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Table 3. P e r c e n ta g e  o f  c e lls  in  ce ll c y c le  p h a se  (M e a n  ±  S .E .M .)

Cell Cycle 
Phase

MCF-7/pcDNA3.1 ALDH ALDHhi ALDHhighest

Go/Gi 54.32 ± 0.47 57.70 ± 2.32 51.38 ± 2.23 38.29 ± 3.68

s 27.26 ± 0.62 24.41 ± 1.08 26.81 ±0.52 35.98 ± 1.62

G*/M 19.39 ± 0.87 17.88 ± 1.24 21.81 ± 1.72 25.73 ± 2.15

S/Gz/M 45.68 ± 0.48 42.30 ± 2.32 48.62 ± 2.23 61.7113.67
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5.0 DISCUSSION

Despite advances in prevention, early detection, and treatment of primary breast 
tumours, breast cancer remains the second leading cause of cancer death in Canadian 
women [1]. This is mainly due to the propensity of primary breast tumours to metastasize 
to distant sites of the body and the unfortunate fact that most current therapies fail in the 
metastatic setting. Metastasis is therefore a major contributing factor to breast cancer 
mortality [2-5].

The metastatic process involves a series of sequential steps, where all of these 
steps must be successfully completed by a cancer cell in order to give rise to a metastatic 
tumour in a distant organ. The steps of metastasis include intravasation into the blood or 
lymphatic system; survival in the circulation; arrest, adherence and invasion 
(extravasation) into secondary tissues; and finally initiation and formation of metastases 
[3, 5, 13]. Due to the complexity of metastasis and the multiple steps that a metastatic 
cancer cell must complete in order to be successful, it is not surprising that this highly 
lethal process is also an inefficient one. However, not all the steps are equally inefficient 
[2, 13-15]. Various studies in animals as well as humans have suggested that although the 
majority of cancer cells that escape the primary tumour may be able to survive in the 
circulation and extravasate into secondary sites, only a very small subset of these cells are 
able to initiate and maintain metastases in distant organs [14, 15, 20, 149]. Growing 
evidence suggests that the cells responsible for this process may be cells with cancer stem 
cell (CSC) properties, or “metastasis-initiating cells"'.
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Previous work in our lab indicates that stem-like breast cancer cells can be 
identified by an ALDHhlCD44+ phenotype, and that these cells are significantly more 
metastatic and more resistant to therapy than their ALDHlovvCD44" counterparts [6, 7], In 
the current study we began to interrogate the mechanisms underlying these observations 
by investigating the idea that ALDH is not simply a marker of highly aggressive breast 
cancer cells, but that it also plays a functional role that contributes to breast cancer 
metastasis. In particular, we tested the hypothesis that overexpression of the ALDH 
isoform ALDH1A1 in normally non-metastatic MCF-7 human breast cancer cells would 
result in an increase in metastatic behaviour in vitro. To the best of our knowledge, this is 
the first study to investigate the role of ALDH1A1 overexpression in mediating breast 
cancer cell malignancy.

5 . 1 S u m m a r y  o f  E x p e r im e n ta l F in d in g s

We first investigated the base activity/expression of both ALDH and the prospective 
breast CSC phenotype CD44+CD24" in MCF-7 human breast cancer cells. It was 
observed that MCF-7 cells had minimal ALDH activity (by flow cytometry) and low 
ALDH1A1 expression (by RT-PCR and western blot analysis). In addition, flow 
cytometry analysis demonstrated that MCF-7 cells did not express the breast CSC 
phenotype CD44+CD24". Taken together with non-metastatic nature of these cells [7, 
150], these results indicated that MCF-7 cells would provide a good candidate model 
system lor overexpression of ALDH1A1 in order to study its effects on breast cancer cell
metastatic behaviour.



Following cloning and construction of the ALDH1 Al/pcDNA3.1 mammalian 
expression vector, MCF-7 cells were subjected to liposome-based transfection in order to 
generate cells that stably expressed either ALDF11A1 (MCF-7/ALDH1A1) or an empty 
vector control (MCF-7/pcDNA3.1). Of the 57 ALDH1A1 colonies/clones that were 
selected for screening, only 4 clones demonstrated enhanced expression of ALDH1A1 by 
RT-PCR and immunoblotting relative to the empty vector control cells. These 4 positive 
clones were used to generate a pooled population in order to control for clonal 
heterogeneity. Correspondingly, 4 of the MCF-7/pcDNA3.1 clones (all negative for 
ALDH1A1 mRNA and protein expression) were also combined to generate a pooled 
population of empty vector control cells. Pooled MCF-7/ALDF11A1 cells were then 
sorted using FACS in an effort to enrich the population for high ALDH activity prior to 
use in functional assays.

Several assays were utilized to compare the in vitro metastatic behaviour of the 
pooled MCF-7/ALDH1A1 and MCF-7/pcDNA3.1 cell lines, including assays for cell 
proliferation (uncontrolled growth), migration, adhesion (components of extravasation), 
and colony formation (surrogate for colonization steps of metastasis). Despite the fact that 
MCF-7/ALDH1 Alcells demonstrated stable overexpression of ALDH1A1 at the 
transcript and protein level, the results of the functional assays for proliferation, 
migration, adhesion, and colony formation did not support our hypothesis that 
overexpression of ALDH1A1 would enhance the metastatic behaviour of breast cancer 
cells in vitro. When ALDH enzyme activity was investigated, it was revealed that only 
-12% of the MCF-7/ALDH1A1 pooled population were ALDHhl. Using serial FACS 
sorting to enrich the population for ALDH1'1 cells, we were unsuccessful at obtaining a



cell population with a stable ALDHhl population greater than -12%. To address the 
possibility that ALDH enzyme activity (rather than protein expression of ALDH1A1) is 
the key factor for influencing the functional behaviour of breast cancer cells, we assessed 
proliferation of the subpopulation with the highest ALDH activity in the MCF- 
7/ALDH1A1 cell line using an assay that allowed for single-cell readouts. Our results 
indicated that MCF-7/ALDH1A1 cells with the highest ALDH activity demonstrate a 
significantly lower proportion of ALDHhlghesl cells in the resting (Gq/G i) phase, and a 
significantly higher proportion of cells in the S, G2/M. and S/G2/M phases of the cell 
cycle compared not only to the empty vector control but also to other subpopulations 
within the MCF-7/ALDH1A1 cell line with lower ALDH activity. This suggests that cells 
with the highest ALDH activity are actively cycling and proliferating more than the 
remainder of the subpopulations and the empty vector control. Specifically, only the 
ALDHhlgllLSl cells were significantly actively synthesizing and replicating their genetic 
material more (in S-phase), while both the ALDH11' and ALDHlllghest cells were preparing 
to undergo mitosis (G2/M phase) at approximately the same rate. Therefore, this result 
also suggests that ALDHhl, and not ALDHlllghcst, are synthesizing their DNA at a faster 
rate as they are spending less time in S phase, and more time in the G2/M phase. 
Meanwhile, the ALDHlllglKSl cells are spending approximately the same amount of time in 
the S and G2/M phase, but only a limited number of these ALDHhlghtst cells are resting in 
the Gq/G] phase.
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5.2.3 There may be negative feedback regulation of ALDH1A1 activity

As mentioned earlier, even when the MCF-7/ALDH1A1 cell line w'as enriched via 
FACS in three consecutive cell sorting experiments, the highest stable proportion of 
ALDHhl cells that was achieved was ~12%. Based on this, we hypothesized that a 
negative feedback regulation of some sort was behind this effect. Retinoid signalling 
pathways have been implicated in cancer [78, 79, 117, 118], and ALDH1A1 transcription 
is under the negative feedback regulation of the retinoic acid (RA) signalling pathway 
[68, 121], ALDH is involved in the conversion reaction of retinaldehyde (retinal) to RA 
[119], Retinol is first oxidized by alcohol dehydrogenase (ADH) to retinal, and this 
process is reversible. Retinaldehyde is then irreversibly oxidized to RA by cytosolic 
ALDI11A1. The latter reaction is a tightly regulated process that is tissue-specific, since 
the oxidation of retinaldehyde to RA is an irreversible reaction, with RA having a potent 
biological activity [91, 119], The resulting RA produced can then act on nuclear retinoic 
acid receptor (RAR)-a, [3, y, and retinoid X receptor (RXR)-a, [3, y, which bind DNA as 
heterodimers and result in the regulation of gene expression and cell differentiation [119, 
121]. When there are low intracellular RA concentrations. RARa and CCAAT/enhancer- 
binding protein (C/FiBP[3) transactivate the Raldhl promoter (murine Raldhl has similar 
tissue-specificity and developmental control as the cytosolic human ATDH1 [121]), 
thereby increasing the ALDH activity to increase the oxidization of retinaldehyde to 
retinoic acid. As RA levels increase, C/EBPP mRNA increases, which also increases 
GADDI 53 mRNA. A complex of GADDI 53 and C/EBPp then forms to decrease DNA 
binding activity of C/EBP[3 to the CCAAT box of the ALDH1 promoter, thereby 
inhibiting the transactivation of ALDH 1. This ultimately results in a decrease in RA
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synthesis [68, 121], Furthermore, previous results from our lab also showed that 
exogenous aU-trans retinoic acid (ATRA) was able to inhibit intrinsic ALDH activity of 
metastatic human breast cancer cell lines, thus resulting in an increased sensitivity of 
those cell lines to chemotherapy and/or radiation therapy [6].

However, if the RA negative feedback mechanism does play a role in regulating the 
proportion of the ALDH1" subpopulation MCF-7/ALDH1A1 cells, one might ask the next 
logical question: is there any retinol and/or retinal (retinaldehyde) available to the MCF- 
7/ALDH1A1 cells while in culture to inhibit ALDF1 activity? Investigation of the 
composition of the DMEM + 10% FBS media that was used to maintain MCF-7 cells 
revealed that there was no exogenous retinol or retinal present. Although this does not 
indicate there is absolutely no retinol/retinal present during culture of these cells, perhaps 
there are other possible mechanisms of negative feedback inhibition of ALDH activity, 
such as the estrogen receptor (F/R) signalling pathway. Recent evidence suggests there is 
a correlation with HR" breast cancer cells and the presence of an ALDH1" population 
[110], as well as a correlation between aggressive breast cancer cell lines and negative ER 
status [7, 159], Morimoto, el al. in 2009 investigated the clinicopathological 
characteristics of primary breast cancers with ALDH1" cancer stem-like cells [110], Using 
immunohistochemical staining, ~10% of the 203 breast cancer patient samples were 
found to be ALDH1", and these cells were significantly more likely to be ER'. Patients 
with ALDH1" tumours had a worse prognosis than patients with ALDH10" tumours [110], 
Our lab has found that both the MDA-MB-231 and -468 cell lines contain a high 
proportion of ALDH1" cells, and are both metastatic [7], Interestingly both of these cell 
lines are ER‘, whereas parental MCF-7 cells are ER+ [159]. Although this ER'/ALDH1"



correlation does not apply to every breast cancer cell line (for example, SKBR3 is ER- 
but is non-metastatic [159]), we decided to investigate whether the ER signalling pathway 
may be playing a role in the negative feedback regulation of ALDH activity in the sorted 
MCF-7/ALDH1A1 cell lines. We are currently investigating this further, and the 
promising preliminary results are described in detail in the Future Directions section 
below.
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6.0 POSSIBLE LIMITATIONS TO THE STUDY
The proposed conclusions and possible reasons for the observations seen in the in 

vitro assays of metastasis rely on certain assumptions made based on the design of the 
current experimental system. However, there are limitations as to how far we can draw 
these conclusions from the current system. The first limitation is related to the approach 
taken for overexpression of ALDH1A1. The results of this project relied on stable 
overexpression of ALDH1A1 in the MCF-7 cell line, which normally has low 
endogenous expression and activity of ALDH. Results of this study could have been 
strengthened by stably overexpressing ALDH1 A l, or as we now believe, other isoforms, 
in various breast cancer cell lines that normally have low endogenous levels and activity 
of ALDH to see if we obtain similar results, for example in SKBR3 cells [109], Prior to 
stably transfecting ALDH1 Al into MCF-7 cells, we could have tried transient 
transfections first to see if this was an effective method to stably overexpress ALDIH Al. 
However, when we tried using both the Lipofectamine 2000® as well as microporation 
method to transiently overexpress ALDH1 A l, we saw similar levels of ALDH activity 
that were observed in the stably transfected cells (data not shown). Another reason why
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we did not pursue the transient method to determine the functional role of overexpressed 
ALDH1A1 was because of potential downstream applications of the stably transfected 
cells in in vivo studies. Perhaps we should have tried a more powerful transfection 
method such as viral transduction. However, we did not pursue this route as we felt that 
viral transduction may lead to non-physiological levels overexpression of ALDH1A1, as 
well as having potential issues downstream if we wanted to pursue in vivo experiments 
with these MCF-7 cells that stably overexpressed ALDH1A1. This current experimental 
model system was also based on pooled populations of the clones with overexpressed 
ALDH1A1 at the mRNA, protein and activity level. One would argue that perhaps we 
should have studied ALDH1A1 in clonal populations, rather than pooled populations to 
strengthen our study. However, we decided to pool our clones positive for ALDH1A1 to 
control for clonal heterogeneity, as well as try and mimic the heterogeneous nature of 
cancer [8, 10],

The second limitation relates to the type of assays used for assessing changes in 
breast cancer cell malignancy. Although we were able to develop a quantitative assay that 
allowed for single cell readouts to determine the proliferative properties of MCF- 
7/ALDH1A1 cells with the highest ALDH activity, this was not possible for the migration 
(scratch wound), adhesion, and colony formation assays due the unavailability of good 
specific antibodies against ALDH1A1 for immunofluorescence. Therefore, although the 
single-cell cell cycle analysis using DRAQ5®/Aldefluor® may support our hypothesis 
that increased ALDH may result in increased proliferation, we cannot fully answer our 
scientific inquiry due to the lack of single cell results for the remaining assays in question.



Third, we tested our hypothesis using a solely gain-of-function (overexpression) 
approach in non-metastatic breast cancer cells that normally have low basal levels of this 
enzyme rather than also including a loss-of-function (knockdown) approach in highly 
metastatic cells with high basal levels of ALDH. This flaw in experimental design was 
the consequence of project design in the Allan lab, where the overexpression studies were 
done in this thesis project, and the knockdown studies (as described above) were carried 
out independently by another graduate student in the lab.

Finally, because this study was based on in vitro studies, an obvious limitation to 
this experimental design was that it lacked in vivo studies. However, because of the 
observations seen in this project, perhaps in vivo studies were not possible at this point, 
but should still be considered in the future with either overexpression or knockdown of 
ALDH1A1 and other ALDH isoforms in human breast cancer cell lines to determine if 
changes in these enzymes will result in a change in metastatic burden in 
immunocompromised animals compared to control.
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7.0 FUTURE DIRECTIONS

Based on the results and discussion thus far, it is clear that there are many possible 
experiments that we could do to further our know ledge and understanding of how ALDH 
plays a functional role in breast cancer metastasis so that we can develop therapies in the 
future to treat and/or prevent metastasis in patients.

First and foremost, assays that allow for single cell readouts must be developed 
for the migration, adhesion and colony formation assays in order to see if our hypothesis
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can be supported. Although we have tried 3 different commercially available anti- 
ALDH1A1 antibodies in an attempt to perform immunofluorescence-based single cell 
assays, the antibodies so far have given non-specific results. Thus other antibodies against 
ALDH1A1 will be tested in the lab until a specific antibody can be found and single cell 
assays can be developed for migration, adhesion and colony formation.

Our hypothesis was that overexpression of ALDH1A1 would increase the 
malignant behaviour of breast cancer cells that normally are not metastatic or aggressive. 
Conversely, our lab is also currently investigating the effects that knockdown of 
ALDH1A1 has on breast cancer metastasis as we hypothesize that knockdown of 
ALDH1A1 would result in a decrease in malignant behaviour of normally aggressive and 
metastatic breast cancer cells. Recent evidence from other groups [158] as well as this 
project have raise the question of whether or not other ALDH isoforms may also be 
important in breast cancer. Thus we are also currently carrying out knockdown 
experiments targeting ALDH1 A3 and ALDH3A1 to detennine if these isofonns play a 
functional role in determining ALDH activity and malignant breast cancer cell behaviour 
in vitro and in vivo.

As described earlier in the thesis, a possible reason why no significant functional 
differences in malignant breast cancer cell behaviour were observed between the MCF- 
7/ALDH1A1 cell line and the empty vector control may be due to a potential feedback 
regulation of ALDH activity in these cells. Recently there has been evidence showing a 
relationship between cells that are ALDHhl and ER" [110]. Since MCF-7 cells are ER+, 
perhaps overexpressing ALDH1A1 in an ER+ cell line may not be an effective method, as 
the ER signalling pathways may play a role in inhibiting ALDH activity. Thus I
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hypothesized that inhibiting ER using the pan-estrogen receptor antagonist ICI 182780 
[160] may increase ALDH activity. To test this hypothesis, MCF-7/ALDH1A1 cells were 
cultured in normal selective media or phenol-red free selective media (as phenol red has 
been shown to be an estrogen mimetic [161]) and treated with ICI 182780 (ICE Trocris 
Bioscience; a kind gift from Dr. Bonnie Deroo) for 48h before ALDH activity was 
assessed using the Aldefluor® Assay. As controls, cells were treated with DEAB; DMSO 
+ DEAB; ICI + DEAB; or Aldefluor only (n=3). Although there appeared to be a trend 
towards higher ALDH activity when ER was antagonized, there w'as no significant 
difference between the cells treated with ICI or its controls (p > 0.05; Appendix Figure 1, 
left). The same experiments were repeated for the MCF-7/pcDNA3.1 empty vector 
control cells, and again no significant differences were observed in ALDH activity upon 
treatment with ICI or its controls (data not shown). Although no significant differences 
were observed in this set of experiments, perhaps estrogen receptor (ER) expression may 
play a specific role in regulating ALDH at the transcript and protein level. Thus 
immunoblotting was also performed on MCF-7/ALDH1A1 (Appendix Figure 1, right) 
and MCF-7/pcDNA3.1 cells (data not shown) treated with/without ICI or with/without 
DMSO. with some promising results suggesting that ER may play a role in inhibiting 
ALDH at the protein level. RT-PCR should also be performed in the future on cells 
treated with or without ICI to determine if there are changes in ALDH1A1 transcript
levels.
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8.0 FINAL CONCLUSIONS

The current study investigated the hypothesis that overexpression of ALDH1A1 
would enhance the metastatic behaviour of breast cancer cells in vitro. To the best of our 
knowledge, this is a novel study as we are the first to investigate the functional role of 
ALDH in breast cancer metastasis by overexpression of ALDH1A1. Although the 
majority of the results did not support our hypothesis, the study revealed some very 
important questions that need to be investigated and have laid a solid groundwork for 
ongoing studies in our laboratory that are aimed at fully understanding the role that 
ALDH plays in breast cancer metastasis. The current study has contributed to the field 
where most of the literature is focused on the drug resistance roles that ALDH play in 
cancer. It would appear that ALDH may also play a direct functional role in breast cancer 
metastasis, such that a high ALDH activity in cells may result in increased proliferation. 
Future studies stemming from this project, as well as ongoing research in our lab, will 
hopefully soon add to the field that a high ALDH activity is directly related to metastatic 
behaviour, in addition to playing a role in drug resistance. Once we fully understand the 
process of breast cancer metastasis, we hope that ultimately we are able to develop novel 
therapeutic targets that can help treat or prevent metastasis in cancer patients.
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Appendix Figure 1. Treatment with the pan-ER antagonist ICI 182780 does not 
significantly alter ALDH activity but may enhance ALDH1A1 expression. MCF- 
7/ALDH1A1 cells were cultured in normal selective media (A, top) or phenol-red 
free selective media (A, bottom) and treated with a pan-estrogen receptor antagonist, 
ICI 182780 (ICI) for 48 h before ALDH activity was assessed using the Aldefluor® 
Assay. As controls, cells were treated with DEAB; DMSO + DEAB; ICI + DEAB; or 
Aldefluor® only (“ALDH”) (n=3). Although there appeared to be a trend towards a 
higher ALDH activity when inhibiting ER, no significant difference between 
treatment groups was observed (p > 0.05). Immunoblotting was performed on MCF- 
7/ALDH1A1 cells cultured in normal selective media (B, top) or phenol-red free 
selective media (B , bottom) treated with/without DMSO or ICI to detect ALDH1A1 
and actin (loading control) at the protein level. It would appear treatment of MCF- 
7/ALDH1A1 cells with ICI resulted in an increase in ALDH1A1 protein expression 
levels when compared to the cells only and DMSO controls (n=3).


