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Abstract
The human epidermal growth factor receptor 2, or HER2, is overexpressed in 2030% breast cancer patients and is associated with aggressive disease. Therapies targeting
HER2, including monoclonal antibodies (trastuzumab and pertuzumab), a small
molecule kinase inhibitor (lapatinib) and an antibody-drug conjugate (trastuzumab
emtansine), have significantly prolonged the overall survival of HER2-positive breast
cancer patients. However, almost all patients develop resistance either from the
beginning of therapy or with prolonged treatment in two years.
Previous studies to unveil the resistance mechanisms were mainly focused on
acquired resistance, culturing cells with HER2 inhibitors and making comparisons to
their parental cells. In order to study the mechanism mediating intrinsic resistance, we
conducted a loss-of-function genetic screen using a HER2-amplified cell line that is
intrinsically resistant to HER2 inhibitors with the purpose to identify synthetic lethal
targets. TALDO1, a gene encoding a metabolic enzyme in the non-oxidative pentose
phosphate pathway was identified from the screen. Metabolic profiling with isotopelabeled glucose was used to understand the mechanism. The profiling results indicated
that TALDO1 was necessary for cellular NADPH generation to combat increased cellular
ROS and support synthesis of lipids as a result of HER2 inhibition.
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Importantly, the higher expression of TALDO1 is associated with poor response
to HER2-targeted therapy in a small cohort of HER2-positive breast cancer patients,
suggesting it could potentially serve as a biomarker to predict patient response.
Together our study explained a novel mechanism mediating intrinsic resistance
to HER2 inhibition with significant clinical value. Combined inhibition of HER2
signaling and the pentose phosphate pathway may result in a better clinical outcome.
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1. Introduction

1.1 Breast cancer
Breast cancer is the most prevailing cancer type in women in the United States,
comprising 30% of all cancer cases in female[1]. It is estimated that one out of eight
women will have breast cancer in their lifetime.
Clinically, breast cancers are mostly categorized into four molecular subtypes,
determined by the histochemical evaluation of estrogen receptor(ER)/progesterone
receptor(PR), or together called hormone receptor (HR) and human epidermal growth
factor receptor 2 (HER) expression: luminal A (HR+/HER2-, 51%) , luminal B
(HR+/HER2+, 16%), HER2-enriched (HR-/HER2+, 7%) and triple negative (HR-/HER2-,
26%) (percentage of the subtype from [2] ). Prognosis and treatment decisions of the four
subtypes of breast cancer are different. In hormone receptor-positive breast cancer, the
proliferation of cancer cells is largely depended on ER or PR signaling. Therapies to treat
these subtypes are hormone receptor inhibitors. Both luminal B and HER2-enriched
subtypes possess amplified HER2 expression and are treated with HER2-targeted
therapy.
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1.1.1 HER2 signaling
The ERBB2 gene encoding HER2 was first cloned and identified in the mid-1980s
from several labs[3-6]. The overexpression of HER2 was found in 20-25% breast cancer
patients and its expression was correlated with aggressive disease [7, 8].
HER2 belongs to the family of human epidermal growth factor receptor, or HER,
which consist of four family members: EGFR/HER1, HER2, HER3, and HER4. These are
transmembrane receptors with an intracellular tyrosine kinase domain that can be
activated by ligand binding (yet HER2 has no identified ligand), then form heterodimers
and transduce signals to downstream molecules including PI3K/Akt and the MAPK
pathways to support cell proliferation and survival [9]. The overexpression of HER2
induces constitutive activation of downstream signaling, supporting malignant growth
and decreasing apoptosis in breast cancer cells.

1.1.2 HER2-targeted therapy
As an amplified surface molecule, HER2 was thought to be a good target for
drug development. Therapies targeting HER2 were developed and significantly
improved breast cancer survival over the last two decades.
Trastuzumab, or Herceptin as its commercial name, is the first recombinant
humanized monoclonal antibody targeting HER2, which showed significant
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improvement in metastatic breast cancer patients [10, 11], and later as adjuvant therapy
to operable breast cancer patients [12, 13] and was eventually approved to be used as a
neoadjuvant therapy regimen [14]. Trastuzumab inhibits tumor growth through two
major mechanisms: inhibiting the HER2 signaling and inducing the antibody-dependent
cell-mediated cytotoxicity (ADCC) [15]. Even until now, the mechanism of its activity is
not fully understood.
Lapatinib is the second approved HER2-targeted therapy. It is a small molecule
inhibitor that can reversibly bind the intracellular tyrosine kinase domain of both HER2
and EGFR with different affinity to inhibit autophosphorylation and downstream
proliferative signaling [16]. It improves the survival of HER2-positive advanced breast
cancer patient who progressed from the anthracycline, taxane and trastuzumab
combinational therapy, providing another therapeutic option [17]. In a recent study,
however, the combination of lapatinib with trastuzumab had comparable overall
survival in patients treated with trastuzumab alone [18]. Also because it causes higher
rate of side effects, lapatinib is prescribed less in the clinic.
An antibody-drug conjugate form of Trastuzumab (T-DM1) was developed,
linking the HER2 antibody trastuzumab with a microtubule inhibitor emtansine. By
conjugating with a HER2 antibody, the cytotoxic agent can be delivered locally to tumor,
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while increasing the anti-tumor effect of trastuzumab. T-DM1 has shown superior
outcome than lapatinib plus capecitabine in phase III clinical trial in HER2-positive
advanced breast cancer [19].
Pertuzumab is another approved monoclonal antibody targeting the HER2
extracellular domain, interfering with HER2-HER3 dimerization and inhibiting
downstream signaling [20]. In metastatic breast cancer, the combination of pertuzumab,
trastuzumab and docetaxel showed the highest response rate comparing to previous
clinical trials [17, 21-23].
Apparently, the advent of trastuzumab along with other HER2-targeted therapy
has significantly improved the survival and prognosis of HER2-positive breast
cancer[21]. Nevertheless, even with the most powerful treatment combination, over 50%
of patients with HER2-positive advanced breast cancer who initially response relapse
within two years [22].

1.1.3 Resistance to HER2-targeted therapy
Despite its efficacy in improving progression-free survival and overall survival,
the HER2-targeted therapies were not responsive in all patients. Both intrinsic and
acquired resistance occurs in the clinic.
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In advanced or metastatic breast cancer, the response rate to trastuzumab
monotherapy is lower than 30% in several early trials; the combination of trastuzumab
with other chemotherapeutic agents was able to increase the response rate to 50-60%
[15]. The most recent trial combining three therapeutic regimens: anti-HER2 antibodies
pertuzumab and trastuzumab, and chemo drug docetaxel showed the highest response
rate close to 80%. However, the progression-free survival of advanced breast cancer
patient was lower than 50% at a two-year time point, suggesting a relapse from the
treatment [23].
In early-stage HER2-positive breast cancer patients, the disease-free survival
over 11 years’ follow-up was lower than 80% in three large cohorts treated with
trastuzumab as adjuvant therapy[21]. The addition of pertuzumab to the therapeutic
regimen increased the four-year disease-free survival from approximately 80% to 90%.
Together, resistance to HER2-targeted therapy is affecting approximately 20% of earlystage HER2-positive breast cancer population.
In sum, resistance to HER2-targeted therapy happens in both early-stage and
advanced-stage breast cancer patients that remains to be a major obstacle in clinical
treatment and a threat to long-term patient survival.
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1.1.4 Mechanisms of resistance
Multiple studies were done to illustrate the mechanisms of resistance to HER2targeted therapy. In general, the unveiled resistance mechanisms can be categorized into
three classes: 1) expressing surface proteins to interfere antibody binding to HER2; 2)
mutating downstream signaling transducers to consistent-activated form; and 3)
expressing other receptor tyrosine kinases (RTKs) to maintain the downstream
signaling.

Figure 1: HER2 signaling and mechanisms of resistance
Both p95HER2 and MUC4 were reported to interfere the binding of trastuzumab
and HER2. The full length p185HER2 can be truncated by metalloprotease to form
p95HER2, which does not have the extracellular domain but intracellular kinase domain.
6

Therefore, trastuzumab is not able to inhibit HER2 signaling with the presence of
p95HER2. The expression of p95HER2 was discovered in 20-40% breast cancer patients
and was correlated with a higher risk of metastasis [24]. Another study indicated that
lapatinib treatment could benefit patients who expressed p95HER2 and were resistant to
trastuzumab [25]. However, for various reasons, the expression of p95HER2 was not
used as a clinical prognostic marker. MUC4 is a surface molecule that can mask the
trastuzumab-binding epitope of HER2 [26]. MUC4 was expressed at a higher level from
a cell line derived a HER2-positive patient who did not respond to trastuzumab
comparing to sensitive cell lines BT474 and SKBR3 [27]. A more recent study reported
that MUC4, as a downstream factor of TNF-a was expressed in 60% of patients in a
cohort of 78 and was correlated with worse patient survival [28].
The second class of resistance mechanism is mutations in downstream signal
transducers that can function to sustain proliferative and pro-survival signaling
pathways and escape HER2 inhibition. The deficiency of PTEN contributes to resistance
to trastuzumab in animal models and later proved in patient samples [29, 30]. PTEN is a
suppressor of the PI3K signaling, which was identified from a genetic screen to
determine trastuzumab resistance[31]. To overcome resistance, PI3K inhibitors are
combined with trastuzumab under clinical trials.
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The third class of resistance mechanism is increased expression of alternative
RTKs to bypass HER2 inhibition and maintain intracellular growth signaling. Insulinlike growth factor I receptor, or IGF1R was reported in several studies. In resistant cells,
IGF1R is expressed at a higher level than in parental cell lines and could dimerize with
HER2 [32, 33]. Met receptor tyrosine kinase was co-expressed with HER2 in several cell
lines and Met inhibitors synergize with HER2 inhibition [34]. Axl is another RTK that
was found in an acquired resistance model to mediate resistance to HER2-targeted
therapy[35]. To systematically study the RTKs involved in resistance to anti-HER2
therapy, our lab analyzed the expression of RTKs from patient samples and identified
three RTKs—IGF1R, PDGFR, and TYRO3 that were associated with poor prognosis of
anti-HER2 therapy[36]. Inhibition of these RTKs could increase the anti-cancer efficacy
of HER2-targeted therapy in pre-clinical settings.
Although these studies provide insight into resistance mechanisms to anti-HER2
therapies and possible targets to be exploited pharmacologically, most of the studies
were performed using acquired-resistant models developed from chronically treating
cells with increased doses of HER2 inhibitors. Therefore, these models may not be
relevant to the 20% of metastatic HER2-positive breast cancer patients who exhibit
intrinsic resistance, failing to respond to anti-HER2 therapy from the beginning [11].
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1.2 Functional genetic screen using CRISPR/Cas9

1.2.1 CRISPR/Cas9 technology of genomic editing and screening
The clustered regularly interspaced short palindromic repeat, or CRISPR system
was discovered in bacteria as an adaptive immune system against virus/phage genome
interrogation into its own DNA [37]. With collective basic research, the components of
the CRISPR/Cas9 genomic editing system was understood. The natural CRISPR/Cas9
system consists three components: the CRISPR RNA (crRNA) and the trans-activating
CRISPR RNA (tracrRNA) together leads the Cas9 nuclease to the specific genomic site,
where Cas9 generate double-strand DNA break. The break is then repair by the innate
non-homologous end joint repair (NHEJ) machinery which induce insertion or deletion
in the genome, causing deficiency in translating the open reading frame into functional
proteins. With a template DNA, the break can also be repaired by homology-directed
repair (HDR). Therefore, the CRISPR/Cas9 system can be used to induce knockout of
genes, causing loss-of-function (LOF) of target genes in cells. Later, the CRISPR/Cas9
system was modified to activate expression of target genes in vitro and in vivo [38, 39],
though it’s mostly used to generate LOF in cells.
The CRISPR/Cas9 system was engineered into a single vector or dual-vector
lentiviral system to perform genomic scale functional screening [40]. It was proved to be
9

capable of identifying functional genes from thousands of candidates [41, 42].
Comparing to shRNA genetic screen, the cloning of single guidance RNA (sgRNA) pool
is much cheaper and less time-consuming. This approach, since its establishment, was
used widely in various mammalian and non-mammalian systems, and in both in vitro
and in vivo studies.

1.2.2 Pooled genetic screen
The pooled screening strategy is widely used with the CRISPR/Cas9 technology.
Starting from oligo synthesis from commercially available sources, the pool of plasmids
can be generated by cloning the oligo into the same vector following standard protocol.
Together with the virus packaging system, viruses are produced each carrying one
sgRNA construct. The virus titer needs to be tested. Then with the proper amount of
virus, cells are infected at low MOI. As a result, most of the infected cells are only
infected by one virus, therefore only one gene is knocked-out in the cell. Uninfected
cells are depleted by treatment with mammalian selection markers, such as puromycin.
The purified cell population is then homogenized and split into several groups to go
through certain perturbation for a designed time period. During this process, cells with
LOF genes causing resistant toward the perturbation force will expand, while cells with
LOF genes sensitizing them to the perturbation will die. The strategy for selecting the
expanded hits is known as positive screening, and for selecting the depleted hits is
10

known as negative screening. The genomic DNA of the pools of cells with or without
perturbation is collected. The CRISPR/Cas9 edited genomic cassette can be expanded by
PCR and sequenced by next generation sequencing. Changes in the fraction of each
sgRNA construct can be calculated[43]. (Figure. 2)
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Figure 2: Steps of pooled screening
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One important condition for negative screen is that the initial numbers of cells
carrying each sgRNA construct need to be high enough, therefore to ensure a strong
depletion to be detected. Usually, a 1,000x of the total construct number in the library is
needed in each sample before perturbation. For example, a screening pool that contains
2,000 genes is usually covered by 6,000~ 10,000 sgRNA constructs, thus needs 6~10
millions of cells for each sample at the starting point of experiments. For a positive
screen, the hits are amplified during the perturbation so that the initial copies of each
sgRNA is not that essential.

1.2.3 Screen for synthetic lethality in cancer
The concept of synthetic lethality is originally from studies in fruit flies and
yeasts [44]. The idea is to discover the interaction of two genes while deleting either one
gene will not be lethal, but two together causes cell death. With the advent of
CRISPR/Cas9 technology that reliably inducing LOF in genes in a genome-scale,
researchers now are able to identify synthetic lethal interactions for developing new
cancer treatment options [45].
Cancer cells harbor a significant amount of oncogenic or non-oncogenic
mutations in its genome. These cancer-specific mutations potentially increased cancer
vulnerability to a second gene perturbation or inhibition, which can be exploited as
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therapeutic targets. For instance, the synthetic lethal interaction with oncogenic RAS in
acute myeloid leukemia (AML) was reported using a CRISPR-based screen [46]; another
study discovered the synthetic lethal interaction between the chromatin helicase DNAbinding factor CHD1 and loss of PTEN [47]. The concept of synthetic lethality can also
be expanded to a dosage-related or time window-related aspects [45, 48].
For HER2-positive breast cancer, inhibition of the HER2 is sufficient to eradicate
cells that are dependent on this signaling but cannot kill the cells that only partially rely
on HER2 for proliferation or survival. However, the inhibition of HER2 can potentially
increase cell vulnerability to LOF of a second gene, which can be potential targets to
develop combinational therapies to eradicate tumors that are resistant to HER2-targeted
therapy.

1.3 The pentose phosphate pathway
1.3.1 Biological functions of the PPP
The pentose phosphate pathway (PPP) is a primary anabolic pathway that is
essential for ribonuleotide synthesis and NADPH production. The PPP is comprised of
two sequential phases. The oxidative phase (purple arrow) branching from the first
metabolites of glycolysis glucose-6-phosphate (G6P) irreversibly generates ribose-5phosphate (Ri5P) for nucleic acid synthesis. Two molecules of NADPH are generated in

14

this process, which is considered to be the major source of cellular NADPH for reductive
anabolic pathways and cellular redox balance[49]. The non-oxidative phase (yellowish
pink arrows) reversibly converts pentose phosphate into glycolytic intermediates that
can then fuel glycolysis or gluconeogenesis.

Figure 3: Metabolites and enzymes of the PPP
The reversible nature of the non-oxidative PPP enzymes enables cells to generate
the appropriate ratios of nucleic acids and NADPH for proliferation and survival. In
rapidly proliferating cells which need Ri5P for nucleotide synthesis, the non-oxidative
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PPP can convert F6P and G3P into Ri5P (Arrow 1). In cells that need more ATP than
nucleotides, the non-oxidative PPP can convert ribonucleotides back into glycolysis for
energy generation (Arrow 2). In cells that needs more NADPH to combat increased
oxidative stress or to synthesize biomass molecules, the non-oxidative PPP can use Ri5P
to generate glycolytic intermediates and fuel gluconeogenesis, replenishing the
oxidative PPP for NADPH generation (Arrow 3). Lastly, the non-oxidative PPP can be
redundant when the need for NADPH and Ri5P is balanced. (Berg JM, Tymoczko JL,
Stryer L. Biochemistry. 5th edition. New York: W H Freeman; 2002. Section 20.4, The
Metabolism of Glucose 6-Phosphate by the Pentose Phosphate Pathway Is Coordinated
with Glycolysis.)
The PPP is the major source of cellular NADPH, which is essential for the
generation of ROS scavenger GSH. It is the only source of NADPH for red blood cells. In
metabolizing tissues, such as liver, adipose, and mammary glands, and in cancer cells,
the PPP is an important metabolic pathway to balance excessive ROS from fast
proliferation[49].

1.3.2 The oxidative PPP and cancer
The oxidative PPP branches from glycolysis metabolite G6P, which is dehydrated
by G6PD to become 6-phosphogluconate meanwhile generates the first molecule of
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NADPH. The second reaction is oxidative decarboxylation mediated by 6phosphogluconate dehydrogenase (PGD) to generate ribulose-5-phosphate and the
second molecule of NADPH [50].
G6PD is considered the rate-limiting enzyme that controls the proportion of
glucose flux into the PPP. It is also the most studied enzyme in the PPP, potentially
because it is the most commonly mutated gene in the world with more than 400 million
people carrying more than 300 variants [51]. Higher expression of G6PD was found in
tumor tissues comparing to normal tissue. In cervical cancer and triple negative breast
cancer, the expression of G6PD was proved to be correlated with poor prognosis [52, 53].
G6PD has been proposed to be a target for cancer therapy given its importance in
regulating cellular ROS and generating 5-carbon metabolites. The second enzyme -PGD, although less studied, also plays a role in tumorigenesis. Knockdown of PGD in
lung cancer cells induces senescence and increases cisplatin sensitivity [54, 55].

1.3.3 The non-oxidative PPP and cancer
The reversible non-oxidative PPP is mediated mainly through two enzymes-Transketolase (TK) and transaldolase (TA). TK mediates two reactions: one reaction
transfers a C2 unit from R5P/X5P to produce G3P and S7P, and another reaction from
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Xu5P and E4P to produce F6P and G3P. TA, in comparison, only mediates one reaction
that transfers a C3 unit from S7P to G3P generating E4P and F6P.
This pathway contributes to the versatility of metabolic needs of cells and is often
activated to support malignancy. It provides 85% nucleotide for proliferating pancreatic
cancer cells [56]. It can generate antioxidant NADPH to reduce cellular ROS. It can also
be used as a shunt to resist inhibition of upstream glycolysis to produce pyruvate for
ATP generation [57].
The expression of TK is upregulated in hepatocellular carcinoma (HCC).
Deficiency in TK increases cellular ROS and retards proliferation[58]. TKTL1, a
transketolase variant, is upregulated in breast cancer, but is not correlated with overall
survival [59]. TKTL1 also expressed at higher level in colon and urothelial cancer with a
significant correlation of poor survival in a small cohort of patients [60].
TA is much understudied compared to TK. Mice with genetic deletion of TA
develop HCC due to unbalanced ROS in hepatocytes [61]. Other studies on the function
of TA are mostly related to ROS balancing in cells [62].

1.3.4 Oncogenic regulation of the PPP
The activity of PPP is regulated by various oncogenic mutations on
transcriptional level or post-transcriptional level. The tumor suppressor p53 has shown
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to both activation and inhibition of G6PD activity [49]. The KRasG12D was shown to
enhance the nonoxidative PPP to generate ribonuclease for DNA/RNA synthesis in
pancreatic cancer cells [63]. The Redox sensor NRF2 is also known to regulate
expression of several PPP enzymes at the transcriptional level, including G6PD, PGD,
TK and TA [64]. In sum, the pentose phosphate pathway is an essential metabolic
pathway to support cancer cells demand on DNA/RNA, NADPH for biosynthesis and
balancing oxidative stress. However, there is insufficient knowledge of regulatory
mechanisms of this pathway to develop therapeutic options.

1.4 Aims of the study
1.4.1 Identify synthetic lethal targets of HER2-targeted therapy
The resistance towards anti-HER2 therapy is still an unsolved issue in breast
cancer treatment. We want to use the CRISPR/Cas9 technology to screen over a pool of
candidate genes to identify targets that are synthetically lethal with inhibition of the
oncogenic HER2 signaling. Inhibitors of the discovered targets can potentially be
developed as combinatorial treatment options to enhance efficacy of current HER2targeted therapy.

1.4.2 Explain the mechanisms of TA-mediated resistance
Through the genetic screen, we identified an understudied enzyme –TA
mediating the non-oxidative pentose phosphate pathway. Knockdown of TA sensitize
19

resistant cells to HER2 inhibitor lapatinib. We wanted to identify the specific metabolites
that are essential for cancer cell survival.
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2. Functional Screen to Identify Synthetic Lethal Targets
with HER2 Inhibition

2.1 Introduction
The amplification and overexpression of HER2 were observed in 20%-30% breast
cancer patients. Therapies targeting this oncogenic molecule was developed and
significantly changed the survival of HER2-positive breast cancer. However, the
response rate to anti-HER2 therapy in metastatic or advanced breast cancer is between
20-80% from different clinical studies, suggesting certain cancer cells are intrinsically
resistant to HER2 inhibition. Even within the patients who initially respond to HER2targeted therapy, a significant proportion of them relapsed with recurrence of tumor.
Previous studies on resistance mechanisms are mostly using cell line models derived
from chronic treatment in order to mimic the acquired resistance in HER2-positive
breast cancer patients. Much less studies are focusing on the intrinsic mechanisms of
resistance.
We wanted to identify mechanisms mediating intrinsic resistance and to
potentially identify targets for combinational drug targets by leveraging the
CRISPR/Cas9 technology that is capable to functionally screen thousands of genes. In
collaboration with Dr. Kris Wood lab, who are experienced in drug resistance studies
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and in genetic screen, we were able to conduct a screen in a intrinsically resistant HER2positive breast cancer cell line using their recently developed cancer-related gene
sgRNA library [65].
This single-guidance RNA library was developed based on the second
generation of one-vector CRISPR knockout system [41] and included 378 cancer-related
genes each targeted with 5 sgRNA constructs and 50 non-targeting control constructs
together close to 2000 constructs. The size of the library is mitigated for negative screen,
which require a high copy number for each construct in order to gain high-quality
signal. To reach a 1000x cover of each construct, 2 million cells are needed in each
biological replicate at the starting point of treatment.
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2.2 Materials and Methods
2.2.1 Cell culture
MDA-MD-361 and BT474 cells were obtained from the Duke Cell Culture Facility
(originally from ATCC), and were cultured in RPMI1640 supplemented with 10% FBS, 2
mM glutamine, 10 mM HEPES, 1 mM sodium pyruvate, 2.5 g/L glucose and 1%
penicillin-streptomycin (Thermo Fisher Scientific).

2.2.2 Cell viability assays
Cells were seeded in 96-well plates at 4,000 cells/well overnight, then treated
with different doses of lapatinib as indicated. Cell-Titer-Glo reagent (Promega G7570)
was prepared in advance and 20 µL was added into each well according to the
manufacturer’s protocol to measure cell viability.

2.2.3 Crystal violet staining
Crystal violet staining solution consisted of 10% methanol with 0.1% crystal
violet powder (Sigma-Aldrich C3386). Breast cancer cells were seeded in 2 cm plates or
6-well plates overnight, then treated with DMSO or lapatinib for 72 hours. Cells were
then washed 2 times with PBS, stained for 30 mins at room temperature, washed 3
additional times with PBS, and finally air-dried for one hour before photographic
analysis.
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2.2.4 sgRNA Library construction and expansion
The CRISPR/Cas9 library was previously established in the Wood lab [65].
Library plasmid amplification was modified from a previous report [41]. Briefly, 200 ng
of library plasmid was added into 50 µL competent cells (Stratagene 200314), following
standard protocols, and then seeded onto ampicillin (100 µg/ml) LB agar plates for 16hour growth. 20 replicates were performed to yield a coverage of 2000x for each sgRNA.
Colonies were scraped off plates and combined before plasmid DNA was extracted
using Endotoxin-Free Midi Prep (Qiagen 12943).

2.2.5 Lentivirus production and tittering
HEK293T cells were seeded on 10 cm plates and grown overnight to
approximately 70% confluence at the time of transfection. 20 µg of total plasmids were
transfected using 60 µL Lipofectamine 2000 (Thermo Fisher Scientific 11668019)
following standard procedures. A ratio of 5:4:1 (lentiCRISPR library plasmid: psPAX2:
pVSVg) was used. After 6 hours, the media was changed to 12 ml RPMI1640. After 48
hours, viral particles were collected, filtered (0.45 µM), aliquoted, and frozen at -80° C
for short-term storage.
To test virus titers, MDA-MB-361 cells were seeded onto 96-well plates at 2000
cells/well overnight. 10 ratios of virus media/fresh media from 1:40-1:1 was added into
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wells (4 replicates each) for 24 hours, followed by 48 hr puromycin selection (2 µg/mL).
Cell survival was determined by Cell-Title Glo (Promega G7570). The dose of 20%
survival, which reflects a MOI of 0.2 was used for screening.

2.2.6 Pooled screen
20 million MDA-MB-361 cells were seeded into two 15 cm plates, infected with
virus at MOI 0.2 for 24 hours, and then selected with puromycin for 2 days, at which
point samples were collected to assess library representation. Cells were maintained at
1,000x library coverage in puro for 7 days to allow for the generation of knockout cells,
then split into 4 biological replicates (2 of each treated with DMSO or lapatinib) for 2
weeks.

2.2.7 DNA extraction and expansion
After genomic DNA was extracted using a DNA extraction kit (Qiagen 69504), 2
rounds of PCR were performed to amplify the sgRNA insertion cassette [41]. For both
rounds of PCR, 25 cycles of amplification were used to make sure sequence expansion in
a linear manner.
The primers used for first round PCR amplification: forwardAATGGACTATCATATGCTTACCGTAACTTGAAAGTATTTCG; reverseTCTACTATTCTTTCCCCTGCACTGTTGTGGGCGATGTGCGCTCTG.
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The primers used for second round PCR amplification.
F1—AATGATACGGCGACCACCGAGATCTACACTCTTTCCCTACACGACGC
TCTTCCGATCTaacatcaTCTTGTGGAAAGGACGAAACACCG; F2—AATGATACGG
CGACCACCGAGATCTACACTCTTTCCCTACACGACGCTCTTCCGATCTaaacatcaTC
TTGTGGAAAGGACGAAACACCG; F3—AATGATACGGCGACCACCGAGATCT
ACACTCTTTCCCTACACGACGCTCTTCCGATCTgaaacatcaTCTTGTGGAAAGGACG
AAACACCG; F4—AATGATACGGCGACCACCGAGATCTACACTCTTTCCCTACA
CGACGCTCTTCCGATCTcgaaacatcaTCTTGTGGAAAGGACGAAACACCG; F5—
AATGATACGGCGACCACCGAGATCTACACTCTTTCCCTACACGACGCTCTTCCG
ATCTtcgaaacatcaTCTTGTGGAAAGGACGAAACACCG; F6—AATGATACGGCGAC
CACCGAGATCTACACTCTTTCCCTACACGACGCTCTTCCGATCTacgtaaacatcaTCTT
GTGGAAAGGACGAAACACCG; F7—AATGATACGGCGACCACCGAGATCTACAC
TCTTTCCCTACACGACGCTCTTCCGATCTgacgtaaacatcaTCTTGTGGAAAGGACGAA
ACACCG; F8—AATGATACGGCGACCACCGAGATCTACACTCTTTCCCTACAC
GACGCTCTTCCGATCTcgacgtaaacatcaTCTTGTGGAAAGGACGAAACACCG; F9-AATGATACGGCGACCACCGAGATCTACACTCTTTCCCTACACGACGCTCTTCCG
ATCTgcgacgtaaacatcaTCTTGTGGAAAGGACGAAACACCG; F10—AATGATACGGC
GACCACCGAGATCTACACTCTTTCCCTACACGACGCTCTTCCGATCTtgcgacgtaaac
atcaTCTTGTGGAAAGGACGAAACACCG; F11—AATGATACGGCGACCACCGAG
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ATCTACACTCTTTCCCTACACGACGCTCTTCCGATCTagatcggTCTTGTGGAAAGGA
CGAAACACCG; F12—AATGATACGGCGACCACCGAGATCTACACTCTTTCCCTA
CACGACGCTCTTCCGATCTaagatcggTCTTGTGGAAAGGACGAAACACCG; ReverseCAAGCAGAAGACGGCATACGAGATGTGACTGGAGTTCAGACGTGTGCTCTTCCG
ATCT tctactattctttcccctgcactgt.

2.2.8 Sequencing and reads alignment
Purified PCR products were sequenced with a read length of paired-end 101 bp
on Illumina HiSeq3000sequencer. There are more than 3 million reads for each sample.
The sequenced reads were aligned to the sequence library of single-guide RNAs to count
each target in different samples and perform statistical test among conditions using the
Bowtie2 algorithm with default settings [66]. Reads numbers in each sample and
mapping rates can be seen in Appendix A.

2.2.9 Hits identification
For each sgRNA construct, the frequency (FR) were calculated as sgRNA reads/
total reads of the sample. The relative depletion of each sample was calculated as the (FR
of sample) / (FR at T=0). The essentiality relative depletion percentage was calculated as
the (FR of DMSO 2 weeks)/ (FR at T=0). The sensitivity relative depletion percentage was
calculated as the (FR of lapatinib) / (FR of DMSO).
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2.2.10 Constructs for single gene knockout
sgRNA constructs were cloned using an established lentiCRISPRV2 GeCKO
protocol (http://genome-engineering.org/gecko/). Forward string sequences were as
follows: sgTALDO1-1: CAAGCAGTTCACCACCGTGG; sgTALDO1-2:
GGAAAGACTTCTCATCCAGG; sgIGF1R-1: GGGACCAGTCCACAGTGGAG;
sgIGF1R-2: GAGGGGTTTGTGATCCACGA; sgGATA3-1:
GGGGTGGTGGGTCGACGAGG; sgGATA3-2: GCAGTACCCGCTGCCGGAGG;
sgTBX3-1: GGAGCCCGAAGAAGAGGTGG; sgTBX3-2:
CGAGGGTGAGAGCGACGCCG.
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2.3 Results
2.3.1 Strategy of functional genetic screen
Virus generated from the sgRNA library causes loss-of-function (LOF) of the
targeted gene in the infected cells. After puromycin selection, the pool of survived cells
should each be carrying LOF of one genes in the library. The pooled cells were then split
into two treatment arms: one treated with vehicle control, the other one treated with
HER2 inhibitor lapatinib. For each arm, cells are plated into four biological replicates
and two of each were collected at 2 weeks and 4 weeks after treatment. The biological
duplication of each sample was designed check consistency of depletion and to
eliminate false positive hits.

Figure 4: Strategy of genetic screen
DNA samples of pooled cells were collected as indicated numbers and amplified
by PCR with barcoding primers.
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By comparing the frequency of each sgRNA in the samples, we were able to
identify genes that were essential for survival and genes that mediated sensitivity to
lapatinib. Theoretically, cells carrying sgRNAs targeting genes that are essential for
viability will be depleted under both the vehicle and lapatinib treatment conditions
(essential genes). In contrast, sgRNAs depleted to a significantly greater extent in
lapatinib-treated cells compared to DMSO-treated cells are expected to target genes that
exhibit synthetic lethality with HER2 inhibition (sensitivity genes).

2.3.2 Dose of HER2 inhibitor for the screen
The MDA-MB-361 cells were used to perform the screen. This is a HER2amplified metastatic breast cancer cell line that is intrinsically resistant to HER2
inhibition. We first tested the dose-response curve of this cell line in comparison to a
sensitive cell line BT-474. In a 3-day treatment, the highest dose of lapatinib caused over
90% cell death in sensitive BT-474 cells while more than 70% of MDA-MB-361 cells are
still viable.
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Figure 5: Dose-response curve of MDA-MB-361 and BT474 cells
We eventually chose the dose of 1 µM, which inhibited sensitive cell growth,
while avoiding off-target effects. Theoretically, if sgRNA-induced loss-of-function (LOF)
of a certain gene could sensitize cells to HER2 inhibition, the dose of 1µM should be
sufficient to decrease this population. To better visualize the difference in survival under
lapatinib treatment and to confirm the dose for the screening, we conducted crystal
violet staining after 3-day lapatinib treatment with a dose of 1µM. This dose reduced the
growth of BT-474cells, while the growth of MDA-MB-361 cells was not affected
significantly.
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Figure 6: Images under bright light of living cells and crystal violet staining
MDA-MB-361 cells and BT474 cells were cultured in 2 cm dishes and treated for
3 days when the photos were taken.

2.3.3 Data quality of the screen and essential genes
To analyze the sequencing data, we first calculated the fraction of each sgRNA
constructs in every sample, then compared later time point samples to T=0, which is 7
days after puromycin selection. For each gene, we used the mean value of 5 sgRNAs. We
found that the biological duplicates at 4-week time point were not consistent, but
biological duplicates at 2-week time point were of good quality. As we plotted the
fraction of depletion of both replication on x and y axis, most of the genes were depleted
in a similar ratio, therefore lined up on the plot. The genes showed up in the lower left
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corner were the ones mostly depleted during 2-week culture that were essential for cell
survival. We did not dive into these genes because they were not the focus of this study.

Figure 7: Essential genes from the screen

2.3.4 Sensitivity genes from the screen
After confirming the quality of screen, we next started to look for genes
mediating lapatinib sensitivity. Those genes should be depleted at a greater extend in
lapatinib treatment comparing to DMSO. To visualize the hits, we plotted the mean of
depletion ratios from two biological duplicates on X and Y axis in the DMSO treatment
and lapatinib treatment accordingly. Genes showed below the diagonal are the hits
potentially mediating sensitivity (Figure. 8). The top five genes were IGF1R, TALDO1,
GATA3, TBX3, and PTK2 as indicated in the figure. Among these gens, IGF1R has been
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reported in multiple studies as a key mediator of bypass-resistance to HER2 inhibition
[32, 36, 67]; the top ranking of IGF1R thus validates the capacity of our screening
approach to uncover bona fide regulators of tumor cell responsiveness to lapatinib.
Whereas PTK2 (also called FAK) was also reported to sensitize cells to lapatinib [68],
TALDO1, GATA3, and TBX3 have not been previously reported to function in this
manner. TALDO1 encodes the transaldolase (TA) metabolic enzyme which catalyzes a
key non-oxidative reaction in the PPP (sedoheptulose 7-phosphate + glyceraldehyde 3phosphate ⇌ erythrose 4-phosphate + fructose 6-phosphate). GATA3 and TBX3 encode
transcription factors that are frequently mutated and highly expressed in breast cancer,
respectively [69, 70].

Figure 8: Sensitivity genes from the screen
Genes names are indicated. The mean value of two biological replicates were
plotted.
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To investigate these further, we plotted depletion percentages of the top five
candidates in samples treated with either DMSO or lapatinib for 2 weeks. While
sgIGF1R targeting constructs were consistently depleted to the greatest extent (Figure.
9), the other sgRNAs were also depleted in lapatinib-treated cells with some variance
between biological replicates and targeting constructs.

Figure 9: Depletion percentages of individual sgRNA constructs
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Together, these results suggest that our CRISPR/Cas9 genetic profiling data
corroborate previously known molecules involved in anticancer drug resistance and
identify new candidates for further investigation.

2.3.5 Verification of sensitivity genes
In order to validate our genetic profiling results, we next cloned individual
sgRNA constructs targeting the TALDO1, GATA3, and TBX3 genes, as well as IGF1R to
be used as a positive control. As expected, IGF1R deficiency was able to significantly
increase breast cancer cell sensitivity to lapatinib in a three-day dose-response assay;
however, among the newly identified genes, only TALDO1 depletion conferred similar
sensitivity in this assay (Figure. 10). For this reason, we narrowed our focus to the
TALDO1 gene product TA.
Together, these results suggest that our CRISPR/Cas9 genetic profiling data
corroborate previously known molecules involved in anticancer drug resistance and
identify new candidates for further investigation.
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Figure 10: Dose-response curve of cells with LOF of top hits
MDA-MB-361 cells were infected with lentiviral particles carrying non-targeting
control or sgRNA constructs targeting the indicated genes. Lapatinib of various
concentration or DMSO were added to cell culture for 7 days. Cell viability were
measured by Cell-Titer-Glo and normalized to DMSO treatment. IC50 were calculated
using Prism variable slope program. Error bars as SD.
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2.4 Discussion:
In this study, we conducted a functional screen to identify targets as synthetically
lethal with HER2 inhibition. Among the 378 genes screened, five of them showed up as
top hits, within which two were previously studied. We eventually focused on a
metabolic enzyme—transaldolase that mediates the non-oxidative pentose phosphate
pathway for follow-up study.
The CRISPR/Cas9 induced loss-of-function of genes provides us with a powerful
and convenient platform to conduct genetic screen. This approach could apply to
different contexts in order to identify genes that are essential for a certain biological
process. In this study, we applied this technology to identify genes that are synthetically
lethal to lapatinib. Besides the dose of HER2 inhibitor, the time length of treatment is
also important for getting a meaningful result. A longer treatment may help to amplify
the signal of real hits but may also introduce background noise (false positive heats,
inconsistency between duplicates) as well. Here we collected samples at 2 and 4 weeks
according to previous experience from the Wood lab. However, the 4-week data was not
interpretable.
After the verification, we could only consistently show two genes (IGF1R and
TALDO1) from the screen are mediating sensitivity. It is possibly resulted from the
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limited size of genes included in the screen—378 genes. If more genes are included in
the screen, we may be able to identify additional genes. On the other hand, expanding
the size of sgRNA screen will significantly increase the cell numbers needed for the
negative screen approach because for each sgRNA, at least 1,000 copies of carrier cells
are necessary as a baseline pool before treatment-induced depletion. This is always a
dilemma to choose between the size of gene pool and selection of target genes to be
included.
The sgRNAs targeting the ERBB2 gene were included in the screen. We found
the fraction of sgERBB2 constructs increased, suggesting 1) cells are not dependent on
HER2 signaling for survival; 2) ERBB2 knockout unsensitized cells to HER2 inhibition.
In two additional screens performed using sensitive cell lines, ERBB2 were shown as top
essential genes (data not shown). Therefore, in breast cancer cells that overexpress
HER2, a certain percentage are not entirely dependent on HER2 signaling for
proliferation and survival. These are the cases of intrinsic resistance, which may require
additional therapeutic regimens to inhibit tumor growth from the beginning.
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3. TA Mediates Sensitivity to Lapatinib

3.1 Introduction
From the screen, we identified a metabolic enzyme—transaldolase (TA), that is
necessary for MDA-MB-361 cells to be resistant to lapatinib. This is an enzyme
mediating a reversible step in the non-oxidative pentose phosphate pathway, which
wasn’t studied in HER2-positive breast cancer previously. In this chapter, we further
tested whether loss of function of TA could increase lapatinib efficacy in multiple cell
lines including both intrinsic and acquired resistant cells. We also examined whether
knockdown TA could further enhance the anti-cancer effect of HER2 inhibitor in
sensitive cell lines.
In general, the non-oxidative PPP is not well studied in HER2-positive breast
cancer. Therefore, in addition to TA, we studied the effect of TK deficiency in HER2positive breast cancer cell lines as well. Unlike TA having minor impacts on cell
proliferation, TK deficiency significantly retards cell proliferation and survival in normal
culture condition, while having little impacts further sensitizing cells to lapatinib.
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3.2 Materials and Methods
3.2.1 Cell lines and reagents
MDA-MD-361, MDA-MD-453, BT-474 and AU565 cells were cultured in
RPMI1640 supplemented with 10% FBS, 2 mM glutamine, 10 mM HEPES, 1 mM sodium
pyruvate, 2.5 g/L glucose and 1% penicillin-streptomycin (Thermo Fisher Scientific).
UACC812 cells were cultured in DMEM supplemented with 10% FBS and 1% penicillinstreptomycin. rBT474 cells were established as previously reported [71], whereas
rAU565 cells were developed by 2-month selection with 1 µM lapatinib. These acquired
resistant lines were maintained in 1 µM lapatinib added to regular media with
supplements. All cell lines were grown at 37° C with 5% CO2. Oxythiamine (O4000) was
purchased from Sigma-Aldrich.

3.2.2 shTA and sgTK constructs
shTA constructs were purchased from Sigma-Aldrich: shTA1 (TRCN0000052520)
CCGGCTGCAACATGACGTTACTCTTCTCGAGAAGAGTAACGTCATGTTGCAGTTT
TTG; shTA2 (TRCN0000052521) CCGGGCGGATGCTGACAGAACGAATCTCGAGATT
CGTTCTGTCAGCATCCGCTTTTTG. sgTK constructs were generated with lentiCRISPR
backbone with sequencies: sgTKT-1: CATCCAGGCCACCACTGCGG; sgTKT-2:
CAAGGGCAGGATCCTCACCG.
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3.2.3 Generation of stable cell lines
Cells were plated in 6 cm dishes overnight, then infected with virus media
collected from HEK293 cells transfected with lentivirus producing plasmids. After 24
hours of infection, fresh media was added for recovery. 48 hours after infection,
puromycin were added for additional 72 hours for selection. Cells were used at this time
point for protein lysate collection or plated out for growth inhibition assays.

3.2.4 Western blotting
Total protein was extracted using lysis buffer containing 0.9% NP-40, 1 mM
EDTA, 50 mM Tris-HCl (pH 8.0), 50 mM NaCl (NETN) supplemented with 1% protease
inhibitor cocktail (Thermo Fisher Scientific 78430). Lysates were first sonicated and
centrifuged at 12,000 r.p.m. for 10 min. Protein concentrations were determined by BCA
assay (Thermo Fisher Scientific 23227). Supernatants were then collected and boiled in
SDS loading buffer for 10 min. 15 µg of protein samples were loaded on SDS/PAGE gels
and transferred to nitrocellulose membranes (Millipore-Billerica). Membranes were
blocked in 5% bovine serum album in tris-buffered saline with 0.1% Tween-20 (TBST)
and probed with the following antibodies: TA (Proteintech Group 12376-1-AP), tubulin,
phospho-HER2, and HER2 (Cell Signaling 3873, 2243, and 4290). Secondary antibodies
(Life Technologies G21040 and G21234) were visualized using a chemiluminescent
reagent Pico kit (Thermo Fisher Scientific 35350).
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3.2.5 Cell growth inhibition assays
Cells were seeded in 96-well plates at 4,000 cells/well overnight, then treated
with different doses of lapatinib as indicated and/or other indicated compounds. CellTiter-Glo reagent (Promega G7570) was added into each well according to the
manufacturer’s protocol to measure cell viability. In a long-term growth assay, cells
were seeded in 12-well plates at 20,000 cells/well. Lapatinib or vehicle solvent (DMSO)
were added the next day. Cell numbers were counted after trypsinization using
hemocytometer.

3.3 Results
3.3.1 Loss of TA increases sensitivity in intrinsic resistant cell lines
To further verify these CRISPR/Cas9 results and assess TA’s function in
enhancing vulnerability to HER2 inhibition, we utilized shRNA-mediated TA
knockdown as a second independent loss-of-function methodology. Besides MDA-MB361 cells, we used another HER2-amplified breast cancer cell line that is intrinsically
resistant to lapatinib—MDA-MB-453. In both lines, knockdown of TA was able to
decrease the IC50 of lapatinib (Figure. 11).
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Figure 11: Dose-response curve of intrinsic resistant cells with shTA
a. MDA-MB-361 cells, b. MDA-MB-453 cells. Western blot showing shRNA
knockdown efficiency. Error bars denote the SD.
Next, we further analyzed cell survival and proliferation at different time points.
This assay was done using 12-well plate and hemocytometer as a secondary method to
verify the results obtained in 96-well plates using the Cell-Titer-Glo kit. In the DMSO
group, we observed a minor decrease of proliferation in shTA cells, suggesting TA has
some effect on cell growth; in the treatment group, besides the impact of lapatinib on cell
proliferation, the combination with shTA completely inhibited cell growth and induced
cell death (Figure. 11a). Similar results were observed in MDA-MB-453 cells (Figure.
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11b). Together, TA deficiency could significantly enhance the anti-cancer effect of
lapatinib in intrinsically resistant breast cancer cells.

Figure 12: Cell growth with lapatinib and/or shTA at different time points
a. Fold change of cell numbers at the indicated time points in shNT or shTA cells
treated with DMSO or 4 µM lapatinib. b. Numbers of MDA-MB-453 cells cultured with
DMSO or 1 µM lapatinib for 3 days and co-treated with either shNT or shTA. n=3, error
bars denote the SD; n.s., not significant; * P<0.05; ** P<0.005; *** P<0.001 by unpaired,
two-tail, student t-test.

3.3.2 TA has no impact on acquired resistant cell lines
Besides the intrinsically resistant breast cancer cell lines, we wondered if
knockdown of TA could also sensitize cells in the acquired resistant model. The acquired
resistant cell lines were developed from sensitive cell lines with chronic HER2 inhibition.
Most of the previously identified resistant mechanisms were discovered in such models.
We got rBT474 cells from Dr. Spector’s lab[71], and developed another resistant cell line
from AU565 cells using similar methods. In both cell lines, we did not observe synergy
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between shTA and lapatinib (Figure.13). Therefore, the synthetic lethality between TA
and HER2 inhibition may be more restricted to intrinsically resistant cells.

Figure 13: Dose-response curve of acquired resistant cells with shTA
a. rBT474 cells, b. rAU565cells. Western blot showing shRNA knockdown
efficiency. IC50 from Prism four parameter program. Error bars denote the SD.

3.3.3 TA cannot further sensitize sensitive cell lines to lapatinib
We also explored whether the deficiency in TA could further sensitize cell lines
that are intrinsically sensitive to HER2 inhibition. To test this hypothesis, we used three
sensitive cell lines—BT474, AU565 and UACC812 [16], to stably express shNT or shTA
constructs, then treated with different doses of lapatinib to generate dose-response
curves. Although shTA knockdown was sufficient, it could not further sensitize cells to
lapatinib (Figure. 14). We think that the sensitive cell lines are dependent on HER2
signaling, therefore inhibiting HER2 can result in dysregulated intracellular signaling,
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metabolism and other processes that are vital for cell survival and proliferation. In this
way, the PPP and other major metabolic pathways may have already been significantly
influenced by downstream effector molecules of HER2. Therefore, TA deficiency cannot
further sensitize these cells to lapatinib.

Figure 14: Dose-response curve of sensitive cells with shTA
a. BT474 cells, b. AU565 cells, c. UACC812 cells. Western blot showing shRNA
knockdown efficiency. IC50 from Prism four parameter program. Error bars denote the
SD.
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To evaluate if gain-of-function of TA could increase resistance to lapatinib, we
ectopically expressed TA in sensitive cell lines. However, overexpression of TA did not
increase IC50 in the two cell lines tested (Figure. 15). This could be explained in two
ways: 1) ectopic expression of TA may not necessarily lead to pathway activation; 2) in
HER2-dependent cell lines, overactivation of one metabolic pathway is not sufficient to
rescue cell proliferation or survival.

Figure 15: Dose-response curve of sensitive cells overexpressing TA
Western blot showing overexpression efficiency. Error bars denote the SD.
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3.3.4 TK affects cell proliferation not lapatinib sensitivity
Besides TA, the other key enzyme mediating the non-oxidative PPP is
transketolase (TK), which catalyzes two important reactions immediately adjacent to TA
in the non-oxidative PPP (Figure. 3). To further investigate the necessity of PPP
metabolism for breast cancer cell viability, we next compared the effects of knocking
down TA or TK alone or in combination with HER2 inhibition. While we observed a
minor growth defect upon TA knockdown, breast cancer cells lacking TK cannot
proliferate even with intact HER2 signaling, indicating that TK is essential for breast
cancer cell viability (Figure. 16a).
We further used the antimetabolite oxythiamine (OT) to pharmacologically
inhibit TK. OT treatment synergized with HER2 inhibition at a level comparable to
shRNA-mediated TA knockdown (Figure. 16b), validating the importance of PPP flux
for intrinsic lapatinib resistance. This finding is consistent with our initial screening
results showing that sgRNA constructs targeting TK are depleted under both vehicle
and lapatinib treatment conditions (Figure. 16c). TK has also been reported to be
essential for colorectal and liver cancer growth[58, 72], likely because the TK-catalyzed
reactions are non-redundant in the PPP. In sum, these findings suggest that TK
functions as an essential enzyme for cell viability in various cell types, whereas TA
exhibits synthetic lethality only when combined with targeted HER2 inhibition.
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Figure 16: TK is essential for cell proliferation
a. Cells carrying the indicated shRNA constructs were treated with DMSO or 4
µM lapatinib and assayed on days 0, 3, 6, and 9. b. MDA-MB-361 cells were infected
with shNT or shTA, then treated with 10 µM lapatinib and/or 2 mM oxythiamine (OT)
for 6 days. Error bars, SD. c. Percentages of individual sgRNA targeting TKT constructs
in indicated samples compared to time point zero T=0.
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3.4 Discussion
In this study, we confirmed the synthetic lethality between TA knockdown and
HER2 inhibition in two intrinsically resistant HER2-positive breast cancer cell lines. We
further tested the function of TA in two acquired resistant cell lines and three sensitive
cell lines but did not observe the synergistic effect. Therefore, we regard the synthetic
lethality is restricted to intrinsically resistant HER2-positive breast cancer cells.
Importantly, both intrinsic resistant cell lines are carrying a PIK3CA
constitutively active mutation (E454K and H1047R, respectively). More broadly, all
reported HER2-positive and intrinsic resistant cell lines harbor either PIK3CA or BRAF
constitutively active mutations according to the CCLE database. Such oncogenic
mutations could have profound impact on cell metabolism. It is known that Akt, a
downstream kinase of PI3K, regulates hexokinase therefore affecting glycolysis in
general[73]. Here we did not investigate whether the function of TA was regulated by
those mutations, but it worth further study in the future to understand the regulation of
the PPP and its interaction with the HER2 signaling in breast cancer to develop
combinational therapy potentially.
These differences in the essentiality of TK and TA might be rationally explained
by close inspection of their respective positions within the PPP (Figure. 3). Whereas TK

51

activity is required to generate R5P via the non-oxidative pathway, TA is dispensable in
this process as xylulose-5-phosphate can also be converted into R5P by an alternative
route involving the sequential activity of phosphopentose epimerase and
phosphopentose isomerase [49]. As a result, TK activity is indispensable in many types
of cancer cells and is likely critical for the growth of non-transformed cells as well,
whereas TA activity is only required for proliferation in the presence of cellular stress
caused by HER2 inhibition. Based on these considerations, targeting TA might be
predicted to uniquely synergize with HER2 inhibition in breast cancer, with reduced
toxicity in comparison to blockade of TK, which is independently necessary for
mammalian cell growth.
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4. Clinical Implications of TA Expression

4.1 Introduction
The next question following the synthetic lethality between TA and HER2
inhibition is whether the expression of TA is correlated with cell sensitivity to HER2
inhibition. As a previous study showed that the expression of IGF1R increased as cells
become more resistant to HER2 inhibition [67], we wanted to know if TA expression was
in a similar manner. Therefore, we evaluated the expression of TA in several HER2positive breast cancer cell lines on both transcriptional and translational levels.
Because of the limited numbers of HER2-positive breast cancer cell lines, we
further collected clinical samples to evaluate the correlation between TA expression and
patient response to HER2-targeted therapy. Such results can help to demonstrate if TA
could potentially be used as a biomarker in the clinic to predict the efficacy of HER2targeted therapy. It will also help to strengthen our observation of synthetic lethality
between TA knockdown and HER2 inhibition, as supplementary evidence to the
experimental results in two cell lines with genetic knockdown.
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4.2 Materials and Methods
4.2.1 Cell lines and reagents
MDA-MD-361, MDA-MD-453, AU565 and UACC812 cells were cultured as
described in chapter 3.2.1. HCC 1954 cells were cultured in RPMI1640 supplemented
with 10% FBS, 2 mM glutamine, 10 mM HEPES, 1 mM sodium pyruvate, 2.5 g/L glucose
and 1% penicillin-streptomycin (Thermo Fisher Scientific). All cell lines were grown at
37° C with 5% CO2.

4.2.2 Western blotting
Protein extraction, processing and western blots were done using the same
protocol as described in chapter 3.2.4.

4.2.3 Patient sample collection
HER2-positive primary invasive ductal carcinomas of the breast were obtained
from 20 female breast cancer patients before pre-operative neoadjuvant therapy in the
Breast Tumor Center, Sun-Yat-Sen Memorial Hospital, Sun-Yat-Sen University, between
January 2015 and December 2016. All patients underwent 4-8 cycles of neoadjuvant
chemotherapy with taxanes and a trastuzumab-based regimen with or without
anthracycline (TCH or EC followed by TH) according to NCCN guidelines. Breast tumor
samples were obtained via core-needle biopsy prior to treatment. Collected tumor
tissues were paraffin-embedded for histological H&E staining and
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immunohistochemistry. All samples were collected with informed consent according to
the internal review and ethics boards of the hospital.

4.2.4 HER2 expression measurement
HER2 status was determined by IHC or Fish. TA expression was examined by
immunohistochemistry on paraffin-embedded tissue sections. Briefly, anti-TA (GeneTex,
GTX102076, 1:100) was used as the primary antibody for overnight incubation at 4°C.
Sections were subsequently treated with goat anti-rabbit secondary antibody (1:100,
CST7074, Cell Signaling Technology), followed by further incubation with streptavidinhorseradish peroxidase complex. Diaminobenzidine (ZSGB-BIO, ZLI-9017,) was used as
a chromogen and sections were lightly counterstained with hematoxylin. Cytoplasmic
and nuclear TA staining were scored using a modified H-Score method. Briefly, H-Score
is obtained by the formula 4 × % of strongly staining cells + 3 × % of moderately to
strongly staining cells + 2 × % of moderately staining cells +1 × % of weakly staining
cells, giving a range of 0 to 4. The percentage of positively stained tumor cells was
calculated at all fields per section as evaluated at 400x magnification.

55

4.3 Results
4.3.1 TA expression in cell lines
We collected five HER2-positive breast cancer cell lines, two sensitive ones
(UACC812 and BT474), two resistant ones (MDA-MB-453 and MDA-MB-361), and an
intermediately sensitive (HCC1954) line according to a previous report[16]. At the
transcriptional level, the higher expression of TA is correlated with resistance to
lapatinib. However, at the protein expression level, the correlation is ambiguous (Figure.
17a). Similarly, comparisons between acquired resistant cell lines and their parental lines
showed little changes in TA expression (Figure 17.b). Therefore, from the cell line
protein expression analysis, we did not find a correlation between basal levels of TA
expression and lapatinib sensitivity. It is possible that the activity of transaldolase is
regulated by post-translational machinery such as dimerization or phosphorylation as
indicated by three-dimension structure [74].
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Figure 17: TA expression in cell lines
a. TA mRNA expression (normalized to actin, top) and protein expression
(normalized to tubulin, bottom) of the indicated breast cancer cell lines was evaluated by
RT-qPCR and western blotting, respectively. b. Immunoblotting with indicated
antibodies. TA/Tub ration is calculated by FIJI software.

4.3.2 TA expression is correlated with poor survival
Next, we conducted a primary search on an online database: kmplot.com, to see
if TA expression is a prognostic factor for breast cancer patient survival. This is a pooled
microarray dataset from several independent studies including 3955 breast cancer
patients among which 416 are HER2-positive, and 252 are with 5-year follow up [75]. As
expected, the patients with low quartile TA expression had a significantly better survival
than the others (Figure. 18).
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Figure 18: Correlation between TA expression and patient survival
Kaplan-Meier relapse-free survival (RFS) analysis of HER2-amplified breast
cancer patients stratified by TA expression (TA-low quartile in black, remaining patients
in red).
The data is supportive to our experimental discovery that TA deficiency could
result in minor growth defect in cells. However, there isn’t any online database that has
information on both patient response to HER2-targeted therapy and TA expression. On
the other hand, microarray or RNA sequencing data may not be reflective to protein
expression. Therefore, we needed additional clinical samples to interrogate the potential
correlation between TA expression and HER2-targeted therapy responsiveness.
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4.3.3 TA expression potentially predicts patient response to HER2targeted therapy
In collaboration with Dr. Erwei Song’s lab, we were able to collect 44 HER2positive breast cancer patient biopsies. These patients were treated with HER2-targeted
therapy (trastuzumab) as a neoadjuvant treatment regimen for 4-8 cycles and
pathological response to therapies was analyzed to determine if a surgical removal is
necessary. From the immunohistochemical staining of TA from the patient samples, we
found that resistant tumors expressed significantly higher levels of TA compared to
tumor samples obtained from patients who responded to trastuzumab therapy (Figure.
19).

Figure 19RTA expression in HER2-positive breast cancer patients
a. Representative TA immunostaining images in resistant (progressive or stable
disease) and sensitive (partial remission or complete response) breast cancer tissues.
Samples were obtained from HER2-positive breast cancers by core-needle biopsy prior
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to therapy. b. Quantification of TA immunohistochemistry in resistant and sensitive
tumors. n=24 resistant tumors and n=20 sensitive tumors. Error bars denote the SD, Pvalue calculated with unpaired, two-tail, student t test.
We further collected paired patient tissues before and after treatment and
compared the expression levels of TA. As shown in Figure. 20, TA expression did not
increase after several cycles of treatment in either responders or non-responders,
indicating that while its initial level is predictive of response to anti-HER2-targeted
therapy, it is unlikely to play a general role in acquired resistance. This result is
consistent with our findings in cellular models of acquired resistance (Figure. 17b).
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Figure 20: TA expression before and after HER2-targeted therapy
Representative images of TA immunostaining in resistant (PD+SD) and sensitive
(PR+pCR) breast cancer tissues. ‘Before’ samples were obtained from HER2-positive
breast cancers by core-needle biopsy prior to therapy; ‘after’ samples were obtained
from surgically removed tumor tissues. ‘Before’, n=10 resistant tumors (PD+SD), n=10
sensitive tumors (PR+pCR) biopsied collected; ‘after’, all resistant tumors and 7 out of 10
sensitive tumors were surgically removed after neoadjuvant therapy. Quantification of
TA immunohistochemistry in resistant and sensitive tumors. Error bars, SD; * P<0.001,
student t test;
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4.4 Discussion
In this study, we analyzed TA expression in multiple HER2-positive breast
cancer cell lines, online databases, and patient samples. Although we did not find a
correlation between TA expression and sensitivity to lapatinib in cell lines, both the
online databases and the newly collected patient samples supported our hypothesis that
the expression of TA is reflective to patient response to HER2 inhibition.
Even with its remarkable success, a substantial fraction (20%) of HER2-positive
breast cancer patients still fail to respond to the most advanced HER2-targeted therapies
[23]. Biomarkers for predicting response to HER2 inhibitors are largely based on
previously identified acquired resistance mechanisms, including p95HER2, PTEN, and
the estrogen receptor [76]. However, because the expression of these proteins typically
increases only as a result of selective pressure caused by HER2 inhibitor treatment, these
biomarkers are unlikely to accurately identify initial non-responders. Our results
indicate that pre-treatment intratumoral TA expression status effectively stratifies
patients who will or will not respond to trastuzumab (Figure. 19), rendering it
potentially useful as a biomarker, although further analysis with larger patient cohorts is
needed.
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5. Metabolic Profiling of HER2 Inhibition and TA
Deficiency

5.1 Introduction
After confirming the synthetic lethality between TA and HER2 inhibition in
clinical samples, we next sorted to unveil the mechanism thereof. TA is known to be the
rate-limiting enzyme in the non-oxidative pentose phosphate pathway. Therefore, we
hypothesized that deficiency in TA in addition to HER2 inhibitor may result in depletion
of essential metabolites leading to synthetic lethality. Indeed, several major signaling
pathways downstream of HER2 signaling are known to influence cellular metabolism
including PI3K/Akt and MAPK [77, 78], yet a role for HER2 signaling in regulating the
PPP is previously unknown.
To investigate this, we conducted metabolic profiling to assess metabolic changes
upon HER2 inhibition and to identify the mechanism of TA deficiency-induced synthetic
lethality. Because the non-oxidative PPP is dual-directional, there are three main
directions of non-oxidative PPP metabolic flux: 1) from glycolytic intermediates to
generate R5P for nucleotide synthesis; 2) from R5P to generate glycolytic intermediates
for energy production; and 3) from R5P to glycolytic intermediates to fuel
gluconeogenesis and replenish the oxidative PPP for NADPH generation (Figure. 3).
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To further understand which of these scenarios predominates in HER2-inhibited
breast cancer cells, we performed metabolic labeling using 1,2-C13-glucose (Figure. 21).
1,2-C13-labeled glucose has been a useful tool for dissecting PPP metabolic flux from
glycolysis [57]. The first C13-labeled carbon in glucose is oxidized upon entering the
oxidative PPP, resulting in M+1 labeling in R5P and subsequent metabolites such as S7P,
E4P, and G3P. Alternatively, if R5P is produced via the non-oxidative PPP, it will still
carry the 1,2-C13-labeling on the M+2 position.
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Figure 21: Isotopolgues of metabolites in glycolysis and the PPP
Orange indicates the labeled 13C ; blue circle indicates the flux through glycolysis;
gray circles indicates the flux through oxi-PPP.

65

5.2 Materials and Methods
5.2.1 Quantitative PCR
Total RNA was extracted using RNeasy mini kit (Qiagen 74104) and converted to
cDNA with iScript cDNA synthesis kit (Bio-Rad). PCR was performed on a
MasterCycler RealPlex4 real-time PCR system (Eppendorf) using specific primer pairs
for the indicated genes. Primer sequences are shown below. TA fwd:
ATCCTGGGGCTTGTACTCGT; rev: GAAGCGTCAGAGGATGGAGT; TK fwd:
GCATGGTGTGGAAAAAGAGG; rev: CGCCTACGTATCAGCTCCA; G6PD fwd:
CACCAGATGGTGGGGTAGAT; rev: AGAGCTTTTCCAGGGCGAT; PGD fwd:
GCCTTGGAAGATGGTCTTGA; rev: GTCAGTGGTGGAGAGGAAGG.

5.2.2 13C-glucose labeling and sample preparation
MDA-MB-361 cells were seeded into 6-well plate at a concentration of 0.8 million
per well overnight. DMSO or lapatinib were added into the cells for 24 hours. Then 1,213C-glucose supplemented media with DMSO or lapatinib replaced the original media
for another 24 hours before the samples were collected. Three replicates were set for
each arm. To collect metabolite, medium was aspirated at room temperature, then
immediately place the plate on dry ice. 1ml 80% methanol/water (both HPLC grade)
were added into each well. The plates were put into -80℃ freezer for 15 min to further
inactivate enzymes. The plates were then put on dry ice, cells were scrapped off the
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plate into extraction solvent. The whole cell extracts were collected into tubes and
centrifuged at 20,000 rcf for 10 min at 4℃. The samples of supernatant were split into
two tubes, then dried with a speed vacuum at room temperature. The dry pellets were
stored in -80℃ freezer before LC-MS analysis. Dry pellets were reconstituted in 30 µL
solvent (water:methanol:acetonitrile, 2:1:1, v/v/v) and 3 µL was analyzed by liquid
chromatography-mass spectrometry (LC-MS).

5.2.3 Gas chromatography/mass spectrometry
Ultimate 3000 UHPLC (Dionex) coupled to a Q Exactive Plus-Mass spectrometer
(QE-MS, Thermo Scientific) was used for metabolite profiling. A hydrophilic interaction
chromatography method (HILIC) employing an Xbridge amide column (100 x 2.1 mm
i.d., 3.5 µm; Waters) was used for polar metabolite separation. LC was performed as
previously described [79], except that mobile phase A was replaced with water
containing 5 mM ammonium acetate (pH 6.8). The QE-MS was equipped with a HESI
probe with related parameters set as below: heater temperature, 120 °C; sheath gas, 30;
auxiliary gas, 10; sweep gas, 3; spray voltage, 3.0 kV for the positive mode and 2.5 kV for
the negative mode; capillary temperature, 320 °C; S-lens, 55; scan range (m/z): 70 to 900
for pos mode (1.31 to 12.5 min) and neg mode (1.31 to 6.6 min) and 100 to 1000 for neg
mode (6.61 to 12.5 min); resolution: 70000; automated gain control (AGC), 3 × 106 ions.
Customized mass calibration was performed prior to data acquisition.
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5.2.4 Metabolic data analysis
LC-MS peak extraction and integration were performed using commercially
available software (Sieve 2.2, Thermo Scientific). Peak area was used to represent the
relative abundance of each metabolite in each sample. Missing values were handled as
previously described. Fraction of each isotopes were corrected using IsoCor software.
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5.3 Results
5.3.1 Activation of the PPP upon HER2 inhibition
To know if the PPP is activated upon HER2 inhibition, we used a quantitative
PCR to evaluate the expression of key enzymes in the pathway. Upon lapatinib
treatment, the expression of enzymes did not change in the resistant MDA-MB-361 cells,
but significantly elevated in sensitive BT474 cells, suggesting a potential upregulation of
the PPP to combat with HER2 inhibition induced metabolic alterations (Figure. 22).

Figure 22: mRNA expression of key PPP enzymes in cell lines
Relative mRNA expression of MDA-MB-361 cells and BT-474 cells treated with
DMSO or 1 µM lapatinib for 24 hours.

5.3.2 The effect of lapatinib on cell metabolism
Next, we designed and performed a metabolic profiling in cells carrying shNT or
TA, and treated with DMSO or lapatinib (four conditions in total). In this way, we will
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be able to know the impact of HER2 inhibition alone, TA deficiency alone and in
combination in general metabolism of the cells. Before diving into isotopologue data,
we first analyzed the total levels of glycolytic and PPP metabolites to investigate the
metabolic alteration induced by combined HER2 inhibition and TA deficiency (Figure.
23). It was a surprise that the systematic metabolic changes upon HER2 inhibition was
not characterized in any previous studies.
As the data shown, glucose uptake was not affected by either HER2 inhibition or
TA KD as the total levels of intracellular glucose remained similar. Noticeably, glycolytic
flux was significantly inhibited by lapatinib at the step of glucose phosphorylation
mediated by hexokinase, while shTA did not affect the first few steps of glycolysis. This
is understandable as hexokinase activity is regulated by Akt, a downstream mediator of
HER2 signaling [73]. The downstream glycolysis metabolites remained in the same
pattern as G6P, except the significantly accumulated pyruvate. Total levels of TCA
metabolites fluctuated in the four conditions and were neither informative nor sufficient
to any solid discoveries.
The total levels of PPP metabolites were significantly altered by either lapatinib
treatment or TA deficiency. The levels of two TA-specific metabolites, S7P and E4P,
were not significantly affected by lapatinib, but increased several-fold in the shTA group
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and further increased in the shTA combined with lapatinib. The significant
accumulation of TA-specific metabolites could be caused by either increased influx or
inhibited outflux, or both. In either cases, this result suggested that shTA partially
blocked this metabolic flux and the trend was magnified when combined with HER2
inhibition.
For the metabolites in the oxidative-PPP, double inhibition significantly reduced
6PGLU, but for R5P the decrease caused by lapatinib was partially rescued with shTA.
Because the regulatory mechanisms of enzymes mediating these steps are not well
understood, it is possible that these enzyme activities are regulated by the concentration
of substrates, products or other factors. We speculated that the accumulation of R5P
under combined HER2 and TA inhibition might result from the accumulation of the
metabolic product S7P, which potentially resulted in synthetic lethality in cells.
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Figure 23: Relative levels of total metabolites
Metabolites were mapped in the pathway; error bars, SD (n=3).
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5.3.3 Isotopic labeling indicates the PPP metabolic flow
Next, we analyzed the levels of isotopologues of each metabolite to understand
the direction of metabolic flux in the four conditions. Because of the complication to
interpret the data directly, we approached this problem by finding definitive data to
exclude two out of three possible aforementioned non-ox-PPP metabolic outcomes. We
first excluded that the non-oxi-PPP flued to generate R5P, as indicated by an increased
fraction of M+0 and the similar fraction of M+1 in R5P (Figure. 24a) which indicated that
lapatinib treatment significantly inhibits the generation of R5P from both branches of the
PPP. Next, we excluded the possibility of non-oxidative PPP flux toward downstream
glycolytic intermediates because M+1 pyruvate and M+1 lactate also decreased with
treatment (Figure. 24b). Notably, this contrasts with a previous study suggesting that the
PPP can be utilized by cancer cells as an alternative pathway to circumvent glycolysis
blockade [57]. Instead, our results indicate that lapatinib treatment activates the nonoxidative PPP to fuel gluconeogenesis, thereby replenishing the oxidative PPP,
potentially to facilitate NADPH generation (scenario 3 in Figure. 3). Further evidence for
this notion is provided by the finding that the M+1 fraction of the two PPP-specific TA
substrates, E4P and S7P, increased with lapatinib treatment and suppression of TA
partially blocks this increase (Figure. 24c), suggesting that lapatinib activates this TA-
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dependent pathway. Finally, HER2 inhibition did not affect glucose uptake in this model
as M+2 fractions did not change among the four groups analyzed (Figure. 24d).

Figure 24: Key isotopologue data to indicate flux of the non-oxi-PPP
Normalized peak areas and distributions of isotopomers of the indicated
metabolites. MDA-MB-361 cells were treated with 4 µM lapatinib or DMSO for 24 hrs, at
which point 1,2-13C2-glucose supplemented media with DMSO or lapatinib were added
and cells were treated for another 24hrs before sample collection. * P<0.01 by student ttest, error bars denote the SD (n=3).
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To better visualize the systematic changes in isotopologues, we laid out all data
from the metabolic profiling in a similar way as the total metabolites in Figure. 25.
One observation that is hard to interpret is the up-regulated fraction of M+1 in
G6P and 6PGLU. Originally, we thought that TA deficiency would block the
replenishment into gluconeogenesis from non-oxidative PPP, therefore M+1 in those
metabolites should decrease as in E4P and S7P. However, the result is the opposite—
double inhibition increased the M+1 fraction. A possible explanation is that the
replenishment was enhanced proportionally; but the total level was inhibited
significantly, therefore, still not sufficient to generate enough NADPH for cell survival
and growth. In addition, the interchangeable nature of the non-oxidative PPP
metabolites made it harder to interpret the data, especially the metabolites that are not
directly affected by TA.
In sum, the isotopically labeled metabolic profiling results indicated that the nonoxidative PPP supports metabolic flux to replenish the oxidative PPP (Figure. 25
arrowhead) and TA is a central enzyme that controls the efficiency of this pathway.
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Figure 25: Fractions of single isotopes of each metabolite
Schematic depicting the fate of labeled 13C (orange-filled) from 1,2-13C2-labeled
glucose in glycolytic and PPP (gray) intermediates.
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5.4 Discussion
In this study, we looked at the systematic metabolic changes under HER2
inhibition, TA deficiency and both. We in the first time showed that HER2 inhibition
alone caused a systematic alteration in glycolysis and the pentose phosphate pathway,
yet these changes in resistant cells were not sufficient to induce cell death. TA deficiency
alone did not affect glycolysis. Isotopologue analysis indicated the non-oxidative PPP
was used to replenish the oxidative PPP to generate NADPH. Therefore, we concluded
that the synthetic lethality of combining HER2 and TA inhibition was possibly due to
NADPH depletion.
There were two key time points in the metabolic profiling experiment. One is the
hours of lapatinib treatment before collecting the sample. If the samples were collected
too soon after lapatinib addition, significant changes may not be observable; if too long
after the treatment, the activation of metabolic feedback loops may interfere with data
interpretation. Here we collect samples after 48 hours of treatment, a time point that
showed complete inhibition of HER2 phosphorylation on western blot and cell
apoptosis had not occurred. The other important time point is the hours of isotopically
labeled glucose in culture. The best time point would be the isotopically labeled glucose
had transformed into downstream metabolites reaching a stable status of consumption
but had not been used up by cells. For this time point, we referenced previous study
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with the same labeling method[57]. As shown in Figure 24.d, 90% of cellular glucose was
M+2, suggesting the isotopically labeled glucose were used by cells. The other 10% M+0
should be from fetal bovine serum in the culture media. Both HER2 inhibition and
glucose utilization are dynamic processes, yet here for the profiling we only collected
one time point trying to capture the changes and metabolic flux. Sample collections at
multiple time points would be more meaningful, yet it is beyond the scope of this study.
In addition, it will also be helpful to have parallel comparison with sensitive cells treated
with lapatinib.
The metabolic profiling data was informative and descriptive in a way that
characterizes the metabolic changes. However, it could not directly prove which
metabolite accumulation or depletion was affecting cell growth and survival. Functional
assays with addition or depletion of certain metabolites are needed to demonstrate the
detailed mechanism of synthetic lethality.

78

6. NADPH Deficiency Induces Synthetic Lethality

6.1 Introduction
Our metabolic profiling data suggested that TA was the rate-limiting enzyme for
the non-oxidative PPP to replenish gluconeogenesis and subsequently the oxidative
PPP, which is the major source of cellular NADPH. However, the levels of NADPH were
not detectable in the metabolic profiling. Here we used fluorescence reagent to
specifically detect the levels of NADP+ and NADPH in cells treated with lapatinib,
suppression of TA or both. NADPH serves as a scavenger for cellular reactive oxygen
species (ROS) and is the reductive reagent for many biogenesis processes including fatty
acids, nucleotides, and steroids. Importantly, it has been reported that in proliferating
cells, most NADPH was used for FAS and DNA synthesis[80]. Therefore, deficiency in
NADPH should retard cell growth in general.
In order to determine if NADPH is key metabolite that resulted in synthetic
lethality, we wanted to functionally rescue the cell growth defect by adding NADPH
into culture media. Unfortunately, NADPH cannot penetrate cell membrane passively.
Instead of supplying the cells with NADPH, we tried to determine the NADPHconsuming downstream metabolic processes that were key for cell proliferation. We
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detected cellular ROS, and synthesis of fatty acids and nucleotides in the four
conditions. Such metabolic processes could be sustained by adding metabolites into
culture media and uptake by cells to rescue cell proliferation theoretically: Nacetylcysteine (NAC) is an established ROS scavenging reagent; fatty acids and
nucleosides are regular supplements to culture certain types of cells. Using this
approach, we can further dissect which metabolic processes as downstream of NADPH
are vital for cell survival and proliferation.
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6.2 Materials and Methods
6.2.1 Cellular NADPH assays
Cellular NADP+ and NADPH levels were measured using NADP/NADPH Glo
Assay (Promega G9081). For each condition, 2 million cells with 3 biological repeats
were seeded, treated with DMSO or lapatinib for 72 hours, and then collected for the
assay following the manufacturer’s protocol.

6.2.2 siRNA sequences and transfection
siNT and siTA pooled constructs were dissolved in nuclease free water to 10 µM,
then aliquoted and stored in -20°C. For transfection, 2.5 pM siRNA and 0.25 µL
DharmaFECT were added to each well in a 96-well format. After 24 hours, fresh media
replaced the transfection mix and subsequent cell treatment were performed after 48
hours as indicated. siRNA constructs were purchased from Dharmacon. Target
sequences are as follows. siNT: UGGUUUACAUGUCGACUAA; siTA (SMART pool):1)
GCAAACACCGACAAGAAAU, 2) UCACAAGAGGACCAGAUUA, 3)
CCGAGUAUCCACAGAAGUA, 4) ACAAGAAGUUUAGCUACAA.

6.2.3 ROS assays
Cells were seeded overnight in 12-well plates at 20,000 cells per well, and then
treated with DMSO or lapatinib for 48 hours. CellRox Deep Red (Thermo Fisher
Scientific C10422) was added at 1:1000 into media for 30 minutes, after which cells were
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collected and washed 2 times with FACS buffer (1% FBS in PBS). Flow cytometry was
performed in the Duke Cancer Center shared flow cytometry facility.

6.2.4 Apoptosis assays
Cells were seeded overnight in 12-well plates at 20,000 cells per well, and then
treated with DMSO or lapatinib for 48 hours. Cells were harvested and immediately
stained with Alexa Fluor 488 Annexin V/Dead Cell Apoptosis Kit (Thermo Fisher
Scientific V13241). Flow cytometry was performed in the Duke Cancer Center shared
flow cytometry facility.

6.2.5 Metabolites rescue assays
Cells were seeded in 96-well plates at 4,000 cells/well overnight, then treated
with different doses of lapatinib for 24 hours when NAC (Sigma A7250, 500 mM), fatty
acids (Sigma F7050, 1:1000), or nucleosides (Millipore ES-008-D, 1:100) were added.
After 48 hours, Cell-Titer-Glo reagent (Promega G7570) was added into each well
according to the manufacturer’s protocol to measure cell viability.
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6.3 Results
6.3.1 shTA and HER2 inhibition significantly decreased cellular
NADPH
Since a major function of the PPP is to generate NADPH for anabolic cellular
processes, we directly measured changes in cellular NADP+ and NADPH levels after
HER2 inhibition and TA knockdown. Although lapatinib treatment caused a measurable
decrease in cellular NADPH, this reduction was strongly exacerbated as a result of TA
depletion (Figure. 26a). Whereas cellular NADP+ was not affected by HER2 inhibition or
TA knockdown (Figure. 26b), the NADP+/NADPH ratio increased significantly in cells
with combinatorial TA with HER2 inhibition due to deficient NADPH production.
Similar results were observed in MDA-MB-453 cells using siRNA to knockdown TA
(Figure. 26c-d). Based on these results, we concluded that NADPH levels were largely
dependent on TA-mediated PPP activity under HER2 blockade.
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Figure 26: NADPH and NADP+ levels in cells
Relative concentrations of NADPH (a,c) and NADP+ (b,d) were detected using a
bioluminescent assay (n=3) in two cell lines, a-b, MDA-MB-361 cells; c-d, MDA-MB-453
cells. * P<0.01, student t-test, error bars denote the SD.

6.3.2 Cellular ROS increases as a result of NADPH depletion
TA-mediated PPP flux is the major cellular source of NADPH and therefore
participates in reducing cellular ROS [61]. Therefore, we directly measured cellular ROS
using flow cytometry. As expected, we observed an increase in cellular ROS following
lapatinib treatment, which was further enhanced upon TA knockdown (Figure. 27a-b).
Consistent with the increased cellular ROS, from the metabolic profiling data, we found
that levels of the antioxidants NADH and GSH are diminished upon HER2 or TA
suppression, with the lowest levels resulting from combinatorial targeting of both
pathways (Figure. 27c-d). Together with the metabolic profiling evidence described
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above, we concluded that HER2 inhibition increased cellular ROS by suppressing the
oxidative PPP.

Figure 27: ROS increased with lapatinib and shTA
a. MDA-MB-361 cells treated with lapatinib for 2 days. Cellular ROS levels were
measured by Cell Rox deep red flow cytometry staining. Mean fluorescence
intensity±SEM was calculated by FlowJo b. MDA-MB-453 cells treated with lapatinib for
2 days. Quantification of cellular ROS measured by by Cell Rox deep red flow cytometry
staining. MFI, mean florescence intensity. c-d. Normalized mass spectrometric peak
areas of the indicated metabolites. * P<0.01, student t-test, error bars denote the SD.
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6.3.3 Biogenesis decreases as a result of NADPH depletion
Known functions of NADPH include reducing oxidative stress and supporting
the biosynthesis of various metabolites including fatty acids and nucleotides [49].
Because synthesis of palmitate from acetyl-CoA reflects cellular fatty acid synthesis, we
used metabolically labeled 13C- palmitate as a surrogate for lipid synthesis. Like
antioxidant levels, labeled palmitate was markedly decreased by either lapatinib
treatment or TA knockdown alone and undetectable in the combination group (Figure.
28a). A similar trend was observed for nucleotide synthesis as measured by total levels
of IMP, GMP, and AMP (Figure. 28b). Together, these results indicate that, when HER2
signaling is blocked, the non-oxidative PPP activity is required for NADPH generation,
necessary for fatty acid and nucleotide synthesis in order to sustain breast cancer cell
growth and viability.

Figure 28: Inhibition of fatty acids and nucleotides synthesis
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Normalized mass spectrometric peak areas of fraction of M+2n labeled palmitate
(a) total IMP, GMP and AMP levels (b) were detected by metabolic profiling. * P<0.01,
student t-test, error bars denote the SD.

6.3.4 Induced apoptosis as a result of NADPH depletion
Because high levels of ROS are known to induce cell death [81], we next
measured apoptosis by co-staining breast cancer cells with propidium iodide and
annexin V. Whereas lapatinib treatment and TA knockdown individually slightly
increased apoptosis rates in MDA-MB-361 and MDA-MB-453 cells, combination
treatment significantly heightened cell death (Figure. 29).

Figure 29: Apoptotic cells increased with HER2 and TA inhibition
Percentages of apoptotic cells were detected by Annexin V-FITC and PI staining.
Numbers indicate the percentages of total evaluated cells. MDA-MB-361 cells (a) or
MDA-MB-453 cells (b) were treated with DMSO or 4 µM lapatinib for 48 hours in all
assays. Numbers showing percentage of each populationOSEM.
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6.3.5 Metabolites addition to rescue cell apoptosis
To further dissect the specific downstream metabolites that are key for cell
survival, we supplemented ROS scavenging agent NAC, free fatty acids or free
nucleotides individually to rescue cell growth with TA deficiency. The addition of NAC
slightly reduced cell growth with DMSO treatment but was able to significant rescued
the synthetical lethality of HER2 inhibition and TA deficiency (Figure. 30a). The addition
of fatty acids or nucleosides had no effect under DMSO treatment; fatty acids, but not
nucleosides could partially increase cell survival with siTA and lapatinib treatment
(Figure. 30b-c). Therefore, the cell growth defect was mainly caused by excessive
amount of ROS and lack of fatty acids, as a result of NADPH depletion.

Figure 30: Metabolite addition to rescue cell survival
Relative siTA MDA-MB-361 cell survival with or without 3-day supplementation
with NAC (a), fatty acids (b), or nucleosides (c) combined with DMSO or lapatinib, as
indicated. * P<0.01, student t-test, error bars denote the SD.
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6.4 Discussion:
In this study, we demonstrated the mechanism of synthetic lethality between
HER2 inhibition and TA deficiency was through depletion of cellular NADPH, an
essential metabolite for cellular redox control and biosynthesis. In lapatinib-resistant
breast cancer cells, HER2 inhibition decreases glycolysis and TCA cycle activity (Figure.
24), but decreased flux through these metabolic pathways alone is insufficient to
significantly impact cell survival. However, a further deficiency in NADPH production
caused by TA depletion induces cell death.
HER2 inhibition itself increases cellular ROS by various reported mechanisms
which are not yet fully understood. Interestingly, redox-related genes are among the
most induced cohorts in an acquired lapatinib resistance model [82], indicating that a
cell’s capacity to reduce ROS is vital to endure HER2 inhibition. As might be expected
based on TA’s known function in NADPH production, we also observed increased
cellular ROS in cells deficient in TA. Therefore, blocking both HER2 and TA had
synergistic effects on producing excessive amount of ROS that could induce apoptosis in
breast cancer cells.
Besides balancing oxidative stress, NADPH serves as reducing metabolite for
most biosynthesis processes. In the experiments, we tested two major downstream
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molecules-- fatty acids and nucleosides. We found that supplementing fatty acids could
partially increase cell survival, while nucleosides could not. This is understandable as
we observed an almost complete blockade of palmitate synthesis upon combinatorial
targeting of HER2 and TA, while nucleosides levels remained as 50%-60% to control
cells. Previous studies have also highlighted the importance of fatty acid synthesis for
breast cancer cell viability [83]. Also, a new generation of fatty acid synthase inhibitor
was developed and shown to be effective in HER2-positive breast cancer mouse
model[84]. In consistency with others result, we again demonstrated that fatty acids
were essential for HER2-positive breast cancer survival.
Besides fatty acids and nucleotides, biosynthesis of other macro-molecules needs
NADPH as reducing reagent as well. For instance, cholesterol synthesis takes 2
molecules of NADPH and is important building block for signaling steroid molecules.
Therefore, the depletion in NADPH could have a profound effect in cell metabolism and
signaling in general.
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7 Second Project: Function of UHRF1 in Regulating
Tumor Microenvironment in NSCLC
This project is co-developed with Handan Xiang, Junying Chen, De and Tao.

7.1 Introduction
Previously, our lab studied an epigenetic factor --Ubiquitin-like with PHD and
ring finger domains 1 (UHRF1) in the context of cellular senescence and bronchial
epithelium injury. We discovered that ablation of UHRF1 could induce cellular
senescence and impair regeneration of mouse airway basal cells upon injury [89].
Following this study, we investigated whether UHRF1 plays a role in lung cancer, which
was thought to be originated from epithelial cells.

7.1.1 Non-small cell lung cancer (NSCLC)
Non-small cell lung cancer (NSCLC) is the leading cause of cancer death
worldwide. According to the studies based on the National Center for Health Statistics
(NCHS), and Surveillance, Epidemiology and End Results (SEER), lung cancer is the
leading cause of cancer death for men aged over 40 years, in spite of the applications of
early detections; the estimated number of death of lung cancer is 83.550 for male and
70,500 for female in the US at 2018 [1]. In general, the surgical treatment for stage I
NSCLC has manifested survival benefits[90]. But due to the indolent nature of the
disease, many patients get diagnosed at advanced stages. Moreover, high rates of local
91

recurrence and distant metastasis could be found even after a complete R0 resection. The
traditional standard postoperative or non-operative therapies are chemotherapy,
radiotherapy, or chemoradiotherapy for NSCLC, however, the efficacies are often
limited.

7.1.2 Immune checkpoint inhibitors in NSCLC
The development in immunotherapy targeting immune checkpoint inhibitors
(ICI), such as programmed cell death- 1 (PD-1), programmed cell death- ligand 1 (PDL1) and cytotoxic T-lymphocyte–associated antigen 4 (CTLA-4) have greatly improved
patient prognosis as demonstrated in several clinical studies such as CheckMate,
KEYNOTE, POPLAR and OAK studies [91-95]. However, in these trials, the response
rates are less than 50% and the progression-free median survival is around 10 months,
suggesting relapse of the disease. Researchers are not exploring various combinational
therapies to increase the response rate and efficacy of ICIs.

7.1.3 Epigenetic factors and immune checkpoint inhibitors
Recent studies emphasized on the synergy between epigenetic regulators and
immunotherapy [96]. The inhibition of epigenetic modulators was able to increase
expression of tumor-associated antigens, activate innate immune system and to induce
endogenous retroviral sequences to enhance immunotherapy. Reports have shown that
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inhibition of whole-genomic DNA methylation by the DNMT1 inhibitor, 5-azacytidine,
increases the transcription of endogenous retrovirus sequences (ERVs) and induces the
type I interferon response in colorectal and ovarian cancer cell lines[97]. A more recent
study showed that inhibition of a histone demethylase--LSD1, could trigger expression
of ERVs in breast cancer cell lines and induce type I interferon response as well [98].
Type I interferons can modulate immune surveillance through multiple layers, including
promoting the maturation of dendritic cells to activate tumor antigen-specific T cells and
increasing cytotoxicity of CD8+ T cells[99]. With these discoveries, multiple clinical trials
are designed to evaluate the combination of histone deacetylase inhibitors (HDACis) or
DNA methytransferase inhibitor (DNMTi) with PD-(L)1 antibodies in treateing NSCLC
patients.

7.1.4 Ubiquitin-like with PHD and ring finger domains 1 (UHRF1)
(UHRF1) was cloned in 1998 as a nuclear protein expressed in proliferative
tissues such as spleen and thymus, but not in stasis organs such as brain and
muscle[100]. Also known as ICBP90, the function of UHRF1 was known as a
transcription factor to positively regulate TOP2A expression in two studies [101, 102].
Later studies of UHRF1 unveiled its function as an epigenetic regulator of DNA
methylation through the SRA (Set and Ring associate) domain binding, recruitment of

93

DNMT1, and methylated histone H3K9me2/3 [103-105]. However, as a multi-domain
protein, the function of UHRF1 was not thoroughly investigated.

7.1.5 UHRF1 in NSCLC
In fact, the dysregulated UHRF1 expression has been reported in several cancer
types including non-small cell lung cancer (NSCLC) and is associated with the
hypermethylation status of tumor suppressor genes. Reducing UHRF1 expression in
tumor cell lines exerts diverse anti-tumor effects including decreased cell proliferation,
augmented cell death and defective cell invasion[106-109]. However, most of the studies
were limited to manipulating UHRF1 levels in tumor cell lines in vitro.
As the binding partner of DNMT1, UHRF1 can also control DNA methylation,
and Uhrf1-null mouse embryonic stem cells (ESCs) and neural stem cells have reduced
DNA methylation in ERVs[104]. Therefore, we wondered whether loss of UHRF1 could
induce type I interferon response and therefore, disturb the tumor microenvironment.
To explore this possibility, we need an in-depth investigation using syngeneic tumor
models to determine the function of UHRF1 in tumor progression.
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7.2 Methods
7.2.1 Cell lines
The human lung cancer cell lines H1650, H520 and 293T cells were purchased
from the American Type Culture collection. LLC cells expressing ovalbumin (LLC-OVA)
were kindly provided by Dr. Qi-Jing Li at Duke University[110, 111]. The LLC cell line
was derived from a spontaneous squamous cell carcinoma of the lung from a C57BL
mouse[112]. To create LLC-OVA cell lines, the OVA expression plasmid (pAC-Neoova[113]) was used to transfect the LLC cell line. The LP1233 cell line was kindely
provided by Dr. Taylor Jacks. This line was derived from KrasG12D/+;Trp53−/− C57BL/6
mice at 10 weeks. H1650 and H520 cell lines were maintained in RPMI-1640 (Invitrogen),
supplemented with 10% FBS and 1X penicillin-streptomycin (Invitrogen, 1:100). LLCOVA cell lines and 293T cells were maintained in DMEM (Invitrogen) supplemented
with 10% FBS and1X penicillin-streptomycin (Invitrogen, 1:100). Cells were maintained
in 5% CO2 in air.

7.2.2 shUHRF1 constructs and stable cell line generation
The control shRNA and the shRNAs targeting either human or mouse UHRF1
were transduced into cells using the pLKO.1-puro lentiviral vector. All the shRNA
constructs were purchased from the Sigma-Aldrich. The guide sequence for the control
shRNA as follows: shNT (non-targeting): 5’-CAACAAGATGAAGAGCACCAA-3’. The
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guide sequences of the shRNAs targeting UHRF1 in human cell lines are as follows:
shUHRF1_1: 5’-GCCTTTGATTCGTTCCTTCTT-3’; shUHRF1_2: 5’CCGCACCAAGGAATGTACCAT-3’. The guide sequences of the shRNAs targeting
UHRF1 in mouse cell lines are as follows: shUHRF1_1: 5’CTGTAGCTCCAGTGCCGTTAA-3’; shUHRF1_2: 5’-CACACACTCTTCGATTATGAT3’. 12 µg of individual shRNA construct, 9 µg of ps-PAX2 and 3 µg of VSV-G expressing
plasmids were co-transfected into 293T cells using Lipofectamine 2000 (Thermo Fisher
Scientific) based on the manual. Viruses were collected and filtered through 0.45 µm
polyethersulfone filters (Thermo Fisher Scientific) 48 hours after transfection. For virus
transduction, when cells reached 40% confluency, media containing viruses were
applied to cells for 24 hours with 4 µg/ml polybrene and then replaced with fresh
medium. 48 hours after virus transduction, stable UHRF1 knockdown cells were
selected using 2 µg/ml puromycin for at least four days to enrich for stable UHRF1knockdown cells.

7.2.3 In vivo xenograft and CTLA-4 treatment experiments
6X104 LLC-OVA cells or 1X105 LP1233 cells in 100 µl media were subcutaneously
injected into the back flanks of 6-8-week-old female C57BL/6 mice. For nude mice,
20X104 LLC-OVA cells in 100 µl media were subcutaneously injected into the back
flanks. Tumor size was measured when the palpable nodules could be seen, and tumor
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volumes were calculated using the following formula: 3.14 x (length x width2)/6. Tumors
were harvested and analyzed two weeks after injection. For CTLA-4 antibody treatment,
30µg or 100µg antibody was dissolved and aliquoted 100µl PBS, then injected intra
peritoneally on day 7, 10, 13, 17 after tumor implantation. C57BL/6 mice were
maintained and bred in the Duke animal facility. Foxn1-null nude mice[114] were
purchased from the Duke Animal Facility. All animal procedures were reviewed and
approved by the Duke University Animal Care and Use Committee.

7.2.4 Cell viability assays
On day 0, 200 cells from control or UHRF1-knockdown LLC-OVA or LP1233 cell
lines were seeded into a 96-well plate, and three technical replicates were used to
calculate the value. At indicated times, the total number of viable cells was determined
according to the manufacturer's instruction (Promega). The plates of cells were
equilibrated at RT for 30 minutes. 20 µL of Cell-Titer-Glo reagent was added to 100 µL
of medium in each well. The plates were subsequently put on a shaker for 2 minutes to
mix the reagents and then incubated at room temperature for 10 minutes to stabilize
luminescent signal, after which the signal was recorded by the VICTOR3 plate reader.
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7.2.5 siRNA knockdown and IFN-g treatment
Cells seeded in a 12-well plate were transfected with 50 nM siRNA targeting
UHRF1 (Thermo Fisher Scientific, HSS120939) as well as a negative control siRNA
(Thermo Fisher Scientific, AM4635) by using Lipofectamine RNAimax. The negative
control siRNA does not target any gene product according to manufacturer’s manual.
The procedure of transfection was performed based on manufacture’s protocol. 24 hours
after the transfection, IFN-γ were added at different concentrations as indicated in the
text. The cells were collected 48 hours after transfection to examine PD-L1 expression at
the cell surface by flow cytometry.

7.2.6 Immune composition analysis by flow cytometry
Single-cell suspensions were generated from tumor masses, and surface staining
was performed according to standard protocols for flow cytometry with the following
antibodies: mouse anti CD4, CD8b, TCRβ, CD25, NK1.1, CD 11b, and Ly6G (Biolegend).
Ki67 staining was performed by using the Foxp3/Transcription Factor Staining Buffer
Set (eBioscience) to fix and permeabilize cells. For intracellular IFN-γ staining, cells were
stimulated with 0.9 nM phorbol 12,13-dibutyrate (Sigma–Aldrich) and 0.5 µg/ml
ionomycin (Sigma–Aldrich) in the presence of 5 µg/ml brefeldin A and 2 µM monensin
(eBioscience) for 4 hours. Cells were fixed with 2% paraformaldehyde, followed by
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permeabilization with 0.1% saponin (Sigma-Aldrich) and antibody staining by IFN-γ
antibody (Biolegend).

7.2.7 Western Blotting
Total protein was extracted using radioimmunoprecipitation assay buffer
(Thermo Fisher Scientific) supplemented with 1X protease inhibitor cocktails (Thermo
Fisher Scientific) according to manufacturer’s instruction. Lysates were centrifuged at
12,000 r.p.m. (11752 g) for 10 minutes, and the supernatant was collected and boiled in
loading buffer for 10 minutes. Protein samples (10µg-30µg) were loaded on 4%-10%
denaturing SDS gels and transferred to nitrocellulose membranes (Millipore) using Mini
Trans-Blot Cell (Bio-Rad). Membranes were blocked in 5% milk in 0.1% Tween 20 of
Tris-buffered saline (TBST), and probed with the following antibodies: primary
antibodies anti-PD-L1 (Santa Cruz, sc-50298, 1:200 dilution), anti-UHRF1 (Santa Cruz,
sc-373750, 1:200 dilution), p-Erk (Cell Signaling, 9101, 1:1000 dilution), p-AKT (Cell
Signaling, 9271,1:1000 dilution), phospho-NF-κB p65 (Cell Signaling, 3033, 1:1000
dilution) and secondary goat-antibody labelled by horseradish peroxidase (Invitrogen,
1:5000). The secondary antibody was visualized by using a chemiluminescent reagent
Pierce ECL kit (Thermo Fisher Scientific).
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7.2.8 Chromatin Immunoprecipitation (ChIP)
Cells were trypsinized, resuspended in 10 ml of medium and counted using a
hemocytometer. Samples were crosslinked directly in medium supplemented with 1%
formaldehyde (Sigma-Aldrich) for 10 minutes at room temperature and quenched with
0.125 M glycine for 5 minutes. Crosslinked samples were snap frozen as pellets and
stored in RIPA buffer (Sigma-Aldrich). After thawing, the cell pellets were allowed to sit
in 300 µl RIPA for 20 minutes and then sonicated for a total of 15 cycles, with 30 seconds
on 30 seconds off per cycle, to obtain DNA fragments 200–500 bp in length at 30%
amplitude using the low power ultrasonicator (Fisher Scientific, J913). Before dilution,
2% of each ChIP sample was collected as input. Each ChIP sample contained sonicated
chromatin from 1 × 107 cells was then diluted in half with protein free blocking buffer
(DAKO) and incubated with 3 µg of primary antibody overnight while rotating at 4oC.
The next day, 40 µl of protein G magnetic beads (Invitrogen) washed in beads were
added, incubation was resumed for 6 more hours. Beads were washed three times as
follows, first in low salt buffer (Abcam), then in high salt buffer (Abcam), and finally in
LiCl Buffer (Abcam) (tubes were changed in between buffers). After the last wash,
DNA/protein was eluted at 65oC for 30 minutes using the elution buffer (Cell Signaling).
Samples were supplemented with 4 µl of 5 M NaCl before being reverse crosslinked
overnight at 65 oC. In the morning, 1 µl of 20 mg/ml RNASE (Cell Signaling) was added
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and the cells were incubated for 45 minutes, thereafter 1ul of 20 mg/ml proteinase K
(Cell Signaling) was added and incubation resumed for another 45 minutes at 65 oC. The
enriched DNA was then purified and eluted in 30 µL ultra-purified water using a PCR
purification kit (Qiagen). The amount of DNA immunoprecipitated by UHRF1 or Pol II
antibody was quantified by the real-time quantitative PCR method[115]. 10 µL system
was used with 5 µl SYBR Green qPCR Master Mix (Affymetrix), 0.5 µM primers and 1
µL immunoprecipitated DNA samples. Signals obtained from UHRF1 or Pol II
antibody- immunoprecipitated DNA samples were calculated as percentage of the total
input chromatin and further normalized to IgG signals. Percent Input = 2% x 2(C[T] 2%Input
. C[T] is the threshold cycle of PCR reaction. The qPCR primers are as

Sample – C[T] IP Sample)

follows. PD-L1 promoter_1 forward primer: 5’-GATGTAGCTCGGGATGGGAA-3’; PDL1 promoter_1 reverse primer: 5’-AAAAAGTCAGCAGCAGACCCA-3’; PD-L1
promoter_2 forward primer: 5’-AGGGGGACGCCTTTCTGATA-3’; PD-L1 promoter_2
reverse primer: 5’-CAAGCCAACATCTGAACGCA-3’.
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7.3 Results
7.3.1 UHRF1 expression in NSCLC
The increased UHRF1 expression has been reported in NSCLC. To confirm the
previous findings, we analyzed two independent datasets TCGA and GSE32867 [116,
117]. As expected, the mRNA level of UHRF1 was upregulated in NSCLC patient
compared to adjacent nonmalignant tissue (Figure. 32a). Furthermore, high expression
of UHRF1 was correlated with poor patient survival in the KM-plot online database,
which contains 1145 lung cancer patient samples [118](Figure. 32b). To further examine
the relationship between UHRF1 expression and tumor stages, we performed
immunochemical staining for UHRF1 in a panel of 178 human NSCLC tissues. Tumor
samples with different stages had discrete expression levels of UHRF1, and
representative samples are shown in Figure. 32c. Compared with NSCLC stage I tumors,
UHRF1 expression was elevated in stage II and III tumor samples (Figure. 32d). A
similar pattern of decreased survival was observed in this cohort of patients (Figure.
32e). Taken together, the positive correlation between UHRF1 expression and tumor
stages was shown in several independent cohorts, suggesting UHRF1’s role in
promoting NSCLC progression.
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Figure 31: UHRF1 is upregulated in NSCLC
a. UHRF mRNA levels in tumor regions and adjacent non-tumor lung tissues
from NSCLC patients in two different datasets, as indicated. b. Patient survival of
UHRF1 high(red) and low(green) group. The data was downloaded from
http://kmplot.com website and replotted using the Prism software. c. UHRF1 expression
in primary human lung SCLC and ADC was determined by immunohistochemistry.
Representative images are shown. Bar, 50µM. d. Overall distribution of UHRF1
expression is shown in relation to clinical stages of lung cancer. P value was tested by
student-T test. (data generated by Handan and Tao)
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7.3.2 UHRF1 deficiency retards tumor growth in syngeneic models
To understand the pro-tumor role of UHRF1 in NSCLC, we used shRNA or
sgRNA to knockdown or knockout UHRF1 in both human and murine lung cancer cell
lines. While loss of UHRF1 caused growth defect in human lung cancer cell lines (data
not shown), the growth of two syngeneic murine cancer cell lines were not affected
(Figure. 33a-b). The two murine syngeneic NSCLC cancer models were derived from
C57BL mice. The LLC cell line was derived from a spontaneous squamous cell
carcinoma of the lung, while LP1233 cell line was generated from lung adenocarcinoma
with a KRas-mutant and p53-null background[119]. LLC cells were further engineered
to express ovalbumin (OVA) to increase tumor immunogenicity[120, 121]. This model is
well established to study host anti-tumor responses in immunocompetent contexts, a
good fit to our purpose to investigate the potential role of UHRF1 in modulating
interactions between cancer cells and immune compartment.
We subcutaneously transplanted same numbers of control or UHRF1-deficient
cells into back flanks of immune competent C57BL/6 mice and monitored tumor growth.
Surprisingly, completely from the in vitro results, the reduction of UHRF1 expression
inhibited tumor growth in vivo significantly (Figure. 33c). We repeated this experiment
using the LP1233 cell line and confirmed the tumor-suppressive effect of UHRF1
deficiency (Figure. 33d).
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Figure 32: UHRF1 suppression inhibited tumor growth in syngeneic models
a-b. Knockdown of UHRF1 was confirmed in LLC-OVA (a) and mouse 1233 lung
cancer cells (b). The growth of LLC-OVA cells measured by cell title glow at the
indicated time points. c. UHRF1 knockdown in LLC-OVA cells by shUHRF1_1 reduces
tumor growth as measured by tumor volume and weight. d. Knockdown of UHRF1 in
mouse 1233 lung cancer cells by sgUHRF1 reduces tumor growth as measured by tumor
volume and weight. Error bars, SEM; n.s., not significant; *, P<0.01; **, P<0.001; student t
test. (data generated with Handan)
We further tested the in vivo growth of tumor in immune-compromise nude
mice, but this phenotype was not seen as indicated by tumor volume and weight at the
end-point (Figure. 34a-b), despite a robust suppression of UHRF1 in tumor (Figure. 34cd). Because of the discrete effect of UHRF1 loss on tumor growth in vitro and in vivo, we
concluded that UHRF1 may play an important function in modulating tumor
microenvironment, potentially affecting T cell populations.
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Figure 33: UHRF1 suppression did not affect tumor growth in nude mice
a. UHRF1 knockdown in LLC-OVA cells by shUHRF_1, tumor growth as
measured by tumor volume at indicated time points and weight measured at day 14 (b).
c. Western blot indicates sufficient knockdown of UHRF1 with quantification (d). Error
bars, SEM; n.s., not significant; ***, P<0.001; student t test. (data generated with Handan)

7.3.3 Suppression of UHRF1 increases T cells proliferation and
cytotoxicity
To dissect the immune populations in mediating the anti-tumor effect in UHRF1knockdown tumors, we proceeded to analyze the immune cell composition of control
and UHRF1-deficient tumors (Figure. 35a). We monitored both innate and adaptive
immune populations, including Gr-1+CD11b+ neutrophils, F4/80+CD11b+ macrophages,
dendritic cells, and T cells. For these innate immune populations, we did not observe
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significant changes from the control and UHRF1-knockdown bulk tumors (Figure. 35b).
As expected, we did observe a significant increase in the percentages of CD4+ T cells and
CD8+ T cells in UHRF1-deficient tumors (Figure. 35c), but no differences in regulatory T
cell populations (Figure. 35d). For the CD4+ and CD8+ T cells, we further stained with
proliferation marker Ki67 and cytokine IFN-g reflecting T cell cytotoxicity. Consistent
with the increased fractions in the tumor microenvironment, both the proliferation and
cytotoxicity were enhanced in UHRF1 suppression groups (Figure. 35e-f). Collectively,
these results suggest that UHRF1 downregulation exerts the anti-tumor immune
response by increasing the percentage and enhancing the functional potential of T cells
in the local tumor microenvironment.
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Figure 34: UHRF1 suppression altered tumor microenvironment
a. Image of dissected LLC-OVA tumors on day 14. b-d. Percentages of indicated
innate-immune cell populations (b), CD4+ and CD8+ cell populations (c), and Treg cell
population (d) in the tumor microenvironment. e. Histogram of cells stained with IFN-g
and Ki67 in CD8+ T cells. f. Quantification of IFN-g and Ki67 in CD4+ and CD8+ T cells.
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Error bars, SEM; n.s., not significant; *, P<0.01; student t test. (data generated with
Handan and Junying)

7.3.4 UHRF1 regulates PD-L1 expression in NSCLC
Because of the increased T cell infiltration and cytotoxicity in the UHRF1
deficient group, we analyzed the expression correlation between UHRF1 and immune
checkpoint inhibitors. Surprisingly, expression of several checkpoint inhibitors is
positively correlated with the expression of UHRF1 in the cohort [122](Figure. 36). We
applied the same analysis to additional datasets and found PD-L1 is the most
consistently co-expressed with UHRF1.
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Figure 35: Co-expression analysis of UHRF1 and immune checkpoint
inhibitors
(data generated by Junying, GSE31210)
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Accordingly, we observed a significant decrease in CD274 (gene encodes PD-L1)
expression in UHRF1-knockdown LLC-OVA cells and in LP1233 cells compared with
control cells (Figure. 37a-b). PD-L1 is one of the immune checkpoint molecules that
inhibit T cell activation and proliferation by engaging with PD-1 expressed in T cells.
Cancer cells can diminish the proliferation of tumor-infiltrating T cells and reduce the
production of cytotoxic molecules by T cells to evade immune surveillance by
expressing surface PD-L1. Therefore, knockdown of UHRF1 decreased PD-L1 expression
in murine lung cancer cells, resulting in reinvigorating exhausted T cells and reducing
tumor growth in vivo.
To determine whether the regulation of PD-L1 by UHRF1 is conserved in human
NSCLC, we knocked down UHRF1 in human NSCLC cell lines--H1650 and H2170 and
examined the total levels and surface expression levels of PD-L1. Consistent with the
results in murine cancer cells, knockdown of UHRF1 reduced PD-L1 expression in all
tested cell lines (Figure. 37c-d). More importantly, overexpression of UHRF1 in these
two cell lines was able to increase the total level and the surface expression of PD-L1
(Figure. 37e-f). Therefore, we concluded that UHRF1 was a positive regulator of PD-L1
expression in both human and murine non-small cell lung cancer cells.
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Figure 36: Correlation between UHRF1 and PD-L1 expression
a-c, e. Western blot detecting expression of proteins in indicated cell lines
transfected with shNT or shUHRF1 constructs. d, f. Surface PD-L1 expression evaluated
by flow cytometry. (data generated with Junying and De)

7.3.5 Suppression of UHRF1 inhibits IFN-g-induced PD-L1 expression
Different from in vitro culture, cancer cells live in the tumor microenvironment
comprised of not only immune and stromal cells, but also cytokine, chemokines and
other types of secretory proteins, including interferons. Given that interferons are
known to be strong inducers of PD-L1 expression in tumor cell lines[123, 124], we
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further tested whether UHRF1 downregulation could override PD-L1 induction by
exogenous interferons. We transiently knockdown UHRF1 using siRNAs in both murine
and human lung cancer cell lines and treated cells with interferon-P(IFN-P). In the
murine cell line model, the expression of basal level PD-L1 is very low; KD of UHRF1
significantly reduced the expression of PD-L1 with lower dose of IFN-Pstimulation
(Figure. 38a). In the human cell line, without interferon treatment, PD-L1 expression was
lower in UHRF1 KD cells compared to control cells; treatment with IFN- γ resulted in a
dose-dependent increase in cell-surface PD-L1 that was partially inhibited in UHRF1 KD
cells (Figure. 38b). Together, our results indicate that suppression of UHRF1 could
partially reduce PD-L1 induction in the presence of IFN- γ.

Figure 37: Suppression of UHRF1 inhibits IFN-g-induced PD-L1 expression
LP1233 cells (a) and H520 cells (b) were transiently transfected with control
siRNA and siUHRF1, and treated with IFN-Pfor 24 hours, mean fluorescent
luminescence (MFI) was tested by flow cytometry with PD-L1 surface staining. (data
generated with Junying)
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7.3.6 UHRF1 interacts with the promoter region of PD-L1
UHRF1 has been reported to function as a transcriptional activator by binding to
gene promoters and positively regulate gene expression[101, 125]. Since we observed a
positive correlation between UHRF1 and PD-L1 expression, we speculated that UHRF1
can serve as a transcriptional activator to promote PD-L1 transcription. To determine if
UHRF1 can directly bind to the CD274 (the gene encodes PD-L1) promoter, we designed
two sets of primers in the promoter region of CD274 and performed UHRF1 chromatin
immunoprecipitation (ChIP) followed by q-PCR (Figure. 39a). ChIP analysis showed a
significant association of UHRF1 with the CD274 promoter, which decreased in the two
sets of primers, respectively, in the UHRF1-knockdown cells (Figure. 39b). Moreover,
knockdown of UHRF1 correlated with a significant reduction in the association of RNA
Polymerase II with the same region of the CD274 promoter (Figure. 39b), indicating an
impaired ability of RNA Polymerase II to transcribe CD274 mRNA. In addition, we
observed that IFN- γ treatment increased UHRF1 binding to the CD274 promoter
(Figure. 39c), again suggesting that UHRF1 is activated for PD-L1 upregulation by
interferons. We further performed luciferase assay using a construct carrying a
luciferase expression sequence driven under a CD274 promoter. Knockdown of UHRF1
reduced the luciferase signal while overexpression can increase the luciferase signal
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(Figure. 39d-e). Taken together, our results suggest that UHRF1 can potentially target
the promoter region of CD274 to promote CD274 transcription.

Figure 38: UHRF1 interacts with CD274 promoter region
a. Sequences of PD-L1 promoter region and primers designed to detect UHRF1
binding. b. H1650 cells transfected with siRNA, DNAs from both groups were extracted
and precipitated with anti-UHRF1, anti-pol II, or mouse IgG antibody. The enrichment
of specific DNA fragments precipitated with anti-UHRF1 or anti-Pol II was normalized
to IgG from two separate experiments c. H1650 cells treated with IFN- γ and processed
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using the same method as in panel b. Error bars, SEM; n.s., not significant; *, P<0.01;
student t test. (data generated by Handan and De)

7.3.7 Suppression of UHRF1 synergizes with CTLA-4 antibody
treatment in vivo
Cytotoxic-T-lymphocyte-associated antigen 4 (CTLA-4) is another critical
immune checkpoint molecule that is expressed on T cells. CTLA-4 and PD-1/PD-L1 are
non-redundant pathways that dampen the T cell-mediated antitumor activity through
distinct mechanisms[126]. Thus, concomitant blockade of both pathways has
demonstrated promising therapeutic effects in pre-clinical setting and is evaluated in
clinical settings[127]. Given that silencing UHRF1 in tumor cells was able to downregulate PD-L1 expression, we hypothesized that knockdown of UHRF1 could
potentially synergize with anti-CTLA-4 treatment.
To test this hypothesis, we used the same murine tumor model LLC-OVA and
treated with CTLA-4 antibodies to evaluate the synergy between UHRF1 KD and CTLA4 antibody. Seven days after the initial cancer cell implantation, mice from both groups
were treated with either PBS or CTLA-4 antibody twice a week for two weeks after
tumor implantation. The anti-CTLA-4 treatment significantly reduced tumor growth
compared with non-treated groups (Figure. 40a). At day 13, we showed a decrease in
tumor volume in both UHRF1 KD and anti-CTLA-4 groups and a strong synergy in the
combination group (Figure. 40b). At Day 20, 50% mice in the UHRF1-knockdown group
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treated with anti-CTLA-4 antibody showed complete regression with disappearance of
palpable tumors at the injection sites, whereas only 25% mice in the control group
showed complete regression after treatment (Figure. 40c). Our results suggest that
targeting UHRF1 represents as an alternative strategy to inhibit PD-L1 expression to
unleash the anti-tumor activity of T cells in tumor sites and synergizes with anti-CTLA-4
treatment in NSCLC.

Figure 39: Deficiency of UHRF1 synergized with anti-CTLA-4 treatment in
lung cancer in vivo
a. Tumor volume of indicated groups over 20 days. b. Tumor volume on day 13.
c. Percentages of mice reached complete response and partial response on day 20. Error
bars, SEM; *, P<0.01; student t test.
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7.4 Summary
In this project, we investigated the function of UHRF1 in modulating tumor
microenvironment in NSCLC. We first demonstrated that the expression of UHRF1 was
correlated with poor prognosis in newly collected patient tissues. Next, we used two
syngeneic mouse models to illustrate that suppression of UHRF1 could result in reduced
tumor volume. We found that suppression of UHRF1 significantly elevated the numbers
of CD4+ and CD8+ T cells in the tumor area together with enhance proliferation and
cytotoxicity. In the mechanistic study, we showed that UHRF1 acted as a positive
regulator of PD-L1 through binding to its promoter region. To explore the therapeutic
value of UHRF1, we tested the genetically suppressed UHRF1 in combination with
CTLA-4 antibody and proved a synergy between these two targets. These findings
together demonstrated the potential impact of developing UHRF1 inhibitors as
supplementary to immunotherapy.
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8 Conclusions

8.1 Conclusions for the HER2+ breast cancer project
With the purpose to identify synthetic lethal targets to overcome resistance to
HER2-targeted therapy, we applied the CRISPR/Cas9 technology to conduct a functional
genetic screen in an intrinsically resistant cell line. From the screen, we identified a novel
molecule—transaldolase along with a previously known molecule IGF1R that can
mediate resistance towards HER2 inhibition. Deficiency in TA can increase cell
sensitivity to lapatinib. We further verified that the synthetic lethality of HER2 inhibition
and TA deficiency occurred in an additional intrinsic resistant cell line, but existed in
neither acquired resistant cell line models nor the sensitive cell lines.
To test if our finding has a clinical relevance, we explored an online database and
collected patient samples to evaluate the correlation between TA expression and patient
prognosis and survival. Consistent in both patient cohorts, higher expression of TA is
associated with poor survival and worse pathological response to HER2-targeted
therapy. We proposed that TA could potentially be used as a biomarker to predict or
stratify patient responsiveness to HER2-targeted therapy.
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For the mechanistic study, we performed a metabolic profiling with isotopically
labeled glucose to analyze systematic alterations induced by HER2 inhibition, TA
deficiency, or a combination of both. We showed that lapatinib treatment significantly
inhibited the glucose inflow into the oxidative PPP and glycolysis, thus the nonoxidative PPP was activated to replenish the oxidative PPP to support NADPH
generation needed for the cell. When combined with TA suppression, cells cannot
efficiently generate NADPH for reducing excessive ROS and for synthesizing fatty acids,
therefore, eventually undergo apoptosis (Figure. 31).

Figure 40: Schematic conclusions
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8.2 Discussions for the HER2+ breast cancer project
8.2.1 Targeting metabolism in HER2-positive breast cancer
One of the initial purposes of this study is to identify targets to develop
combinational therapy and to overcome resistance to HER2-targeted therapy. However,
with current knowledge of TA, we did not find any compounds that can inhibit the
function of TA pharmacologically. Alternatively, in future studies, we can try to
investigate the upstream regulatory mechanisms of TA that affect its dimerization or
activation, in order to target TA activity.
Another direction worth exploring is to enhance the metabolic outcomes of TA
deficiency, therefore inducing synthetic lethality. Previously, two major studies focused
on the metabolic perspective of HER2 positive breast cancer. One study used a required
resistance model derived from SKBR3 cells and compared metabolic gene expression in
sensitive to resistant cell lines[82]. Interestingly, authors in this study observed a switch
from glycolysis to the PPP shunt in the resistant cells as a way to increase NADPH level
and overcome ROS under HER2 inhibition. This observation is consistent with ours, yet
the authors did not provide detailed experimental data to support this conclusion.
Another study identified a nuclear receptor--ERRa, as a master regulator of cell
metabolism to mediate resistance to lapatinib[85]. Although the downstream metabolic
pathway regulated by ERRa was glutamine utilization, the authors showed increased
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expression in several ROS detoxification genes, consistent with our observation of
increased ROS. Together with our findings, it seems that in both intrinsic and acquired
resistant cells can develop multiple ways to combat ROS induced by HER2 inhibition.
Therefore, it may be worthwhile to further study the combination of ROS boosting
reagents [86] and HER2-targeted therapy in pre-clinical experiments and to move on
into clinical trials, eventually.
Another potential metabolic pathway to combine with HER2-targeted therapy is
the fatty acid synthesis pathway. In a recent study, researchers showed that inhibition of
the fatty acid synthase had anti-cancer activity in the MMTV-Neu mouse model of
HER2-positive breast cancer [84]. These reagents may benefit resistant or residue
diseases of HER2-positive breast cancer patients if the toxicity of targeting metabolic
pathways can be controlled effectively.

8.2.2 Develop biomarkers to predict response to HER2-targeted
therapy
HER2 overexpression detected by immunohistochemistry or in situ hybridization
(ISH) is a standard procedure in breast cancer patient diagnosis [87]. Once the HER2
measurement provided a positive result, HER2-targeted therapy will be used together
with chemotherapy or additional therapeutic regimens. However, a significant portion
of patients who overexpress HER2 are not responsive to HER2-targeted therapy, urging
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the development of biomarkers that can predict the response to HER2-targeted therapies
and to determine if additional therapeutic molecules are needed at the beginning of
treatment.
Here we reported that TA can possibly be developed as a biomarker to predict
patients with poor response to HER2-targeted therapy. In our pilot study comprised 44
patient samples, we showed a significant correlation between TA expression and patient
responsiveness (Figure. 19). This is a rather limited number of patients. To further study
if TA can be used as a biomarker, studies need to be carefully designed according to the
REMARK guidelines [88] and need to include more patient samples. Along with this
thinking, even if TA expression alone cannot specifically distinguish patients with poor
response to HER2-targeted therapy, a panel of genes can be developed to better serve
this purpose. For examples, genes encoding the PPP enzymes and ROS detoxification
machinery can be evaluated. As DNA sequencing becomes more available to clinical
patients, it is highly possible to develop a gene panel to predict patient response to
HER2-targeted therapy.

8.3 Conclusions for the NSCLC project
In this study, we investigated the function of UHRF1 in NSCLC. Firstly, we
collected and analyzed 178 patient samples to confirm the conclusion from previous
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reports that the expression of UHRF1 is correlated with worse prognosis and survival.
Next, we explored a novel function of UHRF1 in influencing the tumor
microenvironment. We demonstrated consistently in two independent syngeneic murine
lung cancer models that suppression of UHRF1 could significantly retard tumor growth.
By dissecting the immune components of the tumor microenvironment, we showed that
in UHRF1 deficient tumor, the fractions of both CD4+ and CD8+ cell increased, together
with increased the proliferation and cytotoxicity. Importantly, suppression of UHRF1
was able to reduce PD-L1 expression in the presence of IFN-P, potentially unleashing
tumor-infiltrating T cells from inhibitory signals.
Mechanistically, we proved that UHRF1 could function as a positive regulator of
PD-L1 expressing through binding to its promoter region. In the end, we explored the
therapeutic effect of UHRF1 inhibition combined with CTLA-4 antibody treatment and
found these two targets showed great synergy in eradicating tumor in mice.

8.4 Discussion for the NSCLC project
As indicated from the previous study from our lab, the expression of UHRF1 is
necessary for cell cycle progression and restricted to cells that are actively proliferating
[89]. Therefore, our results together with other studies consistently showed that UHRF1
expression is elevated in tumor tissues than normal tissues. In this study, however, we
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explored a novel function of UHRF1 in regulating tumor progression through
interplaying with the immune population.
The function of UHRF1 is well-known to be an epigenetic factor working
together with DNMT1 to maintain the methylation status of DNA [104]. We detected the
DNA methylation status of cancer cells with 5-methylcytosine dot assays and confirmed
the demethylation caused by UHRF1 knockdown. However, the universal
demethylation did not cause any defects in cell growth in vitro. We also evaluated the
expression of a series of endogenous retrovirus genes but didn’t get consistent results of
activation of such genes as reported in the DNMT1 study[97]. Therefore, we think the
epigenetic regulatory function of UHRF1 may not be as important in this context. To
comprehensively understand the genomic-scale expression change with UHRF1
suppression, bi-sulfate sequencing experiments should be done in the future. In this
way, we can also analyze the methylated and demethylated regions and genes.
Despite its epigenetic function, in this study, we find that UHRF1 can function as
a transcription factor, but not a suppressive factor, to positively regulate PD-L1
expression in lung cancer cells. In both loss-of-function and gain-of-function
experiments, UHRF1 acted as a positive regulator of PD-L1 (Figure. 37). UHRF1 had
been reported to act as a transcriptional factor in one recent study showing it can bind to
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CATT sequence of MIF promoter region in immune cells[125]. In fact, one of the earliest
studies of UHRF1 (ICBP90) had shown it can bind to CCAAT [101]. However, we did
not detect binding with primers covering both sequences in CD274 promoter region
(data not shown). It is possible that UHRF1 can bind to other DNA sequences that have
not been reported. To systematically study the gene regulated by UHRF1, chromatin
immunoprecipitation (ChIP) with UHRF1 and sequencing of DNA pulled down in the
process is needed in the future.
One interesting finding is that the suppression of PD-L1 expression by UHRF1
inhibition can last even with the presence of IFN-g, a strong inducer of PD-L1. This is a
valuable character of UHRF1 inhibition, as the DNMT1 inhibitor was shown to induce
PD-L1 expression [128], potentially inducing immune suppressive effects in the tumor
microenvironment.
We showed that suppression of UHRF1 had great synergy with CTLA-4
antibody, therefore can be exploited as a combinational target. Theoretically, the
combination of UHRF1 suppression and CTLA-4 antibody works as dual inhibition of
immune checkpoints PD-L1 and CTLA-4, stimulating the cytotoxic T cell proliferation
and anti-cancer activity. Comparing to the widely expressed PD-L1, UHRF1 expression
is more restricted to proliferating cells. However, this raises a potential concern that
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targeting UHRF1 may affect all proliferating cells, especially the immune populations
with anti-cancer activity. In our experiments, because UHRF1 inhibitor is not available,
the suppression of UHRF1 is realized by genetic knockdown, restricted to cancer cells.
Unfortunately, we weren’t able to evaluate the toxicity with a systematic UHRF1
inhibition. To note, CTLA-4 antibody induces more frequent adverse effects in patients
compared to PD-1 antibody [127]. An additional goal of the combination is to lower the
dose of both reagents, therefore avoiding adverse effects in patients. The next step of in
vivo experiments is to lower the dose of CTLA-4 antibodies and test if the synergy
occurs.
From the therapeutic perspective, our study unveiled the clinical potential of
developing potential UHRF1 inhibitors for NSCLC treatment. In two studies,
researchers had proposed several natural compounds to down-regulate UHRF1
expression [129, 130], but did not provide experimental evidence for their bioactivity. It
will be worthwhile to develop specific UHRF1 inhibitors in the future.
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Appendix A
Mapped reads number and total reads number of each sample.

sample

total reads

QC>=30

sample1

8844982

98.49%

bowtie2
mapped
reads
4338147

sample2

7410447

98.45%

4522749

61.03%

sample3

7124119

98.54%

4843796

67.99%

sample4

6672929

98.51%

4712257

70.62%

sample5

8500443

98.53%

6027858

70.91%

sample6

7695649

98.54%

5432790

70.60%

sample7

6514898

98.57%

4522813

69.42%

sample8

3328294

98.52%

2323852

69.82%

sample9

4873483

98.52%

3388710

69.53%

sample10

5374804

98.51%

3736894

69.53%

sample11

4084164

98.59%

2085894

51.07%

sample12

3142283

98.67%

2088551

66.47%

6130541.25

98.54%

4002025.917

65.50%

average
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bowtie2
mapping rate
49.05%

Appendix B
Information of patient samples.
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