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ABSTRACT
This study aims to investigate the overexpression-induced properties of tumor suppressor FAM134B (family with sequence 
similarity 134, member B) in colon cancer, examine the potential gene regulators of FAM134B expression and its impact on 
mitochondrial function. FAM134B was overexpressed in colon cancer and non-neoplastic colonic epithelial cells. Various cell-
based assays including apoptosis, cell cycle, cell proliferation, clonogenic, extracellular flux and wound healing assays were 
performed. Western blot analysis was used to confirm and identify potential interacting partners of FAM134B in vitro. 
Immunohistochemistry and qPCR were employed to determine the expressions of MIF and FAM134B, respectively, on 63 
patients with colorectal carcinoma. Results showed that FAM134B is involved in the cell cycle and mitochondrial function of colon 
cancer. Overexpression of FAM134B was coupled with increased expression levels of APC, p53, and MIF. Increased expression of 
both APC and p53 further validates the potential role of tumor suppressor FAM134B in regulating cancer progression through the 
WNT/ß-catenin signaling pathway. In approximately 70% of the patients with colorectal cancer, FAM134B downregulation was 
correlated with MIF protein overexpression while the remaining 30% showed concurrent expression of FAM134B and MIF (P 
= .045). High expression of MIF coupled with low expression of FAM134B is associated with microsatellite instability status in 
colorectal carcinomas (P = .049). FAM134B may exert its tumor suppressive function through affecting cell cycle, mitochondrial 
function via potentially interacting with MIF and p53.

1. Introduction

Family with sequence similarity 134, member B (FAM134B) 
(accession no. NM_019000) also known as JK-1 or reticulo-
phagy regulator 1 (RETREG1) belongs to a family of three 
genes: FAM134A, FAM134B, and FAM134C.1,2 FAM134B 
helps maintain homeostasis by regulating the endoplasmic 
reticulum (ER) turnover.3,4 Changes of FAM134B expression 
are linked to several diseases including inflammation,5,6 aller-
gic rhinitis,6 and cancer,7-14 which are highly associated with 
inflammation. In cancer, FAM134B showed dual roles in 
a different type of cancers either functioning as a tumor sup-
pressor gene7-13 or an oncogene.14 For example, FAM134B 
functioned as an oncogene in esophageal squamous cell 
carcinoma14 but with tumor-suppressive features in breast 
carcinoma13 and colorectal adenocarcinoma.7-12

FAM134B mutations frequently occurred in esophageal 
squamous cell carcinoma15 and colon adenocarcinoma.11 

Interestingly, these mutations were frequently correlated with 
bio-aggressiveness of the cancers,11,15 further strengthening the 
association of FAM134B in the pathogenesis of these cancers. 
Moreover, knockdown or hypermethylation of FAM134B was 
associated with advanced pathological stages of colon 
cancer.8,10,16 In addition, suppression of FAM134B 

significantly enhanced the cellular capabilities of colon cancer 
in terms of cell proliferation, migration, and wound healing 
capabilities.7,10 A similar observation occurred in immune- 
deficient mice xenotransplanted with colon cancer cells with 
a knockdown of FAM134B.10

In early 2018, interacting partners of FAM134B were iden-
tified for the first time, locating the FAM134B within a gene- 
signaling network in colon cancer. Physical co-localization of 
FAM134B with EB1 (Microtubule Plus-end Tracking of End- 
binding Protein 1), CAP1 (Adenylyl cyclase-associated pro-
tein 1), CyPB (cyclophilin B) and KDELR2 (KDEL 
Endoplasmic Reticulum Protein Retention Receptor 2) were 
observed.17 Suppression of FAM134B in colon cancer cells 
significantly up-regulated EB1 expression and down- 
regulated KDELR2 expression but did not change the expres-
sion of CAP1 and CyPB.17 Further testing of related proteins 
indicated that knockdown of FAM134B also reduced the 
expression of APC (adenomatous polyposis coli) and increased 
the expression of β-catenin in SW48 cells and noted the invol-
vement of FAM134B in the regulation of WNT/β-catenin path-
way via EB1 and APC in colon cancer.17

Nonetheless, literature shows that FAM134B portrayed dual 
functionality in cancers arising from different histological sub-
types. For example, FAM134B functioned as an oncogene in 
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esophageal squamous cell carcinoma (ESCC)14 but function-
ally proved as a tumor suppressor gene in colorectal 
cancers.7,16 In addition, many studies have indicated that 
both overexpression and knockdown screening should be com-
plementary and can provide a great advantage in the under-
standing of target genes and their molecular networks.18-20 The 
present study, therefore, aimed to overexpress FAM134B for 
the first time to further validate the overexpression-induced 
cellular changes of FAM134B in colorectal cancer and to con-
firm its tumor-suppressive function in-vitro as well as its 
potential interaction with downstream targets.

2. Materials and methods

2.1. Recruitment of tissue samples and 
clinicopathological data

Patients with surgical resection of colorectal cancer were 
recruited in the study with their written consent between 
2012 and 2014 at Queensland-based hospitals. Cancer tissues 
and matched non-neoplastic mucosae near the surgical resec-
tion margin (as controls) were obtained fresh from these 
patients. Ethical approval (GU Ref No: MSC/17/10/HREC) 
was obtained for the use of these tissues from the Griffith 
University Human Research Ethical Committee. Samples 
were snapped frozen and stored in −80°C until use. The other 
portions of each of these specimens were sampled by standard 
pathology protocol. A pathologist (AKL) examined all the 
pathological features of the colorectal carcinomas. Colorectal 
carcinomas are graded and typed according to the World 
Health Organization (WHO) criteria21 and staged according 
to the tumor, lymph node, and metastases (TNM) 
classification.22 In each case, the pathologist examined the 
lymphovascular invasion by carcinoma. All the cancer tissues 
had microsatellite instability (MSI) status studied by 
immunochemistry.16 Carcinoma with loss of marker(s) was 
termed “MSI high” whereas carcinoma positive for all markers 
was “MSI stable.” After examination, 63 patients with carcino-
mas were included for analysis.

2.2. Cell culture

One non-cancer colon epithelial cell line FHC (ATCC CRL- 
1831) and two colon cancer cell lines SW480 (ATCC CCL228; 
derived from stage II, colonic adenocarcinoma) and SW48 
(ATCC CCL-231; derived from stage III colonic adenocarci-
noma) were utilized in this research. All cells were maintained 
according to our previously published method23 and routinely 
tested for mycoplasma contamination.

2.3. Plasmid transfection

A GMO (genetically modified organism) project approval was 
obtained from the Griffith University Institutional Biosafety 
Committee (NLRD/006/15). FAM134B (Myc-DDK-tagged) 
transcript variant two (NM_019000) were transiently overex-
pressed in all cell lines using jetPRIME® Polyplus transfection 

reagent (Polyplus-transfection® SA, Illkirch, France) according 
to the manufacturer’s protocol. Both the control plasmid 
(blank vector) and the FAM134B plasmid are constructed 
using the pCMV6-Entry vector (OriGENE, Rockville, MD, 
USA). Proteins and mRNAs from post-transfected cells were 
harvested and analyzed via quantitative polymerase chain reac-
tion (qPCR) and Western blot, respectively, to confirm over-
expression at both the transcription and translation levels.

2.4. Quantitative real-time PCR (qPCR) analysis

Total RNA was extracted from all cells and tumor tissue using 
the RNeasy mini kit (Qiagen, Hilden, Germany) according to 
the manufacturer’s guideline. Reverse transcription was then 
performed using the iScriptTM cDNA Synthesis Kit (Bio-Rad 
Laboratories, Hercules, CA, USA) and the expression changes 
of FAM134B in the different cell lines were examined using 
Quantistudio Flex 6 qPCR system (Thermo Fisher Scientific, 
Waltham, MA, USA). Samples were prepared using the 
SensifastTM SYBR No-Rox mix (Bioline, London, UK) accord-
ing to the manufacturer’s guideline. Cycling conditions were 
set to an initial denaturation of 95°C for 2 minutes followed by 
40 cycles of denaturation (95°C) for 5 s and annealing exten-
sion at 60°C for 30 seconds followed by a melt curve analysis. 
The amplification efficiency of FAM134B was normalized 
against the control gene GAPDH (NM_002046) with primer 
details as shown in Table S1. High FAM134B expression was 
denoted by fold change >2 while low FAM134B expression was 
denoted by fold change of <2.

2.5. Western blot analysis

Total protein was extracted using NP40 lysis buffer (Thermo 
Fisher Scientific) supplemented with 2% protease inhibitor 
(Sigma-Aldrich, St. Louis, MO, USA) in accordance with the 
recommended guidelines. Proteins were then quantified 
using the Pierce BCA Protein Assay Kit (Thermo Fisher 
Scientific). A total of 30 µg of protein were loaded onto 
a 4–15% Mini-PROTEAN® TGX™ Precast Gels (Bio-Rad 
Laboratories) for separation and transferred onto 
a polyvinylidene fluoride (PVDF) membrane. The membrane 
was then blocked with 5% nonfat milk powder for 1 hour at 
room temperature before overnight incubation of primary 
antibody at 4°C. The primary antibodies used included 
FAM134B (1:4000) (Promab, Biotechnologies, Richmond, 
CA, USA), GAPDH (1:1000) (Santa Cruz, Dallas, TX, USA), 
p53 (1:1000) (Cell Signaling Technology, Danvers, MA, 
USA), MIF (1:200) (Santa Cruz), EB1 (1:100) (Santa Cruz), 
CyPB (Santa Cruz) and β-catenin (Thermo Fisher Scientific). 
The next day, the membrane was washed with PBST (phos-
phate-buffered saline with Tween 20) and incubated with the 
relevant secondary antibodies (1: 10,000) (Abcam, 
Cambridge, UK) at room temperature for 1 hour. The blots 
were then developed using SuperSignalTM West Pico PLUS 
Chemiluminescent Substrate (Thermo Fisher Scientific) and 
visualized with the ChemiDoc MP TM Imaging System (Bio- 
Rad Laboratories).
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2.6. Immunohistochemistry assay

Immunohistochemistry was used to identify the presence of MIF 
expression. Formalin-fixed paraffin-embedded (FFPE) tissue 
samples were sectioned into 4 µm and stained according to our 
previously published protocol.24 MIF staining expression levels 
were determined by a pathologist (AKL) under a standard light 
microscope. A grading scale (0, 1+, 2+, 3+) was used for this 
assessment of MIF expression levels. Overall, negative stain-
ing = 0 (0%), weak staining = 1+ (1% to 30%), moderate stain-
ing = 2+ (31 to 70%) and strong staining = 3+ (71% to 100%). 
Positive MIF expression was scored as 2+ or 3+ whereas negative 
MIF expression was scored as 0 or 1 + .

2.7. Cell proliferation assay

Transfected cells were left to incubate over 72 hours in a 5% CO2 
supplemented incubator at 37°C before adding 10 µL of 12 mM 
MTT (3-(4,5-Dimethylthiazol-2-yl)-2,5-Diphenyltetrazolium 
Bromide). Then, the cells were incubated for additional four 
hours. The crystal formazan formed was dissolved with dimethyl 
sulfoxide (DMSO). The absorbance of each well was read at 
540 nm wavelength. All samples were run in three independent 
replicates and the results were normalized against the control 
group.

2.8. Clonogenic assay

A total of 200 cells were seeded into a 6-well plate with 2 mL of 
complete media and maintained in a 5% CO2 supplemented 
incubator at 37°C. Cells were routinely checked and when cells 
in the control plates had reached a minimum of 50 cells/colony 
(minimum scoring),25,26 the medium was aspirated and the cells 
were washed with PBS. Then, cells were fixed using fixation 
solution (acetic acid/methanol 1:7, vol/vol) for 5 min and sub-
sequently incubated with 0.5% crystal violet solution at room 
temperature for 2 hours. After the incubation, the cells were 
washed with tap water and left to air dry. Finally, images of these 
wells were taken and the clone formation rates were calculated.25

2.9. Wound healing assay

A P-200 tip was used to scratch the center of the well. Wound 
areas were imaged every 24 h thereafter and media were chan-
ged routinely for up to 4 days. All wound areas were measured 
and compared using ImageJ 1.50I. All samples were run in 
three independent replicates and the results were normalized 
against the control group.

2.10. Cell apoptosis assay

A million cells were pre-washed with PBS before re-suspending 
in Annexin V binding buffer. Cells were later stained with 2.5 µL 
of Alexa Fluor® 350 (Invitrogen, Carlsbad, CA, USA) and 25 ng/ 
mL of propidium iodide (PI) solution. Alexa Fluor® 350 stains 
the externalization of phosphatidylserine (a fatty substance called 
a phospholipid), one of the earliest indicators of apoptosis 
detected with ultra-violet laser (with excitation of 346 nm and 
emission of 442 nm). Whereas PI stains necrotic cells with red 

fluorescence (with excitation of 535 nm and emission of 617 nm) 
using 488 laser line. PI is a membrane impermeant dye which is 
not able to stain viable cells with intact membranes. It binds to 
double-stranded DNA by intercalating between base pairs in 
necrotic cells. After treatment with both stains, apoptotic cells 
will be stained with Alexa Fluor® 350; dead cells will be stained 
by both Alexa Fluor® 350 and propidium iodide; and live cells 
show little or no fluorescence. A flow cytometer (BD Fortessa, 
BD Biosciences, Frankin Lakes, NJ, USA) was used to read the 
prepared cells. The analysis was done with FlowJoTM 10. Results 
shown are representative of three independent experiments.

2.11. Cell cycle analysis

A million cells were fixed in ice-cold 70% ethanol for at least 
2 hours. Next, these cells were pelleted and washed with PBS 
before staining with 500 µL of propidium iodide (PI) solution 
(10 µg/mL) containing 10 µg/mL RNase A. Cells were analyzed 
with the flow cytometer. All samples were run in three indepen-
dent replicates and the results were normalized against the control 
group.

2.12. Extracellular flux assay

Cells were plated onto a Seahorse XFp Cell Culture Miniplate to 
80% confluency prior to performing the assay. On the day of the 
experiment, media were replaced with Agilent Seahorse XF Base 
Medium supplemented with 1 mM pyruvate, 2 mM glutamine 
and 0.11 mM glucose, pH 7.4. Cells were then incubated for 
40 minutes at 37°C before transferring onto a Seahorse XFp 
extracellular flux analyzer (Agilent, Santa Clara, CA, USA). They 
were sequentially stressed with 1.0 µM oligomycin, 1.0 µM 
FCCP (carbonyl cyanide p-trifluoromethoxy-phenylhydrazone) 
and 0.5 µM rotenone/antimycin. All results were normalized 
according to the protein concentration in each well. Results 
shown are representative of three independent experiments.

2.13. Statistical analysis

All statistical analysis was carried out using IBM (New York, 
NY, USA) Statistical Package for the Social Sciences Statistics 
(SPSS) version 25. Correlation of FAM134B mRNA expression 
and MIF protein expression with different clinicopathological 
parameters were performed using the chi-square test, likeli-
hood ratio and Fisher’s exact test. GraphPad Prism 7 (San 
Diego, CA, USA) was used to plot the graphs and error bars. 
All flow cytometry analyzes were performed with FlowJoTM 10. 
Cell cycle analysis was performed using Dean-Jett Fox model 
found within the FlowJoTM 10 software. ImageJ was used to 
quantitate all bands and qualitative images. Student’s T-test 
was used to analyze the significance of all the remaining assays 
and the significance level was taken at P < .05.

3. Results

3.1. FAM134B overexpression in vitro

Overexpression of FAM134B using the FAM134B (Myc-DDK- 
tagged) plasmid was confirmed at both the transcriptional and 
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translational level via both real-time PCR (qPCR) and Western 
blot analysis (Figure 1). All three colon cell lines 
(SW48+FAM134B, SW480+FAM134B and FHC+FAM134B) expressed 
significantly elevated FAM134B expression of mRNA (Figure 1 
(a)) and protein (Figure 1(b,c)) levels when normalized against 
GAPDH control gene compared to their mock counterpart 
(SW48+mock, SW480+mock and FHC+mock).

3.2. FAM134B reduces apoptosis and affects cell kinetic 
changes in colon cancer

Overexpression of FAM134B did not lead to a significant 
change to cell proliferation, colony formation (Figure S1) and 
wound healing rate (Figure S2). However, as seen in Figure 2, 
overexpression of FAM134B significantly reduced the apopto-
tic rate in cancer cell (SW48+FAM134B) derived from stage III 
colon cancer from 5.83 ± 0.25% to 3.32 ± 0.1% (P < .001) and 
non-neoplastic colonic epithelial cells (FHC+FAM134B) from 
9.78 ± 0.07% to 8.51 ± 0.16% (P < .001).

In addition, overexpression of FAM134B significantly chan-
ged the cell cycle kinetics of SW48, SW480, and FHC cells 
(Figure 3(a)). As seen in Figure 3(b), overexpression of 
FAM134B significantly increased the cell population propor-
tion at G1 phase (from 37.02 ± 0.92% to 40.67 ± 0.06%; P < .05) 
while reducing the cell population proportion at G2 phase 
(from 27.93 ± 0.38% to 25.37 ± 0.57%; P < .05) in 
SW48+FAM134B cells when compared to its mock counterpart. 
Conversely, in FHC+FAM134B cells, accumulation of cells at the 
G1 phase was significantly reduced (from 55.17 ± 0.30% to 
51.93 ± 0.42%; P < .01) compared to FHC+mock. Also, a mod-
erate increase in cell proportion at G2 phase (from 
10.83 ± 0.25% to 12.33 ± 0.15%; P < .05) was noted with 

these cells. Interestingly, in SW480+FAM134B colon cancer 
cells, overexpression of FAM134B significantly reduced the 
cell population proportion at S phase (from 33.35 ± 4.47% to 
24.45 ± 0.17%; P < .05). This reduction is parallel with a slight 
increase in cell population proportion at G1 phase (from 
50.43 ± 4.8% to 52.80 ± 0.96%) and a significant increase in 
cell population proportion at G2 phase (from 18.50 ± 0.45% to 
22.93 ± 1.17%) compared to its mock counterpart.

3.3. FAM134B affects the bioenergetics changes in colon 
cancer

A mitochondrial stress assay was performed to determine the 
effects of FAM134B on mitochondrial function and glycolysis in 
colon cancer cells. After 24 hours of transfection, significant 
bioenergetics changes were observed in cancer cells 
(SW48+FAM134B (Figure 4(a)) and SW480+FAM134B (Figure 4(b))) 

Figure 1. Overexpression of FAM134B in colon cancer cells (SW48 and SW480) and 
non-neoplastic colon epithelial cells (FHC). A significant increase in the expression 
of FAM134B occurred in all cell lines with both real-time PCR in log (a) and 
Western blot analysis (b). Western blot bands obtained were quantified using 
ImageJ. Results in (a) and (c) were plotted as a mean ± standard deviation. 
Student’s T-test was used to analyze the significance of all remaining analyses. 
** indicates P < .01 and *** indicate P < .001 when compared to both each control 
and mock vector, respectively. The mock vector indicates cells transfected with an 
empty vector.

Figure 2. Outcome of FAM134B ectopic expression on apoptosis of colon cancer 
cells. FAM134B overexpression significantly reduced the apoptotic population of 
SW48 cells (stage III colon cancer) (a) and non-neoplastic colonic epithelial cells 
(FHC cells) (c). No changes in the apoptotic population occurred in stage II colon 
cancer (SW480) (b). The gating setup used to determine the apoptotic population 
can be found in Figure S3. Dot plots shown in this figure are representative dot 
plots for each cell line. Results shown are a mean ± standard deviation performed 
in triplicates. Student’s T-test was used to analyze the significance of all remaining 
analyses. *** indicates P < .001.

Figure 3. Impact of FAM134B overexpression on cell cycle kinetics of colon cancer 
cells (SW48 and SW480) and non-neoplastic colon epithelial cells (FHC) in (a) 
histogram and (b) bar graph. Ectopic expression of FAM134B resulted in accumu-
lation of SW48 population at the G1 phase and a reduction in the G2 phase. 
Whereas, in SW480 cells, a reduction of the cell population at the S phase was 
observed with enforced expression of FAM134B. On the other hand, exogenous 
expression of FAM134B reduced FHC cell population at the G1 phase and 
increased cell population at the G2 phase. Histograms in this figure are 
a representative for each cell line and the results showed are a mean ± standard 
deviation performed in triplicates. Student’s T-test was used to analyze the 
significance of all remaining analyses. * indicates P < .05 while ** indicates P < .01.
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but not in non-neoplastic colon epithelial cells (FHC+FAM134B 

(Figure 4(c)). Figure 4(d) shows a reduction in non- 
mitochondrial oxygen consumption (from 4.28 ± 1.23% to 
2.40 ± 1.44%; P < .05), basal respiration (from 5.84 ± 1.28% 
to 2.56 ± 1.19%; P < .05), and ATP production (4.97 ± 1.12% to 
2.1 ± 0.94%; P < .05) in SW480+FAM134B cells. On the other hand, 
overexpression of FAM134B in SW48+FAM134B cells significantly 
reduced the extracellular acidification rate (ECAR) (from 
13.33 ± 3.15% to 6.48 ± 2.88%; P < .05) when cells were under-
induced energy demand in the presence of stressor FCCP 
(Figure 4(e)).

3.4. FAM134B promotes the expression of MIF, and p53

Relative expression of different proteins in the cancer cells and 
non-neoplastic colon epithelial cells were shown in Figure 5(c). 
FAM134B overexpression significantly increased the expression 

levels of MIF (Figure 5(a)) and p53 (Figure 5(b)) across all three 
cell lines (SW48+FAM134B, SW480+FAM134B and FHC+FAM134B). 
Interestingly, as seen in Figure 6(a), in patients with colorectal 
cancer, approximately 70% (n = 46/63) of them showed high 
expression of MIF in the presence of low expression of 
FAM134B while the other 30% (n = 17/63) showed expression 
of MIF in the presence of high expression of FAM134B (P < .05). 
Expression of MIF was categorized into positive staining (Figure 
6(b)) and negative staining (Figure 6(c)). Whereas APC was 
shown to increase in expression post overexpression of 
FAM134B in SW48 cells, but not in SW480 or FHC cells 
(Figure 5(a)). No significant changes in the expression of EB1, 
CyPB, β-catenin and pAKT (Figure S4) were observed with 
FAM134B overexpression.

Among the samples collected from 63 patients, 65% (n = 41/ 
63) showed low expression of FAM134B coupled with the
expression of MIF (Table 1.) In these 41 patients (23 mean;
18 women), the expression pattern was often present in MSI
stable carcinomas (P = .049). Other than this, the expression

Figure 4. Influence of FAM134B overexpression on mitochondrial respiration of 
colon cancer. Changes after FAM134B overexpression regarding oxygen consump-
tion rate (OCR) and extracellular acidification rate (ECAR) in (a) SW48, (b) SW480 
and (c) FHC cells. The changes of (d) non-mitochondrial oxygen consumption rate, 
basal respiration, and ATP production; and, (e) the metabolic potential of stressed 
OCR and EACR were noted. FAM134B significantly reduced the non-mitochondrial 
oxygen consumption, basal respiration and ATP production of SW480 cancer cells 
(d). A reduction of OCR rate and EACR rate occurred when SW48 cells were 
stressed in the presence of FAM134B. No significant changes were observed in 
FHC cells. Results shown are a mean ± standard error performed in triplicates. 
Student’s T-test was used to analyze the significance of all remaining analyses. * 
indicates P < .05 while ** indicates P < .0, and *** indicates P < .001.

Figure 5. Overexpression of FAM134B successfully changed the protein expression 
of colon cancer cells. (a) Representative Western blot bands showing the effects of 
overexpressing FAM134B in SW48, SW480 and FHC cells toward the expression of 
MIF, p53 and APC with GAPDH as protein control. Exogenous expression of 
FAM134B induced the expression of (b) MIF, (c) p53, and (d) APC. Results shown 
are a mean ± standard deviation performed in triplicates. Student’s T-test was 
used to analyze the significance of all remaining analyses. ** indicates P < .01 and 
*** indicates P < .001.

Figure 6. Association between MIF protein and FAM134B mRNA expressions in 
patients with colorectal cancer and its representative expression of MIF in color-
ectal adenocarcinoma at x25 magnification. (a) Negative association between MIF 
protein and FAM134B mRNA expressions in patients with colorectal cancer. (b) 
Positive MIF protein expression in a case with low FAM134B mRNA expression 
whereas (c) Negative staining of MIF in a case with high FAM134B mRNA 
expression.
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pattern did not correlate with other clinical pathological para-
meters in this group of patients.

4. Discussion

Knockdown of FAM134B significantly increases the cell pro-
liferation, migration, and clonogenic potential of colon cancer 
cells.7,9,10 Conversely, overexpression of FAM134B resulted in 
an accumulation of cells at different phases of the cell cycle 
depending on cell type (Figure 3(b)). For example, overexpres-
sion of FAM134B resulted in a significant reduction (8.9%) of 
SW480+FAM134B cells in the S phase. The reduction is coupled 
with a 4.3% increase in the cell population at the G2 phase by 
a 2.4%. This finding agreed with a previous study found where 
suppression of FAM134B resulted in the accumulation of 
SW480 cells at S phase.10 Similarly, the cell population of 
SW48+FAM134B at the S phase reduced slightly while the cell 
population at both the G1 and G2 phases increased. 
Interestingly, in FHC+FAM134B, this resulted in an opposite 
effect whereby a slight increase in cell population occurred in 
both the S phase and G2 phase, and a decrease in the cell 
population at the G1 phase. These results confirm the 

postulation that FAM134B is involved in the regulation of 
DNA synthesis and cell cycle progression.10 FAM134B is likely 
to do so by inducing G1 cell cycle arrest in colon cancer but 
allows non-neoplastic colon epithelial cells to pass through the 
G1/S phase checkpoint.

Cancer cells often elevate their mitochondrial biogenesis or 
modify their metabolic activities to enable tumor growth.27,28 

Understanding the changes in metabolic phenotype can, there-
fore, act as a useful guide for more effective management of 
patients with cancer.27 This study showed no significant changes 
in mitochondrial respiration in non-neoplastic colonic epithelial 
cells (FHC+FAM134B). Whereas both colon cancer cells 
(SW48+FAM134B and SW480+FAM134B) showed a reduction in non- 
mitochondrial oxygen consumption rate, basal respiration rate, 
and ATP production. Colon cancer utilizes mitochondrial oxida-
tive phosphorylation (OXPHOS) to produce ATP and drive can-
cer progression.29 The reductions observed in SW48+FAM134B and 
SW480+FAM134B are indications that the overall mitochondrial 
respiration capacity has dropped. These preliminary results indi-
cate that FAM134B overexpression negatively affects the meta-
bolic function of colon cancer cells but not in non-neoplastic cells. 
Perhaps, FAM134B exercises its tumor-suppressive effects by way 

Table 1. Correlations between low FAM134B mRNA expression in the presence of MIF and the clinicopathological 
features of patients with colorectal cancer.

Low FAM134B mRNA expression with MIF 
expression

Characteristics No. of patients No Yes P value

Sex
Female 18 (43.9%) 2 (11.1%) 16 (88.9%) 0.187
Male 23 (56.1%) 0 (0.0%) 23 (100.0%)

Age
<70 25 (61.0%) 1 (4.0%) 24 (96.0%) 0.634
≥70 16 (39.0%) 1 (6.3%) 15 (93.8%)

Site
Proximal colon 19 (46.3%) 2 (10.5%) 17 (89.5%) 0.209
Distal colorectum 22 (53.7%) 0 (0.0%) 22 (100.0%)

Histological type
Conventional 37 (90.2%) 1 (2.7%) 36 (97.3%) 0.188
Mucinous 4 (9.8%) 1 (25.0%) 3 (75.0%)

Grade
Well 4 (9.8%) 0 (0.0%) 4 (100.0%) 0.237
Moderate 32 (78.0%) 1 (3.1%) 31 (96.9%)
Poor 5 (12.2%) 1 (20.0%) 4 (80.0%)

T-stage
T-1 1 (3.2%) 0 (0.0%) 1 (100.0%) 0.446
T-2 5 (12.2%) 1 (20.0%) 4 (80.0%)
T-3 24 (58.5%) 1 (4.2%) 23 (95.8%)
T-4 11 (26.8%) 0 (0.0%) 11 (28.2%)

Lymph node metastasis
Present 18 (43.9%) 0 (0.0%) 18 (100.0%) 0.309
Absent 23 (56.1%) 2 (8.7%) 21 (91.3%)

Metastasis
Present 12 (29.3%) 0 (0.0%) 12 (29.3%) 0.495
Absent 29 (70.7%) 2 (6.9%) 27 (93.1%)

Pathological Stage
I 6 (14.6%) 1 (16.7%) 5 (83.3%) 0.377
II 16 (39.0%) 1 (6.3%) 15 (93.8%)
III 7 (17.1%) 0 (0.0%) 7 (100.0%)
IV 12 (29.3%) 0 (0.0%) 12 (100.0%)

Lymphovascular Invasion
Present 30 (73.2%) 2 (6.7%) 28 (93.3%) 0.530
Absent 11 (26.8%) 0 (0.0%) 11 (100.0%)

MSI (microsatellite instability)
High 1 (2.4%) 1 (100.0%) 0 (0.0%) 0.049
Stable 40 (97.6%) 1 (2.5%) 39 (97.5%)
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of controlling the bioenergetics of colon cancer. This is not 
surprising as FAM134B affects the endoplasmic reticulum (ER) 
stress3,30,31 and one of the ER stress response includes changes in 
mitochondrial function.32 Furthermore, FAM134B overexpres-
sion reduced the effect of extracellular acidification rate (ECAR) 
in SW480 cells as seen in Figure 4(e). This may be related to 
intrinsic genotypic variance in the cell models. Since this is a novel 
finding, it would be good to understand the phenotype with both 
knockdown and overexpression of FAM134B at a more controlled 
physiological and further analyze the effects of FAM134B on 
a selection of protein which affects mitochondria activity range 
for future studies.

However, the differential functional response followed by exo-
genous genetic and/or epigenetic manipulation in cells derived 
from different pathological stages of cancer could be attributed to 
differential genetic and epigenetic makeup of the tissues of 
origin.33 For example, SW480 derived from a stage II colorectal 
adenocarcinoma genetically different, harboring p53 mutations, 
whereas SW48 derived from stage III colorectal adenocarcinoma 
having wild type p53.33 Thus, the differential functional results 
such as apoptosis and mitochondrial biogenesis in response to 
FAM134B overexpression in these two cell lines could be attrib-
uted by their differential genetic and epigenetic makeup.

In the previous study, FAM134B was noted to play a role in 
the WNT/β-catenin signaling pathway through its regulatory 
effects on β-catenin, EB1, and APC.17 In particular, knock-
down of FAM134B significantly upregulated EB1 and β- 
catenin and downregulated APC. In concurrence with these 
results, this study found that overexpression of FAM134B 
increased the expression of APC in SW48 (P < .05) and 
SW480 cells (Figure 5(d)). Interestingly, a similar trend was 
observed in p53 expression. Overexpression of FAM134B 
resulted in a significant increase in p53 expression (Figure 5 
(c)). It is well known that loss of APC and p53 is a strong 
indicator of colorectal cancer.34,35 Indeed, Drost and colleagues 
found that knockout of both APC and p53 alone was enough to 
cause chromosomal instability in colon and thus resulting in 
cancer progression.36 The fact that overexpression of 
FAM134B can increase the expression of APC and p53 in 
colon cancer cells further strengthens the role of FAM134B as 
a tumor suppressor gene through regulating the WNT/β- 
catenin signaling pathway.

In this study, no significant changes in ß-catenin were noted 
in cells with FAM134B overexpression (Figure S4). While 
many studies have indeed identified complementary findings 
between overexpression and knockout studies in putative gene 
targets, many other studies have indicated that both overex-
pression and knockdown produced similar phenotypic 
effects.19,33 For example, overexpression and knockdown of 
Unc-45b both resulted in defective myofibril organization in 
skeletal muscle cells of zebrafish embryos.37 Similarly, over-
expression and knockout of miR-126 both promoted 
leukemogenesis.19 Therefore, a differing outcome on the effects 
of exogenous FAM134B expression could be due to the poten-
tial activation of other genetic pathways related to tumor 
growth and proliferation. As mentioned earlier, FAM134B 
plays a dual role on cancer pathogenesis. Endoplasmic reticu-
lum (ER)-stress generated by FAM134B, leads to the activation 
of unfolded protein response (UPR) in cancer. This UPR 

response plays a dual role in cancer pathogenesis.2 For exam-
ple, ER-stress can enhance the adaption of cancer cells to its 
tumor microenvironment through modulating upstream/ 
downstream targets and thus, promoting cancer growth.31 In 
contrast, UPR can have cytotoxic effects on cancer cells 
through upregulation of p53-mediated apoptosis.38,39

Due to the fact that deregulation in either macrophage migra-
tion inhibitory factor (MIF) or FAM134B seem to affect similar 
human health conditions such as with immunology,40 

inflammation,41 cancer,42-45 and allergy rhinitis,41,46 we postulate 
that FAM134B and MIF may have an association with one 
another. In addition, dysregulation of MIF could induce mito-
chondrial structural and functional dynamics, resulting in altered 
cell proliferation and apoptosis in cancer cells.42 Thus, the altered 
mitochondrial biogenesis followed by FAM134B overexpression 
led us to study the expression profile of MIF in patients with 
colorectal cancers. Therefore, further immunological analysis is 
done to validate the association between FAM134B and MIF 
expressions in patients with colorectal adenocarcinoma. This 
study found that overexpression of FAM134B mRNA drove the 
expression of MIF (Figure 5(a)) in vitro. Similarly, while approxi-
mately 70% of patients with colorectal cancer showed positive for 
MIF expression showed have low expression of FAM134B 
mRNA, the remaining 30% of patients with high MIF expression 
also have higher expression of FAM134B. The relative higher 
proportion of patients having low expression of FAM134B with 
MIF expression could be due to the limitation of in vitro models 
in terms of physiological relevance and the tumor microenviron-
ment changes.47 Previous studies indicated that lower expression 
of FAM134B10 and higher expression of MIF48 was significantly 
associated with advanced pathological stages. In addition, low 
expression of FAM134B coupled with increased expression of 
MIF was associated with carcinomas that were microsatellite 
instability (MSI) high (unstable with loss of markers). This 
shows that this set of patients (low FAM134B and high MIF 
expression) are less predisposed to hypermutable phenotype due 
to loss of DNA mismatched repair capability. However, the 
number of MSI high carcinomas in this study is small. More 
investigations may further associate the connection between the 
clinical and pathological features with an increased expression of 
MIF and low expression of FAM134B.

5. Conclusion

In conclusion, FAM134B may exert its tumor suppressive 
function in-vitro through affecting cell cycle and mitochon-
drial function. An association with MIF and p53 expressions 
strongly implies the potential downstream modulations of 
FAM134B in colon carcinogenesis. Both in vitro and clinical 
validation of MIF protein and FAM134B further suggest their 
co-regulatory effects in colorectal cancer. Nonetheless, further 
studies are required to fully understand the therapeutic target 
effects and complete genetic interaction networks of FAM134B 
in colon cancer and inflammation.
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