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Analysis of the effects of aryl hydrocarbon
receptor expression on cancer cell invasion via
three-dimensional microfluidic invasion assays†
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The aryl hydrocarbon receptor (AHR) is a ligand-activated transcription factor that binds to xenobiotics
and activates expression of response elements to metabolize these compounds. The AHR pathway
has been associated with a long list of diseases including cancer; however, it is debated
whether AHR is tumorigenic or tumour-inhibiting. In particular, there are contradictory reports in the
literature regarding the effects of AHR expression level on metastatic breast cancer. Here we used a 3D
invasion assay called cell invasion in digital microfluidic microgel systems (CIMMS) to study the effect of
AHR expression on invasion. In this study, MDA-MB-231 cells with stable knockout of AHR (AHRko) showed
enhanced invasive characteristics and reduced proliferation, and cells with transient overexpression of AHR
showed reduced invasiveness. Overexpression of AHR with a mutation in the DNA binding domain showed no
difference in invasiveness compared to control, which suggests that the changes in invasiveness are related
to the expression of AHR. CIMMS also allowed for extraction of sub-populations of invaded cells for RNA
sequencing experiments. A comparison of the transcriptomes of invaded subpopulations of wild-type and
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AHRko cells identified 1809 genes that were differentially expressed, with enriched pathways including
cell cycle, proliferation, survival, immunoproteasome activation, and activation of matrix
metalloproteases. In sum, the data reported here for MDA-MB-231 cells suggests some new interpretations
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of the discrepancy in the literature on the role of AHR in breast cancer. We propose that the unique
combination of functional discrimination with transcriptome profiling provided by CIMMS will be valuable
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for a wide range of mechanistic invasion-biology studies in the future.

Introduction
Aryl hydrocarbon receptor (AHR) is a ligand-activated
transcription factor that binds xenobiotics such as
2,3,7,8-tetrachlorodibenzo-p-dioxin (TCDD, also known as
dioxin),1,2
as
well
as
endogenous
or
dietary
compounds.3 Upon ligand-binding, AHR shuttles to
the nucleus, dissociates from its chaperone proteins
and forms a complex with the aryl hydrocarbon
receptor nuclear translocator (ARNT), which goes on
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to activate the transcription of xenobiotic response
elements (XREs) (Fig. 1A). The most studied XRE activated by
AHR is cytochrome P450 (CYP) 1A1, an enzyme that
metabolizes many classes of xenobiotic compounds.
While it has been shown that activation of AHR is
associated with many types of cancer including that of the
breast, the exact function of the gene and its role in cancer
has not been fully elucidated. Specifically, reports of AHR
activation in cancer have been contradictory,3,4 with
conflicting results in the literature about whether the
expression of AHR promotes or inhibits tumour growth and
metastasis. For example, D'amato et al.5 showed that
knockdown of AHR decreases triple-negative breast cancer
cell proliferation and invasion, and Zhao et al.6 reported
decreased mammosphere formation following knockdown of
AHR in a breast cancer cell line. Likewise, Goode et al.7,8
showed that AHR knockdown in the cancer cell line MDAMB-231 leads to decreased proliferation and expression of
genes that contribute to cancer progression, and
overexpression of AHR transforms non-malignant mammary
epithelial cells into phenotypes that mimic those of
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Fig. 1 Studying the effect of AHR expression on cell invasion by CIMMS. (A) Cartoon of a simplified AHR pathway. Inactive AHR complex is
shuttled to the nucleus upon ligand-binding, where it dissociates from its chaperones and binds to ARNT, which activates transcription of targets
such as CYP1A1. (B) Cartoon of a microgel on a CIMMS device. (C) Cartoon of a CIMMS device. An array of 8 microgels can be generated to screen
the results of different conditions, including wild-type (green), AHR knockout (red), wild-type with AHR overexpression (yellow), and AHR knockout
with AHR overexpression (blue). Inset: picture of a CIMMS device. (D) Cartoon illustrating CIMMS workflow with microscopy readout. (E) Cartoon
illustrating CIMMS with RNA sequencing readout.

malignant cells.9 On the other hand, studies examining AHR
expression in breast cancer primary tumors found that higher
AHR expression correlates with good prognosis,10 and related
reports have shown that decreased levels of AHR expression
correlate with increased invasiveness and reduced tumour
suppression in cancer.11–13 Similarly, Jin et al.14 showed that
AHR knockdown in MDA-MB-231 cells leads to increased
invasion in a Boyden chamber assay. These contradictory
trends emphasize the necessity for further research into the
effect of AHR expression and activation in breast cancer.
Here, we sought to probe the relationship between AHR
expression and cancer cell invasiveness. Specifically, we are
interested in the first stages of breast cancer metastasis, in
which cells begin to disseminate by invading into the
(collagen I-rich) extra-cellular matrix (ECM).15 Cell invasion is
a multi-step process which involves coordinated cell adhesion
and controlled, local proteolysis in the direction of invasion
via secretion of proteases such as matrix metalloproteinases
(MMPs).16 Importantly, it is well understood that invasion is
a rate-limiting process in the early stages of metastasis17 –
thus, any measurement tool applied to this phenomenon
must be able to identify the small number of cells that
invade, ideally with the capacity to bring all of the
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sophisticated tools that are used in cutting-edge biology
research to bear.
Microfluidic
platforms
are
revolutionizing
our
understanding of the biology of invasion by creating complex
in vivo-like conditions using hydrogels,18–27 and have great
promise for the identification of potential new therapeutic
strategies to treat metastatic cancer.28,29 Recently, Li et al.30
described a method for evaluating cell invasiveness called cell
invasion in digital microfluidic microgel systems (CIMMS).
CIMMS, which is implemented in devices bearing two plates
and an array of electrodes, allows the user to generate arrays
of hydrogel structures with sub-millimetre dimensions (or
“microgels”). The microgels in CIMMS can be designed to
mimic the conditions in the early stages of breast cancer
metastasis (Fig. 1B), and each microgel can be addressed
independently, such that an array of different conditions can
be evaluated simultaneously (Fig. 1C). Previously,30 CIMMS
was demonstrated to have superior imaging capability
compared to traditional well-plate formats, and to allow for
the rapid generation of invasion parameters such as average
invasion distance and percentage of cells invaded (Fig. 1D).
Most importantly, unlike other microfluidic/hydrogel
invasion assay platforms reported to date,18–27 CIMMS
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provides the capability to isolate subpopulations of cells with
different invasiveness for analysis by RNA sequencing
(Fig. 1E). Here, we used CIMMS to study the effect of AHR
expression in the early stages of breast cancer metastasis,
namely invasion into the ECM.
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Results
AHR knockout enhances invasion of MDA-MB-231 cells
The function of AHR as it relates to breast cancer metastasis is
complicated. We used CIMMS to probe this relationship in
MDA-MB-231 cells with zinc finger nuclease (ZFN)-targeted
gene deletion of AHR.31 As a first step, to confirm the knockout
of AHR (AHRko) in MDA-MB-231 cells, ddPCR was used to
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analyze the expression of CYP1A1, which is driven by AHR
binding to its promoter. Wild-type cells (MDA-MB-231-wt)
showed CYP1A1 expression which increased when exposed to
AHR agonist beta-naphthoflavone, while MDA-MB-231-AHRko
cells did not (Fig. 2A). The lack of expression of AHR in AHRko
cells was confirmed by Western blot (Fig. 2B).
The two cell types, MDA-MB-231-wt and MDA-MB-231AHRko, were then evaluated in detail, revealing four striking
differences. First, AHRko cells were more elongated (such that
they appear more “mesenchymal”) in morphology compared to
wild-type cells, as observed in 2D well-plate culture (Fig. 2C)
and in 3D microgels on CIMMS devices (as indicated by F-actin
stain, Fig. 2D). Second, in CIMMS experiments, the average
invasion distance of AHRko cells was substantially greater

Fig. 2 Phenotype differences between MDA-MB-231-wt and MDA-MB-231-AHRko cells. (A) Droplet-digital PCR (ddPCR) results for CYP1A1 mRNA
expression levels following 36 hours incubation with vehicle (DMSO, left/grey) or 1 μM beta-naphthoflavone (BNF-5, right/black) for MDA-MB-231wt cells (left) and MDA-MB-231-AHRko cells (right). Cells were cultured in well-plates, with error bars = 1 std. dev from n = 3 replicates per
condition. Expression values were first normalized to the expression level of housekeeping gene GAPDH, then normalized to the expression level
of CYP1A1 in MDA-MB-231-wt cells treated 36 hours with DMSO. (B) Western blot for AHR protein in MDA-MB-231-wt (left) and MDA-MB-231AHRko (right) cells. (C) Bright-field images of MDA-MB-231-wt cells (left) and MDA-MB-231-AHRko cells (right). Scale bar = 100 μm. (D) Top view
of confocal 3D images showing MDA-MB-231-wt cells (row 1) and MDA-MB-231-AHRko cells (row 2) on day 4 after seeding onto microgels in
CIMMS devices. Cells were seeded at the edges of the gels on the left (white dashed lines) and invaded to the right, after which they were stained
for nucleus (blue) (column 1) and F-actin (red) (column 2), with overlay images (column 3) and zoom-in images of representative areas of the gels
(column 4, corresponding to the white boxes in column 3). Scale bars = 50 μm. (E–G) Plots generated from CIMMS experiments of average invasion
distance from day 1 to day 4 (E), percentage of cells invaded on day 4 (F), and total cell count on day 4 (G) for wild-type (green) and AHRko (red)
cells. Error bars represent ±1 std. deviation for n = 16–26 microgels per condition (* p < 0.05, ** p < 0.01 and *** p < 0.001).
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compared to wild-type cells (Fig. 2E). For example, on day 4
after seeding, the average invasion distance for wild-type cells
was 89.8 ± 26.9 μm, while it was 124.5 ± 32.9 μm in AHRko cells
(avg. ± S.D., p = 0.0007, n > 22 per condition). Third, the
percentage of invasive cells is greater for AHRko cells relative to
wild-type cells (Fig. 2F). Specifically, on day 4 after seeding,
58% ± 19 of AHRko cells had invaded microgels compared to
46% ± 16 of wild-type cells (ave. ± S.D., p = 0.0030, n = 37 per
condition). The second and third findings suggest that
knocking out AHR expression correlates with invasiveness in
these cells. To test the limits of this effect, the non-invasive cell
line MCF-7 was similarly modified with ZFN-targeted gene
deletion of AHR (Fig. S1A†) and tested for invasion on CIMMS
devices. As shown in Fig. S1B and C,† MCF-7-wt cells form
multi-layer structures on the microgel surfaces while MCF-7AHRko cells form a uniform monolayer. But no invasion was
observed in either MCF-7-AHRko cells or MCF-7-wt cells, which
suggests that knocking out AHR expression (alone) is not
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sufficient to induce invasion in otherwise non-invasive cells, at
least for the two cell lines evaluated here. Fourth and finally,
MDA-MB-231-AHRko cells were found to proliferate at a
significantly decreased rate on the CIMMS system relative to
wild-type cells (Fig. 2G). Specifically, despite seeding at the
same density, the total cell numbers observed four days after
seeding was 463.5 ± 225.2 cells per microgel for wild-type and
134.9 ± 103.4 cells/microgel for AHRko (ave. ± S.D., p < 0.0001,
n = 37 per condition). AHR affects tumour cell proliferation
through a wide range of mechanisms32 and the reduction of
proliferation in AHRko cells has been observed in several
studies using different cell types.2,8,33,34

Overexpression of AHR reduces invasion of MDA-MB-231 cells
Since knocking out AHR in MDA-MB-231 cells correlated with
enhanced invasion, we hypothesized that overexpression of
AHR would have the opposite effect. To test this, AHR

Fig. 3 AHR overexpression reduces invasiveness of MDA-MB-231 cells. (A and B) ddPCR results for CYP1A1 mRNA expression following 36 hours
incubation with vehicle (DMSO, left/grey) or 1 μM beta-naphthoflavone (BNF-5, right/black) for MDA-MB-231-wt cells (A) and MDA-MB-231-AHRko
cells (B). Cells were cultured in well-plates and transfected with vehicle (+water) or AHR plasmid (+AHR), with error bars = 1 std. dev from n = 3
replicates per condition. Expression values were first normalized to the expression level of housekeeping gene GAPDH, then normalized to the
expression level of CYP1A1 in MDA-MB-231-wt cells transfected with water and treated 36 hours with DMSO. (C–F) Plots generated from CIMMS
experiments illustrating invasion characteristics of cells transfected with vehicle (grey, +water) or AHR plasmid (purple, +AHR), including relative
invasion distance and relative percentage of cells invaded for wild-type cells (C and D), and AHRko cells (E and F). Measurements were made on
day 4 after seeding, and error bars represent ±1 std. deviation for n = 11–12 microgels per condition.
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overexpression plasmids were transiently transfected into wildtype (MDA-MB-231-wt+AHR) and AHRko (MDA-MB-231-AHRko
+AHR) cells. CYP1A1 expression was monitored for both cell
types, and as shown in Fig. 3A, the effects were as expected,
with CYP1A1 gene expression rescued in MDA-MB-231-AHRko
+AHR cells, and higher levels of CYP1A1 expression in MDAMB-231-wt+AHR cells. As a functional control to test for nonspecific effects of the transient transfection process, an inactive
form of AHR with a DNA binding-domain mutation that
compromises its function as a transcription factor (AHRDBDmut)
was also transiently expressed in the two cell types (Fig. S2A†).
When compared to overexpression of wild-type AHR, the
overexpression of AHRDBDmut did not lead to significant
changes in the expression level of CYP1A1 (n > 10, p > 0.05) in
MDA-MB-231-wt cells (Fig. S2B†), and did not rescue CYP1A1
expression in MDA-MB-231-AHRko cells (Fig. S2C†). Finally,
AHR expression was analyzed in these experiments, and as
shown in Fig. S3,† increased levels of AHR transcripts were
observed for transfected cells relative to controls. Note that the
AHR primers used in this test do not differentiate between
+AHR and +AHRDBDmut expression, and in addition, there is no
expectation that the amount of transcription originating from
genes found on the plasmids should be equivalent to the
amount of transcription originating from chromosomal/
constitutive genes. Together, these data confirmed that the
transfection process was successful, generating the phenotypes
that were desired for analysis by CIMMS.
After confirming the specificity of the transfection, CIMMS
was used to evaluate the effects of these modifications on
invasion. In comparison to wild-type cells, the average
invasion distance of MDA-MB-231-wt+AHR cells decreased
35% (n > 11, p < 0.0001) (Fig. 3C). Compared to AHRko cells,
MDA-MB-231-AHRko+AHR cells also showed a decrease in
invasion distance of 27% (n = 11, p = 0.0012) (Fig. 3D). AHR
overexpression also decreased the percentage of cells
invaded. Specifically, in comparison to wild-type cells, the
percentage of invaded MDA-MB-231-wt+AHR cells decreased
32% (n > 11, p = 0.0019) (Fig. 3E). Likewise, in comparison to
AHRko cells, the number of invaded MDA-MB-231-AHRko
+AHR cells decreased 40% (n > 11, p < 0.0001) (Fig. 3F). Also,
transfection with AHRDBDmut did not appear to result in
changes to invasion characteristics compared to the controls
in either cell type (Fig. S2D–G†). These results indicate that
the amount of invasion scales with the degree of AHR
expression in MD-MB-231 cells. If in the future this finding is
replicated in other cell types, it would (from the perspective
of early-stage metastasis) support previous studies that have
shown that increased AHR expression correlates with reduced
disease progression10–13 (and would contradict those that
have shown the opposite5–9). Importantly, no external
agonists of AHR were supplemented in these invasion
experiments, supporting previous reports of constitutive
activity of AHR,4,8,35 but it is possible that endogenous AHR
ligands such as tryptophan derivatives (e.g. kynurenic acid,
tryptamine), which are weak activators of AHR,1,36 may be
present as tryptophan is a component of the culture media.

This journal is © The Royal Society of Chemistry 2022
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Finally, cell numbers were evaluated in CIMMS
experiments with transiently transfected cells (Fig. S4†).
Similar, specific differences were observed between WT and
AHRko cell numbers, but within these groups, no differences
were seen for transient transfections of with either AHR or
AHRDBDmut plasmids.

AHR knockout alters transcriptional profile of invading MDAMB-231 cells
In a previous study using microarray techniques to compare
gene expression differences between wild-type and AHR
knockdown of MDA-MB-231 cells grown in 2D well-plates,
Goode et al.7 found 144 differentially expressed genes (DEGs)
that corresponded to 18 enriched gene ontology (GO) terms,
including ‘immune response’, ‘cell migration’, ‘response to
hypoxia’, and ‘cell adhesion’. A similar study8 probing the
same cells revealed upregulation of pro-apoptotic genes and
reduced cell cycle progression from G0/G1 phase in AHR
knockdown cells. Here, we decided to apply CIMMS to probe
wild-type and AHRko cells in more detail, testing for
differences observed in subpopulations of cells identified by
the functional characteristic of invasion.
As a first step, the differences between invaded and noninvaded MDA-MB-231-AHRko cells were evaluated. A total of
65 DEGs were observed (Table S1†) between these
subpopulations. The genes that were upregulated in invaded
cells include many that are associated with invasion and
metastasis, including the protease PRSS2,37 immune
modulators HLA-DRB1,38 SAA1, SAA2,39 CSF2,40 SLP1,41 and
survival/proliferation genes LCN2,42 KYNU,43 AGR2,44
CH13L2.45 ClueGO pathway analysis46 was applied to the 65
DEGs to identify enriched GO terms and pathways, which
were then clustered into functional groups. Two such groups
were enriched in genes that were upregulated in non-invaded
cells (Table S2†), each highlighted by its most significant
term: the ‘CGA and CGB3 bind to form human chorionic
gonadotropin (hCG)’ group (R-HSA:378978, p < 0.0001) and
the ‘regulation of BMP signaling pathway’ (GO:0030510, p <
0.0001). These pathways are also known to be involved in
early stages of metastasis.47,48 Finally, a number of other
genes that are commonly associated with invasion in cancer
cells, including MMP1/3 and S100A4, did not show up on the
list of DEGs for invaded vs. non-invaded AHRko cells (and
thus had similar expression levels). Together, these results
lead us to hypothesize that non-invaded AHRko cells
represent a subpopulation that is ‘preparing for invasion’,
rather than being a subpopulation that will never invade.
This hypothesis is one that might be tested in the future
using CIMMS; here we focused on other questions.
To understand the mechanism of enhanced invasiveness
observed for MDA-MB-231-AHRko cells (Fig. 2D–F),
differential expression analysis was performed on the
invaded subpopulations of MDA-MB-231-AHRko relative to
those of MDA-MB-231-wt cells. Five CIMMS experiments each
were conducted for each cell type, and unsupervised
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group (R-HSA:1640170, p < 0.0001) which is consistent with
the differences in proliferation observed here (Fig. 2G) and
previous reports,2,8,32–34 the ‘Retinoblastoma Genes in
Cancer’ group (WP:2446, p = 0.0073) noting that the
retinoblastoma protein has been reported to interact with
AHR to inhibit cell cycle progression in pituitary adenoma in
a ligand-independent manner,4 and the ‘Activation of Matrix
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multidimensional projection (UMAP)49 analysis shows that
they cluster separately (Fig. 4A). A total of 1809 DEGs were
observed (Table S3†) between these subpopulations. Upon
application of ClueGO pathway analysis (Fig. 4B), three
functional groups were enriched in genes that were
upregulated in invaded AHRko cells (Table S4†), each
highlighted by its most significant term: the ‘Cell Cycle’

Lab on a Chip

Fig. 4 Transcriptomic analysis of the invaded subpopulations of MDA-MB-231-wt and MDA-MB-231-AHRko cells on CIMMS. (A) Plot of
dimensional reduction (to Dim1 and Dim2) of the transcriptomes in five CIMMS experiments in the invaded subpopulations of AHRko (red) and
wild-type (green) by UMAP.49 (B) Schematic of eleven functional gene clusters enriched in the 1809 DEGs (Table S3†) found in the invaded
subpopulations of MDA-MB-231-AHRko and MDA-MB-231-wt cells, determined using ClueGO46 analysis. Each circle represents a GO term (with
full list of terms found in Tables S4 and S5†), circle color reports pathways containing genes that are upregulated in the invaded subpopulations of
AHRko cells (red, Table S4†) or wild-type cells (green, Table S5†) respectively, circle transparency reports the percentage of genes in the GO term
upregulated in the sample, and circle size reports the p-value of the difference between the subpopulations. (C) Heat map of gene expression level
[shown as variance-stabilized log of read count per million (CPM), where red = high and blue = low] of 16 pathways (labels on right) selected from
a pathfindR56 analysis (Fig. S5A, Table S6†) of the 1809 DEGs (Table S3†) found in invaded MDA-MB-231-AHRko cells (red header, five columns on
right) relative to invaded MDA-MB-231-wt cells (green header, five columns on left). The 16 pathways correspond to 158 differentially expressed
genes (rows, labels on left, Table S7†).
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Metalloproteinases’ group (R-HSA:1592389, p = 0.0281),
which highlights the role of MMP-mediated remodeling of
the ECM in invasion.50,51 Eight other groups were enriched
in genes that were upregulated in invaded wild-type cells
(Table S5†), including several that are involved in cellular
processes and metabolism, which is consistent with AHR's
role in mediating metabolism of xenobiotic and endogenous
compounds. The remaining groups (that were enriched in
genes that were upregulated in invaded wild-type cells) are
associated with proliferation and metastasis,13,52–55 including
the ‘Wnt Signaling Pathway’ (GO:0016055, p = 0.0263), the
‘NGF-Stimulated Transcription’ group (R-HSA:9031628, p =
0.0228), and the ‘Regulation of Transforming Growth Factor
Beta (TGF-β) Receptor Signaling Pathway’ (GO:0017015, p =
0.0235). The enrichment of these pathways points (again) to
the difference in proliferation observed between wild-type
and AHRko cells.
ClueGO pathway analysis46 is useful for parsing DEG results,
but it is often valuable to employ an orthogonal method as
confirmation. With this in mind, the pathfindR56 technique
was used to enrich for active subnetworks from the 1809 DEGs
(Table S3†) observed between the invaded AHRko cells and
invaded wild-type cells. A total of 96 pathways (representing
1287 genes) were identified in this analysis, that can be
clustered into 45 functional groups (Fig. S5A, Table S6†).
Unsurprisingly, 97% of genes associated with pathways were
found to be protein-coding (Fig. S5B†), while the non-pathway
associated genes included substantial numbers of lncRNA and
pseudogenes (Fig. S5C†). Among the 96 pathways identified by
pathfindR, 16 pathways of interest were chosen for gene-level
analysis (including 158 genes, Table S7†). Within the 16
pathways, 14 of them were unanimously upregulated in
invaded AHRko cells. As shown in Fig. 4C-top, these pathways
recapitulate much of what is seen in the groups identified by
ClueGO (Fig. 4B), being related to cell cycle, metabolism and
DNA repair strategies and machinery as well as
immunoproteasome components, which are known to
participate in enhanced invasion in breast cancer cells.57 The
other 2 pathways (Fig. 4C-bottom), Il-17 and TNF signaling,
were determined to be mostly upregulated in invaded wild-type
cells with interesting exceptions. Specifically, the survival genes
BCL3, AKT1, CSF1 were upregulated in invaded wild-type cells,
while immune-related genes CCL20, CXCL10, MMP1, and
MMP3 were upregulated in invaded AHRko cells. These results
corroborate the ClueGO analysis of the upregulation in matrix
metalloproteinases, while further resolving candidate pathways
and genes regarding IL-17 and TNF signaling in AHRko cells.
The morphological and functional characterizations of
MDA-MB-231-AHRko and wild-type cells (Fig. 2 and 3) suggest
three broad characteristics of the AHRko phenotype: (1)
enhanced invasiveness, (2) more pronounced mesenchymal
morphology, and (3) reduction in proliferation. With this in
mind, three DEGs from the transcriptome analysis (Fig. 4,
Table S3†) were selected for further validation by dropletdigital PCR (ddPCR): MMP1, a collagenase that is well known
to enhance invasion of cancer cells and has previously been
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shown to be elevated in AHR knockdown MDA-MB-231
cells;51,58 CDC42, a small GTPase of the Rho family that is
important in cell polarity and directing invasion in invasive
cancer cells that are undergoing the epithelial to
mesenchymal transition (EMT);59,60 and AKT1, an important
player in proliferation and cell cycle pathways with
expression that is known to be inhibited by activated
AHR.61,62 As shown in Fig. 5A, the ddPCR results confirm the
sequencing results: MMP1 and CDC42 are upregulated and
AKT1 is downregulated in invaded AHRko cells. This supports
the observation that invasive AHRko cells are a more
mesenchymal and motile phenotype than invasive wild-type
MDA-MB-231 cells, which is further enhanced by elevated
levels of MMP1 secretion.
The most notable observation from the ddPCR analysis in
Fig. 5A is that MMP1 expression is increased by >120 fold in
invaded AHRko cells relative to invaded wild-type cells. To
further investigate this striking result, we studied the effect
of MMP inhibitor on the invasiveness of the two cell types.
Both MDA-MB-231-wt and MDA-MB-231-AHRko cells were
treated with Ilomastat (GM6001), a broad-spectrum MMP
inhibitor with dose-dependent activity, in CIMMS
experiments. As shown in Fig. 5B and C, exposure to MMPinhibitor resulted in significant decreases in average invasion
distance and percentages of both types of cells, but greater
invasion distances (n = 6–14, p = 0.0117) and percentages of
invaded cells (n = 6–14, p = 0.0003) were still observed for
AHRko cells relative to wild-type cells. The finding that when
treated with the same dose of MMP inhibitor, AHRko cells
still maintain enhanced invasiveness relative to wild-type
cells suggests that the enhanced invasiveness is related to the
greater levels of MMP1 expression (>120 fold) observed for
the AHRko phenotype.

Discussion
The effect of the expression of AHR in cancer is poorly
understood, with previous studies suggesting both positive5–9
and negative10–13 correlations with metastatic disease. To shed
light on this question, we used a cutting-edge microfluidic
system known as CIMMS to form arrays of collagen-I microgels
to mimic the extracellular matrix that is invaded in the early
stages of ductal breast cancer dissemination. CIMMS was used
to evaluate the MDA-MB-231 breast cancer cell line, modified
to stably knock-out and/or transiently overexpress AHR. The
unique capabilities of CIMMS permitted precise determination
of relative tendency to invade for the different cell types tested,
with results demonstrating a strong correlation of AHR
expression with invasiveness in both knockout and
overexpression studies. The study also confirmed that AHRko
cells proliferate at a reduced rate compared to WT cells.
Although not studied here, CIMMS should be well suited to
probe whether the particular cells that are proliferative are also
the cells that invade (or vice versa) in future work.
The most unique element of CIMMS is the capacity to
extract sub-populations of invaded cells relative to non-invaded
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Fig. 5 Follow-up validation of expression profiles with ddPCR and inhibition of MMP. (A) ddPCR results for transcripts of MMP1 (left), CDC42
(middle), and AKT1 (right) in invaded MDA-MB-231-wt cells (green) and invaded MDA-MB-231-AHRko cells (red) harvested from CIMMS
experiments. Expression values for the genes were normalized to the expression level of housekeeping gene GAPDH, and error bars = 1 S.D, for n
= 3 replicates per condition. (B and C) Plots generated from CIMMS experiments of average invasion distance (B) and percentage of cells invaded
(C) for MDA-MB-231-wt cells (circles) and MDA-MB-231-AHRko cells (diamonds) without exposure (grey, −inh) and with exposure to 25 μM of
MMP inhibitor GM6001/Ilomastat (blue, +inh). Cells were seeded at 400 000/mL onto microgels and cultured to day 4. Error bars represent ±1 std.
deviation for n = 6–26 microgels per condition (*, p < 0.05; **, p < 0.01 and ***, p < 0.001, N.S., not significant).

cells for RNA sequencing – which enables a combined
functional assay/transcriptome analysis. Table S3† lists the
1809 differentially expressed genes were found in invaded
AHRko cells vs. invaded wild-type cells. ClueGO46 and
pathfindR56 analyses identified a long list of pathways and
functional groups in this list, relating to cell cycle, metabolism,
DNA repair machinery, and immunoproteasome components.
There is one previous report7 of a transcriptome-wide
analysis of AHR knockdown (AHRkd) in MDA-MB-231 cells.
The similarities and differences between our dataset
(generated using NGS from invaded populations in a 3D
collagen I matrix) and the previous one7 (generated using
microarrays from adhered cells on 2D well-plates) are
instructive. For example, both studies found that the AHRko/
AHRkd phenotype features reduced expression of survival
genes BCL3 and CSF1 and increased expression of matrix
metalloproteinases MMP1 and MMP3 and the metabolismrelated gene IL18. But our CIMMS/transcriptome analysis
uniquely identified up-regulation of CCL20 and CXL10
(cytokines related to lymphocyte recruitment) and downregulation of the cell-cycle dependent AKT1 (which was also
validated by ddPCR) in invaded AHRko cells. More
importantly, the CIMMS/transcriptome analysis uniquely
identified upregulation of potent morphology/motility/
tumorigenic gene S100A4 in invaded AHRko cells (which was
actually found to be downregulated in AHRkd cells in the
previous study7), as well as the EMT-related CDC42 (which
was also validated by ddPCR). It is important to note (again)
that differences observed between the current dataset and
that reported by Goode et al.7 may correlate with the
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substantial differences between the two studies (format and
analysis type, etc.). And there are numerous other questions
that might be asked in the future, including the role of the
particular matrix (e.g., collagen I vs. collagen I surrounded by
basement membrane extract30 or other materials). But taken
together, the differences enumerated here suggest a
completely different phenotype for AHRko cells that are
invading relative to those that are not, emphasizing the
importance of methods like CIMMS that can combine
functional discrimination with transcriptome profiling.
In sum, the data presented here show the effect of AHR
expression on invasion of MDA-MB-231 breast cancer cells as a
step towards shedding some light on the discrepancy regarding
this effect in the literature. The functional data presented here
support the notion that (at least in MDA-MB-231 cells), AHR
expression inhibits invasion into the stroma in early
metastasis. If in the future this effect is observed in other
cancer cell types, it could provide a potential explanation for
why increased AHR expression has been shown10–13 to correlate
with good prognosis in cancer patients.

Conclusion
Previous studies on the role of AHR in breast cancer have
reported contradictory results. Using the newly developed
CIMMS platform, we combined phenotypic and gene
expression analysis to resolve differences between MDA-MB231-wt and MDA-MB-231-AHRko (AHR knockout) cell lines.
In these cells, we demonstrated that the expression of AHR is
strongly correlated with invasiveness into collagen-I rich
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microgels and identified a long list of pathways and
functional groups that are associated with this phenotype,
relating to cell cycle, metabolism, DNA repair machinery, and
immunoproteasome components using RNA sequencing. We
propose that the unique combination of functional
discrimination with transcriptome profiling afforded by
CIMMS may make it a powerful new tool for evaluating
phenotypes in metastasis and cancer.

Methods
Reagents
Unless stated otherwise, general reagents were purchased from
Sigma-Aldrich (Oakville, ON), cell media reagents and
GelTrex™ were from Thermo Fisher Scientific (Rockford, IL),
and photolithography reagents were from Rohm and Haas
(Markborough, MA). Beta-naphthoflavone was purchased from
Sigma (N3633-1G). Conjugated antibody E-cadherin Alexa Fluor
488 was from Cell Signaling Technology (Danvers, MA, cat.
3199). Hoescht 33342 and phalloidin-TRITC dye were
purchased from Thermo Scientific (Waltham, MA). Predesigned PCR primers were purchased from IDT (Coralville,
Iowa): GAPDH assay ID: Hs.PT.39a.22214836, CYP1A1 assay ID:
Hs.PT.58.219047, AHR assay ID: Hs.PT.56a.38998805, MMP1
assay ID: Hs.PT.58.38692586, CDC42 assay ID: Hs.
PT.58.21273149, AKT1 assay ID: Hs.PT.58.26215470. Glass
slides coated with chromium (100 nm) and AZ1500 photoresist
(530 nm) were purchased from Telic Inc. (Santa Clarita, CA).
Teflon-AF 1600 was purchased from DuPont (Wilmington, DE).
Parylene-C was obtained from Specialty Coating Systems
(Indianapolis, IN). Bovine collagen I (3 mg mL−1 solution) was
purchased from Advanced BioMatrix (San Diego, CA).
Deionized (DI) water had a resistivity of >18 megaohm cm−1.
All reagents manipulated on DMF were supplemented with
0.05% v/v F68 pluronics unless stated otherwise.
Device fabrication and operation
CIMMS devices were fabricated at the University of Toronto
Nanofabrication Centre (TNFC) using methods described
elsewhere.30 Briefly, bottom plates were fabricated in two
stages. In the first stage, Cr-and photoresist coated glass
substrates were patterned and etched using standard
photolithography and metal etch techniques, and the
resulting substrates featured a 4 × 15 array of actuation
electrodes (2.2 mm × 2.2 mm) adjacent to 8 reservoir
electrodes (16.4 mm × 6.7 mm) and 8 dispensing electrodes
(2.2 mm × 4.4 mm). After patterning, the substrates were
immersed for 30 minutes in silanization solution: 1% (v/v)
3-(trimethoxysilyl)propyl methacrylate (Specialty Coating
Systems) in a 1 : 1 mixture of DI water : isopropanol (IPA).
After silanization, the substrates were rinsed with IPA and
baked at 80 °C on a hot plate for 10 minutes. A first layer of
parylene C (∼7 μm thick) was deposited via chemical vapour
deposition (CVD) using an SCS 2010 parylene coater
(Specialty Coating Systems), followed by spin-coating TeflonAF (1% w/w in FC-40 2000 rpm, 30 s) and post-baking at 160
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°C on a hot plate for 10 min. In the second stage, bottom
plates were processed to form a linear array of superficial
hydrophilic sites using reactive ion etching. First, the
substrates were coated with a second, sacrificial layer of
parylene-C (∼1 μm thick) by CVD, and then a layer of S1811
photoresist by spin-coating at 1000 rpm for 45 s. The
photoresist was patterned to form a linear array of eight
square exposed regions of parylene-C (each 1.5 mm × 1.5
mm, separated by 4.4 mm) centered between the two middle
rows of the actuation electrodes below. The substrates were
then etched by RIE with O2 plasma (150 mtorr, 100 W, 42
sccm O2). Etching time (approx. 6 min) was experimentally
determined to etch through the second/sacrificial layer of
parylene-C and the layer of Teflon-AF, and minimally into the
first/dielectric layer of parylene C. After RIE treatment, the
sacrificial parylene-C layer was peeled off, leaving a surface
that was mostly coated with hydrophobic Teflon-AF,
punctuated with a linear array of 8 square hydrophilic sites
(oxidized parylene C).
CIMMS top plates were formed from indium-tin-oxide
(ITO) coated glass substrates (Delta Technologies, Loveland,
CO) using methods similar to those used for the bottom
plates. Briefly, substrates were coated with a first layer of
parylene-C by CVD (∼1 μm thick), a layer of Teflon-AF by
spin-coating (∼70 nm thick), a second, sacrificial layer of
parylene-C by CVD (∼1 μm thick), and a layer of photoresist
by spin-coating. The photolithography, RIE etching, and
sacrificial layer peeling technique described above (for
bottom plates) was applied, leaving a surface that was
globally coated with Teflon-AF, punctuated with a linear array
of eight hydrophilic sites.
Prior to device assembly, top and bottom plates were
sterilized with 70% ethanol, followed by air drying in a
biosafety cabinet. Each top and bottom plate was then joined
together with three layers of biocompatible double-sided tape
(3M Company, Maplewood, MN) as spacers (∼270 μm thick)
while aligning pairs of analogous hydrophilic sites under a
microscope. The volume of a unit droplet covering one
driving electrode was ∼1.3 μL. The volume of a droplet
generated by passive dispensing on the hydrophilic sites was
∼0.6 μL. Droplet manipulation was programmed and
controlled via an open-source automation platform described
elsewhere,63 used to apply sine waves (85–100 Vrms, 10 kHz,
conditions determined to be below the saturation forces64 for
the liquids used here) between bottom plate electrodes and
the top-plate counter electrode.

Macro-scale cell culture
MD-MB-231-wt and MCF-7-wt cells were used as received from
ATCC (Manassas, Virginia). MD-MB-231-AHRko and MCF-7AHRko cells were generated as described elsewhere.31 All cells
were maintained in Dulbecco's modified Eagle's medium
(DMEM) completed with 10% fetal bovine serum (FBS), 100 U
ml−1 penicillin and 100 μg ml−1 streptomycin, incubated in
T-75 culture flasks in a humidified incubator with 5% CO2 air
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environment at 37 °C. Prior to experiments, cells were
trypsinized, washed in PBS, and then suspended in complete
medium at densities of 150 000 or 400 000 cells per mL.

transcribed into cDNA with the QuantiTect Reverse
Transcription Kit (Qiagen, Hilden, Germany). The synthesized
cDNA was evaluated by ddPCR as described below.

Western blot

Cell invasion in digital microfluidic microgel systems

MDA-MB-231-wt, MDA-MB-231-AHRko, MCF-7-wt, or MCF-7AHRko cells were seeded in 6-well plates at a density of 2.5 ×
105 cells per well and incubated for 48 hours at 37 °C and
5% CO2. Three wells were pooled, and the cell pellet was
dissolved in 200 μl of 1× radioimmunoprecipitation assay
buffer (Cell Signaling Technology, Danverse, MA, USA)
supplemented with 2× protease inhibitor cocktail (Roche
Diagnostics, Mannheim, Germany) and 2 mM dithiothreitol
(Thermo Fischer Scientific). The samples were sonicated with
a Bioruptor® on the low setting at 4 °C for 5 minutes, 30
seconds on and 30 seconds off. After rotating for 10 minutes
at 4 °C, the samples were centrifuged at 20 000 × g for 10
minutes at 4 °C. Twenty micrograms samples of total protein
were separated by SDS-PAGE and transferred to a PVDF
membrane. After blocking with 5% skim milk for 1 hour, the
membranes were incubated with α-AHR (rabbit, Enzo Life
Sciences, Farmingdale, NY, USA, cat: bml-sa210-0100, lot:
04011942) at a ratio of 1 : 8000 followed by incubation with
anti-rabbit secondary antibody. PVDF membranes were
stripped and incubated with anti-β-actin antibody 1 : 4000
(Sigma-Aldrich; A-2228).

CIMMS experiments were carried out as described
previously.30 Briefly, sol-phase 2.4 mg mL−1 collagen I was
generated by diluting the stock solution with 10× PBS, DI
water, and 0.25 M NaOH in a 100 : 12.5 : 7.5 : 5 ratio (to form a
pH 7 solution in 1× PBS). This solution was kept on ice until
use, when it was loaded into reservoirs on a CIMMS device.
Eight triple-unit-droplets were dispensed onto the array of
electrodes, and each was driven across a hydrophilic site,
forming an array of passively dispensed sub-droplets. The
residual droplets after passive dispensing were driven to
waste reservoirs, and devices were placed in a culture flask
with water reservoir to allow the microgels to thermally gel
(37 °C for 3 hours in cell culture incubator).
Cell invasion experiments were initiated by loading cell
suspensions into reservoirs and dispensing eight single-unitdroplets onto the array, which were then driven such that
each droplet touched one side of a microgel. Each device was
then tilted 90 degrees and incubated overnight, after which
it was returned to normal orientation. Devices were
stored in a culture flask with water reservoir in the cell
culture incubator when not in use, and cells were evaluated
by immunofluorescence or ddPCR/RNA sequencing on days
1, 2, 3, or 4 of culture, as described below. For cells cultured
to days 3 or 4, on day 2, fresh, complete media was loaded
into a reservoir, and eight double-unit-droplets were
dispensed onto the electrode array and merged with each
droplet containing cells (adjacent to microgels).
For MMP inhibitor treatments, the media was
supplemented with 25 μM of MMP inhibitor GM6001/Ilomastat
(Thermo Fisher) for the initial seeding step for CIMMS
experiments (day 0), and for media replenishment (day 2).

Transfection of overexpression vectors
Plasmids for AHR and AHR with a two amino acid insertion
in the binding domain of the gene (AHRDBDmut) were
generated by modifying the pRC/CMV2 (Invitrogen)
expression plasmid; detailed protocols are described
elsewhere.65 The plasmids were amplified by Biozilla (Dallas,
USA), and were used as received (with certification of
endotoxin level <0.1 EU/μg DNA). Aliquots of suspended cells
(1 mL) were seeded onto 24 well plates at 150 000/mL. After
24 h incubation, Lipofectamine™ 3000 (Thermo Fisher) was
used to transiently transfect the cells with either (a) the AHR
plasmid, (b) the AHRDBDmut plasmid, or (c) sterile water (as a
negative control), following the manufacturer's instructions.
Following transfection, cells were allowed to incubate in the
incubator for 24 hours before being used for CIMMS
experiments or in CYP1A1 expression experiments.
Pre-treatment in CYP1A1 expression experiments
Aliquots of suspended cells (1 mL) were seeded into 24 well
plates at 150 000 cells per mL and cultured for 24 h. Aliquots
(1 μL) of beta-naphthoflavone in DMSO (for final
concentration of 1 mM) or DMSO were added to each well,
followed by incubation for 36 hours. After the treatment
period, cells were scraped from the well by a cell scraper,
centrifuged and resuspended in PBS in preparation for RNA
extraction. GenElute™ Mammalian Total RNA Miniprep Kit
(Sigma-Aldrich)
was
used
following
manufacturer's
instructions to extract the RNA, which was then reverse
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Immunofluorescent staining and imaging
In CIMMS experiments, immunofluorescent staining was
performed in situ in an automated 8-step procedure, in which
each step comprised loading a reagent into one or more
reservoirs, dispensing eight triple-unit droplets onto the
actuation array, driving each droplet onto a microgel,
incubating at a particular temperature, and then driving the
droplets to a waste reservoir (which were periodically emptied
by applications of a Kimwipe). The procedure is indicated
below as “Step X: reagent, incubation period, temperature”
(where RT = room temperature). Step 1 (wash): PBS with
0.05% v/v F68, 0 min, RT. Step 2 (fix): 4% paraformaldehyde
with 0.05% v/v F68, 10 min, RT. Step 3 (wash): PBS with
0.05% v/v Brij 35, 0 min, RT. Step 4 (permeabilize): 0.2%
Tween-20 v/v PBS, 15 min, RT. Step 5 (wash): repeat of step 3.
Step 6 (block): 10% skim milk powder wt/v in PBS with
0.05% Brij 35, 2 h, RT. Step 7 (conjugated antibody):
conjugated E-cadherin antibody solution diluted 1 : 100 in the
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blocking solution from step 6, overnight, 4 °C. Step 8
(Hoescht and Phalloidin): Hoechst solution diluted 1 : 10 000,
and Phalloidin solution diluted to 10 μg mL−1 in PBS with
0.05% v/v Brij 35, 20 min, RT.
After staining, gels were imaged with the Nikon A1
confocal microscope at the University of Toronto Centre for
Microfluidics Systems (CMS). For 3D analysis, images were
collected at 2.55 μm intervals along the z axis. For microgels,
a custom script was developed and run in IMARIS image
analysis software as described previously30 to quantify invasion
distances of cells with different stains. Briefly, the script
removes 7 confocal z-slices from top and bottom layers
(adjacent to the device top and bottom plates), and the
nuclear coordinates of all cells in the remaining images are
enumerated and the coordinates of the seeded surface are
determined by the large number of non-invaded cells. Cells
corresponding to nuclei that are ≥16.5 μm past the seeded
surface are designated “invaded.” The distance of each
invaded cell's nucleus from the seeded surface is recorded,
and the ratio of the number of invaded cells relative to the
total number of cells is expressed as a percentage.

Transcriptome extraction and measurement
Microgels bearing invaded cells at the completion of a
CIMMS assay were sectioned using a custom dissection
technique described previously30 prior to transcriptomic
analysis. Briefly, the media droplets adjacent to the microgels
were wicked away by applying a Kimwipe, and the device was
flash-frozen by placing it on a metal plate chilled with dry
ice. Then, the top and bottom plates were carefully separated,
and the plate not bearing the microgels was removed. The
chilled metal plate (with the plate bearing the microgels) was
mounted on a dissection microscope, and each microgel was
dissected into slices (with the thin dimension of each slice in
the invasion dimension) using replaceable no. 15 sterile
scalpel blades (Almedic, Concord, ON) attached to a magnetic
arm fixed to a 3-axis micromanipulator (PT3A, Thorlabs). The
thickness of each slice was found to be ∼100 μm. The slices
naturally adhere to the scalpels; thus, after each excision, the
scalpel-and-slice was removed and placed on dry ice for
further processing. The first slice excised from each microgel
was designated to contain the “non-invaded” cell-fraction.
The remaining slices were further trimmed (to remove ∼100
μm on each edge not in the invasion axis) and were pooled
and designated as the “invaded” cell-fraction.
Experiments were designed to test invaded and noninvaded cell fractions of MB-MDA-231-wt cells (from results
first reported by Li et al.30), and MDA-MB-231-AHRko cells
(results reported here for the first time) harvested from
CIMMS devices on day 4 after seeding at 400 000 cells per
mL. Scalpels bearing adhered microgel slices were submersed
in 350 μL of lysis buffer from a Norgen Biotek single cell
RNA isolation kit (Thorold, ON) and incubated at 42 °C for
30 minutes, vortexing for 15 seconds every 10 minutes, and
then processed according to the manufacturer's instructions.
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The RNA extracted from all microgels (up to eight)
originating from the same state (i.e., “invaded”, or “noninvaded”) was then combined into a single sample and
amplified following the manufacturer's instructions for the
Takarabio SMART-Seq v4 Ultra Low Input RNA Kit for
Sequencing (Kusatsu, Japan). Amplified cDNA (including
cDNA prepared using the QuantiTect Reverse Transcription
Kit as described earlier) was then purified using Agencourt
Ampure XP beads (Brea, CA) following the manufacturer's
instructions. The concentration of cDNA generated in this
final step was determined using the Qubit™ 1× dsDNA HS
(high-sensitivity) Assay Kit (Thermo Fisher) on a Qubit
Fluorometer (Thermo Fisher).
Processed cDNA samples (prepared as above) were
analyzed by (a) RNA-seq or (b) ddPCR. Briefly, for (a) samples
were diluted and processed for library preparation with
Nextera XT kits (Illumina, San Diego, CA) per manufacturing
protocol, purified again with Ampure XP beads (as above),
before being quality checked with an Agilent 2100
Bioanalyzer. All samples had average bp length between 500
and 700, and mean concentration of 16.9 ng μL−1. Samples
were sequenced on a NextSeq500 (Illumina) at the Donnelly
Sequencing Centre (Toronto, ON), to generate paired-end,
high-throughput reads averaging at 12.5 million reads per
sample (2 × 75 bp read length, V2 chemistry). Data generated
were processed as described below. For (b), samples were
processed according to the manufacturer's instructions for
the QX200™ ddPCR™ EvaGreen Supermix (Bio-rad) using
pre-designed primers (IDT, listed in reagents section), and
then evaluated via the QX200™ Droplet Generator (Bio-rad)
and thermocycled per the recommended setting from the
Supermix protocol. Finally, reaction products were analyzed
on the QX200™ Droplet Reader (Bio-rad) to determine
expression levels, which were then normalized to the
expression of GAPDH.

RNA sequencing analysis
Raw Fastq files originating from RNA sequencing analysis
were trimmed with Trimmomatic66 with a sliding window
size of 5 and phred33 score of 20. These reads were then
mapped with STAR aligner (2.7)67 to the human genome,
version GRCh38. Read counts were extracted using
featureCounts.68 Uniform Manifold Approximation and
Projection (UMAP) was used for dimensionality reduction
and ggplot2 for visualization of the results.49 Statistical
analysis for differential gene expression was implemented
using the negative binomial generalized log-linear model
combined with likelihood ratio tests supplied by edgeR.69
Genes with an FDR value below 0.05 were considered
significant and shuttled through to pathway analysis using
ClueGO46 and pathfindR.56 Visualizations of data were
generated using ggplot2 (ref. 70) and pheatmap.71 All scripts
used in this analysis are available at github.com/eyscott/
CIMMS_AHR. ClueGO functional analysis was used to
visualize GO terms and pathway differences between genes
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upregulated in the invaded subpopulation of wild-type and
AHRko cells. GO biological process, GO cellular component,
GO molecular function, REACTOME pathways, REACTOME
reactions, and WikiPathways databases were selected for
ClueGO analysis. Network specificity was set to medium and
terms were further filtered with cut-off p value of 0.05.
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