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Abstract

Inflammatory breast cancer (IBC) is a rare and extremely aggressive form of breast
cancer, with high rates of metastasis at diagnosis and a relative 5-year survival rate of about
40%. There are currently no clinically validated molecular markers of IBC, leading both to
difficulty in diagnosing IBC and to a lack of targeted therapies. Therefore, there is pressing need
for a standard method of coding and recording IBC cases based on current knowledge of IBC in
order to determine up-to-date prognoses for IBC survival. There is also need for a deeper
understanding of molecular drivers of IBC’s aggressively metastatic phenotype in order to
develop treatments that could further improve survival outcomes. In this work, we aim to 1)
develop and utilize a clinically-relevant coding method to assess IBC incidence and survival
in the US over four decades, and 2) determine the effects of candidate molecular markers
RhoC, epithelial junction proteins, and type I interferons on IBC and other aggressive
breast cancers’ invasive potential.

We find that using the clinical signs of edema, erythema, and “peau d’orange” to define
IBC cases in the National Cancer Institute’s Surveillance, Epidemiology and End Results
(SEER) databases results in a cohort of patients with nearly identical survival curves compared
to IBC cases defined by specifically stated pathologic or clinical diagnosis of IBC in the tumor
registry record. We further report that the incidence of IBC has been largely stable over the past
four decades, while IBC survival measured in mean survival months has significantly improved,
doubling over the past three decades. However, we find significant racial disparities in the

epidemiology of IBC; black patients have higher incidence, younger age at diagnosis, and worse

Xi



survival of IBC compared to white patients. Despite overall improved survival for all races, the
differences in survival between black and white patients have persisted from the 1980s to the
2010s.

To explore potential molecular therapeutic targets that could be utilized to further
improve survival outcomes for IBC patients, we move to assessing IBC from a cell biology
perspective by using CRISPR-Cas9 knockout of RhoC, a small GTPase highly expressed in IBC
and other aggressive breast cancers, to investigate the mechanism behind RhoC-driven
metastasis. We determine that in these breast cancer cells, RhoC expression promotes cell
invasion while decreasing the expression of cell-cell junction proteins and the functionality of
epithelial junctions. RhoC expression also increases robust cellular Type | interferon signaling
and response to interferon treatment, especially in triple-negative breast cancer cells. We further
find that interferon treatment increases cell-cell adhesion and decreases cellular invasiveness, but
these effects are dampened in RhoC knockout cells.

Overall, this thesis work contributes an updated picture of the state of IBC incidence and
survival in the US, as well as a novel mechanistic linkage between RhoC, Type | interferon
signaling, and epithelial junction proteins that could be useful in developing therapeutic

interventions for metastatic IBC.
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Chapter 1 : Introduction: Inflammatory Breast Cancer — Epidemiology and Molecular
Underpinnings

Inflammatory Breast Cancer Clinical Features and Management

Among the different types of breast cancer, inflammatory breast cancers (IBCs) are
notable for their aggressive progression. IBC is characterized pathologically by invasion of the
dermal lymphatics by tumor emboli, which is thought to contribute to the classic clinical signs of
edema, erythema, and “peau d’orange” (skin of an orange) skin changes that progress rapidly,
within six months from onset of symptoms. As such, by definition IBC patients are classified to
be at least Stage Il at diagnosis; additionally, 20-30% of IBC patients present with distant
metastases at diagnosis, while in non-inflammatory breast cancer (non-1BC) only 6-10% of
patients present with distant metastases at diagnosis*~. IBC is relatively rare, comprising about
2% of all breast cancer diagnoses in the US, though in Egypt and North Africa IBC comprises
about 11% of all breast cancers*®.

Breast cancer overall is a heterogeneous disease, and IBC itself is equally heterogeneous.
Breast cancers are commonly categorized by whether they express the estrogen receptor (ER),
progesterone receptor (PR), or HER2. In terms of hormone receptor (HR) expression and HER2
status, on average about 44% of IBCs are HR+/HER2-, 14% are HR+/HER2+, 18% are HR-
/HER2+, and 24% are HR-/HER?2-, also known as triple-negative breast cancer (TNBC)®2.
These proportions contrast with the distribution of molecular subtypes in breast cancer overall,
where 73% are HR+/HER2- and 12% are TNBC®. IBC is typically treated with anthracycline-

and taxane-based neoadjuvant chemotherapy, followed by modified radical mastectomy and



locoregional radiation therapy; for HR+ and HER2+ patients, treatment includes adjuvant
hormone therapy and trastuzumab before and after surgery, respectively'®. This multimodality
therapy was adopted for IBC treatment in the 1980s'*13; previously, IBC was treated with
radiation and sometimes also mastectomy, but this approach resulted in dismal overall 5-year
survival of 5.6% of patients and mean survival time of 22 months!*. By the 2000s, trimodality
therapy as well as the use of trastuzumab for HER2+ patients had increased IBC relative 5-year
survival to 38.9%"°, with Stage 111 (no distant metastases at diagnosis) IBC overall 5-year
survival increasing to 68%?¢. Despite the major improvements in IBC survival over the past
several decades, the odds of survival are still much lower for IBC patients compared to Stage IlI

non-1BC patients, who have a relative 5-year survival rate of 86%°.

Challenges of IBC Diagnosis and Clinical Data Collection

Survival outcomes for IBC patients are also worsened by delays in determining an
accurate diagnosis. Since IBC is rare, the clinical signs of erythema and edema of the breast can
be ascribed to other etiologies, such as acute mastitis or cellulitis, although these typically
present with fever and leukocytosis while IBC does not!’. A patient given an initial diagnosis of
infection would be treated with antibiotics; when their symptoms would not resolve after a week
or two, IBC should be considered as a possible diagnosis and a biopsy performed without further
delays. Due to the aggressive nature of IBC, even a few weeks’ delay can significantly impact
the spread of the cancer and thereby patient survival'®. IBC is sometimes also misdiagnosed as
non-inflammatory locally-advanced breast cancer (LABC)*®, which can mislead the patient and
provider about the prognosis and in some cases change the treatment regimen offered to the

patient—for instance, surgical resection has not been consistently demonstrated to provide



survival benefit for Stage IV non-IBC, while it does improve survival for Stage IV IBC patients
if carried out after chemotherapy?°.

The difficulty of determining standard criteria to define and diagnose IBC has persisted
since the earliest descriptions of IBC in scientific literature in 18162%. In 2006, Kim et al.
reviewed the extant literature on cohort studies of IBC patients, and found that 52% of these
studies did not report which clinical parameters they used to define IBC cases, while the studies
that did define IBC cases used different clinical standards to do so?2. The National Cancer
Institute’s Surveillance, Epidemiology and End Results (SEER) databases have also used
differing codes to refer to IBC over the past four decades—the original SEER coding guidelines
for IBC dictated that a case be defined as IBC, using the code ‘ICD-O 8530°, only if IBC or
dermal lymphatic invasion were explicitly noted in the pathological report. By 1988 the
American Joint Committee on Cancer (AJCC) clinical staging categories were also being used to
code patients for SEER, and ‘T4d’ became the recommended coding for clinically presenting
IBC, where T represents tumor size and T4d indicates that the tumor is diffuse, as quite
frequently IBC does not present with a measurable mass. In the following decades the
recommended coding for IBC has vacillated between emphasizing that clinical signs must be
occurring in a majority of the breast to be IBC and not specifying a threshold amount of
abnormal signs involving the breast skin?324,

To address these challenges and work towards standardized criteria for diagnosis and
improved quality of data collection for IBC, a panel of international IBC experts was convened
in 2008, and they put forth a consensus statement regarding diagnosis and clinical management
of IBC. Thus the current consensus on minimum requirements for an IBC diagnosis is the

presence of erythema, edema, and/or “peau d’orange” skin changes covering at least 1/3 of the



breast and having developed in less than six months, along with invasive carcinoma confirmed
via biopsy®8. For clinicians, it is also strongly recommended that if they suspect a diagnosis of
IBC, detailed description of the patient’s clinical signs and photographic evidence of the skin
changes should be included in the medical record!®!°, Notably, the presence of dermal lymphatic
invasion on histologic analysis is not required for an IBC diagnosis. There is also no requirement
for the presence of any specific molecular marker—for the simple reason that multiple studies
have not found a robust IBC-specific genomic expression profile?>%, nor yet identified and

validated an IBC-specific molecular marker for clinical use'®.

Molecular Markers Characteristic to IBC: RhoC, E-cadherin, Interferon Response

Despite not yet being used in the clinic, differential expression of some candidate
molecular markers has been observed in IBC compared to non-1BC. These include increased
expression of RhoC, increased expression of E-cadherin, and increased expression of the
interferon-a (IFN-a) signaling pathway in IBC.

RhoC, a member of the Rho GTPase family, is more highly expressed in IBC compared
to non-IBC?"-2°, Furthermore, transfecting normal human mammary epithelial cells with RhoC
led to the cells becoming more motile and invasive, and secreting levels of angiogenic factors
similar to what IBC cells secrete?’*, Activation of RhoC by the kinase Aktl phosphorylating
serine 73 is also linked to increased IBC invasiveness®3, Interestingly, the expression of RhoC
is variable in the pathognomonic tumor emboli in the dermal lymphatics of IBC (Figure 1.1A),
whereas RhoC expression was found to be consistently high in primary IBC tumors (Figure

1.1B)%,



E-cadherin is a component of adherens junctions, helping epithelial cells adhere to one
another. Regardless of molecular subtype, IBC has higher protein expression of E-cadherin than
in non-1BC?%%3; moreover, the expression of E-cadherin in IBC is visible within the tumor
emboli invading the dermal lymphatics (Figure 1.1C)**. In one patient-derived xenograft IBC
model, mMRNA expression of E-cadherin was decreased compared to non-IBC, but nevertheless
protein expression of E-cadherin was significantly elevated compared to non-1BC%,

Interferons are cytokines originally discovered as important for immune anti-viral
response but increasingly recognized as contributing to tumorigenesis and cancer progression.
The type I interferon IFN-a specifically has been found to be more highly expressed in the cell
lysates of IBC compared to non-IBC*. Several genes downstream of IFN-a are also more highly
expressed in IBC?.

Besides their association with IBC, these proteins have been more broadly studied in

other cancers and in relation to each other.

RhoC and Other Rho GTPases in Cancer

Rho GTPases can be thought of as molecular switches, cycling between active GTP-
bound states and inactive GDP-bound states, in order to regulate multiple signaling pathways in
eukaryotic cells (Figure 1.2A). One of the most important parts of the cell that they are known to
regulate is the actin cytoskeleton 3’. Rho GTPases are regulated by posttranslational
modifications, one of which is the addition of a lipid group at the C-terminus, which occurs in all
Rho GTPases except for RhoBTB1 and RhoBTB2. This lipid group can be a prenyl or a
palmitoyl group, and the prenyl groups are further subdivided into 15-carbon farnesyl groups or

20-carbon geranylgeranyl groups. Such lipid modifications facilitate Rho GTPases’ interaction



with phospholipid membranes, and bring them into closer proximity to activators like guanine
nucleotide exchange factors, inactivators like GTPase-activating proteins, and downstream
effectors which have Rho-binding domains %. The first Rho family genes were identified in
1985, and were found to be similar to Ras oncogenes in their molecular weight, their membrane-
targeted C-terminal sequences, and internal structural homology 3. These similarities inspired
investigations into whether Rho GTPases, specifically the RhoA subclass of Rho GTPases
(Figure 1.2B), were also involved in cancer biology.

RhoA, RhoB, and RhoC are Ras homologues, but do not have the oncogenic
transforming capability of Ras. RhoA, RhoB and RhoC differ mostly in the 9-12 amino acids at
their C-terminals, as well as in posttranslational modifications. RhoA and RhoC are
geranylgeranylated, while RhoB is palmitoylated as well as geranylgeranylated or farnesylatede.
Early work on the RhoA subclass was complicated by the difficulty of obtaining reagents
specific for each member of the subclass, forcing researchers to develop creative methods of
manipulating these proteins. For instance, Fritz et al. in 1999 assessed the amounts of RhoA,
RhoB, and RhoC in different tumors by using the Clostridium botulinum exo-enzyme C3-
mediated 32P-ADP-ribosylation assay, which specifically detects RhoA subclass proteins. They
found increased 2P labeling in colon tumors compared to normal colon tissue, as well as in
breast tumors as compared to normal breast tissue, and concluded that RhoA subclass proteins
were elevated in malignancies. They also assessed these tissues via Western Blot, and used
antibodies against RhoA, Rac and Cdc42—however these antibodies were not specific for
proteins within these subclasses. While Rac and Cdc42 were elevated in some tissue types but
not in others, RhoA subclass protein expression levels were consistently found to be increased in

colon, breast, and lung cancers compared to their normal tissue counterparts. Furthermore, 32P—



and therefore RhoA subclass protein expression levels—were found to be higher in grade 11
breast tumors than in grade I. Taken together, these results suggested a compelling association
between RhoA subclass proteins and a variety of human malignancies, as well as highlighted
RhoA subclass proteins as a potential marker for cancer aggressiveness®.

When RhoA subclass proteins were found to be expressed highly in a variety of cancers,
the question arose of whether any cancers had RhoA mutations. However, in an analysis of
human renal cell carcinoma, lung cancer, breast cancer, colon cancer, and ovarian cancer, no
evidence of activating RhoA mutations was found #!. Characterizing the potentially tumorigenic
effects of high non-mutated RhoA subclass expression emerged as the next logical step. And out
of the RhoA subclass proteins, RhoC emerged as playing a major role in cancers.

In 2005, Hakem et al. developed RhoC -/- mice to study RhoC’s role in embryonic
development, specifically in immune cell function, as well as its putative tumorigenicity. When
the wild-type and RhoC -/- mice were 6-10 weeks of age, they were assessed for differences in
terms of thymocyte numbers, lymph node numbers, splenic lymphocyte numbers, lymphocyte
proliferation, thymocyte apoptosis, or thymocyte/T-cell/B-cell/neutrophil migration capacity. No
significant difference between the immune systems of the wild-type mice and the RhoC -/- mice
was found. However, they did find that under serum starvation, fibroblasts from the RhoC -/- had
a more rounded morphology and fewer actin stress fibers than did their wild-type counterparts,
which retained a classic elongated shape*?. These findings pointed to RhoC having a role in
cytoskeletal remodeling.

In terms of tumorigenesis, when Hakem et al. crossed polyomavirus middle T (PyV-mT)
to transgenic RhoC +/- and RhoC -/- mice, they saw no significant differences in terms of size,

number, or timing of primary tumor appearance. However, RhoC +/- PyV-mT mice had



significantly greater numbers of lung metastases at significantly greater sizes than those of RhoC
-/- PyV-mT mice. RhoC -/- PyV-mT mice's lung metastases had a greater number of cells
positive for cleaved caspase3 than the RhoC +/- control mice, meaning that without functioning
RhoC the metastatic cells were more susceptible to apoptosis. Altogether, this work pointed to
RhoC having a specific role not in primary tumor formation but in facilitating metastasis,
potentially through both cytoskeletal remodeling and through protecting metastatic cells from
apoptosis “?. Indeed, RhoC expression had been linked to the metastatic potential of a variety of
other cancers besides breast, including gastric %, hepatocellular®*, bladder #°, pancreatic ¢, and
melanoma*’.

Further work on RhoC subsequently focused on characterizing its relationship to
metastasis. In an analysis of 801 tissue cores from 280 patients covering a variety of normal and
cancerous breast tissue, it was found that RhoC expression increased with increasing breast
cancer aggressiveness, and that higher RhoC expression was associated with higher patient
mortality. Moreover, high RhoC was a predictor of poor response to standard chemotherapy
regimens, increasing the likelihood that patients would experience metastasis and relapse .
Knocking down RhoC expression with siRNA in non-IBC cells led to slower cell proliferation,
reduced motility and invasive capacity, and significantly less collagen | adherence, as well as
decreased a2 and B1 integrin expression compared to wild-type and control scrambled siRNA
cells®.

An attempt to characterize breast cancer stem cells (BCSCs) in the inflammatory breast
cancer cell line SUM 149 found that the BCSC population, marked by high aldehyde
dehydrogenase (ALDH) expression, of SUM 149s was responsible for a large fraction of the

high levels of RhoC expression in SUM149s. Even in SUM 149 RhoC knockdowns and in



normal breast epithelial cells (MCF10A) transfected with constitutively activated overexpressed
RhoC (G14V), sorting by ALDH activity uncovered a more stem-like ALDH+ cell population
that had higher RhoC expression than ALDH- cells. Furthermore, cells with greater RhoC
expression had a more morphologically “disorganized” and metastatic phenotype. In vivo
orthotopic xenograft experiments in NOD/SCID mice showed that the higher the RhoC
expression of the cells, the more lung metastases arose in the mice, consistent with prior work on
RhoC. The observation that even ALDH- MCF-10A G14V mice could develop metastases
supports the idea that RhoC can promote metastasis independently of BCSC mechanisms,
despite their ordinarily close association °.

Of note, RhoA and RhoC have been shown to have a mutual feedback relationship in
breast cancer cells: knocking down RhoA leads to increased RhoC expression, and vice versa,
while RhoA knockdown increases cell invasion and RhoC knockdown decreases invasion®?. It is
possible that this feedback relationship is driven by competition to bind to Rho GDP dissociation
inhibitor (Rho GDI), which when bound leads to Rho proteins staying inactivated but also
protects Rho proteins from degradation®2. However, constitutively-active RhoA and
constitutively-active RhoC both increased the motility and invasiveness of head and neck
squamous cell carcinoma cell lines, which could point to RhoA and RhoC having some

compensatory functions®?,

Cell Junction Proteins and Interaction with Rho GTPases
There are two categories of epithelial cell junctions: adherens junctions (AJ) and tight
junctions (TJ). AJs provide structural support and strong mechanical attachments between cells,

and are principally composed of the transmembrane protein E-cadherin and the cytoplasmic



proteins a- and B-catenin, which link AJs to the actin cytoskeleton®*. TJs regulate the passage of
ions and solute between cells, and block the mixing of apical and basolateral integral membrane
proteins. The transmembrane TJ proteins include Occludin and the Claudin family, and the main
cytoplasmic TJ proteins are the ZO family, which link the transmembrane TJ proteins to the actin
cytoskeleton. ZO proteins can also interact with cytoplasmic AJ proteins, linking the signaling of
AJs, TJs, and the actin cytoskeleton®®.

Besides their regulation of the actin cytoskeleton that leads to indirect regulation of
junction structure and function, members of the Rho family are known to directly interact with
multiple components of AJs and TJs—for instance, p120 catenin can bind to both E-cadherin and
to RhoA-GDP®°. It has also been demonstrated that RhoA specifically is important for both the
initial formation and the structural maintenance of AJs and TJs®. Interestingly, studies using
both dominant negative and constitutively active forms of either Rac or RhoA GTPases result in
AJ and TJ instability®®®’, suggesting that the stability of epithelial junctions is dependent on
balanced activation of Rho GTPases. Amongst the RhoA subclass of GTPases, constitutively
active RhoC reduces junction stability more than RhoA does; RhoC also binds more strongly to
the Rho-associated protein kinase (ROCK) than RhoA does®®, and inhibiting ROCK leads to
decreased cell migration and stable localized expression of ZO-1 and E-cadherin at cell
junctions®. In this thesis, | will characterize further the relationship between RhoC and cellular

junctions in aggressive breast cancers.

Type I Interferon Signaling and Interaction with Junction Proteins and Rho GTPases
The canonical type I interferon signaling pathway consists of type I interferons (i.e. IFN-

a and IFN-B) binding to their plasma membrane receptors (IFNAR1/2), leading to cytoplasmic

10



activation of JAK1 and TYK2, which phosphorylate STAT1/2. Tyrosine-phosphorylated
heterodimers of STAT1/2 then bind to IRF9, and the whole complex is known as ISGF3. ISGF3
translocates to the nucleus and binds to IFN-stimulated response elements (ISRE) on IFN-
induced genes’ (ISGs) promoters and initiates transcription of these genes. STAT1, STATZ2, and
IRF9 are all in fact 1ISGs®. There are also a variety of non-canonical interferon signaling
pathways, including transcription initiated by unphosphorylated-ISGF3 (U-ISGF3) and by
unphosphorylated STAT2 and IRF9, as STAT1 is not strictly necessary for ISG transcription®:,
U-ISGF3 specifically has been found to drive a prolonged expression of 1SGs, occurring over
days rather than the few hours of transcription induced by ISGF36263,

In some studies, IFN-a treatment has been demonstrated to reduce epithelial barrier
integrity in a dose-dependent fashion while increasing expression of occludin and E-
cadherin®®, In another study, IFN-a treatment leads to decreased protein expression of claudin-
1 and E-cadherin but no changes in mMRNA expression®. 1ISGs have also been linked to junction
protein expression—IF127 knockdown in cholangiocarcinoma cells led to increased E-cadherin
expression and decreased cell proliferation and invasion®’, and IFITM1 may bind to occludin and
modulate tight junctions in endothelial cells®®.

Interestingly, treating cells with interferon-alpha (IFN-a) also leads to increased RhoA
activation®®7° and RhoA has been linked to enhancing the inflammatory response’*. In this
thesis, | will highlight the novel finding of a relationship between RhoC expression, type |

interferon response, and cell junction behavior.
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E-cadherin and Other Junction Proteins in Cancer

The classical association of E-cadherin and cancer is in the context of epithelial-
mesenchymal transition (EMT), the proposed process whereby cells from primary tumors gain
the ability to metastasize. EMT was canonically marked by loss of E-cadherin expression and
gain of N-cadherin expression. However, recent studies indicate that hybrid epithelial-
mesenchymal cells exist that retain expression of some epithelial markers and some
mesenchymal markers; these cells have increased stemness and also enhanced motility along
with ability to adhere to other tumor cells, meaning that these hybrid epithelial-mesenchymal
cells are more likely to migrate in clusters than as single cells’. EMT is also broadly associated
with loss of tight junctions, although recent studies demonstrate that tight junctions are not
uniformly lost in metastatic cells and instead behave in context-dependent manners based on
cancer type. A variety of mislocalized claudins, including claudin-1 and claudin-7, have been
found to be upregulated in some colorectal, pancreatic, and breast cancers and have been
additionally found to promote EMT and metastasis in these contexts’.

Multiple studies of diverse cancer types demonstrate a loss of junctional markers in
malignant vs. normal tissue; however, these studies differ on the prognostic value derived from
the loss of junction proteins. For instance, Martin et al. find that the mRNA expression of ZO-1
decreases with increasing breast cancer tumor stage’®, and Hoover et al. report that 74% of their
infiltrating ductal breast carcinoma samples had reduced or negative ZO-1 expression and ZO-1
expression decreased as tumor dysplasia increased, whereas 100% of their ductal carcinoma in
situ samples retained ZO-1 expression’. On the other hand, Bornholdt et al. found no
correlation between the level of claudin-7 mRNA expression and the stage of colorectal

carcinoma or the severity of dysplasia in colorectal adenomas’®. Kaihara et al. found that
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decreased E-cadherin and ZO-1 staining in primary tumor samples from colorectal cancers
predicted which tumors went on to have liver metastases’’. These results point to the fact that E-

cadherin’s expression and localization are highly context dependent in cancers.

Interferon Signaling in Cancer

IFN-a has been used clinically as an anti-tumor agent for decades, having first been
recognized as anti-tumorigenic in 197078, Type | interferons have been shown to activate
dendritic cells and thereby increase anti-tumor immune response. Recent studies also
demonstrate that IFN-a treatment reduces the number and size of lung cancer metastases and
melanoma metastases in in vivo models’®8. High-dose IFN-a (>1000 1U/ml) is FDA-approved
as monotherapy for Kaposi’s sarcoma, follicular non-Hodgkin lymphoma, melanoma, and hairy-
cell leukemia, and for adjuvant therapy of melanoma; but overall clinical response rates are
modest, and high-dose IFN-a toxicity is high, thus oncological use has diminished in recent
times®.. A clinical study of IFN-a treatment in combination with chemo for patients with
resected prostate cancer demonstrated no benefit to event-free survival, and proposed that this
was due to the observed activation of both anti-tumor immune cells and immunosuppressive
cells®2. On the other hand, IFN-a is also used clinically as an anti-viral agent, and achieves
sustained anti-virologic responses for significant populations of Hepatitis B and C patients®.
Some of the variation in clinical efficacy of IFN-a can be attributed to differing ISG induction at
differing concentrations of IFN-a; low-dose IFN- a tends to induce anti-viral ISGs, whereas
high-dose induces proliferation and inflammation-related I1SGs®.

Despite the clinical functions of IFN-a treatment, studies show that a variety of IFN-

signaling proteins are overexpressed in cancers. IRF9 is overexpressed in a majority of breast

13



and uterine tumor samples, and furthermore overexpression of IRF9 contributes to resistance to
antimicrotubule agents®*. IFITML1 is also overexpressed in a variety of cancers, including
colorectal cancer and non-small cell lung cancer, and is further overexpressed in metastases
compared to primary tumors®. IFI27 is increased in cholangiocarcinoma, and higher expression
correlated with decreased survival®’. Breast cancer tumors with high IFN signaling expression
are almost twice as likely to metastasize and to be fatal compared to tumors with low IFN
signaling expression®®.

IFN-B mRNA has been found to be more highly expressed in invasive ductal carcinoma
than in normal breast tissue, and higher IFN-B target gene expression correlated with improved
recurrence-free survival in TNBC specifically. More granularly, it was found that prognosis is
better in “immune-responsive” TNBC, where tumor-infiltrating lymphocytes (TILs) and
IFN/STAT signaling is present; “immune-repressed” TNBCs do not have TILs and suppress
IFN/STAT signaling, and are more refractory to chemotherapy and likely to recur. “Immune-
repressed” TNBCs also have cancer stem cell (CSC)-like qualities®®. In progesterone-receptor
(PR)-positive breast cancer cells, co-treatment with IFN-a and the PR ligand led to decreased
TYK2 phosphorylation, decreased STAT1 phosphorylation, and decreased binding of STAT2

and STAT1 compared to treatment with IFN-a alone. PR-positive cells also had smaller
increases in the ISGs IFITL, IFIT2, IFIT3, OAS], and ISG15 when treated with IFN-a compared

to PR-null cells. This may indicate that PR-positivity offers breast cancers a mechanism of
immune evasion through downregulation of interferon response, which is not available to

TNBCs?.

14



CONCLUSION

IBC is a highly metastatic disease with poor prognosis, no clinically-used molecular
markers, and no targeted therapies. A variety of putative molecular markers, namely RhoC, E-
cadherin, and IFN-a, have been experimentally demonstrated to be associated with IBC, but
studies linking these markers in the context of breast cancer are lacking. There is an urgent need
to understand the epidemiology of IBC based on standardized diagnostic definitions, as well as
to understand the molecular mechanisms that promote IBC metastasis. In this dissertation work
we demonstrate that, using a clinically-relevant definition of IBC in the US, IBC incidence has
not changed significantly over the past several decades, while IBC survival has doubled during
that time, though racial disparities in survival have persisted. We also demonstrate that in
aggressive breast cancers, RhoC modulates both cell junction behavior as well as IFN response.
The results of these studies may lead to improvements in IBC care and future development of

targeted therapies to reduce metastases in IBC.
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FIGURES

Figure 1.1 IBC molecular marker expression. (A) H&E stain of IBC, depicting tumor emboli in the
dermal lymphatics of this section of breast tissue. (B) Expression of RhoC in IBC sample. (C) Expression
of E-cadherin in IBC tumor emboli. Adapted from Kleer et al. 20013,
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Figure 1.2 Rho GTPase signaling and family. (A) Rho GTPase signaling cycle. Guanine exchange
factors (GEFs) activate Rho proteins to a GTP-bound state, allowing them to interact with effector
molecules and facilitate downstream signaling. GTPase-activating proteins (GAPs) inactivate Rho
proteins by inducing GTP hydrolysis, leaving Rho proteins GDP-bound. GDP dissociation inhibitors
(GDIs) bind Rho-GDP and hold them in the cytoplasm to prevent Rho degradation by ubiquitination.
Adapted from Olayioye et al. 2019 (B) Rho family GTPases, arranged in a phylogenetic tree with other
Ras family GTPases depicted as well. Of the 22 Rho family GTPases, 19 can be grouped into one of six
subfamilies: RhoBTBs (cyan), Rac-related (pink), CDC42-related (yellow), RhoA-related (light blue),
Rnds (green), and Miros (purple). Adapted from Wennerberg et al. 2004%°.
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Chapter 2 : Incidence and Survival of Inflammatory Breast Cancer between 1973-2015 in
the United States!

SUMMARY

Inflammatory breast cancer (IBC) is an aggressive variant characterized by erythema,
edema, and “peau d’orange” of the skin progressing within six months. As IBC is a rare cancer
and diagnosis relies on clinical presentation (not standardized molecular markers), it is difficult
to identify and extract data on IBC cases in cancer databases, and as such the epidemiology of
IBC is infrequently analyzed. The National Cancer Institute’s Surveillance, Epidemiology, and
End Results (SEER) program hosts the most comprehensive databases of cancer cases in the
United States; no reports on IBC survival based on the SEER database had been published in the
literature for patients diagnosed after 2008, almost a decade before we began this analysis. We
therefore determined to assess the incidence and survival of IBC in the US over four decades,
comparing historical results to the most recent data available. Using SEER*Stat, a case list of

IBC patients diagnosed between 1973-2015 in the US (n = 29,718) was extracted from SEER 18
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registries by using a combination of morphology, stage, and extent of disease criteria, M1 and
MO patients included. Age-adjusted incidence rates, relative survival rates, and mean survival
time were calculated. Significance was determined as non-overlapping 95% confidence intervals.
The overall incidence of IBC from 1973 — 2015 is 2.76 (2.73, 2.79) cases per 100,000 people,
with white patients having an incidence rate of 2.63 (2.60, 2.67), black patients 4.52 (4.39, 4.65),
and patients of other race 1.84 (1.76, 1.93). The overall IBC relative 5-year survival rate is
40.5% (39.0%, 42.0%), 42.5% (40.7%, 44.3%) and 29.9% (26.6%, 33.3%) for white patients and
black patients respectively. Patients diagnosed in 1978-1982 have a mean survival time of 62.3
(52.0, 72.6) months, while those diagnosed in 2008-2012 have mean survival time of 99.4 (96.4,
102.4) months. There is no significant difference in survival time between T4D patients and
patients with other T staging and Extent of Disease coding consistent with clinical IBC
presentation. Overall, IBC survival has increased over four decades, but despite the improvement
in survival for all racial groups, a persistent survival disparity that has not narrowed over two

decades remains between white and black patients.

INTRODUCTION
Inflammatory breast cancer (IBC) is a rare and aggressive variant of stage 111D breast
cancer, with increased likelihood of metastasis upon diagnosis relative to non-inflammatory
breast cancer. Patients presenting with IBC experience diffuse or localized erythema and
swelling of the breast, often with a “peau d’orange” appearance of the skin, that evolves and
progresses within six months?.
The literature on IBC examining survival using the National Cancer Institute’s

Surveillance, Epidemiology, and End Results (SEER) program has assessed patients diagnosed
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before 20082, Studies with more recent patient data used pathological instead of clinical
definitions of IBC, resulting in smaller patient cohorts as IBC is inconsistently noted on
pathology reports®, since the diagnosis of IBC relies on clinical presentation and history of the
disease progression. There was therefore concern that the current literature on IBC survival was
not capturing all patients who in fact have IBC. Nevertheless, a consistent observation across
previous studies is that IBC incidence is higher in blacks than in whites, and that survival in IBC
and other advanced breast cancers is worse in blacks than in whites®>"°.

This study aimed to achieve a comprehensive view of the clinical and epidemiological
evolution of IBC in the United States over the past four decades. Major global advocacy and
education efforts®® are hypothesized to have produced greater awareness and more timely
diagnosis and implementation of multimodality treatments in IBC. We combine pathological and

clinical definitions of IBC to capture most or all patients with a true clinical diagnosis of IBC,

and we assess incidence and survival of IBC patients by race from 1973 — 2015 using SEER 18.

MATERIALS AND METHODS

Data Source and Case Definitions
We used SEER*Stat software version 8.3.5 to extract case lists of IBC patients from the
November 2017 submission of SEER 18 registries for all cases diagnosed between 1973 — 2015.
SEER 18 represents 27.8% of the US population, based on the 2010 census.
The original SEER coding guidelines for IBC dictated that a case be defined as IBC,
through the code ICD-O 8530, only if “IBC” itself or “dermal lymphatic invasion” were
specifically noted in the pathological report. By 1988, the American Joint Committee on Cancer

(AJCC) clinical staging categories were also being used to code patients for SEER, and T4d

26



became the recommended coding for clinically presenting IBC. In the following decades the
recommended coding for IBC has fluctuated between emphasizing that clinical signs must be
occurring in a majority of the breast to be IBC and not specifying a threshold amount of
coverage. Previous studies have noted the importance of the trifecta of clinical signs—rapidly-
progressing erythema, edema, and “peau d’orange”—in accurately diagnosing IBC, no matter
what percentage of the breast is covered, since it is widely acknowledged by experienced
clinicians to be almost impossible on physical exam to accurately ascertain what amount of skin
represents a specified fraction, such as 1/3 or 1/2, of the breast.

Therefore, in order to capture the most accurate subset of breast cancer patients with IBC,
and in accordance with the consensus of the IBC International Consortium?°, we chose to
coalesce the previously used categories (Table 2.1). We first defined IBC patients as all female
breast cancer patients coded with the ICD-O-3 code 8530 (IBC specifically noted on pathology
report) or with the AJCC 6" edition code T4d (erythema and edema involving more than half the
breast), resulting in an initial cohort of 15,670 patients with stringently-defined IBC which we
used to assess what ICD-0-3, AJCC, and extent of disease codes were associated with these
cases. We then expanded our cohort in a clinically-relevant fashion by defining IBC patients as
all female breast cancer patients coded with 8530, T4d, or the extent of disease collaborative
staging extension codes 510 - 750 (describe erythema, edema, and “peau d’orange” to varying
extents—codes further expanded upon in Table 2.2). This results in a cohort of 29,718 IBC

patients diagnosed between 1973-2015, which we used for all further analyses.
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Incidence Analyses

Different SEER registries began contributing data at different times, so our case list
extraction represents a varying fraction of the US population sampled over time, as follows:
1973 — 1991, 9.4%; 1992 - 1999, 13.4%; and 2000-2015, 27.8%. In order to compare IBC case
count to an appropriate healthy population, case count and healthy population count were
extracted using SEER*Stat software package version 8.3.5 from the November 2017
submissions of SEER 9 for all patients diagnosed between 1973 - 1991, SEER 13 for 1992 -
1999, and SEER 18 for 2000 - 2015. Age-adjusted incidence rates were calculated for all races
for women with IBC, with age-adjustment based on the 2000 U.S. standard population and 95%
confidence intervals (CI) calculated using the Tiwari et al modification!!, and p values were

reported as significance tests for the difference between incidence rates.

Receptor Status Analyses

We sought to assess the proportion of IBC patients with hormone receptor (HR)+/HER2-
cancer, HR-/HER2+ cancer, and triple-negative breast cancer, given that prior studies focused
mainly on single institution cohorts, with the exception of the recent study by Aurit et al*2. In our
overall cohort of 29,718 IBC patients, 7,799 patients (26.2%) had at least one HR and HER2
status known. Using this smaller cohort, we assessed the proportion of IBC patients with each
receptor status, and investigated the contribution of race to mean age at diagnosis of IBC, by
receptor status. Based on the 2010 Collaborative Stage coding guidelines, we include receptor
status coded as “borderline” (formerly defined as 1-9% cells stained) as “positive” (currently

defined as > 1% of cells stained). Significance was determined as non-overlapping 95% CI of the
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mean ages for comparative groups, with 95% CI calculated as per Kaye et al*®, and p values were

reported as significance tests for the difference between mean age of diagnosis.

Survival Analyses

Comparison of Relative Survival Rates over Calendar Time

Relative survival rates are the ratio of the proportion of observed survivors in a cohort of
cancer patients to the proportion of expected survivors in a comparable healthy population, thus
representing cancer survival apart from other causes of death. We calculated 5-, 10-, 15-, and 20-
year relative survival rates using Survival Sessions on SEER*Stat software version 8.3.6 and the
November 2015 submission of SEER 18 registries for cases diagnosed between 1973 — 2013, on
a cohort of patients defined to have IBC using the coding from Table 2.1. We used this database
because it had the broadest range of years of diagnosis available in a SEER*Stat Survival
Session, although it did not include patients from 2013-2015, as does our incidence analysis.
Using this database yields a cohort of 23,130 IBC patients diagnosed between 1973 — 2013. We
estimated relative survival rates stratified by race using the Ederer 11 method**, and 95% CI were
calculated using the Greenwood Method®®. P values were reported as significance tests for the

difference between relative survival rates.

We use two methods of calculating relative survival rates: cohort analysis and period
analysis. A schematic layout of patients included in these analyses is presented in Figure 2.1.
Period survival analysis betters predicts the survival of more recently diagnosed patients than
does traditional cohort analysis'®, so we compare period analysis rates to cohort analysis rates to

assess difference in survival between recently-diagnosed and historically-diagnosed patients.
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Comparison of Mean Survival over Calendar Time

Although period analysis assesses the survival of recently-diagnosed patients, it does not
compare survival of patients diagnosed in each calendar year’. In order to calculate this, we use
the recorded survival in months in our case listing of IBC patients from the November 2017
submission of SEER 18 registries for all cases diagnosed between 1973 — 2015, defining IBC as
in Table 2.1. To make a cohort comparable to the one used for calculating relative survival rates,
we once again restricted the cases to those diagnosed between 1973 — 2012, excluding cases
diagnosed by autopsy or death certificate only, cases whose “cause-specific death classification”
was listed as “N/A not first tumor”, and cases listed as “Alive” whose survival months = 0.
These exclusions are the recommended filters from the SEER*Stat program in order to best
represent survival of a specific cancer. Applying these exclusions results in a cohort of 21,933
IBC patients with active follow-up who were diagnosed between 1973-2012, out of a previous
total cohort of 25,494 IBC patients diagnosed in the same period. The average rate of loss-to-
follow-up over 1973-2012 was 12.6% (see Table 2.3).

To account for unobserved survival information for patients alive at the end of our
selected time period, we impute their survival times by pseudo observations. We assume that
patients born in similar years have similar survival dynamics and residual survival. Based on this
assumption, we divided patients into cohorts based on birth year. Birth cohorts were created as
follows: patients born from 1880 to 1910 were grouped into one birth cohort. From 1910 to
1980, patients born in every 10-year interval were grouped into a birth cohort: e.g., patients born

in 1910-1920 were grouped together, and so on. Patients born after 1980 were grouped into a
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birth cohort. Pseudo survival times (the time from diagnosis to death) for censored patients were
imputed using survival models for each birth cohort.

In order to obtain the survival rates used for imputation, we fit a separate Cox
proportional hazards regression model for overall survival for patients in each birth cohort,
where patients alive in 2012 were listed as censored at the corresponding follow-up time. For this
regression model, we considered formulas adjusting for (1) age at diagnosis and (2) age at
diagnosis and race as follows:

Aic() = Agc(w) eFr49e (1)
L) = Ag.(w) e B1-Age+pP21(African American)+B31(Other Race) (2)
where ¢ indexes the birth cohort where A, .(u) is the instantaneous rate of death at follow-up
time u for cohort c.

For each patient with unknown survival time in birth cohort c, we impute the

corresponding survival time conditionally on having survived until the censoring time t* by the

inverse transformation as follows:

imputed survival = S; (U X S..(t"))

where S, (k) = e‘fé(’ﬂc(”)d“ and U is a random number generated from a uniform[0,1].
Mean survival time in months was calculated based on the survival months for
uncensored patients and imputed survival time for censored patients in a five-year diagnosis
cohort (1973-1977, 1978-1982, etc.). Empirical bootstrap method was used to calculate the
confidence interval of the mean survival time for each diagnosis cohort. To investigate the
survival difference between African American and White patients, we calculated the mean

survival time separately for African American and White patients using the pseudo survival time
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imputed from Formula 2. Empirical bootstrap method was used to calculate the confidence
interval of the mean survival time for each diagnosis cohort, separately for the two populations.
To obtain a more accurate estimate of survival time, we used multiple imputation.
Specifically, we drew 10 survival times for each censored patient using 10 different random
numbers U. We calculated the mean survival months and confidence interval for patients in a 5-
year period using each imputed dataset, and used Rubin’s combining rules to combine parameter
estimates and standard errors across imputed datasets to give the final estimates. The race
differences in the mean survival time post-imputation were also combined using Rubin’s rule to

arrive at a p-value.

RESULTS

Most Common Coding for IBC Cases in the SEER Database

In our stringently-defined IBC cohort of 15,670 patients diagnosed between 1973 — 2015,
we assessed which ICD-0-3, AJCC, and extent of disease collaborative staging extension (EoD-
CS-Ext) codes were entered for each case, and sought to identify any common patterns in
coding, especially in the EoD-CS-Ext codes as the current literature has not studied what EoD-
CS-Ext codes are used in practice to define IBC cases. As Figure 2.2 demonstrates, there are a
discrete number of codes consistently used for the majority of IBC cases. 55% of the cohort was
given the ICD-0O-3 code of “8530” for inflammatory carcinoma, while 35% of the cohort had the
ICD-0O-3 code “8500” for infiltrating duct carcinoma. For AJCC codes, 81% of the cohort was
coded “T4d” for inflammatory carcinoma and 11% was coded “Any T, Mets” denoting cancer
with distant metastases. EoD-CS-Ext codes were only added in 2004, so unsurprisingly 51% of

the cohort did not have EoD-CS-Ext coding. Of the remaining 7,642 cases, 37% were coded
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“710”, 35% were coded “750”, and 18% were coded “730”, all of which code for “diagnosis of
inflammatory carcinoma with a clinical description of inflammation, erythema, edema, peau
d’orange, etc” involving varying percentages of the breast (see Table 2.2 for code descriptions).
Thus, after defining a cohort using the ICD-0-3 and AJCC codes for IBC, this cohort was
consistently coded with the codes recommended for IBC in all three coding methods (ICD-O-3,
AJCC, and EoD-CS-Ext).

Our second IBC case cohort sought to be defined by the presence of clinical signs of IBC
as much as the pathological. IBC cases were defined as all female breast cancer patients coded
with ICD-0-3 8530, AJCC T4d, or EoD-CS-Ext 510 - 750 (describe erythema, edema, and “peau
d’orange” to varying extents—codes further expanded upon in Table 2.2). This resulted in a
cohort of 29,718 IBC patients diagnosed between 1973-2015. The coding distribution of this
cohort is displayed in Figure 2.3. Once again the ICD-O-3 codes were divided primarily
between 8530 for inflammatory carcinoma (29%) and 8500 for infiltrating duct carcinoma
(52%). The AJCC coding distribution for this cohort was 43% T4d for inflammatory carcinoma,
27% Any T Mets for cancer with distant metastases, and 23% T4b denoting “edema (including
peau d’orange) or ulceration of the skin of the breast, or satellite skin nodules confined to the
same breast”. T4b is also the catchall code for any case that only has “T4” in the record. The
EoD-CS-Ext coding for this cohort was more varied—27% of the cohort did not have EoD-CS-
Ext codes, but of the remaining 21,727 cases, 28% were coded “510”, 8% were “520”, 8% were
“5807, 16% were “7107, 9% were “730”, and 16% were “750”. While the latter three codes
describe the clinical signs of IBC occurring along with a stated diagnosis of IBC, the codes 510,
520, and 580 describe the same clinical signs occurring without an explicit identification of IBC

(see Table 2.2). We consider that this cohort best represents all possible cases of clinically-
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relevant IBC in the SEER database between 1973-2015, and utilize this cohort in the following

analyses of incidence, age at diagnosis, and survival.

Overall Incidence of IBC Over 4 Decades

As displayed in Figure 2.4, the incidence of IBC as captured by the SEER program has
changed over time. From 1973 — 1987, IBC incidence is relatively constant at 0.56 cases per
100,000 people, but from 1988 — 2003 the incidence of IBC rises to 2.03 cases per 100,000
people, followed by a sharp increase to 4.90 cases per 100,000 in 2004-2009, and then a near-
return to previous levels of incidence with 2.80 cases per 100,000 in 2010-2015. The overall
incidence of IBC from 1973 — 2015 is 2.76 cases per 100,000 people (Table 2.4). Interestingly,
the major changes in IBC incidence coincide with changes in SEER coding guidelines for IBC,
i.e. the introduction of the “T4d” AJCC code in 1988 and the introduction of Extent of Disease
Collaborative Staging codes in 2004. Notably, the larger increases in incidence that occur in
1988 and 2004 are followed by plateauing incidence rates in all races (Figure 2.4B), suggesting
that the increases are likely due to changes in SEER coding guidelines for IBC, rather than to

underlying biological variations, an idea that has also been proposed in previous literature’.

Racial Disparities in IBC Incidence
The overall age-adjusted incidence of IBC from 1973 — 2015 when stratified by race is
2.63 cases per 100,000 people for white patients, 4.52 for black patients, and 1.84 for patients of
other races (Asian, Pacific Islander, Native American, etc.) (Table 2.5). This pattern of black
patients having significantly higher IBC incidence than white patients (p < 0.00001) and of

patients of other races having lower IBC incidence than white patients (p < 0.00001) has been
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consistent throughout the history of SEER, becoming more pronounced as more registries

contributed larger numbers of minority patients to the data in 1992 and 2000.

Receptor Status and Age-at-Diagnosis for Subtypes of IBC

In our cohort of 7,799 IBC patients with at least one HR and HER2 status known, 3,464
(44.4%) were HR+/HER2-, 1,133 (14.5%) were HR-/HER2+, and 1,702 (21.8%) had triple-
negative IBC (Table 2.6). We find that across races, non-white patients are diagnosed with IBC
at significantly younger ages than white patients (mean age at diagnosis for white patients = 61.8
years, for black patients = 57.8 years (p < 0.00001), and for patients of other race = 57.5 years (p
< 0.00001)) (Table 2.6). Furthermore, for HR+/HER2-, HR-/HER2+, and triple-negative IBC,
black patients are diagnosed significantly younger than white patients, by about 4 years (p <
0.00001, p = 0.00004, and p < 0.00001, respectively). Both white and black patients with IBC
are diagnosed with HR-/HER2+ IBC at significantly younger ages than with HR+/HER2- IBC (p
< 0.00001 for white patients, p = 0.00236 for black patients), concordant with the age
distribution for all breast cancers. For all races, mean age at diagnosis for triple-negative IBC is
not significantly different from mean age at diagnosis for IBC overall (p = 0.391, p=0.396, p =

0.396 for white, black, and other patients respectively).

5-, 10-, 15-, and 20-year Relative Survival Rates of IBC Patients
The comparison of relative survival rate estimates using cohort analysis and period
analysis, stratified by race, is presented in Table 2.7. The 20- year relative survival rate
calculated by period survival analysis for patients with IBC is 21.5% for all patients, 22.1% for

white patients, 16.2% for black patients, and 26.9% for patients of other races, representing rates
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higher than those calculated by cohort-based analysis. Black patients have significantly lower
relative survival rates for both cohort and period-based analysis compared with white patients:
using period analysis, the 5-year relative survival rate of black patients is 29.9% and that of
white patients is 42.5% (p < 0.00001), while the10-year relative survival rate of black patients is
18.4% and that of white patients is 30.7% (p < 0.00001).

The comparison of 20-year period-based estimates and 5-, 10-, 15-, 20-year cohort-based
estimates of relative survival rates is presented in Figure 2.5. Relative 5-year survival rate of all
patients using cohort-based analysis is 41.9%, 10-year is 28.0%, 15-year is 21.3%, and 20-year is
15.6%. In comparison, the period-based relative 20-year survival rate is 21.5%. The difference

between cohort- and period-based survival is significant at a=0.05 for the 20-year survival rates

of all patients (p = 0.0158).

Racial Disparities in Mean Survival Months of IBC Patients

After multiple imputation using one Cox proportional hazard model with age of diagnosis
as the only covariate, and another Cox proportional hazard model with age of diagnosis and race
as covariates, the mean survival months of patients for each 5-year period of diagnosis from
1973 to 2012 are presented in Table 2.8. The mean survival months calculated using both Cox
models are similar, validating the obtained results—for patients diagnosed between 1973 to
1977, both models give mean survival of 48.0 months; mean survival steadily increases to 99.4
months in the double-covariate model for patients diagnosed between 2008-2012 (p < 0.00001)
(see Figure 2.6A).

Mean survival months for patients of different races are shown in Table 2.9 and Figure

2.6B. The mean survival time for white patients is 81.9 months from diagnosis year 1988 to
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1992, rising to 101.9 months from diagnosis year 2008 to 2012 (p = 0.177). The mean survival
time for black patients is 48.5 months from diagnosis year 1988 to 1992, rising to 84.3 months
from diagnosis year 2008 to 2012 (p < 0.00001). For both these time increments, white patients’
mean survival time is significantly higher than black patients’ (p =0.0157 and p = 0.00626 for
1988-1992 and 2008-2012, respectively).

The results of the linear model with number of survival months as the outcome (imputed
using the Cox proportional hazard model with age of diagnosis and race as covariates) and race
and year of diagnosis as the main effects are seen in Table 2.10: the effect of race on survival
time is 26.05 (95% CI 21.8, 30.2), indicating that white patients have increased survival time
compared to black patients, while the effect of year of diagnosis on survival time is 1.64 (95%
CI11.13, 2.15), indicating that patients diagnosed after the year 2000 have approximately 64%
increased survival time compared to patients diagnosed prior to 2000. The interaction between

race and year of diagnosis was not significant.

IBC Survival By AJCC Stage

The comparison of mean survival months between patients coded with stage T4d,
patients with stage “Any T with Mets”, and patients with all other T stages is presented in Figure
2.7A, and the breakdown of this data by race is presented in Figure 2.7B. Patients with
metastases have significantly lower survival than patients without metastases—in 2008-2012 the
mean survival time for “Any T, Mets” patients is 62.4 months, for T4d patients 108.2 months (p
< 0.00001) and for Other T patients 98.9 months (p < 0.00001). T4d patients and Other T
patients consistently have no significant differences in survival, with mean survival time in 2003-

2007 101.6 months for T4d patients and 102.6 months for Other T patients (p = 0.374), and in
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1988-1992 75.5 months for T4d patients and 70.4 months for Other T patients (p = 0.301). For
patients with and without metastases, white patients’ mean survival time is consistently higher

than black patients’ (see Table 2.11, 2.12).

DISCUSSION

Our calculated age-adjusted incidence rates of IBC are higher than those reported in
recent literature, although our incidence rates by race are consistent with previously reported
trends. We propose that this is due to our coding definition of IBC, which emphasizes the
importance of clinical signs like diffuse erythema, edema and “peau d’orange”—the defining
characteristics of IBC—in the absence of a specifically stated pathologic or clinical diagnosis of
IBC in the tumor registry record!®1°, We employed a specific definition that leverages the
existing data on SEER that is pertinent to IBC and, importantly, that aligns with IBC diagnosis in
the clinic—IBC is unique amongst solid tumor categories in that the diagnosis is primarily driven
by clinical presentation and not by identification from the pathology report. This method of
coding IBC cases might rarely capture cases of locally advanced non-IBC. However, as IBC
incidence has historically been underreported due to lack of consensus about coding and
diagnosis, our approach sought to assess all possible cases of IBC in the SEER databases,
including cases that may have been misclassified under previous analyses. By using the SEER
databases’ coding variables relevant to the clinical diagnosis of IBC, this study is the most
comprehensive assessment of incident cases and of survival reported to date. Our results
demonstrate that patients coded as T4D and patients with other T staging who we identified as

IBC patients based on EoD-CS-Ext criteria have no significant difference in mean survival
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(Figure 2.7A), validating that the EoD-CS-Ext codes 510-750 are useful in capturing IBC
patients who may not have been previously studied.

Recent studies have further suggested that IBC incidence is declining across the USA'?,
We propose that perception of a decline in IBC incidence may be due to the increase in IBC
cases registered between 2004-2009 under newly implemented coding criteria in 2004,
compared to cases coded in 2010-2015 (Figure 2.4, Table 2.4), after the criteria had been in use
and coding-related additional prevalent cases had already been captured. The apparent downward
trend in incidence is possibly then an artefact of new coding method adoption, rather than a real
biological phenomenon. Regarding the trends in IBC incidence from 1973-2015, our analysis
suggests that true IBC incidence has remained relatively constant over the past 4 decades, based
on the plateauing incidence rates observed following the major IBC coding changes of 1988 and
2004. Indeed, our calculated IBC incidence rates are concordant with IBC incidence reports
spanning two decades in prior publications®"®.

Investigating the relationship between mean age at diagnosis of IBC and receptor status
revealed, unexpectedly, no significant difference between mean age at diagnosis of triple-
negative IBC compared to IBC overall, unlike the trend seen in non-1BC cases, where triple
negative breast cancer is diagnosed at younger average age for all races. Furthermore, there was
no significant difference between any receptor status and mean age at diagnosis that was robust
across different races. However, these findings are limited by the relatively small sample size of
our cohort with HR and HER2 status known (26.2% of our total cohort).

Our study demonstrates that black patients, regardless of receptor status, are diagnosed
with IBC on average about 4 years younger than white patients. These results are concordant

with the median age of diagnosis trends for breast cancer overall—we find that for IBC white
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patients’ median age of diagnosis is 61.8 years compared to 57.8 for black IBC patients, whereas
it has been shown that for all breast cancer white patients’ median age of diagnosis is 63 and
black patients’ is 592°. Moreover, while white patients have a higher incidence of breast cancer
than black patients (2008-2012 incidence in white patients was 130.1 per 100,000 compared to
126.5 per 100,000 for black patients?!), in 2006-2015 breast cancer incidence rates increased by
0.9% per year in black patients compared to 0.4% per year in white patients?2. In IBC, on the
other hand, we find that black patients consistently have higher incidence than patients of other
races, and we also see a larger rate of increase in black IBC incidence compared to white IBC
incidence over the past decade (see Figure 2.4B).

Besides a higher incidence and younger median age at diagnosis of IBC, we also observe
persistently lower survival for black patients with IBC compared to white patients. The period-
based 5- and 10-year relative survival rates of black patients are about 12% lower than the rates
of white patients, and although this gap narrows to about 6% lower for the 20-year relative
survival rates, that is likely more reflective of the still-sobering survival rates of IBC as a disease
rather than of a survival benefit to black patients. Furthermore, as depicted in Table 2.10, the
relationship between race and year of diagnosis is insignificant, indicating that the survival gap
between white patients and black patients as measured in mean survival months has not
significantly narrowed over recent decades. To understand the etiology of the IBC survival gap
between blacks and whites, it will be important to measure potential contributions to lower black
IBC survival from differences in biology, access to prompt diagnostic studies at presentation,
awareness of the signs and symptoms of IBC amongst black patients, timely initiation of

appropriate multimodality treatments and follow up, and survivorship care.
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Importantly, this study finds that IBC survival overall has improved significantly over
recent decades. As measured in mean survival months, IBC survival improved significantly
between 1973-1977 and 1988-1992 and 1998-2002, approximately doubling over 30 years
(1973-2003), and has continued to steadily increase since then. The difference in means between
cohort-based and period-based relative rates of IBC survival also point to IBC survival having
improved for all races over the years.

Our calculations of IBC mean survival months are possibly somewhat obscured by the
wide confidence intervals that result from the multiple imputations we performed in order to
conservatively estimate the survival of patients who had been diagnosed too recently to have
more than 60 accrued months of post-diagnosis survival. Possibly a less conservative imputation
method would still accurately estimate the survival of censored patients, and certainly a larger
cohort of patients over a longer time period would provide a better picture of IBC survival
differences between races. This would be especially helpful in comparing patients of non-white
and non-black race (Asian, Pacific Islander, Native American, etc.), as the relatively low
numbers of these patients compelled us to exclude them from the mean survival months analysis.
However, our work here comprises the largest US cohort on which IBC survival has ever been
reported.

Our results suggest that while actual IBC incidence has remained stable over time, IBC
survival has moderately increased in recent years, for all races. However, despite the overall
improvement in survival, there remains a persistent disparity in survival between white patients
and black patients that has not narrowed over two decades. Further research is urgently needed to

assess and address the root causes of this survival disparity.
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FIGURES

Calendar Year of follow up

Calendar

ziea’ of 2005 2006 2007 2008 2009 2010 2011 2012
agnosis
2005 1 1-2 23 3-4 4-5 5
2006 1 1-2 2:3 34 4-5 5
2007 1 1-2 93 34 4-5 5
2008 1 i2 23 3-4 4-5
2009 1 12 2-3 34
2010 1 1-2 23
2011 1 1-2
2012 1

Figure 2.1 Comparison of cohort-based vs period-based calculation of relative survival. Patients
included and their years of follow-up for traditional cohort analysis are selected within the hollow box,
while the patients and years of follow-up for period analysis are selected within the shaded box; in this
example, 5-year relative survival is being calculated. 1-5 indicates the years of follow-up since the
patient’s diagnosis. Specifically, to calculate, for example, 5-year relative survival rates using cohort
analysis, we included patients diagnosed between 2005-2007, with a period of follow-up from 1 to 5 years
(the hollow frame). To calculate 5-year relative survival rates using period analysis, we included patients
diagnosed between 2005-2012 and surviving until 2010-2012. The study population is left truncated at the
beginning of the period of interest (beginning of 2010), and right censored at its end (the end of 2012).
The year of follow-up for period analysis is also from 1 to 5 years (the shaded box).
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Figure 2.2 Coding distribution for IBC cohort defined by currently recommended IBC codes. IBC
cases were defined as all female breast cancer patients with ICD-0-3 code 8530 (pathologically-defined
IBC) or AJCC 6" Edition Staging T code T4d (IBC with clinical signs) diagnosed between 1973 — 2015.
The distribution of A) ICD-0-3 codes, B) AJCC codes, and C) EoD-CS-Ext codes in this cohort are
depicted. Codes described in Table 2.2.
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Figure 2.3 Coding distribution for IBC cohort defined by clinically-relevant updated coding
criteria. IBC cases were defined as all female breast cancer patients with ICD-0-3 code 8530
(pathologically-defined IBC) or AJCC 6" Edition Staging T code T4d (IBC with clinical signs) or extent
of disease collaborative staging extension codes 510-750 (clinical signs consistent with IBC) diagnosed
between 1973 — 2015. The distribution of A) ICD-0-3 codes, B) AJCC codes, and C) EoD-CS-Ext codes
in this cohort are depicted. Codes described in Table 2.2.
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Figure 2.4 Incidence of IBC between 1973-2015. IBC cases defined as all female breast cancer patients
coded as ICD-0-3 8530, AJCC 6" edition T4d, or EoD CS-Extension 510 — 750. A) Age-adjusted
incidence rates for inflammatory breast cancer per 100,000 people from 1973 — 2015, with bars
representing standard error. IBC incidence increases in years when key coding changes were added to
SEER (1988, 2004) and subsequently plateaus. B) Age-adjusted incidence rates for IBC per 100,000
people from 1973 — 2015, by race, with bars representing standard error. Open circles: white patients;
solid squares: black patients; open triangles: patients of other race. Black patients consistently have higher
incidence of IBC than white patients, who consistently have higher incidence of IBC than patients of
other race.
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Figure 2.5 5-, 10-, 15-, 20-year relative survival of IBC. 20-year period-based and 5-year, 10-year, 15-
year, and 20-year cohort-based relative survival curves for patients with IBC, with bars representing 95%
Cl. Open squares: 20-year period-based curve; open diamonds: 5-year cohort-based curve; open circles:
10-year cohort-based curve; dashed lines: 15-year cohort-based curve; open triangles: 20-year cohort-
based curve. There is substantial separation between the 20-year period-based relative survival curve and
the 20-year cohort-based relative survival curve, indicating an improvement in IBC survival in recent
years compared to historical patients.
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Figure 2.6 Mean survival months of IBC have increased over several decades. A) Adjusted mean
survival time (in months) by year of diagnosis of IBC from 1973-2012, with bars representing 95% CI.
Mean survival time increases significantly from 48 months for patients diagnosed between 1973 — 1977 to
99 months for patients diagnosed between 2008 — 2012. B) Adjusted mean survival time (in months) by
year of diagnosis stratified by race, using Cox proportional hazard model adjusting for age of diagnosis
and race, with bars representing 95% CI. Solid circles: African American patients; solid triangles: white
patients. While mean survival time increases for both races, white patients consistently have about 25
months more survival time in a given year of diagnosis than do African American patients.
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Figure 2.7 Mean survival months by T coding in IBC. A) Adjusted mean survival time (in months) by
stage T coding of IBC patients diagnosed between 1988-2012, with bars representing 95% CI. While
survival increases for all groups over time, T4D (solid circles) and other T patients (solid triangles)
without metastases have consistently similar survival, which is significantly higher than the survival time
of Any T, Mets patients (solid squares). B) Adjusted mean survival time (in months) by stage T coding
stratified by race, using Cox proportional hazard model adjusting for age of diagnosis and race, with bars
representing 95% CI. Solid circles: Any T, Mets African American patients; solid triangles: Any T, Mets
white patients; solid squares: Other T African American patients; dashed line: Other T white patients.
While mean survival time increases for both races, white patients consistently have higher survival in a
given year of diagnosis than do African American patients.
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TABLES

Table 2.1 SEER coding definitions for IBC patients. The original SEER coding guidelines for IBC
dictated that a case be defined as IBC, through the code ICD-O 8530, only if “IBC” itself or “dermal
lymphatic invasion” were specifically noted in the pathological report. By 1988, the American Joint
Committee on Cancer (AJCC) clinical staging categories were also being used to code patients for SEER,
and T4d became the recommended coding for clinically presenting IBC. In the following decades the
recommended coding for IBC has fluctuated between emphasizing that clinical signs must be occurring in
a majority of the breast to be IBC and not specifying a threshold amount of coverage. Previous studies
have noted the importance of the trifecta of clinical signs—rapidly-progressing erythema, edema, and
“peau d’orange”—in accurately diagnosing IBC, no matter what percentage of the breast is covered, since
it is widely acknowledged by experienced clinicians to be almost impossible on physical exam to
accurately ascertain what amount of skin represents a specified fraction, such as 1/3 or 1/2, of the breast.
Therefore, in order to capture the most accurate subset of breast cancer patients with IBC, we chose to
coalesce the previously used categories, using the coding in the following table.

Code Type \ Value to define IBC
Sex Female
And Morphology — Site recode Breast
And Morphology — 8530 (“Inflammatory
Histologic Type ICD-0O-3 Carcinoma”)
Or Stage — Adjusted AJCC 6™ T4d (“Inflammatory
edition T Carcinoma”)

Or Extent of Disease —
Collaborative Staging
Extension 510 - 750

Table 2.2 SEER Extent of Disease Collaborative Staging Extension coding descriptions. Descriptions
for EOD-CS-Ext codes we used to define IBC. Obtained from
https://staging.seer.cancer.gov/cs/input/02.05.50/breast/extension/?breadcrumbs=(~schema_list~),(~view
_schema~,~breast~)

CS Extension value Description

“Extensive skin involvement, including: Satellite nodule(s) in skin
of primary breast, ulceration of skin of breast, any of the following
510 conditions described as involving not more than 50% of the breast,
or amount or percent of involvement not stated: Edema of skin, En
cuirasse, Erythema, Inflammation of skin, Peau d'orange (‘pigskin’)”

“Any of the following conditions described as involving less than
one-third (33%) of the breast WITHOUT a stated diagnosis of
514 inflammatory carcinoma WITH or WITHOUT dermal lymphatic
infiltration: Edema of skin, En cuirasse, Erythema, Inflammation of
skin, Peau d'orange (‘pigskin’)”

“514 + Extensive skin involvement, including: Satellite nodule(s) in

516 skin of primary breast, Ulceration of skin of breast”
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518

“Any of the following conditions described as involving one third
(33%) or more but less than or equal to half (50%) of the breast
WITHOUT a stated diagnosis of inflammatory carcinoma WITH or
WITHOUT dermal lymphatic infiltration: Edema of skin, En
cuirasse, Erythema, Inflammation of skin, Peau d'orange (‘pigskin’)”

519

“518 + Extensive skin involvement, including: Satellite nodule(s) in
skin of primary breast, Ulceration of skin of breast”

520

“Any of the following conditions described as involving more than
50% of the breast WITHOUT a stated diagnosis of inflammatory
carcinoma WITH or WITHOUT dermal lymphatic infiltration:
Edema of skin, En cuirasse, Erythema, Inflammation of skin, Peau
d'orange (‘pigskin’)”

575

“520 + Extensive skin involvement, including: Satellite nodule(s) in
skin of primary breast, Ulceration of skin of breast”

580

“Any of the following conditions with amount or percent of breast
involvement not stated and WITHOUT a stated diagnosis of
inflammatory carcinoma WITH or WITHOUT dermal lymphatic
infiltration: Edema of skin, En cuirasse, Erythema, Inflammation of
skin, Peau d'orange (‘pigskin’)”

585

“580 + Extensive skin involvement, including: Satellite nodule(s) in
skin of primary breast, Ulceration of skin of breast”

600

“Diagnosis of inflammatory carcinoma WITH a clinical description
of inflammation, erythema, edema, peau d'orange, etc., involving
less than one-third (33%) of the skin of the breast, WITH or
WITHOUT dermal lymphatic infiltration”

610

“510 + Invasion of (or fixation to): Chest wall, Intercostal or serratus
anterior muscle(s), Rib(s)”

612

“514 or 516 + Invasion of (or fixation to): Chest wall, Intercostal or
serratus anterior muscle(s), Rib(s)”

613

“518 or 519 + Invasion of (or fixation to): Chest wall, Intercostal or
serratus anterior muscle(s), Rib(s)”

615

“520, 575, 580 or 585 + Invasion of (or fixation to): Chest wall,
Intercostal or serratus anterior muscle(s), Rib(s)”

620

“520 + Invasion of (or fixation to): Chest wall, Intercostal or serratus
anterior muscle(s), Rib(s)”

710

“Diagnosis of inflammatory carcinoma WITH a clinical description
of inflammation, erythema, edema, peau d'orange, etc., involving not
more than 50% of the skin of the breast, WITH or WITHOUT
dermal lymphatic infiltration”

715

“Diagnosis of inflammatory carcinoma WITH a clinical description
of inflammation, erythema, edema, peau d'orange, etc., involving not
more than one-third (33%) of the skin of the breast, WITH or
WITHOUT dermal lymphatic infiltration”

720

“Diagnosis of inflammatory carcinoma WITH a clinical diagnosis of
inflammation, erythema, edema, peau d'orange, etc., of not more
than 50% of the breast, WITH or WITHOUT dermal lymphatic

infiltration”

725

“Diagnosis of inflammatory carcinoma WITH a clinical description
of inflammation, erythema, edema, peau d'orange, etc., involving
one-third (33%) or more but less than or equal to one-half (50%) of
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the skin of the breast, WITH or WITHOUT dermal lymphatic
infiltration”

“Diagnosis of inflammatory carcinoma WITH a clinical description

of inflammation, erythema, edema, peau d'orange, etc., involving

730 more than one-half (50%) of the skin of the breast, WITH or
WITHOUT dermal lymphatic infiltration”
“Diagnosis of inflammatory carcinoma WITH a clinical description
750 of inflammation, erythema, edema, peau d'orange, etc., but percent

of involvement not stated, WITH or WITHOUT dermal lymphatic

infiltration.”

Table 2.3 Rate of lost-to-follow-up of IBC patients. Calculated according to standard SEER*Stat
survival session exclusions.

N/A not

Alive w/0

Case Count

Year of | Case | Autopsy/DCO fi . % Lost to
Diagnosis | Count cases Irst WAL afte_r follow-up
tumor months | exclusions

1973 35 0 2 0 33 5.714285714
1974 34 0 1 0 33 2.941176471
1975 40 0 4 0 36 10
1976 57 0 4 0 53 7.01754386
1977 38 1 4 0 33 13.15789474
1978 50 0 6 0 44 12
1979 41 0 4 0 37 9.756097561
1980 54 0 5 0 49 9.259259259
1981 51 0 5 0 46 9.803921569
1982 66 0 16 1 49 25.75757576
1983 65 0 3 0 62 4.615384615
1984 51 1 7 0 43 15.68627451
1985 74 0 6 0 68 8.108108108
1986 88 0 7 0 81 7.954545455
1987 80 0 13 0 67 16.25
1988 138 0 16 0 122 11.5942029
1989 164 0 20 0 144 12.19512195
1990 184 0 27 0 157 14.67391304
1991 200 0 30 0 170 15
1992 341 0 41 0 300 12.02346041
1993 319 0 37 0 282 11.59874608
1994 333 0 43 0 290 12.91291291
1995 337 0 44 0 293 13.05637982
1996 381 0 50 0 331 13.12335958
1997 437 0 67 0 370 15.33180778
1998 415 0 73 0 342 17.59036145
1999 404 0 57 0 347 14.10891089
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2000 868 1 102 1 764 11.98156682
2001 893 1 135 0 757 15.22956327
2002 897 3 108 1 785 12.48606466
2003 856 0 130 0 726 15.18691589
2004 2332 5 322 3 2002 14.1509434
2005 2200 5 300 4 1892 14
2006 2299 1 281 5 2012 12.48368856
2007 2218 9 319 3 1887 14.92335437
2008 2212 2 327 2 1881 14.96383363
2009 2041 0 283 1 1757 13.91474767
2010 1429 1 204 5 1219 14.69559132
2011 1353 0 182 4 1167 13.74722838
2012 1419 2 211 4 1202 15.29245948
2013 1418 0 197 7 1215 14.31593794
2014 1439 1 215 10 1214 15.63585823
2015 1367 1 214 105 1066 22.01901975

Table 2.4 Incidence of IBC from 1973-2015. Case count and age-adjusted incidence rates for
inflammatory breast cancer per 100,000 people in time periods from 1973 — 2015 (95% confidence
intervals). Confidence intervals calculated using Tiwari et al. modification®?.

Total
Year of Diagnosis Cases ‘ Rate
1973 - 2015 29718 2.76 (2.73, 2.79)
1973 - 1987 824 0.56 (0.52, 0.60)
1988 - 2003 7167 2.03 (1.98, 2.08)
2004 - 2009 13302 4.90 (4.81, 4.98)
2010 - 2015 8425 2.80 (2.74, 2.86)

Table 2.5 Incidence of IBC by year and by race from 1973-2015. Case count and age-adjusted
incidence rates for inflammatory breast cancer per 100,000 people by year from 1973 — 2015 (95%
confidence intervals). Confidence intervals calculated using Tiwari et al. modification®*.

Total White Black Other
Year of
Diagnosis | Cases Rate Cases Rate Cases Rate Cases Rate

1973 35 0.45 (0.31, 0.63) 32 0.47 (0.32, 0.67) 2 0.35(0.02, 1.31) 1 0.26 (0, 1.44)
1974 34 0.40 (0.27, 0.56) 32 0.43 (0.29, 0.60) 2 0.33 (0.02, 1.22) 0 0(0,0.76)
1975 40 0.42 (0.30, 0.57) 35 0.42 (0.29, 0.58) 5 0.67 (0.18, 1.56) 0 0(0,0.70)
1976 57 0.59 (0.44,0.77) 48 0.57 (0.41, 0.75) 8 1.24 (0.50, 2.41) 1 0.19 (0, 1.06)
1977 38 0.40 (0.28, 0.55) 35 0.42 (0.29, 0.59) 3 0.47 (0.07,1.31) 0 0 (0, 0.60)
1978 50 0.52 (0.38, 0.69) 46 0.55 (0.40, 0.74) 3 0.39 (0.05, 1.09) 1 0.17 (0, 0.93)
1979 41 0.44 (0.31, 0.60) 35 0.44 (0.30, 0.61) 4 0.48 (0.10, 1.21) 2 0.39(0.02, 1.31)
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1980 54 0.56(0.41,0.73) 43  052(0.37,0.71) 8  1.00(0.40,1.94) 3 0.46(0.06,1.33)
1981 51  0.49(0.36,0.65) 48  054(0.39,072) 2 0.24(0.02,0.88) 1 0.28 (0, 1.15)

1982 66 0.63(0.48,0.80) 56  0.62(0.47,0.81) 4  050(0.11,1.20) 4  0.45(0.10,1.17)
1983 65  0.62(0.47,0.79) 59  0.65(0.49,0.85) 3  0.40(0.06,1.04) 3  0.51(0.08,1.38)
1984 51 048(0.35,0.62) 48  052(0.38,0.69) 2  0.23(0.01,0.74) 1 0.16 (0, 0.75)

1985 74 071(0.56,0.90) 67  0.76(0.59,097) 6  071(0.24,1.52) 1 0.16 (0, 0.72)

1986 88 0.82(0.65,1.01) 73  0.80(0.62,1.01) 11  1.20(0.55,2.09) 4  0.67(0.15, 1.65)
1987 80  0.75(0.59,0.94) 64  0.73(0.56,093) 15  1.45(0.77,2.36) 1 0.12 (0, 0.59)

1988 138 1.27(1.06,1.50) 113 124 (1.02,150) 16  1.52(0.83,245) 8  0.94(0.38,1.83)
1989 164  1.43(1.22,1.67) 140 1.48(1.24,175) 15 1.43(0.76,2.33) 9  1.00(0.42,1.93)
1990 184 1.66(1.42,1.91) 158  171(1452.00) 16  1.61(0.88,259) 10  1.08 (0.48,1.98)
1991 200  1.72(1.48,1.97) 164  171(1451.99) 34 3.10(2.11,434) 2  0.24(0.01,0.76)
1992 341 2.05(1.83,2.28) 268  1.99 (1.75,2.24) 50  3.23(2.37,4.26) 23 1.47(0.91, 2.19)
1993 319 1.87(1.67,2.09) 257  1.86(1.64,2.10) 46  2.92(2.11,3.88) 16  0.92(0.51, 1.49)
1994 333 1.04(1.74,2.16) 277  2.02(1.78,2.27) 45  2.72(1.97,3.64) 11  0.64(0.30,1.12)
1995 337 1.90(1.70,2.11) 277  1.95(1.73,2.20) 34  2.02(1.39,2.79) 26 1.42(0.92, 2.06)
1996 381 2.11(1.90,2.33) 310  2.15(1.92,2.41) 48  2.76(2.02,3.64) 23  1.11(0.69, 1.66)
1997 437 2.40(2.17,2.63) 353  2.44(219,2.71) 56  3.18(2.38,4.12) 27  1.32(0.86,1.91)
1998 415 2.21(2.00,2.43) 331 2.23(2.00,2.49) 53  2.92(2.17,3.79) 31  1.34(0.89,1.88)
1999 404 211(1.91,2.33) 317  2.12(1.89,2.36) 57  3.05(2.30,3.95) 30  1.31(0.88,1.87)
2000 868 2.17(2.03,2.32) 678  2.10(1.94,2.26) 147 3.52(2.97,4.13) 43  1.18(0.84,1.59)
2001 893  2.19(2.05,2.34) 720  2.19(2.03,2.36) 133  3.06(2.55,3.62) 40  1.08 (0.77,1.48)
2002 897  2.15(2.01,2.30) 715  2.14(1.99,2.31) 128  2.96(2.46,3.52) 52  1.30(0.96,1.70)
2003 856  2.01(1.88,2.15) 694  2.04(1.89, 220) 130 2.90(2.41,3.44) 32  0.79(0.53, 1.11)
2004 2332 5.36(5.14,5.58) 1772 5.05(4.81,529) 394  8.83(7.96,9.75) 164  3.94(3.35, 4.59)
2005 2200 5.10(4.89,5.32) 1705 4.90 (4.67,5.14) 348  7.99(7.15,8.88) 141  3.33(2.80,3.94)
2006 2299 5.12(4.91,5.33) 1746  4.86(4.63,5.09) 375 7.94(7.13,8.79) 172  3.82(3.26,4.44)
2007 2218  4.84(4.64,5.04) 1673 459 (4.37,4.81) 388 8.12(7.31,8.97) 153  3.19 (2.70,3.74)
2008 2212 4.74(454,4.94) 1675 451(4.30,474) 371  751(6.75,8.33) 161  3.26 (2.76, 3.80)
2009 2041 4.28(4.10,4.47) 1528  4.06(3.85,4.27) 369  7.23(6.50,8.02) 138  2.67 (2.23,3.15)
2010 1429  2.96(2.81,3.12) 1073  2.85(2.67,3.02) 254 4.77(4.19,541) 98  1.78(1.44,2.17)
2011 1353  2.77(2.62,2.93) 993  2.62(2.45,2.79) 247  4.60(4.03,5.22) 109  1.93 (1.57,2.32)
2012 1419  2.85(2.70,3.01) 1084  2.81(2.64,2.99) 245 4.35(3.81,4.94) 87  1.48(1.18 1.83)
2013 1418  2.82(2.67,2.98) 1041  2.69(2.53,2.87) 274  4.83(4.26,545) 95  1.56(1.26,1.92)
2014 1439 2.80(2.65,2.95) 1057  2.67(2.50,2.84) 262 4.52(3.97,5.11) 116  1.86 (1.53,2.23)
2015 1367 2.62(2.48,2.76) 969  2.41(2.26,2.58) 276 4.71(4.15,5.31) 110  1.69 (1.38,2.04)
%2%71% 29718 2.76(2.73,2.79) 22809  2.63(2.60,2.67) 4889 4.52 (4.39,4.65) 1950 1.84 (1.76, 1.93)
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Table 2.6 IBC receptor status by race and mean age at diagnosis. Age measured in years. Significance
relative to white patients, determined by non-overlapping 95% CI calculated as per Kaye et al*® and
demonstrated by *.

Total IBC with known at least one HR+ and
receptors HER2- ER-, PR-, HER2+ ER-, PR-, HER2-
Count Count Count
Mean (% Mean (% Mean | 95% (% Mean

Race Count | Age | 95% CI total) Age | 95% Cl | total) Age Cl total) Age | 95% CI
(61.4, 2600 (62.8, 835 (59.0, | 1164 (60.8,

White 5736 61.8 62.2) (45.3) 63.4 63.9) (146) 599 609) | (20.3) 617 62.6)
(57.1, 585 (58.1, 195 (53.6, 435 (56.4,

Black 1453 57.8* 58.6) (40.3) 59.2*  60.4) (134) 555* 575) | (29.9) 57.7* 59.1)
(56.3, 268 (56.7, 97 (55.4, 97 (54.2,

Other 581 57.5* 58.6) (46.1) 58.3*  60.1) (16.7) 58.0 60.7) | (16.7) 573 60.3)
(51.9, 11 (49.4, 6 (42.8, 6 (49.5,

Unknown 29 56.1*  60.2) (37.9) 57.9 66.4) (20.7) 50.3* 57.9) | (20.7) 53.2* 56.9)

Table 2.7 Relative survival rates for IBC by race, % (95% CI). “Cohort”: cohort analysis, “Period”:
period analysis. Significance relative to black patients, determined by non-overlapping 95% CI calculated
via the Greenwood method*® and demonstrated by * for cohort and * for period analysis.

5-year 10-year 15-year 20-year
Black | Cohort  29.8(26.7,32.9) 14.8(10.9,19.4)  10.4 (5.0, 18.1) 3.7(0.7,11.2)
Period 29.9 (26.6,33.3) 18.4(15.2,21.8) 16.7(12.9,20.9)  16.2 (9.1, 25.1)
White | Cohort  44.0* (42.4,45.7) 30.6* (28.2,33.0) 22.1* (18.8,25.6) 17.5* (13.4, 22.0)
Period  42.5* (40.7,44.3) 30.7*(28.9,32.5) 25.1%*(22.7,275) 22.1(19.2,25.2)
Other | Cohort  46.8* (41.5,51.8) 26.3(185,34.7) 19.1(10.3,29.9)  14.1(3.8,31.0)
Period 43.6" (38.0,49.0) 32.6%(26.7,38.7) 30.5(22.8,38.6) 26.9(18.3,36.3)
All Cohort  41.9* (40.5,43.3) 28.0*(25.9,30.0) 21.3*(18.3,24.4) 15.6* (12.1, 19.5)
Period  40.5* (39.0,42.0) 28.9*(27.4,30.4) 24.0*(22.0,26.1) 21.5(18.9, 24.2)

54



Table 2.8 Mean survival months of IBC. Before and after imputation of censored patients (95% CI).

Mean Survival Time (Months)

Year Unadjusted Cox Model, adjusted for age Cox w:;g:;na%s;ed L%l
1973-1977 47.0 (37.4, 56.6) 48.0 (37.8, 58.2) 48.0 (37.9, 58.2)
1978-1982 61.9 (52.0, 71.9) 62.3 (51.9, 72.6) 62.3 (52.0, 72.6)
1983-1987 55.7 (48.3, 63.1) 58.9 (50.1, 67.7) 58.9 (50.1, 67.6)
1988-1992 68.5 (63.7, 73.3) 77.9 (715, 84.3) 77.9 (71.6, 84.3)
1993-1997 66.5 (63.4, 69.7) 84.5(79.1, 90.2) 84.6 (79.1, 90.0)
1998-2002 62.2 (60.5, 63.8) 94.5(90.2, 98.7) 94.3 (90.0, 98.5)
2003-2007 48.6 (47.9, 49.2) 95.1 (92.7, 97.6) 94.8 (92.3, 97.2)
2008-2012 28.2 (27.9, 28.6) 100.2 (97.2, 103.2) 99.4 (96.4, 102.4)

Table 2.9 Mean survival months of IBC by race. Before and after imputation using Cox Model
Adjusted for Age and Race (95% CI). Significance relative to white patients, determined by non-
overlapping 95% CI and demonstrated by *.

Mean Survival Time (Months)

African American White
Year Unadjusted Adjusted Unadjusted Adjusted
1988-1992  46.4* (37.4,55.4) 485 (37.5,59.4) = 71.3(65.9, 76.7) 81.9 (53.5, 110.3)
1993-1996  49.1* (41.8,56.4) 61.0(48.2,73.8) = 68.1(64.6, 71.6) 86.1 (59.0, 113.2)
1997-2002  47.4* (43.7,51.2) 63.8*(55.3,72.3) @ 64.8 (62.9, 66.7) 99.8 (81.0, 118.7)
2003-2007  41.0* (39.5,425) 72.1*(66.6, 77.7) = 49.9 (49.1, 50.6) 98.2 (86.8, 109.6)
2008-2012  25.7* (24.8,26.4)  84.3(77.2,91.4) = 28.7(28.2,29.1) 101.9 (90.0, 113.7)
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Table 2.10 Effect of Race and Year of Diagnosis on survival time. Year of diagnosis is scaled to the
left by 2000, and black patients are the reference for race. The outcome, survival time, is imputed from
the Cox model adjusting for age and race, and the linear coefficient estimates are subsequently reported
here. Significance is determined by 95% CI > 0, and is depicted by *.

Cox Model, adjusting for age and race

Variables I 95% ClI
Race 26.05* (21.8, 30.2)
Year of diagnosis 1.64* (1.13, 2.15)
Race & Year of

-0.40 (-0.94, 0.15)

diagnosis interaction

Table 2.11 Mean survival months by T stage of IBC patients. Using Cox Model Adjusted for Age and
Race (95% CI). Significance (*) relative to Any T, Mets, determined by non-overlapping 95% CI.

Mean Survival Time (Months)

Year T4D | Other T | Any T, Mets
1988-1992  75.5% (69.7,81.4)  70.4*(51.9,888)  29.6 (24.0,35.2)
1993-1097  82.9* (78.1,87.6)  78.0%(60.0,96.0)  36.4 (29.9, 42.9)
1998-2002  91.3* (87.7,94.9)  89.9*(69.7,110.0)  37.9 (32.6, 43.1)
2003-2007  101.6* (97.9,105.4) 102.6* (99.2, 105.9)  42.5 (40.0, 44.9)
2008-2012  108.2* (103.8,112.6) 98.9* (94.7,103.1)  62.4 (58.0, 66.7)

Table 2.12 Mean survival months by race and T stage of IBC patients. Cox Model Adjusted for Age
and Race (95% CI). Significance (*) relative to white patients, determined by non-overlapping 95% CI.

Mean Survival Time (Months)

African American White

Year T4D | OtherT | AnyT, Mets T4D | otherT | AnyT, Mets
1988-  49.8* (389, 562(168, 19.2(126, 784 (718, 747 (529, 314 (245,
1992 60.6) 95.7) 25.8) 85.0) 96.6) 38.3)
1993- 615 (493, 554 (206, 32.8(190,  84.0(788,  80.5 (605, 365 (29.1,
1997 73.7) 90.2) 46.5) 89.2) 100.6) 43.9)
1998-  64.0* (563, 787 (379, 283(229,  958(9L7,  946(7L0, 403 (3356,
2002 71.8) 119.5) 33.8) 99.9) 118.3) 37.0)
2003-  78.7% (702, 86.2*  344*(30.1, 1054 (1010, 103.7(997, 434 (405,
2007 87.2) (78.0,94.4)  38.7) 109.7) 107.6) 46.3)
2008- 949 (846,  92.1(820, 523(452,  109.9 (1045 _ 98.8 (935, 63.9 (58.2,
2012 105.2) 102.2) 59.5) 115.2) 104.0) 69.7)
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Chapter 3 : RhoC Modulates Cell Junctions and Type | Interferon Response in Aggressive
Breast Cancers?

SUMMARY

Metastases are the leading cause of death in cancer patients. RhoC, a member of the Rho
GTPase family, has been shown to facilitate metastasis of aggressive breast cancer cells by
influencing motility, invasion, and chemokine secretion, but as yet there is no integrated model
of the precise mechanism of how RhoC promotes metastasis. A common phenotypic
characteristic of metastatic cells influenced by these mechanisms is dysregulation of cell-cell
junctions. Thus, we set out to study how RhoA- and RhoC-GTPase influence the cell-cell
junctions in aggressive breast cancers. We demonstrate that CRISPR-Cas9 knockout of RhoC in
SUM 149 and MDA 231 breast cancer cells results in increased junction protein expression and
colocalization at cell membranes. In functional assessments of junction stability, RhoC knockout
cells have increased barrier integrity and increased cell-cell adhesion compared to wild-type
cells. Whole exome RNA sequencing and targeted gene expression profiling demonstrate
decreased expression of Type | interferon-stimulated genes in RhoC knockout cells compared to

wild-type. Treatment of wild-type cells with interferon-alpha resulted in significant increases in

2 Hannah G. Abraham?, Peter J. Ulintz*?, Laura Goo, Joel A. Yates!, Andrew C. Little*3, Li Wei
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adhesion and decreases in invasiveness, whereas RhoC knockout cells exhibited a dampened
response to interferon-alpha stimulation with respect to adhesion and invasiveness. We delineate
a key role of RhoC-GTPase in modulation of cell-cell junctions and response to interferon,

which supports inhibition of RhoC as a potential anti-invasion therapeutic strategy.

INTRODUCTION

Cancer metastases are the leading cause of death in cancer patients, and yet details of the
cellular processes that drive the early metastases in aggressive cancers are not fully understood.
RhoC, a member of the Rho GTPase family, has been linked to the metastatic potential of a
variety of cancers including inflammatory breast cancer, pancreatic cancer, and melanomal=. In
breast cancer, RhoC expression correlates with increasing breast cancer stage and grade (as a
histologic surrogate for aggressiveness), and higher RhoC expression was associated with higher
patient mortality in a cohort of 280 breast cancer patients®. Moreover, in this cohort high RhoC
expression was a predictor of poor response to standard chemotherapy regimens, increasing the
likelihood that patients would experience metastasis and relapse®. RhoC is overexpressed in the
majority of cases of inflammatory breast cancer, the most aggressive and metastatic form of
breast cancer’. Animal and in vitro studies demonstrated that RhoC is necessary specifically for
facilitating metastasis®, primarily through protecting metastatic cells from apoptosis, modulating
cell motility, and influencing chemokine secretion 8°.

These studies led us to postulate that a possible cellular effect of RhoC-driven metastatic
progression is through modulation of cell junctions that would facilitate increased cellular
motility. The Rho family GTPases regulate actin cytoskeleton organization®, and thereby

interact directly or indirectly with components of adherens junctions (AJs) and tight junctions
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(TJs)!. RhoA, whose amino acid sequence is 90% homologous to RhoC*?, specifically is
important for both the initial formation and the structural maintenance of AJs and TJs*2. Indeed,
studies using both dominant negative and constitutively active forms of RhoA result in AJ and
TJ instability'®!*, suggesting that the stability of epithelial junctions is dependent on balanced
activation of Rho GTPases.

When considering pathological settings of junction instability, the metastatic process
itself is a prime example. Multiple studies of diverse cancer types demonstrate a loss of junction
markers in malignant vs normal tissue; however, these studies differ on the prognostic value
derived from the loss or dysregulation of junction components >, In a study of colorectal
cancers, decreased E-cadherin (AJ transmembrane protein) and ZO-1 (TJ cytoplasmic linker
protein) expression in primary tumors predicted which tumors went on to have liver metastases'’.
In addition to the observed dysregulation of cell-cell junctions in the metastatic process, junction
proteins are also known to be downregulated in settings of increased inflammatory interferon
signaling®®'°. Treating cells with interferon-alpha (IFN-a) leads to increased RhoA
activation?>?*, Furthermore, breast cancer tumors with high interferon signaling pathway
expression are nearly twice as likely to metastasize compared to tumors with low levels of
expression??.

This study aims to investigate the role of RhoC in regulating cell-cell junction stability
and interferon signaling in aggressive breast cancer cell lines. We assess the hypothesis that
RhoC amplifies interferon signaling and thereby increases junction dysregulation, consequently
promoting cancer cells’ motility and invasiveness. This work supports inhibition of RhoC as a

potential therapeutic strategy in aggressive cancers.
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MATERIALS AND METHODS

Cell Culture and Reagents

MDA-MB 231 (MDA 231) cells were acquired from ATCC and maintained in Gibco
RPMI-1640 (+) L-glutamine, 10% fetal bovine serum (FBS), 5 pg/mL gentamycin, and 1X anti-
anti. VARI068 cells, sourced from a patient-derived xenograft?3, were maintained the same way.
SUM 149 cells and SUM 190 cells were provided by Dr. Steve Ethier and were maintained in
Gibco Ham's F12 (+) L-glutamine, 0.5% penicillin-streptomycin, 2.5 pg/mL Amphotericin B, 5
ug/mL gentamycin, 5 pg/mL insulin, and 1 pg/mL hydrocortisone. SUM 149 cells were
additionally supplemented with 5% FBS, while SUM 190 cells were supplemented with 0.1%
bovine serum albumin. MCF7 cells were acquired from ATCC and maintained in DMEM, 10%
FBS, 5 pg/mL gentamycin, and 1X anti-anti. MCF10A cells were acquired from ATCC and
maintained in 50:50 DMEM:F12, 5% horse serum, 10 pg/mL insulin, 0.02 pg/mL epidermal
growth factor, 0.5 ug/mL hydrocortisone, 0.1 pug/mL cholera toxin, 5 pg/mL gentamycin, and 1X
anti-anti. All cells were maintained at 5% COg, except for SUM 149 and SUM 190 which were
maintained at 10% COx. Interferon-alpha 2a (IFN-a) was obtained from GenScript (# Z03003-1),

reconstituted in ddH-0O, and used to treat cells at either 100 IU/ml or 1000 1U/ml.

Generation of CRISPR-Cas9 Knockout Cells
As described in Allen et al*, SUM 149, MDA 231, VARI068, MCF7, MCF10A, and
SUM 190 cells were transfected with pSpCas9(BB)-2A-GFP (PX458), provided by Feng Zhang
(Addgene plasmid # 48138), containing the sequence GCCCTGATAGTTTAGGTGAG targeting
RhoA for RhoA knockout lines or the sequence AGGAAGACTATGATCGACTG targeting

RhoC for the RhoC knockout lines. Transfection was accomplished using the Nucleofactor Il
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system (Lonza). 48 hours post-transfection, single cells were sorted by GFP expression and
seeded into 96-well plates, and clonal expansion was carried out. Genomic DNA was then
harvested from clones and screened for RhoA or RhoC mutations via SURVEYOR reactions
(IDT) with the primer pair Forward-GTTTTAGACCGTCTGCCATTTC and Reverse-
AATCTCCACCTACCAGGTTCAA for RhoA and Forward-CTGTCTTTGCTTCATTCTCCCT
and Reverse-CCAGAGCAGTCTTAGAAGCCAT for RhoC. Clones that screened positive were
subsequently sequenced to characterize their RhoA or RhoC mutations and were also

immunoblotted for RhoA and RhoC.

Antibodies

The following primary antibodies were used: anti-E-cadherin rabbit polyclonal antibody
(ThermoFisher #PA5-32178) at 1:500 dilution, anti-p-catenin mouse monoclonal antibody
(Invitrogen #MA1-300) at 1:500 dilution, anti-ZO-1 mouse monoclonal antibody (Invitrogen
#33-9100) at 1:150 dilution for immunofluorescent staining and 1:200 for Western Blot, anti-
Occludin rabbit polyclonal antibody (Zymed #71-1500) at 1:300 dilution for immunofluorescent
staining and Western Blot, anti-p-STAT1 rabbit monoclonal antibody (CST #9167) at 1:1000
dilution, anti-STAT1 rabbit monoclonal antibody (CST #9172) at 1:1000 dilution, anti-p-STAT2
rabbit antibody (CST #4441) at 1:500 dilution, anti-STAT2 rabbit antibody (CST #4594) at
1:500 dilution, anti-IRF9 rabbit monoclonal antibody (CST #76684) at 1:500 dilution, anti-IFI27
rabbit polyclonal antibody (ThermoFisher #PA5-68038) at 1:1000 dilution, anti-IFITM1 mouse
monoclonal antibody (Proteintech #60074-1-1G) at 1:20,000 dilution, anti-MX1 rabbit
polyclonal antibody (Proteintech #13750-1-AP) at 1:1000, anti-1SG15 rabbit polyclonal antibody
(Proteintech #15981-1-AP) at 1:1000, and anti-actin antibody (Sigma #A3854) at 1:15,000

dilution. The following secondary antibodies were used: Alexa Fluor 488-conjugated anti-mouse
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secondary antibody (Molecular Probes) at 1:1000 for immunofluorescent staining, Alexa Fluor
647-conjugated anti-rabbit secondary antibody (Molecular Probes) at 1:1000 for
immunofluorescent staining, HRP-conjugated anti-mouse secondary antibody (Santa Cruz) at
1:4000 for Western Blot, and HRP-conjugated anti-rabbit secondary antibody (CST) at 1:2500

for Western Blot.

Immunofluorescent Staining

Cells were seeded on 4-well chamber slides and grown to a confluent monolayer. Slides
were fixed in 4% paraformaldehyde for 10 minutes at room temperature, washed with 100 mM
PBS-glycine for 10 minutes at room temperature, then permeabilized in 0.1% Triton X-100 in
PBS for 10 minutes at 4°C. Samples were washed thrice with 100mM PBS-glycine, then
incubated in blocking solution containing IF Buffer (0.2% Triton X-100, 0.05% Tween-20, 0.1%
BSA, 7.7mM NaNz in PBS) and 10% goat serum for 1.5 hr at room temperature. Subsequently,
samples were incubated in a primary antibody solution overnight at 4°C. The samples were then
washed four times in IF Buffer for 15 minutes each at room temperature, then incubated in a
secondary antibody solution (all secondary antibodies used at 1:1000 dilution), followed by one
wash with IF Buffer for 20 minutes and two washes with PBS for 10 minutes each, at room
temperature. Slides were mounted in Prolonged Gold Antifade reagent with DAPI (4',6-
diamidino-2-phenylindole) for nuclear counterstaining (Molecular Probes). Images were

acquired on a Nikon A1B confocal microscope at 40X magnification.
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Western Blot

Protein lysates were mixed with loading dye and boiled at 95°C, then loaded into a 4-
15% polyacrylamide gel and run at 130-160 V for about 90 minutes. For blotting proteins
smaller than 90 kDa, gel was subsequently removed from chamber and soaked in 20% methanol
at RT for 5 minutes, then transferred to a PVDF membrane using the iBlot 2 Dry Blotting
System. For proteins larger than 90 KDA, gel was removed from chamber and soaked in 20%
methanol transfer buffer for 5 minutes, then transferred to a PVDF membrane using a BioRad
Wet Transfer chamber running at 80 V for 75 minutes. After transfer, the membrane was blocked
in 5% milk/TBST at RT for 1 hr, rinsed with TBST thrice for 5 minutes each, then incubated in
primary antibody solution at 4°C overnight on shaker. The next day, the membrane was again
rinsed with TBST, then incubated in secondary antibody solution (in 5% milk-TBST) at RT for 1
hr. Once again, the membrane was rinsed with TBST, and then incubated in developing reagent
at RT for 2 minutes. Finally the membrane was placed in a chemilluminescence reader and the

blot was recorded.

FITC-Dextran Assay
Cells were seeded into Transwell plates and grown for 36 hours, until they reached
confluency. FITC-Dextran solution was prepared at 1mg/ml, and 0.5ml of this solution was
added to the apical chambers of the Transwells, with normal media in the basal chambers. After
24 hours, 50ul was removed from the basal chambers and transferred to a 96-well plate, then
fluorescence was measured in a fluorescent plate reader. The ratio of fluorescence from the

apical chamber to the basal chamber was recorded.
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Centrifugation Adhesion Assay

Adapted from Weetall et al®. \V-bottom 96-well plates were seeded with 2 x 10*
cells/well and left in 37°C overnight. Calcein-AM-labeled cells (2uM Calcein-DMSO solution,
Invitrogen #C3100MP) were subsequently seeded at 1.5 x 10 cells/well to the plate (negative
control: wells with overnight-seeded cells but no Calcein-labeled cells; positive control: empty
wells with Calcein-labeled cells added). Plates were incubated at 37°C for 2 hours, then
centrifuged at 75 g for 10 minutes. Nonadherent cells accumulated at the bottom of the wells and
fluorescence at the bottom of the well was quantified. Log fold change in fluorescence between
test wells and positive control wells was recorded. Assay was repeated with media containing

100 1U/ml IFN-a; overnight-seeded cells were treated with IFN-a for 48 hours prior to seeding
in v-bottom plates, then were seeded in media with IFN-a for 24 hours, while Calcein-labeled
cells were treated with IFN-a for 72 hours prior to Calcein labeling, seeding, and incubation in

v-bottom plate for 2 hours (they were also seeded in media containing IFN-a).

SiRNA Knockdown of Junction Proteins
siTJP1 (ZO-1) and non-targeting control siRNA were ordered from Dharmacon (siTJP1 5

nmol #L-0077-46-00-0005) and transfected in SUM 149s using 5.2 ul DharmaFECT 2/well in 6-
well plates, while in MDA 231s transfection used 2 ul DharmaFECT 4/well in 6-well plates

(Dharmacon). Protein was harvested from cells 2-5 days after transfection and immunoblotted

for ZO-1 to confirm transient knockdown.
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Transwell Invasion Assay

100,000 cells/well were seeded into Matrigel Transwell Invasion chambers (Corning
#354480) in serum-free media, with serum-containing media in bottom chambers. Cells were
incubated at 37°C for 24 hours, then the top chambers were scrubbed to remove cells that had not
invaded. Chambers were then fixed in 70% ethanol for 10 minutes, stained in 0.2% Crystal
Violet for 10 minutes, and left to dry overnight. Brightfield images of each insert were acquired
at 2X magnification on an Olympus 1X51, and the ImageJ Color Inspector 3D plugin was used to
quantify the percent coverage of purple pixels per insert image. Assays were performed in
technical triplicate and biological triplicate. Multiple comparisons ANOVA was conducted on
the data in GraphPad Prism 9. For assays with siRNA-treated cells, cells were seeded into

chambers 48 hours post-transfection. For assays with IFN-a-treated cells, cells were seeded into
chambers either with no prior IFN-a treatment or with 48 hours pre-treatment with IFN-a, and

were seeded in serum-free media containing 100 IU/ml of IFN-a.

RNAseq

Four biological replicates of SUM 149, MDA 231, VARI068, MCF7, MCF10A, and
SUM 190 cells, wild-type and RhoC knockouts, were incubated at 37°C overnight. Normal
growth media for each cell line was replaced with DMEM for 24 hrs, and RNA was harvested.
RNA was sequenced via the Illumina HiSeq 4000 as paired 51bp reads to a targeted depth of
75M paired reads per sample. Read data in FASTQ format were quality assessed with
FastQC/MultiQC (v.0.11.3) and contamination checked with fastq_screen (v.0.11.1). Reads were
adapter-trimmed using CutAdapt (v.1.8.1) and aligned to the GRCh37 hg19 human genome

using Tophat/Bowtie2 (v.2.0.13/v.2.2.1, options —b2_very_sensitive and the default max intron
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length of 500000). Raw read counts were extracted for each gene using HTSeq (v.0.6.0).
DESeq?2 (v1.14.1), run within the R (v.3.3.3) Bioconductor package (Biobase v.2.34) was used to
model differential expression in genes between modeled conditions. The main factors used in the
model were cell line and CRISPR knockout status (cRhoC or WT). DESeq2 utilizes generalized
linear models for each gene and infers a log2 fold change between conditions using maximum
likelihood estimation and (by default) a Wald test for significance. Default parameters for
DESeq?2 were used, specifying a standardized normal prior on the non-intercept coefficients
(betaPrior=TRUE). QC plotting was performed in R using ggplot. Genes were annotated with
NCBI Entrez GenelDs and text descriptions.

In the crRhoC vs WT dataset, 1293 differentially expressed genes were identified out of a
total of 20,978 with detected expression based on an adjusted p-value threshold of 0.05 and a
minimum absolute log2 fold change of 0.585. Gene set enrichment was performed on these data
using the commercial iPathwayGuide software (Advaita Bioinformatics, Ann Arbor, Ml).
iPathwayGuide (iPG) scores pathways using a custom enrichment method?®-28 that is composed
of two primary sub-methods: i) the over-representation of differentially expressed (DE) genes in
a given pathway, and ii) the perturbation of that pathway computed by propagating the measured
expression changes across the pathway topology. These two sub-methods each produce p-values
(pORA and pAcc, respectively) that are combined using Fisher’s method into a pathway-specific
p-value, which is then corrected for multiple comparisons using an FDR correction. The tool
searched KEGG pathways (Release 90.0+/05-29, May 19) utilizing directional information in
gene-relationships?®. An enrichment against GO terms®®3! was also performed, utilizing the ORA

method (i) above.
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In addition to classic enrichment, a prediction of upstream regulators was also performed
by iPG based on the differentially expressed gene set and a network of regulatory
(activation/inhibition) interactions from a proprietary knowledge base compiled from StringDB*2
(Version 11.0. Jan 19th, 2019) and BioGrid® (v3.5.171. March 25th, 2019) data. The
activation/inhibition network is polled using gene expression information to consider hypotheses
that upstream regulators of genes are either activated or inhibited. A z-score for each upstream
regulator is computed by iterating over connected downstream genes and their incoming edges,
as well as a p-value corresponding to the z-score as the one-tailed area under the probability
density function for a normal distribution, N(0,1). An over-representation approach is also used
to compute the statistical significance of observing at least a given number of consistent DE
genes, with an associated p-value computed using the hypergeometric distribution®*. Finally,
these two p-values are combined using the Fisher’s method to rank the upstream regulators and
test the hypothesis that the upstream regulators are predicted as activated or inhibited in the

experimental condition (crRhoC vs WT).

Targeted Gene Expression Profiling
Three biological replicates of MDA 231 and SUM 149 wild-type, RhoA knockout, and
RhoC knockout cells were treated with 100 IU/ml IFN-a for 72 hours, then RNA was harvested
and run on nanoString Pan Cancer Immune Profiling panels (nanoString Technologies, Inc.). The
expression of 730 immune-related genes and 40 housekeeping genes was measured, and the
nSolver 4.0 software (nanoString Technologies, Inc.) was used to normalize expression values
and conduct differential expression analysis. Genes were considered differentially expressed

between treated and untreated cells if they had FDR-adjusted p-value < 0.05. To compare the
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change in expression with IFN-a treatment in wild-type, RhoA knockout, and RhoC knockout

cells, p-values were calculated as per Kaye et al®.

RESULTS

Loss of RhoA and RhoC Expression in Breast Cancer Cells Results in Significant
Morphological Changes

In order to investigate the effect of RhoC expression on cell-cell junctions, we created
MDA 231 and SUM 149 cell lines where RhoA and RhoC had been independently knocked-out
via CRISPR-Cas9 (cell lines denoted crRhoA and crRhoC, respectively). Both the MDA 231 and
SUM 149 cell lines are triple-negative breast cancer cells with high expression of RhoC in wild-
type cells; SUM 149 is an inflammatory breast cancer cell line, while MDA 231 is a non-
inflammatory breast cancer cell line. We found that the crRhoC cells exhibited compensatory
increases in RhoA expression (Figure 3.1A). Furthermore, the crRhoA cells assumed a more
spindlelike shape compared to their wild-type counterparts, and the crRhoC cells were more

cuboidal compared to wild-type (Figure 3.1B).

RhoA and RhoC Expression Modulate Junctional Protein Expression and Colocalization
We sought to characterize the role of RhoC and RhoA in epithelial junctions in these
breast cancer cell lines. We first assessed total protein levels of key cell-cell junctions proteins:
the tight junction proteins ZO-1 and Occludin, and the adherens junction proteins E-cadherin and
[-catenin. We found that crRhoA cells demonstrated a trend towards decreased expression of
junction proteins as compared to wild-type via Western Blot. In contrast, crRhoC cells exhibited

a trend towards increased junction protein expression compared to wild-type (Figure 3.2). Out of
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the four junction proteins, this pattern of Rho-modulated expression was most evident in ZO-1,
both in SUM 149 and in MDA 231 cells. Immunofluorescent staining for junction proteins
(Figure 3.3A) highlighted an increase in the amount of junction proteins localizing to areas of
cell-cell contact in the crRhoC cells, as well as increased colocalization of junction markers in
crRhoC cells. Moreover, the SUM 149 crRhoA cells consistently assembled in loose or
disordered clusters, characterized by variable spaces between cells, and had decreased tight
junctions and cell-cell projections compared to both wild-type and crRhoC cells (Figure

3.3B,C).

RhoA and RhoC Expression Modulate Cell-Cell Adhesion and Barrier Function

Having observed a qualitative change in junction protein expression and localization, we
sought to determine whether this change translated into functional differences in adhesion
between wild-type and crRhoC cells. We measured cell-cell adhesion using a fluorometric
centrifugation assay, wherein fluorescently-labeled cells were added to wells with previously-
seeded cells of the same type, incubated for 2 hours, and then subjected to centrifugal shear
stress in order to measure the perturbation of adhesion between different cell types. Positive
controls for the assay were wells containing only fluorescently-labeled cells. Both crRhoC SUM
149 and crRhoC MDA 231 cells had a greater reduction in fluorescent signal compared to their
positive controls than did wild-type cells, suggesting a functionally stronger cell-cell adhesion
when RhoC is knocked out (Figure 3.4A). To further assess the functional significance of the
junction changes induced by reducing RhoA and RhoC expression, we undertook a FITC-
Dextran barrier integrity assay to determine the effectiveness of the tight junctions in these cells.
In both crRhoC SUM 149 and crRhoC MDA 231 cells, there was a significant increase in the

barrier integrity of the cell monolayer compared to wild-type, and in crRhoA SUM 149 and
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crRhoA MDA 231 there was a significant decrease in the barrier integrity of the cell monolayer
compared to wild-type (Figure 3.4B). These changes imply that barrier integrity increases with
RhoC knockout, and decreases with RhoA knockout, which is consistent with the changes in

tight junction protein colocalization observed via immunofluorescent staining.

RhoC Expression Increases Cell Invasion, But ZO-1 Knockdown Does Not Rescue Invasion in
crRhoC Cells

To investigate whether RhoA and RhoC expression affect the invasive potential of breast
cancer cells, we conducted transwell invasion assays. Compared to wild-type and crRhoA cells,
crRhoC cells had significantly less transwell invasion (Figure 3.5A). To assess whether RhoC’s
effect on cell invasion is facilitated by RhoC’s effect on junction protein expression, we decided
to test whether transiently modulating expression of ZO-1 would contribute to invasive
capability. Cells were treated with ZO-1 siRNA or scrambled control siRNA for 72 hrs to
achieve transient ZO-1 knockdown (Figure 3.5B), following which transwell invasion was
assessed. ZO-1 knockdown did not significantly change invasiveness in wild-type, crRhoA, or

crRhoC cells (Figure 3.5C,D).

crRhoC Cells Have Altered Interferon-a Signaling Compared to Wild-type
Seeking to understand the molecular mechanisms of Rho-driven junction regulation, we
conducted whole transcriptome RNAseq analysis of SUM 149, MDA 231, VARI068, MCF7,
MCF10A, and SUM 190 wild-type and crRhoC cells, using six cell lines in order to increase our
analytical power. Analysis detected 1,293 genes differentially expressed between crRhoC cells
and wild-type at an adjusted p-value of 0.05 and a minimum log2 fold change threshold of 0.585.

A number of interferon-stimulated genes (ISGs) had significantly decreased expression in
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crRhoC cells compared to wild-type, and many of these genes were downstream of IRF9 and
STATZ2, resulting in IRF9 and STAT2 as the predicted most significantly inhibited regulators in
crRhoC cells compared to wild-type (Table 3.1), with 17 consistent genes each listed as
inhibited (out of a total of 38 and 43 target genes, p-values 7.9e-11 and 3.9e-10, respectively)
(Figure 3.6A, Table 3.2). The expression of IRF9 and STAT2 themselves were not significantly
differentially altered between crRhoC cells and wild-type cells.

As type | interferon signaling is known to influence junction protein expression in a
context-dependent manner®3¢, we sought to investigate specifically whether the predicted
inhibition of type I interferon signaling in crRhoC cells was borne out at the protein level, and
whether any changes in junctional behavior would result. SUM 149 and MDA 231 wild-type,
crRhoA, and crRhoC cells were subsequently treated with IFN-a at two doses (100 and 1000
IU/ml) for 2 hours and 72 hours, and expression of proteins in the type | interferon signaling
pathway was assessed via Western Blot. In response to interferon treatment, we observed that
RhoC modified the cells’ responses: MDA 231 crRhoC cells had increased STAT2 and IRF9
expression compared to wild type (Figure 3.6B,C), whereas SUM 149 crRhoC cells had trends
towards decreased p-STAT?2 and total STAT2 expression compared to wild type (Figure
3.6D,E). There were no significant differences between the two doses tested. The difference in
interferon response expression between crRhoC and wild-type cells were evident at both the 2
hour and 72 hour time points, consistent with the 17 ISGs identified by RNAseq that are
downstream of short-term ISGF3-driven signaling as well as long-term U-ISGF3-driven

signaling®% (Figure 3.7).
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RhoC Modulation of Interferon Signaling Leads to Functional Changes in Junction Behavior
and Cell Invasiveness

To assess the impact of RhoA and RhoC expression on long-term ISG expression, SUM
149 and MDA 231 wild-type, crRhoA and crRhoC cells were treated with IFN-a at 100 1U/ml
for 72 hours, then RNA was harvested and a relevant array of cancer related genes was assessed
by the nanoString Pan-Cancer Immune Panel. Out of the genes that were significantly
differentially expressed in treated cells compared to untreated controls, the interferon-stimulated
gene IFITM1 had decreased expression in both crRhoA and crRhoC cells compared to wild type,
and additional interferon-stimulated genes like MX1 and ISG15 were significantly decreased in
only the crRhoC cells compared to wild type. IF127 was the only interferon-stimulated gene that
had significantly increased expression in treated crRhoC cells compared to both treated crRhoA
cells and treated wild-type (Figure 3.8A,B).

In order to determine whether these differences in mRNA expression between crRhoC
cells and wild-type cells were borne out at the protein level, cells were again treated with IFN-a
at 100 1U/ml for 72 hours, and protein was harvested for Western Blot of MX1, ISG15, IFITM1
and IFI27 (Figure 3.8C). There was no expression of these proteins in the untreated SUM 149
cells, whereas in MDA 231 the untreated cells all expressed 1SG15 and the untreated crRhoA
and crRhoC cells expressed IFI127, with crRhoC cells expressing the highest amount of these two
proteins at baseline. The treated cells all had similar protein expression of MX1, ISG15, and
IF127, with MDA 231 cells having slightly increased protein expression compared to SUM 149

cells. However IFN-a treatment elicited higher IFITM1 protein expression in crRhoC cells than

in wild-type. SUM 149 crRhoA cells had decreased expression of IFITM1 with IFN-a treatment
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compared to wild-type, whereas MDA 231 crRhoA cells had increased expression of IFITM1

with IFN-a treatment compared to wild-type.

We further sought to assess the impact of RhoA and RhoC expression on functional

responses to IFN-a treatment. The centrifugation adhesion assay was repeated with media
containing IFN-a at 100 1U/ml. 72 hours of IFN-a treatment increased cell-cell adhesion for all
cell types. However, the change in adhesion between untreated and IFN-a treated cells was

greater in magnitude in wild-type cells compared to crRhoC cells (Figure 3.9A, Table 3.3).
Transwell invasion assays were also repeated with media containing IFN-a at 100 1U/ml, with
cells treated for 24 or 72 hours. Cells treated for 72 hours had reduced invasion compared to
untreated cells and 24-hour-treated cells. In MDA 231, the magnitude of invasion reduction was
greater in wild-type and crRhoA cells compared to crRhoC cells, whereas in SUM 149s the
reverse was demonstrated—crRhoC cells had a larger reduction in invasion than wild-type or
crRhoA cells (Figure 3.9B,C, Table 3.4). There were no significant differences in proliferation
or viability between treated and untreated or between wild-type and Rho knockout cells (data not

shown).

DISCUSSION
In investigating the cellular and molecular basis of the impact of RhoC on metastasis, we
demonstrate that RhoC affects both cell-cell junction behavior as well as IFN-a response.
Knocking out RhoC results in a trend towards increased tight and adherens junction protein
expression (Figure 3.2) and membrane localization (Figure 3.3) that resembles normal
junctions, while also significantly increasing the functionality of these junctions with respect to

adhesiveness and impermeability (Figure 3.4). crRhoC cells also exhibit decreased cell invasion
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(Figure 3.5A). Interestingly, low-dose IFN-a treatment has similar effects on wild-type cells as
the effect of RhoC knockout—the increased adhesion and decreased invasion induced by 72
hours of IFN-a treatment in wild-type cells (Figure 3.9) is comparable in magnitude to the
increased adhesion and decreased invasion seen in crRhoC cells compared to wild-type. crRhoC
cells treated with IFN-a exhibit a dampened response in terms of changes in adhesion and
invasion, compared to treated wild-type cells, but it is important to highlight that IFN-a does
increase adhesion and decrease invasion in both crRhoC and wild-type cells. Taken together,
these data point to IFN-a and RhoC inhibition as being capable of reducing cancer cell invasion
in a cumulative fashion—a potential combination strategy that could be more effective in RhoC
driven phenotypes, such as inflammatory breast cancer, as there was clearly a larger effect on
adhesion and invasion in SUM 149 crRhoC cells treated with IFN-a compared to MDA 231
crRhoC cells.

A corollary interpretation of these results is that RhoC knockout blunts cellular response
to IFN-a overall. This interpretation is further supported by the smaller increase in expression of
interferon-stimulated genes in crRhoC cells post-1IFN-a treatment compared to wild-type cells, in
which IFN-a treatment robustly increased interferon-stimulated gene expression (Figure 3.8A).
The potential for RhoC contributing to normal IFN-a signaling is a novel finding. Expression of
interferon signaling proteins IFI27 and ISG15 was higher in untreated MDA 231 crRhoC cells
than in wild-type, and IFITM1 expression was higher in treated crRhoC cells than in wild-type.
Expression of IFI127 in some studies is correlated with decreased proliferation and migration®®4:,
and in others with increased tumorigenesis and migration and decreased patient survival*>=#4,
ISG15 expression is correlated with increased invasion, induction of M2-like macrophages, and

decreased patient survival*#®, IFITM1 is also correlated with increased tumorigenesis and
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invasion*’. The increased expression of these invasion-associated proteins and the overall
decreased 1SG expression in crRhoC cells compared to wild-type, in the context of IFN-a
treatment reducing cell invasion without significantly affecting cell viability, adds complexity to
the understanding of RhoC as primarily a promoter of metastasis.

Previous studies from our lab have found that macrophage-conditioned media,
specifically from M2a macrophages, promotes cancer cell invasion, and that functional RhoC is
necessary to achieve the full extent of macrophage-promoted invasion®*“®, Interestingly, IFN-a
treatment has been demonstrated to promote a shift in macrophage polarization from M2 to
M14%50, Qur current study posits that functional RhoC contributes to increased IFN signaling in
cancer cells, which would conflict with the logical conclusion from previous studies that RhoC is
positively associated with M2 macrophages and M2 macrophages are negatively associated with
IFN-a. Further study is therefore necessary to determine why cells with functional high RhoC
expression have reduced junction functionality and increased invasion in the absence of IFN-a,
and the opposite effect in the presence of IFN-a.

IFN-a has been recognized as an anti-tumor compound since 1970°!. High-dose IFN-a
(>1000 IU/ml) is FDA-approved as monotherapy for Kaposi’s sarcoma, follicular non-Hodgkin
lymphoma, melanoma, and hairy-cell leukemia, and for adjuvant therapy of melanoma; overall
clinical response rates are modest, and high-dose IFN-a toxicity is high, thus oncological use has
diminished in recent times®2. On the other hand, IFN-a is also used clinically as an anti-viral
agent, and achieves sustained anti-virologic responses for significant populations of Hepatitis B
and C patients®. Some of the variation in clinical efficacy of IFN-a can be attributed to differing
ISG induction at differing concentrations of IFN-a; low-dose IFN- a tends to induce anti-viral

ISGs, whereas high-dose induces proliferation and inflammation-related 1SGs>*. Our findings
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that low-dose IFN-a modulates breast cancer invasion and adhesion is notable in that it posits a
potential anti-tumor clinical benefit through multiple mechanisms of action, without the
morbidity of high-dose treatment.

Higher ISG expression is associated with estrogen receptor negative breast cancers®?. The
cell lines we focused on in this study are both triple-negative breast cancers, and the RNAseq
results of decreased I1SG expression in RhoC knockout cells compared to wild-type were more
significant in our triple-negative breast cancer cell lines than in other breast cancer cell lines
(Table 3.1). A recent study by Doherty, et. al.*? also examined the effect of low-dose IFN-a on
triple-negative breast cancer and found that chronic, weeks-long exposure to low-dose IFN-a led
to increased epithelial morphology, decreased stemness markers, and decreased migration®. This
is consistent with our results of decreased invasion with 3 days of low-dose IFN-a treatment, and
comparable to our results of both increased epithelial morphology and decreased invasion in
RhoC knockout cells compared to wild-type. Previous work from our lab has identified RhoC as
a modulator of stemness markers in breast cancer cells, and moreover identified RhoC as
necessary for lung metastasis from orthotopic xenografts while increased stemness markers
modulated the number of metastases®®. This study suggests that these previously discovered links
to epithelial character, stemness and invasion in both IFN-a and RhoC may be, at least in part,
related to RhoC’s contribution to IFN response.

Our overall hypothesis—that RhoC amplifies interferon signaling and thereby increases
junction dysregulation, consequently promoting cancer cells’ motility and invasiveness—is
borne out insofar as RhoC contributes to Type | interferon cellular response and also contributes
to regulation of junction behavior. However, we find that IFN-a signaling itself results in

increased cell-cell adhesion and decreased invasion. Our current work supports that the role of
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RhoC in metastases of certain aggressive cancers appears to be a result of intrinsic modulation of
the cancer cells’ junctions and invasiveness, and potential amplification of interferon signaling;
other effects on the tumor microenvironment, such as a shift in macrophage population
abundance, may cooperate to produce highly aggressive phenotypes. As such, via multiple
mechanisms, our data indicate that the inhibition of RhoC in aggressive breast cancers could

provide anti-invasion therapeutic benefit.
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FIGURES
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Figure 3.1 Rho knockout changes expression and morphology of cells. (A) Validation of CRISPR-
Cas9 knockout of RhoA and RhoC via Western Blot. (B) Brightfield images of wild-type, crRhoA, and
crRhoC cells. RhoA knockout markedly changes the morphology of both MDA 231 and SUM 149 cells,
leading to a consistent “triangle” shape in the MDA 231s and a rounded shape in the SUM 149s. RhoC
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knockout changes cell morphology more subtly, leading to a consistent “crescent” shape in the MDA
231s and a more cuboidal shape in the SUM 149s. Scale bars = 200pm.
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Figure 3.2 Rho knockout changes junction marker expression. (A) Representative Western blot of
junction protein expression in wild-type, crRhoA, and crRhoC cells. crRhoC cells trended towards
increased expression of junction markers, most notably ZO-1. (B) Quantification of Western blots of three
biological replicates. No changes in junction expression reached significance. Solid bars are MDA 231,
striped bars are SUM 149; black bars are wild-type, light grey bars are crRhoA cells, and dark grey bars
are crRhoC cells.
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Figure 3.3 Rho expression changes junction marker localization to cell-cell borders. (A)
Representative images of immunofluorescence staining of junction markers in wild-type, crRhoA, and
crRhoC cells. White arrows point to areas of junction marker localization to cell-cell borders. Scale bars =
50 um. Quantification from 3 fields of view per cell type of (B) adherens junction marker and (C) tight
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junction marker localization to cell-cell borders in wild-type, crRhoA and crRhoC cells, with area of peak
intensity corresponding to areas of cell-cell border localization. Solid bars are MDA 231, striped bars are
SUM 149; black bars are wild type, light grey bars are crRhoA cells, and dark grey bars are crRhoC cells.

Statistical significance assessed between wild-type, crRhoA and crRhoC cells; **: p < 0.01; ***: p <
0.001.

84



>

= 0.4- * t
EY T 1 |
£8 = — W MDA 231 WT
S 2 0.01 % 0 MDA 231 crRhoA
o g 0.2+ T % @ MDA 231 crRhoC
g2 ] 0 @ suMm1a9wT
c K
: .é 1 ] SUM 149 crRhoA
2 e SUM 149 crRhoC
-0.8 T T

N S RN P
Vv < o N < <
o N S 2 W
Vv Vv ) N N
F oF S
S S 2 2
R~
g, B MDA 231 WT
5 ull o ate CJ MDA 231 crRhoA
g | — | e | B MDA 231 crRhoC
& 1.0- | I ' _T_' SUM 149 WT
3 [ | 7 P72 [0 SUM 149 crRhoA
2 _— / SUM 149 crRhoC
(&) il i
= 0.5 /
w
g /
@
§ 0.0 T T '///
>
< \'of (Y] \'ol <O
&“‘é o o5 o8 o
(9 9 N (9 (@
v 20 e s
O Bl Vv N N
& o T S
S =) S

Figure 3.4 Rho expression changes cell-cell adhesiveness and junction stability. A) Quantification of
difference in fluorescent intensity between positive control (non-adhering) and test wells in centrifugation
adhesion assay (n = 3 biological replicates); decreases in fluorescent intensity correspond to increases in
cell-cell adhesiveness. crRhoC cells have significantly increased adhesiveness compared to wild type. (B)
Quantification of the ratio of fluorescent intensity in apical vs basal chambers in FITC-Dextran barrier
permeability assay (h = 3 biological replicates); higher ratio corresponds to increased barrier integrity.
crRhoA cells have decreased barrier integrity compared to wild-type, whereas crRhoC cells have
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increased barrier integrity. Solid bars are MDA 231, striped bars are SUM 149; black bars are wild-type,
light grey bars are crRhoA, and dark grey bars are crRhoC cells. *: p < 0.05; **: p < 0.01; ***: p < 0.001.
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Figure 3.5 RhoC expression significantly changes breast cancer cell invasion, but ZO-1 expression
does not. (A) In Matrigel-coated Transwell invasion assays (n = 3 biological replicates), crRhoC cells
were less invasive than wild-type cells, most significantly in MDA 231. **: p < 0.01; ***: p < 0.001. (B)
Transient sSiRNA knockdown of ZO-1 was achieved in MDA 231 and SUM 149 WT and crRhoC cells.
(C) In Matrigel-coated Transwell invasion assays (n = 3 biological replicates), there was no significant
difference in invasion between control cells and cells with silenced ZO-1 expression.
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Figure 3.6 RhoC expression influences gene and protein expression of Type I interferon signaling
response. (A) Type | interferon signaling pathway and the genes significantly downregulated in crRhoC
knockout cells compared to wild-type, as measured in RNAseq. Genes in blue circles were downregulated
in crRhoC compared to wild-type; genes in grey circles were not significantly differentially expressed
between crRhoC and wild-type. (B) Western blot of interferon signaling markers in MDA 231 wild-type
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and crRhoC cells—crRhoC cells have increased STAT2 and IRF9 compared to wild type. (C)
Quantification of two biological replicates of MDA 231 western blots; significance compared between
wild-type and crRhoC and reported as *: p < 0.05. (D) Western blot of interferon signaling markers in
SUM 149 wild-type and crRhoC cells—crRhoC cells have decreased p-STAT2 and STAT2 compared to
wild type. (E) Quantification of two biological replicates of SUM 149 western blots—trends of decreased
p-STAT2 and STAT?2 did not reach significance. Significance compared between wild-type and crRhoC
and reported as *: p < 0.05.

Long-term

Short-term
interferon-stimulated response

interferon-stimulated response

RSAD2 IFI16 XAF1 IFI27 BST2 OAS2 MX1 IFIT1 IFIT3
PSMB8 1SG20 IRF5 IFI35 IFITM3 OASL IFIT2 OAS3

Figure 3.7 IFN signaling and effect of RhoC knockout. Short-term and long-term signaling through
type | interferon signaling pathways. Short-term interferon signaling is driven by phosphorylated STAT1
and STAT2 complexed with IRF9 that translocates to the nucleus, binds to interferon stimulated response
elements (ISREs), and promotes transcription of interferon stimulated genes (ISGs); phosphorylation of
STAT1 and STAT2 peak about 2 hours after treatment with a type | interferon. Long-term signaling is
driven by unphosphorylated STAT1 and STAT2 complexed with IRF9, and peaks around 72 hours after
treatment with type I interferons. Genes listed in order of decreasing magnitude of log fold-change.
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Figure 3.8 Rho expression alters expression of interferon stimulated genes. (A) RNA expression of
interferon stimulated genes in response to 72 hours of IFN-a treatment (100 TU/ml). Wild-type cells had
larger increases in gene expression with IFN-a treatment compared to crRhoC cells. Black bars are
expression in wild-type cells, dark grey bars are expression in crRhoC cells. (B) RNA expression of
interferon stimulated genes in response to 72 hours of IFN-a treatment (100 TU/ml). Wild-type cells had
larger increases in gene expression with IFN-a treatment compared to crRhoA and crRhoC cells. Black
bars are expression in wild-type cells, light grey bars are expression in crRhoA cells, dark grey bars are
expression in crRhoC cells. *: p < 0.05; **: p < 0.01; ***: p < 0.001. (C) Protein expression of interferon
stimulated genes in response to 72 hours of IFN-a treatment (100 TU/ml).

91



© 059 W Untreated
gocn . B
£ 0 r][j N IFN-a (100 1U/ml)
w o
S 2 0.0
ek Tg TT
ow
- O
oa
gﬁa&
g2
=0
Q
=10 T T T T T T
' (9} > (¢}
O (%) %) (8}
& o & o
GG R
\‘Qv R S N
FF S
& & 2 S
MDA 231
60+ -
® -
8
%40:‘
I I
2 ]
%20-
2
<
o_
\$°
o@
e
&

Figure 3.9 RhoC expression modulates cells’ functional response to interferon. (A) Quantification of
difference in fluorescent intensity with IFN-a treatment between positive control (non-adhering) and test
wells in centrifugation adhesion assay (n = 3 biological replicates); decreases in fluorescent intensity
correspond to increases in cell-cell adhesiveness. Treatment with IFN-a at 100 IU/ml for 72 hours led to
increased adhesion for all cells, but the increases were larger and more significant in wild-type and
crRhoA cells compared to crRhoC cells. (B) Quantification of transwell invasion with IFN-o treatment (n
= 3 biological replicates) in MDA 231 and in (C) SUM 149. Treatment with IFN-a led to decreased
invasion for all cells; in MDA 231 wild-type and crRhoA cells had larger and more significant decreases
than in crRhoC cells, whereas in SUM 149 crRhoC cells had the largest relative decrease in invasion.
Downward-slanting stripes represent IFN-o treatment; black bars are wild-type, light grey bars are
crRhoA cells, and dark grey bars are crRhoC cells. *: p < 0.05; **: p < 0.01; ***: p <0.001.
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TABLES

Table 3.1 crRhoC cells have predicted inhibition of IRF9 and STAT2 signaling compared to wild-
type cells. iPathwayGuide analysis of RNAseq data identified multiple genes downregulated in crRhoC
compared to wild-type cells (“consistent (-)”) that were also identified as downstream of IRF9 and
STAT?2 based on KEGG (“DE targets”). Significance determined by p < 0.05 and indicated by *.

crRhoC vs WT
SUM 149 MDA 231 VARI 068 SUM 190 MCF7
Consistent | FDR- Consistent | FDR- | Consistent FDR- | Consistent | FDR- Consistent | FDR-
Gene (-)/DE adjusted (-)/DE adjusted (-)/DE adjusted (-)/DE adjusted (-)/DE adjusted
targets p-value targets p-value targets p-value targets p-value targets p-value
IRF9 13/15 0.148 15/16* 0.003 23/23* 2.29%- 0/1 1.00 5/5 0.736
14
STAT2 13/15 0.230 15/17* 0.018 24/24* 2.2%- 0/1 1.00 5/5 0.736
14

Table 3.2 Genes downstream of Type | interferon signaling are downregulated in crRhoC cells
compared to wild-type. Combining the RNAseq results of crRhoC vs WT in all cell lines assessed (SUM
149, MDA 231, VARI 068, SUM 190, and MCF7), 17 genes downstream of IRF9 and STAT2 were
significantly downregulated in crRhoC cells compared to wild-type, with significance determined by p <
0.05.

Gene LogFC FDR-adjusted p-value
IFI127 -2.90 1.00e-6
BST2 -2.10 1.00e-6
RSAD2 -1.81 1.00e-6
IFI6 -1.31 1.00e-6
OAS2 -1.27 2.2%e-4
XAF1 -1.20 1.00e-6
MX1 -1.07 1.00e-6
PSMB8 -1.00 1.00e-6
IFIT1 -0.886 3.59%e-4
IFIT3 -0.783 3.133-4
IFI35 -0.758 1.00e-6
ISG20 -0.756 2.03e-4
IFITM3 -0.681 1.00e-6
OASL -0.678 0.002
IFIT2 -0.673 0.004
OAS3 -0.667 3.0le-4
IRF5 -0.610 1.36e-5
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Table 3.3 RhoC knockout dampens IFN-driven increase in cell-cell adhesion. Adhesion was
measured using the fluorimetric centrifugation adhesion assay. Log fold change in fluorescence
corresponds to change in adhesiveness. Significance determined by p < 0.05 and indicated by *.

Cell Line |Log fold change| with IFN-a tx p value with IFN-a tx
MDA 231 WT 3.63 0.250
MDA 231 crRhoA 1.30 0.982
MDA 231 crRhoC 1.12 0.864
SUM 149 WT 5.69* 0.037
SUM 149 crRhoA 4.59* 0.007
SUM 149 crRhoC 2.02 0.120

Table 3.4 RhoC knockout modulates IFN-driven inhibition of cell invasion. Cells were treated with
IFN-a for 72 hours and transwell invasion assays were conducted. Fold change between the percent
invading cells for untreated and treated cells was calculated. Significance determined by p < 0.05 and

indicated by *.

Cell Line Fold change with IFN-a tx 72 hr p value with IFN-a tx 72 hr
MDA 231 WT 0.559 0.431
MDA 231 crRhoA 0.645* 0.012
MDA 231 crRhoC 0.289 0.809
SUM 149 WT 0.447* 2E-4
SUM 149 crRhoA 0.514* 1E-4
SUM 149 crRhoC 0.604* 9E-4
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Chapter 4 : Conclusions and Future Directions

IBC is the most aggressive form of breast cancer, and is highly heterogeneous!. The
adoption of trimodality therapy (neoadjuvant chemotherapy, mastectomy, and radiation) and the
advent of targeted therapies for HER2+ cancers has improved IBC survival significantly?,
however the increase in survival has plateaued at about 40% 5-year survival®. Thus, there is still
significant room for improvement in IBC survival, and the identification of IBC-specific targeted
therapies would further that goal. As no IBC-specific targeted therapies have yet been adopted
for clinical use, molecular drivers of IBC need to be further investigated.

This thesis work finds that although IBC survival has improved over the past four
decades, racial disparities in survival persist. This work further explores the contribution of
RhoC to the aggressive behavior of IBC and other breast cancers, and finds that RhoC modulates
cell adhesion, cell invasion, and cellular response to interferon signaling in an interconnected
manner relevant to the development of therapeutic strategies targeting aggressive breast cancers
like IBC.

In order to accurately analyze the epidemiology of IBC, a standard definition of IBC in
the SEER database is needed. We hypothesized that expanding the currently recommended
coding for IBC (ICD-0-3 “8530” and AJCC 6" Edition T “T4d”) to include codes that reflect the
clinical signs of IBC (EoD-CS-Ext codes 510 — 750) would best capture authentic IBC cases in
the SEER database, and indeed we found that using a combination of all of these codes results in

a larger number of cases with similar survival statistics. This implies that many genuine cases of
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IBC are being overlooked and that adoption of these clinically-relevant codes as a new coding
standard would be beneficial for future IBC studies. We further find that there are marked racial
disparities in the epidemiology of IBC: in comparison with white patients, black patients have
significantly higher incidence of IBC, younger age at diagnosis, and worse survival outcomes.
The increased incidence and decreased survival of black patients with IBC compared to white
patients have been persistent trends over several decades—indeed, although overall IBC survival
has significantly improved for all races, for several decades the gap between the survival of
white and black patients has not narrowed. The persistance of this disparity in survival is an
important finding that prompts investigation into why measures that have improved overall IBC
survival have not also led to equal survival outcomes between races.

In future research, we will validate our proposed clinically-informed IBC coding standard
in a prospective cohort of patients presenting at the cancer centers in our region, to assess
whether female breast cancer patients assigned as ICD-0-3 “8530”, AJCC “T4d”, or EoD-CS-
Ext codes 510-750 and having the same metastatic status (with or without metastases at
diagnosis) would be considered by physicians to need similar treatment and whether they would
have similar survival outcomes. Additionally, our study would have been strengthened by the
inclusion of more patients identifying as Asian/Pacific Islander or as American Indian/Alaska
Native, so in composing a prospective patient cohort we would work with physicians in cancer
centers in our region to encourage recruitment of IBC patients from these ethnic backgrounds.

In investigating molecular drivers of IBC and other aggressive breast cancers, we found
that RhoC affects cell junction protein expression, junction functionality, and cellular response to
interferon treatment. In both the triple-negative breast cancer (TNBC) cell lines we studied, one

IBC and one non-IBC, loss of RhoC expression led to a trend towards increased protein
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expression of cell junction markers and increased colocalization of these markers at points of
cell-cell contact instead of diffusely spread through the cytoplasm. Interestingly, loss of RhoC
did not lead to significant differences in the RNA expression of these same junction genes,
suggesting that RhoC influences post-translational modifications in junction signaling, or
potentially trafficking of transmembrane junction proteins in a manner that affects the
accumulation or degradation of junction proteins. Nevertheless, the observed changes in protein
expression correlated with significant increases in cell-cell adhesion and decreases in cell
invasion in crRhoC cells. Seeking to assess whether RhoC’s effect on cell invasion was due to
RhoC’s effect on junction function, we performed transient knockdown of the tight junction
protein ZO-1, whose expression was most significantly affected by RhoC expression, and found
that it did not significantly change the invasiveness of wild type or crRhoC cells. It is possible
that one reason that ZO-1 knockdown alone did not significantly change invasion was that other
junction proteins compensated functionally in the absence of ZO-1; future studies investigating
inducible knockdown of multiple junction proteins in conjunction could further assess the
contribution of cell junctions to RhoC’s ability to promote cancer invasion.

We found also that crRhoC cells had significantly decreased expression of interferon

stimulated genes compared to wild type cells at baseline, without IFN-a treatement; when treated
with low-dose IFN-a for 72 hours, crRhoC cells had smaller increases both in RNA and protein
expression of interferon stimulated genes compared to wild type cells. Functionally, crRhoC
cells also had a blunted response to IFN-a treatment, having smaller increases in adhesion and
decreases in invasiveness than wild type cells. The finding that RhoC contributes to interferon
signaling is a novel contribution to the fields of both Rho GTPase study and Type | interferon

study. In the context of IBC and potential interactions with immune cells in the tumor
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microenvironment, the link between RhoC and interferon signaling would be particularly
interesting to further investigate. Moreover, the finding that RhoC expression modulates cell
adhesion in response to interferon suggests that RhoC’s regulation of junction expression and
interferon response may be interconnected.

We will further our studies on this topic by a combination of in vitro and in vivo work.
We will measure the expression of junction proteins in wild type and crRhoC cells treated with
IFN-a, and if IFN-a leads to increases in junction protein expression, we will study whether
transient knockdown of junction proteins would inhibit interferon-driven decreases in cell
invasion. To investigate the mechanism by which RhoC affects interferon signaling, we would
start by assessing NF-«B signaling in these cell lines. RhoA is known to contribute to NF-kB
signaling by activating Rho-associated protein kinase (ROCK), which in turn phosphorylates I-
kappa B kinase alpha (IkBa), leading IxBa to dissociate from the NF-xB complex and thus
allowing the NF-kB complex to translocate into the nucleus and activate gene transcription*”.
Previous work from our lab found that pomegranate fruit extract inhibited NF-«B signaling in
MDA 231 and SUM 149 while also decreasing the expression of RhoA and RhoC®. NF-«xB
signaling is also known to be activated by Type | interferons, via STAT3, Akt, and PI3K’. The
convergence of Rho signaling and interferon signaling on the NF-«B pathway (Figure 4.1)
would therefore be our first avenue of exploration, starting with assessing whether NF-kB is
activated by low-dose IFN-a treatment and whether the level of NF-kB activation is different in
wild-type cells compared to crRhoC cells. Interestingly, the RhoGAP DLC1, which localizes
with junction proteins a-catenin and E-cadherin, has been shown to inhibit NF-«B signaling in
prostate cancer cells, although this inhibition is dependent on stable cell-cell junctions and is lost

when junctions are disrupted by removal of Ca?* from the media®. This study highlights the
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contributions of RhoGAPs and RhoGEFs to RhoC signaling, and also points to a potential
mechanism linking RhoC, junction function, and interferon signaling through NF-xB. We would
therefore also want to study whether expression of RnoGAPs like DLCL1 are affected by low-
dose IFN-a treatment and by RhoC expression in our breast cancer cell lines.

To assess the impact of RhoC expression on interferon response in cancer cells in the
presence of a subset of immune cells, we will grow cells in a co-culture system, with wild-type
and crRhoC cancer cells seeded into the top chamber of transwells while human-derived M1 or
M2 macrophages are seeded into the bottom chamber, based on our lab’s previous work studying
aggressive breast cancers and their interaction with macrophages®*°. Cells would be treated with
IFN-a and the impact on cancer cells’ viability, adhesion and invasion would be measured and
compared to cancer cells treated with IFN-a and not co-cultured with macrophages. We
hypothesize that co-culture with macrophages would enhance the effects of IFN-a treatment we
observed in the work described above, namely increased cell adhesion and decreased invasion,
and that in crRhoC cells these effects would remain blunted even in the presence of M2
macrophages.

If we do observe increased anti-cancer impact in experiments in the co-culture system
compared to cell culture without macrophages, we would expand the work to in vivo studies in
NOD SCID gamma (NSG) mice seeded with human hematopoietic stem cells and allowed to
develop a “humanized” immune cell milieu. We would orthotopically transplant RhoC-high
wild-type or crRhoC human breast cancer cells into the mammary fat pads of these mice, and
after engraftment of the tumors would begin treatment with IFN-a. We would then assess
whether long term low-dose IFN-a treatment impacts metastatic progression or survival in these

mice, hypothesizing that metastases would be reduced and survival increased in all treated mice,
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but more significantly in the mice with wild-type breast cancer compared to crRhoC cells. We
would also assess the toxicity of long term low-dose IFN-a treatment.

The above-mentioned studies would utilize breast cancer cells that are RhoC-high (in
wild-type) and are also TNBCs, as in our work described above we identified RhoC expression
modulating interferon response more significantly in TNBC compared to non-TNBC based on
our RNAseq data. However, we could also perform functional studies with non-TNBC cancer
cells that are RhoC-high (for instance, the IBC cell lines SUM 190, which is ER-/PR-/HER2+, or
MDA IBC 1, which is ER+/PR-/HER2-) to assess whether RhoC expression contributes to
interferon response in these cell lines. If we do not see significant differences between wild-type
and crRhoC cells’ response to IFN-a in these cell lines, that would suggest an important
mechanistic link between hormone receptor or EGFR expression, RhoC, and interferon which
could be further explored. Additionally, it would point to IFN-a as a potential targeted therapy
for TNBC, which is sorely needed in clinical practice.

While studying the epidemiology of IBC and the contribution of RhoC to junction
function and interferon response appear to be very different projects, studying them in
conjunction could fill an important gap in the field of breast cancer—namely, the reasons for
racial disparity in IBC survival. Future studies could use IBC tumor microarrays to assess
whether differences in RhoC expression, junction expression, or interferon response in IBC
patients of different races could impact survival. To our knowledge, no studies have yet assessed
whether RhoC expression in aggressive cancers varies by patients’ race/ethnicity. Work from our
lab studying IBC in North Africa did identify high RhoC expression'!, which appeared higher
than typically seen in IBC patients in Michigan, so it seems possible that RhoC expression may

differ by race and thereby impact patient survival. Very few studies examine differences in cell
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junction expression in cancer patients of different races—Tan et al. find that the adhesion-related
protein ALCAM is decreased in the primary tumors of African American breast cancer patients
compared to Caucasian breast cancer patients'?. On the other hand, multiple studies do show
differences in immune response between patients of different races. For hepatitis C patients
treated with interferon, African American patients tend to have decreased sustained virologic
response (SVR) compared to Hispanic and Caucasian patients, and patients from Asia tend to
have increased SVR compared to patients from Western countries®#; certain polymorphisms in
the IL28B gene correlate with SVR and the distribution of these polymorphisms among patients
of different races also correlates with the differences in SVR between races™. In the context of
breast cancer, African American TNBC patients have higher expression of immune checkpoint
inhibitors than Caucasian patients, while Caucasian patients have larger areas of tumor-
infiltrating lymphocytes than African American patients'®. On the other hand, African American
breast cancer patients also had increased Tregs, increased tumor-associated macrophages,
increased M2 macrophages, and increased expression of interferon stimulated genes compared to
white patients®’. So far these are observational studies and are not directly correlated with
survival; future work could address black patients’ increased tumor-promoting immune
expression by clinical trials of neoadjuvant treatment with IFN-a in addition to normal
trimodality therapy, to assess whether IFN-a would be an efficacious intervention to improve
survival for black patients with TN-IBC to be at least equal to the survival of white patients.
Overall, the field of IBC has progressed significantly over the past several decades to
provide improved survival outcomes for patients in a disease that is nevertheless still extremely
aggressive. Especially as improvements in survival have plateaued since the early 2000’s and the

introduction of trastuzumab, there is a significant need to better understand the molecular
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mechanisms that drive IBC and identify targeted therapies to further improve IBC survival. We
hope that the contributions of this thesis work will continue to progress the field of IBC by
identifying a link between RhoC expression, cell junction function, and interferon response, and
thereby laying the groundwork for studies examining types of immunotherapy that could be
effective against IBC as well as studies that will ultimately close the survival gap between IBC
patients of different races, so that someday any patient presenting with IBC will have an equal

chance to survive and thrive cancer-free.
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Figure 4.1 Rho, interferon, and NF-kB signaling pathways. Current understanding of the intersection
between Rho GTPase signaling and Type | interferon signaling, which both converge on the NF-xB
signaling pathway. IxkBa phosphorylation leads to degradation of IxBa and release of the NF-xB
complex, which translocates to the nucleus and regulates transcription. Both Rho kinase (ROCK) and
interferon-stimulated signaling through STAT3-PI3K-Akt can lead to phosphorylation of IkBa and thus
activated NF-«kB signaling. Diagram created using Biorender.
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