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Abstract Genetic alterations which impair the function of the TP53 signaling pathway in TP53

wild-type human tumors remain elusive. To identify new components of this pathway, we

performed a screen for genes whose loss-of-function debilitated TP53 signaling and enabled

oncogenic transformation of human mammary epithelial cells. We identified transglutaminase 2

(TGM2) as a putative tumor suppressor in the TP53 pathway. TGM2 suppressed colony formation in

soft agar and tumor formation in a xenograft mouse model. The depletion of growth supplements

induced both TGM2 expression and autophagy in a TP53-dependent manner, and TGM2 promoted

autophagic flux by enhancing autophagic protein degradation and autolysosome clearance.

Reduced expression of both CDKN1A, which regulates the cell cycle downstream of TP53, and

TGM2 synergized to promote oncogenic transformation. Our findings suggest that TGM2-

mediated autophagy and CDKN1A-mediated cell cycle arrest are two important barriers in the

TP53 pathway that prevent oncogenic transformation.

DOI: 10.7554/eLife.07101.001

Introduction
The TP53 (known as p53) protein is a central component of the tumor suppressive network that mon-

itors oncogenic transformation (Vogelstein et al., 2000). Activation of TP53 by oncogenic stress

stimulates the transcription of a host of genes, in particular those involved in cell cycle arrest, apo-

ptosis, metabolism, and autophagy (Bieging and Attardi, 2012). The relative contribution of these

genes to tumor suppression by TP53 is likely to be tissue- and context-dependent, but it is clear that

they play complementary roles. For example, mutations in CDKN1A (known as p21), which is one of

the best-characterized direct target genes of TP53 and prevents cell cycle progression (Abbas and

Dutta, 2009), are much less frequent than mutations in TP53. Moreover, Cdkn1A knockout mice

have a much lower tumor penetrance than TP53 knockout mice (Martin-Caballero et al., 2001), sug-

gesting that additional TP53 targets must contribute to tumor suppression (Brady et al., 2011).

It has been shown that TP53 activity is required to prevent tumorigenesis in vivo (Bieging and

Attardi, 2012) and transformation in vitro (Hahn et al., 1999). For example, primary human mam-

mary epithelial cells (HMECs) can be fully transformed to form colonies in soft agar and tumors in

immunocompromised mice by overexpressing TERT, HRASV12, and the SV40 oncoproteins large T

and small T, which inactivate TP53 and RB1/pRB, and PP2A, respectively (Elenbaas et al., 2001;

Hahn et al., 2002). This in vitro transformation model is particularly powerful for identifying and

studying putative tumor suppressor genes in the TP53 pathway (Drost et al., 2010;

Voorhoeve et al., 2006), especially compared to cancer-derived cell lines or spontaneously
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immortalized cells such as MCF10A cells in which the tumor suppressive network has been inacti-

vated in a variety of ways (Kadota et al., 2010).

Given the crucial role of the TP53 pathway in tumor suppression, the significant proportion of

tumors that still express wild-type TP53 are likely to harbor alternative lesions that override TP53

activity, most prominently MDM2 overexpression or loss of CDKN2A (p14ARF) expression

(Vogelstein et al., 2000). In addition, a significant number of TP53 wild-type breast cancer tumor

lose expression of BRD7, a transcriptional cofactor of TP53, compared to TP53 mutant tumors

(Drost et al., 2010; Miller et al., 2005). Therefore, to identify genes that modulate the TP53 path-

way for tumor suppression, we developed a loss-of-function screen employing HMECs. In HMECs,

the TP53 pathway is intact, but the RB1/pRB pathway is disrupted due to silencing of the CDKN2A

(INK4A/p16) promoter (Stampfer and Yaswen, 2000). Utilizing these characteristics, we established

a primary HMEC malignant transformation system that is genetically defined to depend on the loss

of TP53 activity for full transformation, which can be assessed by analyzing colony formation in a soft

agar assay.

This screen uncovered tissue transglutaminase 2 (TGM2) as a tumor suppressor that inhibits onco-

genic transformation of HMECs. We showed that TGM2 expression is regulated by TP53 to suppress

oncogenic transformation of, and tumor formation by, primary HMECs. We provide evidence that

reduced TGM2 expression induces colony formation in soft agar possibly due to defects in autoph-

agy, specifically autophagic protein degradation and autolysosome clearance. Importantly, simulta-

neous knockdown of TGM2 and CDKN1A synergistically promotes transformation, revealing the

complementary and essential roles of TP53-induced autophagy and cell cycle arrest in tumor

suppression.

eLife digest Cancers grow from rogue cells that manage to defy the strict rules that normally

stop a cell from dividing when it should not. Each cell contains many proteins that are responsible

for implementing these rules, and thus help to prevent tumors from forming. One of these proteins

– p53 (which is also called TP53) – plays a central role in this process. Information about many

processes within and around a cell filters through the p53 protein, before being passed on to a

range of different proteins.

The proteins that are alerted by p53 are commonly referred to as its ’downstream effectors’, and

it is these proteins that stop cells from dividing too much. For example, the protein p21 (also called

CDKN1A) – which is the best understood of p53’s downstream effectors – hinders the machinery

that causes cells to divide. Other p53 effectors can cause cells to kill themselves to prevent cancer

growth. However, recent experiments with mice predicted that there may be other p53’s effectors

that are important too.

Yeo, Itahana et al. have now depleted the proteins that potentially work in p53’s network, one by

one, in human cells called mammary epithelial cells, to test if these cells can become cancerous in

the laboratory. The experiments showed that another downstream effector protein of p53 – an

enzyme called transglutaminase 2 – contributes to prevent these mammary epithelial cells from

becoming cancerous. Transglutaminase 2 promotes a process known as autophagy, which recycles

damaged and old components of the cell, and therefore normally helps to keep cells healthy.

Yeo, Itahana et al. also demonstrated that the effects of both p21 and transglutaminase 2 are

critical to stop human mammary epithelial cells grown in the laboratory from dividing too much and

from forming tumors when injected into mice.

These experiments provide a deeper understanding of how most cells manage to remain healthy

rather than becoming cancerous and reveal a potential new target for the early detection of cancer.

Further investigations could now explore whether therapies could re-activate this enzyme to prevent

or treat cancer.

DOI: 10.7554/eLife.07101.002
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Results

TGM2 suppresses oncogenic transformation of primary human
mammary epithelial cells
To identify new genes within the TP53 tumor suppressor pathway, we established an assay in which

the loss of TP53 signaling promotes oncogenic transformation. We employed human mammary epi-

thelial cells (HMECs) since the TP53 pathway is intact, but the RB1/pRb pathway is disrupted due to

silencing of the CDKN2A (INK4A/p16) promoter (Stampfer and Yaswen, 2000). HMECs require

TERT, oncogenic ER-HRASV12, SV40 large T and small T antigen for full transformation (Hahn et al.,

2002). However, we did not use large T antigen since it would perturb the TP53 pathway. ER-

HRASV12 is a fusion protein of HRASV12 with the hormone-binding domain of the estrogen receptor,

and is activated by the addition of 4-Hydroxy-Tamoxifen (4-OHT) (Voorhoeve et al., 2006). This

inducible HRAS system allowed us to minimize the emergence of aberrant clones arising from HRAS

oncogenic stress. These cells are referred to as HMECTERT/ST/ER-RasV12 cells throughout this paper.

To develop a soft agar screen that suppresses colony formation in TP53 wild-type but not TP53

depleted cells, we first plated HMECTERT/ST/ER-RasV12 cells in medium supplemented with 4-OHT (to

activate HRASV12), EGF, insulin, and hydrocortisone (Drost et al., 2010; Hahn et al., 2002). Unex-

pectedly, many colonies grew in soft agar under these conditions, even though the TP53 pathway

was not specifically inhibited (Figure 1—figure supplement 1, first column). In addition, the number

of colonies was not significantly increased by TP53 shRNA (Voorhoeve and Agami, 2003) (Fig-

ure 1—figure supplements 1 and 2), suggesting that TP53 activity does not inhibit oncogenic trans-

formation under these conditions. Therefore, we tested more stringent conditions that would avoid

transformation due to potentially oversaturated growth supplements. We found that HMECTERT/ST/

ER-RasV12 cells produced significantly fewer colonies when they were grown in medium with only 4-

OHT for the first 3 days, followed by medium with 4-OHT, EGF, insulin, and hydrocortisone

(Figure 1A, first column). Importantly, knockdown of TP53 substantially increased the number of col-

onies, suggesting that the loss of TP53 activity is required for transformation under these conditions

(Figure 1A and Figure 1—figure supplement 3). Therefore, we used these conditions to identify

genes whose loss compromises the TP53 pathway.

We searched a publicly available breast cancer expression array dataset for genes with reduced

expression in a significant number of TP53 wild-type tumor samples compared to TP53 mutant

tumor samples (GSE3494) (Figure 1B and Supplementary file 1) (Miller et al., 2005). We reasoned

that there is selective pressure to abrogate TP53 signaling during carcinogenesis, and that the loss

of expression of TP53 pathway components would be more frequent in a subset of TP53 wild-type

tumors compared to TP53 mutant tumors. Thus, genes with reduced expression in a subset of TP53

wild-type (see red circle in Figure 1—figure supplements 4,5, and 6) but not in mutant TP53 tumors

are potential members of the TP53 pathway. We selected 122 candidates with significantly lower

expression in a subset of TP53 wild-type tumor samples compared to TP53 mutant tumor samples

using Chi-square analysis (Figure 1B and Supplementary file 1).

We individually transduced shRNAs for each of these 122 candidate genes into HMECTERT/ST/ER-

RasV12 cells, and evaluated the effect of knockdown on colony formation in soft agar assays

(Figure 1B and Supplementary file 1). CDKN1A shRNA (Voorhoeve et al., 2006) was used as a

positive control, since it is a well-known downstream target gene of TP53 and since reduced

CDKN1A expression promotes cell transformation (Schaefer et al., 2010; Zhang et al., 2013;

Zou et al., 2002). Among the 122 candidate genes, there were four shRNAs that produced colonies

in soft agar from the primary screen (Supplementary file 1). To exclude off-target effects, we con-

structed additional shRNAs against the four genes in a secondary screen (Supplementary file 2),

and found that knockdown of only one, TGM2, produced colonies in soft agar with at least two inde-

pendent shRNAs (denoted as TGM2#1 and TGM2#2) (Figure 1C and Figure 1—figure supplements

7 and 8). The number of colonies formed correlated with the efficiency of TGM2 knockdown

(Figure 1D and E). To exclude the possibility that these two independent shRNAs against TGM2

share off-target activity, we restored TGM2 expression in HMECTERT/ST/ER-RasV12 cells expressing

TGM2#1 shRNAs with an shRNA-resistant cDNA (TGM2R). TGM2 restoration at physiological levels

significantly suppressed colony formation (Figure 1F and G). Taken together, these findings uncover

TGM2 as a putative tumor suppressor gene that functions within the TP53 pathway to prevent onco-

genic transformation of HMECs.
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Figure 1. TGM2 suppresses transformation of primary human mammary epithelial cells in soft agar. (A) HMECTERT/ST/ER-RasV12 cells were transduced

with retroviral vectors encoding control or TP53 shRNAs and plated in soft agar in medium with 4-OHT (to activate RasV12). Growth supplements (EGF,

insulin, hydrocortisone) were withheld for the first 3 days. Results (left panel) shown are the average colony number ± SD in biological triplicates.

Representative MTT-stained colonies are shown in the right panel. (**p<0.01 compared to control cells, student’s t-test) (B) Flow diagram for the shRNA

screen. The candidate gene list of 122 genes is selected by comparing genes with lower expression in a significant number of TP53 wild-type tumor

samples versus TP53 mutant tumor samples using expression array (GSE3494) consisting of 251 breast cancer samples with TP53 mutation status,

followed by designing and cloning of shRNAs against the genes. These genes could be under selective pressure to lose expression only in TP53 wild-

type tumors, thus could be potential members of the TP53 pathway. HMECTERT/ST/ER-RasV12 cells were generated by overexpressing TERT, SV40 small T

antigen and ER-HRASV12. The shRNAs against the candidate genes were introduced into the cells and observed for colony formation in soft agar in the

primary and secondary screen. (C) Soft agar analysis for HMECTERT/ST/ER-RasV12 cells expressing control, TGM2- (denoted as TGM2#1 or TGM2#2), TP53-,

or CDKN1A- shRNAs using the conditions described in (B). Quantification shows average colony number ± SD in biological triplicates. (*p<0.05;

**p<0.01 compared to control cells, student’s t-test) (D) Knockdown efficiency of TGM2 with two independent shRNAs. TGM2 protein expression was

Figure 1 continued on next page
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We further validated the effect of TGM2 knockdown on colony formation in soft agar using differ-

ent cell types. Human foreskin fibroblast BJ cells were retrovirally transduced with TERT, ER-

HRASV12, SV40 small T, and p16INK4a shRNA (to disrupt the Rb pathway). Two independent shRNAs

against TGM2 were further transduced into these cells and the number of colonies was evaluated.

Consistent with the results from HMECs, knockdown of TGM2 enhanced the colony formation in

BJTERT/ST/ER-RasV12/shp16 cells (Figure 1H and Figure 1—figure supplements 9 and 10). A similar

result was also obtained with mouse embryonic fibroblast NIH 3T3 cells expressing ER-HRASV12

(Figure 1I and Figure 1—figure supplements 11 and 12). These results suggest that TGM2 has a

tumor suppressive role not only in human mammary epithelial cell (HMECs), but also in BJ human

fibroblasts and NIH 3T3 mouse fibroblasts.

TGM2 expression is dependent on TP53
TGM2 could act downstream, upstream, or as a co-regulator of TP53 to support tumor suppression.

To distinguish between these possibilities, we assessed TP53 expression and activity in TGM2 knock-

down HMECTERT/ST/ER-RasV12 cells. Depletion of TGM2 expression did not reduce TP53 expression, or

its transcription factor activity, as measured by the expression of TP53 target genes such as CDKN1A

and MDM2 (Figure 2A). Thus, TGM2 is not an upstream regulator or a co-factor of TP53. In contrast,

we observed a significant reduction in TGM2 mRNA and protein expression in cells expressing TP53

Figure 1 continued

analyzed by Western blotting. b-ACTIN serves as the loading control. (E) TGM2 mRNA expression was quantified by qPCR, normalized to TBP

expression and to control vector in biological triplicates, and represented as the average fold change ± SD. (**p<0.01 compared to control cells,

student’s t-test) (F) Soft agar assay analysis of HMECTERT/ST/ER-RasV12 cells transduced with a retrovirus expressing mCherry with either control or

TGM2#1 shRNAs. The populations were verified to have more than 70% mCherry positive cells, and additionally transduced and selected to express an

empty vector (EV) or a shRNA-resistant TGM2 cDNA (TGM2RcDNA) by retroviruses. Quantification shows average colony number ± SD in biological

triplicates. (**p<0.01, student’s t-test) (G) Western blot analysis of TGM2 protein expression for (F). b-ACTIN serves as the loading control. (EV, Empty

Vector) (H) Soft agar assay analysis of BJTERT/ST/ER-RasV12/shp16 cells transduced with a retrovirus expressing control, TGM2-, or TP53- shRNA.

Quantification shows average colony number ± SD in biological triplicates. (*p<0.05; **p<0.01, compared to control cells, student’s t-test) (I) Soft agar

assay analysis of NIH 3T3ER-RasV12 cells transduced with a retrovirus expressing control or Tgm2-shRNAs. Quantification shows average colony number ±

SD in biological triplicates. (**p<0.01 compared to control cells, student’s t-test).

DOI: 10.7554/eLife.07101.003

The following figure supplements are available for figure 1:

Figure supplement 1. The effect of TP53 on colony formation in HMECTERT/ST/ER-RasV12 cells in the presence of EGF, insulin, and hydrocortisone.

DOI: 10.7554/eLife.07101.004

Figure supplement 2. Knockdown efficiency of TP53 shRNA.

DOI: 10.7554/eLife.07101.005

Figure supplement 3. Knockdown efficiency of TP53 shRNA for Figure 1A.

DOI: 10.7554/eLife.07101.006

Figure supplement 4. Generating the candidate gene list for screening.

DOI: 10.7554/eLife.07101.007

Figure supplement 5. Generating the candidate gene list for screening.

DOI: 10.7554/eLife.07101.008

Figure supplement 6. Generating the candidate gene list for screening.

DOI: 10.7554/eLife.07101.009

Figure supplement 7. Pictures of soft agar assay for Figure 1C.

DOI: 10.7554/eLife.07101.010

Figure supplement 8. Protein expression for Figure 1C.

DOI: 10.7554/eLife.07101.011

Figure supplement 9. Pictures of soft agar assay for Figure 1H.

DOI: 10.7554/eLife.07101.012

Figure supplement 10. Protein expression for Figure 1H.

DOI: 10.7554/eLife.07101.013

Figure supplement 11. Pictures of soft agar assay for Figure 1I.

DOI: 10.7554/eLife.07101.014

Figure supplement 12. Protein expression for Figure 1I.

DOI: 10.7554/eLife.07101.015
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Figure 2. TGM2 expression is dependent on TP53. (A) qRT-PCR analysis of the effect of control or TGM2 shRNAs (denoted respectively as control and

TGM2#1) on mRNA expression of either TP53, CDKN1A, MDM2, or TGM2 in HMECTERT/ST/ER-RasV12 cells. The levels of mRNA were normalized to TBP

expression and to control cells. The data indicate the average ± SD of biological triplicates. (**p<0.01, student’s t-test to control cells) (B) Western blot

analysis of HMECTERT/ST/ER-RasV12 cells stably transduced with retroviruses expressing control or TP53 shRNAs. b-ACTIN serves as the loading control.

(C) qRT-PCR analysis of the cells in (B). The levels of TGM2 mRNA were normalized to TBP expression and to control cells. The data indicate the

average ± SD of biological triplicates. (**p<0.01, student’s t-test to control cells) (D) Western blot analysis of HMECTERT/ST/ER-RasV12 cells stably

transduced with a retrovirus expressing mCherry with either control or TP53 shRNAs. The populations were verified to have more than 70% mCherry

positive cells, and then retrovirally-transduced and selected to express an empty vector or a 6x His-tag TP53 shRNA-resistant overexpression vector

(His-tag TP53RcDNA). b-ACTIN serves as the loading control. (EV, Empty Vector) (E) qRT-PCR analysis of cells in (D) for TGM2 mRNA normalized to TBP

expression and to control cells. The data indicate the average ± SD of biological triplicates. (*p<0.05; **p<0.01, student’s t-test) (F) qRT-PCR analysis of

Figure 2 continued on next page
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shRNAs (Figure 2B and C), suggesting that TGM2 is induced by TP53. Conversely, reconstitution of

TP53 expression in HMECTERT/ST/ER-RasV12 cells co-expressing a TP53 shRNA with a TP53 shRNA-

resistant cDNA (His-tag TP53R) restored TGM2 protein and mRNA expression (Figure 2D and E),

further validating that TGM2 is regulated by TP53. Consistent with these findings, the levels of

TGM2 mRNA was lower in BJTERT/ST/ER-RasV12/shp16 cells expressing TP53 shRNA compared to control

BJTERT/ST/ER-RasV12/shp16 cells (Figure 2F). Furthermore, a reduction in TGM2 mRNA was also

observed in Tp53 knockout MEFs compared to wild-type MEFs (Figure 2G). Together, these data

strongly suggest that TGM2 is regulated by TP53.

TGM2 is a potential transcriptional target gene of TP53
To examine if TGM2 is induced by TP53 activation, we treated HMECTERT/ST/ER-RasV12 cells and

BJTERT/ST/ER-RasV12/shp16 with Nutlin-3a, a small molecule inhibitor of the TP53-MDM2 interaction

(Tovar et al., 2006; Vassilev et al., 2004). MDM2 promotes degradation of TP53, thus inhibiting

this interaction with Nutlin-3a effectively stabilizes TP53. In both cell types, TGM2 expression was

increased by Nutlin-3a treatment in a TP53-dependent manner (Figure 3A and B), suggesting that

TGM2 could be a transcriptional target gene of TP53.

It has been reported that the TGM2 promoter contains two predicted binding sites for TP53,

although these sites were not tested for TP53 binding and TP53-mediated transactivation (Ai et al.,

2012). Several other potential TP53 binding motifs within the TGM2 promoter were also predicted

using computer software, p53MH algorithm described previously (Hoh et al., 2002). To determine if

the TGM2 promoter contains TP53 target sites, we engineered a reporter system which contained a

luciferase gene under the control of the partial TGM2 promoter sequences (Figure 3C). We investi-

gated non-overlapping regions from -5980 to -78 base pairs upstream of the TGM2 translational

start site (ATG). Co-transfection of the -1530 to -78 region of the TGM2 promoter/luciferase reporter

with a TP53 expression vector into TP53-null H1299 cells significantly increased luciferase activity

(Figure 3C). We evaluated several deletion constructs corresponding to this region, and unexpect-

edly found that an element from -159 to -78 of the TGM2 promoter, which does not contain a TP53

binding consensus, was necessary and sufficient for TP53-mediated transactivation (Figure 3D). Fur-

ther deletion of 5 or 10 nucleotides at the 5’- or 3’-end from this 82 bp element significantly reduced

luciferase activity (Figure 3—figure supplement 1), suggesting that it represents the minimal region

for TP53-mediated activation within the TGM2 promoter (Figure 3—figure supplement 2). Further,

we used a TP53 antibody for chromatin immunoprecipitation (ChIP) and found that this genomic

region of the TGM2 promoter was specifically immunoprecipitated with endogenous TP53 from

HMECTERT/ST/ER-RasV12 cells (Figure 3E and Figure 3—figure supplement 2), suggesting that TP53

directly binds to this element to regulate TGM2 expression. Together, these findings suggest that

the TGM2 promoter contains a novel target site for TP53 binding and activation.

Depletion of growth supplements induces TP53-dependent autophagy
TP53 is known to induce autophagy, the catabolic breakdown of cellular components by the lyso-

some (Budanov and Karin, 2008; Crighton et al., 2006; Feng et al., 2005; Kenzelmann Broz

et al., 2013), and autophagy can have a tumor suppressive function (Karantza-Wadsworth et al.,

2007; Mathew et al., 2007). Various studies have shown that the absence of growth factor signaling

can also induce autophagy (Cheng et al., 2010; Eom et al., 2014; Lum et al., 2005). We wanted to

determine whether the deprivation of growth supplements (EGF, insulin, and hydrocortisone) in our

soft agar assay induced autophagy in HMECTERT/ST/ER-RasV12 cells and, if so, whether autophagy was

TP53-dependent. We used a well-established approach employing a tandem RFP-GFP-LC3 fusion

construct to monitor autophagy by fluorescence microscopy (Mizushima et al., 2010). MAP1LC3A

(known as LC3) is modified to LC3-II, a critical component of autophagosomes, which engulf cellular

Figure 2 continued

BJTERT/ST/ER-RasV12/shp16 cells stably transduced with retroviruses expressing control or TP53 shRNAs. The levels of mRNA were normalized to TBP

expression and to control cells. The data indicate the average ± SD of biological triplicates. (**p<0.01, student’s t-test to control cells) (G) qRT-PCR

analysis of wild-type and Tp53-/- MEFs. The levels of mRNA were normalized to Gapdh expression and to control cells. The data indicate the average ±

SD of biological triplicates. (**p<0.01, student’s t-test to control cells).

DOI: 10.7554/eLife.07101.016
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Figure 3. TGM2 is a potential target gene of TP53. (A) qRT-PCR analysis of HMECTERT/ST/ER-RasV12 cells stably

transduced with retroviruses expressing control or TP53 shRNAs. Cells were treated with Nutlin-3a (5 mM or 10 mM)

for 2 days. The levels of mRNA were normalized to TBP expression and to control cells. CDKN1A is used as the

positive control to see TP53 activation. The data indicate the average ± SD of biological triplicates. (B) qRT-PCR

analysis of BJTERT/ST/ER-RasV12/shp16 cells stably transduced with retroviruses expressing control or TP53 shRNAs.

Cells were treated with Nutlin-3a (10 mM) for 2 days. The levels of mRNA were normalized to TBP expression and

to control cells. CDKN1A is used as the positive control to see TP53 activation. The data indicate the average ± SD

of biological triplicates. (C and D) Luciferase reporter assays using a series of promoter deletion mutants of the

TGM2 gene. The number (bp) indicates the position relative to the translational start site (ATG). Reporter plasmids

containing the indicated deletion constructs were transfected into H1299 cells with control or TP53 plasmid, and

luciferase activity was monitored. The average value of the luciferase activity from the cells transfected with CMV-

TP53 and the reporter plasmid containing TGM2 (-1530 to -78) promoter fragment is set at 1, and the relative

activity is shown. The data indicate the average ± SD of biological triplicates. (E) TP53 binds to the TGM2

Figure 3 continued on next page
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components and fuse with lysosomes during autophagy (Kimmelman, 2011). In the absence of

autophagy, cells display diffuse colocalization of both red and green signals from RFP-GFP-LC3. In

contrast, the fusion of autophagosomes with lysosomes during autophagy results in rapid quenching

of the GFP signal from RFP-GFP-LC3, since it is more sensitive to the acidic conditions of the autoly-

sosomal lumen than RFP. Therefore, RFP signals without GFP, visualized as red punctae in the cyto-

plasm, represent acidic compartments such as autolysosomes and signify autophagic flux

(Kimura et al., 2007; Klionsky et al., 2012; Mizushima, 2009; Wu et al., 2010).

Since we used a TERT-H2B-GFP construct, which expresses TERT and H2B-GFP, to generate

HMECTERT/ST/ER-RasV12 cells (Kolfschoten et al., 2005), there is a ubiquitious GFP signal in the nucle-

oplasm due to the nuclear localization signal of histone H2B. Thus, the green signal from H2B-GFP

overlapped with the green signal from RFP-GFP-LC3 in nuclei. Nevertheless, we were still able to

monitor autophagic flux by the presence of red punctae in the cytoplasm.

About 80% of HMECTERT/ST/ER-RasV12 cells (denoted as TP53+/+) transiently transfected with the

tandem RFP-GFP-LC3 construct and cultured in the absence of growth supplements displayed

extensive red punctae and no green signal in the cytoplasm, indicative of autophagy (Figure 4A and

B) (Boland et al., 2008). To determine whether the observed autophagy was dependent on TP53,

we generated TP53 knockout HMECTERT/ST/ER-RasV12 cells (denoted as TP53-/-) by CRISPR/Cas tech-

nology. After transfection of CRISPR plasmids, single clones were isolated and mutation of the TP53

locus was validated by DNA sequencing (Figure 4—figure supplement 1). In contrast to TP53+/+

cells, only about 40% of TP53-/- cells transfected with RFP-GFP-LC3 exhibited red punctae, and

more cells showed complete overlap of green and red fluorescence signals (Figure 4A and B). To

exclude potential effects from the clonal selection of TP53-/- cells, we also transfected the RFP-GFP-

LC3 construct into cells expressing TP53 shRNA. Consistent with the results from TP53-/- cells, TP53

knockdown cells displayed a lower percentage of cells having red punctae without green signal in

the cytoplasm compared to control cells (Figure 4C and D). These observations suggest that the

depletion of growth supplements induces TP53-dependent autophagy, which may limit colony for-

mation in our soft agar assay.

To further assess the role of TP53 in autophagic flux, we treated cells with chloroquine (CQ), an

agent that prevents the acidification of lysosomes and inhibits autophagic flux by preventing lyso-

somal protein degradation (Shintani and Klionsky, 2004). During active autophagic flux, LC3-I is

conjugated to phosphatidylethanolamine (PE) to form LC3-II, a widely-used autophagic marker

(Kabeya et al., 2004). The addition of chloroquine to cells undergoing autophagy prevents LC3-II

degradation by lysosomal enzymes, leading to the accumulation of LC3-II protein and an increase in

the ratio of LC3-II to LC3-I (Klionsky et al., 2012; Mizushima and Yoshimori, 2007). However, if

cells do not have active autophagic flux, the levels of both LC3-I and LC3-II will be limited and their

ratio will not be affected by chloroquine treatment (Mizushima and Yoshimori, 2007). The addition

of chloroquine to parental HMECTERT/ST/ER-RasV12 cells and to HMECTERT/ST/ER-RasV12 cells expressing

control shRNAs triggered an increase in the LC3-II to LC3-I ratio, indicating rapid autophagic flux

(Figure 4E, lane 1, 2, 7, and 8) (Klionsky et al., 2012). However, TP53 knockdown or knockout cells

displayed decreased LC3-I and LC3-II protein levels, and minimal accumulation of LC3-II by chloro-

quine treatment, indicating that TP53 contributes to active autophagic flux (Figure 4E).

Figure 3 continued

promoter. ChIP assay was performed with an antibody detecting endogenous TP53, or IgG (negative control)

using HMECTERT/ST/ER-RasV12 cells. The potential TP53 response element in the TGM2 promoter identified in (D)

was analyzed by PCR. CDKN1A and GAPDH are served as the positive and negative control respectively.

DOI: 10.7554/eLife.07101.017

The following figure supplements are available for figure 3:

Figure supplement 1. Luciferase reporter assays of TGM2 promoter.

DOI: 10.7554/eLife.07101.018

Figure supplement 2. Diagram of the TGM2 promoter region.

DOI: 10.7554/eLife.07101.019
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Figure 4. Absence of growth supplements induces TP53-dependent autophagy. (A) Formation of red punctae

following autophagy induction in the absence of growth supplements. HMECTERT/ST/ER-RasV12 cells (TP53+/+) or

TP53 CRISPR knockout HMECTERT/ST/ER-RasV12 cells (TP53-/-) cells were transfected with the plasmid RFP-GFP-LC3.

Cells were incubated in medium without EGF, insulin, and hydrocortisone for 24 hr before visualization on a

confocal microscope. Scale bar: 5 mm (B) Quantification of the fraction of red punctate cells within the total

population of transfected cells shown in (A). Red punctate cells were counted as cells containing only RFP signal

without visible overlap of GFP signal in the cytoplasm; transfected cells were counted as cells containing either

RFP signals or a mix of RFP and GFP signals in the cytoplasm (>250 cells were counted). (**p<0.01, student’s t-

test) (C) Control or TP53 knockdown (TP53 shRNA) HMECTERT/ST/ER-RasV12 cells were seeded, treated and visualized

as in (A). (D) Quantification of the fraction of red punctate cells within the total population of transfected cells

Figure 4 continued on next page
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TGM2 is induced by the depletion of growth supplements in a TP53-
dependent manner
To determine if TGM2 is also involved in the autophagy induced by a depletion of growth supple-

ments, we analyzed the expression of TGM2 in the presence or absence of EGF, insulin, and hydro-

cortisone. Indeed, depletion of these growth supplements increased TGM2 protein and mRNA

levels in TP53 wild-type (TP53+/+) HMECTERT/ST/ER-RasV12 cells (Figure 4F and G). In contrast, removal

of growth supplements in TP53 knockout HMECTERT/ST/ER-RasV12 cells (TP53-/- clone 1 and clone 2), as

well as in TP53 shRNA cells did not induce TGM2 protein and mRNA expression (Figure 4F, G, H,

and I). Thus, TGM2 is induced by the depletion of growth supplements in a TP53-dependent man-

ner, suggesting a potential role for TGM2 in mediating the TP53-induced autophagic program.

TGM2 promotes autophagic protein degradation and autolysosome
clearance at late stages of autophagy
Previous studies have reported that TGM2 promotes autophagy (D’Eletto et al., 2009). Therefore,

we hypothesized that a depletion of growth supplements induces TP53-dependent autophagy in

part through TGM2. To test this directly, we transfected the RFP-GFP-LC3 plasmid into HMECTERT/

ST/ER-RasV12 cells expressing TGM2 shRNA and cultured them without growth supplements. Contrary

to our expectation, knockdown of TGM2 did not affect the fraction of cells having red punctae with-

out green signal, unlike knockdown of TP53 (Figure 5A and B). This finding indicates that reduced

TGM2 expression does not prevent fusion of autophagosomes with lysosomes to form autolyso-

somes. Interestingly, however, we noticed that TGM2 knockdown cells displayed a two-fold enlarge-

ment in the size of red punctae compared to control cells (Figure 5A and C). Furthermore, we

observed similarly enlarged yellow punctae in both control and TGM2 knockdown cells after chloro-

quine treatment (Figure 5A and C). Addition of chloroquine blocks the acidification of lysosomes,

thereby preventing autophagic protein degradation, enlarging the size of autolysosome and pre-

venting the quenching of GFP fluorescence in the autolysosome. The formation of enlarged red

punctae upon knockdown of TGM2, even without chloroquine treatment, suggests a defect in the

later steps of autophagy such as autolysosome clearance, leading to autolysosome enlargement

(Boland et al., 2008; Nixon et al., 2005).

To test whether TGM2 promotes autophagic protein degradation and autolysosome clearance,

we treated control and TGM2 knockdown cells with chloroquine (CQ) and monitored LC3-I and LC3-

II protein levels. A block in autophagic protein degradation and autolysosome clearance in cells

would be predicted to lead to increased LC3-II protein levels even in the absence of chloroquine,

and the addition of chloroquine in these cells would result in only a minimal increase in LC3-II and in

the ratio of LC3-II to LC3-I (Mizushima and Yoshimori, 2007). The ratio of LC3-II/LC3-I in control

HMECTERT/ST/ER-RasV12 cells increased from 1.3-fold to 5.9-fold after addition of chloroquine, indicat-

ing rapid autophagic flux in untreated control cells (Figure 5D, compare lane 1 and 2)

(Klionsky et al., 2012). In contrast, knockdown of TGM2 with independent hairpins (TGM2#1 and

Figure 4 continued

shown in (C), treated as in (B). (**p<0.01, student’s t-test) (E) Western blot analysis of TP53+/+ cells, TP53-/- CRISPR

knockout HMECTERT/ST/ER-RasV12 clones, as well as control and TP53 shRNA cells treated with or without

chloroquine (CQ, 50 mM, 2 hr) after incubation in medium without EGF, insulin, and hydrocortisone for 24 hr. b-

ACTIN serves as the loading control. (F) Western blot analysis of HMECTERT/ST/ER-RasV12 cells and two independent

TP53 CRISPR knockout HMECTERT/ST/ER-RasV12 clones. Cells were incubated in medium in the presence or absence

of EGF, insulin, and hydrocortisone (denoted as EIH) for 48 hr. b-ACTIN serves as the loading control. (G) qRT-

PCR analysis of cells in (F). TGM2 mRNA expression was normalized to TBP mRNA expression. The mean value of

TGM2 mRNA expression in TP53+/+ cells with presence of EIH is set at 1, and relative expression is shown.

(**p<0.01, ns: not significant, student’s t-test) (H) Western blot analysis of HMECTERT/ST/ER-RasV12 cells expressing

either control or TP53 shRNA. Cells were treated the same as in (F). (I) qRT-PCR analysis of cells in (H). Data are

shown as in (G).

DOI: 10.7554/eLife.07101.020

The following figure supplement is available for figure 4:

Figure supplement 1. DNA sequencing of TP53-/- clones.

DOI: 10.7554/eLife.07101.021
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Figure 5. Loss of TGM2 expression inhibits autophagic protein degradation and autolysosome clearance. (A)

Formation of red punctae following autophagy induction in the absence of growth supplements. HMECTERT/ST/ER-

RasV12 cells (control) and TGM2 shRNA cells (TGM2#1) were transfected with the plasmid RFP-GFP-LC3. Cells were

incubated in medium without EGF, insulin, and hydrocortisone with or without chloroquine (20 mM) for 24 hr

before visualization on confocal microscope. Scale bar: 5 mm (B) Quantification of fraction of cells showing only red

punctate within the total population of transfected cells in (A). Cells were categorized and counted as in

Figure 4B (>250 cells counted). (ns: not significant, student’s t-test) (C) Quantification of puntate size in control

and TGM2 shRNA (TGM2#1) cells with and without chloroquine treatment. Average area of each vesicle per cell in

(A) was analyzed by Image J software and represented as box plot. (**p<0.01, ns: not significant, student’s t-test)

(D) Western blot analysis of HMECTERT/ST/ER-RasV12 cells expressing control and TGM2 shRNA using independent

hairpins (TGM2#1 and double hairpins TGM2#2/3) treated with or without chloroquine (CQ, 50 mM, 2 hr) after

incubation in medium without EGF, insulin, and hydrocortisone for 24 hr. Note that for TGM2#2/3, cells were

generated by transducing with retrovirus carrying TGM2#2 and TGM2#3 shRNAs to achieve similar knock-down

Figure 5 continued on next page
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TGM2#2/3) increased the LC3-II/LC3-I ratio even in the absence of chloroqiune (Figure 5D, compare

lane 1, 3 and 5), to a similar extent as that observed in control cells after chloroquine treatment

(Figure 5D, lane 2). Furthermore, the addition of chloroquine did not further elevate the levels of

LC3-II or the LC3-II/LC3-I ratio in TGM2 knockdown cells compared to control cells (Figure 5D, lane

3–6), suggesting that TGM2 knockdown leads to a defect in autophagic protein degradation.

The SQSTM1/p62 protein is known to bind ubiquitinated proteins and transport them to the

autophagy machinery for their degradation (Kimmelman, 2011). A block in autophagy leads to the

accumulation of SQSTM1, since the SQSTM1 protein itself is degraded by autophagy

(Mizushima and Yoshimori, 2007). We observed an accumulation of SQSTM1 protein in TGM2

knockdown cells (Figure 5D), providing additional evidence that loss of TGM2 impairs autophagic

protein degradation and autolysosome clearance.

To further clarify how loss of TGM2 impacts autophagy, we used transmission electron micros-

copy to visualize autophagic vesicles at the ultrastructural level (Mizushima et al., 2010). We

observed an increase in the size and number of vesicles, as well as an accumulation of undigested

protein, seen as black aggregates within the vesicles in TGM2 knockdown cells compared to control

cells, consistent with impairment in autophagic protein degradation and autolysosome clearance

(Figure 5E).

To determine if loss of TGM2 altered the acidity of autolysosomes, thereby preventing protein

degradation, we incubated cells with Lysotracker Red, a fluorescent dye which labels acidic vesicles

in living cells. We used flow cytometry to quantify the fluorescence intensity, and thus the acidity of

vesicles (Chikte et al., 2014). Interestingly, we did not observe a significant difference in the fluores-

cence levels between control and TGM2 knockdown cells (Figure 5F), consistent with our observa-

tion that the percentage of cells having red punctae without green signal was similar between

control and TGM2 knockdown cells transfected with the RFP-GFP-LC3 construct (Figure 5A and B).

These data suggest that the loss of TGM2 does not alter the acidity of autolysosomes, but rather

impairs their content degradation and clearance. Taken together, our results suggest a role of

TGM2 in autophagy by promoting autophagic protein degradation and autolysosome clearance.

CDKN1A and TGM2 play distinct tumor suppressive roles in the TP53
pathway
We showed that loss of either TGM2 or CDKN1A could stimulate colony formation in soft agar

(Figure 1C). The major function of CDKN1A is to promote cell cycle arrest (Abbas and Dutta, 2009;

Chang et al., 2000), whereas we show here that one function of TGM2 is to promote autophagy by

facilitating autophagic protein degradation and autolysosome clearance (Figure 5). Next, we exam-

ined whether these different functions of TGM2 and CDKN1A cooperate to protect against cell

transformation. To this end, we performed combined knockdown of TGM2 and CDKN1A in HMEC-
TERT/ST/ER-RasV12 cells to determine the effect on colony formation (Figure 6A and Figure 6—figure

supplement 1). We used two independent shRNAs against TGM2 (#1 and #2). TGM2#1 shRNA

showed a higher knockdown efficiency compared to TGM2#2 shRNA (Figure 1D and E, and Fig-

ure 6—figure supplement 2). We found that the number of colonies formed with the simultaneous

knockdown of TGM2 and CDKN1A was significantly greater than with the knockdown of each gene

individually (Figure 6A, column 2, 3, 4, 8, and 10 and Figure 6—figure supplement 1). Unexpect-

edly, double knockdown of CDKN1A/TGM2#1 gave rise to more colonies than single knockdown of

TP53 (Figure 6A, column 5 and 8). This could be due to the residual expression of TGM2 in TP53

knockdown cells compared to CDKN1A/TGM2#1 knockdown cells, arising from the insufficient

Figure 5 continued

efficiency to TGM2 shRNA#1. b-ACTIN serves as the loading control. (E) Transmission electron microscopy images

for control and TGM2 shRNA (TGM2#1) cells. Cells were incubated without EGF, Insulin, and hydrocortisone for

24 hr before fixing and imaging. The higher magnification micrograph (x40,000) shows presence of undigested

protein aggregates (arrowheads) in autophagic vesicles. Lower magnification was set at x10,000. Scale bar: 1 mm at

x10,000 and 0.2 mm at x40,000. (F) Flow cytometry analysis of cells stained with lysotracker after incubation in

media without EGF, insulin, and hydrocortisone for 24 hr. The mean fluorescence intensity of control and TGM2

shRNA (TGM2#1) cells was quantified by Flowjo software. The data indicate the mean ± SD of biological

triplicates. (ns: not significant, student’s t-test).

DOI: 10.7554/eLife.07101.022
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Figure 6. Loss of TGM2 expression synergizes with loss of CDKN1A to promote the transformation of HMECTERT/ST/ER-RasV12 cells. (A) Soft agar assay

analysis of HMECTERT/ST/ER-RasV12 cells transduced with a retrovirus expressing mCherry with either control, CDKN1A or TP53 shRNAs. The populations

were verified to have more than 70% mCherry positive cells. The cells were then additionally transduced with the indicated shRNA constructs, selected

with 4 mg/ml of blasticidin, and evaluated by soft agar assay analysis. The results shown are the average colony number ± SD from biological triplicates.

(*p<0.05, ns: not significant, student’s t-test) (B) Formation of tumors in NOD/SCID mice. 500,000 HMECTERT/ST/RasV12 cells transduced with the

indicated vectors were injected subcutaneously in mice (n=6). (Top) The number of tumors observed after 4- and 6-weeks from the time of injection.

(Bottom) Pictures of tumors excised 4 weeks after injection. (C and D) HMECTERT/ST/ER-RasV12 cells were transduced with a retrovirus expressing mCherry

with either control or CDKN1A shRNAs. The populations were verified to have more than 70% mCherry positive cells. The cells were then additionally

transduced with the indicated shRNA constructs, selected with 4 mg/ml of blasticidin, and evaluated by soft agar assay analysis. The results shown are

the average colony number ± SD from biological triplicates. (*p<0.05, **p<0.01, ns: not significant, student’s t-test) (E and F) HMECTERT/ST/ER-RasV12 cells

were transduced with a retrovirus expressing mCherry with either control or TGM2 (TGM2#1) shRNAs. The populations were verified to have more than

70% mCherry positive cells. The cells were then additionally transduced with the indicated shRNA constructs, selected with 4 mg/ml of blasticidin, and

Figure 6 continued on next page
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down regulation of TGM2 by a single TP53 shRNA (compare lane 1, 5, and 8 in Figure 6—figure

supplement 2). Indeed, cells expressing both TGM2#2 shRNA, which has a lower knockdown effi-

ciency of TGM2 (Figure 1D and E, and Figure 6—figure supplement 2), and CDKN1A shRNA gen-

erated a similar number of colonies as TP53 knockdown cells (Figure 6A, column 5 and 10).

Knockdown of CDKN1A and TP53 together generated a similar number of colonies as loss of TP53

alone, indicating that these two genes act in the same pathway (Figure 6A, column 5 and 6). Fur-

thermore, the effect of TP53/TGM2#2 knockdown was also comparable to the potency of TP53

knockdown alone for inducing colony formation in soft agar (Figure 6A, column 5 and 9). TP53/

CDKN1A knockdown and CDKN1A/TGM2#2 knockdown cells also did not generate significantly dif-

ferent colony numbers (Figure 6A, column 6 and 10). These data suggest that CDKN1A and TGM2

suppress colony formation mainly through the TP53 pathway. The cooperative effect of CDKN1A

and TGM2 knockdown indicates that they provide complementary contributions to tumor suppres-

sion and that loss of each gene function is critical for oncogenic transformation.

Next, we investigated whether combined loss of TGM2 and CDKN1A would enhance tumorigen-

esis of HMECTERT/ST cells expressing constitutively active HRASV12 (denoted as HMECTERT/ST/RasV12

cells) in a xenograft model. Subcutaneous injection of HMECTERT/ST/RasV12 cells expressing control

shRNAs into immunocompromised NOD/SCID mice did not lead to tumors after 4 weeks, and

formed only a few, small tumors after 6 weeks (Figure 6B), which is consistent with the small number

Figure 6 continued

evaluated by soft agar assay analysis. The results shown are the average colony number ± SD from biological triplicates. (*p<0.05, ns: not significant,

student’s t-test). (G) Western blot analysis of HMECTERT/ST/ER-RasV12 cells treated with TGM2 inhibitors. The cells were incubated in medium without EGF,

insulin, and hydrocortisone in the presence of Z-DON (50 mM) or LDN 27219 (10 mM) for 24 hr. b-ACTIN serves as the loading control. (H) Soft agar

assay analysis of HMECTERT/ST/ER-RasV12 cells transduced with a retrovirus expressing mCherry with either control or TGM2 (TGM2#1) shRNAs. The

populations were verified to have more than 70% mCherry positive cells, and additionally transduced and selected with 4 mg/ml of blasticidin to express

an empty vector (EV) or a TGM2 cDNA resistant to TGM2 shRNA wild-type (WT), C277S, or R580A mutants (denoted as TGM2 WTR, TGM2 C277SR, or

TGM2 R580AR cDNA) by retroviruses. Quantification shows average colony number ± SD in biological triplicates. (**p<0.01, *p<0.05, ns: not significant,

student’s t-test).

DOI: 10.7554/eLife.07101.023

The following figure supplements are available for figure 6:

Figure supplement 1. Pictures of soft agar assay for Figure 6A.

DOI: 10.7554/eLife.07101.024

Figure supplement 2. Protein expression for Figure 6A.

DOI: 10.7554/eLife.07101.025

Figure supplement 3. Pictures of soft agar assay for Figure 6C.

DOI: 10.7554/eLife.07101.026

Figure supplement 4. Protein expression for Figure 6C.

DOI: 10.7554/eLife.07101.027

Figure supplement 5. Protein expression of BECN1, ATG5, ATG12, and LC-3.

DOI: 10.7554/eLife.07101.028

Figure supplement 6. Pictures of soft agar assay for Figure 6D.

DOI: 10.7554/eLife.07101.029

Figure supplement 7. Protein expression for Figure 6D.

DOI: 10.7554/eLife.07101.030

Figure supplement 8. Pictures of soft agar assay for Figure 6E.

DOI: 10.7554/eLife.07101.031

Figure supplement 9. Protein expression for Figure 6E.

DOI: 10.7554/eLife.07101.032

Figure supplement 10. Pictures of soft agar assay for Figure 6F.

DOI: 10.7554/eLife.07101.033

Figure supplement 11. Protein expression for Figure 6F.

DOI: 10.7554/eLife.07101.034

Figure supplement 12. Pictures of soft agar assay for Figure 6H.

DOI: 10.7554/eLife.07101.035

Figure supplement 13. Protein expression for Figure 6H.

DOI: 10.7554/eLife.07101.036
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of colonies observed in soft agar (Figure 6A). In contrast, HMECTERT/ST/RasV12 cells in which TP53

expression was reduced, and more importantly in which both TGM2 and CDKN1A expression were

simultaneously reduced, formed six tumors out of six subcutaneous injections in NOD/SCID mice

after 4 weeks (Figure 6B). HMECTERT/ST/RasV12 cells expressing shRNAs targeting either TGM2 or

CDKN1A alone produced tumors with a reduced penetrance and increased latency compared to

those expressing TP53 shRNA (two tumors out of six injections after 4 weeks) (Figure 6B), consistent

with their performance in the soft agar assay (Figure 6A). Taken together, our data show that loss of

both TGM2 and CDKN1A expression allows HMECs to overcome TP53-dependent tumor suppres-

sion in vitro and in vivo.

Autophagy and cell cycle arrest are both required for complete TP53-
dependent tumor suppression
We hypothesized that reduced TGM2 expression enabled colony formation in soft agar by interfer-

ing with TP53-dependent autophagy. Therefore, inhibiting autophagy by other means should pheno-

copy TGM2 knockdown and also synergize with CDKN1A knockdown to promote colony formation

in soft agar as shown in Figure 6A. To test this hypothesis, we evaluated the role of ATG12, which

controls autophagosome formation (Kimmelman, 2011), in tumor suppression. We expressed

ATG12 shRNA (Lock et al., 2011) in HMECTERT/ST/ER-RasV12 stably expressing control- or CDKN1A-

shRNAs and analyzed colony formation in soft agar. Cells with reduced ATG12 expression produced

significantly more colonies in soft agar than control cells, similar to CDKN1A knockdown, consistent

with a role of autophagy in tumor suppression (Qu et al., 2003; Takamura et al., 2011; Yue et al.,

2003) (Figure 6C and Figure 6—figure supplement 3). We observed that ATG12 knockdown cells

have elevated CDKN1A protein expression (Figure 6—figure supplement 4, lane 1 and 2), which

may trigger the suppression of colony formation and could explain why loss of ATG12 did not gener-

ate as many colonies as loss of TGM2 (Figure 6C). However, the simultaneous knockdown of ATG12

and CDKN1A led to substantially more colonies than a reduction in the expression of each gene indi-

vidually (Figure 6C, column 3 to 5, and Figure 6—figure supplement 3), indicating a synergistic

effect between ATG12 and CDKN1A in preventing cell transformation, similar to the synergistic

effect observed between TGM2 and CDKN1A (Figure 6A). This synergy was comparable to the

effect of loss of TP53 expression (Figure 6C, column 5 and 6). To further confirm that inhibiting

autophagy phenocopies TGM2 knockdown in colony formation, we performed similar RNAi experi-

ments to analyze two additional autophagy regulator genes, ATG5 and BECN1 (known as Beclin 1).

ATG5 functions in autophagosome elongation (Kimmelman, 2011) and BECN1 functions autopha-

gosome nucleation at the initiation of autophagy (Kimmelman, 2011). Knockdown of ATG5,

BECN1, or ATG12 resulted in the accumulation of LC3-I and a decrease in the ratio of LC3-II/LC3-I

(Figure 6—figure supplement 5), consistent with a defect in the conversion of LC3-I to LC3-II and a

block in the early stage of autophagy, as expected (Liu et al., 2012; Mizushima and Yoshimori,

2007; Otomo et al., 2013; Papandreou et al., 2008; Tang et al., 2013; Thorburn et al., 2014). We

found that cells with reduced ATG5 or BECN1 expression produced significantly more colonies in

soft agar than control cells, recapitulating our observations with ATG12 knockdown cells (Figure 6D,

column 1 to 5, and Figure 6—figure supplements 6 and 7). Furthermore, the simultaneous knock-

down of ATG5 or BECN1 with CDKN1A led to substantially more colonies than reduced expression

of each gene individually (Figure 6D). Indeed, the cells with the double knockdown produced the

comparable number of colonies to TP53 knockdown cells (Figure 6D, column 7 to 11). These results

suggest that the inhibition of autophagy, together with loss of CDKN1A expression, strongly pro-

motes transformation in HMECs.

In order to determine if loss of TGM2 stimulates colony formation primarily through inhibition of

autophagy, we expressed TGM2 shRNA and ATG12 shRNA in HMECTERT/ST/ER-RasV12 cells. We

observed no additional stimulation of colony formation by simultaneous loss of TGM2/ATG12 com-

pared to single loss of TGM2 (Figure 6E and Figure 6—figure supplements 8 and 9). We also co-

expressed TGM2 shRNA with ATG5 shRNA or BECN1 shRNA in HMECTERT/ST/ER-RasV12 cells. Similar

to the double knockdown of TGM2/ATG12, there was no significant additional stimulation of colony

formation by simultaneous loss of TGM2/ATG5 or TGM2/BECN1 compared to single loss of TGM2

(Figure 6F, column 6 to 10, Figure 6—figure supplements 10 and 11). These data suggest that

knockdown of TGM2 promote colony formation possibly by inhibiting autophagy.
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Taken together, our data suggest that efficient autophagic flux through autophagic protein deg-

radation and autolysosome clearance by TGM2, together with cell cycle arrest by CDKN1A, are com-

plementary barriers for tumor suppression in the TP53 pathway, and that simultaneous loss of these

barriers is important for oncogenic transformation in HMECs.

The GTPase activity of TGM2 is important to promote autophagic flux
TGM2 is a multifunctional enzyme with two well-established activities: crosslinking as a transglutami-

nase and binding and hydrolyzing GTP as a GTPase (Chhabra et al., 2009; Lorand and Graham,

2003). To investigate which of these functions are important to promote autophagic protein degra-

dation and autolysosome clearance, we treated cells with the TGM2 inhibitors Z-DON and LDN

27219. Z-DON is a peptide-based inhibitor that specifically inhibits the crosslinking activity of TGM2

(McConoughey et al., 2010), whereas LDN 27219 inhibits the GTPase activity of TGM2 (Case and

Stein, 2007). HMECTERT/ST/ER-RasV12 cells were deprived of growth supplements, with or without

TGM2 inhibitors, and the levels of SQSTM1 and LC3-I and -II were assessed. Interestingly, treatment

with LDN 27219, but not Z-DON, led to a significant accumulation of SQSTM1 protein (Figure 6G).

Furthermore, LC3-II protein levels and the ratio of LC3-II/LC3-I were increased dramatically in LDN

27219 treated cells, and partially in Z-DON treated cells (Figure 6G), suggesting that the GTPase

activity of TGM2 is more important than its crosslinking activity for promoting autophagic protein

degradation.

The GTPase activity of TGM2 contributes to the suppression of cell
transformation
We showed that the GTPase activity of TGM2 is important for promoting autophagic protein degra-

dation (Figure 6G). Therefore, we hypothesized that colony formation will be stimulated in soft agar

if the GTPase activity of TGM2 is inhibited. Instead of using TGM2 inhibitors, which may not be

effective in agar and may have a side effect by prolonged culture during colony formation, we evalu-

ated TGM2 mutants that alter the critical amino acid residues for GTP binding (R580A) or for transa-

midation (C277S) (Gundemir et al., 2012; Kumar et al., 2012; Kumar and Mehta, 2012). We

expressed wild-type or mutant TGM2 constructs in TGM2 knockdown cells. Consistent with

Figure 1F, ectopic expression of wild-type TGM2 suppressed the colony formation in TGM2 knock-

down cells (Figure 6H, column 1 to 3). Interestingly, the GTP binding site mutant (R580A)

completely ablated the tumor suppressive effect of TGM2 in colony formation, whereas the transa-

midation site mutant (C277S) displayed only a slightly reduced tumor suppressive effect compared

to wild-type TGM2 (Figure 6H and Figure 6—figure supplement 12). The comparable expression

levels of endogenous TGM2, and the shRNA-resistant wild-type and mutant TGM2 are shown in Fig-

ure 6—figure supplement 13. These findings are consistent with the observation that the GTPase

inhibitor prevented autophagic protein degradation (Figure 6G). Thus, the GTPase activity of TGM2

is required to promote autophagy and suppress cell transformation of HMECTERT/ST/ER-RasV12 cells.

Discussion
Our loss-of-function screen identified TGM2 as a putative tumor suppressor gene within the TP53

signaling pathway that prevents oncogenic transformation and tumor formation by primary HMECs

expressing TERT, activated HRASV12 and SV40 small T antigen. The role of TGM2 in cancer is quite

complex and remains poorly understood. TGM2 has been shown to induce apoptosis (Fok and

Mehta, 2007) or differentiation (Liu et al., 2007), and inhibit angiogenesis (Jones et al., 2006).

Additionally, the TGM2 gene locus is epigenetically silenced via methylation in some breast tumors

and gliomas (Ai et al., 2008; Dyer et al., 2011). In contrast, TGM2 is overexpressed in other types

of tumors (Iacobuzio-Donahue et al., 2003; Jin et al., 2012; Miyoshi et al., 2010). TGM2 was also

reported to be upregulated in cancer cell lines by several important signaling pathways involved in

tumor progression or metastasis, such as NFKB1/NF-kB, TGFB1/TGF-beta, RARA/RAR-alpha

(Ai et al., 2012; Cao et al., 2012; Jung et al., 2007; Ranganathan et al., 2007; Rebe et al., 2009),

and upon genotoxic stress (Caccamo et al., 2012; Shin et al., 2004). Although the role of TGM2 in

tumorigenesis is likely context-dependent, our data clearly reveal a tumor suppressive role of TGM2

in a variety of cell lines that represent an early step in transformation and carcinogenesis.
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We found that the expression of TGM2 is dependent on TP53, and that TGM2 is a potential

direct target gene of TP53. Although there are several putative consensus TP53 binding motifs in

the TGM2 promoter, we found that an 82 bp region which does not contain a predicted TP53 bind-

ing consensus motif is necessary and sufficient for TP53-mediated transactivation. Our ChIP analysis

also showed that endogenous TP53 binds to this region in HMECs. Recent genome-wide

approaches have revealed that around 10% of the validated TP53 responsive elements are novel

sequences that are not clearly related to the canonical TP53 binding consensus (Menendez et al.,

2009), underscoring the complexity of the TP53 network (Contente et al., 2002; Jordan et al.,

2008; Menendez et al., 2013; Tebaldi et al., 2015). The TP53 binding sequence in the TGM2 pro-

moter could be one of these 10% which do not have a canonical consensus. Our database search

did not identify other promising transcription factor candidates that bind to this region. Although

TP53-mediated transactivation of a reporter construct containing this region was observed within

24 hr after transfection in TP53-null H1299 cells, induction of TGM2 mRNA by Nutlin-3a in HMECs

and BJ cells required 48 hr. The distinct kinetics of TGM2 induction by TP53 in these different con-

texts may reflect differences in epigenetics, co-factors, repressors, or posttranscriptional modifica-

tions of TP53, which remain to be elucidated.

TGM2 is a pleiotropic enzyme with well-known transglutaminase and GTPase activities

(Lorand and Graham, 2003). The transamidation activity of TGM2 has been implicated in apoptosis

by interacting with BAX (Rodolfo et al., 2004) or cross-linking CASP3/Caspase 3 and RB1/pRB to

inhibit apoptosis (Boehm et al., 2002; Oliverio et al., 1997; Yamaguchi and Wang, 2006) in various

cancer cell lines. On the other hand, the GTP/GDP binding but not the transamidation domain of

TGM2 has been shown to function in the epithelial-to-mesenchymal transition in immortalized

MCF10A cells (Mann et al., 2006). Our data suggest that the GTPase function of TGM2 is required

for autophagy and suppresses transformation of HMECTERT/ST/ER-RasV12 cells. It is possible that the

cell type, TP53 status or cell culture conditions influence the biochemical activities of TGM2; for

instance, high Ca2+ concentrations induce TGM2 transamidation activity but inhibit its GTPase activ-

ity (Chhabra et al., 2009; Lorand and Graham, 2003). The predominant activity of TGM2 in specific

contexts may determine whether it functions as a tumor-promoting or -suppressive protein

(Chhabra et al., 2009).

Similarly, the role of autophagy in cancer is quite complex, and may have tumor suppressive or

promoting effects depending on the model and stage of tumorigenesis. Therefore, its role in cancer

must be determined for each context. Substantial evidence suggests that autophagy supports the

survival of established tumors by providing nutrients under metabolic stress. Alternatively, autoph-

agy can act as a tumor suppressor by enhancing the degradation of damaged proteins and organ-

elles to maintain tissue homeostasis and genomic stability in normal cells or in the early stages of

cancer development (Green and Levine, 2014; Lorin et al., 2013; Mizushima and Komatsu, 2011).

Tumor suppressive roles for autophagy were demonstrated in mice with Becn1/Beclin-1 heterozy-

gosity, systemic mosaic Atg5 deletion or liver-specific deletion of Atg7 (Green and Levine, 2014;

Lorin et al., 2013; Mizushima and Komatsu, 2011). Consistent with a tumor suppressive role, we

found that TGM2 promotes autophagy and prevents an early step of HMEC transformation, the

acquisition of anchorage-independent growth.

Our data suggest that TGM2 enhances autophagic protein degradation and autolysosome clear-

ance, thereby promoting autophagic flux. Previous work described a role for TGM2 in autophago-

some maturation (D’Eletto et al., 2009). These findings suggest that TGM2 is an important

regulator of autophagy. Although our HMEC transformation model suggests that TGM2-mediated

autophagy suppresses early events during tumor initiation, the autophagic function of TGM2 may

promote tumor progression by facilitating the survival of established tumors under nutrient stress. In

fact, TGM2 is overexpressed in subset of tumors (Iacobuzio-Donahue et al., 2003; Jin et al., 2012;

Miyoshi et al., 2010). TGM2 has been also reported to stimulate epithelial-to-mesenchymal transi-

tion (EMT) and remodel the extracellular matrix (Kotsakis and Griffin, 2007), supporting a positive

role of TGM2 in the later stages of tumorigenesis.

In our model, TGM2 contributes to a TP53-induced autophagy program and suppress transforma-

tion; however, TP53 has diverse roles in autophagy. Nuclear TP53 promotes autophagy through

many of its target genes, such as DRAM1, C12orf5/TIGAR, DAPK1, SESN2/SESTRIN2, ULK1, ULK2,

BBC3/PUMA, BAX, BAD, and BNIP3 (Balaburski et al., 2010; Berkers et al., 2013; Itahana and Per-

vaiz, 2014; Levine and Abrams, 2008). On the other hand, cytoplasmic TP53 and mutant TP53
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inhibit autophagy (Berkers et al., 2013; Itahana and Pervaiz, 2014). Therefore, the role of TP53 in

autophagy must be determined in each model system and cell context. We observed that TP53 pro-

motes autophagic flux and autophagosome formation, an early step of autophagy, in HMECs. How-

ever, these findings do not exclude a role for TP53 in later steps of autophagy through TGM2.

Interestingly, we found that TGM2 and CDKN1A provide complementary functional contributions

to tumor suppression in the TP53 pathway. Furthermore, knockdown of core autophagy genes

(ATG12, ATG5, and BECN1) synergized with loss of CDKN1A but not with loss of TGM2 to induce

colony formation. In addition, inhibition of the GTPase activity of TGM2 prevents autophagic protein

degradation as well as colony formation, supporting the conclusion that TGM2 contributes to tumor

suppression, at least in part, by promoting autophagy. Although TGM2 may also have non-autopha-

gic functions to suppress the transformation, our study suggests that cell cycle arrest, mediated by

CDKN1A, and autophagy, mediated by TGM2, are two critical TP53-dependent tumor suppressive

barriers that prevent oncogenic transformation of HMECs (Figure 7).

Knockdown of multiple genes by shRNAs can potentially lead to a synergistic effect, even if genes

work in the same pathway, due to the incomplete loss of transcripts. For example, we observed that

the combined knockdown of TP53 and TGM2, using TGM2#1 shRNA, produced a greater number

of colonies compared to TP53 knockdown alone. However, we do not exclude the possibility of

TP53-independent functions of TGM2 in suppressing colony formation. Further work will be neces-

sary to elucidate other tumor suppressive functions and regulation of TGM2.

The canonical functions of TP53 are the induction of cell cycle arrest, senescence, and apoptosis

upon cellular stress. However, recent evidence challenges this long held view of TP53-mediated

tumor suppression and highlight the importance of non-canonical, diverse functions for TP53 such as

in autophagy (Bieging and Attardi, 2012; Brady et al., 2011; Li et al., 2012; Valente et al., 2013).

In this manuscript, we provide evidence that TGM2 suppresses an early event in tumorigenesis,

anchorage-independent growth, and participates in TP53-induced autophagy which can collaborate

with CDKN1A-mediated cell cycle arrest, the canonical tumor suppressive function of TP53 (Fig-

ure 7). We showed that TGM2 is a potential direct target gene of TP53 and revealed a role of

TGM2 in suppressing colony formation by promoting autophagic flux through autophagic protein

Figure 7. A model of the tumor suppressive functions of TGM2 in HMECTERT/ST/ER-RasV12 cells. Stress, in this case

the depletion of growth supplements, induces autophagy and TP53-dependent expression of TGM2. TGM2

facilitates autophagic flux by promoting autophagic protein degradation and autolysosome clearance. Loss of

TGM2 expression synergizes with loss of CDKN1A expression to promote malignant transformation of HMECs.

Therefore, TGM2-mediated autophagy and CDKN1A-mediated cell cycle arrest are potentially two critical barriers

in the TP53 pathway that prevent oncogenic transformation of HMECs.

DOI: 10.7554/eLife.07101.037
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degradation and autolysosome clearance. These findings are consistent with a recent report showing

that induction of autophagy is part of the TP53 tumor suppressive response during early tumorigen-

esis (Kenzelmann Broz et al., 2013). Therefore, inhibition of autophagy as a therapeutic strategy for

cancer may have unintended, tumorigenic effects in cases where autophagy is a critical part of the

early tumor suppressive response. Weakening the TP53-dependent tumor suppressive barrier by

inhibiting autophagy may allow early lesions with low level oncogenic signaling to progress to more

aggressive lesions (Junttila et al., 2010). This caveat needs to be considered before autophagy inhi-

bition is used for cancer therapy in the clinic.

Materials and methods

Candidate selection and screen
The procedure to select gene candidates for new TP53 pathway components was previously

described (Drost et al., 2010). Briefly, the candidates were selected from the Miller breast expres-

sion array (GSE3494) consisting of 251 breast cancer samples with TP53 mutation status

(Miller et al., 2005). Normalized mRNA signals from gene probes were arranged as lowest = 0,

highest = 1. By comparing TP53 wild-type tumors with TP53 mutant samples, we selected 122 gene

candidates with significant downregulation (p<0.01) in gene signal in a subset of TP53 wild-type

tumors using Chi-square (c2) analysis. The signal level cut-off is indicated at average minus one stan-

dard deviation (horizontal line). For each gene, we constructed a shRNA using the RNAi consortium

library database (http://www.broadinstitute.org/rnai/trc/lib), retrovirally transduced it into HMEC-
TERT/ST/ER-RasV12 cells, and evaluated the effect of knockdown on colony formation in soft agar.

Antibodies
Antibodies were obtained from: GeneTex, Inc (TGM2, #GTX111702), Cell Signaling (CDKN1A,

#2947; LC3B, #2775; ATG12, #D88H11; ATG5, #D5F5U; BECN1, #D40C5), Santa Cruz Biotechnol-

ogy (TP53, DO-1, #sc-261), Millipore (b-actin, #MAB1501), and Novus Biologicals (SQSTM1/p62,

2C11, #H00008878-M01).

Constructs
The RFP-GFP-LC3 plasmid was a gift from T. Yoshimori (Osaka University, Osaka, Japan)

(Kamimoto et al., 2006). Retroviral vectors expressing oncogenic SV40 small T antigen, HRASV12,

ER-HRASV12, and TERT, and pRetroSuper vectors targeting TP53, CDKN1A, and p16INK4a were

described previously (Mullenders et al., 2009; Voorhoeve and Agami, 2003; Voorhoeve et al.,

2006). The retroviral pRetroSuper vector expressing mCherry with various shRNA was constructed

by replacing the blasticidin marker with mCherry. The retroviral vector expressing TERT-H2B-GFP

was sub-cloned into pBabe vector to express TERT with H2B-GFP as selection marker

(Kolfschoten et al., 2005). pRetroSuper vectors targeting TGM2 (TGM2#1; 5’-ACAGCAACCTTC

TCATCGAGT, and TGM2#2; 5’-CCACCCACCATATTGTTTGAT), ATG12 (5’-TGTTGCAGCTTCCTAC

TTCAA-3’), ATG5 (ATG5#1; ATTCCATGAGTTTCCGATTGATGGC, and ATG5#2; CCTTTGGCCTAA-

GAAGAAA), BECN1 (BECN1#1; GATACCGACTTGTTCCTTA, and BECN1#2; CTAAGGAGCTGCCG

TTATA) and mouse Tgm2 (Tgm2#1; GCTGGACCAACAGGACAATGT, and Tgm2#2; GCGAGATGA

TCTGGAACTTCC) (Lock et al., 2011) were driven by a U6 promoter. The double knockdown vec-

tors of TGM2 and CDKN1A were created by cloning the CDKN1A shRNA expression cassette into

the pRetroSuper shRNA vector targeting TGM2 (hairpins #1 and #2). The human TGM2 ORFs were

cloned into miR-Vec expression vectors (Voorhoeve et al., 2006). The TGM2R ORF contains five syn-

onymous changes in nucleotides 931–939 of transcript variant 1 (CTTCTCATC to TTGTTGATT). The

human TP53 ORF was cloned into the pMSCV blast vector together with a 6x His-tag at the C-termi-

nus. The TP53 construct designed to resist TP53 shRNA knockdown contains four synonymous

changes in nucleotides 983–988 of transcript variant 1 (AGTGGTAA to TCCGGAAA) that preserve

the amino acid sequence. TGM2 C277S and R580A mutants were generated by site-directed muta-

genesis using TGM2 wild-type ORF as the template. All constructs were verified by sequencing.
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Cell culture
Primary human mammary epithelial cells (HMECs) (Lot no. 7F3286, #CC-2551, Lonza) were cultured

in MEGM media supplemented with Bullet kit containing EGF, insulin, hydrocortisone, bovine pitui-

tary extract, and GA-1000 (gentamicin and amphotericin) as recommended by the manufacturer,

and transduced to express the ecotropic receptor and TERT-H2B-GFP as described (Voorhoeve and

Agami, 2003), selected, and frozen down as early passages. Upon analysis, most of these cells

showed a normal karyotype, and 3/13 cells analyzed had trisomy for Chromosome 20. Fully trans-

formed HMECs recovered as a colony from soft agar were analyzed by spectral karyotyping (SKY)

and confirmed to have a normal karyotype with no translocations. HMECs that were retrovirally

transduced to express TERT-H2B-GFP, SV40 small T, and ER-HRASV12 were referred to as HMEC-
TERT/ST/ER-RasV12 cells. For deprivation of growth supplements, EGF, insulin, and hydrocortisone were

removed from the medium for 24 hr after 3 days of treatment with 300 nM of 4-OHT (#H6278,

Sigma). HEK293T cells, human foreskin fibroblast BJ cells and mouse embryonic fibroblast NIH 3T3

cells (ATCC) were grown in Dulbecco’s modified Eagle medium supplemented with 10% FCS and

antibiotics. Early-passage wild-type and Tp53-/-mouse embryonic fibroblasts (MEFs) previously

described (Itahana et al., 2007; Itahana and Zhang, 2008) were kindly provided by Dr. Yanping

Zhang (UNC, Chapel Hill, NC), and cultured similarly. All cells were maintained in a 5% CO2 incuba-

tor at 37˚C. Nutlin-3a was purchased from Sigma (#SML0580) for TP53 activation. For the treatment

of TGM2 inhibitor, HMECTERT/ST/ER-RasV12 cells were incubated with 300 nM of 4-OHT together with

Z-DON (#Z006, Zedira, 50 mM) or LDN 27219 (#4602, Tocris Bioscience, 10 mM) for 2 days, followed

by the deprivation of growth supplements for 24 hr in the presence of the inhibitors.

Viral transduction
Ecotropic retroviruses were generated as previously described (Brummelkamp et al., 2002). Briefly,

cells at 60–70% confluence were transduced overnight in the presence of 8 mg/ml polybrene with

ecotropic retroviruses (Brummelkamp et al., 2002) and selected with blasticidin (4 mg/ml), puromy-

cin (2 mg/ml), or hygromycin (300 mg/mL) 48 hr after transduction.

Transfection
HMECTERT/ST/ER-RasV12 cells were transfected with plasmids for 4 hr with JetPrime Polyplus (Bioparc,

France) following the manufacturer’s instructions.

Generation of TP53-/- clones
TP53 knockout cells were generated by first transfecting HMECTERT/ST/ER-RasV12 cells with plasmids

expressing Cas9 and a gRNA (Addgene #41815 and #41824) (Mali et al., 2013) targeting exon 4 of

TP53 (GGCAGCTACGGTTTCCGTCT) followed by plating in soft agar and picking of single clones

after two weeks of incubation (Ho et al., 2013). Single cell clones were expanded, followed by DNA

extraction. DNA sequencing was performed to verify frame-shifting mutations in both alleles of TP53

(Figure 4—figure supplement 1).

Soft agar assay
A bottom layer of 2 ml 1% agar was overlaid with a suspension of 20,000 HMECs in 2 ml 0.4% low

gelling agarose (#A9045, Sigma) in DMEM with 10% FCS. Agar was topped up with 1 ml DMEM

containing 500 nM of 4-OHT for the first 3 days, and then replaced with DMEM containing EGF (5

ng/ml), insulin (5 mg/ml), hydrocortisone (500 ng/ml), and 4-OHT (500 nM). The top media was

replaced after one week. After 2 weeks, colonies were stained with 500 ml of 5 mg/ml MTT (#5655,

Sigma) at 37˚C for 1 hr and photographed with a stereomicroscope (SZX16, Olympus). Counting of

colonies was automated using a MATLAB script based on the intensity and size of stained colonies.

Statistical analysis of data was done by unpaired student’s two-sided t-test. For BJ cells, a bottom

layer of 2 ml of 1% agar was overlaid with a suspension of 40,000 BJ cells in 2 ml of 0.4% low gelling

agarose. Agar was topped up with 1 ml DMEM containing 500 nM of 4-OHT and 10% FCS for the

first 1 week. After 1 week, the top medium was replaced with DMEM containing EGF (5 ng/ml), insu-

lin (5 mg/ml), hydrocortisone (500 ng/ml), 4-OHT (500 nM), and 10% FCS. For NIH 3T3 cells, a bot-

tom layer of 2 ml of 1% agar was overlaid with a suspension of 20,000 NIH 3T3 cells in 2 ml of 0.4%

low gelling agarose. Agar was topped up with 1 ml DMEM containing 500 nM of 4-OHT and 10%
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FCS. The top media was refreshed after one week. After 2 weeks, colonies were stained with MTT

and analyzed in the same way as HMEC colonies.

Quantitative RT-PCR
RNA was extracted using Trizol (Life Technologies) and 1 mg of total RNA was used for cDNA syn-

thesis (iScript, Biorad). RT-qPCR was performed using SsoFast EvaGreen supermix (Biorad) on a

CFX96 machine (Biorad, CA, USA) according to manufacturer’s instructions. TBP or Gapdh were

used as an internal control. Statistical analysis of data was done by unpaired student’s two-sided t-

test. Specific qPCR primers (5’ to 3’):

TGM2 forward: ACTACAACTCGGCCCATGAC

TGM2 reverse: TGGTCATCCACGACTCCAC

TP53 forward: CAACAACACCAGCTCCTCTC

TP53 reverse: CCTCATTCAGCTCTCGGAAC

CDKN1A forward: GCAGACCAGCATGACAGATTT

CDKNA1 reverse: GGATTAGGGCTTCCTCTTGGA

MDM2 forward: GAATCTACAGGGACGCCATC

MDM2 reverse: TCCTGATCCAACCAATCACC

TBP forward: TCCTGTGCACACCATTTTCC

TBP reverse: CGCCGAATATAATCCCAAGC

Mouse Tgm2 forward: GGCCACTTCATCCTGCTCTA

Mouse Tgm2 reverse: TCCAAGGCACACTCTTGATG

Mouse Cdkn1A forward: CCTGGTGATGTCCGACCTG

Mouse Cdkn1A reverse: CCATGAGCGCATCGCAATC

Mouse Gapdh forward: AGGTCGGTGTGAACGGATTTG

Mouse Gapdh reverse: TGTAGACCATGTAGTTGAGGTCA

Western blot
Cells were washed once with Phosphate Buffered Saline (PBS) and lysed with 2% SDS lysis buffer

(2% SDS, 50 mM Tris-HCl [pH 6.8], 10% glycerol). Protein concentration was determined with the

BCA protein assay kit (Thermo Scientific, MA, USA). Equal amounts of protein were separated by

SDS-polyacrylamide gel electrophoresis and transferred to PDVF membranes. Membranes were

blocked with 4% non-fat milk (Biorad, CA, USA) and incubated with the indicated antibodies. Detec-

tion of blots was done with Western Lightning Plus-ECL reagent (PerkinElmer, MA, USA) for anti-

body conjugated with HRP, or done with Odyssey Infrared Imaging system (LI-COR Biosciences) for

fluorescent-labeled antibody.

Luciferase reporter assays
The TGM2 promoter from -5980 to -78 base pairs upstream of the translational start site (ATG) were

amplified by PCR using the genomic DNA from HMECTERT/ST/ER-RasV12 cells as the template, and

cloned into the pGL4.11-Luc reporter plasmid (Promega). Deletions of this genomic fragment were

also amplified by PCR and cloned into the same reporter plasmids. pGL4.11-Luc reporter plasmid

containing TGM2 genomic fragments were transfected into H1299 cells (TP53-null) along with CMV-

TP53 and pRL-CMV Plasmid. The luciferase and renilla luciferase activities were measured 24 hr after

transfection using a dual-luciferase reporter assay system (Promega) (Itahana et al., 2015). Renilla

luciferase activity was used as an internal control to normalize transfection efficiency.

Confocal Imaging and quantification of puncta size
HMECTERT/ST/ER-RasV12 cells were seeded onto m-plates (ibidi, Martinsried, Germany) before transfect-

ing with the RFP-GFP-LC3 construct. EGF, insulin, and hydrocortisone were removed 24 hr post-

transfection to stimulate autophagy. After 24 hr, the autophagic vesicles labeled with RFP-GFP-LC3

were then acquired using a 561 nm and a 488 nm lasers on a confocal microscope (Carl Zeiss LSM

710, Jena, Germany) equipped with oil-immersion objective lens (NA 1.40, 63x; Plan Apochromat,

Carl Zeiss) and ZEN 2010 software (version 6.0.0.485; Carl Zeiss). The size of the vesicle was

obtained from acquired 8-bit images of cells using Image J software (version 1.45f; National Insti-

tutes of Health). Briefly, a minimum and a maximum threshold value of 0 and 42, respectively, were
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applied to each single cell images. Background noise of 1 pixel was removed before applying the

watershed function to obtain the outlines of the vesicles. The size of vesicle, in mm2, was obtained

using the analyze particles function with the following parameters: size range of 0.2 to 11.0 mm2 and

circularity of 0.7 to 1.0. Subsequently, the average area of each vesicle per cell was represented as

box plot generated using the GraphPad Prism 5 software (version 5.03). Statistical analysis of data

was done by unpaired student’s two-sided t-test.

Transmission electron microscopy
HMECTERT/ST/ER-RasV12 cells were seeded onto 4-chambered coverglass (Lab-Tek Chambered Cover-

glass System) (Nalgene-Nunc, Rochester, NY, USA) and incubated in medium without EGF, insulin,

and hydrocortisone for 24 hr to stimulate autophagy. Samples were fixed in 2.5% glutaraldehyde in

PBS at 4˚C for 1 hr before osmication with 1% osmium tetroxide, pH7.4 for 1 hr. Subsequently the

samples were dehydrated through an ascending series of ethanol at room temperature before infil-

tration with acetone and resin, followed by final embedding in resin which was allowed to polymerise

at 60˚C for 24 hr. Samples were cut by an ultra-microtome (Leica), mounted on formvar-coated cop-

per grids and stained with lead citrate. The grids were viewed in a JEOL JEM 1010 transmission elec-

tron microscopy (TEM).

Chromatin immunoprecipitation (ChIP) Analysis
Chromatin Immunoprecipitation assay was performed as previously described (Itahana et al., 2015).

Briefly, HMECTERT/ST/ER-RasV12 cells were fixed and lysed. The protein lysates were then sonicated

and immunoprecipitated with mouse anti-p53 antibody (Santa Cruz, DO-1) or mouse IgG as the neg-

ative control. The bound DNA in the immunocomplex was eluted and used as the template for PCR.

PCR primers used are (5’ to 3’);

TGM2 forward: TGGGCTAGTTGTGTGTCCCTGTCC

TGM2 reverse: AGGCGGAGAGCGGCGCTAACTTAT

CDKN1A forward: GTGGCTCTGATTGGCTTTCTG

CDKNA1 reverse: CTGAAAACAGGCAGCCCAAG

GAPDH forward: GTATTCCCCCAGGTTTACAT

GAPDH reverse: TTCTGTCTTCCACTCACTCC

Subcutaneous tumorigenicity assay
HMECs expressing TERT, SV40 small T antigen, HRASV12 and the respective shRNAs were resus-

pended in 50% PBS and 50% matrigel (#354248, BD Falcon) and 500,000 cells in 100 ml were

injected in each flank of immunocompromised NOD/SCID female mice. Tumor growth was moni-

tored every 3–4 days. Mice were sacrificed after 4–6 weeks of injection when tumors were noticeable

and less than 2 cm in diameter. All work was done under an approved animal protocol

(IACUC#2013/SHS/815).
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JM, Alves G, Menicacci A, Vachenc S, Solary E, Gambert P, Masson D. 2009. Induction of transglutaminase 2 by
a liver x receptor/retinoic acid receptor alpha pathway increases the clearance of apoptotic cells by human
macrophages. Circulation Research 105:393–401. doi: 10.1161/CIRCRESAHA.109.201855, PMID: 19628791

Rodolfo C, Mormone E, Matarrese P, Ciccosanti F, Farrace MG, Garofano E, Piredda L, Fimia GM, Malorni W,
Piacentini M. 2004. Tissue transglutaminase is a multifunctional BH3-only protein. The Journal of Biological
Chemistry 279:54783–54792. doi: 10.1074/jbc.M410938200, PMID: 15485857

Schaefer JS, Sabherwal Y, Shi HY, Sriraman V, Richards J, Minella A, Turner DP, Watson DK, Zhang M. 2010.
Transcriptional regulation of p21/CIP1 cell cycle inhibitor by PDEF controls cell proliferation and mammary
tumor progression. The Journal of Biological Chemistry 285:11258–11269. doi: 10.1074/jbc.M109.073932,
PMID: 20139077

Shin DM, Jeon JH, Kim CW, Cho SY, Kwon JC, Lee HJ, Choi KH, Park SC, Kim IG. 2004. Cell type-specific
activation of intracellular transglutaminase 2 by oxidative stress or ultraviolet irradiation: implications of
transglutaminase 2 in age-related cataractogenesis. The Journal of Biological Chemistry 279:15032–15039.
doi: 10.1074/jbc.M308734200, PMID: 14752105

Shintani T, Klionsky DJ. 2004. Autophagy in health and disease: a double-edged sword. Science 306:990–995.
doi: 10.1126/science.1099993, PMID: 15528435

Stampfer MR, Yaswen P. 2000. Culture models of human mammary epithelial cell transformation. Journal of
Mammary Gland Biology and Neoplasia 5:365–378. doi: 10.1023/A:1009525827514, PMID: 14973382

Takamura A, Komatsu M, Hara T, Sakamoto A, Kishi C, Waguri S, Eishi Y, Hino O, Tanaka K, Mizushima N. 2011.
Autophagy-deficient mice develop multiple liver tumors. Genes & Development 25:795–800. doi: 10.1101/gad.
2016211, PMID: 21498569

Tang Z, Lin MG, Stowe TR, Chen S, Zhu M, Stearns T, Franco B, Zhong Q. 2013. Autophagy promotes primary
ciliogenesis by removing OFD1 from centriolar satellites. Nature 502:254–257. doi: 10.1038/nature12606,
PMID: 24089205

Yeo et al. eLife 2016;5:e07101. DOI: 10.7554/eLife.07101 28 of 29

Research article Genes and chromosomes Human biology and medicine

http://dx.doi.org/10.1093/nar/gkt504
http://www.ncbi.nlm.nih.gov/pubmed/23775793
http://dx.doi.org/10.1073/pnas.0506230102
http://dx.doi.org/10.1245/s10434-009-0865-y
http://www.ncbi.nlm.nih.gov/pubmed/20033322
http://dx.doi.org/10.4161/auto.4600
http://dx.doi.org/10.4161/auto.4600
http://www.ncbi.nlm.nih.gov/pubmed/17611390
http://dx.doi.org/10.1016/S0076-6879(08)03602-1
http://www.ncbi.nlm.nih.gov/pubmed/19200873
http://dx.doi.org/10.1016/j.cell.2010.01.028
http://www.ncbi.nlm.nih.gov/pubmed/20144757
http://dx.doi.org/10.1016/j.cell.2011.10.026
http://dx.doi.org/10.1016/j.cell.2011.10.026
http://www.ncbi.nlm.nih.gov/pubmed/22078875
http://dx.doi.org/10.1371/journal.pone.0004798
http://www.ncbi.nlm.nih.gov/pubmed/19277210
http://dx.doi.org/10.1093/jnen/64.2.113
http://www.ncbi.nlm.nih.gov/pubmed/15751225
http://dx.doi.org/10.1128/MCB.17.10.6040
http://dx.doi.org/10.1128/MCB.17.10.6040
http://www.ncbi.nlm.nih.gov/pubmed/9315663
http://dx.doi.org/10.1038/nsmb.2431
http://www.ncbi.nlm.nih.gov/pubmed/23202584
http://dx.doi.org/10.1038/cdd.2008.84
http://dx.doi.org/10.1038/cdd.2008.84
http://www.ncbi.nlm.nih.gov/pubmed/18551130
http://dx.doi.org/10.1172/JCI20039
http://www.ncbi.nlm.nih.gov/pubmed/14638851
http://dx.doi.org/10.1186/1471-2164-8-98
http://dx.doi.org/10.1161/CIRCRESAHA.109.201855
http://www.ncbi.nlm.nih.gov/pubmed/19628791
http://dx.doi.org/10.1074/jbc.M410938200
http://www.ncbi.nlm.nih.gov/pubmed/15485857
http://dx.doi.org/10.1074/jbc.M109.073932
http://www.ncbi.nlm.nih.gov/pubmed/20139077
http://dx.doi.org/10.1074/jbc.M308734200
http://www.ncbi.nlm.nih.gov/pubmed/14752105
http://dx.doi.org/10.1126/science.1099993
http://www.ncbi.nlm.nih.gov/pubmed/15528435
http://dx.doi.org/10.1023/A:1009525827514
http://www.ncbi.nlm.nih.gov/pubmed/14973382
http://dx.doi.org/10.1101/gad.2016211
http://dx.doi.org/10.1101/gad.2016211
http://www.ncbi.nlm.nih.gov/pubmed/21498569
http://dx.doi.org/10.1038/nature12606
http://www.ncbi.nlm.nih.gov/pubmed/24089205
http://dx.doi.org/10.7554/eLife.07101


Tebaldi T, Zaccara S, Alessandrini F, Bisio A, Ciribilli Y, Inga A. 2015. Whole-genome cartography of p53
response elements ranked on transactivation potential. BMC Genomics 16. doi: 10.1186/s12864-015-1643-9,
PMID: 26081755

Thorburn J, Andrysik Z, Staskiewicz L, Gump J, Maycotte P, Oberst A, Green DR, Espinosa JM, Thorburn A.
2014. Autophagy controls the kinetics and extent of mitochondrial apoptosis by regulating PUMA levels. Cell
Reports 7:45–52. doi: 10.1016/j.celrep.2014.02.036, PMID: 24685133

Tovar C, Rosinski J, Filipovic Z, Higgins B, Kolinsky K, Hilton H, Zhao X, Vu BT, Qing W, Packman K, Myklebost
O, Heimbrook DC, Vassilev LT. 2006. Small-molecule MDM2 antagonists reveal aberrant p53 signaling in
cancer: implications for therapy. Proceedings of the National Academy of Sciences of the United States of
America 103:1888–1893. doi: 10.1073/pnas.0507493103

Valente LJ, Gray DH, Michalak EM, Pinon-Hofbauer J, Egle A, Scott CL, Janic A, Strasser A. 2013. p53 efficiently
suppresses tumor development in the complete absence of its cell-cycle inhibitory and proapoptotic effectors
p21, puma, and noxa. Cell Reports 3:1339–1345. doi: 10.1016/j.celrep.2013.04.012, PMID: 23665218

Vassilev LT, Vu BT, Graves B, Carvajal D, Podlaski F, Filipovic Z, Kong N, Kammlott U, Lukacs C, Klein C, Fotouhi
N, Liu EA. 2004. In vivo activation of the p53 pathway by small-molecule antagonists of MDM2. Science 303:
844–848. doi: 10.1126/science.1092472, PMID: 14704432

Vogelstein B, Lane D, Levine AJ. 2000. Surfing the p53 network. Nature 408:307–310. doi: 10.1038/35042675,
PMID: 11099028

Voorhoeve PM, Agami R. 2003. The tumor-suppressive functions of the human INK4A locus. Cancer Cell 4:311–
319. doi: 10.1016/S1535-6108(03)00223-X, PMID: 14585358

Voorhoeve PM, le Sage C, Schrier M, Gillis AJ, Stoop H, Nagel R, Liu YP, van Duijse J, Drost J, Griekspoor A,
Zlotorynski E, Yabuta N, De Vita G, Nojima H, Looijenga LH, Agami R. 2006. A genetic screen implicates
miRNA-372 and miRNA-373 as oncogenes in testicular germ cell tumors. Cell 124:1169–1181. doi: 10.1016/j.
cell.2006.02.037, PMID: 16564011

Wu YT, Tan HL, Shui G, Bauvy C, Huang Q, Wenk MR, Ong CN, Codogno P, Shen HM. 2010. Dual role of 3-
methyladenine in modulation of autophagy via different temporal patterns of inhibition on class I and III
phosphoinositide 3-kinase. The Journal of Biological Chemistry 285:10850–10861. doi: 10.1074/jbc.M109.
080796, PMID: 20123989

Yamaguchi H, Wang HG. 2006. Tissue transglutaminase serves as an inhibitor of apoptosis by cross-linking
caspase 3 in thapsigargin-treated cells. Molecular and Cellular Biology 26:569–579. doi: 10.1128/MCB.26.2.
569-579.2006, PMID: 16382148

Yue Z, Jin S, Yang C, Levine AJ, Heintz N. 2003. Beclin 1, an autophagy gene essential for early embryonic
development, is a haploinsufficient tumor suppressor. Proceedings of the National Academy of Sciences of the
United States of America 100:15077–15082. doi: 10.1073/pnas.2436255100, PMID: 14657337

Zhang Y, Yan W, Jung YS, Chen X. 2013. PUMA cooperates with p21 to regulate mammary epithelial
morphogenesis and epithelial-to-mesenchymal transition. PloS One 8:e66464. doi: 10.1371/journal.pone.
0066464, PMID: 23805223

Zou X, Ray D, Aziyu A, Christov K, Boiko AD, Gudkov AV, Kiyokawa H. 2002. Cdk4 disruption renders primary
mouse cells resistant to oncogenic transformation, leading to Arf/p53-independent senescence. Genes &
Development 16:2923–2934. doi: 10.1101/gad.1033002, PMID: 12435633

Yeo et al. eLife 2016;5:e07101. DOI: 10.7554/eLife.07101 29 of 29

Research article Genes and chromosomes Human biology and medicine

http://dx.doi.org/10.1186/s12864-015-1643-9
http://www.ncbi.nlm.nih.gov/pubmed/26081755
http://dx.doi.org/10.1016/j.celrep.2014.02.036
http://www.ncbi.nlm.nih.gov/pubmed/24685133
http://dx.doi.org/10.1073/pnas.0507493103
http://dx.doi.org/10.1016/j.celrep.2013.04.012
http://www.ncbi.nlm.nih.gov/pubmed/23665218
http://dx.doi.org/10.1126/science.1092472
http://www.ncbi.nlm.nih.gov/pubmed/14704432
http://dx.doi.org/10.1038/35042675
http://www.ncbi.nlm.nih.gov/pubmed/11099028
http://dx.doi.org/10.1016/S1535-6108(03)00223-X
http://www.ncbi.nlm.nih.gov/pubmed/14585358
http://dx.doi.org/10.1016/j.cell.2006.02.037
http://dx.doi.org/10.1016/j.cell.2006.02.037
http://www.ncbi.nlm.nih.gov/pubmed/16564011
http://dx.doi.org/10.1074/jbc.M109.080796
http://dx.doi.org/10.1074/jbc.M109.080796
http://www.ncbi.nlm.nih.gov/pubmed/20123989
http://dx.doi.org/10.1128/MCB.26.2.569-579.2006
http://dx.doi.org/10.1128/MCB.26.2.569-579.2006
http://www.ncbi.nlm.nih.gov/pubmed/16382148
http://dx.doi.org/10.1073/pnas.2436255100
http://www.ncbi.nlm.nih.gov/pubmed/14657337
http://dx.doi.org/10.1371/journal.pone.0066464
http://dx.doi.org/10.1371/journal.pone.0066464
http://www.ncbi.nlm.nih.gov/pubmed/23805223
http://dx.doi.org/10.1101/gad.1033002
http://www.ncbi.nlm.nih.gov/pubmed/12435633
http://dx.doi.org/10.7554/eLife.07101

