumors from a mouse model of NSCLC, we identified upregulation of Msi2 as a previously
unrecognized marker of invasion and metastasis in NSCLC. Msi2 knockdown in metastatic murine NSCLC cell
lines decreased invasion and metastasis. Candidate pathway analysis and reverse-phase protein array screening
identified EMT-associated proteins including the TGF-p receptor Type I (TGF-BRI), the Notch inhibitor Numb,
and fibronectin, as strongly regulated by Msi2. An initial probe of 123 primary human NSCLC specimens, we
have found that Msi2 is significantly elevated in tumors versus normal lung epithelium, suggesting relevance to
physiological NSCLC in patients. The objective of this project is to expand our mechanistic data to characterize
the functional roles of MSI2 in human NSCLC cells.

2. KEYWORDS

Non-small cell lung cancer, invasion, metastasis, pro-invasive signaling, RNA binding proteins, Musashi, TGF-
beta, epithelial mesenchymal transition (EMT), Notch, gamma-secretase, tissue microarrays (TMA).

3. ACCOMPLISHMENTS

What were the major goals and objectives of the project?

Our preliminary data suggest the hypothesis that Msi2 is a master switch for invasion and metastasis that provides
essential support for TGF-B and Notch-dependent oncogenic in a subset of metastatic NSCLC. The objective of
this proposal is to expand our mechanistic data to characterize the functional roles of Musashi proteins in human
NSCLC cells and to test whether Msi2 overexpressing cells are more sensitive to y-secretase and TGF-p receptor
Type | kinase (TGF-BRI) inhibitors (Aim 1): as a developing physician-scientist, my bigger goal would then be
to develop a Phase I/11 trial focused on evaluation of these inhibitors using Msi2 as a biomarker for response. |
also aim to investigate if the expression of Msi2 is clinically predictive in tumor specimens from lung cancer
patients (Aim 2). A functional role for Msi proteins has never been identified or studied in NSCLC; of the two
Msi proteins, has almost all work has focused on Msil. | hope these studies of Msi2 will improve understanding
of what drives NSCLC, and suggest improved treatment strategies.

Aim 1: Evaluate the functional role of Msi2 in human lung cancer cell lines. Human and murine cell lines with
depleted or overexpressed Msi2 will be used for functional assays in vitro and orthotopic xenograft studies in
mice. The functional role of Msi2 in regulating Numb/Notch, TGF-B and markers of epithelial-mesenchymal
transition (EMT) in NSCLC pathogenesis will be characterized. Msi2 manipulated lung cancer cells will be
treated with y-secretase and TGF-PB receptor Type I kinase (TGF-BRI) inhibitors, to determine if those are
differentially sensitive to these drugs, and that treatment with these agents will reduce tumor invasion and
metastasis.

Overall, 65% completed.

Subtask 1: Confirmation of Msi2 function in human NSCLC models. Cell lines: H358, A549; H441, H322, 293T
(MD Anderson / ATCC). SALl: Cell proliferation assays: second method of measuring proliferation,
performing automated counting DAPI-stained nuclei using high throughput equipment in the institutional
translational science facility. 1-6 months. 100% completed.

Subtask 2: Validation of functional significance of Msi2-dependent signaling effectors. Cell lines used: 344SQ,
A549, H358, H441, H322, 293T (MD Anderson / ATCC). 1-18 months. 100% completed.

Subtask 3: Determination of the role of Msi2 in NSCLC response to Notch and TGF-f targeting drugs (in SCID
mice). Cell lines used: H358, A549 (MD Anderson / ATCC). 12-24 months. 40% completed.

Aim 2: Establish how Msi2 expression predicts tumor phenotypes, patient outcomes, and invasion-related
signaling in primary human NSCLC tumors. We will analyze lung cancer tissue microarrays for Msi2 expression
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Principal Investigator: Yanis Boumber, MD, PhD
relative to normal lung tissues, and Msi2 correlation with stage, grade, and survival in lung cancer patients. We
will determine whether Msi2 expression correlates with expression of Numb, Notch pathway activity, TGF-p R1
and SMAD3 expression, and therapeutic response.

Overall, 5% completed.

Subtask 1: Obtain UNM SRC and FCCC Committee Approvals for the construction and use of TMAs. 1-3 months.
100% completed.

Subtask 2: Analyze expression of Numb, activated Notch, and HES1, TGF-BRI, phosphorylated SMAD3 and
correlate it with Msi2 expression and patient and tumor data in lung cancer tissue microarrays (UNMHSC), using
Aperio Scan Scope CS. 12-22 months. 0% completed.

SA1: Msi2 Specificity control experiments on the TMAs using MSI2-knockdown vs control cell lines that will be
paraffin embedded and stained in parallel manner to TMA. In addition, we will use 2d alternative Msi2 antibody
to validate our data if needed (Abcam #ab50829, or ab156770).12-22 months. 0% completed.

Generally, the goals will not change from one reporting period to the next and are unlikely to change during the
final reporting period. However, if the awarding agency approved changes to the goals during the reporting period,
list the revised goals and objectives. Also explain any significant changes in approach or methods from the agency
approved application or plan.

What was accomplished under these goals?

Major activities for this project as per major goals outlined above included an extensive series of experiments as
outlined in (3) below and required applications of various molecular, cancer biology and cell biology experimental
procedures, and included primarily in vitro and cell culture approaches, with currently ongoing animal
experiments which have not yet resulted, being performed in mice.

Specific objectives, once again, included expanding our mechanistic data to characterize the functional roles of
Musashi proteins in human NSCLC cells and to test whether Msi2 overexpressing cells are more sensitive to y-
secretase and TGF-P receptor Type I kinase (TGF-BRI) inhibitors (Aim 1): as a developing physician-scientist,
my bigger goal would then be to develop a Phase I/11 trial focused on evaluation of these inhibitors using Msi2
as a biomarker for response. | also aim to investigate if the expression of Msi2 is clinically predictive in tumor
specimens from lung cancer patients (Aim 2). A functional role for Msi proteins has never been identified or
studied in NSCLC; of the two Msi proteins, has almost all work has focused on Msil.

Significant results and major findings. The narrative and 8 corresponding figures below generally match Aim
1 of the grant, which has been 65% completed. Sub-Aim 3 experiments (“mouse trials”) are nearly half done, and

Page 5



remaining  experiments are  currently
ongoing.MSI2  depletion in metastatic
NSCLC cells inhibits invasion in vitro and
has minimal effect on proliferation in
NSCLC. Based on expression profiles of
NSCLC cell lines available through the
Cancer Cell Line Encyclopedial, we identified
the human NSCLC cell lines A549

(KRASMUY and H358 (KRASMULTP537)
as metastasis-competent adenocarcinoma
cell lines with high expression of MSI2. We
previously used shRNA depletion of these
and two metastatic murine NSCLC cell lines
(344SQ and 531LNZ2) to further study the role
of MSI2 in metastasis. Similar results were
obtained using transient siRNA transfections
to deplete MSI2 as well, which we recently
published (Kudinov et al?). To complement
these studies, we now generated two
additional MSI2-depleted and control human
cell lines, A549 and H358 (Figure 1A). MSI2
depletion consistently and significantly
reduced invasion through Matrigel for all
lines, including A549 and H358 cell line
models (Figure 1 B, C). As indicated in the
CDA, we also analyzed cell proliferation
upon MSI2 depletion. For three of the four
cell lines (344SQ, A549, and H358),
depletion of MSI2 had no effect on cell
proliferation in vitro (Fig 1 L, M), using both
CellTiterBlue (CBT) and complementary
DAPI cell counting as was requested by the
DOD CDA grant reviewers per SA1 goals.

In a reciprocal approach, as outlined in
Aiml of the proposal, we recently
overexpressed MSI2 in cell lines with low
MSI2 levels. We initially planned to
overexpress MSI2 in H441 and H322 cell
lines. However, we were unable to reliably
overexpress MSI2 in H441 cell line, and
therefore we used an alternative approach by
overexpressing MSI2 in 393P murine cell line.
Later, we were able to successfully
overexpress MSI2 in H322 cell line as well. In
view of these slight, likely technical, changes,
we first generated functional data for the 393P
cells, and we have recently generated the
H322 cell lines, control and MSI2-
overexpressing lines (Fig. 5 H; functional
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Fig. 1. Elevated MSI2 expression supports NSCLC invasion with minimal effects on
proliferation. (A) Western validation of MSI2 depletion with two independent shRNAs (-m1, -m2, —
h1, and —h2) in indicated cell lines, relative to control shRNA (SCR)-depleted cells. (B, C) Quantified
(H) and representative (I; for 344SQ cells) data for invasion for models shown (D, E) proliferation
results for indicated cell lines using CBT (D) and DAPI (E).
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Fig. 2. MSI2 depletion controls the expression of TGFbR1, SMAD3 and NOTCH pathway proteins. (A, B and
C) Western analysis of expressicn of TGFBR1 (A) and SMAD3 (B) and NUMB (C) in murine and human NSCLC
cell lines with stably depleted MSI2. Graphs represent data from 3 independent runs. For all graphs,*P < 0.05, **P
< 0.01, and ***P < 0.001 relative to SCR (scrambled shRNA) controls. (D) Western analysis of expression of Notch
pathway —related proteins in 344SQ and A549 MSI2-expressing (3'SCR, 5'SCR) and MSI2-depleted (3" and 5' m1,
m2) cells (E, F) RT-PCR expression of NOTCH pathway related genes in 3445Q (E) and A549 (F) MSI2-
expressing (3'SCR, 5’SCR) and MSI2-depleted (3’ and 5" m1, m2) cells.
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proliferation and invasion data for
H322 cell line are currently pending/
ongoing). In 393P non-metastatic
cells, which have low endogenous
levels of Msi2. MSI2 overexpression
did not affect 393P proliferation
(Fig 4A), but greatly increased
invasion through Matrigel (Fig 4B,
C). Finally, analysis of migration
independent of invasion (Kudinov et
al?) showed limited effects of MSI2
depletion. We therefore focused
subsequent analysis on mechanistic
analysis of invasion-related signaling.

Candidate-based and  unbiased
investigation of MSI2-regulated
signaling.

Direct MSI2 translational targets
defined in other cell types that might
be relevant to the invasiveness of
NSCLC cells and tumors include the
TGF-B receptor (TGFBRI1) and its

Principal Investigator: Yanis Boumber, MD, PhD
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Fig. 3. MSI2 depletion controls the expression of indirect and direct targets relevant to invasion and
EMT. (A and B) Western analysis of FN1 (A) and CLDN7, CLDN5, and CLDN3. (B) In murine and human
NSCLC cell lines in the context of MSI2 depletion with independent targeting shRNAs (-m1/-m2, —h1/-h2).
SCR, control scrambled shRNA. Graphs represent data from four independent runs .) (C) Western (Top)
and qRT-PCR (Bottom) analysis of E-Cadherin expression in 4 NSCLC cell line models with / without
depleted MSI2. Graphs represent data from 3 independent runs. For all graphs, *P < 0.05, **P < 0.01, and
***P < 0.001 relative to SCR (scrambled shRNA) controls. (D) Immunofluorescence analysis of E-Cadherin
staining in 344SQ murine (Top) and H358 human (Bottom) NSCLC cell lines, with or without depleted
MSI2. Blue, DAPI; red, E-Cadherin. (Scale bars, 30 um).

effector SMAD3®, which promote epithelial-mesenchymal transition (EMT) by downregulating E-cadherin
(CDH1) and inducing other transcriptional changes*. We found that stable or transient MSI2 knockdown caused
strong downregulation of TGFBR1 and SMAD3, predominantly at the protein level, in all 4 models (Fig 2A, B).
Reciprocally, exogenous overexpression of MSI12 induced TGFBR1 and SMAD3 expression in 393P, H322 cells
and caused loss of CLDN3, CLDN5 and CLDN?7 expression in the 393P cell line (Fig 5 D, E, H).

While some studies suggested expression of the NOTCH regulator NUMB, is influenced by MS11/2°, we found
no consistent and significant differences in NUMB in MSI2-depleted cells (Fig S6D), supporting the idea that

regulation of NUMB by A B o il

MSI1/2 may depend on =& o P R i

celllar context® & To NN O®| ==|= 5° r W W fos ﬂ

investigate NOTCH ZTQ — o - Fos

pathways Signaling in more Vi FSCRmime SR SCRALD O SCR-mim2 SCR-MLh2 SCR-Mh2
depth, we tested for NOTCH- ‘, ”. ‘l‘ . - ‘60 34450 22534;92 Hase 344sQ ASas  Hase

3 / NOTCH-1 RNA and rox 8 S e i FoA0e .
protein expression in 344SQ [ =<f ~=] -~ o  §o . ﬁﬁ:lm m -

and 531LN2 cells (NICD =@ -y - 83

protein level was tested in o> @ "= J = g 1

SLUG

344SQ cells as well), Fig. 2 20 Aoty hgpe SR SCasa” SRS SR
D-F. Surprisingly, this data MFDE , e - " stue
demonstrated an = [@ | ™ ﬂ ﬂ -

upregulation of NOTCH s foo Sos

pathway  upon  MSI2 [wws|seme|eeelo “"33;5

TR ' 1 1 T
SCR -m1-m2 SCR -h1-h2 SCR -hi-h2

depletion. Luciferase reporter -y

data using RBP-Jk reporter

0
SCR-m1-m2 SCR-h1-h2 SCR-hi-h2 SCR-m1-m2 SCR-h1-h2 SCR-hi.h2
A543 H358 344SQ AS549 H3s8 344sQ Ag‘ig Has8

(Qiagen) in 344SQ and Fig. 4. MSI2 depletion: discovery of additional relevant MSI2-regulated EMT proteins. Western

531LN2 cells has shown blot analysis (A) and quantification (B) of MSI2, ZEB-1, ZEB-2, FOXC2, SNAIL, SLUG, VMN (vimentin)
versus beta-actin loading control in 344SQ, A549 and H358 cell lines expressing MSI2 (SCR) or
depleted of MSI2 (-m1, -m2, -h1, -h2).
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Fig. 5. MSI2 overexpression: functional and signaling effects validation of MSI2 effects in 393P cell line. A. Quantification of CellTiterBlue (CTB) proliferation
assays of 393p/M2a and 393p/M2b MSI2-overexpressing clones vs 393p/cDNA control cell lines. B., C. Quantification (B) and representative image (C) of Matrigel
invasion analysis of 393p/cDNA control and 393p/M2a and 393p/M2b MSI2 overexpressing cell lines. D, E. Western blot analysis of indicated proteins in the 393P cell
line, overexpressing MSI2 (393p/M2a and 393p/M2b versus the 393p/cDNA control cell line). All graphs: *, p<0.05; *, p<0.01; ***, p£0.001 relative to controls. F., G.
Western blot analysis (C) and quantification (D) of MSI2, E- Cadherin, vimentin, SLUG and SNAIL protein expression 393p/cDNA control and 393p/M2a and 393p/M2b
MSI2 overexpressing cell lines. All graphs: *, p<0.05; *, p<0.01; ***, p<0.001 relative to controls. H. Western blot analysis of indicated proteins in the H322 cell line,
overexpressing MSI2 (H322/M2a and H322/M2b versus the H322/cDNA control cell line).

We previously used Reverse Protein Phase Array (RPPA) to query 171 total and phospho-proteins for
expression changes associated with Msi2 knockdown using control shRNA and Msi2-targeted shRNA
derivatives of 344SQ cells?. This work suggested a number of novel candidates associated with Msi2 expression
and relevant to control of EMT and invasion. Proteins with the greatest magnitude of response to Msi2 depletion
that were subsequently validated by low throughput Western analysis included the tight junction (TJ)-associated
protein claudin 7 (CLDN7)"°, elevated 19.4-fold, and the ECM protein fibronectin (FN1)-13 elevated 2.5-
fold?. Subsequent independent evaluation confirmed these RPPA results, as MSI2 depletion significantly elevated
FN1 mRNA (4.0-9.4-fold) and protein (2.4-23 fold) in all 4 cell lines. While initially not planned, we expanded
investigations of the EMT-related claudin proteins, and we indeed found elevated CLDN?7 protein (2.5-28 -fold)
in 3 of the 4 cell lines (Fig 3B). Results were independently confirmed using transient sSiRNAs to deplete MSI2
(Kudinov et al?). NSCLC cells have been shown to express multiple claudins with partially redundant
function!*, most not represented in the RPPA panel. In direct testing, we found MSI2 depletion also
induced CLDN3 and CLDNS5 in all 4 cell lines at the protein level (3.8-22 fold for CLDN3 and 3.4-41 fold for
CLDNS5) (Fig 3B), making restraint of claudin expression a consistent feature of MSI2 function. Studies of
the MSI proteins (predominantly focused on MSI1) have defined these proteins as RNA-binding proteins that
regulate mRNA translation® 116, The induction of claudins may reflect a combination of transcriptional
and post-transcriptional consequences of MSI2 depletion, as the mRNA level shows induction less marked
than at the protein level (Kudinov et al?). However, the claudin mRNAs lack [(G/A)U(n)AGU (n = 1-3)]
consensus motifs for MSI2 binding described in Wang et al*’, suggesting direct regulation of translation is
not involved.

Depletion of MSI2 affects the composition of cell-cell junctions and causes partial EMT. Based on the action
of MSI2 in supporting the expression of TGFBR1 and SMAD3, while repressing CLDN3, CLDN5, CLDN?7, and
FN1, we hypothesized that the reduced invasiveness of MSI2-depleted cells might reflect changes involving TJs
and reduced EMT, associated with elevated E-cadherin (CDH1). Unexpectedly, total epithelial protein E-
cadherin protein expression was decreased by MSI2 depletion, while mRNA levels were not consistently
affected (Fig. 3C); immunofluorescence analysis confirmed that expression of E-cadherin at cell-cell junctions
was much reduced by MSI2 depletion (Fig 3D). In contrast, there was a significant increase in CLDN3 and

Page 8



Principal Investigator: Yanis Boumber, MD, PhD
CLDNY staining at cell-cell contact points, while TIP1 (ZO-1), which localizes to the cytoplasmic surface of TJs,
was unaffected (Kudinov et al?).

Based on the effects of MSI2 in regulating EMT-related signaling, we *u=, g PR - N ey B
examined expression of additional proteins associated with mesenchymal == =271 “’“7..56
identity (Fig 4A, 4B). MSI2 depletion upregulated the pro-EMT factors = =«|== [0 cou B 1o
ZEB1, ZEB2 and FOXC2 but downregulated VIM (vimentin), SLUG and === “=___Z 22"
SNAIL. Conversely, MSI2 overexpression in 393P cells induced CDH1, .:[sss T
VIM, SNAIL and SLUG (Fig 5F, G). Collectively, these data indicated a swe@ees [ sefe
mixed effect of MSI2 depletion on EMT. B“'?f o[ Em———o
MSI2 regulation of invasion via TGFAR1, SMAD3 and CLDN7. To assess st tae  omite
the functional interaction between MSI2, its direct targets TGFBR1 and ™ il I ’“
SMAD3, and claudins, we depleted SMAD3 or TGFBR1 in MSI2-depleted :: e ﬂf,ff_; .':"m
versus control cell lines. SMAD3 knockdown reduced CDH1 expression  ces S ciovs &
levels in both parental and MSI2-depleted lines (Fig 6A, B). By contrast, =" ssw/® v = - ==em®
the relationship between TGFPR1 and CDH1 expression was modulated B% ﬁ;:_'—_J
by MSI2 status, with the TGFBR1 knockdown elevating CDH1 eXPresSion | e wm w Fo | e 0

in the parental cell lines, but reducing it in MSI2-depleted cell lines (Fig © .=
6A, B). Importantly, depletion of TGFBR1 or SMAD3 caused a H
statistically significant decrease in invasion in SCR-depleted NSCLC cell
lines, but not in those with depleted MSI2 (Fig 5C). Conversely,
overexpression of TGFBR1 partially but incompletely rescued the decrease
in invasion seen in MSI2-depleted cells (Kudinov et al?), suggesting other
contributing factors.

The profile of mixed pro- and anti-EMT changes, and incomplete rescue
by TGFBRL1 overexpression, suggested a possible important role for
claudin-associated TJs in limiting NSCLC invasion induced by MSI2-

Gl2 m |32§m1 sm2 GL2 th1_ B2 sml_sm2

Glz 781 Th2 Sm1 sm2

GLZ TR1 TB2 Sm1 Sm2

SCR

Fig. 6. Functional interaction of

dependent TGFBR1/SMAD3 signaling. Exploring the relationship between
these proteins, we found that SIRNA depletion of TGFBR1 or SMAD3 did
not significantly affect the expression of CLDN3, CLDN7, or MSI2. This
indicated that MSI2 regulates CLDN3/CLDN7 expression independently of
TGFBR1 and SMAD3 (Fig 6A, B). Importantly, depletion of TGFBR1 or
SMAD3 caused a statistically significant decrease in invasion in SCR-
depleted NSCLC cell lines, but not in those with depleted MSI2 (Fig 6 C).

Determination of the role of Msi2 in NSCLC response to Notch and
TGF-p targeting drugs.

We hypothesized that MSI2 expression can affect drug
responses.

Here, we also initiated experiments to determine whether Msi2
expression conditions response to y-secretase and TGF-B receptor Type I
kinase (TGF-BRI) inhibitors, as predicted by its regulation of NUMB/Notch
and TGFB/SMAD?2/3 pathways. We performed 1C50 determinations, as well
as invasion assays as described in preliminary data, for drugs used in clinical
trials against solid tumors. We will assess RO-4929097, a small molecule y-
secretase inhibitor which blocks Notch signaling®®, and LY2157299" 18 a

MSI2 with TGFRR1, SMAD3, FN1, E-
Cadherin, and CLDN3 and CLDN7.
(A) Western for expression of
indicated proteins in the 344SQ and
A549 cell lines with (-m1 and —-h1) or
without (SCR) shRNA depletion
ofMSI2, and with (—sm1, —sm2, and —
Sm1, —Sm2) or without (GL2) siRNA
depletion of SMAD3. (B) Western for
expression of indicated proteins in the
34435Q, A549 cell lines with (m1 and
h1) or without (SCR) shRNA depletion
of MSI2, and with TGFBR1 (—tp1, —tp2
and -TB1, —TR2) or without (GL2)
siRNA depletion of TGFBR1. (C)
Quantification of results from 3
independent Matrigel invasion assays
for 3445Q and A549 with (-m1 and —
h1) or without (SCR) shRNA depletion
of MSI2, in the context of additional
siRNA depletion of TGFRR1 (@1, —
tB2 and -TR1, —TR2) or SMAD3 (-
sm1, -sm2 and -Sm1, -Sm2) vs
siRNA negative control (GL2). *P <
0.05 and *™P < 0.001 relative to
controls.

small molecule inhibitor of the TGF-BRI kinase activity, in Msi2-manipulated versus control cells. We used
A549 and H358 human NSCLC cell lines with endogenous or transiently / stably depleted Msi2, or overexpressed
Msi2. Briefly, these cell lines will be plated in 96 well plates; 24 hours after plating, drugs or vehicle will be
added, and 72 hours later, cells will be analyzed by CellTiterBlue for reduction in proliferation. As described in
Figure 7 (A, B), preliminary in vitro results in 344SQ and A549 cell lines demonstrated increased sensitivity of
MSI2-depleted cells (3’74, 3’75 and A’9, A’11) to RO-4929097 gamma-secretase compound. In contrast, we did
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not observed significant difference in 1C50 curves between MSI2-expressing or MSI2-depleted 344SQ cells
treated with LY 2157299 TGFbR1 inhibitor. In vivo mouse experiments are currently pending. LY2157299 mouse
trials using A549, H358 MSI2-manipulated cell line xenografts are about 70% completed, while RO-4929097
mouse experiments are planned for the Fall of 2016.

Taken together, we conclude that MSI2 5
stimulates invasion in lung cancer in part by
sustaining TGFBR1 signaling and suppressing
the expression of CLDN7 and potentially other
claudins. Our study for the first time shows
that elevation of MSI2 expression progressing
NSCLC supports tumor cell invasion and
metastasis by modulating TGFp- dependent
EMT, and repressing claudin expression (Fig.
8).

Roche IC50 Roche IC50

PIPIee e
Sk oo =ik
LPees e
S N SR =)

IC 50 Lilly
SelleckChem

75 AB

Claudin 7 0.2
Claudin 3
Claudin 5
sl 0.1 ——3SAB ——3
B> ;
0.0001M 0.001M
Invasion 0.1
SNAIL ZEB-1
SLUG ZEB-2

FOXC2 Fig. 7. IC50 curves for gamma-secretase and TGFbR1 inhibitors in NSCLC cell lines. (A) Roche

—1S G —

75 8C

M 0.00001M 0.0001M 0.001M

. S— R— gamma-secretase inhibitor IC50 curve shows increased sensitivity of MSI2-depleted cells to the
Fig. 8. Model for MSI2 action in coordinating EMT and compound relative to control (3'S) in 344SQ and A’ S in A549 (B) Lilly TGFbR1 inhibitor shows
invasion potential. similar activity against MSI2-expressing (S) and MSI2-depled (75) cells in 344SQ cell line.

What opportunities for training and professional development has the project provided?
I have attended 2016 AACR where MSI2 data poster was successfully presented. | have interacted with several
scientists working on RNA-binding proteins in the USA and Asia.

How were the results disseminated to communities of interest?

Our MSI2 PNAS publication sparked significant interest in scientific community. This was illustrated by a feature
report in a weekly publication, June 23, 2016 BioCentury Innovations. BioCentury Inc. was founded in 1992 by
David Flores, President and CEO, and Karen Bernstein, Ph.D., Chairman. This is a "first-in-class" biotech-
focused business journal that provides independent, authoritative intelligence built on in-depth and accurate
reporting. Their mission is to identify and communicate the essential scientific, business, financial and public
policy actions required to successfully bring progressive medical solutions to patients. BioCentury
Innovations (formerly SciBX) specifically identifies commercially promising translational science and assesses
the next steps required to develop the technology.

In addition, press release is planned for October 2016 at Fox Chase Cancer Center web-site, to feature MSI2
NSCLC story as one of the innovative scientific breakthroughs at the Center.

What do you plan to do during the next reporting period to accomplish the goals?

We plan to complete the remaining experiments for the Aim 1 (mouse trials using RO-4929097 and LY?2157299
compounds, including HE staining of mouse xenograft A549, H358 tumors, and data analysis). We also plan to
complete the Aim 2 entirely. Completion of Aim 2 will involve analysis of the human tissue microarrays for
signaling proteins supported by MSI2. These specimens will be stained and analyzed for the expression of Ki-67,
TGF-BRI, phosphorylated SMAD3 and Numb. Expression of activated, cleaved Notch will also be measured, and
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Hes1 expression will be used as an endpoint indicator of Notch pathway activity. TMAs will be analyzed for
correlation of Msi2 expression with pathologic stage, lymph node status, presence of metastasis, grade. We will
determine whether Msi2 expression correlates with expression of Numb, activated Notch, and HES1, TGF-BRI,
phosphorylated SMAD3, as predicted by in vitro studies.

4. IMPACT

What was the impact on the development of the principal discipline(s) of the project?

MSI2 work we published has advanced the field of RNA-binding proteins biology. In particular, it is the first
work to describe MSI2 role in driving NSCLC progression. It was also the first report to describe regulation of
claudins by MSI2, which may have important implications of understanding how NSCLC develops.

What was the impact on other disciplines?
Our findings may indirectly affect pharmacology and drug development fields. Since NSCLC is being driven by
MSI2, our publication may spark an increase interest in developing MSI2 inhibitors for cancer therapy.

What was the impact on technology transfer?
Nothing to report

What was the impact on society beyond science and technology?
| believe that our project that focuses on lung cancer may draw additional interest from general public in
understanding and awareness of lung cancer burden and impact on patients around the country.

5. CHANGES/PROBLEMS

Changes in approach and reasons for change
No changes anticipated, nothing to report

Actual or anticipated problems or delays and actions or plans to resolve them
No delays anticipated, nothing to report

Changes that had a significant impact on expenditures
Nothing to report

Significant changes in use or care of human subjects, vertebrate animals, biohazards, and/or select agents
Nothing to report

6. PRODUCTS

Publications, conference papers, and presentations:

Journal publications

Kudinov AE, Deneka A, Nikonova AS, Beck TN, Ahn YH, Liu X, Martinez CF, Schultz FA, Reynolds S, Yang
DH, Cai KQ, Yaghmour KM, Baker KA, Egleston BL, Nicolas E, Chikwem A, Andrianov G, Singh S, Borghaei
H, Serebriiskii 1G, Gibbons DL, Kurie JM, Golemis EA, Boumber Y. Musashi-2 (MSI2) supports TGF-3
signaling and inhibits claudins to promote non-small cell lung cancer (NSCLC) metastasis. Proc Natl Academy
Science U S A. 2016 Jun 6; PubMed PMID: 27274057.

Acknowledgement of federal support (yes)

Alexander Kudinov, Alexander Deneka, Anna Nikonova, Ilya Serebriiskii, Tim N. Beck, Qi Cai, Brian L.
Egleston, Emmanuelle Nicolas, Hossein Borghaei, Don Gibbons, Jonathan Kurie, Erica A. Golemis and Yanis
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Boumber. “Musashi-2 (MSI2) drives TGFBR1/SMAD3 dependent partial EMT and supports VEGFR2 expression
and metastasis of human and mouse NSCLC cells.”” AACR 2016 abstract # 1584. Proceedings: AACR 105th
Annual Meeting; Apr 12-22, 2015; New Orleans, LA. Published.
Acknowledgement of federal support (yes)

Books or other non-periodical, one-time publications
Nothing to report

Other publications, conference papers, and presentations

Alexander Kudinov, Alexander Deneka, Anna Nikonova, Young-Ho Ahn, Xin Liu Liu, llya Serebriiskii, Andrey
Efimov, Dong-Hua Yang, Mark Andrake, Emmanuelle Nicolas, Brian Egleston, Hossein Borghaei, Don Gibbons,
Jonathan Kurie, Erica Golemis and Yanis Boumber. “Musashi-2 (MSI2) activates TGF-§ signaling and inhibits
CLDN?7 to promote non-small cell lung cancer (NSCLC) metastasis.” Presented at AACR 104th Annual Meeting;
Apr 12-22, 2015; Philadelphia, PA.

Acknowledgement of federal support (yes)

Website(s) or other Internet site(s)
Nothing to report

Technologies or techniques
Nothing to report

Inventions, patent applications, and/or licenses
Nothing to report

Other Products

We have generated additional MSI2-depleted (A549, H358) or overexpressing (H322, 393P) cell lines, which are
useful research tools to study MSI2. While those are currently only used in our laboratory, we are open to sharing
it with scientific community (independent labs or investigators, Addgene, other sources).

7. PARTICIPANTS & OTHER COLLABORATING ORGANIZATIONS

What individuals have worked on the project?

Name: Alexander Kudinov, MD

Project Role: Postdoctoral fellow

Researcher Identifier (e.g., ORCID ID): N/A

Nearest calendar month worked: 6

Contribution to Project: Dr. Kudinov performed the majority (~80%) of experiments for this project and
performed at least half data analysis (see significant results and major findings and PNAS paper).

Funding Support: UNM Cancer Center Support Grant (NIH, P30 CA118100) developmental funds.

Name: Yanis Boumber, MD, PhD

Project Role: Pl

Nearest calendar month worked: 5

Researcher Identifier (e.g., ORCID ID): N/A

Contribution to Project: Dr. Boumber performed some (~5-10%) of the preliminary experiments for this project
(see Significant results and major findings and PNAS paper) and supervised the project, key experiments, and
wrote PNAS paper

Funding Support: Institutional Funds
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Name: Erica Golemis, PhD
Project Role: Pl
Nearest calendar month worked: 1
Researcher Identifier (e.g., ORCID ID): N/A
Contribution to Project: Dr. Golemis supervised the project, key experiments, and wrote PNAS paper
Funding Support: R21 CA181287 and R01 CA063366 (to EAG); NIH Core Grant CA006927 (to Fox Chase
Cancer Center).

Name: Alexander Deneka, MD

Project Role: Graduate student

Researcher Identifier (e.g., ORCID ID): N/A

Nearest calendar month worked: 1

Contribution to Project: Dr. Deneka performed the several key (~15%) experiments for this project, including the
majority of animal studies which have been completed, and also assisted with data analysis (see significant results
and major findings of this report, and PNAS paper).

Funding Support: R21 CA181287 and R01 CA063366 (under EAG); and by the NIH Core Grant CA006927 (to
Fox Chase Cancer Center). Russian Science Foundation project 15-15-20032 (to AD).

Name: Anna Nikonova, PhD

Project Role: Postdoctoral fellow

Researcher Identifier (e.g., ORCID ID): N/A

Nearest calendar month worked: 1

Contribution to Project: Dr. Nikonova some of the experiments (5%) and some data analysis for this project and
also supervised Dr. Kudinov and Dr. Deneka in some key experiments, including animal experiments and
Westerns

Funding Support: R21 CA181287 and R01 CA063366 (under EAG); and by the NIH Core Grant CA006927 (to
Fox Chase Cancer Center).

Name: Brian Egleston, PhD

Project Role: Statistician

Researcher Identifier (e.g., ORCID ID): N/A

Nearest calendar month worked: 1

Contribution to Project: Dr. Egleston performed some key statistical analysis for this project, and supervised Dr.
Kudinov and Dr. Deneka in data analysis (see Significant results section of this report and PNAS paper).
Funding Support: by the DOD CDA (current award), P30 CA006927 grant to Fox Chase Cancer Center
biostatistics department, and by the NIH Core Grant CA006927 (to Fox Chase Cancer Center).

Name: Helen Hathaway, PhD

Project Role: Collaborator

Researcher Identifier (e.g., ORCID ID): N/A

Nearest calendar month worked: 1

Contribution to Project: Dr. Hathaway is a Director of Animal facility at UNMCC. She helped design and
implement animal protocols and mice experiments (intra-thoracic injections, gavages) and supervised Laura
Laidler, Alexander Kudinov and Helen Nordquist in ongoing animal experiments (some of these data are being
analyzed).

Funding Support: NIH, P30 CA118100 UNM Cancer Center Core Grant — Animal Modeling Shared Resource

Name: Laura Laidler, MS
Project Role: technician, animal experiments
Researcher Identifier (e.g., ORCID ID): N/A
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Nearest calendar month worked: 1
Contribution to Project: Dr. Laidler performed some key animal experiment for this project, including ongoing
intra-thoracic injections, gavages, drug studies in mice, and supervised Dr. Kudinov and Ms. Nordquist animal
work (some of these data are being analyzed).
Funding Support: NIH, P30 CA118100 UNM Cancer Center Core Grant — Animal Modeling Shared Resource

Name: Helen Norquist, BS

Project Role: undergraduate student, animal experiments assistant

Researcher Identifier (e.g., ORCID ID): N/A

Nearest calendar month worked: 4

Contribution to Project: Ms. Nordquist performed some animal experiment for this project, including assistance
with intra-thoracic injections, gavages, drug studies in mice (some of these data are being analyzed).

Funding Support: Dr. Boumber’s UNM Start-up funds.

Has there been a change in the active other support of the PD/PI(s) or senior/key personnel since the last
reporting period?
Nothing to report

What other organizations were involved as partners?

Fox Chase Cancer Center — academic institution and a major cancer center

-provided statistical support, and overall guidance, collaboration and supervision for the project, computer and
lab equipment

UNM Comprehensive Cancer Center — academic institution
-provided financial support and collaboration, computer and lab equipment
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Non-small cell lung cancer (NSCLC) has a 5-y survival rate of ~16%,
with most deaths associated with uncontrolled metastasis. We
screened for stem cell identity-related genes preferentially expressed
in a panel of cell lines with high versus low metastatic potential,
derived from NSCLC tumors of Kras"A1/+;P53R172HAG/+ (Kp) mice.
The Musashi-2 (MSI2) protein, a regulator of mRNA translation,
was consistently elevated in metastasis-competent cell lines. MSI2
was overexpressed in 123 human NSCLC tumor specimens versus
normal lung, whereas higher expression was associated with disease
progression in an independent set of matched normal/primary
tumor/lymph node specimens. Depletion of MSI2 in multiple in-
dependent metastatic murine and human NSCLC cell lines reduced
invasion and metastatic potential, independent of an effect on
proliferation. MSI2 depletion significantly induced expression of
proteins associated with epithelial identity, including tight junc-
tion proteins [claudin 3 (CLDN3), claudin 5 (CLDNS5), and claudin 7
(CLDN7)] and down-regulated direct translational targets associ-
ated with epithelial-mesenchymal transition, including the TGF-f
receptor 1 (TGFBR1), the small mothers against decapentaplegic
homolog 3 (SMAD3), and the zinc finger proteins SNAI1 (SNAIL)
and SNAI2 (SLUG). Overexpression of TGFpRI reversed the loss of
invasion associated with MSI2 depletion, whereas overexpression
of CLDN7 inhibited MSI2-dependent invasion. Unexpectedly, MSI2
depletion reduced E-cadherin expression, reflecting a mixed epithelial-
mesenchymal phenotype. Based on this work, we propose that MSI2
provides essential support for TGFBR1/SMADS3 signaling and con-
tributes to invasive adenocarcinoma of the lung and may serve as
a predictive biomarker of NSCLC aggressiveness.

MSI2 | NSCLC | metastasis | lung cancer | claudins

Non—small cell lung cancer (NSCLC) is the leading cause of
cancer-related deaths in the world (1). Approximately 7% of
individuals born in the United States in 2013 will ultimately be di-
agnosed with lung cancer, and 160,000 die from this disease each
year (1). The 5-y survival rate for lung cancer is around 16% of
diagnosed cases (2). Much of the lethality of lung cancer is due to
frequent diagnosis of the malignancy at the metastatic stage, when
fundamental changes in tumor biology cause the disease to be
refractory to many treatments. A better understanding of the
biological processes that promote NSCLC metastasis promises
to further improve clinical care of the patients.
Kras™1/+;p53R172HAG (KP) mice provide a useful and well-
validated model for the study of NSCLC metastasis. These mice

www.pnas.org/cgi/doi/10.1073/pnas.1513616113
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combine a mutant p53 allele (p53%/7°#2%) with an activating

KrasGI2D allele (Kras™*') (3), leading to development of ade-
nocarcinomas resembling human NSCLC, which are often
characterized by mutation of KRAS (~30%) (4) and loss of TP53
(~60%) (5). Many of the KP tumors metastasize to sites com-
monly seen in NSCLC patients (3). These features make the KP
murine model a useful tool with which to evaluate factors that
underlie NSCLC metastasis. Among the pathways activated in
metastasis, a significant number are associated with tumor-ini-
tiating progenitor cell populations (6-12). In this study, using cell
lines with high or low metastatic potential derived from multiple
independent tumors arising in KP mice (13), we evaluated a set
of genes associated with progenitor cell identity as candidate
regulators of the invasive and metastatic properties of NSCLC
tumors. As described later, this work for the first time, to our

Significance

The evolutionarily conserved RNA-binding protein Musashi-2
(MSI2) regulates mRNA translation and influences multiple bi-
ological processes, including maintenance of stem cell identity.
This work for the first time, to our knowledge, identifies that
more aggressive patient tumors have higher MSI2 levels. We
define a critical role for MSI2 in supporting non-small cell lung
cancer (NSCLC) invasiveness and further define claudins 3, 5, and
7 (CLDNS3, CLDN5, and CLDN?), TGF- receptor 1 (TGFBR1), and the
small mothers against decapentaplegic homolog 3 (SMAD?3) as
targets through which MSI2 regulates this process. The observa-
tion that MSI2 expression is progressively elevated from an early
stage in human NSCLC tumors suggests that this protein may play
an essential role in the reprogramming of TGF- signaling from
growth-inhibiting to invasion-promoting during oncogenesis.
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knowledge, identifies elevated expression of the Musashi-2 (MSI2)
protein as a common driver of metastasis in NSCLC and defines its
mechanism of action in this disease.

Results

Up-Regulation of MSI2 Accompanies Metastasis in Mouse NSCLC Cells
and Human NSCLC Tumors. Using quantitative RT-PCR (qRT-PCR)
(see SI Appendix, SI Methods and Table S1), we compared the mRNA
expression of a candidate set of stem cell marker genes in a highly
metastatic (344SQ) versus a nonmetastatic (393P) NSCLC cell line (S7
Appendix, Fig. S14), both derived from primary tumors that developed
spontaneously in KP mice (13). Genes with a significant difference in
expression between these two cell lines were further assessed in a
panel of seven metastatic and seven nonmetastatic cell lines derived
from additional independent KP tumors. Msi2 expression was con-
sistently elevated in metastatic cell lines at both the mRNA and the
protein level (Fig. 1 A and B and SI Appendix, Fig. S1B). Msil, a
paralogue of Msi2, also displayed a trend toward elevated expression
in metastatic murine cell lines at the mRNA level, but this was not
observed at the protein level (SI Appendix, Fig. S1 C and D).

To assess whether MSI2 overexpression is physiologically relevant
in the context of human NSCLC, we first used Automated Quanti-
tative Analysis to analyze the protein expression of MSI2 in tissue
microarrays (TMAs) containing 123 primary human NSCLC tumors
and normal lung tissue (SI Appendix, Table S2). This analysis in-
dicated highly significant elevation of MSI2 in tumors compared with
normal tissue (Fig. 1C and SI Appendix, Fig. S1E). In contrast, par-
allel assessment of MSI1 expression did not reveal differences in
expression between normal lung tissue and primary NSCLC tumor
specimens (SI Appendix, Fig. S1F). Independent analysis of 59 primary
NSCLC tumors versus matching normal lung tissue data from The

Cancer Genome Atlas (TCGA) Research Network (cancergenome.
nih.gov/) indicated frequently elevated expression of MSI2 but not
MSI1 mRNA levels in tumor specimens (Fig. 1D), whereas
Kaplan-Meier plots analysis suggested higher levels of MSI2 were
associated with reduced overall survival (SI Appendix, Fig. S1G). In
addition, analysis of an independent cohort of matched NSCLC
specimens containing normal lung, primary tumor, and tumor-positive
lymph nodes from 14 individuals (SI Appendix, Table S3) demon-
strated significant 2.4-fold elevation of MSI2 levels in the primary
tumor and highly 4.5-fold elevation in the lymph nodes versus normal
lung tissue (Fig. 1 E and F). The progressive increase in MSI2 ex-
pression as human lung tumors metastasized from the primary site,
combined with data from the KP model, suggested a potential func-
tional and clinical relevance for MSI2 in regulating tumor progression.

MSI2 Depletion in Metastatic NSCLC Cells Inhibits Invasion in Vitro
and Tumor Dissemination in Vivo. Based on expression profiles of
NSCLC cell lines available through the Cancer Cell Line Ency-
clopedia (14), we identified the human NSCLC cell lines A549
(KRAS™") and H358 (KRAS™TP5377) as metastasis-compe-
tent adenocarcinoma cell lines with high expression of MSI2 (S/
Appendix, Fig. SIH). We used shRNA depletion of these and two
metastatic murine NSCLC cell lines (344SQ and 531LN2) to
further study the role of MSI2 in metastasis. Effective MSI2
mRNA and protein depletion were confirmed for four MSI2-depleted
cell lines, in reference to matching scrambled shRNA control cell
lines (Fig. 1G and SI Appendix, Fig. S1I). MSI2 depletion con-
sistently and significantly reduced invasion through Matrigel for
all lines (Fig. 1 H and I and SI Appendix, Fig. S1J). Similar results
were obtained using transient siRNA transfections to deplete
MSI2 (SI Appendix, Fig. S1 K and L). For three of the four cell
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Fig. 1. Elevated MSI2 expression supports NSCLC invasion. (A and B) Averaged values from qRT-PCR (A) and Western blot (B) analysis of MSI2 mRNA and protein
expression in seven metastatic versus seven nonmetastatic murine NSCLC cell lines. (C) Quantification of MSI2 expression in TMA of 22 normal and 123 NSCLC
specimens; significance was determined by Mann-Whitney test. (D) Analysis of TCGA data for MSI2 and MSI1 mRNA in 59 NSCLC specimens versus paired normal
lung samples. Dark red, percent of samples with tumor-up-regulated mRNA with a z score >3; red, up-regulation with a z score of 2-3; light red, up-regulation
with a z score >1. Dark blue, percent of tumor samples with an mRNA down-regulation z score >3; blue, down-regulation with a z score of 2-3; light blue, down-
regulation with a z score >1. (E and F) Immunohistochemical (IHC) assessment of MSI2 levels in normal lung, primary tumor, or lymph nodes, with representative
data (E) and averaged H scores (F). (G) Western validation of MSI2 depletion with two independent shRNAs (-m1, -m2, -h1, and -h2) in indicated cell lines,
referenced to control shRNA (SCR)-depleted cells. (H and /) Quantified (H) and representative (/; for 3445Q cells) data for Matrigel invasion for models shown in J.
(V) Pathologist-quantified number of independent metastases per lung (Left) and relative area of lung metastases (Right) 28 d after injection of orthotopic 344SQ
xenografts in 129Sv immunocompetent mice. (K) Quantification of K;-67 (Left) and cleaved caspase (Right) in orthotopic xenografts; caspase levels were low in all
specimens. For all graphs, *P < 0.05, **P < 0.01, and ***P < 0.001 relative to controls.
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lines (344SQ, A549, and H358), depletion of MSI2 had no effect on
cell proliferation in vitro (SI Appendix, Fig. S1 M and N), and Msi2
depletion did not affect in vitro growth of 344SQ spheroids in the
extracellular matrix (ECM) (SI Appendix, Fig. S2).

We next performed orthotopic lung injections of metastasis-
competent 344SQ cells with shRNA vector control or shRNA tar-
geting Msi2 into syngeneic, immunocompetent 129Sv mice. Msi2
depletion significantly reduced the burden of lung metastases fol-
lowing injection, predominantly affecting the total number of me-
tastases and to a lesser extent the size of individual metastases (Fig.
1J), whereas no statistically significant difference in K;-67 or cleaved
caspase staining was observed (Fig. 1K). In a complementary ex-
periment, an s.c. xenograft of 344SQ also indicated Msi2 depletion
induced no statistically significant difference in the growth of primary
xenografts or associated K;-67 or cleaved caspase staining (SI Ap-
pendix, Fig. S3 A and B). However, there was a significantly higher
metastatic burden in the lungs of mice bearing control versus Msi2-
depleted tumors (SI Appendix, Fig. S3D). In this case, the difference
in metastatic area predominantly reflected differences in numbers of
metastatic foci, with K;-67 and caspase staining comparable between
control and MSI2-depletion groups (SI Appendix, Fig. S3 E and F).
In a reciprocal approach, we overexpressed MSI2 in 393P non-
metastatic cells, which have low endogenous levels of Msi2. MSI2
overexpression did not affect 393P proliferation (SI Appendix, Fig.
S44) but greatly increased invasion through Matrigel (SI Appendix,
Fig. S4 B and C). In vivo analysis of orthotopic xenografts indicated a
nonstatistically significant increase in metastasis in MSI2-
overexpressing cells (SI Appendix, Fig. S4D). Finally, analysis of
migration independent of invasion (SI Appendix, Fig. S4 E and F)
showed limited effects of MSI2 depletion. We therefore focused
subsequent analyses on mechanistic analysis of invasion signaling.

Unbiased and Candidate-Based Investigation of MSI2-Regulated Signaling.
We used Reverse Protein Phase Array (RPPA) to query 171 total
proteins and phosphoproteins for expression changes associated
with Msi2 knockdown using control shRNA and Msi2-targeted
shRNA derivatives of 344SQ cells (SI Appendix, Fig. S5). This work
suggested a number of previously unidentified candidates associated

with Msi2 expression and relevant to control of epithelial-
mesenchymal transition (EMT) and invasion. Proteins with the
greatest magnitude of response to Msi2 depletion that were sub-
sequently validated by low throughput Western analysis included the
tight junction (TJ)-associated protein claudin 7 (CLDN7) (15-17),
elevated 19.4-fold, and the ECM protein fibronectin (FN1) (18-21),
elevated 2.5-fold. Subsequent independent evaluation confirmed
these RPPA results, as MSI2 depletion significantly elevated FN1
mRNA (4.0-9.4-fold) and protein (2.4-23 fold) in all four cell lines
and elevated CLDN7 protein (2.5-28-fold) in three of the four cell
lines (Fig. 2.4 and B and SI Appendix, Fig. S6 A and B). Results were
independently confirmed using transient siRNAs to deplete MSI2 (S7
Appendix, Fig. S6C). Although RPPA data also suggested the neu-
rogenic locus notch homolog protein 1 (NOTCH1) expression may
be affected by MSI2 (SI Appendix, Fig. S5) and although some
studies suggested expression of the NOTCH regulator NUMB is
influenced by MSI1/2 (22, 23), we found no consistent and significant
differences in NUMB in MSI2-depleted cells (SI Appendix, Fig.
S6D), supporting the idea that regulation of NUMB by MSI1/2 may
depend on cellular context (24, 25).

NSCLC cells have been shown to express multiple claudins with
partially redundant function (26), most not represented in the RPPA
panel. In direct testing, we found MSI2 depletion also induced
CLDN3 and CLDNS in all four cell lines at the protein level (3.8-22
fold for CLDN3 and 3.4-41 fold for CLDNS) (Fig. 2B and SI Ap-
pendix, Fig. S6 E and F), making restraint of claudin expression a
consistent feature of MSI2 function. Studies of the MSI proteins
(predominantly focused on MSI1) have defined these proteins as
RNA-binding proteins that regulate mRNA translation (22, 24, 27).
The induction of claudins may reflect a combination of transcrip-
tional and posttranscriptional consequences of MSI2 depletion, as
the mRNA level shows induction that is less marked than at the
protein level (SI Appendix, Fig. S6 A, B, E, and F). However, the
claudin mRNAs lack [(G/A)U(n)AGU (n = 1-3)] the consensus
motifs for MSI2 binding described in Wang et al. (28), suggesting
direct regulation of translation is not involved.

Direct MSI2 translational targets defined in other cell types that
might be relevant to the invasiveness of NSCLC cells and tumors
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Fig. 2. MSI2 depletion controls the expression of indirect and direct targets relevant to invasion and EMT. (A and B) Western analysis of FN1 (A) and CLDN7, CLDNS5, and
CLDNS3. (B) In murine and human NSCLC cell lines in the context of MSI2 depletion with independent targeting shRNAs (-m1/-m2, -h1/-h2). SCR, control scrambled
shRNA. Graphs represent data from four independent runs. (C and D) Western analysis of expression of TGFfR1 (C) and SMAD3 (D) in murine and human NSCLC cell lines
with stably depleted MSI2. Graphs represent data from three independent runs. For all graphs,*P < 0.05, **P < 0.01, and ***P < 0.001 relative to SCR (scrambled shRNA)
controls. (E) Immunofluorescence analysis of E-Cadherin staining in 3445Q murine (Top) and H358 human (Bottom) NSCLC cell lines, with or without depleted MSI2. Blue,
DAPI; red, E-Cadherin. (Scale bars, 30 pm.) (F) Western (Top) and qRT-PCR (Bottom) analysis of E-Cadherin expression in four NSCLC cell line models with or without
depleted MSI2. Graphs represent data from three independent runs. For all graphs, *P < 0.05, **P < 0.01, and ***P < 0.001 relative to SCR (scrambled shRNA) controls.
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include the TGF-p receptor (TGFBR1) and its effector, the small
mothers against decapentaplegic homolog 3 (SMAD?3) (24), which
promote EMT by down-regulating E-cadherin (CDH1) and inducing
other transcriptional changes (29). We found that stable or transient
MSI2 knockdown caused strong down-regulation of TGFpR1 and
SMAD3, predominantly at the protein level, in all four models (Fig.
2 C and D and SI Appendix, Fig. S6 G and H). Reciprocally, exog-
enous overexpression of MSI2 induced TGFpR1 and SMAD3
expression and caused loss of CLDN3, CLDNS5, and CLDN7
expression in the 393P cell line (SI Appendix, Fig. S6 I and J).

Depletion of MSI2 Affects the Composition of Cell-Cell Junctions and
Causes Partial EMT. Based on the action of MSI2 in supporting the
expression of TGFPR1 and SMAD3, while repressing CLDN3,
CLDNS, CLDN7, and FN1, we hypothesized that the reduced in-
vasiveness of MSI2-depleted cells might reflect changes involving TJs
and reduced EMT, associated with elevated E-cadherin (CDHL1).
Unexpectedly, immunofluorescence analysis demonstrated that ex-
pression of epithelial protein E-cadherin at cellcell junctions was
much reduced by MSI2 depletion (Fig. 2E), as was total E-cadherin
protein expression, whereas mRNA levels were not consistently
affected (Fig. 2F). In contrast, there was a significant increase in
CLDN3 and CLDN?7 staining at cell-cell contact points, whereas
TJP1 (ZO-1), which localizes to the cytoplasmic surface of TJs, was
unaffected (SI Appendix, Fig. S7). We examined expression of ad-
ditional proteins associated with mesenchymal identity (SI Appendix,
Fig. S8 A and B). MSI2 depletion up-regulated the pro-EMT factors
ZEB1, ZEB2, and FOXC2 but down-regulated VIM (vimentin) and
the zinc finger proteins SNAI1 (SNAIL) and SNAI2 (SLUG).
Conversely, MSI2 overexpression induced CDH1, VIM, SNAIL,
and SLUG (SI Appendix, Fig. S8 C and D). Collectively, these
data indicated a mixed effect of MSI2 depletion on EMT.

MSI2 Regulation of Invasion via TGFBR1, SMAD3, and CLDN7. To as-
sess the functional interaction between MSI2, its direct targets
TGFpR1 and SMAD3, and claudins, we depleted SMAD3 or
TGFpR1 in MSI2-depleted versus control cell lines. SMAD3
knockdown reduced CDH1 expression levels in both parental and
MSI2-depleted lines (Fig. 34). By contrast, the relationship between
TGFBR1 and CDHI1 expression was modulated by MSI2 status,
with the TGFBR1 knockdown elevating CDH1 expression in the
parental cell lines but reducing it in MSI2-depleted cell lines (Fig.
3B). MSI2 also influenced the response of cells growing as spheroids
to treatment with TGF-p (SI Appendix, Fig. S2), with control
scrambled ShRNA (SCR)-depleted cells responding by increasing
sphere size but MSI2-depleted cells showing little proliferative re-
sponse and instead responding by showing a greater phenotype of
collective migration. Importantly, depletion of TGFpR1 or SMAD3
caused a statistically significant decrease in invasion in SCR-depleted
NSCLC cell lines but not in those with depleted MSI2 (Fig. 3C).
Conversely, overexpression of TGFBR1 partially but incompletely
rescued the decrease in invasion seen in MSI2-depleted cells (S
Appendix, Fig. S9), suggesting other contributing factors.

The profile of mixed pro- and anti-EMT changes, and in-
complete rescue by TGFPR1 overexpression, suggested a possi-
ble important role for claudin-associated TJs in limiting NSCLC
invasion induced by MSI2-dependent TGFBR1/SMAD3 signal-
ing. Exploring the relationship between these proteins, we found
that siRNA depletion of TGFBR1 or SMAD3 did not signifi-
cantly affect the expression of CLDN3, CLDN7, or MSI2. This
indicated that MSI2 regulates CLDN3/CLDN?7 expression in-
dependently of TGFpR1 and SMAD3 (Fig. 3 4 and B and SI
Appendix, Fig. S10 A and B). Functionally, overexpression of
CLDNT7 significantly decreased invasion in cells expressing high
levels of endogenous MSI2 (Fig. 4 A-D). Conversely, siRNA
depletion of CDLN7 significantly increased invasion in 344SQ
cells with depleted MSI2 but had no effect in cells with signifi-
cant endogenous MSI2 (Fig. 4 E-G). Taken together, we
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pletion of TGFBR1. (C) Quantification of results from three independent Matrigel
invasion assays for 3445Q and A549 with (-m1 and -h1) or without (SCR) shRNA
depletion of MSI2, in the context of additional siRNA depletion of TGFBR1 (-tp1,
-tp2 and -Tp1, -TR2) or SMAD3 (-sm1, -sm2 and -Sm1, -Sm2) versus siRNA
negative control (GL2). *P < 0.05 and ***P < 0.001 relative to controls.

conclude that MSI2 stimulates invasion in lung cancer in part by
sustaining TGFBR1 signaling and suppressing the expression of
CLDN7 and potentially other claudins.
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Fig. 4. CLDN7 regulation of invasion. (A and B) Representative Western blot analysis of indicated proteins (A) and quantification of CLDN7 expression (B) in
negative control A’'SCR and A’CLDN?7 stably transfected A549 cells. (C and D) Quantification (C) and representative images (D) of Matrigel invasion for A’'SCR and
A'CLDN7 stably transfected A549 cells. (E and F) Western blot analysis (E) and quantification of CLDN7 expression (F) in 3445Q cells expressing MSI2 (SCR) or stably
MSI2-depleted (-m1) and transiently transfected with GL2 control or CI7 siRNAs (CI7-1, CI7-2). (G) Quantification of Matrigel invasion assay for cells in E and F,
based on three experiments. For all graphs, *P < 0.05, *P < 0.01, and ***P < 0.001 relative to controls.

Discussion

In summary, our study for the first time, to our knowledge, shows that
elevation of MSI2 expression progressing NSCLC supports tumor cell
invasion and metastasis by modulating TGF-f—-dependent EMT and
repressing claudin expression (Fig. 5). Although a number of studies
have previously identified a role for the MSI2 paralogue MSII as
oncogenic in a number of cancer types (30-32), MSI2 has attracted
much less scrutiny. However, MSI2 has been shown to be oncogenic in
a mouse model of colon cancer (28); MSI2 expression is induced by
loss of the adenomatous polyposis coli (APC) gene, and over-
expression of MSI2 phenocopies APC loss (28). MSI2 is also over-
expressed and oncogenic in human leukemias. Elevated MSI2
expression is associated with poor survival in leukemia, and MSI2
knockdown or genetic deletion reduced engraftment and caused a
defect in hematopoietic stem cell maintenance in vivo as a result of
decreased proliferation (23, 24, 33), in part due to a loss of sensitivity
to TGF-B-mediated expansion and compromised TGFR1 and
SMAD?3 signaling. Our data confirm the relevance of TGFpR1 and
SMAD3 to some MSI2 activities in NSCLC but also establish for the
first time, to our knowledge, that MSI2 status conditions TGFBpR1
regulation of E-cadherin/CDH1 as well as the ability of TGFpR1 and
SMAD3 to influence cell invasion. These results coupled with our
evidence showing rising levels of MSI2 as tumors become increasingly
metastatic in mouse models or human specimens suggest that MSI2
expression status may be relevant to the change in TGF-f signaling
from prodifferentiation to proinvasive during tumor progression (29).
Full understanding of the functional role of MSI2 in NSCLC metas-
tasis will require additional studies, such as clinical correlative analysis.
Importantly, our data suggest that, in NSCLC, proliferation is a
much less important target of MSI2 regulation than control of in-
vasion, in a marked difference from leukemia models. Analysis of
MSI proteins in breast cancer has led to the suggestion that these
proteins may be required to support an epithelial luminal cell
identity (25). However, our findings point to a more complex
mode of action, with MSI2 supporting expression of CDH1, VIM,
SLUG, and SNAIL but suppressing that of Zeb1/2, FOXC2, and
multiple claudins. TGF-§ has previously been shown to directly
support expression of SNAIL but not ZEB1/2 in an NSCLC cell
model (34), suggesting these downstream effects of MSI2 include
both TGF-p-dependent and —independent outputs. Together with
MSI2-dependent expression of CDHI1, these results are compat-
ible with a model in which MSI2 creates conditions that favor
collective migration (35), an idea bearing further investigation.
Although essentially unaddressed in lung cancer, a claudin-low
phenotype has been linked to EMT, stemness, and chemotherapy
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resistance in breast and bladder cancer (36-38). CLDN7 is known to
inhibit human lung cancer invasion (15), and low expression of
CLDNTY is linked to poor prognosis in NSCLC (39). Our data for the
first time, to our knowledge, indicate that MSI2 represses the
expression of multiple claudins, with at least CLDN7 functionally
important for MSI2-dependent invasion. Although technical issues
limit simultaneous targeting of multiple claudins, it is likely that
control of this suite of proteins significantly influences NSCLC
metastasis, particularly given the mixed EMT phenotype of modu-
lating MSI2 expression.

Finally, given their role as noncatalytic RNA-binding proteins, it is
likely to be difficult to develop effective small molecule inhibitors
targeting MSI1 or MSI2. However, several recent therapeutic strat-
egies to improve NSCLC treatment focus on TGF-p (40-42), and
activity of such compounds could be strongly influenced by MSI2
status in tumors, with invasive or metastatic NSCLC expressing
higher levels of MSI2 having a differential response. In addition, the
EMT process itself has been shown to influence cellular resistance to
a number of drugs of relevance to NSCLC treatment (7). Further
study of MSI2 function in normal lung development, cellular trans-
formation, and NSCLC drug resistance is clearly warranted.

Methods
Also see the extended methods in S/ Appendix, SI Methods.

Cell Culture. Mouse cell lines (3445Q, 531LN2, others) from p53R"72HAGH K_raslATH
mice were derived from tumor tissues at necropsy from different mice as

Claudin 7
Claudin 3
Claudin 5

Invasion
SNAIL ZEB-1
SLUG ZEB-2

FOXC2

Fig. 5. Model for MSI2 action in coordinating EMT and invasion potential.
See Discussion for details.
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previously described (13). Human alveolar basal epithelial adenocarcinoma cell
lines A549, H358, H322, and H226 were obtained from the American Type Culture
Collection (ATCC). All cells were grown in RPMI 1640 with 10% FBS (50 mL FBS/
450 mL RPMI). The 3445Q-m1/2, 531LN2-m1/2, A549-h1/h2, and H358-h1/h2 MSI2-
knockdown cell lines were created by transfection with the pLKO.1 system-based
shRNA lentivirus (SIGMA) (S/ Appendix, SI Methods).

Cell Proliferation and Invasion Assays. Cell growth was measured by CellTiterBlue
and water-soluble tetrazolium salts assays and by direct quantitation of DAPI-
stained nuclei. Invasion assays were performed using standard Matrigel invasion
assays. Details of protocols and statistical analyses are provided in detail in S/
Appendix, SI Methods.

In Vivo Analysis of Tumor Growth and Metastasis. All animal experiments were
reviewed and approved by the Institutional Animal Care and Use Committees at
the MD Anderson Cancer Center and at the Fox Chase Cancer Center. Orthotopic
and s.c. xenograft studies were performed to study the proliferation and
metastatic potential of NSCLC cell lines with overexpressed or depleted MSI2.
Detailed protocols are provided in S/ Appendix, SI Methods.

RPPA Reverse-Phase Protein Analysis. The 3445Q-SCR, 3445Q-m1, and 3445Q-m2
mouse cells were lysed and prepared according to MD Anderson Core Facility
instructions, as previously described, and RPPA was performed at the facility (43—
45). Data were visualized using the MultiExperiment Viewer program (www.tm4.
org/mev.html) (46).

Protein Expression Analysis by Western Blotting. Lysates were prepared for
analysis, and Western blotting and analysis were performed using standard
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protocols. Quantified data were averaged from at least three independent runs
for all experiments. See S/ Appendix, SI Methods for the specific antibody
reagents used.

siRNA Transfection. SMARTpool siRNAs targeting human/mouse TGFR1/TgfpR1,
SMAD3/Smad3, and CLDN7/Cldn7 (S/ Appendix, Table S4) and nonspecific con-
trol pool siRNA were purchased from Dharmacon. NSCLC cells at 50% conflu-
ence were transfected with siRNA at final concentrations of 50 nmol/L using the
LipofectAMINE 2000 transfection reagent (Thermo Fisher Scientific) according
to the manufacturer’s instructions.
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SUPPLEMENTAL MATERIALS.

1. Supplemental Figures and Tables.

Figure S1. A. Genes assessed for differential expression in 344SQ versus 393P cell lines; graphs show
guantification of qRT-CPR data. B. Western blot of MSI2 protein expression in 7 non-invasive versus 7
metastatic murine cell lines. C. Quantification of MSI1 mRNA and protein data in in 7 non-invasive versus 7
metastatic murine cell lines. D. Western blot of Msil protein expression in 7 non-invasive versus 7 metastatic
murine cell lines. E. Representative AQUA images of MSI2 expression from analysis of TMAs containing 22
normal and 123 NSCLC specimens. Blue - DAPI; Green -cytokeratin; Red - MSI2. Scale bars: 100 ym F.
Quantification of MSI1 expression in TMA of 19 normal and 120 NSCLC specimens was not significant, as
determined by Mann-Whitney test. G. KM Plots (http://kmplot.com/) analysis of overall survival in non-small cell
lung cancer expressing high versus low MSI2. H. Western confirmation of higher expression of MSI2 human
NSCLC A549 and H358 cell lines versus H226 and H322. I. gRT-PCR indicates effective stable knockdown
of MSI2 in 344SQ, 531LN2 murine and MSI2 in A549, H358 human cell lines by independent shRNA depleting
MSI2 (- m1, -m2, -h1, -h2) or a control shRNA (SCR). J. Representative images of crystal violet-stained
cells from Matrigel invasion assay for the 531LN2, A549, and H358 cell lines. K. Western blot of MSI2
expression following transfection of siRNAs targeting Msi2 in 344SQ murine and A549 and H358 human NSCLC
cell lines, using 2 independent siRNAs. L. Quantification of Matrigel invasion assay for 344SQ and A549 cells,
transfected by GL2 control or Msi2/MSI2 —targeting SiRNAs, based on three independent assays. M., N.
Quantification of viability assay calculated by CellTiterBlue (CTB) (M) or direct count of DAPI-stained nuclei
(N). P values reflect data on final day of experiment. All graphs: *, p<0.05; *, p<0.01; *** p<0.001 relative
to controls.

Figure S2. MSI2 depletion decreases response of murine 344SQ and human H358 cells to TGF-beta
stimulation of ECM matrix sphere formation. Images (A) and quantitation (B) of control (SCR) and MSI2-
depleted (-m1, -m2) 344SQ cells grown on ECM Matrix for 5 days in the presence of 0, 10, or 100 ng/ml TGFp.
All cells were imaged by confocal microscopy. Scale bar, 50 mm. All graphs: *, p<0.05; **, p<0.01; ***, p<0.001
relative to indicated controls.

Figure S3. Primary and metastatic 344SQ Tumor Growth in Subcutaneous Xenografts. A. Gross tumor
volume measurement of subcutaneous (S.C.) tumor growth of control (SCR) and MSI2-depleted (-m1, -m2)
344SQ xenografts. B., C. IHC assessment for (B) Ki-67 proliferation marker and (C) cleaved caspase apoptotic
marker in 344SQ primary subcutaneous xenograft tumors using H-score, quantified by Vectra. D. Left, graph
represents metastatic burden in lung of the mice with 344SQ subcutaneous xenografts analyzed in (A),
expressed as ratio of metastatic area / total lung, quantified from three section levels per lung. Right,
representative images of metastatic burden of SCID mice with 344SQ control (SCR) and MSI2 depleted (-m1/-
m2) subcutaneous xenografts. Arrows indicate metastatic nodules in the lungs. E, F. Analysis of the same
metastases shown in (D) for expression of Ki-67 (E) and cleaved caspase (F); H-score quantitation performed
as in (B, C) Scale bars: shown on images respectively. All graphs: values shown are not significant between
comparison groups, except **** p<0.0001 for D.

Figure S4. MSI2 overexpression, and MSI2 phenotype in migration control. A. Quantification of
CellTiterBlue (CTB) proliferation assays of 393p/M2a and 393p/M2b MSI2-overexpressing clones versus
393p/cDNA control cell lines. B., C. Quantification (B) and representative image (C) of Matrigel invasion
analysis of 393p/cDNA control and 393p/M2a and 393p/M2b MSI2 overexpressing cell lines. D. Gross
pathological assessment of lung metastases of 393p xenografts (393p/cDNA, 393p/M2a and 393p/M2b). E.
Quantification of cell migration for indicated cell lines with control (SCR) or MSI2-targeting shRNAs, based on a
wound healing assay. F. Quantified migration for the SCR control and MSI2-depleted cells 531LN2 cell line in a
transwell invasion assay. Statistical differences were calculated for each time point using Excel software, t-test.
All graphs: *, p<0.05; **, p<0.01; ***, p<0.001 relative to controls.
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Figure S5. Reverse phase protein array (RPPA) analysis heatmap representing relative expression of
171 proteins or phosphoproteins. Comparison groups are two independent 344SQ derivatives with MSI2
knockdown (-m1 and —m2) and negative control. Three biological repeats were used for each cell line. 344SQ-
SCR, 344SQ-m1 344SQ-m2 murine cells were lysed and prepared according to MD Anderson Core Facility
instructions as previously described, and RPPA performed at the facility (48-50). Data were analyzed to
establish significant differences in expression using the MultiExperiment Viewer (MeV, v4.9) program
(www.tm4.org/mev/) (51). Scale bar represents In values from fold change. Note, some hits scoring as positive
in this assay were not validated in subsequent probe of MSI2 depletion in the 4 independent cell line models
used in this study, including notably NOTCH-1.

Figure S6. Stable and transient depletion or overexpression of MSI2. A. gRT-PCR comparing expression
of mMRNA for FN1 and CLDN7 in 4 model NSCLC cell lines (MSI2-depleted -m1/-h1, -m2/-h2) and SCR, control
scrambled shRNA. Graphs represent data from four independent runs. B. Western blot analysis quantification
of CLDN7 protein expression in 4 model NSCLC cell lines (-m1,-m2,-h1,-h2 MSI2-depleted) and SCR, control
scrambled shRNA. Graphs represent data from four independent runs. C. Western blot analysis of indicated
proteins in 344SQ, A549 and H358 cell lines, transfected by GL2 control or MSI2-depleting (-m1, -m2,-h1, -h2)
siRNAs. D. Western blot analysis of NUMB expression in murine and human cell lines. E., F. gRT-PCR (E) and
Western (F) quantification of expression of mRNA for CLDN5 and CLDN3 in 4 NSCLC cell lines expressing
control shRNA (SCR) or MSI2-depleting shRNA (-ml1,-m2,-h1,-h2). Graphs represent data from four
independent experiments. G. gRT-PCR comparing expression of TGFBRI and SMAD3 in 4 model NSCLC cell
lines expressing control shRNA (SCR) or MSI2-depleting shRNA (-m1,-m2,-h1,-h2). Graphs represent data
from four independent experiments. H. Western blot of indicated proteins in 3 model cell lines, transfected by
GL2 control or two independent MSI2-depleting siRNAs. 1., J. Western blot analysis of indicated proteins in the
393P cell line, overexpressing MSI2 (393p/M2a and 393p/M2b versus the 393p/cDNA control cell line). All
graphs: *, p<0.05; *, p<0.01; ***, p<0.001 relative to controls.

Figure S7. MSI2 controls expression of CLDN7 at cell-cell junctions. A., B. Immuofluorescence analysis of
CLDNY co-stained with the tight junction marker ZO-1 in murine 344SQ (A) and 531LN2 (B) NSCLC cell lines,
with or without MSI2 stable knockdowns. Green, CLDN7; Red, ZO-1; Blue, DAPI. Scale bars are 30um.

Figure S8. Western blot analysis of EMT markers in MSI2 overexpressing or depleted cells. A., B.
Western blot analysis (A) and quantification (B) of MSI2, ZEB-1, ZEB-2, FOXC2, SNAIL, SLUG, VMN (vimentin)
versus fB-actin loading control in 344SQ, A549 and H358 cell lines expressing MSI2 (SCR) or depleted of
MSI2 (-m1, -m2, -h1, -h2). C., D. Western blot analysis (C) and quantification (D) of MSI2, E- Cadherin,
vimentin, SLUG and SNAIL protein expression 393p/cDNA control and 393p/M2a and 393p/M2b MSI2
overexpressing cell lines. All graphs: *, p<0.05; *, p<0.01; ***, p<0.001 relative to controls.

Figure S9. Invasion by TGFBR1/SMAD3-overexpressing NSCLC 3NSCLC cell lines. A., B. Representative
Western blot (A) and quantitation of TGFBR1 (B) in 344SQ (left) or A549 (right) cells expressing control (SCR)
or MSI2-depleting shRNA (m1, hl), after introduction of TGFBR1 (TBR1). C., D. Quantified (C) and
representative (D) data for invasion through Matrigel for the cell models shown in A, B. D. All graphs: *,
p<0.05; *, p<0.01; *** p<0.001.

Figure S10. Quantification of Western blots of control and MSI2-depleted mouse NSCLC cells,
transiently depleted of TGFBRI or SMADS. A., B. Quantified data for Western blots shown in Figure 3A, B.
for 344SQ (A) and A549 (B) cells with (-m1 and -h1l) or without (SCR) shRNA depletion of MSI2, and with
depletion of TGFBR1 (-tp1, -tB2, -TR1 and -TR2), SMAD3 (-sml1, -sm2, -Sm1 and -Sm2) or neither (GL2) by
siRNA depletion of TGFBR1. All graphs: *, p<0.05; *, p<0.01; ***, p<0.001 relative to controls based on t-test.

Figure S11. CLDNTY regulation of invasion. A., B. Representative Western blot analysis of indicated proteins
(A) and quantification of CLDN7 expression (B) in pCMV6-control/SCR and pCLDN7/SCR stably transfected
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A549 cells. C., D. Quantification (C) and representative images (D) of Matrigel invasion for pCMV-control/SCR
and pCLDN7/SCR stably transfected A549 cells. E., F. Western blot analysis (E) and quantification of CLDN7
expression (F) in 344SQ cells expressing MSI2 (SCR) or stably MSI2-depleted (-m1) transiently transfected
with GL2 control or CLDN7 siRNAs. G. Quantification of Matrigel invasion assay for cells in E, F., based on
three experiments. All graphs: *, p<0.05; *, p<0.01; ***, p<0.001 relative to controls.

Table S1. Primers used in RT-QPCR analysis. Expression of genes noted in left column were analyzed by
Tagman or SYBR Green assays, using primers indicated in columns 2-4 as noted.

Table S2. Patient characteristics for the primary NSCLC tumors arrayed in tissue microarray (TMA).

Table S3. Patient characteristics for the analyzed grouped NSCLC samples (normal, primary tumor and
lymph node metastasis).

Table S4. Sequences of siRNA mixtures and shRNA used in gene knockdowns. Data represent siRNA
pools (two independent siRNAs/pool) used for depletion of the genes indicated, for function testing
experiments.

Table S5. Antibodies used for RPPA analysis. A list of antibodies used with corresponding catalog
numbers, validation status (2013), provided by MD Anderson Cancer Center RPPA Facility.
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2. Supplemental Methods.

Quantitative RT-PCR analysis. Total RNA was isolated using a Qiagen AllPrep DNA/RNA Mini
Kit (#80204) and tested for quality on a Bioanalyzer (Agilent Technologies, Santa Clara, CA). RNA
concentrations were determined with a NanoDrop spectrophotometer (Thermo Fisher Scientific, Waltham,
MA). RNA was reverse transcribed using Moloney murine leukemia virus reverse transcriptase (Ambion-
Thermo Fisher Scientific, Waltham, MA) and a mixture of anchored oligo-dT and random decamers (Integrated
DNA Technologies, Coralville, IA). Two reverse-transcription reactions were performed for each sample using
either 100 or 25 ng of input RNA. Aliquots of the cDNA were used to measure the expression levels of the
genes using the primers listed in Supplmentary Table S1. The assays were from Applied Biosystems
(Thermo Fisher Scientific Waltham, MA) or designed with Primer Express as indicated in Table S1. They
were used in combination with Tagman Universal Master mix or Power SYBR Green master mix (Applied
Biosystems, Thermo Fisher Scientific Waltham, MA) and run on a 7900 HT sequence detection system
(Applied Biosystems, Thermo Fisher Scientific Waltham, MA). Cycling conditions were 95°C, 15 min, followed
by 40 (two-step) cycles (95°C, 15 s; 60°C, 60 s). Ct (cycle threshold) values were converted to quantities
(in arbitrary units) using a standard curve (four points, four fold dilutions) established with a calibrator
sample. Ppib and POLR2F were used as normalizers. For each sample, the values were averaged and standard
deviation of data derived from two independent PCR experiments.

SiRNA Targeting Sequences: Small interfering RNAs (siRNAs) were obtained from GE Dharmacon
(Lafayette, CO). See Supplementary Table S4 for sequences used.

shRNA Targeting Sequences and lentivirus production: Short hairpin RNAs (shRNAs) were
obtained from SIGMA-ALDRICH (St Louis, MO). See Supplementary Table S4 for sequences used. To
prepare lentivirus for introduction of shRNAs into NSCLC cells, HEK-293T cells were transfected with shRNA
lentivirus prepared in the pLKO.1 system (Addgene, Cambridge, MA), with the psPAX2 and pMD2.G packaging
plasmids. Media containing lentiviral particles was collected on day 4. Subsequently, lung cancer cells were
infected with lentivirus and selected by growth in RPMI 1640 with 10% FBS and puromycin, using standard
methods.

cDNA ORF Sequences. cDNA ORF inserts were obtained from OriGene (Rockville, MD). See
Supplementary Table S4 for sequences used.

TCGA Analysis. The Cancer Genome Atlas (TCGA) results shown in this study are based upon
provisional data generated by the TCGA Research Network (http://cancergenome.nih.gov/). Expression data
for the 59 tumor-normal paired samples for the lung adenocarcinoma study were downloaded from https://tcga-
data.nci.nih.gov/. Z-score corresponds to the mRNA expression of the tumor sample minus the mean
expression in the reference sample divided by the standard deviation of expression in the reference sample.

Kaplan-Meier analysis for overall survival (OS). Was performed using http://kmplot.com online
software with JetSet option for the optimal MSI2 probe, auto select for the best cutoff and censore at threshold
settings applied (5).

Mouse models for tumor growth. All experiments involving mice were performed according to
protocols approved by Institutional Animal Care and Use Committees (IACUCs) at M.D. Anderson Cancer
Center or the Fox Chase Cancer Center. Orthotopic xenograft experiments were performed in syngeneic wild
type 129Sv mice of at least 6 weeks of age. Intrathoracic injections of 10° cells into the left lung in single-cell
suspension were placed in a volume of 100 yl of complete media as previously described (1). Animals were
monitored regularly and euthanized on day 28. Necropsies were performed to quantify the number of
metastases to mediastinal lymph nodes, chest wall and distant extrathoracic sites.

For sub-cutaneous xenografts, immunocompromised eight week-old C.B17 SCID mice were inoculated
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subcutaneously with shRNA-transfected derivatives of 344SQ syngeneic lung cancer cells into the left and
right flank subcutaneously using a 27G needle, 100 ul volume. Mice were palpated twice a week after tumor
cells implantation to assess tumor onset. Tumor volume was determined by external caliper twice a week
(body weight also was monitored twice weekly), the greatest longitudinal diameter (length) and the greatest
transverse diameter (width) were determined. Tumor volumes based on caliper measurements were calculated
by the modified ellipsoidal formula: Tumor volume = 1/2(length x width?). After three weeks mice were
euthanized and tumors and lungs were collected.

Tissue preparation, Histology, Quantitative Analysis. Lungs and tumors were collected. Tissues
were collected and fixed in 10% phosphate-buffered formaldehyde (formalin) 24-48 hrs, dehydrated and
embedded in paraffin. Tissues were processed by dehydration in a series through ethanol followed by xylene
(70% ethanol, 3 hr; 95% ethanol, 2 hr; 100% ethanol, 2 hr; ethanol-xylene, 1hr; xylene, 3hr) then immersed in
paraffin. Paraffin blocks were cut into 5 pm sections, mounted on microscope slides, and stored at room
temperature until used. Prepared specimens were analyzed by hematoxylin and eosin (H&E) staining (Sigma-
Aldrich, St. Louis, MO). Tumor sections were immunostained with antibodies to Ki-67 (DAKO, Carpinteria, CA)
to allow quantitation of proliferation, and with antibodies to cleaved caspase (Cell Signaling, #9661) to allow
guantitation of apoptosis. Immunohistochemistry and H&E were performed by standard protocols.
Immunostained slides were scanned using an Aperio ScanScope CS scanner (Aperio, Vista, CA) and Vectra
Automated Quantitative Pathology Imaging System (Perkin Elmer, Waltham, MA). Scanned images then were
viewed with Aperio's image viewer software (ImageScope). Selected regions of interest were outlined manually
by a pathologist (KQ Cai). Expression levels of the proliferative index marker Ki-67 or the cleaved caspase
indicator of apoptosis were quantified using Vectra Automated Quantitative Pathology Imaging System specific
protocols and algorithms. H-score was calculated as follows: the percentage of cells at each staining intensity
level was calculated, and an H-score was assigned and calculated for each slide using the following formula: [1
x (% cells 1+) + 2 x (% cells 2+) + 3 x (% cells 3+)](2, 3). H-scores were subsequently used for results
analysis. The area of lung metastases was assessed using the Vectra automated multispectral slide analysis
system, using specific protocols and algorithms designed for the identification of tumor tissue.

Tissue Microarrays (TMAs) Non-small cell lung cancer surgical specimens resected from 1997 to
2012 from the Fox Chase Cancer Center (FCCC) Biosample Repository Facility were used to construct tissue
microarrays (TMA). Tissue from each tumor was placed in two unique spots on each TMA. All samples were
obtained from primary tumors and/or nodal metastases at the time of initial resection. Clinical information
(Supplementary Table S3) was available from the repository database and abstracted from clinical databases
in an anonymized fashion. At the time of tissue acquisition, patients provided Institutional Review Board (IRB)—
approved informed consent for storing tissue and reviewing de-identified clinical data. For TMAs, automated
image capture was performed by the HistoRx PM-2000 (HistoRx) (New Haven, CT), using the AQUAsition
software. High-resolution monochromatic digital images of the cytokeratin staining visualized with AF555,
DAPI, and target staining with Cy5 were captured and saved for each tumor histospot. Tumor mask was
created from the cytokeratin image of each histospot, representing areas of the epithelial tumor. Histospots
were excluded if the tumor mask represented less than 5% of the total histospot area. DAPI immunoreactivity
defined the nuclear compartment. Images were visually inspected and cropped for unfavorable factors such as
“out of focus,” debris, or damaged specimen before automatic analysis. An AQUA score was generated by
dividing the sum of target signals within the tumor mask. AQUA scores were normalized to the exposure times
and bit depth at which the images were captured, allowing scores collected at different exposure times to be
compared directly. The nuclear scores from two non-overlapping images were averaged for each case.

Paired Analysis of NSCLC specimens. Non-small cell lung cancer surgical specimens from the
University of New Mexico Human Tissue Repository Facility (HTR) were used to conduct IHC. All samples
were obtained from normal lung, primary tumors and/or nodal or distant metastasis at the time of initial
resection. Clinical information (Supplementary Table S3) was available from the repository database and
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abstracted from clinical databases in an anonymized fashion. At the time of tissue acquisition, patients
provided Institutional Review Board (IRB)—approved informed consent for storing tissue and reviewing de-
identified clinical data. IHC slides stained for MSI2 were analyzed using APERIO Spectrum scanner (Leica
Biosystems, Buffalo Grove, USA).

SDS-PAGE and Western Blots. For Western blotting, cells were disrupted in CelLytic M lysis buffer
(Sigma-Aldrich, St. Louis, MO) supplemented with protease and phosphatase inhibitor cocktails (Roche, Basel,
Switzerland). Whole cell lysates were used directly for SDS—PAGE and Western blotting, using standard
procedures. Primary antibodies included rabbit anti-MSI2 (Abcam #ab76148), anti-MSI1 (Abcam #ab52865),
anti-NUMB (Abcam #ab14140), anti-FN1 (Abcam #ab6328), anti-TGFBR1 (Cell Signaling #3712), anti-SMAD3
(Cell Signaling #9523) and anti-SMAD3p (Cell Signaling #9520), Claudin-7 (Novus #67525), Claudin-3
(Abcam #ab15102), Claudin-5 (Abcam, #ab15106), FN1 (Abcam #ab6328), anti-E-Cadherin (Cell Signaling
#3195), anti-B-Actin (Abcam #ab49900), anti-ZEB1(Cell Signaling #3396), anti-ZEB2 (Santa Cruz #271984),
anti-FOXC2 (Abcam #65141), anti-SNAIL(Abcam #180714), anti-SLUG(Abcam #51772), anti-VMN (Cell
Signaling #5741). Secondary anti-mouse and anti-rabbit horseradish peroxidase—conjugated antibodies (GE
Healthcare, Little Chalfont, UK) were used at a dilution of 1:10,000 for visualization of Western blots and blots
developed by chemiluminescence using the West-Pico system (Pierce, Waltham, MA). Image analysis was
done using ImageJ (National Institutes of Health, Bethesda, MD), with signal intensity normalized to B-actin or
total level of detected proteins. Data was analyzed in Excel by paired t-test to determine statistical significance.

Immunofluorescence. Cells were fixed with 4% paraformaldehyde (10 min) and then cold methanol (5
min), permeabilized with 1% Triton X-100 in PBS and blocked with 3-5% BSA in PBS. Samples were then
incubated with the primary antibodies overnight at 4°C. Primary antibodies were: anti-Claudin-7 (Novus
#67525), anti-Claudin-3 (Abcam #ab15102) and anti E-Cadherin (BD Transductions 610182). Following rinse
in PBS + 0.01% Tween, samples were incubated for 1 hour with an Alexafluor 488, 568 or 647 tagged donkey
anti-rabbit, mouse, or goat secondary antibody (Life Technologies, Eugene, OR), and counterstained with a 2
pmol/L 4', 6-diamidino-2-phenylindole (DAPI) (Life Technologies, #1652731, Eugene, OR) solution. Samples
were imaged using a Nikon C1 Spectral confocal microscope (Nikon, Melville, NY) equipped with a numerical
aperture (NA) 1.40, oil immersion, 63x Plan Apo objective (Nikon). Images were acquired at room temperature
using EZ-C1 3.8 (Nikon) software and analyzed with MetaMorph (Molecular Devices, Union City, CA).

Analysis of cell migration. Time-lapse multifield experiments were performed in phase contrast on an
automated inverted Nikon Eclipse TE300 microscope equipped with thermal and CO- regulation (Nikon, Melville,
NY). 2 x108 cells of each clone were plated on a 6 well plate a day prior to imaging. The next morning cells were
“scratched” with a p200 pipet tip. Immediately after, the cells were imaged at 15 minute intervals with a 100x
objective and a CCD camera (EZ CoolSnap, Roper) and then “stacked” into movies using Metamorph
(Universal Imaging) software. The videos were analyzed using the ImageJ public domain software
(http://imagej.nih.gov/ij/docs/guide/146.html). Visual fields were divided into different coordinates and the
distance between the invasion fronts of the cells was measured at each of the assigned longitudes at 0, 1, 3, 6,
9 and 12 hour time points. The distance was then converted from pixels into millimeters using a premeasured
scale bar (Imm= 406,001 pixels) and normalized to 0 hour being 1 for each video. Statistical differences were
calculated for each time point using Excel software, t-test.

As a second approach, the upper chambers of migration chambers (3465-024-K Trevigen,
Gaithersburg, MD) were seeded with serum-starved cells (1 x 10° cells per well) in triplicate wells. Medium
(RPMI 1640/DMEM), with 10% FBS, was placed in the lower and upper chambers, respectively. Mitomycin C
at a concentration of 10 pg/ml was added to the upper chamber to inhibit cell proliferation. Cells were
incubated at 37°C for 24 hours. After incubation, the cells remaining on the upper surface of the membrane
were removed with cotton swabs. The cells on the lower surface of the membrane were fixed and stained with
crystal violet and visualized under a Nikon Eclipse TE 2000-U microscope at 20X magnification and CRI
Nuance Multispectral Imaging System. Four visual fields were photographed and counted per chamber, and
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the results were analyzed with Image J and Excel expressed as the mean relative cell count number per visual
field £ SEM with two-tailed t-test showing statistical significance.

Cell proliferation assays. Cells (1-2 x 10° cells/well) were plated in quadruplicate in RPMI1640 media
with 10% FBS in 96-well cell culture plates for 5 days. On days 1-5, CellTiter-Blue® (Promega, Fitchburg, WI)
or WST-1 Sigma-Aldrich (St. Louis, MO) reagent (for the 393P cell line) were added to each well; after 2 hours
incubation at 37°C, optical density readings were made in the 570 — 600 and 420-480 nm wave-length range,
responsively, using Perkin-Elmer ProXpress Visible-UV-fluorescence 16 bit scanner (Perkin-Elmer, Waltham,
MA). As a second approach to measuring proliferation 1-2 x 10° cells for each model of interest were plated in
96-well plates, and wells fixed and stained with DAPI at 24 hour intervals from days 1-5 after plating, then
scored by automated microscope (ImageXpress Micro, Downingtown, PA).

Cell invasion assay. The upper chambers of growth factor—-reduced Matrigel invasion chambers (354483,
BD Biosciences, Franklin Lakes, NJ or 3483-024-01, Trevigen, Gaithersburg, MD) were seeded with cells (1 x
10° cells per well) in triplicate wells. Medium (RPMI 1640), with or without 10% FBS, was placed in the lower
and upper chambers, respectively. Mitomycin C at a concentration of 10 pg/ml was added to the upper
chamber to inhibit cell proliferation. Cells were incubated at 37°C for 24 hours. Cells that had invaded through
Matrigel were visualized with crystal violet. Three microscopic fields (original magnification, 10X) were
photographed and counted per chamber, and the results were expressed as the mean = SEM of invaded cells
from replicate wells and multiple independent experiments. Data was analyzed in Excel by paired t-test to
determine statistical significance.

Spheroidal growth assay: A 3D culture sphere assay was run using the Cultrex 3D Spheroid BME Cell
Invasion Assay kit (Trevigen, catalog # 3500-096-K) by the standart protocol. 344SQ and A549 were plated
1000 per well in the Spheroid Formation Extracellular Matrix with or without TGF- at 10 or 100 ng/ml
concentration and grown for 3 days. Then the invasion matrix was added on top. On day 5 pictures were taken
with the NIKON Eclipse TE 2000U microscope and CRI Nuance Multispectral Imaging System FX and then
analyzed with Image J to measure the spheres’ size.

Overexpression studies. For overexpression of MSI2, a full-length cDNA encoding MSI2 (for
sequence information, please refer to NM_138962.2) or empty vector was obtained from the human ORFeome
collection and transferred to the following viral vectors via Gateway recombination and virus production
following manufacturer’'s recommendations: pLenti63/V5 DEST (Thermo Fisher Scientific, Waltham, MA)(4). All
overexpression studies were performed using newly transduced stable cell lines generated by single clone
selection. In brief, MSI2 cDNA cloned into pLenti63/V5 DEST plasmid or was empty pLenti63/V5 DEST
plasmid were transfected into 393p cells. Subsequently, lung cancer cells were selected by growth in RPMI
1640 with 10% FBS and selected in blasticidin. Individual clones were picked and validated for MSI2
overexpression by Western blot. For overexpression of claudin 7 (CLDN7), a lentiviral plasmid containing a full
length ORF insert encoding human CLDN7, transcript variant 1(RC200530L1) was acquired from OriGene
(Rockville, MD) and expressed in A549 NCLC cells using pLKO.1 system from Addgene (Cambridge, MA).
Subsequently, lung cancer cells were selected by growth in RPMI 1640 with 10% FBS with puromycin and
A’lenti CLDN7 cell line was validated for CLDN7 overexpression by Western blot. For overexpression of
TGFBR1, the previously generated MSI2 shRNA depleted human and mouse NSCLC A559 and 344SQ cells
were transfected with lentivirally expressed ORF TGFBR1, transcript variant 1 (CW301688, a modification of
RC219514L1) from Origene, using the Addgene pLKO.1 system and selected in DMEM and RPMI 1640 with
10% FBS and blasticidin. Effectiveness of targeted gene expression in 3-m1/TBR1 and A-h1/TBR1 cell lines
was confirmed by Western blot analysis.
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