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Our recent study showed the important role of special AT-rich sequence binding protein 1 (SATB1) in the
progression of human rectal cancer. However, the value of SATB1 in response to radiotherapy (RT) for rectal cancer
hasn't been reported so far. Here, SATB1 was determined using immunohistochemistry in normal mucosa, biopsy,
primary cancer, and lymph node metastasis from 132 rectal cancer patients: 66 with and 66 without preoperative RT
before surgery. The effect of SATB1 knockdown on radiosensitivity was assessed by proliferation-based assay and
clonogenic assay. The results showed that SATB1 increased from normal mucosa to primary cancer, whereas it
decreased from primary cancer to metastasis in non-RT patients. SATB1 decreased in primary cancers after RT. In RT
patients, positive SATB1 was independently associated with decreased response to preoperative RT, early time to
metastasis, and worse survival. SATB1 negatively correlated with ataxia telangiectasia mutated (ATM) and pRb2/p130,
and positively with Ki-67 and Survivin in RT patients, and their potential interaction through different canonical
pathways was identified in network ideogram. Taken together, our findings disclose for the first time that radiation
decreases SATB1 expression and sensitizes cancer cells to confer clinical benefit of patients, suggesting that SATB1 is
predictive of response to preoperative RT and clinical outcome in rectal cancer.

Introduction

Colorectal cancer (CRC) is the third most common cancer
worldwide and the second leading cause of cancer deaths in
many parts of the western world.! Although short-term preopera-
tive radiotherapy (RT) improves local control in patients with
resectable rectal cancer, the overall survival rate of patients hasn’t
improved markedly. Since the response to RT and prognosis
may differ between patients who have the same TNM stage, new
markers need to be identified to more accurately predict the
response of individual patients to RT and their prognosis. In this
context, special AT-rich sequence binding protein 1 (SATB1)

could have an important role.

A particular radiosensitivity can be exploited to improve onco-
logic outcome in appropriate cases. Recent research has revealed
that resistance to DNA damage and repair, the hallmarks of cel-
lular responses to ionizing radiation, is one of the major mecha-
nisms of tumor resistance to RT.> Iz vivo DNA damage and
repair occurs on chromatin, where DNA is complexed with histo-
nes and compacted into higher-order structures.” As a result,
both the sensitivity of DNA to damage and the kinetics of repair
are regulated by the underlying level of chromatin compaction.*
Recent study showed that condensed chromatin had more resis-
tance to <y-rays than decondensed chromatin,” indicating the
existence of a DNA damage protection mechanism that is medi-
ated by higher-order chromatin. As the chromatin organizer and
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transcription factor, SATB1 has emerged as a key factor in regu-
lating global gene expression by controlling higher-order chroma-
SATB1
characteristic “cage-like” network that presumably remodels the
chromatin.® SATB1 regulates genes by binding to the upstream
regulatory elements and recruiting chromatin modifiers, 7.8

tin architecture. In thymocyte nuclei, forms a

which regulate gene expression through histone modifications
and nucleosome remodeling at the SATBI1-bound association
regions. ®” In T cells, the assembly of DNA damage sites appears
to be mediated by SATB1.? Therefore, SATB1 may recruit DNA
repair proteins in response to DNA damage.

SATBI in cancer was first described by Han er al,'® where
they discovered that SATB1 promotes the growth and metastasis
of breast cancer by reprogramming chromatin organization and
transcriptional profiles during tumorigenesis. Subsequent studies
also found the tumor-promoting role of SATBI1 in additional
malignancies, such as laryngeal squamous cell carcinoma and gas-
tric cancer.''™"> However, other studies yielded inconsistent or
even opposite results.'*"” Recently, our study showed that
SATBI may play an important role in rectal carcinogenesis,'®
which was consistent with the findings of Nodin ez 2.'” in CRC
patients. Furthermore, most studies showed that positive SATB1
was related to poor prognosis in various malignancies.'®'>'*2
Nevertheless, some conflicting results were also found.'**"*? In
the CRC, especially, the prognostic value of SATB1 remains con-
troversial. Nodin ez a.' found that positive SATB1 was a factor
of poor prognosis in CRC with negative SATB2 expression,
while Al-Sohaily ez al*® revealed that loss of SATB1 correlated
with poor survival in CRC patients. Hence, further study is
needed to address this issue.

Results

SATBI increased from normal mucosa to primary cancer,
whereas it decreased from primary cancer to metastasis
in non-RT patients

SATBI protein was intensively localized in the nuclei of nor-
mal rectal epithelial cells, as well as primary and metastatic cancer
cells (Fig. 1). The data of SATB1 expression in distant and adja-
cent normal mucosa was integrated because of no significant dif-
ferences between them both in non-RT and RT patients

(P>0.05). In non-RT patients, the frequency of positive SATB1
increased from normal mucosa (21% of 68) to primary cancer
(38% of 66) (P=0.028), whereas it decreased from primary can-
cer to metastasis (9% of 22; P = 0.011; Fig. 2A). In RT patients,
the difference of positive SATB1 in normal mucosa (19% of 80),
primary cancer (20% of 66) and metastasis (18% of 17) wasn’t
significant (”>0.05; Fig. 2B).

Positive SATBI in primary cancer correlated with worse
survival and earlier distant recurrence in patients with
preoperative RT

Because RT hasn’t been shown to confer survival benefit for
rectal cancer patients with stage IV, these patients were excluded
from prognostic analysis. In RT patients, univariate analysis
showed that positive SATB1 correlated with worse OS (P =
0.040) and DES (P = 0.004, Figure 3A, B), which was indepen-
dent of gender, age, stage and differentiation in multivariate anal-
ysis (OS: HR = 6.246, P = 0.006; 95% CI, 1.676-23.280;
DES: HR = 7.796, P < 0.001; 95% CI, 2.543-23.902;
Table S2). Moreover, RT patients with positive SATBI1 had ear-
lier distant recurrence (P = 0.002; Fig. 3C) rather than local
recurrence (P = 0.261; Fig. 3D), independent of gender, age,
stage and differendation (HR = 8.570, P < 0.001; 95% ClI,
2.720-27.004; Table S3). These results suggested that positive
SATBI in primary cancer correlated with worse survival and ear-
lier distant recurrence in patients with preoperative RT.

In non-RT patients, however, no survival or recurrence were
found in either univariate (Fig. S1) or multivariate analysis
(P>0.05, data not shown). There was no significant association
of SATB1 with other clinicopathological variables, including
gender, age, stage or differentiation in non-RT and RT patients
(P > 0.05; Table S4).

Radiation decreased SATB1 expression both in cancer
patients and cell lines

There was no effect of RT on SATB1 in the normal mucosa
and metastasis except primary cancer (Fig. 4A). Positive SATB1
in primary cancer of RT patients significantly decreased when
compared with the corresponding biopsy which didn’t undergo
radiation (43% vs. 20%; P = 0.025). Likewise, SATB1 is signifi-
cantly lower in primary cancer of RT patients, compared with
that of non-RT patients (20% ws. 38%; P = 0.034). Similarly,
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(400x magnification).

Figure 1. SATB1 expression in normal mucosa (A), primary cancer (B) and lymph node metastasis (C) determined by immunohistochemical staining
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SATBI in cells after 2Gy of radia- A
tion significantly decreased at 24h,
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48h and even 72h when compared
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(P < 0.05; Fig. 4B). These results ol

suggested that radiation could
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Figure 2. The frequency of positive SATB1 expression in patients without and with RT. (A) The frequency of
positive SATB1 expression increased from normal mucosa to primary cancers and decreased from primary
cancers to lymph node metastases in non-RT patients (*P<0.05). (B) The expression of positive SATB1 in RT
patients was obviously higher in biopsies than in primary cancers (*P < 0.05).

with non-irradiated cells

(P < 0.001). There were no difference of cell viability between
control and untreated cells at each time point after 2Gy of radia-
tion (P > 0.05; Figure 5A, B).

Furthermore, we assessed the radiosensitivity of cells with
SATB1 knockdown using lentiviral vectors in clonogenic assay
and found a significant increase in radiosensitivity of cells com-
pared with the control (P < 0.001). The DER was 0.75 for
KM12C cells and 0.97 for KM12L4a cells, suggesting different
radiosensitizing effect between the cells (Fig. 5C, D), which was
consistent with the difference

were mapped. The network ideogram showed the potential inter-
action of SATB1 with these radiation-associated factors through
different canonical pathways.

Discussion

The features of SATB1 expression differ considerably in vari-

ous malignancies. Han eral'® showed that SATBI

between non-irradiated KM12C | 4

and KM12L4a cells with different t
basal SATB1 expression (Fig. 5E).
These results showed that knock-
down of SATBI increased radio-
sensitivity of cancer cells.
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were predicted using IPA (Fig. 6).
The pathways involved in Ki-67,
pRb2/p130, ATM, and Survivin

Figure 3. The relationship of SATB1 expression in primary rectal cancers with OS (A) and DFS (B), distant (C)
and local recurrence (D) of RT patients.
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Figure 4. The effect of RT on SATB1 expression. (A) After RT, the fre-
quency of positively expressed SATB1 was significantly decreased from
38% to 20% in primary cancers (*P<0.05), and from 43% in biopsies to
20% in primary cancers (*P<0.05). (B) The expression of SATB1 protein in
cells after 2Gy of radiation at 24h, 48h and 72h or 5Gy of radiation at 72h
was significantly decreased when compared with the cells without radia-

tion (NRT) (*P < 0.05).

reprogrammed gene expression to promote growth and metasta-
sis of breast cancer. Subsequent studies showed that elevated
SATBI participated in the pathogenesis of other malignancies.'' "

However, some studies yielded inconsistent or even opposite
results.'*"” These results suggest that SATB1 seems to be tissue-
specific. In the present study, SATBI increased from normal
mucosa to primary cancer, which is consistent with our recent
study in rectal cancer'® and also corroborated with the study by
Nodin ez al."” and Al-Sohaily ez 2..>* in CRC, indicating the role
of SATBI in the promotion of malignant transformation of colo-
rectal mucosa. Consistent with our findings, a recent study also
provided evidence to support the tumor-promoting role of
SATBI in colorectal carcinogenesis.

There are few and contradictory studies on SATB1 as an inde-
pendent prognostic factor for CRC. Nodin er aL.'® found that
positive SATB1 was a factor of poor prognosis in CRC patients
with negative SATB2, a close homolog of SATB1. Our current
findings in rectal cancer showed that positive SATB1 indepen-
dently correlated with worse survival and earlier distant recur-
rence in RT patients. In fact, oncologic outcome in appropriate
cases could be improved by a particular radiosensitivity. To fur-
ther explore if the less benefit in patients with positive SATB1
than negative SATB1 is attribute to the response of SATBI to
RT, we determined the radiosensitivity in cells with or without
SATBI1 by proliferation-based assay and clonogenic assay, and
found that SATB1 knockdown significantly increased radiosensi-
tivity of cancer cells. Thus, decreased SATB1 would lead to
reduced growth rates and resistance to radiation, which could in
turn lead to improved clinical outcomes. Although the underly-
ing mechanism isn’t yet known, it is tempting to hypothesize
that different genes involved in different functions and pathways
are modulated by SATBI1 after radiation.

In the present study, we discovered a negative correlation

between SATB1 with ATM and pRb2/p130, and a positive
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Figure 5. The effect of SATB1 knockdown on the radioresponse of cancer cells. (A, B) Short-term radiosensitivity of cells after SATB1 knockdown was
measured by XTT assay with mean and SE shown in KM12C and KM12L4a cells (*P<0.05, **P<0.001). (C, D, E) Long-term radiosensitivity was determined
by clonogenic assay in KM12C cells, KM12L4a cells and the both cell lines (*P < 0.05, **P < 0.001).
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Table 1. Correlation of biological factors and SATB1 expression in rectal can-
cer patients with RT

SATB1 expression

Biological factors Negative (%) Positive (%) P value
Ki-67 (mean)

<45% 32(94) 2(6) 0.002
>45% 9(53) 8(47)

Survivin

Negative 16(94) 1(6) 0.034
Positive 11(58) 8(42)

ATM

Negative 9(53) 8(47) 0.017
Positive 15(94) 1(6)

pRb2/p130

Negative 8(50) 8(50) 0.003
Positive 31(91) 3(9)

Necrosis

Negative 34(81) 8(19) 1
Positive 16(80) 4(20)

p73

Negative 33(85) 6(15) 0.167
Positive 5(63) 3(37)

p53

Negative 44(83) 9(17) 0.386
Positive 7(70) 3(30)

FXYD-3

Weak 15(71) 6(29) 0.503
Strong 28(82) 6(18)

MAC30

Weak 16(84) 3(16) 0.505
Strong 24(75) 8(25)

correlation with Ki-67 and Survivin in patients with preoperative
RT. ATM, Survivin and pRb2/p130 were regulated by SATB1
in breast cancer,'® and have actually been implicated in the
response of human cancer cells to radiation.?>® Therefore, we
speculate that these proteins may be
involved in the process of SATBI in

damage induced by radiation was associated with large-scale
remodeling in chromatin structures. For instance, radiation
induced DNA damage signaling is initiated by the DNA
double strand breaks sensor—ATM, which rapidly causes
changes in higher-order chromatin structures.”” Activated
ATM mediates phosphorylation of various nuclear proteins,
such as p53, CHK2/Cds1, BRCA1.?® The bi-directional rela-
tionship between ATM and SATB1 shown in our model sug-
gested that negative feedback may exist, further studies are
needed to determine it. Besides, Rb2/p130-E2F4 complexes
accumulate on promoters in response to DNA damage and
function as local and global regulators of gene expression and
chromatin dynamics through recruitment to CpG-rich
regions in the genome to shape the chromatin landscape.””
Therefore, we believe that SATB1 architecture may provide a
platform for assembling these radiation-associated proteins
following DNA damage. Further studies focusing on SATB1-
centered pathway are likely to uncover other crucial signal
transducers in the complex signaling network responsible for
radiation.

In summary, this study demonstrates that the effect of
SATBI1 on the radiation response, and clinical outcome of
CRC using in vivo, in vitro and in silico studies. The results
suggest that positive SATB1 was independently associated
with decreased response to preoperative RT, early time to
metastasis, and worse survival of rectal cancer patients under-
going RT. Therefore, our findings highlight a specific value
of SATBI as a biomarker to predict the response to preopera-
tive RT and clinical outcome in rectal cancer. It is the first
study, to our knowledge, on the value of SATBI in response
to RT for rectal cancer.

response to radiation. In order to test
this hypothesis, we used IPA to iden-
tify documented molecular interac-
between SATB1 and these
proteins. The data determined by
IPA depicts functional networks in
which SATB1 was of paramount
in the modulation of

tions

<53 Signating

importance
these key proteins.

Our model also revealed that
these proteins specifically correlated
with the NF-kB signaling path-
ways, BRCAIl-mediated DNA
damage responsive pathway and
G1/S checkpoint pathways in cell
cycle regulation, and these path-
ways play an important role in the
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Figure 6. Schematic diagram of the molecular network of SATB1. Important pathways and cellular
localization of proteins were shown. Nodes with different shapes represented the molecular class of
proteins and lines represented the relationships between the proteins.
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Materials and Methods

Patients

The study included 132 patients with rectal cancer that partic-
ipated in a randomized clinical trial (Stockholm Trial I) from the
Southeast Swedish Health Care region.** Locally curative resec-
tion was performed in all patients. Sixty-six patients received
tumor resection alone, and 66 received RT before surgery. RT
was given at a total of 25Gy in 5 fractions over a median of 6 d
(5-12 days). Surgery was carried out in a median of 3 d (range,
1-13 days) after RT. Specimens were collected from distant
(n = 97), adjacent normal mucosa (7 = 65), biopsy (n = 84),
primary cancer (7 = 132) and lymph node metastasis (= = 39).
“Biopsy” represents the primary cancer before surgery and RT,
while “primary cancer” refers to the tissue of primary tumor col-
lected at the time of surgery, regardless of RT. Tissue collection
and microarray preparation were described in our previous
study.”” No patients received adjuvant chemotherapy before or
after surgery. There were no statistical differences between non-
RT and RT patients regarding the characteristics of patients and
tumors (P>0.05; Table S1). The median follow-up period was
75 months (0193 months). Informed consent was obtained
from all patients. All experiments were performed in accordance
with relevant guidelines and regulations.

Immunohistochemical assay

Immunohistochemistry was performed on 4pm tissue micro-
array sections from paraffin-embedded surgical specimens. A
detailed protocol was described in Supplementary material. For
the immunohistochemical score, both the staining intensity and
positive cell proportion were estimated. The former was scored as
0 (negative), 1 (weak), 2 (moderate), and 3 (strong), respectively.
The latter was defined as 0 (no positive cell); 1 ( < 25% positive
cells); 2 (25-50% positive cells), and 3 (>50% positive cells),
respectively. Multiplication by the 2 indexes yields an overall
score of 0-9 for each specimen: 0, negative; 1-2, weak; 3-6,
moderate; and 9, strong, respectively. Sections were reviewed and
scored by 2 investigators independently. The negative cases were
considered as negative expression, and the weak, moderate or
strong cases were considered as positive expression.

Cell culture

Human colon cancer KM12C and KM12L4A cells were cho-
sen in the present study because of prominently higher SATB1
expression than other cells, such as SW480 and HCT116, shown
in our recent study.'® Cells were maintained in Eagle’s MEM
medium supplemented with 10% fetal bovine serum at 37°C in

S(yO C02

SATBI1 knockdown

Small interfering RNA (siRNA) against SATB1 (knockdown)
and siRNA without RNA interference (RNAi) effect (control)
were transfected into cells by DharmaFECT Transfection
Reagent-2 (Thermo Scientific, MA), according to the man-
ufacture’s protocol. Cells without siRNA treatment (untreated)
were included in each assay. The efficacy of RNAi was assessed
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by Western blot at 72h after transfection. A detailed Western
blot protocol was described in the Supplementary Material.

Besides, the lentivirus carrying short hairpin RNA (shRNA),
targeting SATB1 or without RNAI effect, was constructed by
cotransfecting 2937 cells with lentiviral plasmids designated as
Lenti-shSATB1 and Lenti-control, respectively. The transduction
of KM12C and KM1214a cells with lentivirus was described in
Supplementary material. Pooled populations of knockdown cells,
obtained after 10 d of drug selection without subcloning, were
used for clonogenic assay.

Radiation procedure

Radiation was performed at room temperature with photons
X generated by a 6MV linear accelerator Varian Clinac 600C/D
(Varian Medical Systems, CA). The field size was 30cmx30cm,
and the distance between sources and cells was 100cm. Acrylic
glass plates were placed above (3cm thick) and underneath
(10cm thick) the cells. Cells were exposed to different doses of
radiation (0, 1, 2, 4, 6 and 10Gy) after 48h of seeding at
1.0x10° cells/well of 96-well plate to determinate the 50%
growth inhibitory dose of radiation (IDs). Furthermore, cell sur-
vival was determined using XTT (2,3-Bis-(2-Methoxy-4-Nitro-
5-Sulfophenyl) assay at 24h and 48h after radiation by Cell
Proliferation Kit II (Roche, Germany) according to the
manufacture’s protocol, and then the dose-survival curve was
plotted. The IDsq obtained was about 2Gy for both cell lines. All

experiments were repeated 3 times.

Effect of radiation on SATB1 expression in cancer cells

To measure the effect of radiation on SATBI in cancer cells,
cells at 1.0x 10° cells/well in 6-well plate were exposed to 2Gy or
5Gy of radiation and harvested at 24h, 48h and 72h, respectively,
for Western blot analysis. All experiments were repeated 3 times.

Short-term radiosensitivity assay

Cells were seed at 1.0x10° cells/well in 96-well plate and
exposed to 2Gy of radiation at 72h after siRNA-mediated RNAI.
Cell viability (A4 value = A495-Ag90) was measured from 24h to
120h after radiation by XTT assay. All experiments were per-
formed in triplicate.

Long-term radiosensitivity assay

To determine the long-term radiosensitivity, an iz vitro clono-
genic assay was performed. Cells treated with control or SATB1
lentiviral vectors were plated at numbers appropriate for different
doses of radiation. After 20h, cells were exposed to 0, 2, 4, or
6Gy of radiation and further incubated at 37 °C for 7 d. Colo-
nies were fixed for 15min with methanol and stained for 20min
with 10% Giemsa, then counted by microscope with a cutoff of
50 viable cells. Surviving fraction (SF) for transfected cells was
normalized to the respective plating efficiencies for transfection
alone. Using Sigmaplot 12.0, survival curve parameters Dy
(mean lethal dose) and N (extrapolation number) were fitted to
the multi-target single-hit model: SF = 1-(1-eP’PON " Dose
enhancement ratio (DER) was calculated as the dose (Gy) for
control divided by the dose for SATB1-knockdown cells, at a SF
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of 0.37. Error bars were calculated as £ SE by pooling the results
of 3 independent experiments.

Evaluation of the radiation-associated factors

Furthermore, on the same series of the patient materials as
used in the present study, we have previously found that necrosis,
Ki-67, p53, p73, ataxia telangiectasia mutated (ATM), FXYD-3,
pRb2/p130, meningioma-associated protein (MAC30), and Sur-
vivin had, more or less, certain relationships with RT.>>33

Hence, in the present study, we also studied their relationships
with SATB1 in RT patients.

Network analysis

The functional significance of SATB1 was evaluated by Inge-
nuity Pathway Analysis (IPA, www.ingenuity.com). GenBank
IDs including SATB1 were uploaded into the IPA program, and
mapped into predicted functional networks available in the Inge-
nuity Pathway Knowledge Base (IPKB). Networks are comprised
of biological functions assigned to focus gene functions compared
with the whole IPKB.

Ethics statement
The study was approved by the Institutional Review Board of
Linkoping University, Sweden.

Statistical analysis

Fisher’s exact test or Pearson x> method was used to test the
differences of SATB1 among the distant/adjacent normal
mucosa, biopsy, primary cancer and metastasis, as well as the
association of SATB1 with clinicopathological and biological var-
iables. The relationship of SATB1 with overall survival (OS), dis-
ease-free survival (DFS), or recurrence was tested by Cox
regression analysis. The Student’s #-test was used for the quantita-
tive analysis of cell lines. P-values of <0.05 were considered sta-
tistically significant.
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