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Carcinogen 7,12-dimethylbenz[a]anthracene-induced mammary
tumorigenesis is accelerated in Smad3 heterozygous mice
compared to Smad3 wild type mice
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Previous studies based on cell culture and xenograft animal models suggest
that Smad3 has tumor suppressor function for breast cancer during early stages of
tumorigenesis. In this report, we show that DMBA (7,12-dimethylbenz[a]anthracene),
a chemical carcinogen, induces mammary tumor formation at a significantly higher
frequency in the Smad3 heterozygous mice than in the Smad3 wild type mice. This
is the first genetic evidence showing that Smad3 inhibits mammary tumor formation
in @a mouse model. Our findings support the notion that Smad3 has important tumor

suppressor function for breast cancer.

INTRODUCTION

TGF-B potently inhibits cell proliferation. It also
induces apoptosis in several cell types, such as breast
epithelial cells. Accordingly, TGF-8 plays a major role
in the inhibition of tumor formation during early stages
of tumorigenesis. For example, expression of TGF-31
transgene suppresses mammary tumor formation
[1]. Transgenic mice overexpressing a dominant-
negative mutant TGF-8 type II receptor show enhanced
tumorigenesis in the mammary gland in response to the
carcinogen 7,12-dimethylbenz-[a]-anthracene (DMBA)
[2].

Smad3 plays a major role in mediating TGF-83
growth inhibitory and apoptotic effects [3, 4]. Smad3 is
essential for TGF-B-induced transcriptional repression

of c-myc, Bcl2, Id-1, and hTERT and transcriptional
activation of the CDK inhibitors p15 and p21 [3, 4]. TGF-
B-induced growth inhibition and apoptosis is essentially
lost in Smad3” primary mammary epithelial cells [5].
In addition, TGF-B/Smad3 upregulates the expression of
a set of genes including Ephrin-A1l, which is shown to
contribute to the TGF-/Smad3 tumor suppressive effects
in ER-positive breast cancer [6].

Smad3 expression levels are low in breast cancer
stem cells from human patients [7]. Inhibition of Smad3/2
enhances tumorigenicity of human MCF10CAlh (low
grade, invasive) breast cancer cell line, which is derived
from the MCF10A cells; whereas overexpression of Smad3
reduces tumorigenicity [8]. Furthermore, knockdown
of Smad3 significantly increases tumorigenicity of the
MCF10CATh cells, and the tumors are more aggressive

[6].
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Smad3 has been shown or suggested to have
tumor suppressor functions in pediatric T-cell acute
lymphoblastic leukemia, gastric cancer, colon cancer,
pancreatic cancer, and hepatocellular carcinoma [9-13],
and Smad3 point mutations have been identified in colon
and pancreatic cancers [14-16 and references therein].
Smad3 is rarely mutated in breast cancer. Smad3 point
mutation rate in breast cancer is 0.4% (4 mutations out of
952 cases analyzed) (TCGA provision data). Modulation
of Smad3 levels are much more frequent events than
mutations in breast cancer.

We attempted to address the question whether
reduction of Smad3 levels promotes de novo tumor
formation. Smad3”- mice cannot be used for analysis of
spontaneous mammary tumor formation, as they do not
survive beyond at most 8 months due to certain defects
[13, 17, 18]. The Smad3*" (heterozygous) mice do not
form spontaneous mammary tumors (data not shown).

Previous xenograft experiments showing Smad3
tumor suppressor function for breast cancer used the
MCF10CAT1h cell line [6, 8], which contains an oncogenic
H-Ras mutation. Although Ras mutation is not a frequent
event for breast cancer, activation of ERK, which is
downstream of Ras, is a frequent event in breast cancer.
We therefore considered to first test in a mouse model
that contains an oncogenic Ras mutation. DMBA is a
prototypical polycyclic aromatic hydrocarbon that has
been used to promote mammary tumor formation in
mouse [19]. DMBA induces oncogenic H-Ras mutation

[19]. Mutation rate of H-Ras in DMBA-induced mouse
mammary tumors derived from hyperplastic outgrowth
lines is estimated to be ~ 60-80% [20]. It should be noted
while an area of active research, there is no causal link
between the exposure to polycyclic aromatic hydrocarbons
and human breast cancer. The use of DMBA-induced
mammary tumorigenesis is primarily relevant from the
standpoint of the role of Smad3 as a tumor suppressor. We
show in this study that DMBA-induced mammary tumor
formation is accelerated in the Smad3*~ mice compared to
the Smad3** mice.

RESULTS AND DISCUSSIONS

The Smad3*~ mice are in a mixed C57BL/6/129
genetic background [17]. Smad3*" mice were mated with
each other to produce Smad3** and Smad3*- mice. Each
of the Smad3** and Smad3*- female mice in cohorts was
given 1.0 mg dose of DMBA by oral gavage once a week
for 5 weeks, beginning at 5-6 weeks of age. A mammary
tumor occurred as early as 13 weeks after the first dose
of DMBA in one Smad3 heterozygous mouse. Tumor
formation was monitored for six months after beginning
DMBA.

All palpable tumors were collected, and were
analyzed histopathologically after hematoxylin and eosin
(H & E) staining. As shown in Table I, at the end of the
experiments, 8 out of 23 Smad3 wild type mice developed
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Figure 1: Tumor free survival curve. Each of the 23 Smad3 wild type mice and 26 Smad3 heterozygous mice was given 1.0 mg dose
of DMBA by oral gavage once a week for 5 weeks, beginning at 5-6 weeks of age. Tumor formation was monitored for six months (26
weeks) after beginning DMBA. Kaplan-Meier tumor free survival curve for Smad3 wild type mice (WT) and Smad3 heterozygous mice

(Het) is shown. The p value is 0.0592 using log-rank test.
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Table I: Number of mice with tumors

Number of Number of mice
Grou Number of mice with % of mice with with a skin Total number of mice
p mice mammary mammary tumors |squamous cell with tumors
tumors carcinoma
Smad3 (WT) 23 8 34.8% 0 8
Smad3 (Het) 26 16 61.5% 1 17
Table I1: Total number of mammary tumors
G N}lmber of mice Number of mice with | Number of mice with | Total number of
roup with mammary tw t ¢ t
fumors 0 mammary tumors |one mammary tumor |mammary tumors
Smad3 (WT) 8 0 8 8
Smad3 (Het) 16 1 15 17
Table III: Histopathological classification of mammary tumors
Number
. Number of Number of
Number of papillary | Number of of poorly
Group adenocarcinomas adenocarcinomas Squamous cell aden.osquamous differentiated
carcinomas carcinomas .
carcinomas

Smad3 (WT) 0 1 1 5 1
Smad3 (Het) 1 3 4 8 1

tumors, whereas 17 out of 26 Smad3 heterozygous mice
developed tumors. It should be noted that some mice
did not survive to the end of the experiments due to the
adverse effects of DMBA. This occurs to both Smad3
(wild type) and Smad3 (heterozygous) mice. These mice
died or were sacrificed early, usually within 1-2 months
after the initial dose of DMBA. They had not developed
mammary tumors at the time of death (data not shown).
These mice are not included in our counting of animal
numbers.

For the Smad3 wild type mice, each of the 8 mice
developed one mammary tumor, total 8§ mammary tumors
in the Smad3 wild type group (Table II). For the Smad3
heterozygous mice, total 18 tumors were developed
from the 17 mice. Among the 18 tumors, 17 tumors are
mammary tumors, and another tumor turned out to be a
skin squamous cell carcinoma (Tables I and IT). Among the
17 Smad3 heterozygous mice, one mouse developed two
mammary tumors, one from left mammary gland #2 and
one from left mammary gland #4; 15 mice each developed
one mammary tumor; and one mouse developed a skin
squamous cell carcinoma (Tables I and II).

The Kaplan-Meier tumor free survival curve for
Smad3 (WT) and Smad3 (heterozygous) mice is shown
in Figure 1. The p value is 0.0592 using log-rank test.
DMBA-induced mammary tumor formation is accelerated
in the Smad3 heterozygous mice compared to the Smad3
wild type mice.

For mammary tumor incidence, the percentage
of Smad3 wild type animals with mammary tumors is
34.8% (8 mice out of total 23 mice). The percentage of
Smad3 heterozygous animals with mammary tumors is
61.5% (16 mice out of total 26 mice) (Table I). Mammary
tumor incidence is significantly higher in the Smad3

heterozygous mice than in the Smad3 wild type mice (Chi-
square test one sided p value is 0.03).

Histopathological analyses revealed that the
mammary tumors were very heterogeneous. The
mammary tumors were classified into papillary
adenocarcinoma, adenocarcinoma, squamous cell
carcinoma, adenosquamous carcinoma, and poorly
differentiated carcinoma (Table III). Both the Smad3
wild type and heterozygous mice developed more
adenosquamous carcinomas than other types of
carcinomas (Table III). This is similar to previous studies
showing that adenosquamous carcinomas occur more
frequently than other types of carcinomas in DMBA-
induced mammary tumors [for example, see references 2
and 21]. Examples of histology of the mammary tumors
indicating papillary adenocarcinoma, adenocarcinoma,
squamous cell carcinoma, adenosquamous carcinoma, or
poorly differentiated carcinoma are shown in Figure 2.

We confirmed that Smad3 protein levels were
reduced in the normal mammary glands in the Smad3
heterozygous mice compared to the Smad3 wild type mice
(Figure 3A). c-myc and Bcl-2 are important target genes
of Smad3 based on cell culture studies. Their expression
was not detectable in the normal mammary glands (data
not shown).

Since the mammary tumors are in different types
and we don’t have sufficient number of tumors for
each type (Table III), we focused on the analysis of the
adenosquamous carcinomas, which are most abundant
among all the types. The 5 adenosquamous carcinomas
from the wild type group and the 8 adenosquamous
carcinomas from the heterozygous group were analyzed
for Smad3 levels. As shown in Figure 3B, the Smad3
protein levels were all reduced in the Smad3 (Het) tumors,
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compared to the Smad3 (WT) tumors. In particular, the mRNA and protein levels in a breast cancer cell line [22].
Smad3 levels were very low in the Smad3 (Het) tumor It is possible that Smad3 (Het) tumor #11 contains an
#11 (Figure 3B). Interestingly, a previous study showed oncogenic Ras mutation, and this mechanism is applicable
that Ras activation leads to downregulation of Smad3 at in Smad3 (Het) tumor #11.

Figure 2: Examples of histology of mammary tumors. A. A papillary adenocarcinoma from a Smad3 heterozygous mouse. This
was the only Smad3 heterozygous mouse which developed a papillary adenocarcinoma. B. An adenocarcinoma from a Smad3 heterozygous
mouse. C. A squamous cell carcinoma from a Smad3 heterozygous mouse. D. An adenosquamous carcinoma from a Smad3 wild type mouse.
E. An adenosquamous carcinoma from a Smad3 heterozygous mouse. F. A poorly differentiated carcinoma from a Smad3 heterozygous
mouse. Magnification 100X for all photos.
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A previous study showed that Smad3 repressed Bcl2
expression in immortalized mouse mammary epithelial
cells (IMEC) [23]. Furthermore, it showed that the Bel-2
levels were significantly higher in the Smad3 heterozygous
IMEC than in the Smad3 wild type IMEC [23]. However,
in the tumors that we analyzed, the Bcl-2 levels were
similar between the wild type group and the heterozygous
group (Figure 3B). We also analyzed c-myc expression
levels. The c-myc levels were also similar between the
wild type group and the heterozygous group, and the Ki67
staining was also similar between the two groups (data
not shown).

Unexpectedly, when we analyzed the levels of
cleaved caspase-3, we found that the activated caspase-3
levels were greatly increased in 3 of the 8 Smad3 (Het)
adenosquamous carcinomas (Figure 3B). It should be
noted that the tumors were not necrotic. The increased
activated caspase-3 was not due to necrotic tumors. A
recent study showed that mammalian cells, including

A

breast epithelial cells, can survive with persistent
caspase-3 activation, which causes limited DNA strand
breaks [24]. This promotes genetic instability and
oncogenic transformation [24, 25]. In addition, it has
been shown that caspase-3 promotes skin carcinogenesis
induced by DMBA + TPA treatment [24].

Although the activated caspase-3 increased greatly
in the Smad3 (Het) tumors #6, #7, and #8, the apoptosis
was not increased. In the TUNEL assay, the TUNEL
positive cells were 1-3% in both the wild type group
involving Smad3 (WT) tumors #1, #2, #3, and #4 and the
heterozygous group involving Smad3 (Het) tumors #6, #7,
#8, #9, and #10 (data not shown). This is consistent with
the idea that persistent activation of caspase-3 can cause
limited DNA breakage, leading to genetic instability and
malignant transformation.

It should be noted that the Smad3 (Het) tumors
#6, #7, and #8 do not show correlation with the
tumor occurrence time, the size of the tumors, or the
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Figure 3: Cleaved caspase-3 is markedly increased in certain adenosquamous carcinomas from Smad3 heterozygous
mice. A. Smad3 protein levels are reduced in the normal mammary glands in the Smad3 heterozygous mice compared to the Smad3 wild
type mice. A pool of three mammary glands from three 5-6 weeks old Smad3 wild type mice or Smad3 heterozygous mice were analyzed
for Smad3 protein levels by Western blot. Actin expression levels were also analyzed as a control. B. Activated caspase-3 is markedly
increased in three adenosquamous carcinomas from Smad3 heterozygous mice. Five Smad3 (WT) adenosquamous carcinomas and 8
Smad3 (Het) adenosquamous carcinomas were analyzed for the expression levels of Smad3, Bcl-2, and cleaved caspase-3. Actin expression
levels were also analyzed as a control.

Cleaved o oo
Caspase-3 .
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aggressiveness of the tumors. Analysis of more tumor
samples in the future is necessary to establish whether
there is a causal link. A related question is by which
mechanism the reduced Smad3 levels lead to the markedly
increased activated caspase-3 in those three Smad3 (Het)
tumors.

Another strong message from the cleaved caspase-3
Western blot is that the tumors are extremely heterogenous.
Three other Smad3 (Het) tumors contain very low levels
of activated caspase-3 (Figure 3B). Approximately 70%
of the DMBA-induced mammary tumors contain an
oncogenic Ras mutation. The Ras pathway can inhibit
Smad3 function through ERK and CDK phosphorylation
of Smad3 [26-33]. Whether this activity in conjunction
with reduced Smad3 levels has a role for the increased
levels of activated caspase-3 remains to be determined.
The remaining ~ 30% tumors contain other genetic and
epigenetic changes. The diverse genetic and epigenetic
background may account for in part the differences in the
cleaved caspase-3 levels.

We also attempted to include Smad3~- mice in this
study. Since a significant proportion of Smad3 null mice
do not survive longer enough for tumor development
after DMBA administration, we are not able to achieve
statistically significant results (data not shown). In
addition, since Smad3 null mice have certain defects
[13, 17, 18], this complicates the interpretation of the
data with the use of Smad3 null mice. Our results in this
study suggest that Smad3 has important tumor suppressor
function for breast cancer. In the future, it is warranted
to examine whether Smad3 mammary null mice develop
tumors and whether Smad3 mammary deficiency
accelerates oncogene-driven or mutant p53-driven
mammary tumorigenesis.

In conclusion, we have shown that deletion of only
one copy of the Smad3 gene is sufficient to significantly
increase the frequency of DMBA-induced mammary
tumorigenesis. The tumors are extremely heterogeneous.
Future studies are necessary to answer a number of
important questions.

MATERIALS AND METHODS

Smad3*- and Smad3** mice

The Smad3*- mice were previously described [17].
They are in a mixed C57BL/6/129 genetic background
[17]. Smad3* male and Smad3*- female mice were mated
with each other. Genotyping of the mice was performed by
PCR as previously described [17]. The resulting Smad3**
(wild type) and Smad3*- (heterozygous) female mice were
used in this study.

DMBA-induced mammary tumorigenesis

DMBA-induced mammary tumor formation was
carried out essentially as previously described [21].
The Smad3™* and Smad3*- female mice in cohorts were
each given 5 weekly 1.0 mg dose of DMBA in 0.1 ml
of corn oil by oral gavage, beginning at 5-6 weeks of
age. Tumor formation was monitored by palpation. Mice
were monitored weekly for tumor formation in the first
ten weeks, and twice per week in the subsequent weeks.
Tumor formation was monitored for six months after
the initial dose of DMBA. The animal protocols were
approved by the institutional IACUC committee.

Histopathology

Palpable tumors were dissected. They were fixed
in 10% formalin/PBS and then preserved in 70% ethanol.
Tumor samples were paraffin embedded, sectioned into
slides with 4 micron thickness, and H & E stained by
the Biospecimen Repository Service and Histopathology
Shared Resources of the Rutgers Cancer Institute of New
Jersey. All tumors were examined histopathologically after
H & E staining. Mammary tumors were classified into
papillary adenocarcinoma, adenocarcinoma, squamous
cell carcinoma, adenosquamous carcinoma, and poorly
differentiated carcinoma.

Western blot analysis

Mammary glands or mammary tumors were
homogenized in RIPA buffer, and the protein extracts were
analyzed by Western blot analysis. The cleaved caspase-3
rabbit polyclonal antibody was from Cell Signaling
Technology (Cat. No. 9661). The Bcl-2 rabbit monoclonal
antibody was from Cell Signaling Technology (Cat. No.
2870). The Smad3 rabbit monoclonal antibody was from
Abcam (Cat. No. 40854). The Actin mouse monoclonal
antibody was from Sigma (Cat No. A1978).

Statistical analysis

Statistical analysis was carried out using the log-
rank test or Chi-square test.

ACKNOWLEDGMENTS

We thank T. W. Wassef, L. Wang, D. M. He, H.
S. Jiang, J. Y. So, K. Patel, J. Wahler, M. J. Bak, Q. Yu,
H. Wang, and Y. P. Lu and members of the Biospecimen
Repository Service and Histopathology Shared Resources
of the Rutgers Cancer Institute of New lJersey for
assistance. We also thank W. X. Zong, H. Wang, Y. P. Lu,
A. Ooshima, S. J. Kim, E. Bae, and L. M. Wakefield for

www.impactjournals.com/oncotarget

64883

Oncotarget



helpful discussions.

CONFLICTS OF INTEREST

The authors declare that they have no conflicts of
interest.

FUNDING

This work was supported by grants from the NIH
(CA93771) and the Charles and Johanna Busch Memorial
Fund (to F. L.).

Editorial note

This paper has been accepted based in part on peer-
review conducted by another journal and the authors’
response and revisions as well as expedited peer-review
in Oncotarget.

REFERENCES

1. Pierce DF Jr, Gorska AE, Chytil A, Meise KS, Page DL,
Coffey RJ Jr, Moses HL. Mammary tumor suppression by
transforming growth factor beta 1 transgene expression.
Proc. Natl. Acad. Sci. USA. 1995; 92: 4254-4258.

2. Bottinger EP, Jakubczak JL, Haines DC, Bagnall K,
Wakefield LM. Transgenic mice overexpressing a
dominant-negative mutant type Il transforming growth
factor beta receptor show enhanced tumorigenesis in the
mammary gland and lung in response to the carcinogen
7,12-dimethylbenz-[a]-anthracene. Cancer Res. 1997; 37:
5564-5570.

3. Siegel PM, Massagué J. Cytostatic and apoptotic actions of
TGF-B in homeostasis and cancer. Nat. Rev. Cancer. 2003;
3:807-821.

4. Liu F. Delineating the TGF-/Smad-induced cytostatic
response. In: Smad Signal Transduction: Smads in
Proliferation, Differentiation and Disease. P. ten Dijke and
C.-H. Heldin, eds. (Netherlands: Springer). 2006; pp 75-91.

5. Kohn EA, Du Z, Sato M, Van Schyndle CM, Welsh MA,
Yang YA, Stuelten CH, Tang B, Ju W, Bottinger EP,
Wakefield LM. A novel approach for the generation of
genetically modified mammary epithelial cell cultures
yields new insights into TGF-8 signaling in the mammary
gland. Breast Cancer Res. 2010; 12: R83.

6. Sato M, Kadota M, Tang B, Yang HH, Yang YA, Shan M,
Weng J, Welsh MA, Flanders KC, Nagano Y, Michalowski
AM, Clifford RJ, Lee MP, Wakefield LM. An integrated
genomic approach identifies persistent tumor suppressive
effects of transforming growth factor-beta in human breast
cancer. Breast Cancer Res. 2014; 16: R57.

7.  Shipitsin M, Campbell LL, Argani P, Weremowicz S,
Bloushtain-Qimron N, Yao J, Nikolskaya T, Serebryiskaya

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

T, Beroukhim R, Hu M, Halushka MK, Sukumar S,
Parker LM, et al. Molecular definition of breast tumor
heterogeneity. Cancer Cell. 2007; 11: 259-273.

Tian F, DaCosta Byfield S, Parks WT, Yoo S, Felici A,
Tang B, Piek E, Wakefield LM, Roberts AB. Reduction in
Smad2/3 signaling enhances tumorigenesis but suppresses
metastasis of breast cancer cell lines. Cancer Res. 2003; 63:
8284-8292.

Han SU, Kim HT, Seong DH, Kim YS, Park YS, Bang Y],
Yang HK, Kim SJ. Loss of the Smad3 expression increases
susceptibility to tumorigenicity in human gastric cancer.
Oncogene. 2004; 23: 1333-1341.

Sodir NM, Chen X, Park R, Nickel AE, Conti PS, Moats
R, Bading JR, Shibata D, Laird, PW. Smad3 deficiency
promotes tumorigenesis in the distal colon of ApcMin/+
Mice. Cancer Res. 2006; 66; 8430-8438.

Wolfraim LA, Fernandez TM, Mamura M, Fuller WL,
Kumar R, Cole DE, Byfield S, Felici A, Flanders KC, Walz
TM, Roberts AB, Aplan PD, Balis FM, Letterio JJ. Loss of
Smad3 in acute T-cell lymphoblastic leukemia. N. Engl. J.
Med. 2004; 351: 552-559.

Yang YA, Zhang GM, Feigenbaum L, Zhang YE. Smad3
reduces susceptibility to hepatocarcinoma by sensitizing
hepatocytes to apoptosis through downregulation of Bcl-2.
Cancer Cell. 2006; 9: 445-457.

Zhu Y, Richardson JA, Parada LF, Graff JM. Smad3 mutant
mice develop metastatic colorectal cancer. Cell. 1998; 94:
703-714.

Sjoblom T, Jones S, Wood LD, Parsons DW, Lin J, Barber
TD, Mandelker D, Leary RJ, Ptak J, Silliman N, Szabo
S, Buckhaults P, Farrell C, et al. The consensus coding
sequences of human breast and colorectal cancers. Science.
2006; 314: 268-274.

Jones S, Zhang X, Parsons DW, Lin JC, Leary RIJ,
Angenendt P, Mankoo P, Carter H, Kamiyama H, Jimeno
A, Hong SM, Fu B, Lin MT, et al. Core signaling pathways
in human pancreatic cancers revealed by global genomic
analyses. Science. 2008; 321: 1801-1806.

Leary RJ, Lin JC, Cummins J, Boca S, Wood LD, Parsons
DW, Jones S, Sjoblom T, Park BH, Parsons R, Willis J,
Dawson D, Willson JK, Nikolskaya T, et al. Integrated
analysis of homozygous deletions, focal amplifications, and
sequence alterations in breast and colorectal cancers. Proc.
Natl. Acad. Sci. USA. 2008; 105: 16224-16229.

Datto MB, Frederick JP, Pan L, Borton AJ, Zhuang Y,
Wang XF. Targeted disruption of Smad3 reveals an
essential role in transforming growth factor B-mediated
signal transduction. Mol. Cell. Biol. 1999; 19: 2495-2504.

Yang X, Letterio JJ, Lechleider RJ, Chen L, Hayman R, Gu
H, Roberts AB, Deng C. Targeted disruption of SMAD3
results in impaired mucosal immunity and diminished T cell
responsiveness to TGF-6. EMBO. J. 1999; 18: 1280-1291.
Dandekar S, Sukumar S, Zarbl H, Young LJ, Cardiff RD.
Specific activation of the cellular Harvey-ras oncogene in

www.impactjournals.com/oncotarget

64884

Oncotarget



20.

21.

22.

23.

24.

25.

dimethylbenzanthracene-induced mouse mammary tumors.
Mol. Cell. Biol. 1986; 6: 4104-4108.

Cardiff RD, Gumerlock PH, Soong MM, Dandekar S,
Barry PA, Young LJ, Meyers FJ. c-H-ras-1 expression
in 7,12-dimethyl benzanthracene-induced Balb/c mouse
mammary hyperplasias and their tumors. Oncogene. 1988;
3:205-213.

Huang MT, Lou YR, Xie JG, Ma W, Lu YP, Yen P, Zhu
BT, Newmark H, Ho CT. Effect of dietary curcumin and
dibenzoylmethane on formation of 7,12-dimethylbenz[a]
anthracene-induced mammary tumors and lymphomas/
leukemias in Sencar mice. Carcinogenesis. 1998; 19: 1697-
1700.

Daly AC, Vizan P, Hill CS. Smad3 protein levels are
modulated by Ras activity and during the cell cycle to
dictate transforming growth factor-beta responses. J. Biol.
Chem. 2010; 285: 6489-6497.

Kohn EA, Yang YA, Du Z, Nagano Y, Van Schyndle
CM, Herrmann MA, Heldman M, Chen JQ, Stuelten CH,
Flanders KC, Wakefield LM. Biological responses to TGF-
in the mammary epithelium show a complex dependency on
Smad3 gene dosage with important implications for tumor
progression. Mol Cancer Res. 2012; 10: 1389-1399.

Liu X, He Y, Li F, Huang Q, Kato TA, Hall RP, Li CY.
Caspase-3 promotes genetic instability and carcinogenesis.
Mol Cell. 2015; 58: 284-296.

Mirzayans R, Andrais B, Kumar P, Murray D. The Growing
Complexity of Cancer Cell Response to DNA-Damaging
Agents: Caspase 3 Mediates Cell Death or Survival? Int J
Mol Sci. 2016; 17: E708.

26.

27.

28.

29.

30.

31.

32.

33.

Kretzschmar M, Doody J, Timokhina I, Massagué J. A
mechanism of repression of TGFbeta/ Smad signaling by
oncogenic Ras. Genes Dev. 1999; 13: 804-816.

Matsuura I, Denissova NG, Wang G, He D, Long J, Liu
F. Cyclin-dependent kinases regulate the antiproliferative
function of Smads. Nature. 2004; 430: 226-231.

Matsuura I, Wang G, He D, Liu F. Identification and
characterization of ERK MAP kinase phosphorylation sites
in Smad3. Biochemistry. 2005; 44: 12546-12553.

Liu F. Regulation of Smad activity by phosphorylation. In:
TGF-B in cancer therapy. S. Jakowlew ed. (Totowa, USA:
Humana Press), 2008; pp 105-123.

Zelivianski S, Cooley A, Kall R, Jeruss JS. Cyclin-
dependent kinase 4-mediated phosphorylation inhibits
Smad3 activity in cyclin D-overexpressing breast cancer
cells. Mol. Cancer Res. 2010; 8: 1375-1387.

Cooley A, Zelivianski S, Jeruss JS. Impact of cyclin E
overexpression on Smad3 activity in breast cancer cell lines.
Cell Cycle. 2010; 9: 4900-4907.

Tarasewicz E, Rivas L, Hamdan R, Dokic D, Parimi V,
Bernabe BP, Thomas A, Shea LD, Jeruss JS. Inhibition
of CDK-mediated phosphorylation of Smad3 results in
decreased oncogenesis in triple negative breast cancer cells.
Cell Cycle. 2014; 13: 3191-3201.

Bace E, Sato M, Kim RJ, Kwak MK, Naka K, Gim J, Kadota
M, Tang B, Flanders KC, Kim TA, Leem SH, Park T, Liu
F, Wakefield LM, Kim SJ, Ooshima A. Definition of smad3
phosphorylation events that affect malignant and metastatic
behaviors in breast cancer cells. Cancer Res. 2014; 74:
6139-6149.

www.impactjournals.com/oncotarget

64885

Oncotarget



