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SUMMARY

Epithelial-to-mesenchymal transition (EMT) is integral to cancer progression, with considerable evi-

dence that EMT has multiple intermediary stages. Understanding the mechanisms of this stepwise

activation is of great interest. We recreated a genetically defined model in which primary cells were

immortalized, resulting in migratory capacity, and subsequently H-Ras-transformed, causing malig-

nancy and invasion. To determine the mechanisms coordinating stepwise malignancy, we quantified

the changes in messenger RNA (mRNA) and protein abundance. During immortalization, we found

dramatic changes in mRNA, consistent with EMT, which correlated with protein abundance. Many

of these same proteins also changed following Ras transformation, suggesting that pre-malignant

cells were primed for malignant conversion. Unexpectedly, changes in protein abundance did not

correlate with changes in mRNA following transformation. Importantly, proteins involved in cellular

adhesion and cytoskeletal structure decreased during immortalization and decreased further

following Ras transformation, whereas their encoding mRNAs only changed during the immortaliza-

tion step. Thus, Ras induced EMT-associated invasion via post-transcriptional mechanisms in primed

pre-malignant cells.

INTRODUCTION

The epithelial-to-mesenchymal transition (EMT), a process bywhich epithelial cells lose epithelial properties

and gain mesenchymal characteristics, is centrally involved in metastasis (Lambert et al., 2017; Nieto et al.,

2016; Shibue and Weinberg, 2017). This program involves reorganization of the cytoskeleton, loss of junc-

tions and apical-basal polarity, and activation of signalingmechanisms that promotemotility and invasion as

well as interactions between the tumor cell and the surroundingmicroenvironment, all of which canpromote

metastatic dissemination. There is much evidence that EMT is not a binary process, but rather a dynamic

program with multiple intermediary stages of partial, or incomplete, EMT wherein cells have a mixture of

both epithelial and mesenchymal characteristics (Nieto et al., 2016). In fact, the EMT program is usually

only activated partially in human carcinomas, and partial EMT cells are observed in circulating tumor cells

from patients with breast cancer (Yu et al., 2013). Underlying these transitions are changes in gene expres-

sion, including a set of prevalent transcriptional and alternative splicing changes (Lamouille et al., 2014;

Shapiro et al., 2011; Warzecha et al., 2010; Yang et al., 2016). However, it is unclear how, and by what mech-

anisms, cancer-associated genetic mutations cooperate to promote transitions through EMT states.

Cancers are derived from normal cells that evolve stepwise and progressively to a neoplastic state (Hana-

han and Weinberg, 2011). Although historically treated as a late-stage event, several studies have demon-

strated that the acquisition of EMT-associated traits can occur early on during multi-step tumorigenesis

(Husemann et al., 2008; Mani et al., 2008; Podsypanina et al., 2008; Rhim et al., 2012). Cell culture models

typically utilize cell lines that are already immortalized, and thus abnormal. Therefore, a more informative

cell culture model with which to study the mechanisms regulating the earliest stages of tumorigenesis and

EMT would be one that starts with normal human epithelial cells and perturbs only the pathways required

for cell immortalization and subsequent tumorigenesis. Pioneering work in the Weinberg laboratory

demonstrated that normal human epithelial and fibroblast cells can be converted to a tumorigenic state

by expressing viral proteins SV40 T-Ag and t-Ag and mammalian proteins hTERT and HRasG12V(Hahn

et al., 1999). Later work expanded these findings and identified a core set of non-viral proteins that together

drive the processes of immortalization and transformation (Kendall et al., 2005, 2006). With the modified

system, the introduction of hTERT, p53DD, cyclin D1, CDK4R24C, and c-MYCT58A to primary epithelial cells

immortalizes the cells, whereas subsequent expression of HRASG12V converts the immortalized cells to a
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fully tumorigenic state. Using this approach, well-defined genetic models of tumorigenesis can be estab-

lished starting with normal primary epithelial cells. It was previously demonstrated that the Ras-trans-

formed human mammary epithelial cells (HMECs), but not the pre-malignant immortalized line, form

tumors in immunocompromised mice. The resulting tumors were surrounded by areas marked by local tis-

sue invasion (Kendall et al., 2005), a characteristic associated with EMT.

We reconstructed this genetically defined cell culture system of stepwise tumorigenesis as a model with

which to study global regulation of early transitions to both malignancy and EMT at multiple levels of

gene expression. We demonstrate here that pre-malignant, immortalized cells have gained migratory ca-

pacity, whereas the Ras-transformed cells are significantly more invasive, indicating a stepwise gain of traits

typically associated with EMT and metastasis. To determine the mechanisms of malignant progression, we

quantified changes in messenger RNA (mRNA) expression using RNA sequencing and protein expression

using ultraperformance liquid chromatography-tandem mass spectrometry (UPLC-MS/MS). Following

immortalization, we found dramatic changes in mRNA expression and processing, which correlated with

protein abundance. These changes were consistent with previously reported EMT mRNA and alternative

splicing signatures. Surprisingly, during Ras transformation we observed enhanced changes of many of

the same EMT-related proteins that previously changed during primary cell immortalization, whereas there

were very few changes that were unique to the transformation step. These findings suggest that the pre-

malignant cells were primed for malignant conversion, with immortalization and transformation cooperat-

ing to promote changes in protein abundance. Unlike the immortalization step, changes in protein

abundance did not correlate with changes in mRNA following transformation, suggesting significant

involvement of post-transcriptional regulation, rather than being solely driven by transcription. Thus,

although the two sequential stages appear to cooperate, they use distinct mechanisms to promote

EMT. For example, proteins involved in cellular adhesion and cytoskeletal structure, such as a-adducin

(ADD1), decreased during immortalization and decreased further following Ras transformation, but their

encoding mRNAs did not decrease during Ras transformation. Moreover, short hairpin RNA (shRNA)

knockdown of ADD1 in pre-malignant cells resulted in a striking increase in invasive capacity, similar to

what we observed in the Ras-transformed cells. Taken together, our data reveal that both malignancy

and EMT-associatedmigration and invasion can be initiated in a two-stage process involving transcriptome

priming of pre-malignant cells followed by Ras-triggered post-transcriptional regulation.

RESULTS

Pre-malignant Immortalized Cells Have a Migratory Phenotype, whereas Ras-Transformed

Cells Have Increased Invasive Capacity

To study cancer progression, we used a cell culture model in which we immortalized primary HMECs (PRIM)

through the stable expression of hTERT, p53DD, cyclinD1, CDK4R24C, and c-MycT58A transgenes. This pre-

malignant, immortalized cell line (IMO) was used to create a third, Ras-transformed cell line (TFO) through

the expression of H-RasG12V (Figure 1A). We previously confirmed the expression of all transgenes in these

cells with quantitative reverse-transcriptase polymerase chain reaction (qRT-PCR), demonstrated that only

the TFO cells have anchorage-independent growth using a standard soft agar assay, and confirmed that

IMO and TFO cells can be passaged indefinitely, in contrast to the PRIM cells (Bisogno and Keene,

2017). Interestingly, PRIM cells grew in distinct clusters, whereas IMO and TFO cells had a scattered pattern

(Figure S1), suggesting altered cell adhesion properties.

To investigate the migratory properties of IMO and TFO cells, we measured wound closure using a scratch

assay. Cells were grown to confluency, and a single scratch was made in the cell monolayer. Migration was

quantified as the degree of wound closure after 24 hr, and both IMO and TFO cells were migratory with no

significant difference in migration (Figure 1B). We quantified invasion of these cell lines using a Transwell

Matrigel invasion assay, and, in contrast to migration, Ras transformation significantly increased invasive-

ness (Figure 1C). Given that migration and invasion are closely linked to EMT, these results suggest that this

genetically defined, primary cell-derived system of tumorigenesis can serve as a stepwise model of gain for

EMT-associated properties.

Changes in mRNA Are Consistent with an EMT and Correlate with Changes in Protein

Abundance during Pre-malignant Immortalization

To understand the transition between distinct EMT phenotypic states, we quantified global mRNA and pro-

tein abundance in all three cell lines (PRIM, IMO, and TFO). We measured global transcriptomics using
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Figure 1. Pre-malignant Immortalized Cells Have a Migratory Phenotype, whereas Ras-transformed Cells Have

Increased Invasive Capacity

(A) Genetically defined system of breast cancer progression.

(B) Wound-healing scratch assay: Shown are representative photographs and quantification of scratch closure after 24 hr

for four biological replicates. Data are represented as mean G SEM. SEM, standard error of the mean.

(C) Transwell assay: Shown are representative images and the mean and standard deviation of three biological replicates,

quantified as percentage that migrated through Matrigel versus through the control membrane without Matrigel. Data

are represented as mean G SEM.

See also Figure S1
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Figure 2. Changes in mRNA and Protein Abundance Correlate during Immortalization, but Not Following Ras

Transformation

(Left) Fraction of total expressed genes whose mRNA (red) or protein (purple) significantly increased (solid) or decreased

(striped) during (A) immortalization (IMO) or (B) transformation (TFO).

(Middle) Venn diagram of mRNAs and proteins that increased or decreased significantly (p < 0.05) during (A)

immortalization or (B) transformation. Overlapping area represents genes for which both the mRNA and corresponding

proteins changed in the same direction during the indicated transition.

(Right) Log2 fold change (L2FC) of RNA (x axis) plotted against the L2FC of the corresponding proteins (y axis) during (A)

immortalization and (B) transformation. Red dots denote significant (p < 0.05) changes in RNA only, blue is protein only,

and yellow indicates that both RNA and corresponding protein changed significantly.

See also Figures S2 and S3.
paired-end RNA sequencing and global proteomics using quantitative one-dimensional UPLC-MS/MS,

both methods in biological triplicate (Table S1).

During the PRIM to IMO transition (also referred to as ‘‘immortalization’’), we detected extensive changes in

both mRNA and protein abundance (Figure 2A, left panel). Many of the mRNAs that changed during

immortalization were expected based on the known pathways that were perturbed by the transgenes ex-

pressed in these cells (Figure S2A). For example, we saw enrichment for Gene Ontology (GO) categories

including ‘‘telomere maintenance,’’ ‘‘cell proliferation,’’ ‘‘mitotic cell cycle process,’’ ‘‘chromosome organi-

zation,’’ ‘‘programmed cell death,’’ and ‘‘negative regulation of cell proliferation.’’ Importantly, we also

observed enrichment of upregulated mRNAs involved in ‘‘epithelial cell migration’’ and enrichment of

downregulated mRNAs involved in ‘‘cell adhesion,’’ consistent with our observation that IMO cells are

migratory. For about 66% of the mRNAs that changed expression during immortalization, we observed

a concordant change in corresponding protein abundance (Figure 2A, middle panel). Globally we

observed a strong correlation between changes in mRNAs and corresponding proteins (Figure 2A, right

panel). Therefore, changes in proteins that drive migration in these immortalized cells were, in large

part, driven by dramatic changes in the transcriptome.
100 iScience 4, 97–108, June 29, 2018



To quantify the interplay between EMT progression and primary cell immortalization, we used a previously

published method for EMT scoring based on global RNA abundance signatures (Tan et al., 2014). EMT

signature scores were calculated using a two-sample Kolmogorov-Smirnov test based on multiple gene

expression signatures and reported as a value between �1 and +1, with more positive scores indicating

a more mesenchymal state. PRIM cells had a calculated score of 0.22905 (p = 0.05737), indicative of an in-

termediate or mixed epithelial-mesenchymal RNA signature, and IMO cells had a score of 0.71391 (p =

2.109 3 10�15), indicating a strong mesenchymal signature (Figure S2B).

Transcripts encoding proteins involved in RNA processing were also among the RNAs that increased dur-

ing the transition from PRIM to IMO, and as a group, core splicingmachinery components were significantly

upregulated during immortalization (Figure S2C). This observation suggested that, in addition to changes

in RNA abundance, immortalization may also cause changes in splicing. Indeed, we observed a large

number of significant alternative splicing changes during immortalization (Figure S2D, blue). It has been

previously reported that EMT drives an alternative splicing program associated with multiple tumor types

(Shapiro et al., 2011; Yang et al., 2016). We therefore assessed the extent of EMT-specific alternative

splicing by comparing previously reported EMT splicing signatures with changes observed during the

PRIM to IMO transition. We observed close agreement between these datasets (Figures S2E and S2F),

and we identified and validated many well-described mesenchymal isoforms, including those for CD44,

ENAH (also known as MENA), and p120-catenin, in our system (Figure S3) (Prochazka et al., 2014; Rohan

et al., 2014; Sarrio et al., 2004).

In addition to these isoforms that are known to be regulated during EMT, we identified several other

splicing events that we would predict to have an impact on cell migration. For example, alternative splicing

of Myo1b, which encodes unconventional myosin, yields proteins with lever arms of different lengths that

regulate myosin step size and thus, are likely to increase motility rates (Laakso et al., 2010). Expression of

this isoform of Myo1b has also been observed in other models of EMT (Yang et al., 2016). We also observed

alternative splicing of Discs large homolog 1 (DLG1), a scaffolding protein, in a region that allows interac-

tions with protein kinases, including Crk, which regulates cell adhesion, spreading, and migration

(McLaughlin et al., 2002) (Figures S3 and S4). These alternative splicing events are novel in the context

of EMT, and our data suggest that they may contribute to a migratory phenotype.

Changes in mRNA Abundance Do Not Correlate with Changes in Protein Abundance during

Ras Transformation

In contrast to the transition from PRIM to IMO, very few significant changes in mRNA expression occurred

during the IMO to TFO transition (Figure 2B, left panel). This was surprising in light of the drastic difference

in anchorage-independent growth and invasiveness (Figure 1C) (Bisogno and Keene, 2017). When we

applied the EMT signature scoring system, TFO cells were assigned a score of 0.53635 (p = 8.02 3 10�8)

(Figure S2B), indicating that TFO cells have a gene expression signature typical of mesenchymal cells. How-

ever, this mRNA expression signature is not more mesenchymal when compared with IMO cells, despite

their acquired invasiveness. In addition, the EMT-related alternative splicing events observed during the

PRIM to IMO transition were maintained following Ras transformation, but we did not detect any additional

changes in alternative splicing (Figures S2C–S2F). However, significantly more proteins were differentially

expressed than mRNAs (Figure 2B, left panel). When comparing proteins that changed expression with

their corresponding mRNA changes, there was very little overlap and poor correlation (Figure 2B, middle

and right panels), suggesting that changes in protein abundance, but not RNA abundance or processing,

may be driving changes in malignancy and invasiveness during transformation.

Ras Transformation Enhances the Changes in Protein Expression that Occur during

Immortalization

We observed a progression of cellular behavior from IMO cells being more migratory than PRIM to TFO

cells being more invasive than IMO, yet the EMT RNA signatures only showed a significant difference in

immortalization and not during transformation. We reasoned that changes in protein abundance during

transformation were driving the increase in invasion. To investigate how these changes of protein abun-

dance induce migratory cells to become invasive, we compared protein changes during transformation

with changes during immortalization. Interestingly, there was good correlation between the liquid chroma-

tography (LC)-MS/MS-derived changes in protein abundance during both transitions, indicating that many

proteins that changed during immortalization were altered in the same direction following transformation
iScience 4, 97–108, June 29, 2018 101



Figure 3. Ras Transformation Enhances the Changes in Protein Expression that Occur during Immortalization

(A) Log2 fold change (L2FC) protein abundance during immortalization (PRIM to IMO, x axis) versus transformation

(IMO to TFO, y axis) for all expressed genes. Group 1 includes all proteins that increase, and Group 2 includes all proteins

that decrease during both transitions.

(B) L2FC protein abundance during immortalization (PRIM to IMO, x axis) versus transformation (IMO to TFO, y axis) for all

expressed genes, filtered for significantly changed proteins (p < 0.05) during the IMO to TFO transition (a total of 575

proteins met this criteria). Percent values indicate percentage of proteins contained within each quadrant.

(C) GO process categories for significantly changed proteins in ‘‘Group 1’’ (increased during both transitions) and ‘‘Group

2’’ (decreased during both transitions).

(D) Comparison of L2FC of RNA (left panel) and protein (right panel) during immortalization (x axis) and transformation

(y axis) for the ncRNA processing GO category (Group 1).

(E) Comparison of L2FC of RNA (x axis) and protein (y axis) during immortalization (left panel) and transformation

(right panel) for the ncRNA processing GO category (Group 1).
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Figure 3. Continued

(F) Comparison of L2FC RNA (left panel) and protein (right panel) during immortalization (x axis) and transformation

(y axis) for the regulation of actin filament-based processes GO category (Group 2).

(G) Comparison of L2FC of RNA (x axis) and protein (y axis) during immortalization (left panel) and transformation (right

panel) for the regulation of actin filament-based processes GO category (Group 2).

See also Figure S4.
(Figure 3A, Groups 1 and 2). To see how changes in protein abundance during transformation relate to

changes occurring in the preceding PRIM to IMO transition, we filtered the data for all proteins that

changed significantly (p > 0.05) during Ras transformation and observed that 55.4% of these proteins

increased during immortalization and further increased following transformation, whereas 24.9% of the

proteins decreased during immortalization and further decreased during transformation (Figure 3B).

Thus, less than 20% of all dynamically changing proteins showed opposite changes between immortaliza-

tion and transformation. This indicates that Ras is primarily enhancing changes in protein abundance that

had occurred during the preceding stage of immortalization.

To investigate how these correlating changes relate to the observed phenotypic changes, we grouped pro-

teins according to their changes during immortalization and transformation, with proteins increasing dur-

ing both transitions belonging to Group 1 and those decreasing during both transitions belonging to

Group 2. Among the proteins within each of these groups, we saw enrichment for numerous GO categories

falling into eight broad groupings each. For Group 1, the categories fell into the following groupings:

‘‘post-transcriptional process,’’ ‘‘non-coding RNA processing,’’ ‘‘transcription/chromatin,’’ ‘‘DNA binding,’’

‘‘DNA repair,’’ ‘‘nucleic acid metabolism,’’ ‘‘complex,’’ and ‘‘transport’’ (Figure 3C). For Group 2 proteins,

the categories fell into the following groupings: ‘‘transport,’’ ‘‘vesicles/secretion,’’ ‘‘lipid metabolism,’’ ‘‘im-

mune response,’’ ‘‘signaling,’’ ‘‘ion homeostasis,’’ and, importantly, ‘‘cytoskeletal’’ and ‘‘migration/adhe-

sion’’ (Figure 3C).

Much like our observed global expression patterns, functional categories of mRNA and protein correlated

during immortalization but were not correlated during transformation. For example, proteins involved in

non-coding RNA processing (Group 1) increased from PRIM to IMO and then again from IMO to TFO (Fig-

ure 3D, right panel), whereas the mRNAs encoding these proteins did not follow the same pattern (Fig-

ure 3D, left panel). Both RNA and protein increased during the PRIM to IMO transition (Figure 3E, left

panel), whereas only proteins increased during the IMO to TFO transition (Figure 3E, right panel). Similarly,

proteins involved in the regulation of actin filament-based processes (Group 2) decreased in abundance

from PRIM to IMO and then decreased again from IMO to TFO, whereas the mRNAs encoding these pro-

teins had decreased expression from PRIM to IMO but subsequently did not change, as a group, from IMO

to TFO (Figures 3F and 3G). We validated the UPLC-MS/MS data by western blotting and RNA-seq data via

qRT-PCR for several Group 1 and Group 2 proteins (Figure S5). Indeed, individual protein levels increased

(Figure S5A) or decreased (Figure S5B) during Ras transformation without significant corresponding

changes in mRNA. Therefore, although immortalization and transformation appear to cooperate to pro-

mote EMT, they do so by distinct mechanisms. Changes in protein expression correlate with changes in

mRNA expression during immortalization, suggesting regulation of transcription and/or RNA stability,

while oncogenic Ras further enhances these changes in protein abundance with no corresponding changes

in RNA expression, suggesting regulation via post-transcriptional mechanisms, such as translation and/or

protein stability, during transformation.

Knockdown of a-Adducin Enhances Invasion of Immortalized Cells

Since the enriched GO categories for Group 2 proteins contained many categories related to ‘‘cytoskel-

etal’’ and ‘‘adhesion/migration,’’ suggesting that Ras-driven changes in protein abundance may result in

increased invasion, we sought to test whether mimicking these changes in IMO cells could induce the trans-

formation-specific invasive phenotype. As a proof of principle, we examined ADD1, a Group 2 protein.

ADD1 is a membrane skeletal protein that plays a role in the formation and stabilization of the membrane

cytoskeleton by binding and capping actin filaments and promoting actin association with spectrin (Li et al.,

1998). ADD1 has a demonstrated role in maintaining epithelial junction and barrier integrity, and knock-

down of ADD1 decreases adherens junctions and tight junction assembly through diminished spectrin

recruitment and a decrease in F-actin abundance, resulting in the impaired assembly of actin bundles

(Naydenov and Ivanov, 2010).
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Figure 4. Knockdown of a-Adducin Enhances Invasion of Immortalized Cells

(A) Western blot validation of the LC-MS/MS detected decrease of ADD1 in TFO versus IMO cells and shRNA knockdown

of ADD1 in IMO cells.

(B) qRT-PCR of ADD1-encoding mRNA in IMO and TFO cells, shown as relative expression to PRIM cells, normalized to

Glyceraldehyde 3-phosphate dehydrogenase (GapDH). Data are represented as mean G standard deviation, n = 4.

(C) Transwell assay: Shown are representative images and the mean and standard deviation of two biological replicates

of each shRNA, six biological replicates of IMO, and four biological replicates of TFO, quantified as percentage

that migrated through Matrigel versus through the membrane without Matrigel. Data are represented as the

mean G SEM.
Expression of oncogenic Ras resulted in a decrease in ADD1 protein abundance with no significant change

in mRNA expression (Figures 4A and 4B). We reduced the levels of ADD1 in IMO cells using three shRNA

constructs (Figure 4A). ADD1 reduction in IMO cells drastically increased cell invasion while having no ef-

fect on cell survival, similar to what we observed during Ras transformation (Figure 4C). In summary, ADD1

protein expression levels decreased during immortalization, yet did not lead to an invasive phenotype.

ADD1 protein, but not its encoding mRNA, was further reduced in response to oncogenic Ras transforma-

tion, and both oncogenic Ras expression and direct knockdown of ADD1 resulted in increased cell invasion.
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Therefore, our data suggest that oncogenic Ras induces EMT-associated invasion, at least in part, by

directly decreasing the levels of ADD1 protein.
DISCUSSION

EMT Induction and Synergistic Cooperation with Ras

Just as normal cells evolve to a neoplastic state during malignant progression, epithelial cells transition

through a series of intermediate stages during the process of EMT. During an EMT, epithelial cells pass

through intermediate and reversible states with a mixture of epithelial and mesenchymal properties,

and cells in a partial EMT state may simultaneously express epithelial and mesenchymal markers and ac-

quire some EMT-related phenotypes (Nieto et al., 2016). Unlike traditional one-step models of EMT, our

genetically defined, stepwise system enabled us to gain novel mechanistic insights into different EMT-in-

termediate states. In the first stage of primary cell immortalization, we observed a repression of the

epithelial gene expression signature, activation of a mesenchymal program, and a dramatic increase in

cell migration. Ras transformation of these immortalized cells enhanced the changes laid out during the

first stage by enhancing the expression levels of a subset of proteins, resulting in an invasive phenotype.

In fact, over 80% of the Ras-induced changes were changed in the same direction up or down during

immortalization, suggesting a synergy between the two stages where pre-malignant cells were primed

for Ras-triggered activation.

Although the acquisition of most cancer hallmarks can be encompassed into a model of Darwinian evolu-

tion in which genetic mutations confer a selective advantage, activation of migration and invasion does not

provide an obvious survival advantage to the primary tumor (Gerlinger et al., 2012; Gupta et al., 2005; Ha-

nahan and Weinberg, 2011). Therefore, it has been postulated that mutations that directly contribute to

metastatic competence may be harbored within genetic lesions for another trait that renders a selective

advantage within the primary tumor (Gupta et al., 2005). Given the cooperation between stages that pro-

mote invasion and malignancy in our model (Figures 1 and S2), we speculate that invasive traits may be

harbored within multiple mutations, and in some instances, these mutations may be able to act

synergistically.
Ras Synergy with Multiple EMT-Promoting Pathways

Our results suggest that oncogenic Ras works cooperatively with the genetic alterations induced during

primary cell immortalization to promote EMT-associated invasion. Interestingly, a previous study showed

that KRAS suppression in pancreatic cancer cells attenuated transforming growth factor b (TGF-b)-induced

upregulation of Snail, a transcription factor involved in EMT (Horiguchi et al., 2009). In addition, expression

of the H-RasG12V transgene in HeLa cells boosted the upregulation of Snail in response to TGF-b, suggest-

ing that TGF-b signaling and Ras cooperate to induce Snail (Horiguchi et al., 2009). Notably, this TGF-b-Ras

synergism induced EMT through a distinct mechanism from immortalization in our system, as we did not

observe changes to Snail expression. This suggests that Ras can cooperate with multiple, distinct mecha-

nisms to promote EMT.

We observed synergistic regulation by immortalization and Ras transformation for many proteins involved

in EMT-related processes, including the canonical mesenchymal markers vimentin and N-cadherin, as well

as many cell adhesion and cytoskeleton organization proteins (Figure S5). Our data suggest that Ras may

cooperate with the genetic mutations in the immortalized cells to regulate many EMT-related proteins to

promote malignancy and invasion. One example is RIO kinase 1 (RIOK1), which increased protein expres-

sion following both immortalization and Ras transformation. Interestingly, a recent study revealed that

RIOK1 knockdown reduced invasion in Ras-transformed breast, colon, and lung cancer cells, but it did

not have the same effect on cells with wild-type Ras (Weinberg et al., 2017). Moreover, knockdown of

RIOK1 in immortalized breast cells reduced KRAS transformation efficiency, suggesting a requirement

for RIOK1 in the context of oncogenic Ras signaling (Weinberg et al., 2017). Another example of an

EMT-related change was Drebrin-like (DBNL) actin-binding protein, which was reduced following both

immortalization and Ras transformation. DBNL is necessary for the formation of podosome rosettes (Boat-

eng et al., 2012). Podosomes are dynamic structures that regulate extracellular matrix adhesion and degra-

dation, and knockdown of DBNL in Src-transformed fibroblasts greatly increased invasive cell migration

(Boateng et al., 2012). In breast cancer, DBNL has been characterized as a metastatic suppressor, and it

is stabilized by the RNA-binding protein MBNL1 (Fish et al., 2016).
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Post-transcriptional Mechanisms Triggered by Oncogenic Ras

Although many studies have relied on steady-state mRNA levels as a proxy for gene expression, it has

become increasingly clear that mRNA levels alone do not provide a complete picture of the complex

regulatory processes occurring during cancer cell progression, as evidenced by the fact that steady-

state protein levels often do not correlate with steady-state mRNA levels (Griffin et al., 2002; Ideker et

al., 2001; Keene, 2001; Mansfield and Keene, 2009). Our global datasets suggest that Ras likely controls in-

vasion through post-transcriptional mechanisms, such as translation and/or protein stability (Figure 2).

Ras signaling has previously been shown to regulate translation. In glioblastoma, Ras and Akt signaling

have minimal effects on RNA abundance, whereas they significantly alter mRNA translation (Rajasekhar

et al., 2003). Ras signaling is also required for phosphorylation of RPS6 and is thereby involved in stimu-

lating cap-dependent translation (Roux et al., 2007). Furthermore, Ras is required for mitogen-induced

phosphorylation of the cap-binding protein eIF4E, thus regulating translation initiation (Frederickson

et al., 1992). eIF4E is also known to be phosphorylated during TGF-b-induced EMT, which in turn regulates

translation of Snail and Mmp-3 (Robichaud et al., 2015).

In addition to directly regulating the translational machinery, Ras can regulate the activity of sequence-spe-

cific RNA-binding proteins, which bind to elements located in regulatory regions of mRNA, such as 30 or 50

untranslated regions (UTRs), and regulate the translation of multiple functionally related genes, or RNA

regulons. For example, the CELF6 RNA-binding protein has been demonstrated to rescue KRAS suppres-

sion in oncogene-addicted cells (Shao et al., 2014). Furthermore, a recent study established a role for

CELF1, a related family member of CELF6, in regulating EMT-associated translational regulation (Chaud-

hury et al., 2016). Several other studies have demonstrated roles for translational RNA regulons in the

acquisition of cancer-related phenotypes downstream of major oncogenic signaling pathways (Jung

et al., 2014; Romeo et al., 2013; Shahbazian et al., 2010; Truitt and Ruggero, 2016; Tsukumo et al., 2016;

Wurth et al., 2016).

Regulation of protein localization and turnover also greatly determines cellular processes. EMT is regu-

lated by post-translational modifications that can influence protein localization and degradation. For

example, Snail is phosphorylated by glycogen synthase kinase (GSK)-3b, leading to nuclear export and

subsequent ubiquitin-mediated proteasome degradation, whereas dephosphorylation by SCP inhibits

Snail degradation (Wu et al., 2009; Zhou et al., 2004). Ras signaling can lead to the activation of

mitogen-activated protein kinases (MAPK), which phosphorylates downstream targets involved in cancer

progression and EMT. MAPK-mediated phosphorylation of the transcription factor TWIST1 increased

protein levels without affecting mRNA levels, leading to breast cancer cell invasiveness (Hong et al.,

2011). Furthermore, the Ras-ERK MAPK signaling pathway has been demonstrated to inhibit the ubiqui-

tin-proteasome pathway in both developing T cells and during mitogen activation of fibroblasts (Sears

et al., 1999; Yamashita et al., 2005). Interestingly, our data showed upregulation of components of

the anaphase-promoting complex/cyclosome (APC/C), including Bub1B, CDC20, UBE2C, and UBE2S

(Table S1). The APC/C is a ubiquitin ligase complex that regulates a variety of cellular processes,

including invasion, by targeting different substrates for ubiquitination (Zhou et al., 2016). It is therefore

possible that a number of the proteins that are decreased in response to oncogenic Ras could be tar-

geted for ubiquitination by the APC/C complex.

In summary, we have identified a novel and synergistic transition in gene expression whereby mutated

oncogenic Ras post-transcriptionally enhances changes primed via genetic mutations in pre-malignant

cells, resulting in a significant increase in malignancy and cell invasiveness. This work provides important

insights into the mechanisms by which cancer-associated genetic mutations cooperate to promote transi-

tions through partial EMT states.
METHODS

All methods can be found in the accompanying Transparent Methods supplemental file.
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Supplemental Figures and Legends: 

 

 

  

Supplemental Figure 1: 

PRIM cells are epithelial, while IMO and TFO cells are morphologically more mesenchymal. Related to 

Figure 1. Phase contrast micrographs of Primary (PRIM), Immortalized (IMO), and Transformed (TFO) HMECs at 

low confluency (top) and high confluency (bottom). 

 

 

 

 

 

 



 



Supplemental Figure 2:  

IMO cells have a mesenchymal mRNA expression and alternative splicing signatures that are maintained in 

TFO cells. Related to Figure 2.  

A) Enriched GO categories for genes increasing (upper group) or decreasing (lower group) during primary cell 

immortalization.  

B) Previously reported epithelial and mesenchymal gene expression signatures (Tan et al. 2014) were used to 

generate empirical distribution functions for PRIM, IMO and TFO cells. The X-axis shows ranked normalized 

expression, with “1” being the most abundant and “0” being the least abundant. EMT signature scores for PRIM, 

IMO and TFO HMECs were calculated using a two-sample Kolmogorov-Smirnov test. The EMT signature score is 

reported as a value between -1 and +1, with more positive scores indicating a more mesenchymal state.  

C) Expression of mRNA encoding core splicing components increase significantly during immortalization. 

Heatmap depicts changes from PRIM to IMO and from PRIM to TFO. 

D) Significant changes in alternative splicing are observed during immortalization. dPSI= change in percent 

spliced in. Blue is significant reproducible alternative splicing events from PRIM to IMO and red is significant 

reproducible alternative splicing events from IMO to TFO. 

E) Pair-wise comparison of alternative splicing changes induced during immortalization to previously reported 

EMT-signatures (Shapiro et al. 2011; Yang et al. 2016). R-values indicate correlation coefficients for each 

comparison. Top middle box is the comparison between immortalization and Shapiro et al. 2011, R=0.87. Top right 

box is the comparison between immortalization and Yang et al. 2016, R=0.81. Middle right box is the comparison 

between Shapiro et al. 2011 and Yang et al. 2016, R=0.84.  

F) Comparison of alternative splicing events reported by Shapiro et al. to immortalization (top) and 

transformation (bottom). 

 



 



Supplemental Figure 3:  

Visualization and confirmation of well-described (CD44, CTNND1 and ENAH) and novel (Myo1b and DLG1) 

alternative splicing events during EMT. Related to Figure 2.  

A) Visualizations of VAST analysis. The plots in the left panels show the two joint posterior distributions over 

psi. Each replicate is plotted as dots below the histogram. The right panels show the probability (y-axis) of delta psi 

being greater than a given value (x-axis). The red line is the 95% confidence interval.  

B) IGV screen shots of alternative splicing events, indicated by red boxes. 



 



Supplemental Figure 4:  

PCR confirmation of alternative splicing events. Related to Figure 2.  

Splice products depiction, name and expected size. PCR validation of alternative splicing events in PRIM, IMO, and 

TFO cells. 

 

 

 

 

 



 

Supplemental Figure 5:  

Ras-transformation alters expression of proteins involved in EMT-related processes without altering 

corresponding mRNA levels. Related to Figures 3 and 4.  

Western blot validation of candidate Ras-regulated proteins identified by global proteomics data and qRT-PCR 

validation of RNA-seq data for mRNAs encoding Ras-regulated proteins that A) increase or B) decrease in protein 

but not mRNA abundance during oncogenic-Ras transformation. 



Transparent Methods:  

Cell Culture 

HMECs were obtained from Lonza at p9 and maintained in Mammary Epithelial Growth Medium (MEGM; Lonza, 

Walkersville, MD, USA). IMO and TFO HMECs were maintained in MEGM+10% fetal bovine serum (FBS). Cells 

were passaged at 50-70% confluency using a Reagent Pack (Lonza) according to the manufacturer’s subculturing 

protocol. All HMECs were authenticated by analysis at the Duke University DNA Analysis Facility. Cells were 

immortalized and transformed as previously described(Bisogno and Keene, 2017) (Bisogno and Keene, 2017); also 

see Supplemental Experimental Procedures.   293T/17 packaging cells were obtained from the Duke University Cell 

Culture Facility and maintained in Dulbecco’s Modified Eagle’s Medium (ThermoFisher Scientific, Grand Island, 

NY, USA) +10% FBS.  All cells tested mycoplasma negative.  

Wound healing scratch assay 

Cells were grown in a single monolayer in 6-well plates. Cells were serum starved overnight and during experiment 

to control for proliferation. A single scratch was made with a p200 pipette tip and the scratch was photographed in 3 

distinct places. After 24 hours the scratch was imaged in the same 3 locations, and percent wound closure was 

quantified using ImageJ’s MRI wound healing tool. Data is reported as the mean and standard deviation of 4 

replicates.  

Matrigel Invasion Assay 

Matrigel membrane matrix (Corning, Corning, NY, USA), was thawed on ice overnight and diluted to 300ug/ml in 

cold coating buffer (0.01M Tris pH 8, 0.7% NaCl, filtered). 100ul of Matrigel was added to 6.5mm Transwell with 

8.0um Polycarbonate membrane inserts (Corning), and allowed to solidify at 37C for 2-4 hours. Cells were 

harvested with Trypsin/EDTA, washed 3 times with serum free media, and resuspended in serum free media at 

~50,000 cells/ml. 500ul of cell suspension was added to the upper chamber. 750ul of media with serum was added 

to the lower chamber.  No Matrigel control inserts were used in every experiment. After 16-18 hours incubation, 

cells that did not invade were scraped off the top chamber with a cotton swab. Cells were fixed in methanol and 

stained with 1% Toluidine Blue or 0.2% Crystal Violet. 4 distinct fields were photographed. Data is reported as the 

mean and standard deviation of 3 replicates, quantified as percent that migrated through Matrigel vs. through the 

membrane without Matrigel.  

RNA-sequencing 

RNA samples were sequenced on the Illumina Hi-Seq 2000/2500 platform (one replicate; 125bp PE) and the 

Illumina Hi-Seq 4000 platform (two replicates; 150bp PE) (See Supplemental Experimental Procedures). We 

obtained approximately 60-80 million reads per library. Reads were mapped to the human genome (hg19) using 

TopHat2(Kim et al., 2013), and significant changes in gene expression patterns were determined using 

Cufflinks/Cuffdiff(Trapnell et al., 2010). Gene ontology was analyzed using GOrilla (Eden et al., 2007; Eden et al., 

2009). Alternative splicing was analyzed using Vast-tools (Irimia et al., 2014). RNA abundance for genes of interest 

were validated using qRT-PCR, and alternative splicing events of interest were validated with PCR and 1% agarose 

gel (See Supplemental Experimental Procedures).  

UPLC-MS/MS 

Samples were analyzed using a nanoACQUITY UPLC system (Waters Corporation, Milford, MA) coupled to a Q 

Exactive HF Orbitrap high resolution accurate mass tandem mass spectrometer (ThermoFisher Scientific, Bremen, 

Germany) via a nanoelectrospray ionization source (See Supplemental Experimental Procedures). Individual 

proteins of interest were validated by Western blotting (See Supplemental Experimental Procedures).  



ADD1 shRNA 

TRC1 lentiviral plasmids targeting ADD1 or a non-target negative control were obtained from Duke University’s 

Functional Genomics shared resource. To control for off-target effects, 3 individual shRNAs and a non-targeting 

shRNA were used (See Supplemental Experimental Methods). 

 

Establishing a primary cell-derived system of tumorigenesis  

293T/17 cells were co-transfected with p0467/pcl-10A (gift of Dr. Chris Counter) and individual pBabe 

plasmids containing transgenes of interest (Table) using FuGENE-6 (Roche, Basel, Switzerland). 24 hours later, the 

transfection was repeated. 8 hours after the second transfection, the media was replaced with fresh MEGM, and cells 

were incubated in this new media for 48 hours. Amphotropic retrovirus-containing media was harvested from the 

cells and filtered through a sterile 0.45µm Acrodisc with an HT tuffryn membrane (VWR, Radnor, PA). All media 

was snap-frozen in liquid nitrogen and stored at -80 C. Fresh MEGM was added to the 293T/17 cells, and 12 hours 

later media was harvested, filtered and snap frozen as done previously. Media containing the pBabe-hTERT 

amphotropic retroviruses was thawed at 37C. Polybrene (hexadimethrine bromide, Sigma-Aldrich, St. Louis, MO) 

was added to a concentration of 4µg/ml, and the media was added to primary HMECs. 12 hours later, the procedure 

was repeated with the second pBabe-hTERT amphotropic retrovirus containing media. This procedure was repeated 

every 12 hours until the HMECs were transduced with each plasmid listed in Table 1. Cells without H-Ras were 

saved as the immortalized (IMO) cell line. Cells that were Ras-transformed are referred to as the transformed (TFO) 

cell line. Cells were selected sequentially with the following antibiotics, with a 5 day recovery between drug 

selections: Hygromycin: 80µg/ml for 7 days; G418: 250µg/ml for 10 days; Puromycin: 0.5µg/ml for 5 days; Zeocin: 

800µg/ml for 8 days; Blasticidin: 4.5µg/ml for 7 days. RAS-transformed cells were sorted by flow cytometry for 

YFP expression. Transgene expression was tested with qRT-PCR, UPLC/MS-MS, and anchorage-independent 

growth was assessed with a soft agar assay. 

Transgene Selection Marker Source 

 

hTERT Hygromycin addgene plasmid #1773, gift of 

Dr. Bob Weinberg (Counter et 

al., 1998)  

p53DD G418 gift of Dr. Chris Counter (Hahn 

et al., 2002) 

Cyclin D1 Puromycin addgene plasmid #9050, gift of 

Dr. William Hahn 

CDK4R24C 

 

Zeocin gift of Dr. Chris Counter (Hahn 

et al., 2002) 

C-mycT58A Blasticidin gift of Dr. Chris Counter (Yeh et 

al., 2004)  

H-RASG12V  YFP gift of Dr. Chris Counter (Hahn 

et al., 1999) 

Control GFP addgene plasmid #10668, gift of 

Dr. William Hahn 

 Table S2: Plasmids used to generate a genetically-defined system of tumorigenesis. Realated to 

Figure 1.  

 

 

 



 

 

 

RNA-sequencing 

Total RNA was obtained from cells using the TRIsure reagent (Bioline, Luckenwalde Germany) according 

to the manufacturer’s protocol. RNA quantity was analyzed using a NanoDrop spectrophotometer, and ribosomal 

RNA was depleted using the Ribozero Gold kit (Epicentre, Madison, WI, USA). 50ng of rRNA depleted RNA was 

used as input for sequencing libraries, which were made using the ScriptSeq v2 RNA-seq library preparation kit 

(Epicentre) according to the manufacturer’s instructions. 16 amplification cycles were used in the final PCR 

amplification step.  Libraries were checked with a BioAnalyzer, and sequenced on the Illumina Hi-Seq 2000/2500 

platform (one replicate; 125bp PE) and the Illumina Hi-Seq 4000 platform (two replicates; 150bp PE) at Duke 

University’s Center for Genomic and Computational Biology.  

Quantitative Real-time PCR 

Total RNA was isolated from cells using TriSure (Bioline, Luckenwalde Germany) and reverse transcribed 

using the iScript cDNA synthesis kit (Bio-Rad, Hercules, CA), both according to the manufacturer’s 

recommendations. Quantitative real-time PCR was performed using the Roche Lightcycler with Sybr green 

detection (Invitrogen, Carlsbad, CA).  Amplification of a single product was confirmed by melting curve analysis, 

and the ∆∆Ct analysis method was used. Data are reported as mean and standard deviation with p-values calculated 

using a standard t-test. 

Gene Forward Primer Reverse Primer 

GapDH  5’-CAT GTT CGT CAT GGG TGT 

GAA CCA-3’ 

5’-AGT GAT GGC ATG GAC TGT 

GGT CAT-3’ 

VIM 5’- GAC CAG CTA ACC AAC 

GAC AAA GC -3’ 

5’-CAG AGA CGC ATT GTC AAC 

ATC CTG -3’ 

CDH2 5’-GAG GAG TCA GTG AAG 

GAG TCA GC -3’ 

5’- ATC AGA CCT GAT CCT 

GAC AAG CTC -3’ 

CDCA5 5'- CTG GCC GAA GAC ACC 

CAG T -3' 

5'- GTC CTC CTT AGT AAG CTC 

CCT GC -3' 

RIOK1 5'- GCG GAC TCC TCT GAC AGT 

GAA AAC -3' 

5'- TCC AGA CAT AAC CCT TGG 

CGA G -3' 

ADD1 5'- TGG TAT GGT GAC TCC TGT 

GAA CG -3' 

5'- GCT CGG AGT TCA CTC TGG 

TTG TG -3' 

DBNL 5'- GGG TTG GTA AAG ACA 

GCT TCT GG -3' 

5'- CAC ATG TTG ACC CCT GCT 

CAT TTC -3' 

FLRT3 5'- CGT CTT CCT GGA GAT GCT 

CAG T -3' 

5'- GGT AGC TTC CGT TAC TTC 

AGA ACC -3' 

BLVRB 5'- ACT CCT CCA GGC TGC CAT 

C -3' 

5'- ATC ACT GTC GTG GGA CTG 

AGG -3' 

AKR12C 5’- GAC CCA GTC CTT TGT GCC 

TTG -3’ 

5’-GGA ATT CAA ACA CCT GCA 

CGT TC -3’ 

Table S3: Sequences for primers used to validate RNA-sequencing data. Related to Figure 2 and 

Figure 4.  

Alternative Splicing Validation  

Total RNA was isolated from cells using TriSure (Bioline, Luckenwalde Germany) and reverse transcribed 

using the iScript cDNA synthesis kit (Bio-Rad, Hercules, CA), both according to the manufacturer’s 



recommendations. PCR was performed using Taq DNA polymerase (Invitrogen, Carlsbad, CA), and PCR products 

were visualized on a 1% agarose gel.  

Gene Forward Primer Reverse Primer Description 

CD44 5'- CGT GAT GGC ACC 

CGC TAT G -3'; Exon 5 

5'- CTT CTT GAC TCC 

CAT GTG AGT GTC -3'; 

Exon 16 

CD44V- Exons 1-

19=1451bp product 

CD44E- 1-5, 12-19= 

703bp product 

CD44S- Exons 1-5, 15-

19= 307bp product 

CTNND1 5'- TTC TCA GCA CCT 

TGG CGA AG -3'; Exon 1 

5'- CTG CAT CCT GGG 

GAT GGT G -3'; Exon 5 

 

Inclusion of exons 2 and 3 

=664bp product 

ENAH 5'- GGC CTC TTC AAC 

AAG TAC ACC TG -3'; 

Exon 10 

5'- CTG CTT CAG CCT 

GTC ATA GTC AAG -3'; 

Exon 12 

Exclusion of 63bp 

between exons 11 and 12= 

169bp product 

MYO1B 5'- CCA GCA GAC AAA 

GAG TTC CGC -3'; Exon 

21 

5'- AGC TCC TTG TGA 

GTA GAA TCC AAG -3'; 

Exon 26 

Inclusion of exons 23 and 

24= 501bp product  

DLG1 5'- GGT CGG AGT GAT 

TCC CAG TAA AC -3'; 

Exon 17 

5'- AGA CGT ATT CTT 

CTT GAC CAG GTA -3'; 

Exon 20-21 

Mutually exclusive exon 

19= 66bp size difference  

Table S4: Sequences for primers used to validate alternative splicing. Related to Figure 2. 

UPLC-MS/MS:  

Sample Preparation: Cells were scraped in 250 µl of ammonium bicarbonate pH 8.0 (AmBic) containing 0.25% 

(w/v) acid labile surfactant (ALS-1). After freeze-thawing, samples were lysed by probe sonication (3 x 3 s) on ice. 

After centrifugation, protein concentration was determined by Bradford assay. 10µg of each sample was normalized 

to equal volumes with lysis buffer followed by addition of 10mM DTT. Samples were heated at 80 ºC for 10 min to 

denature and reduce the samples. After cooling to room temperature, samples were alkylated with 25mM 

iodoactamide (IAM). Excess IAM was quenched by addition of 10mM DTT. 1:25 (w/w) Sequencing Grade 

modified trypsin (Promega, Madison, WI) was added and samples were incubated overnight at 37ºC on a 

Thermomixer. After overnight digestions, ALS-1 was degraded by addition of trifluoroacetic acid (TFA) and 

acetonitrile (MeCN) to 1% and 2% (v/v) respectively, followed by heating at 60ºC for 2h and centrifuging to remove 

degraded ALS-1. Finally, 50 fmol/µl of trypsinized yeast ADH1 (Massprep; Waters Corporation, Milford, MA) was 

added and samples were transferred to Maximum Recovery LC vials (Waters).  

Quantitative Proteomic Analysis: Quantitative one-dimensional LC-MS/MS was performed once per sample using 

500ng of peptide digest. Samples were analyzed using a nanoACQUITY UPLC system (Waters) coupled to a Q 

Exactive HF Orbitrap high resolution accurate mass tandem mass spectrometer (Thermo) via a nanoelectrospray 

ionization source at Duke University’s Proteomics and Metabolomics Core Facility. Briefly, the sample was first 

trapped on a Symmetry C18 300 µm x 20 mm trapping column (5 µl/min at 99.9/0.1 v/v H2O/MeCN for 5 min), 

after which the analytical separation was performed using a 1.7 µm ACQUITY HSS T3 C18 75 µm x 250 mm 

column (Waters) using a 90 min gradient of 5 to 30% MeCN with 0.1% formic acid at a flow rate of 400 nl/min with 

a column temperature of 55⁰C. Data collection on the Q Exactive HF mass spectrometer was performed in a data-

dependent MS/MS manner, using a 120,000 resolution precursor ion (MS1) scan followed by MS/MS (MS2) of the 

top 12 most abundant ions at 30,000 resolution. MS1 was accomplished using an automatic gain control (AGC) 

target of 3e6 ions and 50 msec maximum injection time. MS2 used AGC target of 5e4 ions and 45 ms maximum 

injection time, 1.2 m/z isolation window, 27 V normalized collision energy, and 20 s dynamic exclusion. The total 

analysis cycle time for each sample injection was approximately 2 h. Samples included two QC pool samples for 

column condition and additional QC pool samples analyzed at the beginning, middle and end of the study. 

Following the analyses, the data was imported into Rosetta Elucidator v4.0 (Rosetta Biosoftware, Inc.), and all LC-



MS files were aligned based on the accurate mass and retention time of detection ion (“features”) using a PeakTeller 

algorithm (Elucidator). The relative peptide abundance was calculated based on area-under-the-curve (AUC) of 

aligned features across all runs. The dataset had 368,613 quantified features and HCD fragmentation was performed 

to generate approximately 892,447 MS/MS spectra for sequencing by database searching. This MS/MS data was 

searched against the reviewed (Swiss-Prot) protein sequences in the Uniprot (www.uniprot.org) database with Homo 

Sapiens taxonomy (downloaded on 08/16/16) as well as the study-specific proteins mouse p53DD, human R24C 

CDK4, T58C c-Myc and G12V H-ras, as well as the contaminant bovine serum albumin and surrogate standard 

yeast ADH1. In addition, the database contained an equal number of and reverse “decoy” protein sequences for false 

discovery rate determination (and a total of 40,407 entries). Amino acid modifications allowed in database searching 

included fixed carbamidomethyl on Cys, and variable deamidation of Asn/Gln, peptide N-terminal Gln->pyroGlu 

and protein N-terminal acetylation; variable modifications were deemed appropriate for these samples by a 

preliminary analysis using Byonic Preview (Protein Metrics, Inc). The data was searched with 7 ppm precursor, 0.02 

Da product ion tolerance, and tryptic enzyme specificity, allowing up Project 1089: cancer vs normal HMECs to two 

missed cleavages. The data was annotated at 0.4% peptide FDR using the PeptideTeller algorithm in Rosetta 

Elucidator. 

Western blots  

Whole cell lysates were prepared by scraping into cold 0.1% SDS lysis buffer. Protein was cleared by 

centrifugation, quantified with a Bradford assay, and boiled in Laemmli loading buffer. ~20µg of protein was then 

size separated on a criterion SDS PAGE gel (Biorad, Hercules, CA, USA). Protein was transferred onto 

nitrocellulose membrane, and transfer was verified using Ponceau S staining. Membranes were blocked with 5% 

Non-fat milk in TBS+0.1% Tween20 (TBST) for one hour at room temperature, incubated with primary antibody at 

4C overnight, washed thoroughly with TBST, incubated with secondary antibody for one hour at room temperature, 

washed extensively with TBST, and then developed using SuperSignal West Pico Chemiluminescent Substrate 

(ThermoFisher Scientific), and exposed to film. All primary antibodies are listed below. Anti-mouse (515-035-062) 

and anti-rabbit (111-035-003) HRP conjugated secondary were purchased from Jackson ImmunoResearch (West 

Grove, PA, USA) and used at a 1:20000 dilution.  

Gene Antibody Source and catalog 

number 

Dilution 

GapDH Santa Cruz; sc-47724 1:1000 

B-tubulin Santa Cruz; sc-5274 1:1000 

VIM Santa Cruz; sc-6260 1:250 

CDH2 Santa Cruz; sc-271386 1:250 

CDCA5 Santa Cruz; sc-365319 1:200 

RIOK1 Proteintech; 17222-1-AP 1:500 

ADD1 Santa Cruz; sc-33633 1:200 

DBNL Santa Cruz; sc-398498 1:200 

FLRT3 Santa Cruz; sc-514482 1:200 

BLVRB Santa Cruz; sc-373692 1:200 

AKR1C2 Iowa Hybridoma Bank 0.375µg/ml 

Table S5: Primary antibodies used for validation Western blots. Related to Figure 4.  

 

ADD1 shRNA knockdown: 

HEK-293T cells were grown to ~70% confluency and co-transfected with 1µg shRNA lentiviral plasmid 

(see table), 900ng psPAX2 packaging plasmid (a gift from Didier Trono; Addgene plasmid #12260), and 100ng 

pMD2.G envelope plasmid (a gift from Didier Trono; Addgene plasmid #12259) using FuGENE-6 transfection 

reagent (Promega, Madison, WI). Media was changed to DMEM+30%FBS 16 hours post-transfection. Virus-

containing supernatant was harvested 48 and 72 hours post-transfection and filtered with a 45µM filter. 



Hexadimethrine bromide (Sigma-Aldrich, St. Louis, MO) was added to 8µg/ml final concentration, and 0.5ml of 

prepared viral supernatant was added to IMO cells and incubated for 48 hours. ADD1 knockdown was assessed with 

a western blot. 

 

 

TRC

_ID 

(plate 

map) 

Olig_Seq Gene  Refseq 

 CCGGGCGCGATAGCGCTAATAATTTCTCGAGA

AATTATTAGCGCTATCGCGCTTTTTG 

Neg ctrl 

shRNA 

Non-targeting sequence 

84018 CCGGGCAGGTTTACAATTTAGCTTACTCGAGTA

AGCTAAATTGTAAACCTGCTTTTTG 

ADD1 

(shRNA 1) 

NM_001119.3,NM_014189.2,  

NM_014190.2,NM_176801.1 
 

84019 CGGCGGTGTAAATTGGCAGCGTTTCTCGAGAA

ACGCTGCCAATTTACACCGTTTTTG 

ADD1 

(shRNA 2) 

NM_001119.3,NM_014189.2,N

M_014190.2,NM_176801.1 

84020 CCGGGCAGGAATTTGAAGCCCTCATCTCGAGAT

GAGGGCTTCAAATTCCTGCTTTTTG 

ADD1 

(shRNA 3) 

NM_001119.3,NM_014189.2,N

M_014190.2,NM_176801.1 

Table S6: TRC1 lentiviral shRNA clones. Related to Figure 4. 

Data and Software Availability 

All data has been deposited in GEO and can be accessed by GEO series accession number GSE110677. 
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